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Foreword

Since its introduction to clinical practice in 1963, liver transplantation has become
the treatment for both acute and chronic end-stage liver failure as well as for liver-
dependent metabolic diseases. By any measure, the improvements seen in this ther-
apeutic option have been spectacular. Even its founding father, Thomas E. Starzl,
could not have foreseen how commonplace this procedure would become such that
as of today more than 400,000 liver transplantations have been performed world-
wide. In the Western world, most transplantations are performed using grafts
from deceased donors. However, in the Eastern world, the procedure, instead,
relies almost entirely on grafts from live donors.

According to a statement from the 1983 NIH Consensus Conference, transplan-
tation may be a promising alternative to current therapy in the management of a
variety of serious liver diseases in their late phase. This would be true for both chil-
dren and adults. In addition, the conference report not only defined ten absolute and
five relative contraindications to transplantation but also outlined the characteristics
of the ideal recipient. However, if we were to follow these recommendations today,
not a single patient would receive a transplant. Improvements in surgical techniques
in both donor and recipient as well as in anaesthesia and peri-operative care have
nearly eliminated all but one (active, non-hepatic-related sepsis) of these contrain-
dications. Early survival rates (in the 20% range) pale in comparison to today’s
rates, which approach 90%. Long-term outcomes, however, have remained almost
unchanged. This is due to the fact that many patients with functioning grafts
die from cardiovascular, renal, and infectious diseases and also as a result of de
novo tumor formation. Most of these complications are either directly or indirectly
linked to life-long immunosuppression. This will be the focus, no doubt, of intense
research in the next few years.

The spectacular progress made in recent years has, however, caused a serious
problem. Liver transplantation, in some ways, has become a victim of its own suc-
cess. The increasing number of referrals to transplant centers around the world has
resulted in an ever-widening gap between the number of potential recipients and the
number of available grafts. This gap is steadily increasing, resulting in an increase
in mortality while patients wait for a life-saving transplant (up to 30%). This is
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because, with increasing experience, transplant teams are selecting more and more
patients with severe comorbidities. Unfortunately, many of these patients succumb
to their comorbidities while on the wait-list. Care of these potential recipients is
very labor-intensive and care of these newly transplanted patients is carried out in a
context of high risk. This situation is complicated further by the development of
surgical variants of the procedure (e.g., split and living donor liver transplantation)
and the frequent use of extended criteria grafts in order to offer transplantation to as
many patients as possible. As a result of these developments, experienced transplant
physicians may have the impression that we have returned to the high morbidity and
mortality experienced in the adolescent phase of transplantation (1964—-1990). The
dedicated professionals in transplant centers continue to pave the way for a new
generation of transplant caregivers. This new generation of transplant teams has
expanded their interest, expertise, and influence in areas specifically related to man-
aging hepatic encephalopathy, infectious diseases, cardiovascular, renal, and
mechanical ventilatory support, as well as in the growing fields of combined trans-
plantation and transplant oncology. The transplant team most familiar with each
individual patient must be intimately involved in all decisions regarding patient
care, including listing and, even more importantly, delisting.

This book, Critical Care for Potential Liver Transplant Candidates, is a timely
addition to the literature. An international group of highly respected transplant clini-
cians outline the diagnosis and management of a wide variety of cardiopulmonary,
renal, coagulation, infectious, and electrolyte disturbances seen in liver trans-
plant recipients. Current knowledge and areas of uncertainty in need of research
specific to these patients are discussed.

The editors of this book, Dmitri Bezinover from Penn State University, Penn
State School of Medicine, USA, and Fuat Saner from Essen University Hospital,
Germany, should be congratulated for bringing together a group of world experts to
prepare this book. It should be on the desk of all clinicians involved in the care of
liver transplant patients.

Jan Lerut

Past President of ESOT and ILTS and

Past Director of the Starzl Abdominal Transplant Unit
Université catholique de Louvain,

Brussels, Belgium
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Chapter 1
Cardiac Evaluation and Management

Christopher Wray and James Y. Findlay

Introduction

Liver transplantation constitutes a significant cardiovascular challenge. It involves
undertaking a major surgical procedure on a patient with an already altered cardio-
vascular status during which there is the potential for large and rapid volume shifts,
changes in cardiac loading and vascular compliance, and alterations in electrolytes.
Pre-existing cardiac conditions may increase the risk of perioperative morbidity and
mortality. Additionally, cardiac conditions can influence post-transplant long-term
survival. The pretransplant cardiac evaluation is thus a critical part of the evaluation
process, with the goal of identifying conditions that can affect the transplant out-
come in both the immediate perioperative period and the longer term. Identification
of conditions allows pretransplant interventions, as indicated, to be undertaken,
perioperative management to be optimized, and postoperative follow-up to be
planned. An increased risk of both perioperative and long-term mortality associated
with cardiac conditions can also play a significant part in the determination of trans-
plant candidacy.

C. Wray
Liver Transplant Division, Department of Anesthesiology and Perioperative Medicine,
Ronald Reagan UCLA Medical Center, Los Angeles, CA, USA

J.Y. Findlay (P<)

Solid Organ Transplant Anesthesia, Department of Anesthesiology and Perioperative
Medicine, Mayo Clinic, Rochester, MN, USA

e-mail: Findlay.james @mayo.edu
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Coronary Artery Disease

Interest in underlying cardiovascular disease in liver transplant (LT) patients has
increased in the past two decades. Recognition of the impact of cardiovascular dis-
ease on post-transplant outcomes has driven research and the publication of consen-
sus documents regarding preoperative cardiac evaluation in LT candidates [1, 2].
Although postoperative survival has continued to improve during this time, major
demographic shifts in LT candidates have occurred. Reflecting the general popula-
tion, LT candidates are aging. More than 20% of LT candidates in the United States
are now aged 65 years or older [3]. Cardiovascular disease is highly associated with
aging, as are many conditions that impact cardiac risk. End-stage liver disease
(ESLD) patterns are changing in LT candidates as well. New antiviral treatment
regimens for hepatitis C virus (HCV) infection and the emergence of non-alcoholic
fatty liver disease (NAFLD) as a major cause of cirrhosis are likely to play a role in
determining future LT candidate populations. Older patients with comorbidities
including cardiovascular disease may be excluded from LT candidacy. Likewise, in
intensive care unit (ICU) LT patients with a severe manifestation of ESLD, underly-
ing cardiovascular disease may impart additional perioperative risk. Although a
number of cardiovascular conditions are of concern in adult LT candidates, coronary
artery disease (CAD) is the primary focus of pretransplant cardiac assessment.

Importance

The negative impact of CAD on post-LT survival was initially reported in patients
in the 1990s and early 2000s. These series demonstrated inferior outcomes in single-
center cohorts with CAD [4—-6]. Recent studies have shown that cardiovascular mor-
bidity and mortality are common in the post-transplant period, although direct
causation from underlying CAD is difficult to determine in retrospective analyses.
Cardiac events were one of the most common etiologies of early postoperative mor-
tality in a large OPTN database analysis of LT patients in the United States over a
10-year period [7]. In another large database series from the United Kingdom over
a 13-year period, cardiac disease was the fourth most common cause of postopera-
tive mortality after 1 year, responsible for 8.7% of deaths [8]. Postoperative immu-
nosuppression contributes to the development of hypertension, hyperlipidemia,
diabetes, and renal dysfunction, which may enhance the progression of underlying
CAD. The cure for ESLD is also associated with significant metabolic changes that
can lead to CAD. In a single-center series, 30% of LT recipients with a diagnosis of
post-transplant metabolic syndrome suffered cardiovascular complications com-
pared to 6% of patients without that diagnosis [9]. In the last 15 years, significant
attention has focused on the detection and management of CAD in LT patients. The
expansion of upper age limits for LT candidacy and the aging of the general popula-
tion have further driven this interest. Compared to the corresponding period for most
non-cardiac surgical procedures, the perioperative period in LT is associated with
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prolonged hemodynamic and metabolic instability and the potential for a hyperco-
agulable state. Underlying obstructive CAD in this setting may increase the likeli-
hood for plaque rupture and/or a mismatch between coronary supply and demand.
There is wide variance in the prevalence of CAD reported in LT candidates [10].
Differences in patient populations, diagnostic methods, and categorizations of CAD
severity contribute to this variability. Most studies have been conducted with a single-
center cohort and a relatively small sample size. Overall, recent studies suggest that
the prevalence of CAD in LT candidates is at least equal to that of the general popula-
tion (the reported rate of CAD in the general US population aged 45-64 years in 2015
was 6.1%) [1, 11]. In older LT candidates and in those with traditional CAD risk
factors, CAD prevalence may be much higher [12]. Patients with a diagnosis of
NAFLD have a higher likelihood of CAD compared to the general population, with
prevalence rates reported as ranging from 7.4 to 21.6% [13, 14]. The prevalence of
CAD is likely to increase in LT candidates as the population ages and the rates of
CAD risk factors increase. The emergence of NAFLD is likely to have a major impact
on the cardiovascular risk of LT candidates as well. According to 2016 UNOS data,
HCYV infection is no longer the leading indication for LT in the United States, which
is likely to represent an increased number of LTs for the diagnosis of NAFLD [15].

Screening

Screening for asymptomatic CAD has become an essential part of the preoperative
selection process for adult LT candidates. However, preoperative cardiac evaluation
of LT patients is challenging. Currently, there is no standard for the preoperative CAD
evaluation of LT candidates, and randomized prospective studies investigating preop-
erative paradigms are lacking for this population. Even though the majority of LT pro-
grams use the guidelines of the American Association for the Study of Liver Diseases
(AASLD), there are wide variations in practice between centers. Candidates may remain
listed for long periods of time prior to an organ offer, and CAD may progress during the
interim. Progression of cirrhosis resulting in severe manifestations of ESLD may neces-
sitate an urgent cardiac reevaluation prior to transplant. The urgency of surgery, the
continued mismatch between organ supply and demand, and the need for programs to
maintain acceptable outcomes distinguish LT from other non-cardiac surgeries.

History, Risk Factors, Cardiac Symptoms, and
Functional Capacity

Current ACC/AHA guidelines recommend a stepwise process for the preoperative
cardiac evaluation of non-cardiac surgical patients that relies on determining func-
tional status and analyzing key risk factors. An indication for noninvasive ischemia
testing is based on this approach in most clinical situations [16].
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A known history of previous CAD in an LT candidate requires an updated cardi-
ology evaluation prior to listing. However, the frequency of reevaluation over an
extended listing period has yet to be precisely defined. As the ESLD population
ages, more patients are likely to have traditional CAD risk factors. CAD risk factor
analysis is important for LT candidates, as having more than one pretransplant risk
factor has been shown to correlate with the risk of significant CAD [17].

Diagnosis of occult CAD on the basis of a history of cardiac symptoms is prob-
lematic in LT candidates. A variety of cardiovascular conditions that may produce
cardiac symptomatology are prevalent in this population. The presence of cardiac
dysfunction due to cirrhosis, a syndrome termed cirrhotic cardiomyopathy (CCM),
may be responsible for many cardiac symptoms. In critically ill transplant candi-
dates, underlying renal failure due to hepatorenal syndrome (HRS) may contribute
to volume overload and symptoms of diastolic heart failure. Etiologies of systolic
failure such as alcoholic cardiomyopathy may produce symptoms of congestive
heart failure. Deconditioned ESLD patients are usually unable to exercise to
the point of producing ischemic symptoms. Finally, asymptomatic myocardial isch-
emia and silent myocardial infarction (MI) are common in candidates with long-
standing diabetes.

Determining the functional capacity of LT candidates is also challenging. ESLD
contributes to deconditioning, malnutrition, sarcopenia, renal failure, and pulmo-
nary complications. These factors collectively impact exercise tolerance and mobil-
ity. Critically ill ICU LT candidates may have a prolonged history of immobility that
prevents an accurate assessment of their functional status.

Noninvasive Ischemia Testing

Based on the known prevalence of underlying CAD and the difficulty of applying
current American College of Cardiology (ACC)/American Heart Association
(AHA) guidelines for noninvasive ischemia testing to LT candidates, most centers
perform comprehensive noninvasive testing on a large proportion of adult LT candi-
dates. There is a significant body of research focused on evaluating a variety of
noninvasive methods in LT candidates. In general, most studies have been per-
formed with small, single-center cohorts, and results vary across studies due to dif-
ferences in study methods, patient characteristics, and outcome measurements. In
particular, a comparison of noninvasive results with coronary angiography, the cur-
rent standard for determining a diagnosis of CAD, was not performed in many of
the studies. Although comprehensive noninvasive testing is common in most cen-
ters, there are concerns regarding efficacy, cost, and logistics [1]. Nevertheless,
important information on the utility of noninvasive methods for the detection of
asymptomatic CAD in LT candidates has emerged.
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Resting Electrocardiogram (EKG)

A preoperative resting 12-lead EKG is necessary prior to listing adult LT candi-
dates. Although occult obstructive CAD may be present despite a normal resting
EKG, the presence of Q waves, left bundle branch block, frequent premature
ventricular contractions (PVCs), and repolarization abnormalities associated
with silent myocardial ischemia provide valuable diagnostic information that
can direct further CAD evaluation. In addition, EKG manifestations of CCM
such as prolongation of the QT interval, bradycardia due to chronotropic dys-
function, and arrhythmias such as atrial fibrillation (AF) are especially impor-
tant to consider in documenting the condition of critically ill patients with
advanced ESLD [18].

Stress Echocardiography

Pharmacologic stress echocardiography with dobutamine (DSE) has been exten-
sively evaluated in LT candidates. The use of exercise echocardiography is lim-
ited by poor functional capacity in many patients with cirrhosis and
has rarely been studied. Although an early single-center study demonstrated a
strong positive predictive value (PPV) for the detection of obstructive CAD,
further studies have shown significant variability in both the sensitivity and
specificity of DSE for the prediction of underlying obstructive CAD compared
to coronary angiography [19-22]. Incomplete and non-diagnostic studies are
common with DSE in LT candidates due to failure to reach the target heart rate,
and beta blockade for portal hypertension and chronotropic dysfunction from
CCM may be implicated [22]. In LT candidates with an underlying vasodilatory
state, tests may be terminated early due to cardiac symptoms, dysrhythmia, or
hypotension. Despite the inaccuracy of DSE for predicting underlying obstruc-
tive CAD, the test appears to have value for identifying patients at low risk for
postoperative cardiac events. In an analysis of seven studies in which DSE was
employed for the preoperative screening of LT candidates, the reported speci-
ficities and negative predictive values for perioperative and long-term postop-
erative cardiac events were very good [23]. These findings suggest that a normal
DSE predicts a low likelihood of perioperative cardiac events, especially in can-
didates with few CAD risk factors. Many centers use DSE as the initial CAD
screening test in pretransplant paradigms. However, as the sensitivity of DSE
for detecting obstructive CAD in LT candidates is poor compared to the general
population, candidates at high risk for underlying CAD may be referred for
coronary angiography regardless of DSE results.
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Nuclear Myocardial Perfusion Imaging

Stress myocardial perfusion scintigraphy or single photon emission contrast tomog-
raphy (SPECT) has been studied in LT cohorts as well. A number of studies have
shown wide variability in both sensitivity and specificity for the detection of obstruc-
tive CAD with SPECT in LT candidates [24—26]. The results of one study showed
that SPECT had the same accuracy as risk factor analysis for the detection of severe
CAD in a cohort of LT candidates [26]. The vasodilatory state associated with
ESLD may have an impact on the efficacy of SPECT in LT candidates.

