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Preface

Liver transplantation has always been one of the most interesting and challenging
fields of medicine and surgery. It is a field that has made tremendous strides during
the last few decades through the combined input and efforts of scientists from various
specialties including surgeons, hepatologists, nephrologists, immunologists, ethicists,
and infectious disease specialists. What started as a dream of pioneers has become a
reality for the thousands of our patients whose lives can now be saved and improved.
However, at the same time the challenges remain significant, and so do the expecta-
tions, for what was once an experimental treatment could eventually become the
future of medicine, if you add to this scientifically explosive mix the rapid techno-
logical progress that we are witnessing with artificial intelligence, 3D printing, and
extended reality.

In this book, with the contribution of an excellent group of world authorities in the
field of liver transplantation, the different types of organ donors are presented along
with the effect that machine perfusion will have on their utilization. Additionally, the
future of liver transplantation is discussed, including the use of molecular technolo-
gies for diagnosis and organ function prediction and the most current criteria for liver
transplantation in the case of hepatocellular carcinoma.

Overall, this book represents a true tour-de-force of a variety of topics in liver trans-
plantation. It should be stressed that the intended audience is scientists, physicians,
and surgeons of different specialties which all have in common an interest in trans-
plantation and improving the lives of our patients.

Georgios Tsoulfas, MD, Ph.D., FICS, FACS

Professor of Transplantation Surgery,

Chief Department of Transplantation Surgery,

Center for Research and Innovation in Solid Organ Transplantation,
Aristotle University of Thessaloniki School of Medicine,
Thessaloniki, Greece
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Chapter1

Introductory Chapter: Liver
Transplantation — The Path to a
Bright Future!

Georgios Tsoulfas

1. Introduction
1.1 Evolution of liver transplantation

Liver transplantation by all accounts represents the pinnacle of surgical procedures.
The reason is that the concept of saving a human life by removing a diseased organ and
replacing it with one from another human excites the human imagination, in addition
to the fact that the recipient is usually a patient with cirrhosis and portal hypertension,
which makes any type of intervention critical. When the first liver transplantation was
performed on March 1st 1963 in Colorado, USA, by Thomas E. Starzl, it was a ground-
breaking event that shook the world [1]. However, none of the first five patients under-
going a liver transplantation at that time survived longer than 23 days. This brought
severe criticism, and if it wasn’t for the tenacious spirit and stubbornness of Dr. Starzl,
we would probably not be where we are today. The challenges were numerous during
the first decade and included technical considerations, immunosuppression medica-
tion to overcome rejection, and the definition of brain death and ability to identify
suitable donors and recipients, among others. The latter meant that it was critical to
understand what was the best timing for a liver transplant, meaning that if it occurred
too early, then it would not signify the best use of the liver graft, and if it occurred too
late in the disease progression, then it would not benefit the recipient.

Over time, liver transplantation overcame the initial appearance of an experi-
mental procedure and became the mainstay treatment for a variety of diseases and
tumors of the liver. What this meant was that, eventually, it became a victim of its
own success, as the increased acceptance by the medical and surgical world led to
increased indications and need, which made the donor identification and manage-
ment the limiting factor. So, the next hurdle to overcome was finding ways to increase
the number of hepatic grafts, as well as improve the allocation process. The lack of
donors led to the use of hepatic grafts from donors after circulatory death (DCD),
from extended criteria (the definition of which is still a matter of significant debate)
donors, and the practice of splitting a hepatic graft into two, so that the smaller
one could be used for a child and the larger one for an adult recipient. Additionally,
there have been, and continue to be, efforts to develop xenotransplantation, with the
hope that it would provide an endless supply of donors, although the obstacles there
(at least till recently) have been very high, given the immunological and biological
differences across different species. These challenges and the difficulty of finding a
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proper graft for a child in need played a major role in the development of living donor
liver transplantation, which represents a big step if we consider that the living donor
undergoes a high-risk surgical procedure without any benefit to their health. Living
donor liver transplantation evolved at different speeds in various parts of the world,
with cultural and religious beliefs playing a significant role. Apart from the issue of
finding a donor, given the scarcity of hepatic grafts, the question of proper alloca-
tion was just as important. This was addressed over time with an effort to identify
an objective manner to prioritize the need and place on the waiting list, as in liver
transplantation, the important issue is not how long someone is on the waiting list,
but rather how advanced the liver disease is. The advent of the Model for End-stage
Liver Disease (MELD) changed the landscape and over time continues to evolve as a
very useful tool in prioritizing patients on the list [2].

The continued progress in the development of liver transplantation has led us to
today where we are witnessing a further rapid expansion of liver transplantation glob-
ally, with certain key aspects, which can lead to a very promising future. Specifically:

a.Increasing number and quality of donors: an important development
toward increasing both the number and quality of available hepatic grafts has
been the increasing use of machine perfusion in liver transplantation, which is
taking over liver transplantation in the last decade. The goal is to improve organ
storage as well as organ quality, especially in recipients with extended criteria
or suboptimal livers [3]. This is a work in progress as different types of machine
perfusion are being used and evaluated, such as normothermic machine perfu-
sion (NMP), hypothermic oxygenated machine perfusion (HOPE), and normo-
thermic regional perfusion (NRP) compared to the more “traditional” static cold
storage [4-6]. Although, the use of machine perfusion has decreased the number
of discarded livers, especially in cases such as DCD donors, there still remain a
lot of questions in terms of identifying the advantages and disadvantages of the
different modalities, or even combinations thereof [7].

b.Xenotransplantation: with the help of genetic scientists, it has been possible to
overcome significant immunologic hurdles in xenotransplantation, as shown by
the recent groundbreaking efforts, which have renewed the faith in this overall
approach [8].

c. The role of technology: technology moves at a lightning speed in our days, as
evidenced by the leaps and bounds of artificial intelligence (AI), the increasing
use of 3D printing in medicine and surgery, and the introduction of augmented
and virtual reality from the lab to the bedside [9]. The technological imperative
makes it crucial that future physicians in transplantation not only acknowledge
its existence but also actively make an effort to understand it and make the best
use of this huge potential.

The developments mentioned above are critical to the future of liver transplanta-
tion; however, what has led to them and what will continue to be the driving force in
the future is the realization that liver transplantation is truly a multidisciplinary field,
where surgery, hepatology, anesthesiology, intensive care, engineering, informatics,
ethics, and law are only some of the fields that have collaborated to get us where we
are. Acknowledging, appreciating, and further pursuing this collaboration is the path
to a bright future!
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Chapter?2

Deceased by Brain Death Liver
Transplant vs. Living Donor
Transplant/Putting Deceased
Donor on Pump

Ahmed H. Abdelwahed and Elizabeth Richardson

Abstract

A written discussion of deceased by brain death vs. living donor and the use of the
pump in deceased donor in liver transplant. Overview of living donor evaluation and
potential contraindications to living donor liver transplant. Include a brief discussion
on expanded donors in deceased donor liver transplant including steatotic livers and
livers from donors of advanced age. It could also include a discussion on deceased by
cardiac death liver transplant donation and potential complications from utilizing
expanded criteria donors. Comparison of outcomes, advantages, and disadvantages
between deceased by brain decath (DBD) and living donor transplant. Describe how
the use of a pump expands the use of available livers. Also, review mechanisms of
available pump technologies.

Keywords: DBD, pump, living donor, liver transplant, deceased donor

1. Introduction

Liver transplantation is a life-saving procedure for patients with complications of
end-stage liver disease and stage T2 hepatocellular carcinoma. In 2017, deaths due to
cirrhosis constituted 2.4% of total deaths globally, a rise from 1.9% in 1990. Leading
causes include hepatitis B, hepatitis C, alcohol-associated liver disease, and non-
alcoholic fatty liver disease (NAFLD) [1]. On the other hand, hepatocellular carcinoma
is the sixth-most frequent new tumor, with more than 800,000 new cases diagnosed
yearly and over 900,000 deaths every year, making it the fourth most common cause
of cancer death [2]. The burden of these diseases makes the supply of liver organs for
transplant outstrip the demand. The greatest challenge lies in the fact that there are not
enough livers for all the potential patients that could benefit from liver transplanta-
tion. Today, in the United States, there are around 10,500 patients on the waiting list
for liver transplants. Yet only 7000 liver transplants were performed in 2023. In 2017,
>14,000 patients were on a waiting list, and only 8000 transplants were performed [3].

The consequences of being on a waiting list are not entirely favorable, with a
mortality rate of 20-25% of waitlisted patients. A lengthy period of waiting can lead
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to further disease progression and debilitation before a transplant can be performed.
Furthermore, severe deterioration can lead to the inability to perform the transplant
and reserve the organ for other patients who might get the best outcomes [4].

It is well-known that most organs for transplantation are procured from deceased
by brain death (DBD) donors. However, several challenges have emerged as the
demand for liver transplants continues to rise and outweighs the supply. Improvement
in safety, fortunately, has decreased the number of severe head injuries in young
fit adults who used to be suitable DBD donors [5]. Furthermore, there has been an
increase in the donor pool from an aging population with multiple co-morbidities.
These challenges led to a shift in the paradigm to increase the donor pool. In the
United States, there has been an 18% increase in liver transplant rate in the past
5 years, with the bigger proportion of the increase occurring among living donors,
higher-risk donors as donation after circulator death (DCD), and the use of marginal
grafts that carry technical challenge given age or risk of transmission of infection or
malignancy [6]. Distinct types of liver transplants, outcomes, challenges, and future
prospects will be discussed in this chapter.

2. Organ procurement

With the increased demand for liver transplants, proper organ procurement
from a deceased donor remains an especially crucial step for a successful liver trans-
plantation. Brain death is associated with various hemodynamic changes including
hormonal, metabolic, and inflammatory changes in body organs. These changes
might lead to increased immunogenicity and a higher risk of graft rejection. Hence,
the optimal management of the organs might ensure their optimal function after
transplantation [7]. The surgical technique for liver procurement includes warm and
cold dissections. Warm dissection has the advantage of perfusion after identifying the
vascular structures. However, the cold dissection technique might provide the ben-
efits of shorter operation time and less organ damage through rapid procurement [8].
The classical method of preservation is keeping the liver in a basin that is filled with
histidine-tryptophan-ketoglutarate solution (HTK). The first bag is sealed and placed
in a second bag filled with cold normal saline or slushed ice, then placed in a third
bag. The three-layered bag is finally placed in a heat preservation container box filled
with ice for transportation [7]. New advances in liver preservation and transportation
will be discussed later in this book chapter.

3. Overview of organ utilization
3.1 The use of marginal grafts

In the United States, one in four patients on the waiting list die before undergoing a
transplant (12%) or become too sick to undergo liver transplantation (LT) (13%) [3].
This sad consequence of the disparity between the demand and supply of liver donation
has emerged new prospects in expanding the donor pool and minimizing the rate of
discarded organs. Central to these efforts is the liberalization of the acceptance criteria
and use of the so-called “Marginal Livers” (MLs). Historically, that included livers that
confer increased risk for poor graft and patient survival for various reasons including
older age of donors (more than 70 years), DCD grafts, Viremic patients, livers split
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between two recipients, steatotic livers and the so-called “livers that nobody wants”
which are livers that were initially declined by many centers before finally getting
accepted by another center [9]. Listed Liver transplant patients who refused marginal
organs have increased mortality risk compared to patients who accepted one [10].

3.2 Older age donors

Earlier data that looked at the utility of using marginal donors for liver transplan-
tation associated older age (more than 70 years old) with worse outcomes and less
chance for graft survival [11]. The explanation was that older livers have higher rates
of steatosis, which might potentiate cold preservation injury. Some other data showed
decreased adenosine triphosphate (ATP) capacity after reperfusion, which is thought
to decrease the regenerative capacity [12]. This early data increased the aversion to
elderly donors’ livers, and they are usually discarded [13].

A retrospective study by Halazun et al. [13] looked at the utilization of using
older donors by looking at the outcomes of 3104 patients who received livers from
donors more than the age of 70 years old. The authors demonstrated that although
unadjusted outcomes of elderly grafts are inferior to those of younger donors, recipi-
ent factors like hepatitis c and prior surgery played a bigger role in impacting survival
more than donors themselves. They further showed that cold ischemic time (CIT) is
the only donor factor that impacted the outcome. Worse outcomes are associated with
CIT time of more than 8 hours. The authors hypothesized that livers of older donors
are underutilized.

Another systemic review looked at the outcomes in patients who received livers
from octogenarian patients and showed non-inferior short and medium-term graft
survival. However, they reported increased biliary complications [14]. Another
cohort study looked at the trend of transplantation of liver grafts from older donors
from 2003 to 2016. In 3350 liver-only recipients, the authors demonstrated that
despite improvement in graft survival and decreased mortality, the rate of discarded
organs increased [15]. These studies showed that it is reasonable to expand the donor
pool by using grafts from older people [13-15].

3.3 Hepatitis C liver grafts

Historically, hepatitis C virus (HCV) viremic grafts used to decline and be dis-
carded [16]. The development of Direct antiviral agents (DAAs) has revolutionized
the treatment of HCV and consequently increased the potential of using HCV viremic
grafts. A landmark clinical trial by Wooley et al. looked at the outcome of 44 adults
without HCV who received heart or lung transplantation from HCV-positive patients.
They initiated sofosbuvir-velpatasvir, A DAA regimen, preemptively a few hours after
the transplantation and for 4 weeks. After 6 months, the authors demonstrated that
100% of the first 35 patients who received transplantation were alive with excellent
graft survival and had undetectable HCV viral load [17]. A limitation of this study
was the small number of patients enrolled. The American Association for the Study of
Liver Diseases (AASLD) endorsed HCV viremic donors as an option for use by HCV-
negative recipients [18]. A study by Cotter et al. in 2021 showed a 35-fold increase in
HCV positive over 4 years, from 8 in 2016 to 280 in 2019. The author demonstrated
excellent graft survival in one and 2 years. Furthermore, when adjusted for other
recipients’ and donors’ attributes, HCV viremic grafts were not predictive of patient
or graft survival [19].
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3.4 DCD patients

Historically, organs were obtained from patients after cardiac arrest. In 1968,
the committee of Harvard Medical School promoted the acceptance of brain death
[20]. With that recognition, DBD gained widespread acceptance and constituted
the majority of transplants. As the available pool of liver remains insufficient to
meet the demands, DCD LT has grown to be an effective and acceptable mechanism
to expand the donor pool and decrease waitlist mortality [21]. The utilization of
DCD livers has increased more than sixfold, from 1.9% in 2002 to 12.1% in 2016
[22]. DCD LT differs from DBD donations based on the warm ischemic time (WIT),
which is the time between cardiac death and organ cooling during procurement.
The classification of DCD donors was originally described by the international
workshop on non-heartbeating donors held in Maastricht in 1995. The classification
included four categories, which are dead upon arrival, death after resuscitation,
donors who are awaiting cardiac arrest, and cardiac arrest after brain death [23]. To
further categorize donors who are expected to be exposed to a longer duration of
ischemic time, the definitions of controlled and uncontrolled were added. The con-
trolled definition included the first two categories [24]. A 2017 propensity-match
study that compared the outcomes of liver transplantation between 300 DBD and
DCD showed 5-year graft survival of 73.9% in DBD group versus 70.1% in the DCD
group [25]. Another study by Abt et al. demonstrated that DBD liver transplant
patients had better 1- and 3-year graft survival of 80.4 and 72.1% versus 70.2 and
63.3% in DCD LT patients [26].

Risk factors for donors that may lead to complications include donor age of over
50, weight over 100 kilograms, and warm ischemic time of over 30 minutes [27]. A
retrospective review by Foley et al. looked at long-term outcomes of 85 patients who
had DCD liver transplants and showed that CIT for more than 8 hours is a strong
predictor for the development of ischemic cholangiopathy [28]. Recipients’ risk
factors that might be more associated with complications include BMI of more than
>30, hepatitis C positive recipients, and high model end-stage liver disease. Various
complications have been associated with DCD LT, such as primary non-function,
delayed graft rejection, and hepatic artery thrombosis [29]. A study by Croom et al.
revealed that 25% of DCD liver transplants had biliary complications compared with
13% in the DBD group. A possible biliary complication is ischemic cholangiopathy
[30]. Proposed methods to improve outcomes in DCD LT like machine perfusion will
be discussed in detail later in this chapter.

3.5 Steatotic liver grafts

Given the pandemic of obesity and the increased prevalence of metabolic-
associated dysfunction steatohepatitis (MASH), donor liver steatosis is becoming an
increasingly common challenge that is facing the transplant community. The presence
of moderate (more than 30% of Macro steatosis) has been associated with increased
graft failure and primary non-function. However, the data has not been consistent
[31]. Several studies showed that severe steatosis >60% has a higher risk of compli-
cations. A study by McCormack et al. demonstrated a higher rate of renal failure,
long-term intensive care unit (ICU) stay (more than 21 days), and prolonged hospital
stay (more than 40 days) in patients who received severely steatotic livers compared
to the control group without severe steatosis. However, the sixty-day mortality and
the 3-year patient survival rates were comparable [32]. Another study compared the
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outcomes between liver grafts with moderate steatosis and without steatosis after
cardiac death showed that 90-day, 1-year, and 3-year survival rates in patients were
similar (75 vs. 85.9%, 75 vs. 78.1%, 68.8 vs. 71.9%). The 90-day and 3-year graft
survival were 75 vs. 84.4% and 68.8 vs. 68.8% between the two groups [33].

A meta-analysis in 2019 that looked at the impact of mild, moderate, and severe
steatosis on liver transplantation showed there was no difference between mild and
no steatosis groups in primary non-function (PNF) and early graft dysfunction. The
PNF rate was significantly higher in moderately and severe steatosis than in the no
steatosis group. However, graft survival and patient survival were similar in both
groups. The authors concluded that liver with mild steatosis were safe liver grafts.
Moderate and severe liver steatosis, although controversial, could produce a favor-
able outcome with strict protocols to keep CIT as short as possible, which might
potentially expand donors’ pool of livers and provide a potential solution for this
shortage [34].

3.6 Split liver transplantation

In Split liver transplantation (SLT), Donor livers are classically split into a smaller
left lateral segment which is typically used for children LT, and a larger right tri-segment
for adults. This led to a reduction in the pediatric waiting list mortality [35]. Further
advancement enabled the use of two hemi-liver grafts, a left lobe (segment I-IV) and a
right lobe (segment V-VIII), for transplant in two adult-sized recipients. This technique
is underutilized, given technical challenges and the risk of reducing an excellent graft
into two marginal grafts [36]. Initial experiences of split liver grafting showed increased
morbidity and mortality in adult recipients [37]. A multicenter retrospective study
compared the overall graft survival in situ split liver extended right grafts (SL-ERGs)
between 1997 and 2004 and thereafter. The 1,3,5 overall graft survival was significantly
higher in more recent transplantation. In multivariate analysis, the main prognostic
factor of graft survival was a total ischemic time of less than 8 hours. The donor age of
more than 60 years was associated with increased graft failure. The study suggested
that SL-ERGs might not be considered as marginal grafts in experienced LT centers if
appropriate precautions are taken in choosing appropriate donors [38].

More research is needed to investigate the outcomes of hemi-liver split liver
transplantation. A multicenter study by Aseni et al. compared patient and graft
survival outcomes between recipients who had an adult-to-adult split liver transplant
(AASLT) compared with recipients of a whole graft. The study revealed a higher
complication rate and inferior 5-year survival rate in SLT when compared with whole
liver transplantation [39]. A recent study compared adult liver hemi transplantation
(AHLT) versus adult with whole liver transplantation (AWHLT) in both patients
with MELD scores of more and less than 30.

Among patients with model of end-stage liver disease (MELD) >30 and < 30,
AHLT correlated with higher WIT, operative and hospitalization time, and intra-
operative blood loss. In MELD score > 30, the 5-year survival year in the AWHLT
group was significantly higher. However, there was no significant difference between
survival outcomes in patients with MELD scores less than 30 [40].

Criteria for Split liver transplantation are strict, and only hemodynamically stable
cadaveric donors are eligible for split liver transplantation. Criteria for left lateral
splitting include age less than 55 years; fatty degeneration >30%; intensive care stay
of less than 5 days; sodium level less than 160; serum glutamic pyruvic transaminase
<60 U/L; gamma-glutamyl transpeptidase <50 U/L. The requirements are more strict
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when left/right full split is pursued with better outcomes when the donor age is less
than 40, fatty degeneration is less than 10%, and ICU stay is less than 3 days [41].

A recent analysis of 37,333 liver transplants performed between 2010 and 2015
in the United States revealed that 2352 (6.3%) met the strict criteria of split liver
transplant utilization. However, only 1418 livers (3.8%) were utilized for split liver
transplantation. Two hundred ninety-nine children died on the waitlist who could
have potentially benefited from split liver transplantation. The study suggested that
split liver transplantation is an underutilized tool and should be promoted to decrease
children’s waitlist mortality [42].

4. Organ preservation in liver transplantation
4.1 Novel techniques in organ preservation methods

The research in the field of Dynamic organ preservation goes back to the last
century. Thomas E. Starlz, a pioneer of liver transplantation, performed an ex vivo
liver perfusion of a chimpanzee in an attempt for liver transplantation without a
favorable outcome [43]. Despite being a hot topic at that time, the revolutionary
development of the University of Wisconsin solution provided a safe, effective,
and simple method of liver preservation, leaving machine perfusion aside, given
its higher costs and complexity. Since then, static cold storage has become the gold
standard method of liver and other organ preservation [44]. With the expansion
of the use of marginal grafts to bridge the gap between the demand and available
organs for liver transplantation, the need for reliable measures to assess liver quality
prior to transplant has emerged. This has led to the development of new strategies of
dynamic preservation, mainly aiming to improve organ viability, extend preserva-
tion time, and assess organ quality. The efforts in the development of machine liver
perfusion were resuscitated [45].

There are two important distinguishing factors in liver machine perfusion, one is
the temperature, and the second is the approach. The perfusate’s temperature has a
detrimental effect on the rate of metabolic functions in the liver, which is crucial for
the intended metabolic effect. The first hypothermic liver machine perfusion device
was introduced in humans in 2004 [46]. Liver perfusion in hypothermic conditions
(below 12-degree Celsius) leads to a significant suppression of metabolic demands.
The need for oxygenators versus perfusate oxygen was studied extensively, with the
data revealing the clear metabolic need for oxygen during hypothermic conditions
but at a low level. The perfusion during hypothermic machine, perfusion can be done
via portal vein or dual perfusion through the portal vein and hepatic artery. In 2016, a
study by Schlegel et al. revealed that a portal vein-only approach might be sufficient
for hypothermic machine perfusion in DCD liver grafts [47].

In contrast, normothermic liver perfusion requires a very high metabolic demand
with full availability of physiologic oxygen requirements and nutrients to keep the
liver viable. In terms of achieving this level of perfusion, the machines are more
complex and require dual perfusion lines for the portal vein and hepatic artery with
readily available sensors for the metabolic demands and oxygen levels. Normothermic
or sub-normothermic perfusions require red blood cells or artificial oxygen carri-
ers, in contrast to the hypothermic oxygenated perfusion (HOPE) performed with
high perfusate oxygen concentration. The first human application for normothermic
machine liver perfusion was introduced in 2012 [48].
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There are two main ex-situ perfusion approaches for livers that are essentially
different in terms of timing and protective mechanism. The first method is the
upfront machine perfusion immediately after procurement to replace classical cold
static preservation. The organ in this approach is placed in a transportable device
and undergoes continuous perfusion until the organ arrives at the recipient center
and implantation occurs. This method requires complex and expensive systems to be
used with blood products as the perfusate and typically includes normothermic or
sub-normothermic perfusion [49]. A modification of this method is the normother-
mic regional perfusion (NRP), where perfusion is started earlier after the patient’s
cardiac arrest and cannulation. The perfusion is done in situ with the donor’s blood
for 2-4 hours before a decision is made regarding the procurement of the liver accord-
ing to the liver enzymes and lactic acid values. This process aims to minimize the cold
ischemic time [50].

The other liver machine perfusion approach is different in timing. It is usually
applied after organ transportation at the recipient center. In this end-ischemic
approach, the organs are usually perfused for a short time before transplantation
using hypothermic, normothermic, or a combination of both in a process named con-
trolled oxygenated rewarming. These techniques are less complex and less logistically
challenging than upfront machine perfusion because there is no transportation of the
machine perfusion device. However, it exposes the organ to a longer cold ischemic
time, and subsequently, there is a risk for severe metabolic derangements, especially
in higher-risk grafts [51].

4.2 Outcomes of transplantation after machine perfusion

As mentioned above, LT after DCD carries the risk of biliary complications includ-
ing non-anastomotic biliary constrictions with studies showing cold ischemic time
as an important factor in developing such complications [28, 29]. Machine perfusion
transplantation aimed to decrease cold ischemic time and then decrease complica-
tions. Pre-clinical studies have shown that 2 hours of hypothermic machine perfusion
(HMP) can restore mitochondrial functions and decrease the production of radical
oxygen species that might damage the cells before transplantation [52].

The first clinical series done in human liver transplantation after hypothermic
machine perfusion was done in 2010 by Guarrera et al. Transplant outcomes of 20
adult patients who received HMP-preserved livers were compared to a matching
group of patients who received transplantation of livers after conventional cold
storage. Early allograft dysfunction was seen in 5% of the HMP group and 25% in the
control group, but the results were not statistically significant. Serum injury markers
and hospital stay duration were significantly lower in the HMP group. This small,
controlled pilot study demonstrated safety and feasibility and subsequently war-
ranted further multicenter trials [53].

In 2017, Van Riijn and his colleagues completed a non-randomized controlled trial
where they matched ten patients who received end-ischemic DHOPE-DCD (dual por-
tal vein and hepatic artery hypothermic oxygenated machine perfusion of DCD liver
grafts) to 20 patients who underwent static cold storage in the same center. Patients
were matched for age, MELD score, and warm ischemic time and were followed for
ayear. The DHOPE recipients had statistically significantly lower alanine transfer-
ase (ALT) and gamma-glutamyl transferase (GGT). The one-year survival rate for
patients and grafts was 100% in the DHOPE recipients. Five patients in the static cold
storage group required retransplantation for non-anastomotic biliary stricture, while
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none of the DHOPE treated livers required retransplantation. However, this result
was not statistically significant. The authors noted a significantly higher incidence
of hypokalemia in the DHOPE group. This study was challenged by the very small
number of patients and the use of historical controls [54].

In 2019, Schlegel et al. looked at the long-term outcomes (5 years) of DCD liver
transplants after donor organs had been treated with hypothermic oxygenated
perfusion. The study compared 50 hope-treated DCD patients from Zurich to
50 DBD patients and 50 untreated DCD patients from the United Kingdom. The
patients were matched for recipient age, cold ischemic time, and low MELD scores.
The overall donor-recipient risk based on the UK DCD risk score was higher in
the hope-treated patients given older donor ages and longer warm ischemic time.
Despite the higher risk, hope-treated DCD patients achieved a similar graft sur-
vival outcome to the standard DBD transplants. The number of non-anastomotic
strictures (NAS) was more than double in the untreated DCD group compared
with the hope-treated group. Graft loss due to non-tumor causes occurred in 4 out
of 50 patients in the hope-treated group compared to 16 patients in the untreated
group. (8 vs. 32% with a P-value of 0.005). On a sub-group analysis censored for
tumor death, the five-year graft survival was 94% in hope-treated grafts vs. 78% in
untreated grafts (P = 0.024).

The study had some limitations; 70% of the recipients in the hope-treated group
had hepatocellular carcinoma, and the exclusion of tumor-related graft failure could
have potentially skewed the results. The perioperative protocols were different in
both centers between Zurich and Birmingham. In addition, the immunosuppressive
regimen was also different. These differences need to be considered and can present a
limitation for the clinical significance of this trial [55].

In 2021, Czigany et al. conducted a prospective, multicentric, randomized con-
trolled trial where 46 patients DCD LT patients were assigned to HOPE vs. static cold
storage (SCS). Peak ALT value after 7 days was the primary endpoint. The authors
demonstrated a 47% decrease in peak serum ALT level in the Hope group. They also
showed a significant reduction in the 90-day complications, with 44% in the Hope
group vs. 74% in the SCS group, in addition to a shorter ICU stay. A trend of reduced
early allograft dysfunction was observed in the HOPE group but was not statistically
significant. The perioperative and immunosuppression protocols were similar and
standardized between the two groups of this study; however, the participating centers
used different surgical techniques per their local protocols [56].

In a multicenter-controlled trial, Van Riijn et al. randomly assigned patients who
were undergoing transplantation from DCD patients to receive livers after DHOPE
treatment vs. SCS. The study included 160 patients, of whom 78 patients were
assigned machine-perfused livers, and 78 were assigned SCS livers. The study was
conducted in six liver transplantation centers in Europe. The primary endpoint of
the study was the incidence of symptomatic non-anastomotic biliary strictures after
6 months of the transplantation. The criteria for NAS were specified as narrowing or
irregularity of the intrahepatic or extrahepatic donor bile ducts, seen using cholangi-
ography in the combination of clinical symptoms or a cholestatic pattern of the liver
enzymes. The images were interpreted by two different radiologists who were blinded
to the allocation of the patients. NAS biliary stricture occurred in 6% of the DHOPE-
treated group vs. 18% in the untreated arm (P = 0.03). The authors also demonstrated
areduction of 15% in the incidence of the post perfusion syndrome between the two
groups, with 12% in the DHOPE group and 27% in the control group. In addition,
early allograft dysfunction (EAD) occurred in 26% of the machine-perfused livers vs.
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40% in the untreated livers. In this trial, the machine perfusion had no effect on the
ICU duration stay, patients, or graft survival [57].