Cardiac Contrast Tomography/Coronary CT Angiography

Cardiac contrast tomography (CT) scanning for quantifying the calcium burden
present in coronary arteries has been described as a viable screening method for
CAD in a cohort of low-risk LT candidates [27]. Cardiac CT has advantages in LT
candidates, as diagnostic accuracy is not affected by exercise capacity, vasodilatory
state, or heart rate. Likewise, coronary CT angiography, an alternative to invasive
coronary angiography, provides detailed imaging of coronary anatomy, and has
been described as a viable screening test in a cohort of low- and medium-risk LT
candidates [28].

Cardiopulmonary Fitness Evaluation

Functional cardiovascular testing including the assessment of metabolic equivalents
(METs) that patients are able to attain may be employed in the preoperative testing
paradigm for non-cardiac surgery. Functional testing for the preoperative assess-
ment of LT candidates has been studied. Both the 6-min walk distance test and the
cardiopulmonary exercise test (CPET) have been assessed in LT candidates, and
a limited cardiopulmonary reserve has been shown to correlate with worse post-
transplant survival using either method [10]. It should be noted that in many LT
candidates, especially in those with critical illness, functional cardiac testing is not
likely to be applicable.

Coronary Angiography

Coronary angiography allows for the definitive diagnosis of the severity and distri-
bution of CAD, regardless of its functional impact. Angiography is invasive and
associated with risks that may be increased in LT candidates. Studies have
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demonstrated the safety of angiography in patients with cirrhosis, although with
only small samples [29, 30]. Vascular injuries and transfusion are more common
with angiography in ESLD patients compared to patients without cirrhosis [30].
Upper extremity arterial access for coronary angiography has become standard at
many centers and has been shown to be safe and effective in a cohort of ESLD
patients [31].

Recommendations

Two recently published documents provide recommendations for the preoperative
evaluation of CAD in LT candidates, although these two documents differ in terms
of some specific details [1, 2]. According to a consensus document from the
American Heart Association (AHA) and the American College of Cardiology
Foundation (ACCF), noninvasive stress testing should be considered regardless of
functional status based on the presence of three or more CAD risk factors. These
risk factors include an age of greater than 60 years, a history of tobacco use, hyper-
tension, hyperlipidemia, left-ventricular hypertrophy, diabetes, and a history of
known cardiovascular disease. This document also includes the recommendation
that each center identify a cardiology consultant for the preoperative evaluation of
LT candidates [1]. In an AASLD and American Society of Transplantation (AST)
practice guideline included in the document, both an assessment of cardiac risk fac-
tors and stress echocardiography as an initial CAD screening test are recommended.
Also recommended are the use of coronary angiography as indicated by the clinical
situation and consideration for cardiac revascularization in LT candidates with sig-
nificant CAD [2].

Many centers use screening paradigms that include compulsory noninvasive test-
ing, aggressive coronary angiography for positive or non-diagnostic stress test
results, and direct coronary angiography for high-risk candidates regardless of stress
test results. Although angiography allows for standardized grading of CAD lesions,
the severity of CAD that may be of significance during the perioperative period of
LT has not been defined. Fractional flow reserve (FFR), a method for determining
the functional significance of a flow-limiting coronary lesion, has become the stan-
dard for assessing the need for revascularization in intermediate coronary lesions
[32]. FFR is likely to have a significant role in determining the need for preoperative
revascularization of discrete coronary lesions in LT candidates.

Management of CAD in LT Candidates

There is no consensus regarding management strategies for LT candidates with sig-
nificant CAD. Furthermore, the extent of CAD that excludes candidates from LT
has not been defined. Current ACC/AHA guidelines do not recommend
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revascularization for asymptomatic CAD prior to elective non-cardiac surgery [16].
However, LT surgery is unique compared to other elective non-cardiac surgeries.
Severe hemodynamic, metabolic, and hemostatic changes occur during the periop-
erative period and may persist in critically ill patients for many days during the
postoperative period. The impact of underlying obstructive CAD in relation to LT
may adversely impact outcomes to a greater extent compared to routine elective
surgery. In addition, organs are a scarce and precious resource. Centers are usually
unwilling to risk early mortality from a cardiovascular complication in a patient
with severe underlying CAD without performing pretransplant revascularization,
although this practice has not been validated in randomized studies. Unlike in the
non-transplant surgical population, significant logistical, ethical, and practical
issues prevent the design and implementation of a properly powered, randomized
study comparing medical management to pretransplant revascularization in an LT
population.

In many centers, obstructive CAD identified on pretransplant angiography is
treated using percutaneous coronary intervention (PCI). In LT candidates, espe-
cially in those with high MELD scores and a likelihood of undergoing LT in the near
future, PCI with a bare metal stent (BMS) is the favored approach as the duration of
antiplatelet therapy is shorter with BMS. In general, listing for LT is usually delayed
for 4 weeks following BMS placement per recent guidelines; however, listing
dilemmas may occur after revascularization in patients with decompensated liver
disease [33]. Centers must balance the risk of stent thrombosis against the risk of
delaying transplant in high-MELD candidates with an escalating risk of mortality
from progressive ESLD without LT. Furthermore, the timing of the withdrawal of
antiplatelet therapy may need to be addressed, adding to the complexity of treat-
ing these patients. Difficult listing decisions for LT candidates with CAD including
for those with a history of recent revascularization require close communication
between all clinicians involved in the care of these patients.

Cardiac surgical revascularization prior to LT may be undertaken in candidates
with multi-vessel disease not amenable to PCI. However, a very high rate of mortal-
ity is well recognized in patients with advanced cirrhosis following cardiac surgery
[34]. Off-pump coronary artery bypass grafting (CABG) is a less invasive revascu-
larization option and may be considered in appropriate LT candidates. There are
reports of improved outcomes in off-pump surgery compared to conventional
CABG in patients with cirrhosis; however, each of these studies included only a
small number of patients [35, 36]. Combined CABG-LT surgeries have been per-
formed successfully in LT candidates with multi-vessel CAD; however, experience
is limited to case reports and small, single-center series [37].

Prior to listing for LT, all candidates should be maintained on long-term lifestyle
and dietary modifications to limit the development and progression of CAD. Medical
therapies may be considered in patients with risk factors or with a proven diagnosis
of CAD [16]. Per ACC/ACCF recommendations, chronic condition medical man-
agement of CAD in LT candidates should be directed by a cardiologist [1]. Statin
therapy has been shown to decrease perioperative cardiac events and mortality in
non-transplant surgical patients, and its use is reasonable in high-risk patients
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including LT candidates [16]. In non-LT surgical populations, there is mixed evi-
dence for the benefit of perioperative beta blockade, and it is not recommended to
initiate beta blockade at the time of surgery in patients not previously receiving
beta-blockers [16]. The impact of perioperative beta blockade has been evaluated in
LT patients. In a single-center series of LT patients, perioperative beta blockade was
protective against both early mortality and a composite of nonfatal myocardial
infarction (MI) and early mortality [6]. In another single-center study on LT patients,
intraoperative hemodynamic data and postoperative outcomes were compared
between patients who had received preoperative beta blockade and patients who had
not received this treatment. Intraoperative hemodynamic parameters such as heart
rate and cardiac index were lower in the group that received beta-blockers; however,
there were no differences in outcome data between the groups, including in regard
to early mortality [38]. Many LT candidates may receive chronic beta blockade
therapy for the management of portal hypertension. It is reasonable to maintain
perioperative beta blockade in these patients, although the risk of bradycardia dur-
ing the perioperative period should be considered.

Outcomes in LT Candidates with CAD

As previously mentioned, there are no prospective randomized controlled studies
that include a comparison between revascularization and medical therapy in LT
patients with CAD. Retrospective series, mostly in single-center cohorts, have pro-
vided outcome data for LT patients with documented CAD. Of particular interest are
studies conducted within the past 15 years. These studies report outcomes in patients
who received transplants in the current MELD score organ allocation era in the
United States (after 2002). Current CAD management strategies including PCI with
post-intervention antiplatelet therapy were routine during this time period as well.

In a recent single-center study of LT candidates over a 10-year period, coronary
angiography rates and postoperative LT outcomes were evaluated. During the study
period, the pretransplant cardiac evaluation policy evolved from a general cardiol-
ogy consultation to a dedicated LT cardiology service based on a paradigm that
included standard indications for angiography. The authors found that rates of coro-
nary angiography and PCI increased over the study period. Postoperative MI and
unadjusted 1-year mortality decreased during the study period as well. Interestingly,
the majority of postoperative MI patients from the early period of the study did not
undergo preoperative angiography, and more than half of the patients who under-
went preoperative PCI had normal stress tests. The authors concluded that a lower
threshold for performing pretransplant coronary angiography may impact post-
transplant outcomes [39]. Based on the study methodology, the impact of coronary
angiography and pretransplant coronary revascularization cannot be directly corre-
lated with a survival benefit. However, the results are compelling.

In three recent studies, post-transplant outcomes in LT patients with documented
CAD are evaluated. In a single-center study of 87 LT patients who underwent
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pretransplant angiography, 29 patients were found to have angiographically proven
obstructive CAD, of whom 22 underwent pretransplant revascularization. Post-
transplant outcomes in this cohort were compared to those of control groups from
the same institution. There was no significant difference in survival between the
patients with CAD and either the patients with no CAD on angiogram or the control
group patients. The authors concluded that post-LT survival is not dependent on the
severity of underlying CAD or the number of coronary arteries involved [40]. In
another single-center study of 386 LT patients over a 4-year period, postoperative
survival was compared with national UNOS data. The single-center cohort included
patients with a diagnosis of CAD. Postoperative survival was similar between the
studied group and the national database group, and survival was similar regardless
of the severity of CAD or the preoperative cardiovascular risk index [41]. Finally, in
a multi-center study of 630 LT patients who had undergone pretransplant angiogra-
phy, 151 patients with obstructive CAD were identified. These patients underwent
treatment per the discretion of each center. In total, 80 patients underwent pretrans-
plant interventions; 46 patients received coronary stents; and 32 patients underwent
CABG. Seventy-one patients were managed medically prior to LT. There was no
difference in adjusted mortality between the groups with and without obstructive
CAD. The authors concluded that when current CAD management is used, patients
with proven obstructive CAD can safely undergo LT provided they are otherwise
appropriate candidates [42].

Based on the above evidence, LT in patients with appropriately treated CAD
using current practices appears to be justified. However, given that cardiac disease
is a leading cause of late post-LT mortality, further studies examining the impact of
underlying CAD on long-term outcomes are required. In addition, the current
UNOS national database for LT does not archive information on cardiac risk factors
or cardiac outcomes. Individual centers must maintain their own databases of LT
populations with cardiac diseases. Collecting sufficient data on LT patients with
underlying CAD is challenging, as the overall volume of transplants performed on
patients with obstructive CAD is relatively low, despite the recent increase in
the prevalence of CAD.

CAD Management in LT ICU Patients

There are no studies directly addressing the impact of CAD on critically ill LT
patients in the ICU setting. Most ICU LT candidates have high MELD scores, gen-
erally considered a score of 35 or higher. These patients have a high prevalence of
renal failure requiring renal replacement therapy, mechanical ventilation, hemody-
namic instability requiring vasopressor infusions, and treatment of coagulopathy. In
the MELD allocation era, high-MELD patients are prioritized for receiving an LT
given that their risk of mortality is acute. LT outcomes based on MELD score have
been studied with mixed results; overall, however, the preoperative MELD score is
not a highly accurate predictor of post-LT survival [43—45]. The impact of underly-
ing cardiac disease on post-LT outcomes in high-MELD patients has been studied.
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In a single-center study, post-LT outcomes were analyzed in 169 LT recipients with
MELD scores of 40 or greater over an 8-year period. Early (3 months) mortality was
22%. An analysis of the pretransplant risk factors in survivors and in the group with
early mortality demonstrated that chronic morbidities, sepsis, and cardiac condi-
tions strongly predicted post-LT mortality in this high-MELD cohort. Severe CAD
(defined as 70% stenosis of a coronary artery or a history of revascularization),
a history of MI, and wall motion abnormalities on stress testing were included in the
cardiac predictors of early mortality [46]. This study provides evidence that under-
lying CAD has a significant impact on critically ill, high-MELD LT candidates.

Evaluating ICU patients for CAD can be challenging. Functional status cannot be
determined. Cardiac symptoms may be masked or absent. Logistics for performing
noninvasive testing are difficult. In some centers, critically ill LT candidates may
undergo direct coronary angiography prior to listing to rule out obstructive CAD,
especially in patients with hemodynamic instability and with elevated levels of car-
diac biomarkers. The threshold for determining exclusionary criteria in high-MELD
candidates with underlying CAD is difficult, as each clinical situation is unique.
Listing dilemmas are common in critically ill ICU LT candidates, and underlying
CAD adds to the complexity of treating these patients. A multidisciplinary team
including surgeons, cardiologists, transplant anesthesiologists, hepatologists, and
critical care physicians should be included in the preoperative management, evalua-
tion, and determination of candidacy of critically ill patients with CAD.

Structural Heart Disease

Patients presenting for liver transplant evaluation may have known structural heart
disease, or it may be discovered on pretransplant screening, particularly on echocar-
diography. As a general approach, cardiac symptoms should be sought, although in
the context of liver failure the interpretation of these may be difficult (e.g., exercise
limitation, shortness of breath, or edema). The lesion should be characterized by
appropriate measurements of severity, many of which can be obtained by echocar-
diography. It should be noted that echocardiography is able to detect small degrees of
valvular abnormalities; those reported as trivial or mild are rarely of clinical signifi-
cance. The potential influence of altered physiology during the perioperative period
should be considered in making a decision on the suitability of a candidate for trans-
plant. In some circumstances, stress echocardiography may assist in assessing the
significance of a cardiac lesion and potential responses to the stresses of transplant
surgery. The potential interventions to ameliorate or correct the lesion should also
be considered along with the associated risk, particularly if cardiac surgery may be
required. The outcome literature regarding patients with structural heart disease
undergoing LT is rather scant and generally of low evidential quality. The studies that
do exist report the outcome of those patients selected to advance to transplant, which
limits the general guidance that can be taken from it. The decision-making process
relies on sound clinical judgment and close collaboration between members of the
transplant team along with cardiology and cardiac surgery input.
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Valvular Heart Disease

Stenotic Lesions

The presence of moderate or severe aortic stenosis has been reported as resulting in
a fivefold increase in perioperative mortality and morbidity, with the highest risk
reported for patients with severe disease [47]. Data related to LT and this condition
are not available, as most programs deny LT to candidates with untreated high-grade
stenosis. If pretransplant intervention can be undertaken, this is typically recom-
mended. Operative valve replacement can be considered. However, with increasing
severity of liver failure, the high risk of perioperative decompensation and mortality
associated with cardiac surgery in ESLD may limit acceptance of this [48]. One
approach has been to perform valve replacement and LT in the same procedure, as
reported in case reports and small series [49, 50]. However, this approach can be
challenging from both an operative management and organizational standpoint.
More recently, transcatheter techniques, both valvuloplasty and valve replacement,
have become available and have been successfully used prior to LT [51, 52]. In
centers with experience in these techniques, these may represent the best bridge to
transplant for suitable candidates.

Mitral stenosis causes obstruction of blood flow between the left atrium (LA)
and the left ventricle, resulting in LA dilation and elevated pressures in the LA,
the pulmonary vasculature, and the right side of the heart. Options for management
include surgical and percutaneous techniques, of which the latter have been reported
as a bridge to LT [53].

Insufficiency

Trivial or mild valvular regurgitation is a frequent finding on echocardiography and
of little significance. Indeed, it may be a normal finding, such as the tricuspid regur-
gitation used to estimate right-sided systolic pressure. More severe degrees of aortic
and mitral regurgitation can lead to left-ventricular volume overload and failure;
such patients are poor candidates for LT without correction. A further consideration
with left-sided regurgitation is the possibility of it worsening in the post-transplant
period as SVR increases [54].

Tricuspid regurgitation (TR), if severe, results in increased right-sided filling
pressure, which may compromise blood flow to the transplanted liver. In an evalua-
tion of TR in liver failure, it should be remembered that functional TR can be related
to volume status and may show marked improvement with diuresis. TR of any
degree greater than mild has been associated with more intraoperative hemodynamic
instability and higher per-transplant morbidity and mortality. Yet, how this informa-
tion should be incorporated into pretransplant risk stratification is unclear [55, 56].
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Outflow Tract Obstruction

Left ventricular outflow tract (LVOT) obstruction occurs when a narrowing of the
LVOT and high flow result in a pressure gradient causing systolic anterior motion of
the mitral valve (SAM) into the LVOT, a resultant obstruction, and a drop in cardiac
output and blood pressure. Left-ventricular hyperdynamism and low SVR, as pres-
ent in ESLD and during LT, are predisposing factors. An inducible LVOT obstruc-
tion (not present at rest but present during stress) is a not uncommon finding on DSE
performed on LT candidates. Patients who exhibit this have a higher incidence of
intraoperative hypotension, but post-LT outcomes are not affected [57]. Intraoperative
TEE aids in identifying the occurrence of LVOT obstruction and guiding manage-
ment with fluid administration, pressor use, and avoidance of hyperdynamism.

LVOT obstruction secondary to a fixed lesion occurs in the more common variant
of hypertrophic cardiomyopathy (HCM). Successful LT has been reported in HCM
patients with appropriate monitoring and management [58, 59]. While operative
myomectomy is the definitive treatment, alcohol septal ablation has been used as a
bridge to LT [60].

PFO/ASD

A finding of patent foramen ovale (PFO) is common and has been identified on
echocardiography in 25% of adults [61]. Theoretically, PFO could place patients at
risk for perioperative morbidity while undergoing LT, particularly embolic events.
However, published studies show no increased morbidity or mortality and no influ-
ence of PFO size [62, 63]. The findings for atrial septal defect in pediatric patients
undergoing LT are similar [64, 65].

Congenital Heart Disease
Fontan Circulation

Correction of congenital heart disease by the Fontan procedure results in a circula-
tion that is prone to the development of liver disease. Such patients present a com-
plex problem: if further heart surgery is contemplated, they are at risk for hepatic
decompensation; if LT is considered, the influence of the Fontan physiology on the
transplanted liver is uncertain, and experience is limited [66]. Of particular concern
is that a CVP adequate to maintain pulmonary blood flow (which is passive in these
patients) is required, which may compromise liver blood flow. Yet, successful com-
bined heart liver transplantation has been reported [67].
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Other Congenital Defects

A large variety of congenital cardiac defects may be identified in LT candidates, uncor-
rected or corrected. In some pediatric candidates, the cardiac defects may be part of the
syndrome with liver failure (e.g., Alagille syndrome). In each case, the particular
lesions and how these could influence both the transplant procedure and the postopera-
tive course should be considered in concert with appropriate expert consultation.

Cirrhotic Cardiomyopathy

Cirrhotic cardiomyopathy (CCM) is a cardiac dysfunction occurring in patients
with cirrhosis. Although there is no universally accepted definition, a proposed
working definition describes it as characterized by impaired contractile responsive-
ness to stress and/or altered diastolic relaxation with electrophysiological abnor-
malities in the absence of other known cardiac disease [68]. A constellation of
alterations in cardiovascular receptor function, molecular mediators, cardiac mem-
brane function, and autonomic function have been described in cirrhotic patients
and are believed to contribute to the development of CCM [68, 69]. Investigative
findings include systolic dysfunction (low resting EF), blunted systolic response to
stress, diastolic dysfunction, and electrophysiological abnormalities including pro-
longed QT [68-71]. Reversal of clinical abnormalities post-LT has been described
[71]. Assessing the significance of CCM in the LT population is problematic. There
is no definitive test for CCM. Systolic dysfunction is masked in ESLD by the asso-
ciated vasodilation, and there is no standardized test for blunted cardiac responsive-
ness. Diastolic dysfunction is common in LT candidates, being found in 43% in one
study [72]. Diastolic dysfunction is not associated with the severity of liver disease;
however, it is associated with volume status, particularly in the presence of ascites
and with other factors described in a non-ESLD population such as increased age
[72-74]. Studies in which the influence of diastolic dysfunction on outcomes in
both cirrhotic patients and post-LT patients are evaluated present conflicting conclu-
sions. Diastolic dysfunction has been reported as not associated with worsened out-
comes [73, 75], as associated with worse outcomes but not as an independent factor
[76], and as independently associated with increased graft failure and mortality
[77]. The later study also showed a “dose effect” with worse outcomes for higher
grades of diastolic dysfunction. Further, diastolic dysfunction has been associated
with increased hemodynamic instability during LT [78]. At this point, the impor-
tance of identifying CCM in LT candidates is unclear, as is the relationship between
CCM and diastolic dysfunction, and between the latter and the outcomes.

Arrhythmia

Severe arrhythmias may impact the LT patient population in the preoperative, intra-
operative, and postoperative phases. Pre-existing arrhythmia in an LT candidate
requires a complete cardiology evaluation. In certain cases, definitive therapy may
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be warranted prior to listing. The presence of an unstable arrhythmia may impact
the candidacy of a patient and should be addressed prior to proceeding with LT. In
the perioperative period, a severe arrhythmia may adversely impact the LT patient.
Underlying CCM, electrolyte and acid base abnormalities, chronic cardiac condi-
tions, and hemodynamic instability may all contribute to the development of
an arrhythmia and worsen the clinical course. An arrhythmia may develop during
critical intraoperative events, particularly at reperfusion of the new graft. Severely
ill ICU LT patients may be at higher risk for an arrhythmia secondary to a prolonged
high-catecholamine state and multi-organ dysfunction. In all cases, a new severe
arrhythmia in an LT patient requires prompt cardiology evaluation and treatment.

Ventricular Arrhythmias

The prevalence of ventricular arrhythmias has rarely been studied in LT patients,
and sudden cardiac death is seldom reported in cirrhosis patients. Despite this, the
underlying presence of CCM may create conditions in the myocardium that
enable the development of a ventricular arrhythmia. QT prolongation is a common
feature of CCM, occurring in half of all patients with cirrhosis [79]. In ESLD
patients, toxins accumulate in the central circulation and act on cardiac myocytes,
resulting in cellular changes that manifest as a prolonged QT interval [80]. The
increased sympathetic state in CCM may contribute to the development of QT
prolongation as well [81]. It is well known that QT prolongation may induce a fatal
ventricular arrhythmia, particularly torsades de pointes. In addition to a prolonged
QT interval, underlying ventricular dysfunction may further contribute to the devel-
opment of a ventricular arrhythmia. The presence of alcoholic cardiomyopathy
(CM), the most common form of dilated CM in cirrhosis, may further contribute,
particularly in the late stages of heart failure. Underlying CAD, valvular disease,
and right-ventricular (RV) failure from severe portopulmonary hypertension (PPH)
may lead to ventricular arrhythmias in LT patients as well.

The perioperative period during LT increases the likelihood for a ventricular
arrhythmia in patients with QT prolongation. The hemodynamic stress of surgery,
electrolyte and acid-base derangements, and medications that further prolong the
QT interval may all have an impact. The acute physiologic changes associated with
reperfusion of the graft, including postreperfusion syndrome, create the highest risk
for ventricular arrhythmias during the perioperative period. Central venous access
procedures and pulmonary artery catheterization may predispose to ventricular
ectopy. In critically ill ICU patients with multi-organ disease, a ventricular arrhythmia
may impact the clinical course in both the preoperative and postoperative periods.
Ventricular ectopy may signify a severe underlying cardiac condition such as left-
ventricular (LV) failure, myocardial ischemia, MI, or acute right-ventricular (RV)
failure. In the postoperative period, LV failure from stress-induced CM (takotsubo
CM) may present with ventricular irritability. Regardless of the phase of LT, prompt
recognition and treatment of an unstable arrhythmia using advanced cardiac life sup-
port (ACLS) treatments including cardioversion are indicated. In the operating
room, some centers may place defibrillator patches as part of a standard institutional
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protocol in all patients prior to surgery. In all cases of ventricular arrhythmia, cardi-
ology consultation is warranted for the diagnosis of underlying cardiac conditions
and further management. Patients with a history of ventricular arrhythmia or those
with the onset of ventricular arrhythmia in the preoperative period require a compre-
hensive cardiology evaluation, and LT candidacy may be impacted.

Despite a large number of publications documenting cardiac events in the periop-
erative and postoperative periods in LT populations, few provide information on ven-
tricular arrhythmia. Most studies are retrospective reports from single centers, and the
methodology may not differentiate between the types of arrhythmia; some report only
atrial fibrillation. A ventricular arrhythmia may be a manifestation of another cardiac
condition, particularly heart failure and MI. Nevertheless, there are case reports of
ventricular arrhythmias including torsade de pointes complicating LT [82-84]. In a
prospective series of 105 patients who received an LT, 37% developed significant ven-
tricular ectopy during pulmonary artery catheterization (defined as 3 or more prema-
ture ventricular beats); 4 patients developed a sustained ventricular arrhythmia [85].
In a single-center series that reported cardiac events in LT patients, there were 12
intraoperative arrhythmias resulting in 2 intraoperative deaths, although the types of
arrhythmia were not specified [86]. Many studies have documented arrhythmias in the
early postoperative period in LT patients; however, few have specifically documented
ventricular arrhythmias. In one single-center report, arrhythmia was one of the most
common postoperative cardiac complications; however the majority of arrhythmias
were atrial fibrillation [87]. In another single-center series that reported 70 early post-
operative cardiac events, 24 atrial arrhythmias and 2 ventricular tachycardia events
were documented [88]. In all phases of LT, the anesthesiologist should be vigilant
regarding the early diagnosis and prompt treatment of ventricular arrhythmias. A pre-
operative EKG is necessary, and the QT interval should be assessed. Medications that
prolong the QT interval should be avoided if possible. Cardiology consultation is
advisable for the further management of LT patients with a ventricular arrhythmia.

Atrial Fibrillation

Based on reports documenting the frequent occurrence of atrial fibrillation (AF)
during the perioperative period in LT patients, a number of recent studies specifi-
cally investigating AF in LT populations have been published. AF appears to be
much more common than ventricular arrhythmia in LT patients. AF is the most
common dysrhythmia in adults, and its prevalence increases with age due to cardiac
structural and electrophysiologic changes [89]. AF is associated with significant
morbidity and mortality, including stroke and heart failure. In the perioperative
period, the onset of AF can significantly impact hemodynamic stability due to loss
of the atrial contribution to stroke volume. A rapid ventricular response (RVR) can
further impact hemodynamic stability. AF is categorized as paroxysmal, recurrent,
and chronic persistent. The evaluation and treatment of AF have been well studied
and are beyond the scope of this chapter [89].
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AF has been investigated in LT patients in all phases of the perioperative period.
In a single-center series of 717 consecutive LTs, 32 patients (4.5%) had documented
AF on EKG prior to surgery. Compared to an age-matched control group, patients
with AF had more adverse cardiovascular events during the intraoperative phase and
more AF-related postoperative events. However, overall graft and patient survival
was similar between the groups [90]. In another single-center series of 757 LT
patients, 19 (2.5%) had documented preoperative AF. Compared to the non-AF
patients, the patients with AF had lower 30-day (84 vs. 97%) and 1-year (68 versus
90%) survival [91]. The impact of postoperative AF was studied in a large
single-center series of LT patients. In 1,387 consecutive LT patients, the prevalence
of postoperative AF within 30 days of surgery was 7.4%. Patients with postoperative
AF were older, had a higher MELD score, and were more likely to require preopera-
tive intubation, dialysis, and vasopressors. Crude mortality and graft failure were
significantly higher in patients with postoperative AF, as were the incidence of post-
operative renal failure and the duration of hospitalization. Multivariate analysis
demonstrated that postoperative AF is an independent predictor for mortality.
Interestingly, postoperative AF correlated closely with MELD score: nearly a third
of patients with MELD scores of 32 or higher developed AF. These findings suggest
that the development of postoperative AF is highly associated with underlying
severe ESLD, multi-organ disease, and severe CCM [92].

The prevalence and adverse impact of AF in surgical populations are well docu-
mented [93]. The presence of AF in any phase of the perioperative period may
impact outcomes in LT as well. It is advisable for patients with documented preop-
erative AF to undergo a cardiology evaluation. In patients with chronic AF, deci-
sions regarding medical therapy and anticoagulation management may increase the
complexity of care during the perioperative period. The onset of acute AF with RVR
during LT may significantly impact hemodynamics, and appropriate management
may include cardioversion and cardiology consultation. Unstable AF in the preop-
erative and intraoperative phases may impact LT candidacy. Postoperative AF is an
important risk factor for mortality and morbidity in LT patients. AF with RVR may
precipitate tachycardia-induced LV failure. Postoperative LT patients with underly-
ing CCM and baseline hemodynamic instability may be at a particularly elevated
risk. Management of new onset AF in the postoperative period should include car-
diology consultation.