Normothermic ex-situ perfusion might give a chance to assess the viability of
the liver before transplantation. In 2018, Watson et al. studied the characteristics of
47 liver perfusion, of which 22 resulted in liver transplantation. The authors dem-
onstrated that liver viability during NMP can be assessed through a combination of
lactate clearance, glucose release, maintenance of acid-base balance, and transami-
nase release. They also showed that PH can be a valuable prognostication for bile
integrity. Bile PH measured in 16 out of 22 transplanted livers identified three livers
that developed cholangiopathy, which was less than 7.4. Biliary PH was measured in 11
research livers; four achieved a PH of more than 7.5 and had minimal stromal necrosis
of the intrahepatic ducts on histological examination [58].

The first randomized trial was completed in 2018 by Nasralla et al. In this trial,
the authors compared normothermic machine liver preservation with the con-
ventional cold static methods. Livers from DCD and DBD were included, and 334
livers were randomized between the two arms of the study. The primary endpoint
of this study was the difference in serum aspartate transaminase (AST) within
7 days of the transplant between the two groups. Secondary endpoints included
early allograft dysfunction (EAD), biliary strictures seen on MRCP after 6 months
of transplant, hospital stay, graft survival and patient survival. The Peak AST after
7 days of transplant was reduced by 49.4% in the NMP group, disclosing a differ-
ence of 477 IU/L between the two groups. The rate of EAD was also significantly
lower in the NMP. The study, however, failed to show a significant difference in
biliary complications and patient or graft survival despite including mainly low-risk
livers and choosing recipients of lower MELD scores. Another weakness is choosing
AST as a primary outcome, which is a weak parameter of liver injury after trans-
plantation [49].

In 2022, Quintini et al. demonstrated the role of enhancing graft preservation,
extending viability by evaluating previously discarded livers. Twenty-one human
livers declined for transplantation were enrolled to be assessed for normothermic
machine perfusion. Livers were subjected to the proprietary device without issues.
Six livers were ultimately excluded from NMP after failing to meet the criteria for
transplantation with failure to clear lactate, limited bile production, or moderate
macrosteatosis. Fifteen livers were transplanted successfully. No intraoperative or
early major postoperative complication occurred in any of the recipients. No primary
non-function occurred in any of the patients. Seven patients developed early allograft
dysfunction but had fast recovery. Only one patient developed cholangiopathy in
4 months, and the rest of the patients had good liver functions with a follow-up time
of 2 months to 14 months. The authors demonstrated that the viability criteria can be
expanded. However, the study was done in one single center, and the small sample is a
limitation for the reliability of the study [59].

Recently, Markmann et al. conducted a multicenter randomized controlled trial
across 20 liver transplant programs in the United States. The trial compared the
outcomes of 300 recipients of livers preserved using either normothermic machine
perfusion or ischemic cold storage. The authors demonstrated a significant reduc-
tion in early organ dysfunction in the NMP group (18 vs. 31%). The NMP-preserved
livers showed a significantly decreased incidence of ischemic reperfusion injury (6 vs.
13%). In addition, ischemic biliary complications were lower after 6 and 12 months
in the NMP group. The 1-year graft survival rate was comparable between the two
groups after 1 year [60].
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5. Living donor liver transplantation

Despite the advancement in the field of liver transplantation, organ shortage
remains an important challenge. Approaches to overcoming this issue include the
use of marginal organs as organs from DCD patients, the use of machine perfusion
in suboptimal grafts, and organs from patients who are infected with hepatitis C or
HIV, which has been explained earlier in this chapter. With growing experience, living
donor liver transplantation has become an established viable strategy to mitigate
organ shortage.

Living donor liver transplantation (LDLT) may offer a chance of survival for
patients with end-stage liver disease and hepatocellular carcinoma who are at a high
risk of death while waiting for a suitable liver on the waiting list. Recent studies
showed that LDLT could offer multiple theoretical advantages over DBD LT including
shorter wait time and possible better graft quality [4]. A comparison of outcomes
with DBT LT will take place by the end of this chapter.

The idea of LDLT was proposed as early as 1969 by Smith B., with the first attempt
carried out by Raia et al. in 1989. The first successful LDLT was reported by Strong
etal. in 1989 when they transplanted a liver from a living donor to her son in Australia
[61]. Although the LT technique started earlier in the West, it quickly became the
most common form of liver transplantation in Asia, with over 90% of the transplants
performed using grafts that are commonly donated by relatives and friends. LDLT
developed as a standard of treatment out of necessity due to the very limited number
of deceased brain liver donors. The unique cultures, demographics, politics, and reli-
gion made the acceptance of DDLT remain limited despite its legalization in different
countries [62].

LDLT has been considered a feasible and effective technique for decades, but it
needs significant resource utilization and surgical expertise. In addition, donor safety,
small size, and biliary complications remain major obstacles [63].

5.1 Donor safety in living donor transplant

Yee Lee et al. conducted a worldwide survey of the programs that perform LDLT to
determine the incidence of mortality, morbidity, and near-miss events. The response
rate was 48% (71 programs) that performed donor hepatectomy 11,533 times. They
were able to give information regarding the case volume, demographics, graft types,
morbidity mortality, and near-miss events. The study was able to generate reliable
data demonstrating a morbidity rate of 24%, with 0.04% of patients requiring liver
transplantation. The donor mortality was 0.2%, with most deaths occurring in the
first 60 days after the procedure [64]. The adult-to-adult living donor liver transplan-
tation cohort study (A2ALL) analyzed 760 donors. The no-go rate of donation was
2.6%, which was primarily due to findings in the operating room. The authors dem-
onstrated a mortality rate of 0.4% and an overall complication rate of 40%. Serious
complications that led to liver failure or death occurred in 1.1%. The most common
complications included infections (12%), Biliary leak (9%), and incisional hernia in
6% of patients. The study suggested a trend of higher complication rates in left lobe
donations, but the number of donors was very small (33 patients) which made the
interpretation of the data challenging [65]. A study that looked at the quality of life
for donors 11 years after donation using the health-related quality of life (HRQOL)
surveys in living donors showed that they experience a higher quality of life compared
to the general population [66]. Muzaale et al. followed up on 4111 livers in the United
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States between March 1994 and April 2003 and determined mortality using the Social
Security death master file. The death rate was 1.7 per 1000 donors. The mortality

of donors did not differ from healthy-matched individuals over a mean of 7.6 years.
The rate of catastrophic events was 2.9 per 1000 donors, and five donors suffered
from acute liver failure, where one improved, one passed, and three required DDLT
salvage [67].

To maintain the safety and well-being of donors, LDLT centers have established
strict criteria for selecting suitable donors. The donor age, degree of steatosis, and
remnant liver volume (RLV) are important influential factors. The RLV should be
fully functioning without venous congestion. In most LDLT centers, 30% of the total
liver volume is widely accepted as a safety margin for minimal RLV [68]. Steatosis
can affect the donor’s liver functions and ability to regenerate. Besides, it can affect
the morbidity and mortality of recipients. There are no clear guidelines regarding
the acceptable degree of steatosis for donation, but patients with more than 30% of
steatosis are not accepted for right liver hepatectomy for safety concerns. However,
the use of diet-treated donors might be feasible after their weight loss [69].

5.2 Statistics and indications

There have been more than 4600 adult LDLTs performed in the United States
through 2015, constituting less than 5% of the total number of transplants performed
annually. In 2013, 6455 liver transplantations were performed, all from deceased
donors and only 252 (4%) from living donors. In the same year, among 166 liver
transplant centers in the United States, only 43 centers performed living donor liver
transplantation [70].

The organ allocation from deceased donors in the United States is based on the 11
regions of the United Network of Organ Sharing (UNOS), with the organ assignment
mainly built around the MELD score except in some cases like fulminant liver hepati-
tis and liver primary non-function in the first week. The system allows for “the sickest
first” policy where patients with the highest MELD score get priority. Exception
points are given to conditions that may hasten mortality without a high MELD score,
like hepatocellular carcinoma, cystic fibrosis, and hepato-pulmonary syndrome [71].

Given the current allocation system, LDLT Is generally indicated to patients with
end-stage cirrhosis with complications like ascites without a high MELD score, hepa-
tocellular carcinoma (HCC) patients who do not meet criteria for LDLT, or in regions
where wait time would exceed 12 months; other indications include cirrhosis with a
low MELD score but significantly decreased quality of life, cholestatic liver disease
with alow MELD score and recurrent cholangitis [72].

5.3 Outcomes in living donor liver transplantation in comparison with DBD
(Deceased by brain death) patients

The adult-to-adult living donor liver transplantation (A2ALL) study demonstrated
survival benefits compared to staying on the wait list for DDLT. A2ALL is a consor-
tium of nine liver transplant centers created to conduct retrospective and prospec-
tive studies that looked at the outcomes of both donors and recipients in the period
between 1998 and 2008 [73]. A subsequent study in 2005 looked at the outcomes of
385 LDLT recipients and demonstrated ninety-day and 1-year graft survival rates of
87 and 81%, respectively. 13.2% of the grafts failed in the first 90 days. The most com-
mon complications included sepsis, primary non-function, and vascular thrombosis.
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The authors demonstrated that age and cold ischemic time are important predictors
of graft failure. Interestingly, the centers that had a higher volume of cases (more than
20 LDLT) had significantly lower risk of graft failure [74]. Another subsequent study
by Berg et al., looked at 868 potential recipients of LDLT, of whom 712 underwent
transplantation. Overall, recipients had 56% lower mortality when compared to
patients on the waiting list for DDLT. In patients without HCC, there was a mortal-
ity benefit in both groups of MELD scores of more and less than 15. In patients with
HCC, a benefit was seen for patients with a MELD score of more than 15 but was not
seen in the group with a MELD score of less than 15 [75]. A study by Goldberg et al.
demonstrated that LDLT might be superior to DDLT when performed in experienced
centers. The 3-year graft survival was higher in the LDLT group vs. the DDLT group
(78.9 vs. 77.7%) [76].

Regarding hepatitis C recipients, a study demonstrated no differences between
LDLT and DDLT groups in graft survival when the living donor transplantation is
done in experienced high-volume centers that had more than 20 LDLT [77].

A recent study by Cotter et al. compared the UNOS data of 2566 LDLT patients
with propensity scores that matched DDLT patients from 2010 to 2019. The authors
demonstrated a doubling of LDLT from around 200 to 440 in 2019. One-year and
5-year graft survival in LDLT recipients was 88.4 and 78.1% compared with 92.5 and
80.7% in matched DBD patients. Older age, recipient diabetes, and the requirement
of life support were associated with higher mortality and worse graft functions. The
centers with the highest volume of LDLT per unit time had significantly superior
outcomes in one-year graft survival [78].

LDLT can offer a clinically safe addition to deceased liver transplantation and can
help decrease the mortality of being on a waiting list. Future surgical innovations and
efforts to increase the living donor’s pool may foster the advancement of living donor
liver transplantation in the United States in the future.

6. Conclusion

Liver transplantation has transformed the management of acute and chronic liver
diseases. It is considered a life-saving procedure for patients with end-stage liver dis-
ease. Organ shortage remains a big challenge as the big burden of the disease makes
the supply of liver organs for transplant outstrip the demand. Hence, to increase the
donor pool, the use of marginal liver grafts has become an inevitable tool to over-
come this shortage. These marginal grafts include grafts that historically conferred
increased risk for poor graft and patient survival for various reasons including
older age of donors (more than 70 years), DCD grafts, Viremic patients, livers split
between two recipients, and steatotic livers. Several approaches have been developed
to improve the outcomes of these marginal grafts. This progress is mainly aimed
at decreasing cold and warm ischemic time. With the expansion in using marginal
grafts, the need for reliable measures to assess liver grafts emerged. This has led to the
development of new strategies of dynamic preservation, mainly aiming to improve
organ viability, extend preservation time, and assess organ quality. Machine perfusion
may allow for an increase in usable liver grafts and significantly improve outcomes.
However, lack of financial support, knowledge, and difficulties in logistics are still
important challenges for wider implementation. Living donor liver transplantation
is another method to overcome the organ shortage that has been more developed
recently with a subsequent increased rate of LDLT in the United States. LDLT may
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offer survival benefits for patients who are on the waiting list for liver transplanta-
tion. More research is required to further improve both donors’ and recipients’ safety
and overcome technical challenges associated with LDLT. More studies to compare the

outcomes of LDLT with DBD are needed to further delineate the risks and benefits for
both donors and recipients.
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Abstract

In recent years, remarkable advancements have been achieved in the field of liver
transplantation, offering renewed hope and better outcomes for individuals with
end-stage liver disease or acute liver failure who rely on orthotopic liver transplanta-
tion (OLT) as their sole treatment option. Nevertheless, the scarcity of suitable donor
organs continues to present a major hurdle for patients in need of liver transplants.
Tragically, the demand for donor livers surpasses the limited supply, leaving numer-
ous patients at risk of mortality while awaiting transplantation. In response to the
persistent challenge of organ donation, scientists and medical experts are actively
investigating the potential of extended criteria donors (ECDs) as a potential solution.
ECDs encompass a wide range of potential donors, including older individuals and
those with medical conditions or viral infections, who may not meet the conventional
criteria for organ acceptance.

Keywords: DCD, liver transplantation, extended criteria, end stage liver disease,
cirrhosis

1. Introduction

In recent years, remarkable advancements have been achieved in the field of liver
transplantation, offering renewed hope and better outcomes for individuals with
end-stage liver disease or acute liver failure who rely on orthotopic liver transplanta-
tion (OLT) as their sole treatment option. Nevertheless, the scarcity of suitable donor
organs continues to present a major hurdle for patients in need of liver transplants.
Tragically, the demand for donor livers surpasses the limited supply, leaving numer-
ous patients at risk of mortality while awaiting transplantation [1].

In response to the persistent challenge of organ donation, scientists and medical
experts are actively investigating the potential of extended criteria donors (ECDs)
as a potential solution. ECDs encompass a wide range of potential donors, including
older individuals and those with medical conditions or viral infections, who may not
meet the conventional criteria for organ acceptance. While a young brain-dead donor
remains the preferred choice for liver transplants, exploring various other viable
options for transplantation is crucial in addressing this issue (Table 1) [2].
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Categories of extended criteria donors

Advanced donor age > 60 years

Steatosis (Macrovesicular steatosis > 30%)

Organ dysfunction at procurement

¢ ICU stay > 7 days

* Hypernatremia > 165

* Bilirubin > 3

* Elevated aspartate aminotransferase/alanine aminotransferase

* Vasopressor use

Cause of death including anoxia or cerebrovascular accident

Extrahepatic malignancy

Disease transmission: HBsAg+, Hepatitis C, CDC high risk donors, HIV positive,

Long cold ischemia time (>12h)

DCD

Table1.
Characteristics of extended criteria donors.

A study conducted by Tector et al., has shown that the use of extended criteria
donors (ECDs) has successfully addressed the shortage of suitable donor livers for
transplantation, resulting in shorter wait times and improved survival. Evidence has
showcased the favorable effect of utilizing extended criteria donor (ECD) livers on
transplant outcomes, which are comparable to those achieved with standard donors.
This highlights the potential of ECD livers as a valuable resource in addressing the
critical shortage of organs, offering a promising solution to the ongoing organ short-
age crisis [3].

Due to the heightened potential risks associated with different types of extended
criteria donor (ECD) allografts, it is essential for medical professionals and patients
to engage in a thorough discussion about the potential hazards and benefits before
consenting to an organ transplant. By carefully selecting ECD liver donors and match-
ing them with appropriate recipients, it is possible to achieve excellent survival rates
and reduce wait-list mortality rates effectively. Efforts have been made to increase the
availability of liver donors by using donations after circulatory death (DCD), donors
who are HCV-positive and HBV-positive, HIV-positive donors and donors over the
age of 60. However, livers from these donors are more susceptible to damage during
transplantation, ischemia-reperfusion injury, and impaired allograft function due
to prolonged cold ischemia time (CIT), which increases the risk of postoperative com-
plications. Therefore, it is crucial to conduct thorough evaluations and carefully select
ECDs to mitigate the risks associated with transplantation and maximize outcomes
for those in needs [4].

2. Donation after circulatory death (DCD)

The donation after circulatory death (DCD) is a process that focuses on cardio-
pulmonary criteria rather than neurologic criteria. It involves recovering organs
for transplantation after death has been confirmed using circulatory criteria. This
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method differs significantly from the conventional standard model for deceased
donation, which relies on the confirmation of death using neurological criteria.
There is also a variable period of warm ischemia that follows before the organs can be
preserved for donation. This is why DCD is often considered an ECD.

Donation after circulatory death (DCD) donor livers are divided into five catego-
ries according to modified Maastricht’s classification. Categories I, II, and V pertain
to the recovery of organs after an unforeseen and irreversible cardiac arrest (uncon-
trolled donation after circulatory death—DCD), while categories III and IV refer to
the retrieval of organs after planned withdrawal of life-sustaining cardiorespira-
tory support (controlled DCD). Uncontrolled DCD can only take place in facilities
equipped with organ perfusion and retrieval capabilities readily available, typically
located near or within a transplantation center. On the other hand, controlled DCD
can be supported in almost any intensive care unit (ICU) or emergency department
(ED) [5].

According to the annual report from the US Organ Procurement and
Transplantation Network, 10.6% of liver donations come from DCD donors unlike
organs from donors who have experienced brain death [6].

A study conducted by Mihaylov et al., reviewed 135 consecutive DCD LTs and
found that optimizing perioperative conditions by using a thrombolytic donor
flush and minimizing ischemia times can improve outcomes for ECD DCD LT.

They observed a significantly lower incidence of ischemic cholangiopathy (IC) (5%
versus 17% in era 1; P = 0.03) and better 1-year graft survival (93% versus 75% in
eral; P = 0.07). This suggests that ECD DCD livers can be successfully transplanted
optimizing perioperative conditions, expanding the donor pool for LT [7].

A recent study led by Duan et al. examined 1104 cases of deceased donor liver
transplants, of which 807 patients received a liver from a donor after cardiac death
(DCD). The researchers conducted a thorough evaluation of various donor charac-
teristics, including age and fatty liver status. The analysis revealed that there were no
significant differences in postoperative complications between the DCD and other
groups, and the survival rates of both patients and grafts were similar at 90 days,

1 year, and 3 years. This study demonstrates that moderately steatotic livers from
DCD donors can effectively broaden the pool of available livers for transplantation,
offering valuable insights into the impact of these extended criteria on liver transplant
outcomes [8].

Research shows that medical facilities with a high number of liver transplants
tend to use donation after circulatory death (DCD) more frequently (over 5 times a
year) than low-volume centers. This increased use of DCD is associated with better
outcomes for patients, including graft survival, 1-year patient mortality, 1-year graft
failure, and long-term patient survival [9]. Other study conducted by Pescarissi et al.,
concludes that there is potential to increase the supply and use of ECDs for transplan-
tation and that the perioperative period of LT from selected DCD donors can be safe
with careful management by experienced anesthesiologists and intensivists [10].

There is a lot of concern around post-transplantation outcomes when it comes to
marginal organs. DCD livers in particular have a high rate of biliary strictures due to
the period of warm ischemia between withdrawal of donor life support and organ
preservation. This can lead to lower graft survival rates, increase re-transplantation,
and higher hospital costs [11].

In liver transplantation, Donation after Circulatory Death (DCD) grafts are
frequently utilized. These grafts, however, come with an elevated risk due to an
additional ischemic event during the Donor Warm Ischemia Time (DWIT), leading to
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an increased chance of severe ischemia/reperfusion injury and postoperative compli-
cations like ischemic cholangiopathy. The duration of actual ischemia during DWIT
varies widely among donors and depends on the course of vital parameters after life
support withdrawal. This ischemic period, known as the functional DWIT, begins
when either Spo2 (oxygen saturation) or blood pressure drops below a certain thresh-
old and continues until the commencement of cold perfusion during organ retrieval.
Numerous retrospective single and multicenter studies have examined the impact

of DWIT on liver transplantation outcomes. However, there is still no standardized
definition for DWIT, leading to the incorporation of different definitions and clas-
sifications by various authors to better understand its dynamics. Developing a unified
definition for DWIT could aid clinicians in optimizing the utilization of DCD livers
and reducing the risk of complications [12].

A liver transplantation (LT) using donation after circulatory death (DCD) has
seen progress, but ischemic cholangiopathy (IC) remains a concern. IC is the primary
cause of DCD graft loss and has prevented many transplant centers from accepting
DCD grafts. Despite extensive research, the cause of IC is still unclear.

A study by Goussous et al. analyzed 112 patients who underwent liver transplan-
tation from DCD between 2005 and 2017. In 2014, measures were taken to reduce
donor hepatectomy time (DHT) and cold ischemic time (CIT) to improve DCD LT
outcomes. The group that received transplants after the changes had shorter DHT and
CIT, and fewer cases of IC than the historical group [13].

In a meta-analysis conducted by Jay et al., a comparison of biliary complications
after liver transplantation was undertaken. The study examined 489 transplants from
DCD donors and 4455 transplants from DBD donors. The findings indicated that
DCD recipients had a higher overall rate of biliary complications (29%) compared
to DBD recipients (17%). Specifically, DCD recipients had 2.4 times greater odds
of experiencing biliary complications than those who received DBD transplants.
Moreover, the study revealed that DCD recipients had a higher incidence of ischemic
cholangiopathy (IC) (16%) compared to DBD recipients (3%), with DCD recipients
having 10.8 times greater odds of developing IC [14].

In a recent study conducted by Mercado et al., the impact of portal vein throm-
bosis (PVT) during liver transplantation (LT) from donation after circulatory death
(DCD) donors was investigated. The study revealed that PVT can add complexity
to the surgical procedure. However, carefully selected recipients with grades I-II
PVT showed successful outcomes when receiving DCD liver grafts. There were no
significant differences in outcomes between patients with or without PVT with grades
I-11, including rates of early allograft dysfunction, primary nonfunction, or ischemic
cholangiopathy [15].

Also, according to Black et al. in 2022, living donor liver transplantation (LDLT)
provides superior 5-year patient and graft survival rates compared to deceased donor
liver transplantation (DCD-LT). LDLT also has comparable outcomes to deceased
brain-dead donor liver transplantation (DBD-LT) in terms of survival rates, but it has
a higher rate of readmissions. Despite this, LDLT has a higher rate of return to work
and a lower rate of chronic kidney disease (CKD). When possible, LDLT should be
the preferred method over DCD-LT. However, increasing the utilization of both LDLT
and DCD-LT can help more patients gain access to life-saving liver transplants [16].

A recent study conducted by Haque et al. analyzed data from 33,429 deceased-
donor liver transplants in the US from 2002 to 2008. The study followed up for
10 years after the implementation of MELD and compared transplantation outcomes
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between recipients of donation after circulatory death (DCD) and donation after
brain death (DBD). The results showed that while DCD had lower 10-year graft
survival compared to DBD, the rates of graft failure for both groups were the same
after the first year post-transplant. Moreover, patient survival was similar between
the two groups. The study suggests that the use of DCD livers could increase

with the development of machine perfusion technology to address early biliary
complications [17].

Donation after circulatory death (DCD) liver transplant recipients have experi-
enced worse survival rates compared to DBD recipients due to the inevitable WIT
during the declaration of death and organ retrieval process. To improve DCD liver
transplant outcomes, multiple interventions have been suggested to recondition DCD
liver grafts. Interventions, before and after death, may increase the likelihood of
organs being suitable for transplant. Research has shown that pharmacologic protec-
tion and machine perfusion of the liver are promising strategies to protect against
ischemia-reperfusion injury, especially for high-risk organs. These strategies aim
to improve the viability and number of organs available for transplant and increase
the likelihood of organs being suitable, ultimately expanding the donor pool. Also,
liver transplants using cold preservation methods often lead to ischemia-reperfusion
injury (IRI) in the donor’s liver. Donor livers that undergo normothermic machine
perfusion (NMP) are also susceptible to IRI. NMP mimics the physiologic liver perfu-
sion by utilizing a red blood cell-based solution at temperatures between 35.5 and
37.5°C, offering a range of potential benefits. The potential effects of normothermic
perfusion include countering hyperfibrinolysis and inflammation after reperfusion,
replenishing glycogen, and promoting the regeneration of adenosine triphosphate.
Studies on normothermic machine perfusion are centered around developing
biomarkers to predict allograft quality and susceptibility to ischemia-reperfusion
injury. Additionally, normothermic perfusion of marginal allografts allows for the
implementation of various therapeutic interventions to potentially enhance organ
quality. Based on current clinical trials, normothermic perfusion not only increases
the utilization of hepatic allografts but also appears to be associated with milder
ischemia-reperfusion injury, leading to a reduced risk of early allograft dysfunction
and fewer biliary complications, including ischemic cholangiopathy, compared to
static cold storage [18].

Normothermic regional perfusion (NRP) is a method used to maintain
allografts obtained from DCD by employing VA-ECMO to sustain thoracic and
abdominal organ perfusion, allowing time for recovery from warm ischemic injury.
Two forms of NRP are currently in use, depending on the organ being procured.
Thoracoabdominal NRP (TA-NRP) for donors with planned heart and abdominal
organ recovery, and abdominal NRP (A-NRP) for donors with only abdominal
organ recovery. NRP offers several advantages, including continuous warm blood
perfusion, which aids in restoring heart function, reducing myocardial injury, and
maintaining organ homeostasis. It allows visual assessment of organs, promotes
organ recovery by establishing perfusion, reduces warm ischemia time, and enables
viability assessment in a non-ischemic state before retrieval, unlike direct cold
storage. Limiting factors for broad application of NRP are related to implementation
and acceptance by organ procurement organizations. The process of NRP is complex,
requiring coordination among donor hospitals, procurement teams, perfusionists,
and organ procurement organizations, with successful execution contingent upon
agreement from all involved parties [19].
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3. Donors of advanced age

The age range of liver donors for transplantation has changed significantly in
recent years. The United Network for Organ Sharing (UNOS) reported that in 1989,
only 2.4% of donors were above 50 years old. However, by 2013, this number had
increased to 33%. In the past, donating a liver after 50 was not recommended as it
was believed to be associated with poor outcomes. But recent studies have shown
that older donors without additional risk factors can have results similar to younger
donors [20].

The liver is more resistant to aging in healthy individuals compared to other organs
because it has a large functional reserve, dual blood supply that exceeds its metabolic
needs, and regenerative capacity. However, as livers from older donors are smaller in
weight and volume and may have developed fibrous thickening of the capsule, it is
unclear if these changes affect organ function after transplantation [21, 22].

The outcomes of liver transplants from donors over the age of 70 were examined
in a study by Alamo et al. they found that while survival rates were similar, there was
a greater incidence of ascites and primary dysfunction due to delayed graft function.
Certain factors such as the recipient’s Model for End-Stage Liver Disease (MELD)
score, cold ischemia time, diabetes, hypertension, and weight over 90 kg were associ-
ated with poor prognosis. The study concluded that liver transplants from elderly
donors are safe, but careful selection of both donors and recipients is necessary [23].

Another study by Kim et al. analyzed liver transplant outcomes from donors aged
65 years and above and identified several factors that affected graft survival. They
found that older donor livers should not be dismissed solely based on age and that
they can result in good graft survival in selected cases [24].

Wang et al., divided 159 patients into two groups based on donor age and found no
significant differences in graft or recipient survival rates at 1, 3, and 5 years. However,
the older donor group required a larger volume of red blood cell transfusions during
the surgical procedure. The authors concluded that Liver transplant with donors older
than 50 years is safe and does not have significant adverse effects on graft function or
long-term donor and patient survival [25].

Although the age of the liver donor is an important factor in liver transplantation
outcomes, it is not the only factor to consider. Other factors such as surgical condi-
tions, including ischemia time and hemodynamic instability during surgery, as well as
recipient conditions, such as MELD score, also play a crucial role. Therefore, mini-
mizing these Liver transplants with elderly donors can have similar outcomes to those
with younger donors. Accepting an old liver donor (OLD) graft can improve survival
for all waitlist candidates, especially those with high MELD scores. It’s important to
note that both older and younger candidates benefit from accepting an OLD graft.
Patients and providers should carefully consider the consequences of declining an
OLD graft offer, as a quarter of candidates die after such a decline. These findings
can help transplant providers make better decisions and improve patient counseling.
Another consideration with aged donors is the risk of transmitting malignancy due to
the higher incidence of unrecognized malignancies in the elderly [26].

4. Donors with viral infections

Viruses such as Hepatitis B and Hepatitis C are routinely screened in potential
donors due to their potential impact. However, these infections can be managed
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effectively, especially in individuals with weakened immune systems. Therefore, a
positive test result for these viruses does not necessarily disqualify someone from
being a suitable donor.

4.1 Hepatitis B virus (HBV)

The prevalence of hepatitis B core antibody (HBcAb) positivity varies across different
geographic locations. In liver donors within the United States, the prevalence is reported
to be 4.8%. Considering the global prevalence of HBV “past” and present infections, with
2 billion and 350 million affected individuals respectively, the use of liver grafts from
donors with past HBV infection (HBcAb-positive only) is a relatively common practice.
This approach holds the potential to significantly alleviate the shortage of organs, espe-
cially in countries with high HBV endemicity. However, it is essential to note that donors
who test positive for HBcAb may carry intrahepatic covalently closed circular DNA
(cDNA) and may also have an occult infection with positive serum HBV DNA [27].