Bradyarrhythmias

The underlying state of CCM in LT patients creates the potential for bradycardia
and dysrhythmia related to a low heart rate, despite the hyperdynamic circula-
tion of cirrhosis. Chronotropic dysfunction is a recognized feature of CCM.
Abnormal heart rate responses to pharmacologic and physiologic stimulation are
common in patients with ESLD [94]. Chronotropic incompetence during DSE is
a common reason for incomplete test results. In one series, 49% of LT
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candidates did not achieve the target heart rate during DSE [22]. Chronotropic
incompetence in cirrhosis is thought to occur due to many factors, including
beta-receptor downregulation, reduced baroreflex responses, and autonomic
neuropathy [22, 79]. Reduced heart rate variability has been documented in cir-
rhotic patients [95]. In addition, many LT candidates receive chronic beta-block-
ade therapy for portal hypertension, further contributing to the potential for low
heart rate responses.

Bradyarrhythmias in the perioperative period in LT patients have received little
research attention. Nevertheless, bradycardia is regularly encountered during LT,
particularly at reperfusion. The release of pooled venous blood from the lower half
of the body after opening of the vena cava clamps results in the rapid return of
cold, acidotic blood to the heart. Bradycardic responses at reperfusion are com-
mon, although most are self-limited. In rare cases, heart block or asystole requiring
resuscitation may occur. A reduction in heart rate may also occur with postreperfu-
sion syndrome (PRS) and may further exacerbate bradycardia in the early neohe-
patic phase of LT [96]. Severe bradyarrhythmias including heart block have been
reported in all phases of LT, including in the preoperative and postoperative set-
tings [97]. Bradycardia may be exacerbated by pharmacologic agents, particularly
beta-blockers. Cardiology evaluation is warranted in the preoperative and postop-
erative setting, especially with cases of high-grade atrioventricular block.
Successful LT in patients with permanent and temporary pacemakers has been
reported [97].

Key Points

1. Pre-existing cardiac conditions in liver transplant candidates may adversely
impact post-transplant outcomes and may affect transplant candidacy.
Cardiovascular events are an important cause of peri- and post-transplant
morbidity and mortality.

2. Coronary artery disease is the most important cardiovascular condition in
liver transplant candidates. Screening for asymptomatic ischemic heart
disease is an essential part of the preoperative selection process.

3. Published guidelines recommend non-invasive ischemia testing in candi-
dates at risk for coronary artery disease. Although there is no consensus
regarding management strategies, coronary angiography and revascular-
ization of obstructive lesions have important roles.

4. Structural and valvular cardiac disease may impact transplant candi-
dacy. Preoperative echocardiography is indicated to identify major cardiac
conditions such as dilated cardiomyopathy and aortic stenosis.

5. Cirrhotic cardiomyopathy, a constellation of cardiovascular changes asso-
ciated with advanced liver disease, may contribute to the perioperative car-
diovascular risk in liver transplant patients.
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Chapter 2
Pulmonary Evaluation of Liver
Transplant Candidates

Hilary M. DuBrock and Michael J. Krowka

Introduction

Pulmonary diseases are frequently encountered comorbidities in liver transplant
(LT) candidates. Pulmonary disease can develop as a complication of liver disease
or in association with risk factors such as smoking that are common in patients with
end-stage liver disease. A systematic and comprehensive pretransplant pulmonary
evaluation of LT candidates is necessary in order to recognize and treat conditions
that are associated with increased perioperative and long-term morbidity and mor-
tality. Some pulmonary complications of liver disease also have significant implica-
tions for prioritizing organ allocation according to the current Model for End-Stage
Liver Disease (MELD) exception policy. This chapter will provide an overview of
the pulmonary preoperative evaluation of LT candidates with an emphasis on the
perioperative evaluation and management of pulmonary vascular complications of
liver disease, hepatopulmonary syndrome (HPS), and portopulmonary hypertension
(POPH).

An Overview of Pulmonary Diseases that Affect Liver
Transplant Candidates

Hepatopulmonary Syndrome (HPS)
Diagnosis

HPS is characterized by the following triad (Table 2.1):
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Table 2.1 Diagnostic criteria for hepatopulmonary syndrome and portopulmonary hypertension

HPS POPH
Diagnostic 1. Room air upright arterial blood gas 1. Right-heart catheterization
testing® 2. Contrast-enhanced transthoracic

echocardiogram
Diagnostic 1. IPVD as detected by CE-TTE 1. mPAP > 25 mmHg
criteria 2. A-a gradient > 15 mmHg 2. PVR > 3 Wood units

(or > 20 mmHg if age > 64 years) (240 dynesesecm™)

3. Liver disease 3. PAWP < 15 mmHg

4. Portal hypertension

A-a alveolar-arterial, CE-TTE contrast-enhanced transthoracic echocardiogram, /PVD intrapulmo-
nary vasodilatation, mPAP mean pulmonary arterial pressure, PAWP pulmonary arterial wedge
pressure, PVR pulmonary vascular resistance

“In addition to appropriate workup for other causes of hypoxemia in patients with suspected HPS
and appropriate workup for other causes of pulmonary hypertension in patients with suspected
POPH

Table 2.2 Classification of disease severity in hepatopulmonary syndrome

Disease severity A-a gradient PaO2

Mild > 15 mmHg > 80 mmHg
Moderate or > 20 mmHg if age > 64 60-79 mmHg
Severe 50-59 mmHg
Very severe <50 mmHg

A-a alveolar-arterial, PaO2 partial pressure of oxygen in arterial blood

1. Abnormal arterial oxygenation [defined as an Alveolar-arterial (A-a) oxygen
gradient > 15 mmHg (or > 20 mmHg if age > 64) on room air arterial blood gas]

2. Intrapulmonary vascular dilatation (IPVD), detected by contrast-enhanced trans-
thoracic echocardiogram

3. Advanced liver disease

HPS can be classified as mild, moderate, severe, or very severe based on the level
of hypoxemia. Mild HPS is defined by a PaO2 > 80 mmHg, moderate HPS by a
Pa02 of 60-80 mmHg, severe HPS by a PaO2 of 50-59 mmHg, and very severe
HPS by a PaO2 < 50 mmHg (measurements performed on room air) [1] (Table 2.2).

Epidemiology

HPS develops in 4-32% of LT candidates [1]. HPS is not associated with age, sex,
or liver disease severity or etiology [2]. Compared to LT candidates without HPS,
patients who develop HPS are less likely to have a history of smoking [2]. Genetic
predisposition may also be important in disease epidemiology. Multi-center case-
control studies have identified an association between HPS and alterations in genes
involved in the regulation of angiogenesis [3].
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Pathophysiology

HPS typically develops in the setting of portal hypertension and cirrhosis but can
also develop in acute or chronic hepatitis, acute liver failure, and vascular abnor-
malities that limit hepatic blood flow to the lungs, such as cavopulmonary shunts
and congenital portosystemic shunts [1]. Dilatation of capillary and precapillary
pulmonary blood vessels results in hypoxemia via a ventilation-perfusion (V-Q)
mismatch, anatomic shunting, and diffusion limitation. The pathophysiology of
HPS has not yet been elucidated, but clinical studies and animal models suggest that
vasoactive mediators of inflammation, vasodilatation, and angiogenesis, such as
tumor necrosis factor alpha, nitric oxide, endothelin-1, and vascular endothelial
growth factor, may play a role in disease pathogenesis [1].

Portopulmonary Hypertension
Diagnosis

Portopulmonary hypertension is a clinical and hemodynamic diagnosis. It is defined
as the presence of pulmonary arterial hypertension (PAH) in the setting of portal
hypertension without an alternative cause of pulmonary hypertension [1] (Table 2.1).
PAH is further defined as an elevated mean pulmonary arterial pressure (mPAP)
> 25 mmHg in the setting of an elevated pulmonary vascular resistance (PVR) > 3
Wood units and a normal pulmonary arterial wedge pressure (PAWP) < 15 mmHg.
Right-heart catheterization and thorough exclusion of alternative causes of pulmo-
nary hypertension, such as chronic thromboembolic pulmonary hypertension, sleep-
disordered breathing, diastolic dysfunction, and significant obstructive or restrictive
lung disease, are required for diagnosis. It is important to distinguish the hemody-
namic profile of POPH from other frequently encountered causes of an elevated
mean pulmonary arterial pressure in patients with liver disease, such as a hyperdy-
namic cardiac output and an elevated wedge pressure (Fig. 2.1), as accurate diagno-
sis has significant implications for management. POPH severity is further classified
by mPAP as mild, moderate, or severe (Table 2.3). Lastly, although a PVR of 3
Wood units is used as a threshold in the diagnostic criteria, it should be noted that a

mPAP=(CO x PVR) + PAWP

I

Hyperdynamic POPH  Volume
State Overload

Fig. 2.1 Mean pulmonary arterial pressure (mPAP) can be elevated due to elevated cardiac output
(CO) related to hyperdynamic circulation, elevated pulmonary vascular resistance (PVR) related to
pulmonary vasoconstriction and obstruction to arterial flow, or elevated pulmonary arterial wedge
pressure (PAWP) related to volume overload
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PVR between 2 and 3 Wood units in the setting of a hyperdynamic cardiac output
may be abnormal and associated with adverse post-transplant outcomes [4].

Epidemiology

Approximately 5-6% of patients evaluated for LT meet the criteria for POPH [5, 6].
Similar to HPS, POPH is not associated with liver disease severity. Female sex and
autoimmune hepatitis are independent clinical risk factors for POPH [7]. Genetic
variations in estrogen signaling have been identified in patients with POPH, sug-
gesting a genetic predisposition [8]. Table 2.4 summarizes and compares the clinical
features of HPS and POPH.

Table 2.3 Classification of Disease Severity PVR mPAP

disease severity in , Mild >3 Wood units 25-34

portopulmonary hypertension Py ETE—
Moderate 3544
Severe > 45

mPAP mean pulmonary arterial pressure, PVR pulmonary vas-
cular resistance

Table 2.4 Clinical features of hepatopulmonary syndrome and portopulmonary hypertension

HPS POPH
Signs and symptoms Dyspnea, fatigue, platypnea, | Dyspnea, fatigue, prominent P2,
orthodeoxia, clubbing, jugular venous distension, tricuspid

cyanosis, spider angiomas regurgitation murmur, lower
extremity edema

Prevalence in liver 4-32% 5-6%

transplant candidates

Clinical risk factors History of never smoking Female gender, autoimmune liver
disease
Associated with liver No No

disease severity

Oxygenation Mild to severe hypoxemia Normal or mild hypoxemia

PFT abnormalities Reduced DLCO Reduced DLCO

CE-TTE Intrapulmonary Elevated right-ventricular systolic
vasodilatation (IPVD) pressure + right-ventricular dilation

or dysfunction; concomitant IPVD
is not uncommon

Treatment Supportive PAH-targeted therapy

Improves with transplant | Yes Often, in selected patients

DLCO diffusion capacity for carbon monoxide, /PVD intrapulmonary vasodilatation, P2 pulmonic
component of the second heart sounds, PAH pulmonary arterial hypertension, PFT pulmonary
function test
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Pathophysiology

Similar to other forms of PAH, POPH is characterized by vasoconstriction, vascular
remodeling, and obstruction to arterial flow. The pathophysiology of POPH is
unknown. Estrogen signaling and a higher prevalence of spontaneous portosystemic
shunts have been associated with the presence of POPH [8, 9]. Circulating media-
tors of inflammation and vasoconstriction, such as macrophage migration inhibitory
factor and endothelin-1, have also been implicated in disease pathogenesis [1, 10].

Other: Hepatic Hydrothorax, Chronic Obstructive Pulmonary
Disease, Alpha-1 Antitrypsin Deficiency, Interstitial Lung
Disease, Obstructive Sleep Apnea, Hereditary Hemorrhagic
Telangiectasia, and Pulmonary Nodules

Although this chapter focuses on pulmonary vascular complications of liver dis-
ease, other pulmonary diseases may affect LT consideration as well. These include
hepatic hydrothorax, advanced chronic obstructive pulmonary disease (COPD),
interstitial lung disease (ILD), pulmonary nodules, and inherited diseases, such as
alpha-1 antitrypsin deficiency and hereditary hemorrhagic telangiectasia, which
affect both the liver and the lungs.

Hepatic hydrothorax (HH) refers to the accumulation of ascitic fluid within the
pleural space. It develops in the setting of ascites due to negative intrathoracic pres-
sure and microscopic holes in the diaphragm, which can lead to the passage of fluid
from the abdominal into the thoracic cavity [11]. HH affects 5-12% of patients with
advanced liver disease. Treatment involves salt restriction and diuretic therapy. A
refractory hydrothorax refers to persistent symptomatic pleural effusion despite
sodium restriction to < 2 grams per day and high-dose diuretic therapy or the need
for repeated thoracentesis [11]. Although thoracentesis and paracentesis can tran-
siently decrease symptoms related to HH, they typically recur if the underlying
problems are not addressed. In refractory HH, transjugular intrahepatic portosys-
temic shunt may also be considered to minimize fluid accumulation. Although HH
is not considered an indication for LT, post-transplant outcomes of HH are favorable
overall [11]. In one case series of 28 patients, resolution was reported in all patients
by the 3-month post-transplant point [12]. As there are alternative treatment
approaches and no data to support increased waitlist mortality related to HH, stan-
dardized MELD exceptions are not available for patients with HH [11].

Chronic obstructive pulmonary disease or emphysema is diagnosed in ~18% of
LT candidates [13] among whom a history of smoking is relatively common.
According to multi-center prospective studies, 60% of LT candidates had a history
of current or past smoking [13]. Although a diagnosis of COPD does not specifi-
cally affect LT listing, it is important to recognize and treat pulmonary comorbidi-
ties, such as COPD, in order to ensure pulmonary function optimization prior to LT.
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Patients with poorly controlled COPD may require prolonged intubation and/or
hospitalization. There are currently no guidelines to define the severity of COPD
that would preclude LT. Some patients with severe or very severe COPD may not be
appropriate candidates for LT if the prognosis related to their COPD is poor. A
prognosis related to COPD using validated scoring systems can be helpful in guid-
ing decisions regarding listing. One easy-to-use prognostic calculator available for
COPD is the BODE index [14]. Consisting of body mass index, obstruction severity
(FEV1% predicted), dyspnea score, and exercise capacity (6-min walk distance),
the index can be used to predict survival in patients with COPD. It should be noted,
however, that some components of the BODE index, such as the 6-min walk dis-
tance, may be affected by liver disease severity [15].

Alpha-1 antitrypsin (AAT) deficiency can lead to both emphysema and liver dis-
ease. AAT deficiency is a rare genetic disease caused by abnormal production of
AAT, a serine protease inhibitor. Individuals with two M alleles have normal AAT
structure and function and normal circulating levels of AAT. The S and Z alleles are
associated with abnormal AAT structure and function [16]. The dysfunctional pro-
tein accumulates in the liver, which can lead to cirrhosis. Accumulation in the liver
alsoresults in circulating deficiency of AAT, which leads to emphysema. Emphysema
is typically panlobular or lower lobe predominant [11]. LT cures cirrhosis and
results in normalization of circulating AAT levels. Despite normalization of circu-
lating AAT levels post-transplant, however, FEV1% continues to decline post-
transplant in some patients. At this time, decreased lung function related to AAT
deficiency is not considered an indication for LT. According to one study, the 1-, 3-,
5-, and 10-year post-LT survival rates were 86%, 83%, 80%, and 72%, respectively,
for ZZ patients and 91%, 86%, 79%, and 79%, respectively, for SZ patients [16].