Donors who are hepatitis B surface antigen negative (HBsAg—) but hepatitis B
core antigen positive (anti-HBc+) have transmitted HBV infection to liver recipients
who are HBsAg—. Early studies of the use of hepatitis B core antibody-positive
allografts to treat HBV + recipients suggested that the risk of HBV transmission was
extremely high and carried high mortality. However, in patients who are immune to
HBV (previous vaccination), it is safe to use these organs [28]. Additionally, donors
with positive hepatitis B surface antibodies (anti-HBs) do not appear to transmit HBV
infection after liver transplantation.

The use of combined prophylaxis with hepatitis B immune globulin (HBIg) and
lamivudine has proven effective against HBV recurrence and de-novo HBV infection
or transmission in recipients of anti-HBcAb+ livers [29, 30].

Further data has shown that using an HBsAg-positive graft is feasible. HBsAg-
positive recipients who received a graft from HBsAg-positive inactive carriers
remained HBsAg positive, and HBIg was discontinued within the first-month post-
LT. This experience demonstrates that LT using grafts from deceased HBsAg-positive
donors is feasible and may expand the pool of organ donors with appropriate antiviral
management and monitoring [31].

In a study by Saidi et al., the United Network for Organ Sharing (UNOS) database
was used to review LT outcome data in the United States. The study found that both
the graft and the patient had similar survival rates between the 92 recipients of
HBsAg-positive grafts and recipients of HBsAg-negative grafts. The majority of the
study population required LT for HBV-related disease (74%) [32].

The largest series describing the transplantation of HBV NAT+ kidney and liver
allografts aimed to assess the 1-year safety and effectiveness of such transplants in
seronegative kidney transplant (KT) and liver transplant (LT) recipients. Over a
1-year period, 89 recipients received HBV NAT'+ organs, and no HBV-related compli-
cations were observed. Among 18 recipients who experienced viremic episodes, 16 of
them achieved undetectable HBV DNA levels after approximately 80 days of entecavir
therapy. Expanding the use of HBV NAT+ organs in nonviremic recipients may help
alleviate the national organ shortage [33].

4.2 Hepatitis C virus (HCV)

In the past, there was much debate about using organs from donors with Hepatitis
C virus (HCV+) for liver transplantation (LT). However, due to a shortage of organs
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for transplant, the use of HCV+ organs has become more common as a solution to
increase the donor pool. Despite advances in treatment, many HCV + liver allografts,
several hundred per year, are still not being used. HCV infection affects an estimated
1-2% of the general US population, but the risk is higher (3-18%) among organ
donors with more risk factors as defined by the Public Health Service [34].

A study by Alvaro et al. found that using HCV+ donors is a safe and effective
source for liver donation. Out of 143 transplants performed in HCV+ recipients, 9.1%
received an organ from an anti-HCV+ donor, with 72.7% showing a negative viral
load. Although 80% of the patients experienced hepatitis during follow-up, there
was no significant difference in patient or graft survival observed between the two
groups [35].

A retrospective study by Ting et al. demonstrated that HCV seronegative patients
who receive an HCV seropositive liver allograft can have good short-term outcomes
with HCV cure following antiviral treatment [36].

Evaluating long-term outcomes in liver transplant recipients transplanted with
HCV antibody-positive organs, A study conducted by Stepanova et al., in 2016 evalu-
ated the long-term outcomes of liver transplant recipients who received organs from
donors with HCV antibodies. The study compared the rates of mortality and graft
loss between those who received organs from HCV antibody-positive (HCV+) donors
and those who received organs from HCV antibody-negative donors. The study found
that both mortality rates and graft loss rates were similar between HCV patients
transplanted from HCV+ donors and those transplanted from HCV-negative donors.
In fact, long-term outcomes were very similar in patients who received organs from
HCV+ and HCV- donors [37].

A cross-sectional study by Da et al., found that HCV-positive donors were
healthier and donated superior liver allografts compared with HCV-negative donors.
The use of an HCV donor is a good option to increase the organ pool. Several stud-
ies suggest that LT from HCV + donors are a safe procedure with the use of effective
antiviral therapy [38].

4.3 Human immunodeficiency virus (HIV)

The worldwide occurrence of human immunodeficiency virus (HIV) has now
affected 37 million people. Although antiretroviral treatment has been developed,
HIV-unrelated reasons have become significant factors in determining survival rates.
Liver disease is one of the main causes of death, accounting for 10%. This rise in
prevalence is because of the high frequency of concomitant HBV and HCV infections
with HIV. Consequently, it is crucial to encourage organ transplantation in this popu-
lation, as HIV-infected recipients have similar survival rates to non-infected recipi-
ents, albeit with three times higher acute rejection rates [39]. Currently, organs from
HIV-positive donors can only be transplanted to HIV-positive patients. In nations with
a high prevalence of HIV, liver transplantation from HIV-positive donors has become
a desirable choice. Furthermore, almost 66% of HIV-positive individuals are eager to
donate their organs to other HIV-positive patients. They have distinct reasons, such
as combating HIV-related prejudices and showing compassion toward other infected
patients [40]. According to a recent publication by Rozera et al., it has been confirmed
that HIV-positive individuals can safely receive transplants from HIV-positive donors
without the risk of superinfection. The immunosuppressive treatment administered
to prevent transplant rejection does not seem to have a significant impact on the
progression of HIV disease or any other viral reactivations [41].
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5. Conclusion

This chapter provides comprehensive insights into various aspects of liver
transplantation, focusing on the utilization of extended criteria donors- including
those from donation after circulatory death and donors with viral infections such as
hepatitis B and hepatitis C. The findings emphasize the importance of expanding the
donor pool to address the critical shortage of organs for transplantation. Despite the
potential risks associated with ECDs, studies demonstrate promising outcomes with
careful selection and optimization of perioperative conditions. Advancements in
antiviral therapy and transplant management contribute to improved survival rates
and outcomes for recipients of ECD livers, highlighting the significance of ongoing
research and innovation in liver transplantation. Further studies are warranted to
continue refining strategies for donor selection, perioperative management, and
long-term outcomes, ultimately enhancing the effectiveness and accessibility of liver
transplantation for patients in need.
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Abstract

Donor-derived cell-free DNA (Dd-cfDNA) is a novel biomarker with many
diagnostic applications in various areas of medicine and particularly transplantation.
This biomarker is derived from donor cells that have undergone apoptosis or cell
death and thus reflects possible graft damage. Regarding the field of liver transplanta-
tion, dd-cfDNA can contribute to the diagnosis of complications that include signs
of rejection or other types of possible graft injury. Measurements of dd-cfDNA also
depend on the graft’s size and origin; therefore, these data should be considered for
the estimation and explanation of dd-cfDNA values. Despite the utility of this novel
diagnostic technique, it comes with some limitations and application exclusions, such
as cases where there is a blood relation between the donor and recipient. Combination
of dd-cfDNA evaluation with the assessment of other currently used biomarkers,
such as liver enzymes, or other novel biomarkers can result to high diagnostic value.

Keywords: liver transplantation, non-invasive, biomarkers, dd-cfDNA, evaluation of
liver graft

1. Introduction

Liver transplantation (LT) is the only treatment option for end-stage liver failure
and the best option for some specific cases of liver cancer. In 1963, Starzl et al. per-
formed the first liver transplantation [1]. It took over a decade for LT to overcome the
challenges associated with the immune response, with a noteworthy breakthrough
being the application of cyclosporine, yielding positive long-term outcomes for
patients [2]. Despite a steady increase in the number of LT operations with nowadays
more than 35,000 liver transplants being performed globally, long-term survival
beyond the first year after LT has not significantly improved in the past decades due
to many factors, including the long-term effects of immunosuppression and graft
dysfunction [3].

A significant obstacle to LT long-term graft and patient’s survival is the lack of a
reliable and non-invasive biomarker that monitors graft function and detects graft
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injury early. Reliable, non-invasive detection of possible damage of liver graft consti-
tutes a prominent area of research in transplantation, with various biomarkers and
biomarker panels already being researched about their specificity and sensitivity.

In this chapter, we aimed to describe the possible role of donor-derived cell-free
DNA (dd-cfDNA) in the evaluation of liver graft and monitoring of liver transplant
recipients.

2. Liver histology

Liver is a parenchymal organ, covered by a peritoneal lining consisting of a single-
layer mesothelium disposed on a thin layer of sub-mesothelial connective tissue [4].
Regarding the morphology of the liver, this is based on morpho-functional units called
hepatic lobules [5]. Each hepatic lobule appears as an area of polygonal shape, made up
of laminae of epithelial cells, the hepatocytes. In the spaces between the hepatocytes,
there is a dense vascular network consisting of capillaries called hepatic sinusoids. In
the center of the lobule, there is a central (centrilobular) vein, while in the periphery,
there are terminal branches of the portal vein and of the hepatic artery, which in com-
bination of branches of bile ducts, they form the portal or porto-biliary spaces. Apart
from this morphology model, there are some other ones proposed like the portal lobule
and hepatic acinus [6]. Concerning the cell types that consist liver histology, those
apart from hepatocytes include endothelial cells, hepatic stellate cells, Kupffer cells,
lymphocytes, and cholangiocytes, which consist the intrahepatic bile ducts [7-10].

3. Pathophysiology of LT-related pathologies

There are many pathologies related to liver transplantation that may result in
dysfunction or even non-function of the graft. These pathologies include subclinical
graft injury, chronic or acute rejection, infections, and cancer. For the accurate, non-
invasive diagnosis of those pathologies, a background knowledge of their pathophysi-
ology is needed.

The most common pathology that occurs in LT and the base of other LT-related
pathologies as well is the graft injury. Graft injury can be caused by ischemia-reper-
fusion process, with the anoxia occurring in liver tissue resulting in the generation of
reactive oxygen species and initiation of a cellular cascade leading to inflammation
and cell death. Apart from cell cascade and oxygen free radicals, T cells and Kupffer
cells have found to be in the center of liver graft injury resulting in the observed in
surveillance liver graft biopsies (svLBxs) neutrophil inflammation [11-13].

Rejection is also considered a form of graft injury with liver dysfunction being
observed as well. There are two major types of rejection classified based on the time
of occurrence: acute and chronic. Moreover, rejection types can be classified based
on the pathophysiology mechanism on T-cell (TCR) and antibody-mediated (AMR).
TCR usually occurs early, and the diagnosis is based on biopsy findings including
dense portal-based mixed inflammatory cell infiltrate with the evidence of damage
to biliary epithelium, portal and hepatic vein endothelium, and hepatocytes [14].
During liver inflammation, the expression of MHC class I is increased in all cell
types, instead of being limited to Kupffer cells like in the normal liver, and MHC
class II expression is stimulated in endothelium, biliary epithelium, and hepatocytes.
Activated donor-derived dendritic cells arriving in the lymph node act as a potent
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immunological stimulus for recipient-derived naive CD4+ T cells. CD8+ and CD4+
T cells are participating in rejection pathophysiology by differentiating into differ-
ent T-cell subtypes, primarily polarized toward the Thl response with the secretion
of many cytokines. AMR can happen early and later on, with the most severe form
being the hyperacute rejection that occurs in ABO-incompatible grafts [15]. In AMR,
donor-specific antibodies (DSA) play a pivotal role. They can be preformed or de
novo produced by the interaction of B cells with alloantigens [16].

LT recipients are also prone to different infections due to their immunosuppressive
treatment scheme. Viral infections of the liver graft like cytomegalovirus (CMV),
EBV, and HCV can result in various pathophysiological alterations and dysfunction.
CMV infection has a high prevalence in the general population and can be serious in
recipients who were seronegative prior to liver transplantation. The pathophysiology
of liver damage in CMV infections is based both on the direct effect of the virus in
mesenchymal and endothelial cells and to the modulation of the immune system that
may result to acute early allograft rejection or late allograft dysfunction [17]. HCV
infection can be acute or chronic and, apart from immediate immune alterations, can
result in liver fibrosis [18, 19].

Cancer is a very serious, rare complication of chronic immunosuppression. Apart
from the rare occurrence of cancer as a result of immunosuppression, LT recipients
operated for hepatocellular carcinoma (HCC) based on Milan criteria show a risk
of recurrence in 8-20% of the cases [20, 21]. HCC is a highly heterogeneous cancer,
both at the molecular and histological level. There is a strong correlation between
HCC with fibrosis, molecular mechanisms related to comprise telomere maintenance,
Wnt/p-catenin signaling and cell cycle regulation, TERT promoter alterations, and
CTNNB1 and TP53 mutations [22].

4. Current methods of liver graft evaluation

In todays clinical practice, the established everyday clinical practice for graft
evaluation includes the serum measurement of alanine aminotransferase (ALT)
and aspartate aminotransferase (AST), along with the performance of surveillance
liver graft biopsy (svLBxs). Each of those methods of evaluation is not optimal and
opposes certain limitations. Particularly, for the liver function enzymes evaluation,
main limitations include their lack of liver specificity, the reflection of damage of
specific cell types (hepatocytes or cholangiocytes), and their long half-lives [23, 24].
Regarding svLBxs, despite its specificity in detecting and diagnosing different graft
injuries and pathologies, when considering the complexity and large size of the liver,
its sensitivity is far from 100%, which often leads to inaccurate diagnosis. Moreover,
it remains an invasive procedure with certain risks for the patient and a high cost, all
of the above leading to this not being an evidence-based applied procedure to most of
the liver transplantation centers [25].

5. Recent breakthroughs in non-invasive liver graft evaluation

In recent years, precision medicine research is focused on unraveling the molecular
pathways associated with specific liver graft pathologies [26]. A primary objective of
this field of research is the investigation of the potential role of liver-specific biomark-
ers in the non-invasive accurate diagnosis. For a biomarker to be considered suitable
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for everyday clinical practice application, it has to fulfill certain qualifications. These
include the non-invasive detection, the specificity about liver graft and sensitivity about
different pathologies. Shorter half-life time and cost effectiveness are also desirable
characteristics of a possible biomarker [27, 28]. There has already been found a correla-
tion between graft dysfunction, pathologies, and different types of biomarkers including
nucleic and protein ones, metabolites, and the recently discovered extracellular vesicles
[29-31]. Among protein biomarkers are those involved in immune responses, like in
complement system activation (C3a, C5a, and sC5b-9), C-reactive Protein, cytokines,
MHC class I polypeptides, and different types of CD blood cells, enzymes such as ATP
citrate lyase, apolipoprotein Al, and butyrylcholinesterase, structural proteins such as
fibrinogen alpha chain, and signaling proteins such as VEGF [32-36]. The majority of the
research although so far is focused on nucleic biomarkers which include different types
of miRNAs, mRNAs, long non-coding RNAs(IncRNAs), DNAs, and dd-cfDNA [37-42].

6. Role of dd-cfDNA

dd-cfDNA has emerged as a non-invasive, precise biomarker for monitoring liver
transplant recipients by many researchers. Over the past few years, the utilization of
dd-cfDNA has witnessed a notable increase, with potential applications including the
early detection of cancer and graft dysfunction in various types of transplantation
[43]. Dd-cfDNA was first used by Sigdel et al. as a rapid non-invasive assay for the
detection of renal transplant injury [44]. Originating from apoptotic cells within
the graft, dd-cfDNA exhibits remarkable specificity, with a limitation in sensitivity.
Dd-cfDNA has applications in every type of solid organ transplantation, a character-
istic that justifies the extensive research existing about this emerging biomarker [45].

7. Methods of evaluation of dd-cfDNA

Dd-cfDNA is measured most usually in serum or in plasma and sometimes in
urine, especially when it comes to kidney transplantation monitoring [46]. Its assess-
ment includes an evaluation of its quantity, but also an investigation of some quality
characteristics, such as the size of the fragments and methylation patterns [47].

Quantification categories

Absolute quantification: Dd- Fractional abundance of the
¢fDNA (cp/mi) circulating donor-derived DNA
quantification: Dd-¢fDNA fraction(%)

Sample types

Blood/serum sample Urine sample
Figure 1.

Dd-cfDNA evaluation methods.
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Particularly, for its detection in serum, various types of polymerase chain reaction
(PCR) are available, and alternatively, an approach used for female recipients with
male donors is the amplification of Y-chromosome specific genes [48]. Distinguishing
the donor-derived cfDNA from the recipient-derived type is a process including the
following steps. Firstly, SNP (single-nucleotide polymorphism) selection is con-
ducted, followed by the targeted amplification and sequencing of the cfDNA samples
[49]. The next step is the statistical determination of the recipient’s heterozygous
cutoff, on whose basis dd-cfDNA is estimated. Additionally, the value of the tech-
nique is increased by sample quality control and analytical validation [50]. Dd-cfDNA
is a biomarker with a short half-life (<1.5 h), a characteristic adding accuracy in its
clinical value [51]. Evaluation techniques of dd-cfDNA can be found in Figure 1.

8. Applications of dd-cfDNA evaluation in liver transplantation

Dd-cfDNA has many applications in the diagnosis of LT complications and in the
monitoring of LT recipients. Those include early detection of pathological lesions,
diagnosis of infections related to transplantation, monitoring of the patients, and
cancer recurrence in cases of LT performed as treatment for hepatocellular cancer.
Figure 2 includes a scheme about applications of dd-cfDNA in LT.

8.1 Dd-cfDNA and subclinical graft injury evaluation

Subclinical graft injury refers to notable histological inflammation, while liver
enzyme levels remain relatively normal, particularly under 2x ULN [52]. Using
svLBxs, it has been observed that over 25% of liver transplant recipients with regular
liver enzymes show graft injuries indicative of T-cell-mediated rejection (TCMR)
[53, 54]. While svLBxs are very specific when it comes to detecting subclinical
T-cell-mediated rejection (SubTCMR), their invasive nature and potential risks limit
their frequent application in clinical settings. Dd-cfDNA emerges as a promising
noninvasive marker for early identification of sub-TCMR. Several studies highlight
arelationship between increased dd-cfDNA levels and sub-TCMR. For instance,
there has been mentioned notably elevated fractional dd-cfDNA in patients exhibit-
ing sub-TCMR, with a sensitivity and specificity of this method being 73 and 52%.

Subclinical graft injury

Acute rejection
Dd-cfDNA
Liver graft W

1 () [ l ‘ — GVHD
( £ \
4
F=-N ¥ ™ Cancer detection

=
et

Immunosuppression
dysregulation

Viral infections

Figure 2.
Applications of dd-cfDNA in liver transplantation.
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Despite the differences in fractional dd-cfDNA levels, there were no significant
differences in absolute dd-cfDNA levels between those with or without graft damage
[50]. Furthermore, during the investigation of personalized immunosuppressive
treatment schemes, elevated graft cell-free DNA (GcfDNA) has been identified in
cases of subclinical graft damage due to inadequate tacrolimus levels and connections
between dd-cfDNA levels, tacrolimus concentrations, and the frequency of graft
injuries have been also found, resulting in an optimal level of tacrolimus at around
6.8 pg/L [54, 55]. Moreover, increased GefDNA percentage (graft cfDNA/total
cfDNA) has been correlated with graft injury, reaching levels even above 50% after
ischemia-reperfusion [54]. Lastly, short dd-cfDNA fractions specifically were also
linked to graft impairments, indicating that small/large fragments ratio lower than
0.6 is correlated with stability of the graft function. [47].

8.2 Dd-cfDNA and diagnosis of rejection

In cases of rejection, and particularly acute rejection, the use of dd-cfDNA proved to
be more sensitive and diagnostically valuable than liver function tests (LFTs), enabling
an earlier and more accurate detection. Many studies have indicated that LT recipients
experiencing acute rejection exhibit higher serum levels of dd-cfDNA compared to
those without rejection, with the median dd-cfDNA percentage being three-fold higher
comparing to before rejection diagnosis levels [50, 56-59]. The sensitivity and specific-
ity of dd-cfDNA-based acute rejection diagnosis differentiated, ranging between 72 and
100% and 53-91% based on different cutoff levels. Additionally, it has been highlighted
that dd-cfDNA serves not just as a non-invasive diagnostic tool for acute rejection but
also allows for earlier detection than biopsies and conventional LFTs, detecting possible
graft damage 1-2 days earlier than conventional methods [54]. A strategy to pinpoint
the source of dd-cfDNA and diagnose complications in the recipient involves analyz-
ing the fractions ratio, particularly patients undergoing acute rejection tend to have an
elevated ratio of short fragments compared to individuals with healthy grafts [43].

8.3 Dd-cfDNA in graft versus host disease diagnosis

Graft versus host disease (GVHD) is a rare but life-threatening complication
related to transplantation of mostly bone marrow and in rare cases solid organs [60].
It is recognized to have an asymptomatic phase, allowing for early identification and
intervention by adjusting immunosuppressive drug levels [61]. Traditional methods
for early GVHD detection, which rely on molecular techniques targeting macro
chimerism, have been neither cost-effective nor feasible for routine clinical use [62].
Dd-cfDNA has been the center of a newly introduced, innovative diagnostic approach
for GVHD detection. This method identifies GVHD based on criteria like increased
serum dd-cfDNA levels, elevated proportions of donor-origin T and B cells, and the
presence of donor-derived genomic-DNA (dd-gDNA) in skin samples. Such findings
suggest the presence of multisystemic GVHD and potential concurrent infections.
These strategies could serve as non-invasive tools for immune surveillance, facilitat-
ing quicker GVHD identification and thus resulting in an earlier treatment [48].

8.4 Dd-cfDNA in liver graft viral infections diagnosis

Transplant patients are following a medication scheme of continuous immunosup-
pression making them particularly susceptible to various opportunistic infections,
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including EBV and CMV. This susceptibility highlights the importance of having a
non-invasive marker to assess potential viral infections in LT patients. There has been
found that individuals with EBV or CMV exhibited notably elevated percentages and
median quantities of dd-cfDNA, with CMV patients showing even higher levels than
those with EBV (0.866 vs. 0.764 dd-cfDNA (cp/mL)) [63]. Furthermore, LT patients
are prone to HCV infection. HCV-positive patients displayed a somewhat elevated
and more variable GefDNA proportion compared to those in stable health [54, 62].

8.5 Dd-cfDNA and early detection of cancer recurrence

It is known that liver transplantation is an evidence-based worldwide accepted treat-
ment option for patients with liver tumors [64]. Usually, LT is performed in patients
with hepatocellular cancer (HCC) according to Milan criteria, but in recent years, it has
been applied in a series of patients with cholangiocarcinoma as well [65-67]. LT recipi-
ents require immunosuppression treatment in order to avoid rejection-related com-
plications; thus, they are susceptible to cancer recurrence, with tumor recurrence rate
after LT is estimated to be 8-20% [20, 21]. The gold standard of screening tests in these
patients include imaging methods, tissue biopsies, and serum alpha-fetoprotein (AFP)
follow-up [68]. Although those tests show great sensitivity and specificity in cancer
detection, they result in radiation intake and many complications related to invasive
biopsy procedure. Cell-free DNA (CfDNA), also referred to as liquid biopsy, appears
to be an emerging biomarker of early, non-invasive diagnosis of cancer recurrence in
LT recipients. Diagnostic approach of cancer is based on qualitative, with methylation
profiles and different gene mutations being the main focus, and quantitative assess-
ment, [69, 70]. CEDNA and other nucleic acid biomarkers diagnostic accuracy in HCC
detection has been a field of research in the part, with promising results [70-75]. Apart
from the diagnosis of cancer, those biomarkers have been used for the evaluation
of biological activity and metastatic profile of the tumor [73]. When it comes to LT
recipients, cfDNA-based diagnosis of cancer recurrence follows the same principles,
with practically the tumor-related cfDNA being actually graft derived dd-cfDNA
[64, 76-78]. Particularly, positive preoperative cfDNA is related to tumor characteris-
tics such as larger size, multiple lesions, microvascular invasion, and advanced stages.
Additionally, cfDNA is also a predictive factor for disease free and overall survival, with
positive preoperative cfDNA status being correlated with shorter overall (mean 22.5 vs.
40.0 months) and disease-free survival (mean 16.6 vs. 35.3) [78].

8.6 Monitoring of immunosuppressant LT recipients

The value of evaluating dd-cfDNA clinically stems from its non-invasive nature
and swift assessment. These attributes advocate for the inclusion of dd-cfDNA in
routine monitoring for all LT recipients. Specifically, there has already been men-
tioned previously the significance of correlating dd-cfDNA concentrations with
tacrolimus levels [79, 80]. Moreover, dd-cfDNA has been used for the personalization
of dosage and monitoring of patients receiving tocilizumab and belatacept in kidney
transplant recipients, with possible application to liver transplant recipients as well.
[81, 82]. The success of tocilizumab treatment is evaluated with the decrease of levels
of dd-cfDNA (%), with a decrease of 47% being reported after 12 months of treat-
ment [81]. Although there are no specific official guidelines about the testing times
for dd-cfDNA evaluation, days 7 and 14 after transplantation, followed by monthly
testing over 6 months and every 3-month time points have been suggested [80].
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9. Limitations of cfDNA application in everyday clinical practice

Even though dd-cfDNA can potentially be the gold standard in LT recipients
monitoring, its application does not come without certain limitations. Firstly, due to
factors like immunosuppression or underlying medical conditions, LT recipients may
experience conditions such as leukopenia, leukocytosis, and inflammatory diseases,
which could impact the accurate measurement of fractional dd-cfDNA. Additionally,
as previously mentioned, while dd-cfDNA serves as a potential marker for various LT
complications linked to graft damage, resulting in lack of specificity [83]. Moreover,
there are specific scenarios in LT where dd-cfDNA might not serve as a viable bio-
marker, such as cases involving identical twin donors or donors and recipients from
closely related families. Additionally, the use of dd-cfDNA for diagnosis becomes chal-
lenging in scenarios like dual organ transplants from a single donor or multiple organ
transplants from diverse donors [84]. Lastly, dd-cfDNA is influenced by parameters
like the size of the graft and its origin [55]. Higher peaks of dd-cfDNA in cases of
deceased donor LT are most likely explained by higher levels of ischemia-reperfusion
injury, but also by the fact that elevations in dd-cfDNA are more dramatic in larger
grafts from deceased donors than from partial grafts in living donors [62, 85].

10. Conclusion

Although major progress has been made in the recent years when it comes to
biomarkers research and particularly dd-cfDNA use in non-invasive monitoring of LT
recipients, certain areas remain unexplored. The predominant focus of research lies
on the use of dd-cfDNA for post-transplantation diagnosis. With the increase of the
usage of machine perfusion, even in liver transplantation, dd-cfDNA could possibly
serve as an useful biomarker for early pre-transplantation evaluation of the quality of
the graft [86].

Another obstacle when it comes to clinical application of dd-cfDNA is the dif-
ficulty, expense, and time-intensive nature of its evaluation technique. Newly
developed assays based on spectrophotometry, electrophoresis, or quantitative PCR
(qPCR), next-generation sequencing, BEAMing (beads, emulsion, amplification, and
magnetics), or droplet digital PCR (ddPCR), could possibly be applied in the dd-
cfDNA assessment process and lead to faster accurate results [87, 88].

Lastly, the role of Artificial Intelligence (AI) in transplantation research is fun-
damental. AT has the potential to contribute significantly to the development of new
applications of dd-cfDNA, with the formations of algorithms for graft evaluation
based on dd-cfDNA values and with the detection of new genes and methylation
patterns for the precise diagnosis of graft pathologies.
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Chapter 5

Emergencies Following Orthotopic
Liver Transplant

Brian L. Shaw, Bill S. Majdalany and Carlos E. Marroquin

Abstract

Complications following lifesaving liver transplantation can be devastating and
must be managed properly to optimize the patient and allograft survival. There are
non-immune, non-infectious complications which present a severe risk to survival of
both the patient and the allograft. These include primary graft non-function (PNF)
and hepatic artery thrombosis (HAT). Other complications manifest less urgently
but continue to represent potentially lethal consequences to both the patient and the
hepatic allograft. These include vena cava outflow disruptions, portal venous outflow
derangements, and portal vein thrombosis (PVT). Successful management of these
complications is optimized with a multidisciplinary approach to the care of liver
transplant recipients. We describe their definition, epidemiology, pathophysiology,
related factors, presentation, operative and non-operative management, outcomes,
and future directions of these potentially catastrophic complications.

Keywords: re transplant, hepatic artery thrombisis, primary non function, portal vein
thrombosis, vena cava outflow disruptions, portal venous outflow derangements

1. Introduction

Medical management of patients with end stage liver diseases has improved allow-
ing more patients to survive to a point where a liver transplant has become the next
expected treatment. We are embarking on an era that is experiencing better medical
and multimodal management of patients with metastatic malignancies to the liver
with no extrahepatic disease. As such, more patients are waiting on the wait list for a
liver transplant motivating transplant centers to push the boundaries and utilize what
were once marginal organs for transplantation. Technological advances in the field of
machine perfusion and normothermic regional organ recovery will increase the utili-
zation of donors after cardiac death. Moreover, centers are innovating with the use of
living donors and cadaveric donors that were once thought to be suboptimal donors
to transplant patients once thought to be prohibitive transplant candidates. This has
led to new collaborations across all medical fields including Interventional Radiology
and has resulted in the creation of new subdisciplines such as Transplant Oncology.
With these efforts, we will invariably experience complications that will mandate an
equally robust comprehensive collaboration to obtain the best possible outcomes.
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1.1 Primary graft nonfunction (PNF)

Given the promise of a new beginning that liver transplantation offers, it is devas-
tating when liver transplants never function. The evolution of primary nonfunction
is complicated as the etiologies are compounded in nature and origin. The syndrome
of graft dysfunction resides on a spectrum from early allograft dysfunction (EAD) to
the most severe form, primary graft nonfunction (PNF) that occurs in the immediate
perioperative period following reperfusion of the transplanted liver and represents
a surgical emergency [1]. The incidence of PNF has declined over the years but the
impact on patients and the limited organ pool remains substantial.

According to the definition from Ploeg et al. [2] PNF is diagnosed in liver
allografts that fail to sustain their function, leading to death or re-transplantation
within 7 days of the primary operation. The classification has been variably defined as
others allow for 10, 14, or even 30 days from primary operation for allograft dysfunc-
tion leading to graft failure to define PNF [3-6]. The clinical and time parameters to
diagnose PNF remain variable and are characterized differently throughout the world
and represent an area for greater consensus. In the United Kingdom, a study of 1286
primary liver transplants developed a statistical model using transplant albumin,
day-1 aspartate aminotransferase (AST), day-1 lactate, day-3 bilirubin, day-3 inter-
national normalized ratio (INR), and day-7 AST that achieved improved sensitivity
(73%) compared to the existing UK (31%) and US (66%) diagnostic criteria without
reduction in specificity (95% compared to UK 93% and US 98%) [7]. The histologic
findings from biopsies and assessment of explanted livers corroborate the clinical
endpoint, a lack of function, with necrosis in the absence of vascular complications,
cholestasis, inflammatory infiltrates, and even microvascular steatosis [8, 9]. The
syndrome of PNF is multifactorial in origin and requires multidisciplinary efforts to
assess, predict, and treat this complex pathology.

The etiology of PNF is not entirely clear and while it is likely multifactorial in
nature, ischemia-reperfusion injury (IRI) is a leading culprit in the etiology of PNF. IRI
is defined as a reoxygenation injury where tissue damage occurs upon re-establishing
blood supply following a period of absent blood flow during post recovery cold storage.
Hepatocytes and liver sinusoidal endothelial cells (LSECs) are significantly damaged
during IRI. Hepatocytes have been shown to be more susceptible to warm ischemic
damage and LSECs more prone to cold ischemic damage [10]. Livers sustain a period
of hypoxia during the recovery and preservation process. This lack of oxygen prevents
oxidative phosphorylation and results in ATP depletion, anaerobic metabolism, and
alterations in electrolyte homeostasis [11]. These changes result in cellular swelling
and impaired function. During implantation of the allograft reperfusion injury is also
mediated by reactive oxygen species (ROS) that damage cells, release proinflammatory
mediators, cause microcirculatory dysfunction, and result in cell death [11]. A study
by Ali et al. [12] correlated the severity of IRI in time-zero liver transplants and found
the presence of severe IRI was statistically significant for the occurrence of PNF and
need for 90-day re-transplantation. That study defined IRI as a global assessment of the
histopathologic presence of neutrophilic infiltrate, apoptosis, and hepatocyte cell drop-
out. Similarly, Ito et al. [13] defined IRI by infiltration of inflammatory cells including
neutrophils, monocytes, and T cells, with early damage to Kupffer cells and sinusoidal
epithelial cells. They confirmed the presence of moderate/severe IRI in 42.9% of patients
with primary allograft dysfunction compared to 24.8% in those with only minor IRI.

As the pathophysiology of PNF continues to undergo evaluation, much of the
study on this topic aims to describe related factors. Reperfusion injury, cold/warm
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ischemia times, donor age, hepatic steatosis, serum sodium levels, recipient nutri-
tional status, and many more have been associated with PNF in the literature. The
Donor Risk Index (DRI) was introduced by Feng et al. [14] in 2006 to predict the
risk of graft failure and is based on a scored system of donor related factors. The DRI
provides solid quantitative prognostic information for allograft allocation.

However, the donor risk index is estimated for the average waiting candidate and
does not appropriately capture many unique elements of the donor and recipient risk
profile, such as older age donors and donors with hepatitis, representing a continued
challenge in assessing and preventing PNF [15]. Furthermore, the quality of a graft
and its recipient is a complex topic that relies on clinical experience to evaluate a
recipient’s reserve and ability to tolerate the metabolic and inflammatory insults that
may occur with varying quality allografts. Additional algorithms to assist in match-
ing donor and recipient characteristics have been developed for this reason but the
process remains an imperfect science [16].

Cold ischemic times (CIT) and warm ischemic times (WIT) have been found to
affect EAD and PNF. CIT is defined by the absence of blood flow while the organ
is in cold storage until reperfusion and begins at the time of cross clamping during
the donor recovery. WIT begins at the time the organ is removed from cold storage
and ends with the initiation of graft reperfusion. Ischemic insults to a donor organ
involve controllable and uncontrollable parameters. Both cold and warm ischemia
times can be modified to a certain degree with improved processes and highly skilled
teams. Two studies by Bastos-Neves et al. [17] and Sirivatanauksorn et al. [18] did
show differences in allograft dysfunction with warm ischemia times >40 minutes
and > 45 minutes respectively. Most of the literature agrees that the total warm
ischemic time should be <60 minutes [19]. In comparison, the total cold ischemic
time is more variable in the literature based on donor type. Overall, cold ischemia
times >10 hours have been shown to be associated with increased rates of PNF [3, 20].
Johnson et al. [4] found a significant difference in PNF occurrence with cold ischemic
times of 8.40 + 0.14 hrs compared to 771 + 0.03 hrs (P = 0.0001). In donors after car-
diac death (DCD) or non-heart beating donors, cold ischemic time aims are shorter
(<6 hours compared <8 or 12 hours) as these grafts do not tolerate the same duration
of cold ischemia that non-cardiac death allografts allow [21].

Increasing donor age has been widely discussed as a risk factor for graft dysfunc-
tion. Aging is associated with hepatocyte senescence and diminished regeneration,
making older age a susceptible factor to the consequences of organ donation. Donor
age has been shown to negatively impact outcomes in liver transplants over the
entire age range in multiple large studies and is a component of the DRI [14, 22, 23].
In an analysis of over 11,000 liver transplants utilizing the Scientific Registry of
Transplant Recipients (SRTR), donor age > 40 years was a strong predictor of graft
loss and death in individuals transplanted for liver failure secondary to viral hepa-
titis [24]. Additionally, in a national review of 5150 liver transplants performed in
Spain, donor age > 50 years and > 70 years was associated with an increasing risk of
graftloss (RR = 1.27 and 1.4, respectively) [25]. However, with advances in modern
medicine and populations living healthier, longer lives, what constitutes an older
donor is unclear. Additionally, studies on donor age and graft loss in liver transplanta-
tion have seldomly studied PNF as an etiology. In a recent study by Houben et al.

[26] the authors stratified liver transplant donors into two groups, (65-69 years

and > 70 years) and found no statistical difference for rates of PNF between the
groups. Additionally, that study found that one-year patient survival was not statisti-
cally different for donors <65 years and donors of 65-69 years (77.1% vs. 78.5%).
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Furthermore, multiple other studies have shown a lack of association with donor age
and an increased incidence in PNF [25, 27-29]. Yet, older age remains a risk factor for
the complications of organ transplantation but remains a monumental challenge to
weigh against the high demand for organs as the discrepancy between organ supply
and demand continues to grow.

The effects of hepatic steatosis on overall hepatic health and function are well
documented. Obesity induced uncoupling protein-2 (UCP2) mRNA and protein
expression causes inefficient consumption of high energy phosphates leading to
steatosis. This mechanism is exacerbated during organ preservation, ischemia, and
reperfusion that has shown an increased incidence in PNF from transplanted fatty
livers [30]. Past literature has documented increased rates of PNF with worsening
percentages of hepatic steatosis taken from graft biopsies prior to transplantation
[2, 31]. Generally, macrosteatosis up to 30% is considered safe for transplantation,
whereas >30% and > 60% incrementally increase the risk for graft failure, respec-
tively [32]. However, due to a growing organ shortage, the use of organs for transplan-
tation has become more liberal in recent years and the acceptability of steatotic grafts
has varied. A recent study by Kulik et al. [33] showed even minor graft macrosteatosis
to be significantly associated with PNF. Additionally, microsteaosis has also been
shown to increase the risk of early allograft dysfunction after transplantation [34].
Yet, in the study by Westerkamp et al. [35] comparison of grafts with moderate
steatosis (30-60% macrosteatosis) to grafts without any signs of steatosis revealed
no increase in the occurrence of PNF (5% vs. 5%). Finally, a study by McCormack
etal. [36] found that transplanted livers with severe steatosis (> 60%) that would
have been discarded by most transplant centers provided comparable sixty-day and
3-year survivals with recipients of non-steatotic grafts. However, while a percent-
age of these allografts functioned providing reasonable survivals, this cohort also
had significantly higher rates of primary graft dysfunction including rates of PNF.
Although hepatic steatosis is undoubtably a risk factor for the development of graft
dysfunction, the evaluation is somewhat individually dependent, and the interplay
by effecting ischemic times exists, thus entirely relying on the degree of steatosis for
transplant is unclear. Additionally, recipients with better condition and reserve, may
be able to endure lesser quality grafts with higher steatosis while they recover dur-
ing the immediate post-transplant period, again leading to an imperfect allocation
process that still requires experienced transplant clinician decision making.

Donor serum sodium levels have also been associated with postoperative graft
dysfunction. Hypernatremia at the time of organ recovery is associated with poor
outcomes and is additionally included in the DRI proposed by Feng et al. [14, 37]
However, studies have also shown that correcting the sodium level prior to explant-
ing the donor liver results in no increase in allograft dysfunction and no decrease in
patient survival [38].

In 2002, the MELD score was adopted by UNOS to quantify the severity of liver
disease and drive allocation. Olthoff et al. [39] found that the recipient MELD score
is also associated with the evolution of EAD, demonstrating that it is not just donor
characteristics, but also the status of the recipient that contributes to graft dysfunc-
tion following transplantation. The incidence of PNF after primary liver transplanta-
tion continues to vary in the literature, but most recent studies show an incidence of
3.5% — 9.1% of all primary liver transplantations [3, 4, 6, 7, 14]. Many recipient factors
have been implicated in the occurrence of PNF. In a paper by Markmann et al. [40]
primary graft survival was reduced by the combination of recipient creatinine greater
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than 2.0 mg/dL and pretransplant mechanical ventilation. In a review of transplanta-
tion for fulminant hepatic failure, 13.2% of grafts were lost to PNF, and the analysis
found ethnicity/race, time from jaundice to encephalopathy, intracranial pressure
(ICP) monitoring, veno-veno bypass (VVBP), and donor age were found to have
significant influence on graft survival [41].

Nutritional status is a well-known component of overall health, especially within
the realm of surgical outcomes. In fact, the European Society for Parenteral and
Enteral Nutrition (ESPEN) has guidelines for organ transplantation recommend
nutritional supplementation to improve nutritional status and liver function in
recipients [42]. Experimental studies have also demonstrated beneficial effects of
vitamins C and E supplementation. Interestingly, protein restricted diets may be
protective and mitigate against hepatic ischemia and reperfusion injury which are the
underpinnings of PNF [43, 44]. Thus, poor nutritional optimization leading up to
transplantation increases the risk of hepatic injury and possibly PNF due to ischemic,
reperfusion injury [45]. However, other studies are contradictory, showing exacerba-
tions in ischemia and reperfusion injury to the liver with appropriate and varying
diets perioperatively [46]. Thus, specific diets in the liver transplant recipient are still
a matter of debate. Study of the gut microbiome is an emerging field and one that may
unlock future insights to transplant related complications. Studies have shown the gut
microbiota may contribute to the generation of memory alloreactive T cells that have
been implicated in transplant rejection, and that the intestinal microbiome is altered
after allogenic transplantation [47]. How nutrition and the gut microbiome is related
to PNF is still unknown but represents an area for future research.

Additionally, functional capacity/status and rehabilitation are known factors in
surgical outcomes and are especially important for the massive metabolic stress that
comes with solid organ transplantation. In a study by Jacob et al. [48] Posttransplant
mortality increased from 5.3% in patients able to carry out normal activity without
restriction to 24.8% in patients completely reliant on nursing and medical care.

Thus, emphasizing pre- and postoperative functional capacity along with nutri-
tional optimization are additional parameters to improve overall outcomes in liver
transplantation.

Regardless of the inciting factors, the mainstay of management of PNF relies on
identifying allograft dysfunction early, beginning aggressive treatment, and exclud-
ing other possible causes. The clinical manifestations of PNF result from a lack of
functional liver parenchyma necessary to sustain life and the development of necrotic
tissue within the body. Despite the varying definition of PNF, the hallmark of this
syndrome manifests as hyperbilirubinemia, elevated transaminases, metabolic acido-
sis, severe coagulopathy, lactic acidosis, absence of bile production, a need for pulmo-
nary and hemodynamic support, hypoglycemia, acute renal failure, encephalopathy,
and the absence of an identifiable surgical complication in the immediate period
following reperfusion of the transplanted liver [37]. As PNF resides on a spectrum
of graft dysfunction, distinguishing PNF from EAD can be difficult. Nevertheless,
like any critically ill patient in the hospital, comprehensive organ support is needed.
Patients with liver disease generally exist in a hyperdynamic state, defined as an
increased heart rate and a low systemic vascular resistance due to peripheral/splanch-
nic vasodilation [49]. This state will persist with a nonfunctioning graft and can be
further exacerbated by intraoperative fluid losses during transplantation. Therefore,
aggressive fluid resuscitation, vasopressor support, and close hemodynamic monitor-
ing are crucial [50].
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The liver is responsible for clearing almost 70% of lactate from circulation with the
remaining 30% removed by the kidneys [51]. In the setting of severe metabolic acido-
sis secondary to hepatic allograft failure, initiating early veno-venous hemofiltration
can ameliorate the detrimental effects and help manage electrolyte fluxes associated
with metabolic dysfunction [52]. Hepatic allograft dysfunction also increases the
susceptibility to sepsis, and sepsis increases the susceptibility to organ hypoperfusion
[53]. Most transplant recipients will not have a known infection prior to undergoing
a liver transplant. However, because the liver is a crucial piece of the immune system,
patients with evolving allograft dysfunction are increasingly susceptible to infectious
insults. Therefore, initiation of broad-spectrum antibacterial and anti-fungal agents
are recommended in patients suspected of evolving graft dysfunction [54]. The liver
also secretes essential coagulation factors for hemostasis that are not produced by
the injured liver in graft dysfunction. During transplantation there is an increased
release of tissue plasminogen activator (TPA) from the graft endothelium, as such,
hyperfibrinolysis may occur posing a significant hemodynamic threat to the patient in
the setting of fibrinolysis and inability of the new graft to secrete coagulation factors
from primary failure [55]. Therefore, aggressive support with blood products and
monitoring the response with thromboelastograph is a staple in the post-transplant
management and critical to distinguishing EGD that will recover from PNF that may
warrant re-listing.

Although donor and recipient risk factors play a primary role in the evolution of
PNF, there is increasing awareness of an accumulated risk of transplantation and
the variety of factors involved compound the risk and make distinguishing cause
and effect difficult. The liver is a complex organ with many vital functions that act
in concert with the cardiovascular, renal, gastrointestinal, and many other systems
throughout the body. Thus, the concept of donor risk factors, allograft characteristics,
recipient features, procurement technique, preservation method, and implantation
procedure likely all play a role in the development of PNF and overall success of liver
transplantation [54]. For example, a recipient with multiple comorbidities who is
more unwell, nutritionally deficient, deconditioned, is likely to be at an increased risk
of transplant related complications, including PNF. Particularly when a suboptimal
allograft is utilized.

Despite advances in transplantation operative techniques, post-surgical care, and
immunosuppression, the presence of PNF remains an emergency with a high mortal-
ity rate without re-transplantation. In the United States, the Organ Procurement and
Transplantation Network (OPTN) defines PNF based on the presence of specific
laboratory derangement within 7 days of transplantation [56]. Although the defini-
tion of PNF varies in the literature and must continually be evaluated for improve-
ments, this specific definition by OPTN is the most crucial as it allows for patient
re-listing. Patients who are diagnosed with PNF are re-listed for re-transplantation
with the highest priority (status 1A). To assign a candidate adult status 1A, the
candidate’s transplant hospital must submit a Liver Status 1A Justification Form to
the OPTN Contractor. The transplant hospital must submit laboratory results for all
required tests from the same blood draw taken 24 hours to 7 days after the transplant.

The achilles heel of transplantation is the organ shortage and our ability to effec-
tively predict allograft recovery and function following donation and implantation.
One strategy aimed at improving liver transplant outcomes is machine perfusion.

In a meta-analysis by Zhang et al. [57] comparing hypothermic oxygenated perfu-
sion (HOPE) technique with classic cold storage found a lower incidence of graft
dysfunction in the perfusion group. Additionally, a randomized prospective trial
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from Nasralla et al. [58] compared normothermic machine perfusion (NMP) with
classic static cold storage and found graft dysfunction was significantly decreased
(10.1% to 29.9%) in the perfusion group. Although these studies evaluated out-
comes of graft dysfunction and not specifically PNF, the results are promising

and a component of optimizing the transplant process. With the growing demand
for organs, non-heart-beating donors also known as donors after cardiac death
(DCD) are being utilized with greater frequency. Once thought to be unsuitable for
transplantation due to the nature of inadequate perfusion of organs after cardiac
death, their use is becoming more common. Still, large multicenter studies show
worse outcomes with the use of organs from DCD donors [59]. However, literature
on rates of PNF in DCD recipients is mixed with some showing a higher incidence
of primary nonfunction from DCD grafts [59], and other studies not showing any
increase in PNF [60, 61]. With literature still pointing to worse outcomes in DCD
recipients, having similar rates of PNF does not provide enthusiasm for regular

use of DCD livers and is an area of continued research. That said, technological
advances utilizing warm perfusion and normothermic regional organ recovery may
increase opportunities to utilize DCD livers to bridge the growing disparity between
organ supply and demand.

There are many factors at play during a transplant procedure and assessing each
individual part is necessary to discover liver protective strategies and improve outcomes.
A study from Korea compared the use of alprostadil after intravenous administration
versus portal vein administration speculating an anti-inflammatory benefit for patients
undergoing liver transplant and found lower aminotransferase levels on post-op day 1
in the portal vein injection group. Unfortunately, this study did not directly assess graft
dysfunction or PNF rates [62]. The potential benefit of improved allograft perfusion
of alprostadil to mitigate dysfunction has also not been born out. Another study using
N-acetylcysteine during liver transplantation, a well-known compound used for liver
toxicity found a significantly better profile of anti-inflammatory cytokines post-oper-
atively [63]. However, another study by Gémez-Gavara et al. [64] found no differences
in the incidence of EAD between a group receiving N-acetylcysteine versus control.
Intraoperative modulation of blood flow has also been studied for varying protective
strategies. Ischemic preconditioning (IP) by inducing periods of controlled ischemia
in the donor graft has shown benefit. Amador et al. [65] assessed this strategy using
the Pringle maneuver and found PNF was less common in the treatment group, but the
results were not statistically significant. In a systematic review and meta-analysis by
Robertson Et al. [66] evaluating IP in liver transplant donors, they found a beneficial
effect of IP intervention with lower aminotransferase activity postoperative, decreased
postoperative mortality, lower risk of PNF, and reduced need for re-transplantation.
Although again, these results did not reach statistical significance.

In the end, if a hepatic allograft experiences primary non-function without signs
of clinical improvement, re-transplantation is the only solution for that failed graft.
Outcomes for re-transplantation are still poor with recent data showing 30 day and
1 year survival rates of 54-73% and 51-66%, respectively [33, 67, 68]. Additionally,
re-transplantation of another allograft in the setting of PNF has been shown as an
independent risk factor for PNF in the new allograft [69]. Decisions to undergo
re-transplantation are difficult and require experienced transplant teams to evaluate
graft dysfunction with poor recovery and mortality without re-transplantation. This
decision-making process is unlikely to become easier but the factors and protective
strategies to optimize risk and management of primary nonfunction have signifi-
cantly improved and need continued study Tables 1 and 2.
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Donor Factor

Age > 40 years

Female

African American Race

Cause of Death

Trauma

Stroke

Anoxia

Partial/Split

Donation after Cardiac Death

HBcAD Positive

HCV Positive

Sodium >170 mEq/L

Donor Height > 170 cm

Table 1.
Descriptive donor risk index (DRI) parameters.

Candidates may be assigned status 1A if all the following conditions are met:
1. The candidate has a life expectancy without a liver transplant of less than 7 days.

2. Primary non-function of a transplanted whole liver within 7 days of transplant, with an aspartate amino-
transferase (AST) greater than or equal to 3000 U/L and at least one of the following:

a. International normalized ratio (INR) greater than or equal to 2.5
b. Arterial pH less than or equal to 7.30

c. Venous pH less than or equal to 7.25

d. Lactate greater than or equal to 4 mmol/L

3. Primary non-function within 7-days of transplant of a transplanted liver segment from a deceased or living
donor, evidenced by at least one of the following:

a. INR greater than or equal to 2.5
b. Arterial pH less than or equal to 7.30

c. Venous pH less than or equal to 7.25

d. Lactate greater than or equal to 4 mmol/L

Table 2.
Candidate definition for re-transplantation.

2. Hepatic artery thrombosis in emergencies after liver transplant

Graft function following orthotopic liver transplantation relies on arterial
perfusion. Despite improvements in anastomotic techniques and surgical graft-
ing, vascular complications following solid organ transplant are not uncommon.
Serious vascular complications can occur in the hepatic artery, hepatic vein, portal
vein, and inferior vena cava following a liver transplant. The most common and
severe vascular complication is hepatic artery thrombosis (HAT), resulting in
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absent arterial blood flow that can lead to graft failure, and loss requiring re-trans-
plantation [70-72]. Other less severe complications include hepatic artery stenosis,
aneurysm, and steal syndromes [71, 73, 74]. Although any vascular complication
represents a significant pathology that must be promptly assessed, evaluated, and
treated, this review will focus on HAT as it represents a true surgical emergency
following liver transplantation.

Following orthotopic liver transplantation, HAT can be divided into early and late
forms, with early HAT (E-HAT) generally having a severe clinical course, whereas
late HAT (L-HAT) can be asymptomatic and better tolerated [75]. The definition of
E-HAT versus L-HAT remains unclear with a cut off in the literature ranging from
two weeks to 100 days [76, 77]. However, most of the literature addressing HAT
specifies E-HAT to be within 21 days to one month [78-80]. Due to the discrepancy in
definition within the literature, establishing consistent incidence rates, risk factors,
and treatment regimens is difficult. Overall, the incidence of HAT (both E-HAT
and L-HAT) ranges from 2.9-9% in adult patients [70, 75, 81], and from 4 to 26%
in pediatric patients [82, 83]. The difference in incidence rates among adults and
children is partly due to the theorized pathophysiology of HAT, that is the smaller
caliber of donor and/or recipient arteries in the pediatric population increases the
likelihood of occlusive thrombus [83]. A study by Mourad et al. [78] of 1487 ortho-
topic liver transplants found the incidence of E-HAT to be 2% and L-HAT 4.8%, and
a systematic review by Bekker et al. [75] of 21,822 liver transplantations described
only E-HAT and found an incidence of 4.4%. It is difficult to interpret which etiology
of HAT, early or late, occurs more frequently but overall, HAT is the most common
arterial complication in liver transplantation, and although still rare in practice, this
dreaded complication is associated with mortality rates of up to 55% and the need for
re-transplantation approaches 83% [70].

The pathophysiology and underlying causes of HAT remain a matter of debate and
is likely multifactorial. Whereas the native liver can withstand major obstruction to
its arterial blood supply due to flow through collaterals arising from the intrahepatic
left and right arteries, superior mesenteric artery, inferior phrenic artery, left gastric
artery, and arteries of the omentum and duodenum, the transplanted liver relies
on the main hepatic artery during the early post-transplant recovery [37, 78]. Some
studies have described the anatomical and pathological findings in both E-HAT and
L-HAT. E-HAT has been shown to cause massive ischemic injury to hepatocytes and
bile duct epithelial cells, causing graft dysfunction, bile leaks, abscess formation,
infection, sepsis, and death [79, 84]. Compared to L-HAT, which has been described
as a more insidious process resulting in biliary tract complications that can also cause
bile leaks and abscess formation when severe [70, 78]. Given this natural history of
disease processes, E-HAT has been associated with a 33.3% higher mortality than
L-HAT, likely due to widespread necrosis leading to sepsis in the immunocompro-
mised host [75, 85].

Surgical technique, hemodynamic fluxes, immunologic factors, reperfusion
injury, and hypercoagulability have all been implicated in the evolution of HAT [76,
86]. In the realm of vascular medicine, Virchow's triad of thromboembolic disease:
hypercoagulable state, venous stasis, and blood vessel damage describe the underpin-
nings of clotting within the body [87]. In orthotopic liver transplantation, patients
commonly experience all three of these pillars during the creation of the arterial
anastomosis. Thus, surgical factors are critical to describing HAT [37, 88].

As surgeons, the technical handling during transplantation is one factor that can
be directly assessed and constantly improved. Arterial torsion, anastomotic stenoses,
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and small caliber vessels can all impact anastomotic success. To decrease the rates of
these complications, meticulous arterial reconstruction and the use of microsurgical
techniques using microscopes or loupes has long been stressed for vascular anas-
tomoses [89, 90]. A systematic review by Pinto et al. [80] showed liver transplants
using continuous 7-0 or 8-0 polypropylene suture for arterial anastomosis presented
a 6.5% prevelence of HAT whereas interrupted suture dropped the prevalence to
2.5%. Similarly, a study by Zhao et al. [91] showed microvascular surgical technique
for arterial anastomosis in liver transplants using interrupted suture and 3.5x loupes
obtained a HAT prevalence of 1.4%. Additionally, Bekker et al. [75] and Salvalaggio
et al. [92] have described lower volume transplant centers have an increased risk of
HAT. Suggesting that clinical experience and expertise play a major role in transplan-
tation outcomes and proficiency in these techniques is critical to limiting transplant
complications.

Some studies have associated the number and type of anastomoses as risks for
HAT. Both Mourad et al. [78] and Piscaglia et al. [93] found increasing number
of arterial anastomoses significantly increased the risk of E-HAT. This inherently
makes sense within the construct of Virchow’s Triad, as more manipulation of the
vessel endothelium disrupts the usual activating and inhibiting factors of coagula-
tion, platelet adhesion, thrombosis, and may lead to a greater propensity to clot.
Furthermore, two multivariate analyses showed that the use of arterial conduits had
an increased incidence of E-HAT (15%) compared to a group without arterial conduit
use (2%) [86, 94]. Additionally, the type of anastomosis has been shown to impact
rates of HAT. Bilik et al. reported HAT in up to 25% of transplants that used donor
iliac artery interposition grafts to the aorta and 6.6% with native hepatic artery use
[95]. In a study by Stange et al. [70] using the donor hepatic artery with an aortic
patch or the donor celiac trunk for arterial anastomosis, HAT occurred in 1.7% and
5.2%, respectively. A similar result was obtained with the infrarenal interposition
graft (5.6%) and anastomosis between donor aortic patch or celiac trunk and recipi-
ent splenic artery (0.8%). However, a significantly greater incidence of HAT (10.4%)
was observed if a supraceliac graft interposition was performed. Reduced size liver
grafts (non-whole) have shown to have a reduced incidence of HAT in pediatric
populations, likely due to the preferential use of adult grafts with relatively larger
vessel diameters [96-98]. However, in the adult population grafting based on size is
a less likely option and due to anatomic variability, certain grafts will inevitably pose
greater challenges. Current literature may serve as a basis for preferential anastomosis
use, but clinical experience and expertise should continue to guide surgical technique
for liver transplantation.

While surgical technique is commonly implicated in the evolution of HAT, many
non-operative factors increase the risk of peri-transplant thrombosis. Studies have
shown that having multiple transplants, a recipient/donor weight ratio > 1.25, biopsy-
proven rejection within 1 week of transplant, arterial anastomosis to an old conduit,
and Cytomegalovirus (CMV) seronegative patients receiving an allograft from CMV
seropositive donors have all been found to be risk factors for developing E-HAT [86].
CMV status is a particular area of interest as it is estimated that the global serop-
revalence of CMV is 83% [99], and multiple studies have confirmed this increase
in risk of HAT with a CMV seropositive donor to a CMV seronegative recipient [75,
100, 101]. The theory behind CMV’s role in HAT is through the viral ability to infect
endothelial cells in the context of surgical manipulation of vessels and endothelial
damage increasing the propensity for clotting once tissue factor is exposed producing
a procoagulant response [100].
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In Comparison, risk factors for L-HAT have been described less commonly in
the literature. Likely due to the varying definitions and confounding variables at
play with long term follow-up of these patients. However, L-HAT does have some
specific risk factors within the literature, female donor to male recipient, Hepatitis-C
seropositive, tobacco use, and re-transplant for E-HAT have all been implicated as
risk factors [102, 103]. Additionally, Levy et al. described that ongoing smoking after
a liver transplant was associated with HAT [104]. Donor age has also been described
as a possible risk factor for developing HAT, however the literature is still discordant
and in a time of increasing need for organs creates a difficult dilemma. Margarit et al.
showed that donor age was a significant predisposing factor for the development of
biliary complications secondary to L-HAT in adult liver transplant patients [105].
In the pediatric transplant population, Sieder et al. reported that a lower Donor/
Recipient age ratio (D/R Ratio) was a risk factor for developing HAT [106], and while
older donors are believed to be at increased risk for HAT in adult transplant recipients,
Oh et al. [107] did not find that advanced donor age increased the risk of thrombosis.