Interstitial lung disease (ILD) refers to a heterogenous group of pulmonary dis-
eases, often characterized by pulmonary fibrosis, that affect the pulmonary paren-
chyma. ILD typically results in increased lung stiffness, which is associated
with reduced total lung capacity and a restrictive defect on PFTs. ILD can develop in
numerous settings in the context of liver disease. ILD is correlated with some auto-
immune diseases and is associated with primary biliary cirrhosis and autoimmune
hepatitis [11]. Concomitant ILD and cryptogenic cirrhosis have also been described
in association with telomerase mutations. In addition to cirrhosis and ILD, patients
can also present with bone marrow failure [17]. Although ILD can be associated with
some liver diseases, it does not typically improve with LT and may continue to prog-
ress. In highly selected cases, sequential liver-lung transplant can be considered [11].
Newer antifibrotic drugs are now available for the treatment of some types of ILD to
slow disease progression, but are not curative. Similar to COPD, there are no guide-
lines that define the severity of ILD that would preclude LT, but moderate to severe
restriction due to ILD is generally considered a contraindication to LT [11].

Sleep-disordered breathing is common in the general population and may be undi-
agnosed at the time of initial LT evaluation. Untreated obstructive sleep apnea, which
can lead to episodic airway obstruction, oxygen desaturation, and hypercapnia can
present distinctive challenges to perioperative management [18]. Screening tests, such
as the STOP-BANG Questionnaire, can be a useful tool to identify patients at risk for
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obstructive sleep apnea [19]. Patients who are at an increased risk should undergo
additional testing, such as overnight oximetry or polysomnogram, to evaluate for
sleep-disordered breathing. According to the most recent guidelines from the American
Society of Anesthesiologists, preoperative initiation of CPAP should be considered in
patients with confirmed OSA, especially if OSA is severe [18]. Patients with OSA
also need to be monitored closely postoperatively for respiratory compromise, as they
are particularly susceptible to respiratory depression from sedatives and opiates [18].

Hereditary hemorrhagic telangiectasia is an autosomal dominant disorder char-
acterized by recurrent epistaxis, cutaneous telangiectasias, and visceral arteriove-
nous malformations (AVMs). AVMs can affect numerous organs, including the
lungs, liver, gastrointestinal tract, and brain. Liver involvement is observed in up to
74% of patients, but no more than 8% are symptomatic [20]. Hepatic AVMs can
lead to three distinct complications: high-output heart failure, portal hypertension,
and biliary necrosis. All three are considered indications for LT, although there are
no standardized MELD exception criteria for HHT as this is a relatively rare indica-
tion for LT [11]. Outcomes of LT in the setting of high-output heart failure related
to hepatic AVMs are favorable to date [11]. Bevacizumab can also be considered for
the treatment of high-output heart failure associated with hepatic AVMs. In these
patients, a phase II randomized clinical trial of bevacizumab versus placebo demon-
strated reduced cardiac output, improved quality of life, and reduced epistaxis [20].
Successful outcomes with embolization of hepatic AVMs have been described in
centers with extensive experience but can also lead to ischemic biliary necrosis.
Lastly, pulmonary AVMs occur in 15-50% of patients with HHT and are associated
with life-threatening complications, such as stroke, brain abscess, and hemoptysis.
All patients with HHT should be screened for the presence of pulmonary AVMs,
and coil embolization is recommended in order to prevent complications [21].
Pulmonary hypertension can also develop in a subset of patients with HHT. Similar
to patients with cirrhosis, PH can occur by multiple mechanisms, including an ele-
vated PVR, an elevated PAWP, or a hyperdynamic cardiac output. Regardless of
mechanism, PH in patients with HHT is associated with a trend toward a lower sur-
vival rate than is the case for patients without PH [22].

Pulmonary nodules may be detected on routine preoperative chest imaging. The
decision to proceed with LT in the setting of undifferentiated pulmonary nodules is
challenging. A biopsy of suspicious or enlarged lesions should be performed prior
to transplant for diagnostic purposes. Pulmonary nodules may represent primary
lung malignancy or treatable granulomatous infection, which should be treated
prior to LT [11]. In patients with hepatocellular carcinoma, pulmonary nodules may
represent metastatic disease, which is considered a contraindication to LT. FDG-
PET can be helpful in the evaluation of nodules > 10 mm in diameter. A report based
on a meta-analysis of 239 cases showed 77% sensitivity and 98% specificity for
FDG-PET in identifying pulmonary metastases in the setting of newly diagnosed
HCC [23]. A CT scan, however, is preferable for the evaluation of smaller nodules
< 810 mm in diameter due to the limited resolution of an FDG-PET scan. If
pulmonary nodules due to metastatic disease are detected post-transplant, surgical
excision can be considered for management [11].
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Pulmonary Preoperative Evaluation of Liver
Transplant Candidates

History

The preoperative pulmonary evaluation of LT candidates should start with a thor-
ough cardiopulmonary review of symptoms, such as dyspnea, orthopnea, platypnea,
cough, sputum production, wheezing, chest pain, and peripheral edema, all of which
should be assessed and characterized. As dyspnea can be multifactorial in patients
with liver disease (Table 2.5), it is important to define the duration and timing of
symptoms as well as modifying factors. For example, when dyspnea occurs as a
result of an accumulation of ascites in the abdomen, patients typically report relief
of symptoms following large-volume paracentesis. A history of dyspnea associated
with a chronic cough, sputum production, or wheezing can provide clues to a con-
comitant diagnosis of COPD, asthma, or ILD. Patients should also be asked about
daytime sleepiness and symptoms of sleep-disordered breathing, such as snoring,

Table 2.5 Differential Differential diagnosis of dyspnea in liver disease
diagnosis of dyspnea in
patients with liver disease

Related to liver disease

A. Pulmonary

1. Pulmonary vascular disease

Hepatopulmonary syndrome

Portopulmonary hypertension

2. Pulmonary parenchymal disease
Interstitial lung disease (e.g., associated with primary
biliary cirrhosis)
Emphysema (e.g., associated with alpha-1 antitrypsin
deficiency)

Atelectasis (related to pleural effusions, ascites, and
abdominal distension)

(O8]

. Pleural

Hepatic hydrothorax

B. Extrapulmonary
Ascites and abdominal distension

Cirrhotic cardiomyopathy

High-output heart failure

Anemia

Sarcopenia/deconditioning

Unrelated to liver disease

Obstructive lung disease

Restrictive lung disease

Diastolic or systolic heart failure
Other
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frequent arousals, or witnessed apneas. In the social history, patients should be
asked about their smoking history and occupational exposure, such as asbestos, that
may be associated with ILD and may impact pulmonary function. A thorough
family history is also important to screen for HHT or AATD.

Physical Examination

Physical examination findings can also provide clues to the diagnosis of pulmonary
comorbidities. Reduced oxygen saturation is a nonspecific sign of pulmonary dis-
eases, such as HPS, and should prompt further evaluation. Assessment of the BMI
is important to screen for OSA and to determine prognosis related to diseases, such
as COPD [14, 19]. Airway and neck examination can also be helpful to assess the
risk of sleep-disordered breathing or difficult intubation. On the cardiac examina-
tion, a systolic murmur at the left lower sternal border and a loud or prominent
pulmonic component of the second heart sound, right-ventricular heave, and jugular
venous distension may be signs of pulmonary hypertension. Pulmonary examina-
tion may identify adventitious breath sounds, such as crackles, wheezes, or rhonchi,
that can be suggestive of pulmonary parenchymal, airway, or pleural diseases, such
as ILD, COPD, or HH. Extremities should be assessed for the presence of clubbing
or peripheral edema, which can be a sign of HPS or right-heart failure, respectively.
Abnormal skin findings that may suggest the presence of pulmonary disease include
finger clubbing, cyanosis, and spider angiomata, which are nonspecific but have
been described in association with HPS [24].

Laboratory Tests and Studies

Laboratory tests are helpful in the evaluation and management of dyspnea and pul-
monary disease. Although not directly related to the pulmonary evaluation, the
severity of liver disease as assessed by the MELD score can help determine the
urgency of a preoperative assessment and the need for expedited LT evaluation [25].
Measurement of alpha-1 antitrypsin levels and assessment of the alpha-1 antitrypsin
phenotype or genotype (for the M, S, or Z alleles) are used to screen for alpha-1
antitrypsin deficiency. In patients with POPH, N'T-pro brain natriuretic peptide is a
useful prognostic indicator [26]. Arterial blood gas is necessary to diagnose HPS
and to classify disease severity. In the setting of IPVD and liver disease, abnormal
gas exchange in the absence of an alternative etiology defines the presence of
HPS. ABG can also be used to identify hypercapnia and hypoxemia related to other
etiologies, such as hypoventilation. HPS is classically associated with orthodeoxia,
a decrease in the partial pressure of oxygen in arterial blood (PaO2) of more than
5% or more than 4 mmHg with a change in the patient’s position from supine to
upright, but this finding is only present in up to 25% of patients [27].
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Chest X-rays and an electrocardiogram are typically performed as part of the pre-
transplant evaluation to evaluate for cardiopulmonary disease. If initial chest imaging
is abnormal, a computed tomography scan can be obtained to further define the pattern
of pulmonary parenchymal abnormalities. An electrocardiogram is helpful to evaluate
heart rhythm and any evidence of structural heart disease or chamber enlargement.

Pulmonary function tests are important in the preoperative evaluation of LT can-
didates, particularly if the patient is a smoker and/or has signs or symptoms of pul-
monary disease by history or physical examination. PFTs can identify the presence
of obstructive or restrictive ventilatory deficits suggestive of COPD or interstitial
lung disease, respectively. A reduced diffusion capacity for carbon monoxide in the
absence of other abnormalities is suggestive of pulmonary vascular disease, such as
HPS or POPH, but can also be reduced in ILD.

The 6-min walk is an important prognostic test for LT candidates. Although non-
specific, it quantifies exercise capacity and can be reduced in patients with cardio-
pulmonary disease, end-stage liver disease, or deconditioning. In LT candidates, a
reduced 6-min walk distance < 250 m has also been shown to be associated with
worse survival [15].

TTE to assess right-ventricular size and function and estimated right-ventricular
systolic pressure is a critical screening test for POPH. It is also used to screen for
left-sided heart disease, such as left-ventricular systolic or diastolic dysfunction or
significant valvular disease. According to current guidelines, TTE screening should
be performed for all LT candidates [28]. The optimal interval for follow-up testing
in patients with a normal initial echocardiogram is not clear, but annual testing
while on the transplant list seems like a reasonable approach. In various studies, the
utility of different RVSP thresholds have been evaluated for prompting further inva-
sive testing with right-heart catheterization. An RVSP greater than 38-50 mmHg or
the presence of right-ventricular dilation or dysfunction has been suggested, but
trade-offs between sensitivity and specificity exist at different thresholds [1, 29].
The most recent American Association for the Study of Liver Diseases (AASLD)
guidelines recommend pursuing right-heart catheterization in patients with an esti-
mated RVSP > 45 mmHg by echocardiogram [28].

In patients with an elevated RVSP or RV dysfunction on echocardiogram, right-
heart catheterization should be used to evaluate for POPH. Right-heart catheteriza-
tion is an invasive (usually outpatient) procedure but is required for the diagnosis of
POPH. It is also a critical component of perioperative risk stratification in patients
with known pulmonary hypertension and should ideally be performed within
1-3 months of LT. Right-heart catheterization involves introducing a Swan-Ganz
catheter into a central vein. Platelet counts should preferably be > 50 k and INR
< 1.5. The catheter is then used to measure the mPAP and the PAWP (also referred
to as pulmonary capillary wedge pressure). Cardiac output (CO) is measured using
either the Fick or thermodilution method, and pulmonary vascular resistance can be
calculated based on the following equation: PVR = (mPAP - PAWP)/CO. The dif-
ference between the mPAP and PAWP is referred to as the transpulmonary gradient.
POPH is diagnosed when the mPAP is > 25 mmHg, the PAWP is < 15 mmHg, and
the PVR is > 3 Wood units.
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An echocardiogram with contrast enhancement, or a “bubble study,” can also be
used to evaluate a patient for intracardiac or intrapulmonary shunting. For the con-
trast study, agitated saline is injected via a peripheral vein. This creates microbub-
bles of ~10 um in diameter [24]. Normally, these bubbles are visualized in the right
atrium and then become trapped in the pulmonary capillaries so are not subsequently
visualized in the left atrium. In the setting of intracardiac shunting, bubbles are
visualized in the left atrium “early,” typically within one to two cardiac cycles,
whereas in the setting of IPVD or pulmonary AVMs, microbubbles are visualized in
the left heart “late,” at three or more cardiac cycles [1].

In patients with possible HPS (liver disease, abnormal gas exchange, and
IPVD) in the context of comorbid pulmonary parenchymal disease, a technetium-
labeled macroaggregated albumin (*"TcMAA) scan can be helpful in determin-
ing whether hypoxemia can be attributed to HPS. Significant shunting or brain
uptake > 6% is consistent with HPS, while the absence of significant brain uptake
is more consistent with pulmonary parenchymal disease as the primary etiology
of hypoxemia [1]. It should be noted, however, that a "TcMAA scan does not
differentiate between intracardiac and intrapulmonary shunting. However, a
transesophageal echocardiogram used to directly visualize the source of micro-
bubbles in the left heart can be useful to distinguish intracardiac from intrapulmo-
nary shunting [1].

Lastly, overnight oximetry is a useful and simple screening test for sleep-
disordered breathing [30]. Although not required as part of the routine LT evalua-
tion, it is used to identify patients at risk for sleep-disordered breathing who should
be referred for polysomnogram and further sleep evaluation.