The clinical presentation of HAT is variable and differs between E-HAT and
L-HAT. Pinna et al. [108] postulated that one third of arterial thrombi are asymptom-
atic, one third lead to ischemic syndromes but are not life threatening, and one third
cause parenchymal necrosis leading to rapid death if not rectified promptly, and this
notion is generally well accepted in clinical outcomes. The bile ducts of the hepatobili-
ary system are solely dependent on blood supply from the hepatic artery, thus mani-
festations of HAT generally present with a biliary tract damage [75, 78]. In the early
postoperative period, E-HAT usually presents with fevers, abdominal pain, elevated
transaminases, and elevated bilirubin levels [37, 109]. Due to the early complete
occlusion of the hepatic artery in E-HAT, ischemic changes in the liver and biliary sys-
tem allow translocation of bacteria from the portal circulation leading to sepsis and
septic shock [37, 109]. On the other hand, L-HAT, which is less well described in the
literature, has tremendous variability in presentation. Multiple studies have described
that L-HAT may be asymptomatic and only discovered incidentally on imaging [78,
102]. Improvements in vascular imaging has demonstrated the formation of collateral
blood flow leading to improved outcomes in cases of L-HAT and, as a result, asymp-
tomatic arterial thrombosis of the hepatic artery that is found incidentally [110, 111].
However, the timing for such angiogenesis is variable but estimated to start within
two weeks to four months [111]. If not entirely asymptomatic, L-HAT can present
with fevers, cholangitis, bacteremia as well as many non-specific symptoms like back
pain, shoulder pain, and fatigue [102, 103].

In the early postoperative period, surveillance for HAT differs considerably
based on institutional protocols. Outside of the postoperative period, the evalua-
tion of HAT becomes more ambiguous due to variable follow up and routine versus
symptom-based screening [75]. The mainstay of screening in the modern era is Doppler
Ultrasonography (US), that is a proven noninvasive modality to investigate hepatic
artery patency [112, 113]. Doppler US is cost-effective, noninvasive, and relatively fast
but is operator dependent and may vary due to individual patient differences. Thus,
catheter angiography remains the gold standard to diagnose HAT [114]. More recently, a
multidetector CT angiography can also be used as a fast, noninvasive way to test arterial
patency with good sensitivity and specificity and may be used as an alternative [114].

Prompt evaluation and imaging is necessary when HAT is suspected in the post-
transplant patient. With advances in interventional radiology and minimally invasive
techniques, the treatment of HAT has changed. Graft reconstruction, surgical
thrombectomy, and radiology guided thrombolysis are all available techniques to

71



Liver Transplantation — Challenges and Opportunities

resolve HAT. However, with diagnosed E-HAT (creating graft dysfunction and severe
illness by definition), re-transplantation remains the gold standard for definitive
treatment [78]. Multiple studies have reported that prompt revascularization (either
surgical or radiological) decreases the need for re-transplantation in cases of E-HAT
[108, 115, 116]. recent endovascular advancements, modalities such as intra-arterial
thrombolysis, percutaneous transluminal angioplasty (PTA), and stent placement
have been found to be effective and suitable for treatment of HAT [101, 117]. In 1989,
Hidalgo et al. [118] reported the first successful cases of intra-arterial thrombolysis
(IAT) for patients with L-HAT. These thrombolytic agents such as Tissue Plasminogen
Activator (TPA) and Urokinase, convert plasminogen to plasmin that cleaves fibrin
strands within a thrombus leading to its dissolution and their use is theorized to be
better in fresh clots due to the high-water content and relatively poor fibrin matrix
[74, 119]. However, unlike the well-established treatment algorithm for strokes, there
is no consensus on the timing for use of these thrombolytic agents in HAT [117].
Dissolving a clot within the hepatic artery using a thrombolytic agent only temporizes
the problem, as the underlying issue of clot formation has already occurred and must
be addressed. In a study by Yang et al. [120] 62% of patients that underwent IAT for
HAT subsequently had to undergo PTA with or without stenting to treat the pathol-
ogy. For cases of E-HAT, revascularization attempts have a reported success rate of
approximately 50%, with 30.3% of those then undergoing re-transplantation [75].
Traditionally, re-transplantation has been the primary treatment for HAT, with
53.1% of cases of E-HAT undergoing re-transplantation as the primary treatment in a
systematic review [78]. In another study by Duffy et al. [88] 71% of E-HAT and 51%
of L-HAT cases had to undergo re-transplantation. A retrospective analysis of 4000
consecutive transplants from the University of Pittsburgh showed that HAT was the
indication for nearly one-third of the re-transplants performed at that institution
[121]. The overall 1-year graft survival rate for re-transplantation after E-HAT is
approximately 50%, while other vascular complications have graft survival rates up to
86% [122]. Re-transplantation is restricted by a limited donor pool and this disparity
will likely continue to grow in the future. Urgent revascularization for HAT, offers
the opportunity to prevent the need for re-transplantation but the success rate is still
highly variable and likely only most beneficial in cases of early detection [75, 123].
Given the challenges we all face with organ allocation, we do recommend attempting
early revascularization when arterial thrombosis is identified. Our preferred approach
is creating an arterial conduit with donor iliac artery from an infra-renal location
(Figure 1a-c). Other than insuring adequate iliac conduit is recovered during every
liver recovery, maintaining appropriate orientation to prevent twisting and torsion
during its creation and tunneling is critical to successful revascularization.

Figure 1.
a. Donor iliac artery. b. Infra-venal arterial conduit. c. Donor iliac artery arterial conduit.
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Current recommendations rely on clinical experience and expertise with a great
deal of institutional variability. It is recommended to integrate newer, minimally
invasive modalities first when available, before proceeding to surgical thrombectomy,
revascularization or re-transplantation due to the increased risks of reoperation in the
early postoperative period and limited organ pool [70, 75, 116].

3. Portal vein thrombosis in emergencies after liver transplant

Portal Vein Thrombosis (PVT) is a well-known sequela of chronic liver disease,
particularly in well-established cirrhosis [124]. With more than 60% of all liver
transplants being performed for cirrhosis and cirrhosis being present in over 90% of
cases of liver transplantation for hepatocellular carcinoma, PVT is a common find-
ing during pre-transplant evaluation, intraoperative procedure, or as a complication
following transplantation [124-126]. Once regarded as a contraindication to liver
transplantation, PVT represents a common issue in cirrhotics and an increasingly
common complication for transplant surgeons to manage [127]. PVT can be further
classified based on anatomical or functional development, and multiple studies have
described classification systems for the various etiologies of PVT [128-137].

PVT can be clinically insignificant and asymptomatic or become a true surgical
emergency. Although it is not the most common vascular complication observed after
orthotopic liver transplantation, it represents an important concern, especially given
its context in the setting of the ever-increasing incidence of cirrhosis. It is important
to note that much of the literature surrounding PVT is not in the context of transplant
surgery, and clinicians will be presented with PVT primarily outside of the operating
room. This review will discuss the prevalence, pathophysiology, risk factors, presen-
tation and management of PVT when confronted during the perioperative period of
an orthotopic liver transplant.

The prevalence of PVT varies throughout the literature, and incidence rates have
been increasing in recent years due, in part, to improved diagnostic imaging [138].
Historically, the prevalence of PVT was 1-16% [124, 139-141], but with more screening
and improved diagnostics, PVT may be diagnosed in up to 35% of cases in some series
[138, 142]. It is important to note that the prevalence of PVT rises with the degree of
liver damage, and with the development of hepatocellular carcinoma, incidence rates
increase to 10% -40% [138, 143, 144]. Furthermore, studies have estimated that among
all cases of PVT, cirrhosis is the underlying cause in 22% - 28% of cases PVT is often
asymptomatic [126, 145]. As such, the frequency may still be underestimated in the
current literature. PVT can be occlusive (or complete) or non-occlusive (or partial),
and centers may differentiate their reporting to include both types or only to include
occlusive thromboses as a case of PVT, further complicating the true prevalence [146].
Notably, the prevalence of newly discovered PVT after liver transplantation ranges from
1 to 5% and occurs more frequently in split grafts than in whole grafts [147].

The pathophysiology of PVT can be categorized into local and systemic factors.
The portal venous system is a high flow, but low-pressure system that is prone to
thrombus formation as a result of changes in the local environment from hepatobili-
ary factors such as the evolution of portal hypertension and inflammation from
hepatocyte injury increasing the local resistance to flow. Various systemic factors
also lead to PVT, such as inherited and acquired thrombophilic disorders, cancers,
medications, and autoimmune disorders [128, 148]. Similar to the pathophysiology of
HAT, the underlying causes of PVT can be contextualized within Virchow’s Triad of
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thromboembolic disease (Table 3): hypercoagulable state, venous stasis, and blood
vessel/endothelial cell damage that describe the underpinnings of clotting within the
body [87]. Literature is consistent that at the origin of PVT, one or more factors of
Virchow’s Triad are usually present [149, 150].

First, the evolution of cirrhosis results in a stiff, fibrotic liver and these changes in the
liver parenchyma increase the resistance to portal vein blood flow resulting in venous
stasis, and increasing the propensity for the development of PVT [139, 145, 151]. A study
by Zocco et al. [152] demonstrated that portal flow velocity is the most important predic-
tive factor to the development of PVT and estimated that a flow of <15 cm/s on Doppler
Ultrasound evaluation was associated with PVT. Additionally, splanchnic vasodilation
from portal hypertension and “steal” effects from portosystemic shunting aid in devel-
oping venous stasis and reduced portal flow velocity [153, 154].

Second, the development of a hypercoagulable state known to be associated with
underlying liver disease, and a variety of other prothrombotic states with the most
obvious being malignancies like hepatocellular carcinoma, and common disorders
such as Prothrombin gene G20210A mutations and Factor V Leiden are increasingly

Hypercoagulability:

¢ Factor V Leiden

Prothrombin G20210A Gene mutation

Protein C deficiency

Protein S deficiency

Antithrombin deficiency

Malignancy/Neoplasm

Hyperhomocysteinemia

Non-alcoholic steatohepatitis (NASH), Non-alcoholic Fatty Liver Disease (NAFLD)

Pregnancy

Oral contraceptives

Sepsis

Endothelial Cell Injury:

¢ Trauma

* Prior surgery

¢ Sclerotherapy

* Vascular manipulation, intravascular procedures

¢ Chemical irritation

¢ Radiation

¢ Infection

Venous Stasis:

¢ Cirrhosis

* Portal hypertension

* Beta Blockers

Table 3.
Virchow’s triad of thromboembolic disease and factors relating to portal vein thrombosis.
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associated with PVT in the literature [124, 155, 156]. In a study of patients with cir-
rhosis, a significant increase in factor VIII and D-dimer levels was observed in those
with advanced cirrhosis, suggesting another intrinsic feature of the disease processes
that increases the propensity to clot [157, 158]. Another study by Tripodi et al. [159]
demonstrated that factor II, antithrombin, and protein C levels decrease progressively
from Child-Turcotte-Pugh (CTP) class A to C. Furthermore, Non-alcoholic steatohepa-
titis (NASH) has been implicated as an independent risk factor for the development of
PVT as it is associated with an increase in plasminogen activator inhibitor and reduced
levels of protein C, further disrupting the clotting balance within the body [160, 161].

Finally, endothelial cell injury through trauma, surgical manipulation, radiation,
chemical irritants, infection, and local inflammation round out common variables
present in the patient with chronic liver disease presenting for primary transplanta-
tion that inherently drives clotting and the development of PVT [138, 162, 163].
Although Virchow’s Triad establishes a reasonable basis for describing PVT, the
underlying pathophysiology is likely multifactorial. Like prior topics in organ trans-
plantation, multiple risk factors are crucial to the pathophysiology of any event.

Risk factors for the development of PVT are heterogeneous in the literature and
most not validated, but many studies have attempted to describe various clinical
parameters associated with PVT. Major risk factors for PVT are progressive liver
disease severity, portal hypertension, obesity, metabolic syndrome, and NASH [146,
164]. More recently, a predictive model for PVT risk (Table 4) was developed with
ten recipient characteristics identifying individuals at risk of developing PVT within
12 months of liver transplantation with good predictive value. These characteristics
included African American ethnicity, age, diabetes, chronic hepatitis C, hepatocellu-
lar carcinoma, Hispanic ethnicity, MELD score, moderate/severe ascites, NASH, and
TIPS procedure [165]. That same study found NASH to be a strong predictor of PVT
risk in liver transplant candidates, which is significant given the epidemic of obesity
and NASH that is now one of the leading indications for liver transplantation [166,
167]. Another study among 22,291 liver transplant recipients found that recipients
with reported PVT were significantly older, more likely to be Caucasian, and had
significantly higher MELD score at the time of transplant [146].

Occlusive PVT is known to complicate liver transplant procedures and is associ-
ated with a significant increase in mortality rates. Additionally, it is well established
that PVT can lead to increased bleeding complications, hepato-hydrothorax, and
other portal hypertensive-related complications. As such, patients with PVT awaiting
liver transplantation may have a higher risk of significant morbidity and mortality
[168, 169]. However, at this time, the presence of PVT is not incorporated into the
major criterion for hepatic allograft allocation; therefore, the clinical expertise of
the transplant team is heavily relied on when deciding to proceed with transplanta-
tion. Currently, screening for PVT is recommended during hepatocellular carcinoma
screening for all potential transplant candidates [170].

Although the clinical presentation of PVT is variable and often asymptomatic in
chronic cases, in the perioperative period for orthotopic liver transplantation, an acute
PVT occlusion may develop with abdominal pain, ascites, splenomegaly, variceal

PVT RI = 0.335"NASH +0.095*MELD score + 0.126*"Moderate/severe ascites +0.028"age (years) - 0.261"African
American Race

Table 4.
Portal vein thrombosis risk index (RI) equation [165].
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bleeding, and hepatic dysfunction [124, 128]. Patients with chronic PVT that develop
symptoms often develop variceal bleeding due to worsening portal hypertension [124].
The diagnosis of PVT requires abdominal imaging to assess portal vein patency. The
most common initial approach is doppler ultrasonography, with a reported overall sen-
sitivity of 89-93% and specificity of 92-99% [171, 172]. Bubble contrast techniques can
also improve ultrasound assessment [173]. If suggestive of PVT, abdominal computed
tomography (CT) scans should be obtained where the classic features of acute PVT show
hyperattenuating material in the portal vein and, with contrast injection, may show a
lack of luminal enhancement during the arterial phase [174]. Comparatively, a chronic
PVT is characterized by the presence of a portal cavernoma but may be more challeng-
ing to evaluate due to the evolution of collateral blood flow [175, 176]. Finally, improved
magnetic resonance imaging (MRI) and CT angiography have 100% and 90% sensitivity
and 98% and 99% specificity, respectively [172, 177], but transcatheter portal venogra-
phy remains the gold standard diagnostic modality [37].

Adequate portal inflow is necessary for hepatic allograft survival. As such, PVT
was long considered an absolute contraindication to liver transplantation [127]. The
first successful liver transplantation in a patient with PVT was reported by Shaw et al.
[178] in 1985. Since then, improvements in surgical technique and medical manage-
ment have allowed liver transplantation to occur more often in the setting of PVT.
That said, the presence of extensive thromboses remains a technical challenge during
liver transplants [179]. A meta-analysis by Zanetto et al. [180] showed that 30-day
mortality was higher in recipients with an existing complete PVT than a partial PVT.
More recently, a classification system and treatment algorithm for portal inflow
reconstruction during liver transplantation was established by Bhangui et al. [181]
for patients undergoing liver transplantation with non-malignant PVT. This study
classified reconstruction as physiologic when the splanchnic blood flow could be
redirected to the liver and non-physiologic when the absence of a surgically created or
spontaneous shunt did not relieve portal hypertension and found improved outcomes
for this tailored surgical strategy based on PVT and inflow anatomy during transplan-
tation. Although the study is based on pre-existing PVT during liver transplantation,
it represents specified information that may help direct surgical strategies to prevent
complications of PVT postoperatively.

The management of PVT relies on the severity of symptoms, size and location of
the thrombus, existing shunts within the graft, type, timing of anticoagulation, and
alternative interventional strategies available and again is reliant on the clinical exper-
tise of the transplant team. Generally, anticoagulation is the primary management of
surgical and non-surgical-related PVT [153]. Current data suggests that anticoagula-
tion and recanalization of the portal vein is associated with improved survival and
reduced portal hypertension-related complications in acute PVT [182]. However, data
has shown that longstanding and extensive PVT in patients with cirrhosis decreases
the likelihood of recanalization [179, 183]. Assessment of different anticoagulants
has been well documented in the literature for PVT in the setting of cirrhosis, and
both Low-Molecular-Weight Heparin (LMWH) and Warfarin have been shown
to be effective in preventing the progression of PVT [184]. The use of Direct Oral
Anticoagulants (DOACs) for treating PVT is emerging but still limited. A study by
Hanafy et al. [185] on rivaroxaban versus warfarin for the management of acute PVT
found that patients taking rivaroxaban achieved a higher rate of recanalization of
the portal vein with improved survival rates than the patients receiving warfarin.
Although the study represents a randomized controlled trial, further study and evalu-
ation against LMWH must be done to establish the use of DOACs in acute PVT.

76



Emergencies Following Orthotopic Liver Transplant
DOI: http://dx.doi.org/10.5772/intechopen.1003845

When anticoagulation is ineffective, the risk of clinical decompensation is high. In
these cases, using thrombolysis, thrombectomy, percutaneous angioplasty with or with-
out stenting, and Transjugular Intrahepatic Portosystemic Shunt (TIPS) creation have
emerged as viable modalities to treat PVT. The initial escalation in treatment is generally
thrombolysis with or without thrombectomy. In a meta-analysis of 71 patients with acute
non-cirrhotic and non-malignant PVT, recanalization with thrombolysis and thrombec-
tomy of the portal vein was complete in 40.8% and partial in 45.1% [186]. Percutaneous
transhepatic balloon angioplasty is a minimally invasive technique considered safe and
effective treatment of PVT but is not recommended if thrombolysis or thrombectomy
can be performed or thromboses is extensive as there is a low likelihood of resolution
[131, 187]. The use of TIPS procedure has shown a 67% - 100% recanalization success in
patients with PVT [188, 189]. TIPS access allows for larger caliber access and avoids the
risks of hemoperitoneum associated with transhepatic or transsplenic access [190].

One meta-analysis has demonstrated that pre-existing PVT is associated with a
50% increase in 1-year mortality following liver transplantation. However, with an
end-to-end porto-portal anastomosis, the outcomes are similar to patients without
pre-existing PVT with one and 5-year survival rates from 84-86%, and 65-80%,
respectively [153]. Our experience corroborates these findings. As such, when
confronted with portal vein thrombosis in the recipient, our technique has been to
re-establish portal flow with a conduit from the infra-mesocolic or infra-pancreatic
superior mesenteric vein (SMV) (Figure 2a and b) to the donor portal vein using
donor iliac vein (Figure 3a and b). Isolating an infra-pancreatic segment of SMV
can be a technical challenge. In those cases where it is a prohibitive challenge, it may
be more straight forward to isolate a segment below the infra-mesocolon although
this may require a midline extension of the chevron incision. In a similar manner,
when recipients develop post-transplant PVT, our most common approach has
involved surgical thrombectomy with revision of the anastomosis with an iliac vein
conduit when the subjective flow post thrombectomy is not robust. Once a segment
of superior mesenteric vein has been isolated, maintaining appropriate orienta-
tion to prevent twisting and torsion during its creation and tunneling is critical to
successful revascularization. All repairs or revisions are subsequently treated with
anticoagulation.

When the PVT does not improve with thrombectomy, surgical revision and
medical treatment, it may propagate and reach the mesenteric venules causing

Figure 2.
a. Isolated superior mesenteric vein below the transverse mesocolon. b. Isolated superior mesenteric vein below the
edge of the pancreas.

77



Liver Transplantation — Challenges and Opportunities

O

Thrombosed Recipient Portal Viein s
[ T
\
\

1
-
A

lliac Portal Viein Conduit from
) Infra-Pancreatic Superior Mesenteric Vein
"

Figure 3.
a. Donor iliac vein conduit from the SMV. b. Donor iliac vein conduit from the SMV.

intestinal ischemia, placing the patient at an increased risk of peritonitis, sepsis, and
death. However, the frequency of this is unclear in the current literature [191, 192].
Additionally, if acute PVT causes variceal bleeding, endoscopic sclerotherapy or
banding may be required. It will sometimes suffice as a treatment regimen or must
be combined with further definitive treatment modalities [116, 128]. With improved
techniques, technology, and medical management for cases of acute PVT, re-trans-
plantation following acute PVT is infrequently performed and not well described in
the literature but remains an unfortunate alternative when acute PVT decompensates
quickly leading to irreversible graft failure and thus must not be a forgotten alterna-
tive by the transplant clinician [193-195].

4. Outflow obstructions in emergencies after liver transplant

While there has been a great deal of evolution in many aspects of liver trans-
plantation, the implantation of an orthotopic liver transplant has remined virtually
unchanged since its inception with variations that have been introduced with live
donor liver transplantation. Nevertheless, we are still forced to rely on native struc-
tures for allograft inflow and outflow. Variations and adaptations that are introduced
by necessity during a transplant with nuances of each hepatectomy, size of an
allograft, status of recipient vessels and implantation ultimately contribute to the
complications that evolve following the procedure.

In the case of an orthotopic liver transplant, the diseased liver must be removed to
allow implantation of a lifesaving organ. The hepatectomy can be performed expedi-
ently in some cases with cross clamping the supra-hepatic and infra-hepatic vena
cava and excising the liver and retro-hepatic vena cava en-bloc. Alternatively, the liver
may be, meticulously, dissected away from the vena cava and ultimately explanted at
the level of the native hepatic veins leaving the recipient vena cava intact to preserve
infra-diaphragmatic venous return. As such, the nature of the hepatectomy impacts
how the allograft is implanted.

The hepatic allograft must, by necessity, drain through the recipient vena cava.
This has classically been performed in one of three fashions. The first has utilized
the standard implantation method which involves a bicaval anastomosis of the
donor retro-hepatic vena-cava. This technique mandates temporary cessation of
inferior vena-caval venous return while the donor supra-hepatic cava is sewn to the
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recipient supra-hepatic cava and the donor infra-hepatic cava is sewn to the recipient
infra-hepatic cava. The second and possibly most common technique is referred to

as the “piggyback” method. There are many variations on this theme. One variation
during the “piggy-back” implantation involves creating a cloacae by dividing the
common wall between the left and middle hepatic veins and the donor supra-hepatic
vena cava is sewn to the cloacae in an end-to-side fashion [196]. Another commonly
employed variation involves excising the middle and left hepatic veins at the junction
with the vena cava and sewing the donor supra-hepatic vena cava in an end-to-side
fashion to the caval orifice. The piggyback technique preserves the native cava but
presents a technical challenge during the recipient hepatectomy. However, a signifi-
cant hemodynamic benefit is realized with the preservation of preload from venous
return and the avoidance of veno-venous bypass [197]. The third and least commonly
employed technique involves a side-to-side cava-cavostomy. While the recipient vena
cava is intact, it must be cross-clamped to perform the side-to-side cava-cavostomy.
Therebye, losing the benefit of preload from subdiaphragmatic venous return. The
benefit of this technique is that one creates a large outflow tract. As such, it should be
clear that the transplant technique and manner in which the outflow tract was created
is critical in any discussion of complications following liver transplantation involving
venous outflow obstruction [198].

Venous outflow tract complications (VOC) involve the transplant hepatic veins
or the inferior vena cava (IVC) and are relatively uncommon complications in
clinical practice although the incidence rates vary throughout the literature. While
infrequent, venous outflow obstruction can present serious complications including
graft loss and death in the post-transplant period and thus is a crucial etiology to
understand, prevent, and manage [199]. Outflow obstructions in the IVC following
liver transplantation are uncommon and have been reported in 1.1% - 3.5% of cases
[200-202]. Comparatively, hepatic vein outflow complication rates vary from 0.8% -
16.6% in the current literature with the higher end generally seen in partial split grafts
compared to whole grafts, where split grafts show an increased frequency of venous
outflow obstructions [203-211]. This discrepancy is likely due to the small caliber
hepatic venous anastomosis to the IVC in split grafts and anastomotic distortion with
buckling and twisting that can occur secondary to allograft growth after reperfusion
[212-214]. Similarly, VOC is noted more frequently in pediatric liver transplants likely
as a result of smaller diameter vessels and size mismatches from larger donor vessels
to smaller recipient vessels increasing the reported incidence [209, 215-217].

The difference between conventional and piggyback technique regarding VOC
varies in the literature. Traditionally, piggyback technique has shown a greater
incidence of VOC with one study reporting VOC in 3% - 4% in adults and 5% - 15%
in pediatrics compared to the conventional method where rates were < 2% [199,

218]. However, other studies have found no difference in VOC outcomes or reported
improvements with the piggyback technique compared to the conventional [219, 220].
Interestingly, duplex ultrasonography post-transplant has not shown differences in
hepatic venous flow between the two types of transplantation [220]. Furthermore,
studies have attempted to evaluate the specific anastomotic landscape in relation to
VOC and reports indicate end-to-side anastomosis of the graft to the mid and left
hepatic veins leads to increased rates of VOC and that a side-to-side cavocavostomy
improved this outcome [213]. Overall, the piggyback technique has shown validated
improvements in surgical procedure and outcomes and remains the preferred
method by many transplant programs. Regardless of procedure type, meticulous
technique and microsurgical expertise are imperative to the success of outflow in the
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transplanted graft and transplant teams should continue the use of gold standard
surgical techniques to avoid VOC regardless of transplant type.

Venous outflow tract complications (VOC) can be described as early or late, with
the literature drawing the line at four weeks post-operatively [221, 222]. Early VOC are
often viewed as a mechanical or technical complication of the transplant procedure,
including rotation of the graft, twisting, kinking, tight sutures, compression, donor-
recipient size mismatch, low recipient-to-donor body mass index ratio, or thrombosis
[202, 221, 223-225]. Late VOC, occurring after four weeks post-transplant is generally
thought to occur because of intimal hyperplasia or perivascular fibrosis and stenosis.
Additionally, changes in the allograft size secondary to edema, fatty changes and
inflammation can cause late changes in the anastomoses affecting the outflow tract
[211, 221, 226-228]. Late VOC can be a recurrent process and is seen more frequently
in patients with hypercoagulability and autoimmunity and are conditions that are
exacerbated by endothelial cell damage during surgical anastomoses [229].

Patients with VOC present with manifestations of portal hypertension including
refractory ascites, anasarca, renal dysfunction, and allograft dysfunction. The most
commonly reported symptom of VOC after liver transplantation is refractory ascites
[226, 230, 231]. When patients are transplanted with hypercoagulable conditions,
recurrent Budd-Chiari syndrome should be suspected. If the patient presents with
refractory ascites, anasarca and lower extremity edema, one should suspect involve-
ment of IVC with stenosis and potentially thrombosis. Early signs of an outflow tract
problem may be manifested biochemically with transaminitis, progressive cholestasis,
and renal dysfunction [201, 202, 221, 222, 228, 232-234].

Patients suspected of having VOC after liver transplantation are generally evalu-
ated with Doppler Ultrasonography (DUS) first, which may show a dampened,
monophasic, or reversed waveform with elevated velocity across the stenosis in posi-
tive cases [201, 202, 235]. VOC is unlikely with the presence of a biphasic or triphasic
waveform [236]. Additionally, finding reduced pulsatility is associated with hepatic
vein stenosis [237]. The venous pulsatility index (PVI) was described in two studies
and has shown a specificity of 95.7% for PVI < 0.45, which can be used to improve
the specificity of DUS for VOC [238, 239]. Additionally, CT and MR angiography are
appropriate diagnostic tools for VOC. CT imaging may reveal similar findings or con-
trast defects in the hepatic venous outflow tracts, and CT has demonstrated a better
sensitivity and specificity for VOC when compared to DUS (97% vs. 87% and 86% vs.
68% respectively) [240]. Although invasive, the gold standard diagnostic technique is
venography with manometry across the anastomosis. There is no accepted threshold
of gradient flow to define VOC, but studies generally suggest 3-20 mmHg is clinically
significant and deserves further investigation or intervention [201, 202, 235].

Given the underlying causes of early and late VOC are related to vessel caliber
and flow dynamics, anticoagulation does not play a role in the treatment of this
type of vascular obstruction. Evaluation and treatment of VOC is first approached
with venography and manometry across the anastomosis with the benefit of simul-
taneous intervention. Vascular access through the right internal jugular vein (IJ) is
preferred as the vein has a straight course and a clinically proven safety profile [241].
Alternatively, the left IJ and femoral vein can be used for access and, rarely, a trans-
hepatic option allows access to the anastomotic dilemma [242, 243].

Since the advent of diverse and precise endovascular interventions, the primary
treatment for VOC transitioned to endovascular approaches as opposed to surgi-
cal revisions. However, in the immediate perioperative period, surgical revision of
venous anastomoses is preferred for definitive treatment [244]. Initial treatment of

80



Emergencies Following Orthotopic Liver Transplant
DOI: http://dx.doi.org/10.5772/intechopen.1003845

VOC is venoplasty with balloons ranging from 8 to 14 mm in the hepatic veins and
12-18 mm in the IVC with the balloon size slightly oversized by 1-2 mm with respect
to the diameter of the vein and inflation not exceeding 1-2 minutes [214, 222]. After
sequential venoplasty, venography with manometry should be repeated to assess flow
changes with one study suggesting a pressure gradient <3 mmHg achieving technical
success [228]. Hepatic venoplasty has a complication rate < 1% and although there is a
theoretical risk of vein rupture, no reported cases have been reported in the literature
to date [228, 230, 245]. Technical success of improving flow across a venous anasto-
mosis is high, but recurrence is common and occurs in approximately 55% of cases
within 5 years necessitating repeated venoplasty and further intervention [214].

Vascular stenting in addition to angioplasty has shown a high degree of technical
and clinical success in recent years. Retrospective data has shown 5-year patency rates
of 72-94% and 10-year rates of 70-88% with even better short-term outcomes reach-
ing 99-100% in multiple studies at 1 year [209, 246, 247]. Furthermore, clinical success
rates with venous stenting have reached 83.3% at 5-years in pediatric VOC cases follow-
ing liver transplantation [205]. Additionally, although the cases are small in number,
some studies have shown high rates of stent patency up to 13.5 and 17 years [205, 248].

Stent selection in terms of stent type and size is critical and generally relies on
clinical experience and expertise. The difference between balloon-expandable and
self-expandable stents in the treatment of VOC is a matter of debate. A balloon-
expandable stent has greater radial force compared to a self-expanding stent, but a
self-expanding stent can elastically recover following compression and is thought
to be more amenable to intravascular anatomy [249]. However, both types of stents
have been used and described with successful long term patency rates. As such, this
deliberation requires further investigation to establish a definitive approach [209, 228,
246]. Overall, stenting appears to be a superior intervention for long term patency
in the management of VOC following liver transplantation compared to venoplasty
alone. However, many still favor venoplasty prior to primary stent placement due
to possible stent associated complications. Moreover, there are known risks associ-
ated with venoplasty and stenting a new anastomosis and stent placement is critical.
Minimizing stent extension into the IVC helps decrease the risk of caval stenosis and
facilitates re-intervention or future re-transplantation [227].

Stent occlusion is a feared risk with any form of intravascular stenting and the
use of drug-eluting stents has been well defined for the treatment of coronary artery
disease but has not been explored for VOC [250]. Stent migration is another severe
complication of stent placement and can occur secondary to cardiac or repsiratory
motion or occur spontaneously due to the dynamic anatomy of blood vessels. In three
retrospective studies totaling 63 cases of stent placement following VOC after liver
transplant, there were only two recorded cases of stent migration, and only one of
those cases required surgical intervention [204, 205, 245]. Although rare in the cur-
rent literature, stent related complications can occur. As such, appropriate selection
and technical aptitude must be implored when deciding to stent in VOC.

Stenosis or occlusion of the vena cava or hepatic veins used to be associated with
high rates of re-transplantation after failed surgical or radiologic interventions to
relief VOC [231, 251]. However, given the advances in endovascular treatments and
medical management, re-transplantation for VOC has become rare in the modern
era with improvements in surgical thrombectomy, venoplasty, and stenting. And
although VOC remains a relatively rare complications following orthotopic liver
transplantation, it carries a significant risk of morbidity and mortality if not diag-
nosed and appropriately treated.
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Liver transplantation has progressed since its inception. Medical management of
patients with end stage liver diseases has improved allowing more patients to survive
to a point where a liver transplant has become the next expected treatment. As such,
more patients are waiting on the wait list for a liver transplant motivating transplant
teams to push the boundaries and utilize what were once marginal organs for trans-
plantation. In parallel, anesthetic management, surgical techniques, immunosup-
pression and postoperative care have improved considerably resulting in unbelievable
success and outcomes we never thought would be achieved. These successes are often
borne from tragedy that is a consequence of trial and error. New fields have emerged
and are contributing significantly to our shared success in transplantation such as
the evolution of Interventional Radiology and Transplant Oncology. As we push the
envelope in our quest to save more lives, we will invariably encounter new and old
complications, but our new multidisciplinary approach provides the advantage of
better decision-making with higher quality, less morbid outcomes. Central to achiev-
ing the best possible outcomes is a collaborative participation of the multidisciplinary
team members in an open discussion of all relevant medical, anatomical and surgical
factors yielding optimal approaches to resolving each challenge.
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Chapter 6

Liver Transplantation: An Updated
Criteria Selection for HCC

Nam Hoang Duc

Abstract

In recent decades, hepatocellular carcinoma (HCC) has appeared as main
indication (40-60%) of liver transplantation (LT) — one of the most effective
treatments for the disease. Inclusion criteria play a pivot role in order to improve the
survival outcomes, as well as to minimize the recurrent rate after LT. Indications for
LT in HCC, previously based on static staging (principally tumor burden), turned to
a more active process with supplementary tumor biology in response to local-regional
treatment. This enables patients beyond the widely-accepted Milan criteria (MC) to
access LT without discouraging outcomes. Though considered too strict, MC remains
the cornerstone of inclusion criteria, while many others which increasing extend
beyond Milan have been applied. The LT inclusion criteria for HCC vary according
to each institution, region, and country (whether it performs deceased-donor LT or
living donor LT) and adapted over time. These criteria in fact were the truly predic-
tive models for the risk of recurrent, and therefore the survival outcome post-LT. This
chapter focuses on recent inclusion criteria and liver allocation policy for LT in HCC
throughout the world.

Keywords: liver transplantation, hepatocellular carcinoma, extended criteria,
downstaging, bridging therapy, Milan criteria, UCSF criteria

1. Introduction

Hepatocellular carcinoma (HCC) is the sixth most frequent new tumor (>800,000
new cases annually worldwide), with a constantly poor long-term survival, result-
ing in atop 900,000 yearly deaths (the fourth most common cause of cancer-related
mortality) [1]. In adults, HCC is the most frequent primary liver cancer [2]. A total
of 70-90% of cases arise on a setting of chronic liver disease (mostly viral hepatitis
and alcoholic liver disease) [3, 4]. The majority of HCC patients do not fit curative
resection or LT when diagnosis [3].

Historically, HCC was associated with poor overall anticipation. LT was first
recognized a prospective cure for the disease since the first case was performed in an
adult HCC patient [5]. Thomas Starzl (USA, 1967) and Sir Roy Calne (Cambridge,
England, 1968) were successful pioneers in human orthotopic liver transplantation
(OLT) [6]. Early outcomes of LT in HCC were poor with high early HCC recur-
rence suggested that the recipients had advanced disease [4]. However, with the
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awareness that patients with smaller HCC nodules profit better from LT, particular
criteria were proposed to help decision-making [7]. Mazzaferro et al. had milestone
report that LT for HCC with certain limited criteria resulted in significant improval
of recurrence-free and overall survival at 4 years, evidently specify the vitalness of
patient selection [8].

The apparent attraction of LT against other modalities in HCC treatment
is the ability to exclude the cancer and the primitive liver cirrhosis at the same
time, thus reducing the risk of HCC recurrent on the remnant liver [5]. There
is constantly considerable discrepancy worldwide between LT patients demand
and liver graft supply. This inquire a reasonable selection of potential candidates
in order to identify the suitable HCC patients anticipated to gain the superior
benefit from the procedure while not disadvantaging non-cancer patients in the
same waiting list for LT. HCC patients are aimed to achieve a long-term LT results
equivalent to those transplanted for other etiology (e.g., liver cirrhosis, acute liver
failure..). That is, conforming to the primary principle of transplant utility, LT
should be limited in patients with expected 5-year survival over 70% and recur-
ring <10-15% [9].

Allocation rules and priorities, as well as special treatment strategies in the waiting
list, have, accordingly, been established and are still being refined to warrant fairness
between patients listed for HCC and non-HCC causes [9].

2. Staging systems for hepatocellular carcinoma

The staging systems of HCC are clinically useful for management orientation; the
decision-making should be individualized based on patient factors, tumor burden,
pathological, hepatic function, etiology of liver disease, and biological tumor cri-
teria [10]. There are also interactions between patient-tumor factors and treatment
efficacy. No staging system is applicable to every HCC patient. Furthermore, most
of the existed criteria composed of preoperative imaging studies for evaluation the
tumor burden without the critical results from pathological analysis of explanted
livers. Therefore, there was always disproportionate evaluation of the Milan criteria
pre- and post-operatively [10].

At 2010 AHPBA (American Hepato-Pancreato-Biliary Association) HCC consen-
sus conference, there existed 18 HCC staging or scoring systems in use worldwide
[11]. Modified TNM classification of UNOS (United Network for Organ Sharing)
(Table 1) together with BCLC (Barcelona Clinic Liver Cancer) (Figure 1) were among
the most practical and universally used staging systems for HCC.

The TNM classification, though widely chosen for cancer staging, has inferior
capability in anticipating long-term survival for HCC [14]. However, despite
these facts, TNM is still a referred utility for pathological reports of explant liver.
Limitations of this system are based on imaging and not actual histological find-
ings, and imaging can underestimate tumor burden in stage II patients by 27 to 33%.
Moreover, the severity of cirrhosis, critical for prognosis, is not part of TNM, and this
system does not reflect survival after LT [15].

The superiority of BCLC staging system is its integration of liver function
(Child-Pugh score), tumor characteristics (the number and size of nodules, vascular
invasion, and extrahepatic spread), and performance status (Figure 1). It is the only
system that recommends the best available management for each stage.
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T1 1nodule<1.9 cm

T2 1 nodule 2.0-5.0 cm; 2 or 3 nodules, all <3.0 cm

T3 1 nodule >5.0 cm; 2 or 3 nodules, at least one >3.0 cm

T4a 4 or more nodules, any size

T4b T2,T3 or T4a plus gross intrahepatic portal or hepatic vein involvement as indicated by CT, MRI
or ultrasound

N1 Regional (porta hepatis) nodes, involved

M1 Metastatic disease, including extrahepatic portal or hepatic vein involvement

Stage I T1

Stage II T2

Stage I11 T3

Stage IVA1 T4a

Stage IVA2 T4b

Stage IVB Any N1, any M1

T3 lesions that meet UCSF criteria (single lesion <6.5 cm or 2-3 lesions none >3 cm with a total tumor diameter of
<8 cm) were classified as T3A. The other patients with T3 HCC exceeding these criteria were classified as T3B.

Table1.
UNOS modified TNM staging classification for HCC [12].

3. Liver graft allocation policies, prioritization on the waiting list

With obvious chronic organ shortage worldwide and in the setting of death-
donation liver transplant (DDLT), allocation policies have frequently refined during
the last decades in order to diminish waiting-list mortality while assuring of best
survival for HCC patients after LT.

3.1 Model of end-stage liver disease (MELD) score

The MELD score, an objective measure incorporating three quantitative values
(serum creatinine, international normalized ratio [INR], and serum bilirubin),
has proven to be a strong predictor of short-term mortality (3-month) in cir-
rhotic patients, including LT candidates [5]. It is then used to prioritize patients
for DDLT; however, it underestimates the mortality risk in HCC patients because
their biologic MELD was usually low. Accordingly, patients with HCC within Milan
criteria (MC: single lesion <5 cm or up to 3 lesions <3 cm) were provided with
additional MELD exception points starting in 2002 to balance their risk of tumor
progression while awaiting LT compared to the 3-month liver-related mortality
risk of non-HCC patients [16]. In 2002, the MELD score was proposed as the core
system for organ allocation and implemented in the US first, then in most Western
countries [5].

HCC patients are generally prioritized on the wait list for DDLT aiming to preclude
tumor-advancement exceeding acceptable inclusion criteria, which sequentially leads
to dropout from the wait list and deceased from cancer. In the US, despite the UNOS
allocation system assigned some priority to HCC patients, dropout rates from tumor
advancement were up to 25% at 1 year and 43% in 2 years’ wait time by 2001 [15].
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Modified BCLC staging and treatment strategy in 2022 [13]. * except for those with tumor burden acceptable
for transplant. ™ vesection may be considered for single peripheval HCC with adequate remnant liver volume
AFB, alpha-fetoprotein; ALBI, albumin-bilirubin; BSC, best supportive cave; ECOG-PS, eastern cooperative
oncology group-performance status; LT, liver transplantation; MELD, model of end-stage liver disease; TACE,
transarterial chemoembolization.

In 2005, HCC patients within MC in the US irrespective of their biologic MELD
score are listed with a score of 22 (Table 2). This resulted in a six-fold increase in
LT for HCC and raising the concern non-HCC patients on the waiting list could
be disbenefit by the allocation [17]. Ensuing data indicated extra-MELD points
often over-emphasizing the risk of tumor advancement and consequent fatality.
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Year MELD Exception Points
29 for T2 lesions
2002
24 for T1 lesions
24 for T2 lesions
2003
20 for T1 lesions
24 for T2 lesions
2004
No exception points for T1 lesions
22 for T2 lesions
2005
No exception points for T1 lesions
Natural MELD score at time of listing for T2 lesions
2015 28, after 6 months

Maximum of 34 MELD exception points

Requirement for locoregional therapy in patients

Proposed changes with 2-3 cm HCC prior to applying for MELD exception points

Allowing exception points for select patients with T3 HCC who are downstaged to T2

Table 2.
MELD exception points for patients with HCC [16].

Therefore, this MELD priority program has since been revised occasionally
(Table 2) [16].

The “cap and delay” policy revision (2015) required a six-month interval before
LT based on their assigned HCC-exception score to earn a MELD of 28 (Table 2). By
extending the wait time, poor biologic tumors will be identified and vain LT may be
preceded [18]. In the US in the 2 years just before and just after the policy change,
HCC candidates had a 37% lower risk of wait-list death/dropout prepolicy and a
comparable risk of death/drop-out postpolicy, establishing fairness between HCC and
non-HCC candidates in wait list [19].

3.2 Organ procurement and transplantation network (OPTN)/united network for
organ sharing (UNOS)

The traditional MELD score was not generated to anticipate the mortality risk in
HCC patients with cirrhosis. Furthermore, some regions in the US, the wait time for
OLT can be up to 24 months. Therefore, a supplemental system for prioritization was
developed by the OPTN/UNOS that would provide these patients access to an allograft
before their HCC advances beyond MC (Table 3). Notably, in 2016, the OPTN
adopted a downstaging protocol for patients with HCC tumor burden beyond MC.

4. Current inclusion criteria for primary LT in HCC patients

The term liver transplant discussed here refers to primary LT. The LT inclusion
criteria vary according to each institution, region, and country (whether it performs
deceased-donor LT or Living Donor LT), and it may eventually change. These criteria in
fact were the truly predictive models for the risk of recurrent, and therefore the survival
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Selection for automatic exception score:

* AFP < 1000 ng/mL. If AFP >1000 ng/mL, it must fall below and remain <500 ng/mL after treatment.

AND

¢ Patients within Milan criteria: 1-2 tumors between 1 and 3 cm, or 1 tumor between 2 and 5 cm.

OR

* Downstaged to Milan criteria by liver-directed therapy from initial downstaging criteria: one tumor between
5and 8 cm, 2-3 none greater than 5 cm and sum <8 cm, 4-5 lesions all less than 3 cm and sum <8 cm.

Awarded MELD exception score:

MMaT-3. After six-month wait, patients are awarded a fixed score of three points lower than median MELD
at transplantation (MMaT-3) for patients transplanted within the area of distribution where the candidate
is listed (distribution is a concentric circle model as of February 4, 2020.) MMaT is recalculated every

6 months based on data of the 1 year before.

Appeal to National Liver Review Board:

* Pathway for patients outside of above criteria or who may require a higher priority score. Center must
provide adequate medical justification for prioritization over other waiting candidates.

Table 3.
US selection and allocation for HCC in 2020 [20].

outcome. They may comprise simply the radiologic factors, in combination with sero-
logic factors, or recruiting pathological factors, responses to locoregional treatments.

4.1 Preliminary and Milan criteria

Initiative outcomes of OLT for HCC were dismal [21]. Early series of Thomas
Starzl in the US and Roy Calne, Rudolf Pichlmayr, and Henri Bismuth in Europe
encountered many HCC patients, including children; the longest survival was only
16 months and few survived more than 1 year [22]. Until the 1990s, poor outcomes
in terms of overall recurrent rate (40% in 2 years with 81% mortality) and universal
tumor recurrence of HCC brought the transplant community to abandon the proce-
dure for primary liver tumors. HCC was proclaimed a relative contraindication to LT
by the US Department of Health and Human Services in 1989 [20, 22].

Bismuth et al. were the first to recognize the efficacy and safety of LT in early-
stage HCC. They determined definitive Paul-Brousse Hospital Criteria “less than two
tumor nodules and a maximum tumor diameter < 3 cm” had lower recurrence after LT
when compared to liver resection (Table 4) [42].

In 1996, Mazzaferro et al. published a benchmark study found that limited LT
selection criteria (single tumor < 5 cm or up to three tumors, each < 3 cm, without macro-
vascular invasion or extrahepatic spread) led to similar outcomes when compared with
non-HCC patients [8]. These Milan criteria (MC) were used by the United Network
for Organ Sharing (UNOS) since 2002 to arrange the listing priority of HCC patients
[21]. Consequently, MC has been included in the BCLC pretransplant staging, the
American Association for the Study of Liver Diseases (AASLD), and the European
Association for the Study of the Liver-European Organization for Research and
Treatment of Cancer (EASL-EORTC) practice guidelines [43].

With extensive organ shortage worldwide, it is universally agreed to constrain LT
to HCC cases within MC, particularly in the scene of DDLT. Although MC signifi-
cantly contributed to LT clinical practice at first with prognostic potency and helped
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revival this demanding procedure; they are restricted, precluding certain candidates
who can gain from LT [23]. In addition, these criteria are based only on the preopera-
tive radiological aspect and lack of related factors that can impact HCC recurrence,
especially tumor biology.

4.2 UCSF criteria

About 25% of recipients were eventually found exceeding the Milan criteria on the
explant histology post-LT, regardless their 5-year survival was above 50% [43]. This
led to initial expansion of the LT criteria for HCC with the University of California
San Francisco (UCSF) criteria, which was less strictive (Table 4). With this modest
extension of selection, the favorable improvement in survival of HCC with LT was
still maintained.

4.3 Other extended criteria

Promising results of OLT relying on MC have encouraged inclusion more HCC
candidates on the wait list. Extending the selection criteria might show excellent
outcomes [9]. There have been more and more incorporated factors composing
various inclusion criteria (Figure 2). However, MC remains the landmark for
LTindications in HCC candidates and the basis for comparison with other proposed
criteria [44].

Theoretically, at least three different schemes may be scheduled for the extension
of the HCC criteria transplantation with deceased-donor grafts in Milan-out HCC
patients, living donor LT for patients beyond MC, and successful downstaging to MC
before LT in patients primarily Milan out [43]. Furthermore, practicing on expanded
criteria emphasizes two crucial points that have to be defined a priori [22]:

a. What should be considered as an acceptable posttransplant outcome in HCC?
b.How much the extension of criteria disadvantages other non-HCC candidates?
4.3.1 Composite models combining tumor burden and biomarkers

AFP and descarboxy-prothrombin (DCP) were found to be relevant to the
risk of recurrence at various cutoff values and independent from tumor burden
(Table 6) [35]. In particular, pre-LT AFP and DCP levels, which reflect tumor dif-
ferentiation as well as macro- and microvascular invasion [35], can be considered as
arepresentative marker of cancer aggressiveness. Finally, increasing of AFP while on
the waiting list negatively impacted outcome [33, 60].

* “French AFP model” or AFP score (Table 4): Based on above ground, a first
composite model combining AFP values and tumor features at listing, fol-
lowed by a quarterly reassessment during pre-LT follow-up was designed and
prospectively validated in France [35]. This model was proved more accurate
than MC to predict recurrence in patients meeting or not Milan criteria. This
score has been validated in Italy [61], Spain [62], and Latin America [63]. The
model was adopted by the French Organization for Organ Sharing (Agence de la
Biomédecine) in 2013 as the official tool to select HCC patients, lead to a major
change in LT indications policy there.
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Point
Total score > 2: 50.6% of 5-year recurrence rate
Tumor diameter:
<3cm 0
3-6cm 1
>6 cm 4
Number of tumors:
AFP model
1-3 0
>4 2
AFP (ng/mL):
<100 0
100-1000 2
>1000 3
Score 5 or more: 75.2% of 5-year recurrence rate
AFP at LT (ng/mL):
0-20 0
21-99 1
100-999 2
>1000 3
RETREAT Microvascular invasion
Present 2
Largest diameter + No. of viable tumors on explant
<lcm 0
11-49 cm 1
5-9.9 cm 2
>10 cm 3
Pre-MORAL: Score > 10: 17.9% of 1-year RFS
Preoperative NLR, >5 6
Maximum AFP, >200 ng/mL 4
Largest tumor size, >3 cm 3
Post-MORAL (pathology): Score > 10:
MORAL (USA)
22.1% of 5-year RFS:
Grade 4 tumors, present 6
Vascular invasion, present 2
Largest size, >3 cm 3
Tumor number, >3 2

RETREAT, Risk Estimation of Tumor Recurrence After Transplant; LT, liver transplantation; NLR, neutrophil-to-
lymphocyte ratio; RFS, recurrence-free survival.

Tables.
Specific criteria of AFB, RETREAT, and MORAL (USA) models [23].
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» Metroticket 2.0 (2018) (Table 4): In general, the “metro-ticket paradigm” best
demonstrates the present occasion; the further stretch we cover away from the
standard criteria, the higher the price we will have to pay in terms of greater
recurrence [40].

* A-P Level (Hokkaido Group, Japan, 2007) [10] and A-P 200 criteria (Pusan
National University Yangsan Hospital, South Korea, 2016) [53]. Within MC,
patients exceeding the A-P 200 criteria had significantly worse 3-year disease-
free survival (DFS) compared to the ones within the A-P 200 criteria (56% vs.
90.7%, P = .012). Patients exceeding Milan criteria, those within the A-P 200
criteria had a significantly higher 3-year DFS compared to the one exceeding
the A-P 200 criteria (88.2% vs. 24.3%, P = .003). This A-P 200 criteria was also
externally validated from another major LT center (Yonsei University College of
Medicine, Korea) and observed similar results [53].

4.3.2 Tumor histology

The groups of Padova [64] and Toronto [65] found that in T3-HCC without
poorly differentiated cancer on tumor biopsy before LT, and 5-year DFS rates >70%
could be achieved. This again emphasizes the crucial importance of tumor biology in
evaluation of the recurrent risk. The main drawback of this factor is the risk of tumor
seeding along the needle tract and by sample effect (not properly manifest the precise
tumor pathology) [66].

Radiologic factors

Milan UCSF
Up-to-seven AMC

f————__ 5-5rules
-~ e i
v AFP »
Metroticket 2.0
Kyushu 7 e-Toronto
5-5-500
[ Kyoto MORAL |
[ SMC (usa) |
|
\ MoRAL |
\ (Korea) 7]
\ \ REw,’
Serologic factors g Pathologic factors

T LiTES-HCC

Figure 2.

Major prediction models based on recruited factors (reproduced with permission from [23]). AMC, Asan medical
Center; SMC, Samsung medical Center; RETREAT, risk estimation of tumor recurrence after transplant; LiTES-
HCC, liver transplant expected survival-hepatocellular carcinoma.
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4.3.318 FDG pet CT

Certain retrospective studies from Germany and Korea have persistently shown that
tumors with high FDG uptake have a significantly higher risk of recurrence compared
to HCC with no or lower uptake because high SUV is significantly associated with poor
differentiation and microvascular invasion (Table 4) [67]. In a recent Korean study, the
combination of the positive FDG-PET study and AFP level > 200 ng/mL could better pre-
dict tumor recurrence after LDLT than MC. Moreover, LT in low SUV and low AFP pre-LT
values was related with 80% 5-year survival rates, regardless of MC or tumor burden [56].

UCSF criteria combined with the FDG-PET condition can anticipate tumor recur-
rence after LDLT (tumor recurrence is earlier in cases with positive FDG-PET results)
(a retrospective study in 2016 in Taiwan) [68].

This indicates that tumor biology might predict the recurrence risk better than
tumor staging [9]. Impressively, 18 FDG PET-CT before LT can reveal undiagnosed
extrahepatic metastases or additional intrahepatic tumors, enabling restaging of HCC
in 10% of candidates [69].

4.3.4 Other recent prognostic variables and scores

Diverse parameters recently have been found valuable or validated as prognostic
indicators or liberated risk factors for HCC recurrence after LT:

* GRWR (graft-to-recipient body weight ratio) (Table 6)

* Preoperative CRP (C-reactive protein): CRP >1 mg/dL was a separate risk factor
for HCC recurrence with a 5-y recurrence rate of 274 vs. 16.4% (Meischl et al.
2019) [70].

» ALBI grade: It was measured employing pre-transplant serum albumin and
bilirubin. Post-LT HCC recurrence rates were 10.5, 15.9, and 68.2% in ALBI
grades 1, 2, and 3, correspondingly. Together with AFP and CRP, ALBI grades 1
or 2 were determined as an isolated predictor of RFS. ALBI grade 3 proved to be
the strongest indicator of microvascular invasion (Kornberg et al. 2019) [71].

¢ The Hazard Associated with Liver Transplantation for Hepatocellular Carcinoma
(HALTHCC) model determined as: (2.31*1in(AFP)) + (1.33*tumor burden score) +
(0.25*MELD-Na) — (5.57*Asia). This score predicted overall survival, recurrence
rate, and vascular invasion, poorly differentiated components on explant pathology
(Firl etal., 2019) [72].

LDLT has been applied extensively in Asia as aforementioned, and many major cen-
ters soon recognized the crucial roles of AFP and PIVKA-II as the main recurrent predic-
tors of HCC post-LT. Tumor burden had also been significantly expanded (Table 6).

5. Management in the waiting list: Downstaging or bridging therapy

Organ shortage is one of the main drawbacks of OLT. With biologic MELD score
generally low, HCC candidates for LT are often struggled with prolonged wait times
for DDLT. This may result in tumor growth exceeding the MC while in the wait list.
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Median wait time of a HCC candidate ranges from 3 to 15 months [9]. Subsequently,
whereas drop-out rate from LT wait list is around 15-30% due to HCC advancement,
downstaging, and bridging management should be provided in patients with an
estimating wait time for LT over 6 months [73]. That is, once they are registered for LT,
and wait time of longer than 6 months is anticipated, locoregional therapies (LRT) for
HCC will be carried out in order to satisfy certain criteria for OLT (downstaging strat-
egy) or to assure the remnant tumors still stay within MC (bridging therapy) [2, 17].

LT after successful downstaging should aim to gain a 5-year survival equivalent to
that of HCC recipients undergone LT without necessity of downstaging [44].

Bridging therapy approaches should be determined by pluridisciplinary board
meetings, transarterial chemoembolization (TACE) was the most common modality.
Approximately 25% of LT applicants are suitable to bridging management (probable
curing), such as thermoablation or liver resection. Emergent approaches for instance
radioembolization (TARE), stereotactic external beam radiotherapy (SBRT), and still
tyrosinekinase inhibitors (sorafenib, levantinib...) were less recommended. Tiny central
tumors in compensated liver cirrhosis were more suitable to treat with RFA, whereas
larger tumors but sustained liver function are treated with TACE/TARE. In decompen-
sated liver cirrhosis and larger tumor size, external radiotherapy may be recommended
without increasing the risk of furthermore decline of liver function [74].

Registered Criteria:

HCC out of Milan criteria but fulfilled one of the following:
1. Single lesion 5.1-8 cm

2.2-3 lesions each <5 cm with total tumor diameter < 8 cm
3.4-5 lesions each <3 cm with total tumor diameter < 8 cm

Without vascular invasion or extrahepatic spread on cross-sectional imaging

criteria for successful downstaging:

Residual tumor burden fulfilled Milan criteria (1 lesion <5 cm, 2-3 lesions <3 cm):
a. Only effective tumor(s) are counted; tumor size estimations should not comprise necrotic regions after
treatment.

b. If more than one area of remnant tumor enhancement, then the size of the entire lesion should be calculated
toward the overall tumor burden

Criteria for downstaging failure and dropout of wait list:

1. Advancement of tumor(s) exceeding registration/qualification criteria for downstaging (described above)
2. Tumor macroscopic vascular invasion on cross-sectional imaging

3.Lymph node or extrahepatic metastasis

4. Tumor progress in the type of infiltration

5.In UNOS present principle, once AFP > 1000 ng/mL, LT is not attempted until this marker drops below
500 ng/mL after LRT

Schedule of LT in regard to downstaging:

1. Minimal monitoring interval is supposed to be at least 3 months of tumor steadiness from accomplished
downstaging to LT.

2.In UNOS present principle, candidates must reside inner of Milan criteria for 6 months after accomplished
downstaging to receive MELD exception points.