Management of Hepatopulmonary Syndrome
and Portopulmonary Hypertension

Hepatopulmonary Syndrome
Preoperative Management

Once a diagnosis of HPS is made, management is predominantly supportive. There
are no effective medical therapies for HPS. Experimental therapies, such as soma-
tostatin, almitrine, indomethacin, norfloxacin, pentoxifylline, and inhaled L-NAME,
have all been studied without showing a consistent benefit [1]. Oral garlic extract
has been shown to improve oxygenation in a small randomized controlled trial but
has not been evaluated in large multi-center studies [31]. Oxygen saturation should
be maintained with the use of supplemental oxygen, which is recommended to
maintain oxygen saturation > 89%. However, it should be noted that this recommen-
dation is extrapolated from patients with other lung diseases, and the optimal oxy-
gen saturation in HPS is not known [1]. Chest computed tomography and arterial
blood gas on 100% inhaled oxygen demonstrating a PaO2 < 300 mmHg consistent
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Table 2.6 Model for end-stage liver disease exception criteria for HPS and POPH

HPS POPH
Criteria for initial 1. Clinical evidence of portal 1. Initial mPAP > 35 mmHg
MELD exception hypertension 2. Initial PVR > 240 dynesesecm™
2. Evidence of IPVD by CE-TTE | 3. Posttreatment mPAP <
3. PaO2 < 60 mmHg on room air 35 mmHg and PVR < 400
4. No significant clinical evidence dynesesecm™>

of underlying primary
pulmonary disease
Criteria for MELD Repeat arterial blood gas with Repeat right-heart catheterization
exception extension | PaO2 < 60 mmHg with post-treatment

mPAP < 35 mmHg and PVR <400
dynesesecm™

mPAP mean pulmonary arterial pressure, PaO2 partial pressure of oxygen in arterial blood, PVR
pulmonary vascular resistance

with shunting can be helpful to identify rare patients with HPS and discrete AVMs
who may benefit from pulmonary angiography and coil embolization [1].

As further discussed below, increased mortality is seen in all patients with HPS
regardless of oxygenation [2]. Due to the increased mortality associated with HPS,
the lack of effective medical therapies and the expected improvement in oxygen-
ation following LT, patients should be referred for early consideration of LT, prefer-
ably before the development of severe to very severe hypoxemia. As of 2002, patients
with HPS have been eligible to receive a MELD exception if the PaO2 is < 60 mmHg
related to HPS without evidence of other clinically significant pulmonary disease
(Table 2.6). An initial score of 22 is assigned, and the score increases by 10% mor-
tality equivalent points if repeat arterial blood gas testing continues to demonstrate
a PaO2 < 60 mmHg [11]. There are no formal recommendations or guidelines
regarding oxygen saturation or PaO2 that would preclude LT. There is no agreement
about any particular PaO2 threshold as an absolute contraindication to LT.

Intraoperative Management

Intraoperative management of HPS is also supportive. Most patients with HPS can
achieve adequate oxygen saturation with 100% inspired oxygen. There are no
defined cutoffs for canceling a case due to severe hypoxemia. Due to orthodeoxia,
supine positioning in the operating room may also result in improved oxygenation
when compared to upright oxygen saturation or arterial blood gas [1]. Patients are
typically intubated and mechanically ventilated with lung-protective tidal volumes
(6-8 cc/kg) [1]. Continuous monitoring of mixed venous oxygen saturation (SvO2)
in the operating room can help guide decisions to initiate venovenous bypass. If
SvO2 decreases to below 65% on vascular exclusion of the liver, venovenous bypass
can be considered [1, 32].
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Post-transplant and Intensive Care Unit Management

Immediately post-transplant, oxygen saturation typically worsens due to volume
overload, atelectasis, hypoventilation, sedation, and/or aspiration [1]. Early extuba-
tion should be a goal to minimize infectious complications, such as ventilator-
associated pneumonia. Severe post-transplant hypoxemia, defined as the need for
100% inspired oxygen to maintain oxygen saturation > 85%, develops in 6-21% of
patients with HPS and is associated with prolonged ICU stays and 45% mortality
[33]. A clinical management algorithm was recently proposed based on best avail-
able evidence and expert opinion [33]. Options for management of severe post-
transplant hypoxemia include Trendelenburg positioning, 100% inspired high-flow
oxygen, inhaled vasodilators such as epoprostenol or nitric oxide (to optimize V-Q
matching), and intravenous methylene blue (with or without inhaled vasodilators).
Intravenous methylene blue is a vasoconstrictor that acts through inhibition of cyclic
GMP. It has been used to improve oxygenation in HPS, presumably by vasocon-
stricting regions of vasodilatation, thus improving V-Q matching [34, 35].
Extracorporeal venovenous membrane oxygenation (ECMO) both pre- and post-LT
has also been reported as improving oxygenation in HPS and can be considered as
a last resort when other less invasive options have failed [33].

Hypoxemia secondary to HPS almost universally improves following LT, but
time to recovery may be related to the severity of pretransplant hypoxemia [24, 36].
Postoperatively, patients are typically followed with pulse oximetry, and discon-
tinuation of supplemental oxygen can be considered when oxygen saturation
remains > 88%.

Portopulmonary Hypertension
Preoperative Management

Preoperative evaluation and management of POPH is complex and should be per-
formed at an experienced center familiar with the management of pulmonary arte-
rial hypertension (PAH) and the specific goals of treatment in the setting of
LT. POPH, similar to other types of World Health Organization Group 1 PAH, is
treated with PAH-targeted therapy. The main goal of PAH therapy is to improve
symptoms, quality of life, exercise capacity, and survival. In LT candidates, improve-
ment in pulmonary hemodynamics and RV function in order to facilitate safe LT is
an additional treatment goal [37].

There are now more than ten approved medications for the treatment of pulmo-
nary arterial hypertension. PAH-targeted therapy is available in oral, inhaled, subcu-
taneous, and intravenous administration routes. These medications target three
distinct pathways that are involved in the pathogenesis of PAH. Prostacyclin ana-
logues, such as epoprostenol, treprostinil and iloprost, and IP receptor agonists,
such as selexipag, target the prostacyclin pathway. Endothelin receptor antagonists,
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such as bosentan, macitentan, and ambrisentan, target the endothelin-1 pathway.
Bosentan has been associated with liver injury and liver failure and requires monthly
monitoring based on liver function tests. Ambrisentan and macitentan do not require
regular monitoring, but it is recommended that patients have baseline liver function
tests with follow-up as clinically indicated. Phosphodiesterase-5 inhibitors, such as
tadalafil and sildenafil, and soluble guanylate cyclase stimulators, such as riociguat,
target the nitric oxide pathway. A more detailed review of PAH-targeted therapy is
beyond the scope of this chapter.

Although these drugs are approved to treat POPH, it should be noted that most
studies have not included patients with POPH in prospective clinical trials [37].
Consequently, decisions regarding PAH therapy in POPH are based on clinical expe-
rience and retrospective studies. Macitentan, an endothelin receptor antagonist, is the
first drug to be prospectively studied specifically in patients with POPH in a random-
ized double-blind placebo-controlled clinical trial, but the results of this study are not
yet available. There is no prospective data showing that one agent or pathway is
preferable to another drug or pathway in POPH. Intravenous prostacyclin therapy is
often used if patients require expedited LT evaluation or if they present with signifi-
cant symptoms of syncope, right-heart failure, or dyspnea at rest. Progressive spleno-
megaly and thrombocytopenia have been reported with intravenous prostacyclin use
in POPH [38]. Calcium channel blockers, which are sometimes used in idiopathic
PAH, are generally avoided in POPH due to the lack of significant response [1].

PAH therapy is generally effective in POPH. Although subject to publication
bias, a recent systematic review reported improved hemodynamics and exercise
capacity in patients with POPH with the use of PAH-targeted therapy [39]. In addi-
tion to PAH therapy, it is also important to optimize volume status and right-heart
filling pressure with the judicious use of diuretic therapy. Similar to HPS, supple-
mental oxygen should be used to maintain oxygen saturation > 89% in order to
minimize pulmonary vasoconstriction.

Although POPH is not considered an indication for LT by itself in the absence of
decompensated liver disease, LT can be safely performed in patients with adequately
treated POPH and normal RV function. POPH may also improve post-transplant
[1]. Since 2006, patients with POPH and an adequate hemodynamic response to
PAH therapy (defined as an mPAP < 35 mmHg and PVR < 400 dynesesecm™ or 5
Wood units) have been eligible to receive standardized MELD exceptions in order
to expedite LT [1] (Table 2.6). These hemodynamic criteria were developed
predominantly on the basis of a single-center retrospective study in which patients
with untreated POPH with an elevated PVR and an elevated mPAP at the time of
transplant were found to have an increased risk of death. Patients with an mPAP
< 35 mmHg had 0% mortality, while patients with an mPAP of 35-50 mmHg had a
50% mortality rate, and patients with an mPAP > 50 mmHg had 100% perioperative
mortality [40]. An mPAP > 50 mmHg is considered an absolute contraindication to
LT. It is not known if patients who have an elevated mPAP between 35 and 50 mmHg
due to elevated cardiac output with a normal PVR are also at an increased risk of
death, but additional data regarding this clinical dilemma are emerging. A recent
report from the Mayo Clinic described similar transplant hospitalization mortality
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rates in patients with an mPAP > 35 mmHg and normal PVR compared to those
with an mPAP < 35 mmHg at the time of transplant. This cohort included four
patients with treated POPH [41]. In addition to specific hemodynamic parameters,
it is also important to assess RV function in the perioperative risk stratification of
patients with POPH. It is not clear how best to define normal RV function, but echo-
cardiographic assessments of RV function are critical. Similar to patients with HPS,
patients with approved POPH MELD exceptions receive an initial MELD exception
score of 22. Following this, they must undergo repeated right-heart catheterizations
in order to demonstrate sustained hemodynamic response and to accrue 10% mor-
tality equivalent points every 3 months.

In moderate to severe POPH, transjugular intrahepatic portosystemic shunts
(TIPS) should be avoided due to the decreased ability of the right heart to tolerate
the increased preload associated with TIPS [1]. The risks and benefits of prophylac-
tic beta-blockade should also be considered on a case-by-case basis. Discontinuation
of beta-blockers should be considered due to worsening cardiac output and exercise
capacity in patients with POPH [42]. Lastly, coexistence of HPS and POPH is not
uncommon [43]. It is not known whether the combination of these two conditions
requires treatment that differs from that given when only POPH is present.

Intraoperative Management

Due to the initiation of appropriate screening as recommended by the American
Association for the Study of Liver Diseases [28, 44], identification of POPH in the
operating room is now relatively uncommon. Intraoperative and perioperative man-
agement of POPH is challenging and should be performed by an experienced mul-
tidisciplinary team of clinicians. Prior to abdominal incision, a pulmonary artery
catheter should be placed to ensure that pulmonary hemodynamics are satisfactory
prior to transplant. For patients with an elevated mPAP, obtaining an accurate PAWP
measurement is critical to determine whether the mPAP is elevated due to an ele-
vated PVR, CO, or PAWP (Fig. 2.1). According to the most recent International
Liver Transplantation Society guidelines, if mPAP is > 45-50 mmHg before abdom-
inal incision, deferment of LT is advised [1].

Continuous intraoperative and postoperative monitoring with a right-heart cath-
eter is critical due to rapid fluctuations in hemodynamics. Intraoperative TEE can
also be helpful in monitoring RV function [1]. During reperfusion, cardiac output
can increase considerably, leading to an abrupt increase in pulmonary pressure. In
the setting of fixed pulmonary vascular resistance, this can precipitate right-
ventricular strain and subsequent failure [45, 46]. PAH-targeted therapy should be
continued throughout the perioperative and immediate post-transplant period.
Abrupt discontinuation of PAH therapy, particularly in patients on parenteral prosta-
cyclin therapy, can lead to acute right-heart failure and death. In addition to continu-
ing a patient’s preoperative PAH-targeted therapy, other treatment options during
and after LT include the use of inhaled vasodilators, such as nitric oxide or epopro-
stenol, intravenous prostacyclin analogues, milrinone, and ECMO [47—49]. Similar
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to all patients with pulmonary hypertension who undergo noncardiac surgery, it is
also advised to avoid hypoxia and hypercapnia. End-tidal carbon dioxide should be
maintained close to baseline. Although challenging, it is also important to maintain
euvolemia as much as possible in order to maintain right-ventricular preload.

Post-transplant and Intensive Care Unit Management

In the intensive care unit (ICU), continuous hemodynamic monitoring should be
continued immediately post-transplant to assist with the management of pulmonary
hypertension and to monitor mean pulmonary arterial pressure, PVR, and cardiac
output. Similar to intraoperative management, ICU management of POPH requires
avoidance of hypoxia, hypercapnia, hypovolemia, and hypotension. In patients who
develop right-ventricular failure, inotropes, such as dobutamine or milrinone, may
be needed to augment contractility, and vasopressors may be needed to avoid hypo-
tension. Norepinephrine and vasopressin are generally the preferred agents in the
setting of pulmonary hypertension.

Post-transplant, PAH therapy should be continued with subsequent consideration
of weaning based on symptoms, echocardiogram results, and pulmonary hemody-
namics. There are no guidelines regarding weaning PAH therapy post-transplant.
Typically, major changes in the immediate post-transplant period are not advised. It
can take up to 3—6 months or longer post-transplant to wean or discontinue therapy.
Decisions regarding medication adjustments are made on an individual basis in ref-
erence to symptoms, side effects, and right-ventricular function.

Prognosis

A diagnosis of HPS is associated with a significantly lower survival rate and poorer
quality of life [2]. Patients with HPS have a twofold increased risk of death com-
pared to patients without HPS with similar severity of cirrhosis [2]. In the absence
of LT, survival is poor. According to an analysis of the United Network for Organ
Sharing database, patients with very severe HPS and a PaO2 < 45 mmHg had
increased post-transplant mortality [50]. In some experienced centers, however,
HPS severity and a PaO2 < 50 mmHg was not associated with increased post-
transplant mortality [51].

Patients with HPS have an excellent post-transplant prognosis. Most patients with
HPS have improved oxygenation post-transplant and should be expected to no lon-
ger require supplemental oxygen, although this can often take months [1]. Recurrence
of HPS is relatively rare and often related to recurrence of the underlying liver dis-
ease. Although oxygenation typically improves post-LT, development of post-trans-
plant POPH in patients with antecedent HPS has also been described [52]. Whether
this is due to the development of de novo POPH or unmasking of preexistent POPH
as the pulmonary vasodilatation associated with HPS improves is not known.
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In POPH, 5-year survival without LT or PAH therapy is dismal at 14%, while
I-year survival is 35—46% [53]. Different studies have reported variable survival
estimates for patients with POPH. Theoretical reasons for these differences may be
due to differences in liver disease severity, POPH disease severity, time period of
enrollment, and whether patients underwent LT or were treated with PAH therapy.
According to the United States multi-center REVEAL registry, patients with POPH
have worse 5-year survival compared to idiopathic and familial PAH (40% vs 64%)
despite having lower right-atrial pressure and a higher cardiac index, factors typi-
cally associated with a better prognosis [54]. In the United Kingdom, survival rates
of 85%, 60%, and 35% at 1, 3, and 5 years, respectively, were recently reported for
patients with POPH diagnosed between 2001 and 2010 (rn = 110) [55]. According to
a French study, 5-year survival for patients with POPH was 68% [56]. In this cohort,
cardiac index and liver disease severity as assessed by the Child-Pugh score were
significant predictors of overall mortality [56]. In patients in the United States with
approved POPH MELD exceptions, predictors of waitlist mortality included PVR
and liver disease severity as assessed by the initial MELD score. Increased mean
pulmonary arterial pressure was not associated with worse survival in these patients
[57]. Lastly, the presence of IPVD in patients with POPH is also associated with
increased mortality [43].