Table7.
UNOS downstaging criteria [77].
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Authors; Criterion, No. of Viral Criteria
St“.dy country patients hepatitis DS inclusion Transplantation
Period (drop-

factor

outrate)

Laietal. No-named, 422 HCV Exceeding MC After downstaging, no
[33] Europe (6 45.5% risk of
1999-2010 centers) HBV

1. AFP slope > 15 mg/

15.9% mL/month; or
2.disease advance-
ment mRECIST
Yao et al. UCSF DS: 118 HCV Single DDLT: within UNOS
[32] downstaging, (34.7%) 56% lesion: >5 cm criteria T2
2002-2012 USA vs. LT HBV and < 8 cmy; LDLT: within UCSF
only: 27% 2-3 lesions: criteria
488 at least one
lesion >3 cm
and < 5 cm, total
diameter < 8 cm;
4-5 lesions: each
<3 cm, total
diameter < 8 cm
Laietal. TRAIN, Italy, 289 HCV Exceeding MC TRAIN score <1.0
[79] Belgium 471% recommended
2000-2014 HBV Train score = 0.988 (if
18.0% mRECIST-PD) + 0.838
(if AFPslope 15.0 ng/
mL/month) + 0.452
(if NLR >5.0)
—0.03 x WT (month)
Mazzaferro XXL criteria, DS: 74 HCV Exceeding MC, Complete response or
etal. [80] Italy (39.1%) 62.2% age 1865 years, partial response
2011-2015 HBV Child-Pugh A-B
15.6% (7), no MacroV1
or extrahepatic
spread

DS, downstaging; HCV, hepatitis C virus; HBV, hepatitis B virus; RECIST, Response Evaluation Criteria in Solid
Tumors; TRAIN, time-vadiological-response-alpha-fetoprotein-inflammation; PD, progressive disease; NLR,
neutrophil-to-lymphocyte ratio; WT, waiting time; VI, vascular invasion.

Table 8.
Downstaging procedures befove liver transplantation [23].

Results of bridging management, evaluated with tumor size and AFP levels,
should be carefully and routinely rechecked until LT. Tumor advancement [75] and
AFP rising [60] during bridging therapies anticipate recurrence post-LT. Patients
advancing beyond LT criteria should be resigned from the wait list. Conversely, can-
didates initially out of inclusion criteria can be effectively down-staged and, there-
after, registered for LT [76]. Downstaging within Milan (T2) criteria is achievable
in 40% of those cases. The risk of HCC recurrence after a downstaging procedure is
about 15% but still consistent with admissible 5-year survival rates roughly 70% [9].

To standardize downstaging criteria in the USA, UNOS/OPTN adopted the UNOS/
Region 5 down-staging protocol (UNOS-DS; Table 7) in 2017, candidates who suc-
cessfully downstaged to within MC qualified to obtain automatic MELD exception
after the mandatory six-month waiting period [77].
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Authors,

Patient number Findings
(yearreport)
LRT corresponded with better OS (HR 0.84 [0.73-0.96])
::’imergaard jzii‘ﬁ :jcipients with and HCC-specific survival (HR 0.76 [0.59-0.98]) post-LT.
(89] HC)J c RFA was highly effective for OS and HCC-specific survival
after LT.
In regard to number of pretreatments, recurrent rate was
Ogawa et al. 223 LT recipients with considerably greater in the >5 pretreatments group than
[90] HCC the 0 group. Nevertheless, those fulfilled Kyoto criteria. no
considerable differences in recurrent rates between groups.
5-y OS: AFP >1000 at LT; 48.8%, AFP to 101-499; 67.0%,
AFP to <100; 88.4%
.. . 5-y HCC recurrent probability: AFP >1000; 35.0%, AFP to
Mehta et al. ‘:;gﬁg Org?;‘/:is::ﬁ 101-499; 13.3%, AFPto <100;7.2%
[91] wait list In multivariate analysis, AFP decrease to 101-499 was
related with a > 2-fold decrease in posttransplant mortality
(P =.01) and a nearly 3-fold decrease in HCC recurrence
(P=.02) [91]
On explant, vascular invasion presented in 23.7% of AC-DS
versus 16.9% of UNOS-DS and 14.4% of Milan (P = .002).
glggiﬁézt::;:tflssw Within DS groups, risk of post-LT death was higher in SWR
Sinha et al. fulfilled ,Milan (n - 3276) or MWR and with AFP >100 ng/mL at LT.
[92] UNOS-DS (n = 422), an d’ The 3-y HCC recurrence probability was 6.9% for Milan,
AC-DS (n = 120) ’ 12.8% for UNOS-DS, and 16.7% for AC-DS (P < .001).
In DS groups, AFP >100 was the only separate predictor of
HCC recurrence. [92]
HCC burden measured at three points on the initial wait
list (I), maximum (M) total tumor diameter, and last (L)
exception petition. Classification: (A) < Milan (B) Milan
16,558 HCC patients (C) > Milan to UCSF (D) > UCSF. 1233 (7%) had any
Vutien etal. ’ i ¢ LT in SRTR post-LT rHCC.
[93] gztaerwen rHCC rates were higher in RH-IML group CCC (15%) and

DDD (18%).

Low recurrence rates: M and L tumor burden did not exceed
Milan (class A or B), effective downstaging when L was
A(<Milan), and M tumor burden did not exceed I

DiNorcia et al.
[94]

4109 patients for validation
between 2015 and 2017

compared to patients without cPR, cPR patients were
younger; had lower MELD scores, AFP levels, and NLR;
were more probable having tumors within MC and fewer
LRT treatments; and had significantly lower 1-, 3-, and 5-y
incidence of post-LT recurrence (1.3, 3.5, and 5.2% vs. 6.2,
13.5, and 16.4%; P < .001) and higher general survival (92,
84, and 75 vs. 90, 78, and 68%; P < .001).

Multivariable predictors of cPR included age, sex, liver
disease diagnosis, MELD, AFP, NLR, radiographic Milan
status, and number of LRT treatments.

Abbreviations: AC-DS, all-comers downstaging; SWR: short wait regions; MWR: mild wait regions; cPR, complete
pathological response; HR, hazard ratio; Kyoto criteria, tumor number < 10, maximal diameter of each tumor <5 cm,
and DCP levels of <400 mAU/mL; OS, overall survival; rHCC, recurrent HCC; UCSF criteria, 1tumor >5 cm and
up to 6.5 cm or 3 tumors each up to 4.5 cm; UNOS-DS, (one lesion >5 cm and < 8 cm; 2-3 lesions each <5 cm; or 4-5
lesions each <3 cm with total tumor diameter < 8 cm) downstaging [70].

Table 10.

Essential updates of downstaging HCC before liver transplantation [70].
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The inclusion criteria, aim, and protocols of downstaging still differ between
centers; however, the general and initial aim is fulfilled Milan criteria (MC-IN)
[78]. The European Association for the Study of the Liver (EASL) proposes LT
only for MC-IN candidates after downstaging. The UCSF group introduced their
downstaging protocol and defined the “success of downstaging” criteria, allowing
more candidates to profit from LRT before LT (Table 8) [23]. Recent AASLD
guidelines recommended that candidates beyond MC (T3) can be registered
for LT after effective downstaging into MC [81]. Recent prospective studies
and essential updates of HCC-downstaging before LT were summarized in the
Tables 9 and 10.

6.LDLT for HCC

Due to important shortage of donated organs, with additional challenge of equal
allocation of available organs among cancer vs. non-cancer recipients, certain surgi-
cal strategies have been established. All these approaches contribute the so-called
“marginal graft” (also specified as “extended criteria livers”). Marginal grafts
explication incorporates: (i) Living donor right lobe graft, cadaveric liver division
(split the whole liver from cadaveric donors to two recipients of different size), (ii)
serious hepato-steatosis (i.e., macrovesicular >60%), and (iii) organs harvested from
heartbeat brain death (DBD donors) and even from non-heartbeat (circulation-death -
DCD donors) [6].

LDLT has flourished in eastern countries (especially Japan, South Korea, Taiwan..)
due to significant cadaveric organ shortage. Though DDLT has recently accounted
above 90% of LT in the Western world, LDLT is predominant in many Asian centers
[5]. LDLT has also been utilized in Western countries (with well-established programs
for DBD or DCD programs), because of persistent organ shortage, prolong wait times
related with wait-list mortality, disqualified because of health problems, or tumor
advancement exceeding eligible criteria [44].

Concern still remains whether LDLT for HCC attains equivalent outcomes
with DDLT, especially in MC-out candidates. Also, tumor recurrent rate has been
reported higher in LDLT than DDLT [95]. However, at least two systematic reviews
[96, 97] found no evidence to demonstrate this trend. Theoretically, several hypoth-
eses were made on greater recurrent rates in LDLT: (1) Because of relative brief
wait time for LDLT candidates, advancement of aggressive HCC biology could be
neglected; while they might fall out from the wait list in DDLT setting and could not
access to LT. This is the renown “fast-track effect.” (2) Growth factors and cytokines
produced during speedy regeneration of the partial grafts might contribute to tumor
advancement and recurrence. Nevertheless, there is lack of prospective study on this
issue previously [98].

LDLT is more favorable than DDLT in reduced wait time, superior quality graft
with better liver function, reduced ischemic time, and pretransplant treatment
optimization for HCC that might contribute to enhanced survival of recipients with
LDLT [98]. In the setting of LDLT, organs are donated as private gifts and not the
public resources to allocate. Accordingly, many Asian centers have adopted their own
extended inclusion criteria for LDLT for HCC with equivalent long-standing conse-
quences based on HCC tumor burden [99].
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7. Re-transplantation for HCC patient: The indications, considerations

HCC recurrence after LT mainly affects the liver graft itself and extrahepatic
metastasis, commonly lungs, bone, and lymph nodes [9].

Retransplantation (ReLT) remains the only life-rescuing alternative in case of
graft failure. Anyway, in spite of current ameliorations, its survival result was obvi-
ously unsatisfactory in comparison with primary LT [100]. According to European
Liver Transplant Registry (ELTR) study (1998-2009), HCC recurrence was the
indication in only 11% of cases [101].

Utilization of deceased-donor organs is usually justified for graft failure after
LDLT. ReLT due to graft failure after LDLT was uncommon, but results are still
favorable when required. The panel allowed reLT in LDLT recipients who initially
fulfilled accepted criteria for LT. However, based on utility, justice, and equity,
they would not support reLT for those previously exceeding these criteria since
these patients would have been disqualified for DDLT in that priority. Acceptance
reLT for this kind of patients would interfere others on the DDLT wait list and
raise an “ethical dilemma” [44, 52]. It is the enigma of the “200% mortality rate”
not only this recipient who ultimately diseases from cancer recurrence after
transplantation but also other potential candidates, who rather obtain that graft
but then advance to liver failure, disqualified from the list or died while waiting
[22, 100].

ReLT recipients frequently present higher mean MELD than those of primary LT
[102]. The MELD threshold for survival benefit (SB) from ReLT is 21, which is higher
than the MELD threshold of 15 for primary LT. The mortality risk or graft failure after
ReLT is 3.5-8.3 times higher than those without ReLT for recurrent candidates with
MELD <21 [103].

Whereas there is no current agreement, 1-year predictable survival of at least
50% should be considered as effective reLT [100]. Several models for risk-predictor
have been suggested so far to help avoid ineffective reLT and to facilitate the
best judgment in allocation of organs in short supply. Rosen proposed the most
frequently employed risk score for reLT in 1999 and validated in 2003 [104]. This
score established three different risk levels (low, medium, and high) based on
four predictive components (recipient age, serum bilirubin, serum creatinine,
and spell between premier and retransplantation). The 5-year survival was 68%,
62%, and 38% for low, intermediate and high risk, correspondingly. Concerns for
this score still remained in recent years because it was developed before the MELD
epoch, it does not investigate donor features and diverse recipients risk factors,
and it is arithmetic complex [100]. The UCLA group [105] in 2011 developed a new
risk stratification scoring that appoints one or two points for preoperative clinical

features such as recipient age > 55 years, MELD >27, history of prior reLT, serum
albumin <2.5 g/dL, interval of reLT within 15-180 days, necessity of ventilation
before reLT, donor age > 45 years and intraoperative features like over-transfusion
during reLT (>30 pRBC units). These points are added up to rank recipients into
four risk categories (RC). Their 5-year survival was 79, 59, 49, and 22% for RS,
ILIII, and IV, respectively, [100].

In general, retransplant in HCC recurrence after LT is not plausible
(Recommendation in the Table 11), whereas various provided managements, such as
LRT and systemic, have been employed, even in a compound manner, in an effort to

extend survival [22].
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Evaluation of HCC candidates to access LT

Evidence

Level

Strength of
recommendation

1. When considering treatment options for HCC patients, the BCLC
staging system is the preferred staging system to assess the prognosis of
patients with HCC

2b (P)

Strong

2. The TNM system (seventh edn), including pathological examination
of the explanted liver, should be used for determining prognosis after
transplantation with the addition of assessment of microvascular invasion.

2b (P)

Strong

3. Either dynamic CT or dynamic MRI with the presence of arterial
enhancement followed by washout on portal venous or delayed imaging
is the best noninvasive test to make a diagnosis in cirrhotic patients
suspected of having HCC and for preoperative staging.

1b (D)

Strong

4. Extrahepatic staging should include CT of the chest and CT or MRI of
the abdomen and pelvis.

3b (D)

Strong

5. Tumor biopsy is not required in cirrhotic patients considered for liver
transplantation who have high-quality dynamic CT or MRI findings
typical for HCC and a lesion larger than 1 cm according to current AASLD
guidelines.

1b (D)

Weak

6. For patients with lesions smaller or equal to 10 mm, noninvasive
imaging does not allow an accurate diagnosis and should not be used to
make a decision for or against transplantation.

1b (D)

Strong

Criteria for listing candidates with HCC/liver cirrhosis for DDLT

7. Liver transplantation should be reserved for HCC patients who have a
predicted 5-year survival comparable to non-HCC patients.

NA

Weak

8. Preoperative assessment of the size of the largest tumor or total
diameter of tumors should be the main consideration in selecting patients
with HCC for liver transplantation.

2a (P)

Strong

9. The Milan criteria are currently the benchmark for the selection of
HCC patients for liver transplantation, and the basis for comparison with
other suggested criteria.

2a (P)

Strong

10. A modest expansion of the number of potential candidates may be
considered on the basis of several studies showing comparable survival
for patients outside the Milan criteria.

3bP)

Weak

11. Patients with worse prognoses may be considered for liver
transplantation outside the Milan criteria if the dynamics of the waiting list
allow it without undue prejudice to other recipients with a better prognosis.

NA

Weak

12. a-fetoprotein concentrations add prognostic information in HCC
patients and may be used for making decisions regarding transplantation
in combination with imaging criteria.

2b (P)

Weak

13. Biomarkers other than a-fetoprotein cannot yet be used for clinical
decision-making regarding liver transplantation for HCC

2b (P)

Strong

14. Indication for liver transplantation in HCC should not rely on
microvascular invasion because it cannot be reliably detected prior to
transplantation.

2b (P)

Strong

Criteria for HCC candidates with non-cirrhotic livers

15. The Milan criteria and its modifications are not applicable to

patients with HCC developing in a non-cirrhotic liver. Such patients

with non-resectable HCC and absence of macrovascular invasion and
extrahepatic spread may be considered as appropriate candidates for liver
transplantation.

4(P)

Weak
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Evaluation of HCC candidates to access LT

Evidence
Level

Strength of
recommendation

16. Patients with HCC in non-cirrhotic liver who were treated by
resection, and have intrahepatic recurrence of HCC and no evidence of
lymph node or macrovascular invasion, may be considered for salvage
transplantation.

4(P)

Weak

Role of downstaging

17. Transplantation may be considered after successful downstaging.

5(P)

Weak

18. Liver transplantation after successful downstaging should achieve a
5-year survival comparable to that of HCC patients who meet the criteria
for liver transplantation without requiring downstaging.

5(P)

Strong

19. Criteria for successful downstaging should include tumor size and
number of viable tumors.

4(P)

Strong

20. a-fetoprotein concentrations before and after downstaging may add
additional information.

4(P)

Weak

21. Based on existing evidence, no recommendation can be made for
preferring a specific locoregional therapy for downstaging over others.

NA

None

Managing patients on the waiting list

22. Periodic waiting-list monitoring should be performed by imaging
(dynamic CT, dynamic MRI, or contrast-enhanced ultrasonography) and
a-fetoprotein measurements.

5(P)

Strong

23. Based on current absence of evidence, no recommendation can be
made on bridging therapy in patients with UNOS T1 (<2 cm) HCC

NA

None

24. In patients with UNOS T2 (one nodule 2-5 cm or three or more
nodules each <3 cm) HCC (Milan criteria) and a likely waiting time
longer than 6 months, locoregional therapy may be appropriate.

4p

Weak

25. No recommendation can be made for preferring any type of
locoregional therapy to others.

5(P)

Strong

26. Patients found to have progressed beyond criteria acceptable for
listing for liver transplantation should be placed on hold and considered
for downstaging.

5(P)

Strong

27. Patients with progressive disease in whom locoregional intervention is
not considered appropriate, or is ineffective, should be removed from the
waiting list.

5(P)

Strong

Role of LDLT

28. LDLT is acceptable for HCC patients who have an expected 5-year
survival similar to comparably staged patients receiving a deceased-
donor liver. In LDLT, careful attention should be given to psychosocial
considerations regarding both donor and recipient

NA

Weak

29. LDLT must be restricted to centers of excellence in liver surgery and
liver transplantation to minimize donor risk and maximize recipient
outcome.

NA

Strong

30. In patients following LDLT for HCC within the accepted regional
criteria for DDLT, retransplantation for graft failure is justified.

5(P)

Weak

31. In patients following LDLT for HCC outside the accepted regional
criteria for DDLT, retransplantation for graft failure using a deceased-
donor organ is not recommended.

5(P)

Strong

Posttransplant management
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Evaluation of HCC candidates to access LT Evidence Strength of
Level recommendation
32. Post transplant monitoring may include 6-12 monthly contrast- 5(P) Weak

enhanced CT or MRI imaging and a-fetoprotein measurements.

33. There is currently insufficient evidence from clinical trials to base a NA None
recommendation for choosing the type or dose of immunosuppression
therapy to influence the incidence of HCC recurrence or its prognosis.

34, Based on current evidence, no recommendation can be made on NA None
the use of mTOR inhibitors solely to reduce the risk of HCC recurrence
outside clinical trials.

35. The current evidence does not justify the routine use of adjuvant NA Weak
antitumor therapy after liver transplantation for HCC outside of a
controlled clinical trial.

36. HCC recurrence after liver transplantation may be treated by surgery 4 (P) Weak
for resectable lesions or by locoregional therapy or systemic therapy
(including sorafenib) for unresectable lesions.

37. Liver retransplantation is not appropriate treatment for recurrent HCC. NA Strong

Level of evidence for each recommendation refers to the Oxford classification. P = prognosis. D = diagnosis. NA = not
applicable.

Table 11.
Recommendations for liver transplantation for HCC: An international consensus conference report in 2010 [44].

8. Contraindications of liver transplantation in the HCC patients

Contraindications of LT comprise clinical and psychosocial reasons and could be
further defined as liver and non-liver relative and absolute contraindications. Clinically
major factors to preclude surgery as severe cardio-pulmonary disorders, ongoing
sepsis, widespread portal and visceral venous thrombosis, and progressed or meta-
static cancer. Relative contraindications differ between centers and include advanced
age or acquired immune deficiency syndrome (AIDS), but this may be individual-
ized considered. Psychosocial contraindications comprise inadequate or without social
assistance, unstable psychiatric disorder, ongoing addiction, or limited insurance
for post-LT medicaments [106]. Outcomes of LT for HCC can considerably differ
between patients with the same morphologic HCC registration criteria; thus, plenty
of these contraindications are relative or transitory instead of absolute.

Metastasis out of liver is generally considered an obvious contraindication for LT [6].
To most Western centers, portal vein or hepatic veins macroscopic invasion are absolute
contraindications for LT, considering it is the most important and independent risk factor
for posttransplant HCC recurrence, and thus for critical diminution in survival [107].

In the US, current UNOS organ distribution strategy [108] defines the following cases
to be contraindications to LT and/or will not be provided MELD exception for HCC [5]:

* Main portal or hepatic veins macroscopic invasion;
* Extrahepatic tumor spread;
* Fractured HCC;

* Early stage (T1): Resection feasible (solitary tumor <2 cm);
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* History of HCC steadily cured >2 years ago without recurrence;

* Tumor number and size advancement despite LRT; or those who were exceeding
conventional inclusion criteria;

* Serum AFP consistently >1000 ng/mL and unable to go down below 500.

Similarly in France and Canada, the AFP level > 1000 ng/dL is disqualified to
access for DDLT [35, 65].

9. Current recommendations for liver transplantation for HCC
9.1 International consensus conference report in 2010

Though LT is an extensively recognized treatment modality for HCC, arguments
still persist and no single guideline was universally approved. An international agree-
ment assembly in Swiss (2010), revised recent practices regarding liver transplantation
in HCC and to build globally acknowledged declarations and guidance (Table11) [44].

Recommendations.

LT is reccommended as the first-line option for HCC within Milan criteria but unfit to liver resection
(evidence high; recommendation strong). Milan criteria are the benchmark for the selection of patients with
HCC for LT and the basis for comparison with other suggested criteria.

Agreements on extended criteria for LT in HCC have not been achieved. Patients exceeding Milan criteria
can be considered for LT after successful downstaging to fulfill these criteria, within defined protocols
(evidence moderate; recommendation weak).

Combination criteria that consider surrogates of tumor biology (AFP) and response to neoadjuvant
treatments (bridging or downstaging tumors) together with tumor burden are likely to replace conven-
tional criteria to access LT. Combined criteria should be investigated and determined a priori, validated
prospectively, and auditable at any time (evidence low; recommendation strong).

Tumor vascular invasion and extrahepatic metastases are absolute contraindications for LT in HCC

(evidence high).

There is no contraindication to use marginal cadaveric grafts for LT in HCC patients (evidence moderate).
Prioritizing a cadaveric graft allocation, for patients with or without HCC, within a common waiting list, is
complex, and no system can serve all regions. Prioritization criteria for HCC should at least include tumor
burden, tumor biology indicators, waiting time, and response to tumor treatment (evidence moderate;
recommendation strong).

Transplant benefit may need to be considered alongside the conventional transplant principles of urgency
and utility in decision-making, regarding patient selection and prioritization, depending on list composi-
tion and dynamics (evidence moderate; recommendation weak).

In LT candidates with HCC, the use of pre-transplant (neoadjuvant) LRT is recommended if feasible as it
reduces the risk of pre-LT dropout and aims at reducing post-LT recurrence, particularly when complete or
partial tumor response is achieved (evidence low; recommendation strong).

Although the contribution of living donation to LT for HCC in Europe is still marginal, living

donor LT for HCC remains an option to be explored in selected patients and in experienced centers,
according to waiting list time and dynamics, and within donor-recipient double equipoise principles
(evidence low).

Table 12.
EASL clinical practice guidelines recommendations (2018) [6].
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9.2 EASL clinical practice guidelines recommendations (2018)

The clinical practice guidelines will be extracted here its recent (2018) advice for
the clinical management, particularly relevant to LT for HCC (Table 12).

9.3 The UNOS 2022 recommendation: Adult MELD exceptions for HCC

LT candidate receives a MELD or a PELD score (if age < 12) for organ distribution.
This score reflects the patient’s illness severity by 3-month mortality risk without LT.
When the formal score does not express the candidate’s actual medical urgency, their
LT program may need an exception score. A candidate fulfills criteria for one of nine
diagnoses in policy is permitted for a standardized MELD exception. If the candidate
unfits criteria for standardized exception, Review Board should study this request
(Table 13) [108].

10. Ethical considerations in LT for HCC

The main issue in LDLT is donor safety because of the risk of complications or
death, even if small. Currently, the reported morbidity and mortality of living donor
hepatectomy is 16 and 0.2%, respectively [109]. The concept of “double equipoise” was
proposed to describe the balance between the recipient’s survival benefit with LDLT
and the risk of a complication or death of a healthy donor [44]. LDLT for patients
with HCC is still controversial with the ethical dilemma to risk a healthy person for a
recipient that has a fatal disease with a high risk of recurrence.

Principle Application and considerations

Autonomy Does the donor have enough information regarding the circumstances of living donation
to provide adequate informed consent?
Is there “right to donate”?
Considerations of donor’s actual motivation for undertaking an LDLT?

Nonmaleficence How do transplant teams respect the principle of “do no harm” knowing that living donors
assume medical risk without any direct medical benefit? How can transplant teams
minimize donor risks, with medical and psychosocial complications? [110]

Utility Assigned to optimization of posttransplant results. Concentrated on posttransplant
prognosis with intention to diminish HCC recurrence and extending survival [22].
Despite donor pool improval, should LDLT be inspired, even likely not comparable
recipient results?

Urgency Diminish mortality risk before LT. Typically devoted to non-HCC/cirrhotic patients, with
worse short-term outcomes while on the waiting list because of a rapid deterioration
of liver function. It is ethical enigma; donated organs are distributed to the “sickest
patient first” among non-cancer candidates, but to the “earliest patient first” among HCC
candidates for LT, irrespective of their survival prospects with other treatment modalities.

Beneficence Rating patients with the pure survival benefit and optimization survival gain after LT.
Necessity for policy adjustments so as to preclude vain LT or give prioritization to higher
risk of recurrence patients.

Equity Should “social worth” criteria have incorporated into the organ allocation system, hence
demanding LDLT consideration?

Table 13.
Application and considering principles of medical ethics in LDLT settings [22, 110].
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With obvious benefit of DDLT, LDLT presents ethical challenges as to respect
principles of medical ethics, including autonomy, nonmaleficence, beneficence.

11. Conclusions and future directions

Liver malignancies (with HCC in >97% of cases) have become the main indica-
tions (40-60%) of liver transplantation (LT) over the last decades.

Anticipation of outcomes in LT for HCC continues to be a challenge. A practical
staging system for HCC which is also a powerful predictor for recurrent after LT is
yet to be reached with universally acceptance. Tumor biology characters by AFP and
PIVKA-II (DCP) should be put on top of tumor morphology.

LT indications for HCC, initially relied on static staging, have converted to a
dynamic process comprising treatment-response and tumor biology and should focus
on candidates with predicted recurrent-free rate of >70% as with non-HCC patients.
This will enable more candidates exceeding MC to access LT while securing their
acceptable outcomes.

Inclusion criteria for LT in HCC patients differ between centers and regions. With
justified selection, liver transplantation would be a potential management to cure the
liver cancer patient, especially in the setting of underlying liver cirrhosis.

LDLT is really an excellent and effective alternative in regions with scarce of
deceased-donor organs. Together with ethical issues and the “double equipoise”
concept, much consideration should be raised on how far we can expand the LT
indication for HCC patients. Especially in the scenario of failure of primary LT on a
far advanced HCC patient that requires a retransplant sharing the same donor pool
of DDLT as it could obviously negatively impact another candidate that should have
received that organ.

Acknowledgements
Thanks to Professor Kim Jong Man (Dept of Surgery, SMC, Sungkyunkwan

University School of Medicine, Seoul, Korea) for his kind mentorship and sharing the
copyright of material using in this chapter.

130



Liver Transplantation: An Updated Criteria Selection for HCC
DOI: http://dx.doi.org/10.5772/intechopen.1004265

Author details

Nam Hoang Duc
General Surgery Department, Hue Central Hospital, Hue City, Vietnam

*Address all correspondence to: hoangducnammd@gmail.com

IntechOpen

© 2024 The Author(s). Licensee IntechOpen. This chapter is distributed under the terms of
the Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0),
which permits unrestricted use, distribution, and reproduction in any medium, provided

the original work is properly cited.