Unlike for HPS, the post-transplant outcomes of POPH are variable. Both clini-
cal improvement and worsening as well as intraoperative and postoperative death
have all been described. There are limited data from which to prognosticate the long-
term post-transplant outcomes of POPH or to identify patients who are most likely
to benefit from LT. In France, overall survival estimates after LT were 80%, 77%,
and 77% at 6 months, 1 year, and 3 years, respectively [4]. In the United States,
1-year post-transplant survival in patients with POPH MELD exceptions was 85%
[57, 58]. Compared to non-exception LT candidates, however, patients with POPH
had increased post-transplant mortality [58]. According to one single-center study
in the United States, graft and patient survival rates post-transplant were 85.7% at a
median follow-up of 7.8 years [59]. The United Kingdom recently reported 42.9%
mortality (12/28) for patients with POPH during the period from 1992 to 2012, and
the majority of deaths (10/12) occurred within 6 months of transplant [60]. A recent
study from France also suggested that pulmonary hemodynamics may transiently
worsen within the first 6 months post-transplant but then subsequently improve,
allowing weaning and discontinuation of PAH therapy [4]. Post-transplant, many
patients are able to wean or discontinue therapy. In single-center studies, discon-
tinuation of PAH therapy has been reported in 29-64% of patients with POPH [1].

Summary

In summary, pulmonary disease is common in LT candidates. A systematic and
thorough pretransplant pulmonary evaluation of LT candidates is necessary in order
to appropriately identify and treat pulmonary comorbidities that affect perioperative
and postoperative management.
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Key Points

1. A systematic and comprehensive pretransplant pulmonary evaluation of
LT candidates is necessary in order to recognize and treat conditions that
affect LT candidacy and perioperative management.

2. Hepatopulmonary syndrome is characterized by the clinical triad of intrapul-
monary vasodilatation, abnormal arterial oxygenation, and liver disease.

3. Portopulmonary hypertension is a clinical and hemodynamic diagnosis
defined by elevated mean pulmonary arterial pressure > 25 mmHg, ele-
vated pulmonary vascular resistance, and normal wedge pressure in the
setting of portal hypertension and in the absence of alternative etiologies
of pulmonary hypertension.

4. HPS typically improves following LT, while post-transplant outcomes of
POPH are variable.
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Chapter 3
Critical Care for Potential Liver
Transplant Candidates: Ventilation

Catherine Paugam-Burtz, Emmanuel Weiss, and Samir Jaber

Introduction

End-stage liver disease or cirrhotic patients may require critical care for numerous
reasons related to complications or a worsening of their condition. At the time of
admission to the ICU, a small percentage of them are already on the waiting list for
liver transplantation (LT) and are naturally considered liver transplant candidates.
The larger percentage are not on the list, with some of them not even diagnosed as
cirrhotic at this time [1]. However, among this population, a significant proportion
will probably be liver transplant candidates for two main reasons [2]. First, if the
early prognosis for cirrhotic patients admitted to the ICU has improved over time,
the midterm prognosis (6 months) for ICU survivors remains very poor, particularly
for patients who did not have access to LT including those who were not eligible for
this treatment [3, 4]. Second, a significant number of cirrhotic patients may develop
acute-on-chronic hepatic failure associated with organ failure and there is an
extremely poor prognosis for nontransplanted patients for whom this is the case [3].
These two circumstances highlight the importance of LT for ICU survivors and even
for patients during a stay in the ICU, as LT could offer a very significant survival
benefit for these patients [4]. All these potential liver transplant candidates shared a
similar feature: mechanical ventilation (MV) is associated with a significantly
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increased risk of hospital mortality [5, 6]. In part, this association is probably related
to the selection of the sickest patients with the most pronounced multiorgan failure
syndrome. However, even if MV is lifesaving, it has become increasingly obvious
that MV per se also has the potential to negatively impact the outcomes of critically
ill patients. Tremendous efforts have been made to improve MV settings to limit
additional pulmonary insults and improve outcomes. A very large body of evidence
related to MV in ICU or intraoperative patients is now available. Liver transplant
candidates as end-stage liver disease patients have been excluded from the landmark
trials of MV in acute lung injury or acute respiratory distress syndrome (ARDS), but
most of the results and practices are probably suitable for these patients.

This chapter will address briefly the reasons for respiratory failure in liver trans-
plant candidates and the management strategies for ventilatory support for these
patients with a particular focus on the perioperative pulmonary care around liver
transplantation.

Reasons for MV

There are various reasons for critically ill cirrhotic patients to require MV [5, 7].
Endotracheal intubation may have to be performed for airway protection in advanced-
grade encephalopathy. Ventilatory support may also be required for hypoxia and respi-
ratory failure caused by numerous reasons: atelectasis from the compressive effects of
ascites, underlying chronic pulmonary disease, sepsis, or pneumonia. Muscle wasting
and intra-abdominal hypertension increase the work of breathing. Infection is proba-
bly a leading cause of acute respiratory failure (ARF) requiring MV. Furthermore,
there are various reasons why cirrhotic patients develop ARDS, i.e., as a result of
inflammation, aspiration, or bacterial pulmonary or non-pulmonary sepsis.

Mechanical Ventilation in the ICU

When a critically ill cirrhotic patient becomes an LT candidate, pulmonary care
should be considered as a continuum pathway from the preoperative to the intra-
and post-operative period. Preoperative MV requirement is a predictor of postopera-
tive pulmonary complications, ARDS, and prolonged postoperative MV after LT [8,
9]. Prolonged postoperative MV is associated with pulmonary infections and mor-
tality [10, 11]. Because of this close relationship, everything should be done to
optimize MV at each step. Although beyond the scope of this chapter, it is nonethe-
less important to consider MV as part of a global approach to “pulmonary” care.
This is particularly true for hemodynamic resuscitation strategies that may impact
respiratory outcomes: excessive fluid resuscitation and fluid overload have a nega-
tive impact; preoperative fluid status will also impact the incidence of postoperative
acute lung injury [12].
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How Can Invasive Mechanical Ventilation be Avoided?

When treatment of ARF is a possibility, the first step is to consider how to avoid
endotracheal intubation, which refers to invasive MV. On the other hand, noninva-
sive ventilation (NIV), which uses a facial mask as an interface between patient and
ventilator to deliver positive end-expiratory pressure (PEEP) and pressure support,
has become the standard of care for acute decompensation of COPD or ARF related
to pulmonary edema. However, in hypoxemic ARF, mainly because of various rea-
sons leading to this condition, the overall benefit of NIV techniques has been diffi-
cult to show in this population. However, in well-trained teams with adequate
interfaces, NIV could be proposed as a first-line treatment for patients with ARF, as
these techniques are associated with a reduction of health-care-associated pneumo-
nia. This point may be of particular interest for cirrhotic patients with immune dys-
function and high susceptibility to infections (see infra). However, NIV should not
be applied in cases of encephalopathy because of the risk of aspiration.

High-flow nasal cannula (HFNC) oxygen therapy allows continuous nasal deliv-
ery of a high flow of heated and humidified gas. It has recently been proposed as an
interesting noninvasive option to treat severe hypoxemic ARF. In a randomized trial
with hypoxemic patients mostly with pneumonia, HFNC compared to NIV or con-
ventional oxygen therapy did not improve the primary trial endpoint, i.e., the overall
intubation rate, but did reduce mortality in the whole cohort and reduced the need
for intubation in the subgroup of the most severe hypoxemic patients [13]. In two
recent meta-analyses, compared to the use of conventional oxygen therapy, HFNC
showed a decreased intubation rate in patients with ARF. However, when compared
to NIV, HENC may not provide better outcomes. To date, the appropriate use of this
technique is yet to be determined [14, 15].

Ventilator Settings in Cases of Invasive Mechanical Ventilation

End-stage liver disease patients requiring MV do not all suffer from ARDS, but
acute lung injury is frequent in this population. The beneficial effect of a strategy of
lung-protective ventilation combining low-tidal volume and PEEP has been demon-
strated, and this strategy should be considered as a standard of care for all patients
requiring MV [16, 17].

The tidal volume setting should be guided by the patient’s predicted body weight.
As in obese patients, this is a matter of concern in cirrhotic patients who may have
very large variations in weight related to ascites or edema.

The American Thoracic Society, the European Society of Intensive Care Medicine,
and the Society of Critical Care Medicine have recently published clinical practice
guidelines for mechanical ventilation in adult patients with ARDS. They state that
“for all patients with ARDS, MV using lower-tidal volumes (4-8 ml/kg predicted
body weight) and lower inspiratory pressures (plateau pressure: 30 cm H20) (mod-
erate confidence in effect estimates) is strongly recommended. For patients with
severe ARDS, prone positioning for more than 12 h/day (moderate confidence in
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effect estimates) is strongly recommended. For patients with moderate or severe
ARDS, the guidelines strongly recommend against the routine use of high-frequency
oscillatory ventilation (high confidence in effect estimates) and conditionally recom-
mend it for higher PEEP (moderate confidence in effect estimates) and recruitment
maneuvers (low confidence in effect estimates). Additional evidence is necessary
to make a definitive recommendation for or against the use of extracorporeal mem-
brane oxygenation in patients with severe ARDS.”

Finally, they add that “Clinicians managing patients with ARDS should person-
alize decisions for their patients, particularly regarding the conditional recommen-
dations in this guideline” [18]. As stated before, even though the population of liver
transplant candidates has not been specifically studied, there is no obvious reason
not to follow these recommendations.

Prevention of Ventilator-Associated Pneumonia

Patients with liver cirrhosis have an increased risk of microbial infections and are at
high risk of death from sepsis. This is related to numerous conditions such as a
complex immune dysfunction or increased bacterial translocation through the intes-
tinal wall because of increased gut permeability, reduced gut motility, and altered
gut flora. This increased bacterial translocation and consequent endotoxemia leads
to increased bloodstream bacterial infections that cause systemic inflammatory
response syndrome, sepsis, multi-organ failure, and death. Additionally, cirrhosis-
associated immune dysfunction leads to alterations in both innate and acquired
immunity, due to defects in the local immunity of the liver as well as in systemic
immunity. This dysfunction combines both increased systemic inflammation and
immunodeficiency and is responsible for 30% mortality [19, 20].

This very high susceptibility for infections underlines the importance of the pre-
vention of ventilator-associated pneumonia (VAP) in liver transplant candidates
under MV. First, it should be kept in mind that probably the most efficient way to
reduce VAP is to reduce the duration of MV. This can be achieved through the appli-
cation of a bundle of care including adequate use of sedation, systematic evaluation
for weaning, and extubation [21].

Choice of sedative agents, depth of sedation, and sedative management can influ-
ence the risk for VAP in mechanically ventilated patients [22]. If VAP is used, the
minimum dose should be applied using titration, and caution should be paid to over-
dosing and excessive sedation, which can cause accumulation and delayed recovery
even after the resolution of liver function.

Second, multifaceted ventilator bundle components seem to be associated with
the reduction of VAP [23, 24]. Bundle components may combine head-of-bed
elevation, sedative infusion interruptions, spontaneous breathing trials, daily oral
care with chlorhexidine, adequate endotracheal tube cuff pressure (20-30 mmHg),
or an endotracheal tube with an in-line suction system and subglottic suctioning
[23-26]. However, the impact of any given individual component remains unclear
[26]. Recently, there has been a shift in focus from VAP to ventilator-associated
events in order to improve the objectivity and reproducibility of surveillance and to
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encourage programs to consider a broader array of complications in mechanically
ventilated patients. Prospective intervention studies have found that minimizing
sedation, increasing the use of spontaneous awakening and breathing trials, and
applying conservative fluid management can lower the rate of ventilator-associated
events and decrease the duration of MV [27].

Intraoperative Ventilator Settings

A growing body of evidence is now available in the setting of abdominal surgery
particularly for high-risk surgical patients showing the clinical benefits of protec-
tive lung ventilation, which combines intraoperative low-tidal volume MV with
PEEP and intermittent recruitment maneuvers [28, 29]. In abdominal surgery with
high-risk patients, the IMPROVE study, a multi-center, randomized, double-blind
trial, compared an optimized strategy of ventilation called protective ventilation
(tidal volume 6—8 mL/kg predicted body weight and PEEP 6-8 cm H,O with sys-
tematic alveolar recruitment maneuvers every 30 min) with a traditional strategy
called non-protective ventilation (tidal volume 10-12 mL/kg predicted body
weight, without PEEP or recruitment maneuvers). Protective ventilation decreased
the overall rate of a composite criterion including onset of pulmonary complica-
tions (pneumonia or need for either noninvasive or invasive ventilation) or extra-
pulmonary complications (sepsis, septic shock, and death) from 27.5 to 10.5% and
reduced the length of hospital stay by 2 days [30]. Liver transplant patients were
not included in this study. However, LT is a high-risk abdominal procedure associ-
ated with a high risk of postoperative pulmonary complications [9, 31]. These
complications are associated with a significant increase in morbidity and mortal-
ity. These risks are further increased for liver transplant candidates coming from
the ICU with preoperative mechanical ventilation and frequent additional renal or
neurological dysfunctions. Overall, it seems reasonable to consider protective
lung ventilation a suitable strategy for intraoperative MV in liver transplant candi-
dates [28, 29].

Conclusion

There has been significant improvement in the perioperative management of liver
transplant candidates. However, candidates requiring critical care remain a chal-
lenge for intensivists and anesthesiologists. Liver transplantation may be a life-sav-
ing procedure for these very high-risk surgical patients. There is very little research
focusing specifically on MV for these patients, yet evidence relating to the more
general ICU or surgical population is probably strong enough to be appropriate.
Continuing a protective ventilatory strategy from the preoperative ICU period to the
intraoperative period may be an important pathway to further improvements in the
outcomes of these patients.
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Key Points

1. When a critically ill cirrhotic patient becomes a liver transplant candidate,
pulmonary care should be considered as a continuum pathway from the
preoperative to the intra- and post-operative periods.

2. Patients with end-stage liver disease (ESLD) requiring mechanical ventila-
tion do not all suffer from ARDS. Acute lung injury is frequent in this
population. The beneficial effect of a lung-protective ventilation strategy
that includes combining low-tidal volume and positive end-expiratory
pressure (PEEP) has been demonstrated in several evaluations. Even if
ESLD patients are frequently excluded from clinical studies, there is no
reason not to apply protective ventilation as a standard of care for all
patients requiring mechanical ventilation (MV).

3. ESLD patients are highly susceptible to infections, which underlines the
importance of ventilator-associated pneumonia (VAP) prevention in LT
candidates requiring MV. The most efficient way to reduce VAP is to
reduce the duration of MV or to avoid it altogether.

4. Noninvasive ventilation, which uses a facial mask as an interface between
the patient and ventilator to deliver PEEP and inspiratory pressure support,
could be an important therapeutic option in this patient population.