131



Liver Transplantation — Challenges and Opportunities

References

[1] World Health Organization. Global
cancer observatory. Available from:
https://gco.iarc.fr/. 2022. [Accessed:
December 20, 2022]

[2] Ziogas IA, Tsoulfas G. The evolution
of criteria for liver transplantation for
hepatocellular carcinoma: From Milan to
San Francisco and all around the world

! Revista de la Facultad de Medicina
Humana. 2017;17(3):56-69

[3] Arslanoglu A, Seyal AR, Sodagari F,
Sahin A, Miller FH, Salem R, et al.
Current guidelines for the diagnosis
and Management of Hepatocellular
Carcinoma: A comparative review. AJR.
American Journal of Roentgenology.
2016;207(5):W88-W98. DOI: 10.2214/
AJR.15.15490. Epub 2016 Aug 4

[4] Maggs JRL, Suddle AR, AluvihareV,
Heneghan MA. Systematic review:

The role of liver transplantation in

the management of hepatocellular
carcinoma. Alimentary Pharmacology &
Therapeutics. 2012;35:1113-1134

(5] Terrault NA, Francoz C, Berenguer M,
Charlton M, Heimbach J. Liver
transplantation 2023: Status report,
current and future challenges. Clinical
Gastroenterology and Hepatology:

The Official Clinical Practice Journal

of the American Gastroenterological
Association. 2023;21(8):2150-2166. DOI:
10.1016/j.cgh.2023.04.005

[6] EASL Clinical Practice Guidelines.
Management of hepatocellular
carcinoma. Journal of Hepatology.
2018;69(1):182-236

[71 Mahmud N. Selection for liver
transplantation: Indications and
evaluation. Current Hepatology Reports.
2020;19:203-212

132

[8] Mazzaferro V, Regalia E, Doci R,
Andreola S, Pulvirenti A, Bozzetti F, et al.
Liver transplantation for the treatment
of small hepatocellular carcinomas in
patients with cirrhosis. The New England
Journal of Medicine. 1996;334:693-699

[9] Duvoux C, Lerut JP. Selection criteria
and outcome of liver transplantation

for neoplastic liver diseases. In: Burra P,
editor. Textbook of Liver Transplantation.
Springer: Cham; 2022. pp. 55-72

[10] Todo S, Furukawa H, Tada M, Japanese
Liver Transplantation Study Group.
Extending indication: Role of living donor
liver transplantation for hepatocellular
carcinoma. Liver Transplantation.
2007;13(11 Suppl. 2):548-S54

[11] Vauthey JN, Dixon E, Abdalla EK,
et al. Pretreatment assessment of
hepatocellular carcinoma: Expert
consensus statement. HPB: The
Official Journal of the International

Hepato Pancreato Biliary Association.
2010;12(5):289-299

[12] Yao FY, Xiao L, Bass NM,

Kerlan R, Ascher NL, Roberts JP. Liver
transplantation for hepatocellular
carcinoma: Validation of the UCSF-
expanded criteria based on preoperative
imaging. American Journal of
Transplantation. 2007;7(11):2587-2596.
DOI: 10.1111/j.1600-6143.2007.01965.x

[13] Reig M, Forner A, Rimola J, etal.
BCLC strategy for prognosis prediction
and treatment recommendation: The
2022 update. Journal of Hepatology.
2022;76(3):681-693

[14] Yao FY, Ferrell L, Bass NM,

Watson JJ, Bacchetti P, Venook A, et al.
Liver transplantation for hepatocellular
carcinoma: Expansion of the tumor size



Liver Transplantation: An Updated Criteria Selection for HCC

DOI: http://dx.doi.org/10.5772/intechopen.1004265

limits does not adversely impact survival.
Hepatology. 2001;33:1394-1403

[15] Onaca N, Stone MJ, Fulmer JM,
Klintmalm. Transplantation for primary
hepatic malignancy. In: Busuttil RW,
Klintmalm GBG, editors. Transplantation
of the Liver. 3rd ed. Philadelphia: Elsevier
Saunders; 2015. pp. 189-204

[16] Rich NE, Parikh ND, Singal AG.
Hepatocellular carcinoma and liver
transplantation: Changing patterns and
practices. Current Treatment Options
in Gastroenterology. 2017;15:296-304.
DOI:10.1007/s11938-017-0133-3

[17] Singal AK, Kamath PS. Management
of the patient on the waiting list, scoring
systems, and priority. In: Burra P, editor.
Textbook of Liver Transplantation.
Springer: Cham; 2022. pp. 121-132

[18] Halazun KJ, Patzer RE, Rana AA,

et al. Standing the test of time: Outcomes
of a decade of prioritizing patients with
hepatocellular carcinoma, results of the
UNOS natural geographic experiment.
Hepatology. 2014;60(6):1957-1962

[19] Ishaque T, Massie AB, Bowring MG,
et al. Liver transplantation and waitlist
mortality for HCC and non-HCC
candidates following the 2015 HCC
exception policy change. American
Journal of Transplantation.
2019;19(2):564-572

[20] Heimbach JK. Evolution of liver
transplant selection criteria and U.S.
allocation policy for patients with
hepatocellular carcinoma. Seminars in
Liver Disease. 2020;40:358-364

[21] Azzam AZ. Liver transplantation

as a management of hepatocellular
carcinoma. World Journal of Hepatology.
2015;7(10):1347-1354

[22] Bhoori S, Mazzaferro V. Current
challenges in liver transplantation for

133

hepatocellular carcinoma [published
correction appears in best Pract res Clin
Gastroenterol. 2014 Dec;28(6):1115-

6]. Best Practice & Research. Clinical
Gastroenterology. 2014;28(5):867-879.
DOI: 10.1016/j.bpg.2014.08.001

[23] Kim SJ, Kim JM. Prediction models of
hepatocellular carcinoma recurrence after
liver transplantation: A comprehensive
review. Clinical and Molecular
Hepatology. 2022;28(4):739-753

[24] Bismuth H, Chiche L, Adam R,
Castaing D, Diamond T, Dennison A.
Liver resection versus transplantation
for hepatocellular carcinoma in
cirrhotic patients. Annals of Surgery.
1993;218:145-151

[25] Herrero ]I, Sangro B, Quiroga J,

Pardo F, Herraiz M, CienfuegosJA, etal.
Influence of tumor characteristics on

the outcome of liver transplantation
among patients with liver cirrhosis

and hepatocellular carcinoma. Liver
Transplantation: Official Publication of
the American Association for the Study of
Liver Diseases and the International Liver
Transplantation Society. 2001;7:631-636.
DOI: 10.1053/1ts.2001.25458

[26] Roayaie S, Frischer JS, Emre SH,

et al. Long-term results with multimodal
adjuvant therapy and liver transplantation
for the treatment of hepatocellular
carcinomas larger than 5 centimeters.
Annals of Surgery. 2002;235(4):533-539.
DOI: 10.1097/00000658-200204000-
00012

[27] Kneteman NM, Oberholzer J,
Saghier MA, et al. Sirolimus-based
immunosuppression for liver
transplantation in the presence of
extended criteria for hepatocellular
carcinoma. Liver Transplantation.
2004;10(10):1301-1311. DOI: 10.1002/
1t.20237

[28] Onaca N, Davis GL, Goldstein RM,
Jennings LW, Klintmalm GB. Expanded



Liver Transplantation — Challenges and Opportunities

criteria for liver transplantation in
patients with hepatocellular carcinoma:
A report from the international
registry of hepatic Tumors in liver
transplantation. Liver Transplantation.
2007;13(3):391-399

[29] Zheng SS, Xu X, WuJ, et al. Liver
transplantation for hepatocellular
carcinoma: Hangzhou experiences
[retracted in: Transplantation. 2019
Aug;103(8):1736]. Transplantation.
2008;85(12):1726-1732

[30] Silva M, Moya A, Berenguer M,

et al. Expanded criteria for liver
transplantation in patients with cirrhosis
and hepatocellular carcinoma. Liver
Transplantation. 2008;14(10):1449-1460

[31] Mazzaferro V, Llovet JM, Miceli R,
etal. Predicting survival after liver
transplantation in patients with
hepatocellular carcinoma beyond

the Milan criteria: A retrospective,
exploratory analysis. The Lancet
Oncology. 2009;10(1):35-43.

DOI: 10.1016/51470-2045(08)70284-5

[32] Toso C, Asthana S, Bigam DL,
Shapiro AM, Kneteman NM. Reassessing
selection criteria prior to liver
transplantation for hepatocellular
carcinoma utilizing the scientific registry
of transplant recipients database.
Hepatology. 2009;49(3):832-838.

DOI: 10.1002/hep.22693

[33] Lai Q, Avolio AW, Graziadei I,

Otto G, Rossi M, Tisone G, et al. Alpha-
fetoprotein and modified response
evaluation criteria in solid tumors
progression after locoregional therapy
as predictors of hepatocellular

cancer recurrence and death after
transplantation. Liver Transplantation.
2013;19(10):1108-1118

(34] DuBay D, Sandroussi C, Sandhu L,
etal. Liver transplantation for advanced
hepatocellular carcinoma using poor

134

tumor differentiation on biopsy asan
exclusion criterion. Annals of Surgery.
2011;253(1):166-172

[35] Duvoux C, Roudot-Thoraval F,
Decaens T, et al. Liver transplantation
for hepatocellular carcinoma: A model
including alpha-fetoprotein improves
the performance of Milan criteria.
Gastroenterology. 2012;143:986-994, €3.
quiz e14—el5

[36] Grat M, Kornasiewicz O,
Lewandowski Z, et al. Combination of
morphologic criteria and a-fetoprotein in
selection of patients with hepatocellular
carcinoma for liver transplantation
minimizes the problem of posttransplant
tumor recurrence. World Journal of
Surgery. 2014;38(10):2698-2707

[37] Mehta N, Heimbach J, Harnois DM,
et al. Validation of a risk estimation

of tumor recurrence after transplant
(RETREAT) score for hepatocellular
carcinoma recurrence after liver
transplant. JAMA Oncology.
2017;3(4):493-500. DOI: 10.1001/
jamaoncol.2016.5116

[38] Mehta N, Dodge JL, Roberts JP,

Yao FY. Validation of the prognostic power
of the RETREAT score for hepatocellular
carcinoma recurrence using the

UNOS database. American Journal of
Transplantation. 2018;18(5):1206-1213.
DOI: 10.1111/ajt.14549

[39] Halazun KJ, Najjar M,

Abdelmessih RM, et al. Recurrence after
liver transplantation for hepatocellular
carcinoma: A new moral to the story.
Annals of Surgery. 2017;265(3):557-564

[40] Mazzaferro V, Sposito C,

Zhou J, Pinna AD, De Carlis L, Fan J,

et al. Metroticket 2.0 model for analysis
of competing risks of death after liver
transplantation for hepatocellular
carcinoma. Gastroenterology.
2018;154:128-139



Liver Transplantation: An Updated Criteria Selection for HCC

DOI: http://dx.doi.org/10.5772/intechopen.1004265

[41] Goldberg D, Mantero A,

Newcomb C, Delgado C, Forde KA,
Kaplan DE, et al. Predicting survival
after liver transplantation in patients
with hepatocellular carcinoma using the
LiTES-HCC score. Journal of Hepatology.
2021;74:1398-1406

[42] Bismuth H, Majno PE,

Adam R. Liver transplantation for
hepatocellular carcinoma. Seminars
in Liver Disease. 1999;19:311-322.
DOI: 10.1055/s-2007-1007120

[43] Pavel MC, Fuster J. Expansion of

the hepatocellular carcinoma Milan
criteria in liver transplantation:

Future directions. World Journal of
Gastroenterology. 2018;24(32):3626-3636

[44] Clavien PA, Lesurtel M,

Bossuyt PM, et al. Recommendations for
liver transplantation for hepatocellular
carcinoma: An international consensus

conference report. The Lancet Oncology.
2012;13(1):e11-e22

[45] Sugawara Y, Tamura S,

Makuuchi M. Living donor liver
transplantation for hepatocellular
carcinoma: Tokyo university series.
Digestive Diseases. 2007;25(4):310-312.
DOI: 10.1159/000106910

[46] Lee SG, Hwang S, Moon DB,

et al. Expanded indication criteria of
living donor liver transplantation for
hepatocellular carcinoma at one large-
volume center. Liver Transplantation.

2008;14(7):935-945

[47] Soejima Y, Taketomi A, Yoshizumi T,
etal. Extended indication for living
donor liver transplantation in patients
with hepatocellular carcinoma.
Transplantation. 2007;83(7):893-899

[48] Chan SC, Fan ST, Lo CM, etal. A
decade of right liver adult-to-adult living
donor liver transplantation: The recipient

mid-term outcomes. Annals of Surgery.
2008;248(3):411-419

135

[49] Concejero A, Chen CL, Wang CC,
etal. Living donor liver transplantation
for hepatocellular carcinoma: A

single-center experience in Taiwan.
Transplantation. 2008;85(3):398-406

[50] Taketomi A, Sanefuji K, Soejima,
et al. Impact of des-gamma-carboxy
prothrombin and tumor size on the
recurrence of hepatocellular carcinoma
after living donor liver transplantation.
Transplantation. 2009;87(4):531-537.
DOI: 10.1097/TP.0b013e3181943bee

[51] Ito T, Takada Y, Ueda M, Haga H,
Maetani Y, Oike F, et al. Expansion
of selection criteria for patients with
hepatocellular carcinoma in living
donor liver transplantation. Liver
Transplantation. 2007;13:1637-1644

[52] Furukawa H, Shimamura T,

Suzuki T, et al. Liver transplantation for
hepatocellular carcinoma: The Japanese
experience. Journal of Hepato-Biliary-
Pancreatic Sciences. 2010;17:533-538

[53] Yang K, Lee TB, Choi BH, Park YM,
RyuJH, Joo DJ, et al. Development and
applicability of the A-P 200 criteria for
liver transplantation for hepatocellular
carcinoma. Transplantation Proceedings.
2016;48(10):3317-3322. DOI: 10.1016/j.
transproceed.2016.08.050

[54] Kaido T, Mori A, Ogura, etal.
Living donor liver transplantation for
recurrent hepatocellular carcinoma after
liver resection. Surgery. 2012;151(1):55-
60. DOI: 10.1016/j.surg.2011.06.032

[55] Kim JM, Kwon CH, Joh JW, et al.
Expanded criteria for liver transplantation
in patients with hepatocellular

carcinoma. Transplantation Proceedings.
2014;46(3):726-729

[56] Hong G, Suh KS, Suh SW, et al. Alpha-
fetoprotein and (18) F-FDG positron
emission tomography predict tumor
recurrence better than Milan criteria in
living donor liver transplantation. Journal



Liver Transplantation — Challenges and Opportunities

of Hepatology. 2016;64(4):852-859.
DO 10.1016/jjhep.2015.11.033

[57] Lee JH, ChoY, Kim HY, et al.
Serum tumor markers provide

refined prognostication in selecting
liver transplantation candidate for
hepatocellular carcinoma patients
beyond the Milan criteria. Annals

of Surgery. 2016;263(5):842-850.

DOI: 10.1097/SLA.0000000000001578

[58] Lee EC, Kim SH, Shim JR, Park SJ.
Small-for-size grafts increase recurrence
of hepatocellular carcinoma in liver
transplantation beyond Milan criteria.
Liver Transplantation. 2018;24(1):35-43

[59] Shimamura T, Akamatsu N,
Fujiyoshi M, et al. Expanded living-
donor liver transplantation criteria for
patients with hepatocellular carcinoma

based on the Japanese nationwide survey:

The 5-5-500 rule - A retrospective

study. Transplant International.
2019;32(4):356-368

[60] Vibert E, Azoulay D, Hoti E,
Iacopinelli S, Samuel D, Salloum C, et al.
Progression of alphafetoprotein before
liver transplantation for hepatocellular
carcinoma in cirrhotic patients: A
critical factor. American Journal of
Transplantation. 2010;10:129-137

[61] Notarpaolo A, Layese R, Magistri P,
Gambato M, Colledan M, Magini G,
etal. Validation of the AFP model asa
predictor of HCC recurrence in patients
with viral hepatitis-related cirrhosis
who had received a liver transplant

for HCC. Journal of Hepatology.
2017;66(3):552-559

[62] Varona MA, Soriano A,
Aguirre-Jaime A, Garrido S,

Oton E, Diaz D, et al. Risk factors of
hepatocellular carcinoma recurrence
after liver transplantation: Accuracy of
the alpha-fetoprotein model in a single-
center experience. Transplantation
Proceedings. 2015;47(1):84-89

136

[63] Pifiero F, Tisi Bafia M, de Ataide EC,
Hoyos Duque S, Marciano S,

Varén A, et al. Liver transplantation

for hepatocellular carcinoma:
Evaluation of the alpha-fetoprotein
model in a multicenter cohort from
Latin America. Liver International.
2016;36(11):1657-1667

[64] Cillo U, Vitale A, Bassanello M, et al.
Liver transplantation for the treatment
of moderately or well-differentiated
hepatocellular carcinoma. Annals of
Surgery. 2004;239(2):150-159

[65] Sapisochin G, Goldaracena N,
Laurence JM, et al. The extended Toronto
criteria for liver transplantation in
patients with hepatocellular carcinoma:
A prospective validation study.
Hepatology. 2016;64:2077-2088

[66] Decaens T, Roudot-Thoraval F,
Badran H, et al. Impact of tumour
differentiation to select patients before
liver transplantation for hepatocellular

carcinoma. Liver International.
2011;31(6):792-801

[67] Lin C-C, Elsarawy AMAA, Chen C-L.
Living Donor Liver Transplantation for
Hepatocellular Carcinoma. London, UK:
InTechOpen; 2017. DOI: 10.5772/65109

[68] Hsu C-C, Chen C-L, Wang C-C,
Lin C-C, Yong C-C, Wang S-H, et al.
Combination of FDG-PET and UCSF
criteria for predicting HCC recurrence

after living donor liver transplantation.
Transplantation. 2016;100(9):1925-1932

[69] Chalaye J, Costentin CE, Luciani A,
et al. Positron emission tomography/
computed tomography with
18F-fluorocholine improve tumor staging
and treatment allocation in patients with
hepatocellular carcinoma. Journal of
Hepatology. 2018;69(2):336-344

[70] Meischl T, Rasoul-Rockenschaub S,
Gyori G, etal. C-reactive protein



Liver Transplantation: An Updated Criteria Selection for HCC

DOI: http://dx.doi.org/10.5772/intechopen.1004265

is an independent predictor for
hepatocellular carcinoma recurrence
after liver transplantation. PLoS One.
2019;14(5):e0216677. DOI: 10.1371/
journal.pone.0216677 [Accessed: May 29,
2019]

[71] Kornberg A, Witt U,

Schernhammer M, et al. The role of
preoperative albumin-bilirubin grade

for oncological risk stratification in liver
transplant patients with hepatocellular
carcinoma. Journal of Surgical Oncology.
2019;120(7):1126-1136. DOI: 10.1002/
js0.25721

[72] Firl D], Sasaki K, Agopian VG,
etal. Charting the path forward for
risk prediction in liver transplant for
hepatocellular carcinoma: International
validation of HALTHCC among 4,089
patients. Hepatology. 2020;71(2):569-
582. DOI: 10.1002/hep.30838

[73] Aloia TA, Adam R, Samuel D,

Azoulay D, Castaing D. A decision analysis
model identifies the interval of efficacy for
transarterial chemoembolization (TACE)
in cirrhotic patients with hepatocellular
carcinoma awaiting liver transplantation.

Journal of Gastrointestinal Surgery.
2007;11:1328-1332

[74] Kollmann D, Selzner N, Selzner M.
Bridging to liver transplantation in
HCC patients. Langenbeck's Archives
of Surgery. 2017 Sep;402(6):863-871.
DOI: 10.1007/s00423-017-1609-2

[75] Lai Q, Avolio AW, Manzia TM,
Sorge R, Agnes S, Tisone G, et al.
Combination of biological and
morphological parameters for

the selection of patients with
hepatocellular carcinoma waiting

for liver transplantation. Clinical
Transplantation. 2012;26(2):E125-E131

[76] Yao FY, Mehta N, Flemming J,
et al. Downstaging of hepatocellular
cancer before liver transplant:

137

Long-term outcome compared to tumors
within Milan criteria. Hepatology.
2015;61(6):1968-1977

[771 Mehta N. Liver transplantation
criteria for hepatocellular carcinoma,
including Posttransplant management.
Clinics in Liver Disease. 2021;17(5):332-
336. Published 2021 Jun 4. DOI: 10.1002/
cld.1054

[78] Ravaioli M, Grazi GL, Piscaglia F,
etal. Liver transplantation for
hepatocellular carcinoma: Results

of down-staging in patients initially
outside the Milan selection criteria.
American Journal of Transplantation.
2008;8(12):2547-2557

[79] Lai Q, Nicolini D, Inostroza

Nunez M, et al. A novel prognostic index
in patients with hepatocellular cancer
waiting for liver transplantation: Time-
radiological-response-alpha-fetoprotein-
INflammation (TRAIN) score. Annals of
Surgery. 2016;264(5):787-796

[80] Mazzaferro V, Citterio D, Bhoori S,
et al. Liver transplantation in
hepatocellular carcinoma after tumour
downstaging (XXL): A randomised,
controlled, phase 2b/3 trial [published
correction appears in lancet Oncol. 2020
Aug;21(8):e373]. The Lancet Oncology.
2020;21(7):947-956

[81] Heimbach JK, Kulik LM, Finn RS,
etal. AASLD guidelines for the treatment
of hepatocellular carcinoma. Hepatology.
2018;67(1):358-380. DOI: 10.1002/
hep.29086

[82] Graziadei IW, Sandmueller H,
Waldenberger P, Koenigsrainer A,
Nachbaur K, Jaschke W, et al.
Chemoembolization followed by liver
transplantation for hepatocellular
carcinoma impedes tumor progression
while on the waiting list and

leads to excellent outcome. Liver



Liver Transplantation — Challenges and Opportunities

Transplantation. 2003;9:557-563.
DOI: 10.1053/i1ts.2003.50106

[83] Otto G, Herber S, Heise M, et al.
Response to transarterial
chemoembolization as a biological
selection criterion for liver transplantation
in hepatocellular carcinoma. Liver
Transplantation. 2006;12(8):1260-1267.
DOI:10.1002/1t.20837

[84] Millonig G, Graziadei IW,

Freund MC, Jaschke W, Stadlmann S,
Ladurner R, et al. Response to preoperative
chemoembolization correlates with
outcome after liver transplantation in
patients with hepatocellular carcinoma.
Liver Transplantation. 2007;13:272-279

[85] Chapman WC, Majella Doyle MB,
Stuart JE, et al. Outcomes of neoadjuvant
transarterial chemoembolization to
downstage hepatocellular carcinoma

before liver transplantation. Annals of
Surgery. 2008;248(4):617-625

[86] Lewandowski RJ, Kulik LM,

Riaz A, etal. A comparative analysis

of transarterial downstaging

for hepatocellular carcinoma:
Chemoembolization versus
radioembolization. American Journal of
Transplantation. 2009;9(8):1920-1928

[87] De Luna W, Sze DY, Ahmed A,

et al. Transarterial chemoinfusion for
hepatocellular carcinoma as downstaging
therapy and a bridge toward liver
transplantation. American Journal of
Transplantation. 2009;9(5):1158-1168

[88] Jang JW, You CR, Kim CW, et al.
Benefit of downsizing hepatocellular
carcinoma in a liver transplant
population. Alimentary Pharmacology
& Therapeutics. 2010;31(3):415-423.
DOI: 10.1111/.1365-2036.2009.04167.x

[89] Pommergaard HC, Rostved AA,
Adam R, et al. Locoregional treatments
before liver transplantation for

138

hepatocellular carcinoma: A study from
the European liver transplant registry.
Transplant International. 2018;31(5):531-
539. DOI: 10.1111/tri.13123

[90] Ogawa K, Kaido T, Okajima H, et al.
Impact of pretreatments on outcomes
after living donor liver transplantation
for hepatocellular carcinoma. Journal
of Hepato-Biliary-Pancreatic Sciences.
2019;26(2):73-81

[91] Mehta N, Dodge JL, Roberts JP,
Hirose R, Yao FY. Alpha-fetoprotein
decrease from > 1,000 to < 500 ng/
mL in patients with hepatocellular
carcinoma leads to improved
Posttransplant outcomes. Hepatology.

2019;69(3):1193-1205

[92] Sinha J, Mehta N, Dodge JL,
Poltavskiy E, Roberts ], Yao F. Are there
upper limits in tumor burden for
down-staging of hepatocellular
carcinoma to liver transplant? Analysis
of the all-comers protocol. Hepatology.

2019;70(4):1185-1196

[93] Vutien P, Dodge J, Bambha KM,

etal. A simple measure of hepatocellular
carcinoma burden predicts tumor
recurrence after liver transplantation:

The recurrent hepatocellular carcinoma-
initial, maximum, last classification. Liver
Transplantation. 2019;25(4):559-570

[94] DiNorcia J, Florman SS, Haydel B,

et al. Pathologic response to
Pretransplant Locoregional therapy

is predictive of patient outcome after
liver transplantation for hepatocellular
carcinoma: Analysis from the US
Multicenter HCC transplant consortium.
Annals of Surgery. 2020;271(4):616-624

[95] Fisher RA, Kulik LM, Freise CE,
Lok AS, Shearon TH, Brown RS Jr, et al.
Hepatocellular carcinoma recurrence
and death following living and
deceased donor liver transplantation.

American Journal of Transplantation.
2007;7(6):1601-1608



Liver Transplantation: An Updated Criteria Selection for HCC

DOI: http://dx.doi.org/10.5772/intechopen.1004265

[96] Liang W, Wu L, Ling X, et al. Living
donor liver transplantation versus
deceased donor liver transplantation for
hepatocellular carcinoma: A meta-analysis.
Liver Transplantation. 2012;18(10):1226-
1236. DOI: 10.1002/1t.23490

[97] Cauley RP, Potanos K, Fullington N,
et al. The effect of graft type on mortality
in liver transplantation for hepatocellular
carcinoma. Annals of Transplantation.
2015;20:175-185. Published 2015 Mar 30.
DOI: 10.12659/A0T.892613

[98] Kim KH, Park JI. Living-related
liver transplantation. In: Burra P, editor.
Textbook of Liver Transplantation.

Vol. 2022. Switzerland AG: Springer,
Champions; 2022. pp. 203-218

[99] Lee HW, Suh KS. Expansion

of the criteria for living donor liver
transplantation for hepatocellular
carcinoma. Current Opinion in Organ
Transplantation. 2016;21(2):231-237

[100] Cillo U, Bertacco A. Liver
Retransplantation. In: Burra P, editor.
Textbook of Liver Transplantation.
Cham: Springer; 2022. DOI:
10.1007/978-3-030-82930-8_24

[101] Adam R, Karam V, DelvartV,
O’Grady J, Mirza D, Klempnauer J, et al.
Evolution of indications and results of
liver transplantation in Europe. A report
from the European liver transplant
registry (ELTR). Journal of Hepatology.
2012;57:675-688

[102] Kim HJ, Larson JJ, Lim YS, et al.
Impact of MELD on waitlist outcome
of retransplant candidates. American

Journal of Transplantation.
2010;10(12):2652-2657

[103] Biggins SW, Gralla ], Dodge JL,
et al. Survival benefit of repeat liver
transplantation in the United States:
A serial MELD analysis by hepatitis
C status and donor risk index.
American Journal of Transplantation.

139

2014;14(11):2588-2594. DOI: 10.1111/
2jt.12867

[104] Rosen HR, Prieto M, Casanovas-
Taltavull T, et al. Validation and
refinement of survival models for
liver retransplantation. Hepatology.
2003;38(2):460-469

[105] Hong JC, Kaldas FM,

Kositamongkol P, et al. Predictive index for
long-term survival after retransplantation
of the liver in adult recipients: Analysis

of a 26-year experience in a single center.
Annals of Surgery. 2011;254(3):444-448;
discussion 448-9

[106] Pomposelli J], Simpson MA, Simon C,
Pomfret EA. Liver transplantation. In: JLR
F, editor. Transplantation. 5th ed. New
York, Oxford: Saunders Elsevier; 2014.

pp- 127-148

[107] Andreou A, Bahra M, Schmelzle M,
Ollinger R, Sucher R, Sauer IM, et al.
Predictive factors for extrahepatic
recurrence of hepatocellular carcinoma
following liver transplantation. Clinical
Transplantation. 2016;30:819-827

[108] Organ Procurement and
Transplantation Network. UNOS Organ
Allocation policy. 2023. Available from:
https://optn.transplant. hrsa.gov/
media/2846/liver_guidance_hcc_201706.
pdf. [Accessed: December 28, 2022]

[109] Ince V, Sahin TT, Akbulut S,
Yilmaz S. Liver transplantation for
hepatocellular carcinoma: Historical
evolution of transplantation criteria.
World Journal of Clinical Cases.
2022;10(29):10413-10427

[110] Nizamuddin I, Gordon E]J,
Levitsky J. Ethical issues when
considering liver donor versus deceased
donor liver transplantation. Clinical
Liver Disease (Hoboken). 2021;17(2):
71-74. DOI: 10.1002/c1d.982 [Accessed:
February 28, 2021]



Edited by Georgios Tsoulfas

This book presents the different challenges and opportunities in liver transplantation
today, especially given the multifaceted and multidisciplinary nature of liver
transplantation. These include the advent of minimally invasive and robotic surgery,
the role of liver transplantation in patients with different types of primary or metastatic
liver cancer with the concept of transplant oncology, applications of today’s technology
in liver transplantation, the challenges in organ donation and the different types of
donors, the differences around the globe in approaching donation and the practice of
liver transplantation, the challenges involved in setting priorities for the limited organ
supply, the progress in novel immunosuppression medications and regimens, the use
of machine perfusion in liver transplantation, and the critical issue of education, both
for the public but also for medical professionals, to name a few. All of these issues and
many more serve to stress the facts that liver transplantation (1) is multifaceted as an
amalgamation of several different medical, legal, social, and other disciplines and (2),
more importantly, is continuously evolving. It is these two key features that make liver
transplantation one of the most intriguing fields in modern medicine, as well as many
believe it is a mirror of society.

ISBN 978-0-85466-036-0

Published in London, UK
© 2024 IntechOpen

© vsijan / nightcafe.studio InteChOpen 97780854 660360H



	Liver Transplantation - Challenges and Opportunities
	Contents
	Preface
	Section 1 - Introduction – Overview of Liver Transplantation
	Chapter1
Introductory Chapter: LiverTransplantation – The Path to a Bright Future!

	Section 2
Donation Issues in LiverTransplantation
	Chapter2
Deceased by Brain Death LiverTransplant vs. Living Donor Transplant/Putting Deceased Donor on Pump
	Chapter3
Extended Criteria Donors: Opportunities and Advances

	Section 3
The Future of LiverTransplantation
	Chapter4
Dd-cfDNA in LiverTransplantation: The Future of Non-Invasive Liver Graft Evaluation
	Chapter5
Emergencies Following Orthotopic LiverTransplant
	Chapter6
LiverTransplantation: An Updated Criteria Selection for HCC