5. In prospective interventional studies, it has been found that minimizing
sedation and increasing the use of spontaneous awakening, breathing tri-
als, and conservative fluid management can decrease ventilator-associated
event rates and shorten the duration of MV.

6. Continuing a protective ventilatory strategy from the preoperative ICU
period to the intraoperative period may be an important pathway to further
improvements in the outcomes of these patients.
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Chapter 4

Hemodynamic Changes and Modulation
in Inpatients with Acute and Chronic
Liver Failure

Ahmed M. Mukhtar

Hemodynamic Changes in Patients with Acute Liver Failure

Patients on the waiting list for a liver transplant are frequently admitted to an inten-
sive care unit (ICU) due to decompensation of the liver function [1]. Hemodynamic
management of this patient population can be very challenging. There are two dis-
tinct types of acute liver dysfunction that might require ICU admission: acute liver
failure (ALF) and acute on chronic liver failure (ACLF). Although both types of
liver dysfunction are presented with multi-system involvement, the underlying
pathophysiological changes responsible for hemodynamic instability differ signifi-
cantly between the conditions, which each requires specific management.

Acute Liver Failure (ALF)

ALF is a rapid decline in the liver function of a previously healthy liver caused by
massive hepatic necrosis [2].

Hemodynamic Derangement in ALF

Most patients with acute liver failure develop hemodynamic instability [3]. There are
several causes of hemodynamic instability in these patients, but most importantly,
patients with ALF have relative or absolute hypovolemia due to inadequate fluid
intake and/or capillary leak with transudation of fluid into extravascular space [4].
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The second common cause of hemodynamic instability is systemic vasodilata-
tion because of excess nitric oxide production [5]. Vasodilatation leads to hyperdy-
namic circulation and low mean arterial pressure, which may be severe and similar
to those seen in patients with septic shock [6]. Patients with ALF are also at high
risk of sepsis and septic shock [7] as well as relative adrenal insufficiency, which
may reduce the response to a-adrenergic agents [8].

Hemodynamic Management of Patients with ALF

A. Hemodynamic target

e Mean arterial pressure (MAP)

The appropriate MAP target in critically ill patients, especially those with
ALF, has been a topic of debate for many years. However, in young patients
without preexisting comorbidities and no evidence of increased intracranial
pressure (ICP), a MAP of 60—65 mmHg is adequate [2]. Higher MAP > 80
mmHg may be required in a subset of patients with elevated ICP to maintain
adequate cerebral perfusion pressure (CPP) (CPP = MAP — ICP) [9]. Another
group of patients who may benefit from high MAP are those with preexisting
chronic hypertension, as high MAP minimizes the incidence of acute kidney
injury (AKI). A SEPSISPAM study has demonstrated that a target MAP of
80-85 mmHg decreased the incidence of AKI among patients with septic
shock with preexisting chronic hypertension [10].

B. Hemodynamic management

1. Fluid resuscitation

Fluid resuscitation is the first step in the hemodynamic management of
patients with ALF. The goal of fluid therapy is to maintain adequate MAP
with subsequent optimization of cardiac output in order to improve tissue
perfusion. Although fluid depletion should be avoided in these patients, fluid
excess and positive balance are detrimental and associated with high morbid-
ity and mortality [11]. That is why careful assessment of volume status for
these patients is important during hemodynamic management. A stepwise
approach to hemodynamic management is illustrated in Fig. 4.1.

(a) Assessment of volume status

e Central venous pressure (CVP)
Several studies have demonstrated very limited utility of CVP to guide
fluid resuscitation in critically ill patients [13]. However, high CVP,
i.e., above 20 mmHg, should be avoided in patients with ALF because
it may impede venous drainage from the brain [14].

e Central venous saturation (ScVO2)
ScVO?2 is a surrogate marker for mixed venous oxygen saturation
(SVO2) and indicates the balance between oxygen delivery and con-
sumption. However, when CO is high, the changes in SVO2 are poorly
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Acute Liver Failure with
hemodynamic instability

Initial resuscitation:
Fluid bolus 20-30 ml/kg balanced
crystalloid solution

v

(Grade Il or IV encephalopathy orj

patient with chronic hypertension

Target MAP
80-85 mmHg

Grade | or Il encephalopathy
Target MAP
60-65 mmHg

No further action

N Is the patient preload
>

responsive?

Spontaneous breathing

Cardiac arrhythmia
Low tidal volume < 8 ml/Kg m
A —

Mini fluid challenge

No
CD Test result

Fluid bolus 300-500 ml over Norepinephrine +/-
15-30 min* vasopressin or terlipressin

PPV > 9% t

Target MAP is reached

No further action No further action

v

Other measures
Hydrocortisone
Plasma exchange

Hepatectomy

Fig. 4.1 Stepwise approach to hemodynamic management of a patient with ALF. *The decision
to expand volume should be weighed against the risk of volume overload. ¥A PPV cutoff value of
9% was based on a single study [12]

correlated with changes in CO [15]. Because CO is high in patients
with ALF, ScVO2 cannot guide fluid resuscitation in these patients.
ScVO2 may be high even if the patient is hypovolemic and fluid-
responsive [16].
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*  Dynamic measure

Recent surviving-sepsis campaign guidelines recommend the use of
dynamic measures over central venous pressure to guide fluid therapy in
patients with septic shock, and this approach has gained wide acceptance
among critical care physicians [17]. Dynamic measures are based on the
concept of cyclic changes of right-ventricular preload and afterload dur-
ing positive pressure ventilation [18]. Several dynamic measures are
mentioned in the literature, including pulse pressure variation (PPV) and
stroke volume variation (SVV). PPV is calculated by dividing the highest
pulse pressure (PP) (PPmax — PPmin) by the average PP
(PPmax + PPmin/2) [19]. SVV is calculated by dividing the difference
between maximum stroke volume (SV) and minimum SV
(SVmax — SVmin) by their average (SVmax + SVmin/2) in a time win-
dow of 30 s. SVV requires continuous cardiac output monitoring such
as via pulse contour analysis or an esophageal Doppler monitor. In the
setting of ALF, the validity of dynamic measures for assessing fluid
responsiveness in this patient population has been tested in only one
study [12]. In that investigation, the authors found that only PPV and not
SVV was able to predict fluid responsiveness with a cutoff value of 9%,
with the area under the receiver operating characteristic curve 0.752 [95%
confidence interval, 0.565-0.889]; P = 0.005] [12]. The explanation for
the modest accuracy of PPV in this study is multifactorial. The smaller
volume of bolus fluid used during the fluid challenge (5 mL/kg) and
the relatively low tidal volume (7.6 mL/kg) might explain this finding.
Moreover, low arterial resistance in these patients and the complex com-
putation of SV'V via the pulse contour technique may explain the inability
of SVV to predict fluid responsiveness in patients with ALF [12].

e Fluid challenge

A fluid challenge is usually performed by either increasing the preload
using a passive leg raising test (PLR) or by the administration of fluid
bolus. PLR induces a transient increase in the preload through translo-
cation of venous blood from the lower limbs to the chest. However,
PLR is less applicable in ALF with a high grade of hepatic encepha-
lopathy [20]. Fluid bolus is performed by either infusing 250-500 cc
of crystalloids over 15-30 min or 100 cc of colloids over 1 min (mini
fluid challenge) [21]. In both cases, real-time changes to cardiac out-
put should be measured by continuous CO monitoring.

(b) Choice of fluid
In critically ill patients, the evidence supports the use of crystalloids over
colloids during initial fluid resuscitations [17]. However, in patients with
ALF, there is no evidence to support specific fluid therapy. Because of the
increasing risk of worsening brain edema, a hypotonic solution such as
ringer lactate should be avoided in patients with ALF. Furthermore, there
is an increased risk of elevated blood lactate levels because of the
decreased capacity of the liver to metabolize lactate in patients with
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ALF. However, the general critical care literature supports the use of a
balanced crystalloid solution over normal saline because of the increased
risk of hyperchloremic acidosis and acute kidney injury [22].

2. Vasopressor therapy
The use of vasopressor should be considered when hypotension persists
despite adequate fluid resuscitation. Several vasopressor agents can be used
to achieve the target MAP.

Norepinephrine
Norepinephrine should be the agent of choice for patients with ALF, as it
increases MAP without a concomitant increase in heart rate [2].

Vasopressin and terlipressin

Vasopressin is arginine vasopressin (AVP), a non-peptide molecule that
acts by stimulating V1 and V2 receptors [23]. Terlipressin (triglycyl-
lysine-vasopressin) is a synthetic analogue of arginine vasopressin and
has a half-life of ~6 h [24].

Vasopressin or terlipressin should be considered when a high dose of
norepinephrine is required to achieve the target MAP. One previous study
demonstrated that both vasopressin and terlipressin may exacerbate cere-
bral edema in patients with ALF [25]. However, in a more recent study,
no detrimental effect was found to arise from infusing terlipressin on ICP
when compared to norepinephrine [26].

3. Other measures

Hydrocortisone

The incidence of adrenal insufficiency exceeds 60% in patients with ALF [8].
Administration of 200-300 mg/day of hydrocortisone may decrease vaso-
pressor requirements in ALF patients with vasopressor-resistant shock [27].

Plasma exchange (PE)

Plasma exchange is an established treatment modality for various autoim-
mune conditions, and evidence supporting its use in the treatment of ALF is
growing. Plasma is separated from cells in an extracorporeal device, which
uses either a filter or centrifuge. The plasma is then replaced with either
human albumin solution (HAS), fresh frozen plasma (FFP), or a combination
of the two. In several studies, it has been demonstrated that PE in the first 3
days after ICU admission may improve the hemodynamics of patients with
ALF [28, 29]. In a recent randomized controlled study, it was found that high-
volume PE improved the free survival rate of patients with ALF. This improve-
ment was achieved mainly because of the removal of inflammatory mediators,
antibodies, and albumin-bound toxins with a subsequent improvement in arte-
rial pressure and a decreased requirement for norepinephrine infusion [30].

Hepatectomy
The reversal of circulatory failure related to vasopressor-resistant shock
after the removal of a native liver is noted in several case reports [31].
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Acute on Chronic Liver Failure (ACLF)

Acute hepatic decompensation in patients with end-stage liver disease is the
major cause of cirrhotic patient admission to the ICU. The precipitating factors
for liver decompensation include gastrointestinal hemorrhage, sepsis, trauma,
and surgery. However, on many occasions, the precipitating factors remain
unidentified. In all these cases, acute hepatic decompensation is often termed
ACLF. Although there are multiple definitions of ACLF, it can be described as a
rapid progression to multiple organ dysfunctions in patients with preexisting
chronic liver disease.

Hemodynamic Derangement in ACLF

Understanding pathophysiological changes in patients with ESLD is essential for
successful hemodynamic management of patients with ACLF.

e Portal hypertension and hyperdynamic state

Portal hypertension, increased splanchnic blood flow, and development of por-
tosystemic collaterals are the main pathognomonic features of patients with
ESLD. There is increased splanchnic blood flow caused mainly by a vasodila-
tion of arterial splanchnic vessels, both in splenic and mesenteric vascular
beds. Excess nitric oxide production due to shear forces between portal and
systemic circulation is the pivotal factor involved in profound splanchnic vaso-
dilatation. Bacterial translocation from the gut is another mechanism respon-
sible for increased NO production in these patients [32]. Excess NO, together
with increased pro-inflammatory mediators, precipitates a specific hemody-
namic state characterized by high cardiac output, low systemic vascular resis-
tance, and low MAP, which typically resembles the hyperdynamic state of
patients with sepsis. During acute decompensation, the hyperdynamic state
worsens with an increase in portal pressure and exacerbation of systemic
hypotension.

e Abnormal distribution of blood volume
Patients with ESLD have abnormally distributed blood volume with more than
37% concentrated in the abdomen. This is significantly higher than the abdomi-
nal blood volume of healthy subjects, whose abdominal organs contain less than
30% of their total blood volume.

* Blunted response to fluid bolus
Total vascular compliance is markedly different between healthy subjects and
patients with ESLD. Whereas total vascular compliance in healthy individuals is
0.5-1 mL/mmHg/kg body weight, it is estimated to be 1.5-2.5 mL/mmHg/kg
body weight in patients with liver cirrhosis. This difference in vascular compli-
ance means the responses to volume loading differ radically between these
patient populations. For instance, fluid loading in a healthy subject is associated
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with an increase in central blood volume and a subsequent increase in systemic
blood pressure [33] (Fig. 4.2). But in patients with ESLD, fluid loading is associ-
ated with pooling of blood to splanchnic circulation, with a minimal effect on
central blood volume and cardiac output [35] (Fig. 4.3). Collection of blood in
the splanchnic circulation is associated with portal hyperemia and increased por-
tal pressure, which may aggravate bleeding and gastrointestinal hemorrhage.
Because of this, the traditional approach of optimizing hemodynamics via
aggressive volume resuscitation is unlikely to be the best strategy to employ dur-
ing resuscitation of patients with ESLD.

Volume loading

Right atrium

Total vascular
compliance 1 mL/
mmHg/kg body

Splanchnic vascular bed

Fig. 4.2 Fluid loading in a healthy subject. Low vascular compliance combined with decreased
pooling of blood in splanchnic circulation is associated with increased central venous pressure.
(With permission [34])

Volume loading

Right atrium

" Total vascular
compliance 2.5 mL/
mmHg/kg body weight.

Splanchnic vascular bed

Fig. 4.3 Fluid loading in a cirrhotic patient. High vascular compliance combined with increased
pooling of blood in splanchnic circulation is associated with a minimal increase in central venous
pressure. (With permission [34])
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Hemodynamic Management of Patients with ACLF

Sepsis is the most important cause of hemodynamic instability in patients with
ACLF. This section will focus on the hemodynamic management of ACLF patients
with septic shock, with special emphasis on the modulation of splanchnic circula-
tion. The approach to hemodynamic management of patients with ACLF is
illustrated in Fig. 4.4.

A. Hemodynamic target

Recent surviving-sepsis campaign guidelines recommend early fluid adminis-
tration with 30 ml/kg and maintaining MAP above 65 mmHg. Lactate clearance
should be used as a guide for successful resuscitation [17]. In relation to cir-
rhotic patients with septic shock, the data are limited, and hemodynamic therapy
may need specific protocol-guided management that takes into consideration the
pathophysiological changes of these patients. For example, it has been demon-
strated that lactate clearance is significantly impaired during early resuscitation
of septic shock in patients with preexisting liver dysfunction [37].

B. Hemodynamic management

1. Assessment of cardiac function
Echocardiography is a robust tool for the assessment of left- and right-
ventricular function and right-ventricular systolic pressure and to ensure
adequate volume status for patients.

2. Fluid resuscitation
Because of the aforementioned pathophysiological changes, septic shock is
fluid-responsive in only ~12% of cirrhotic patients [38]. That is the reason
why the assessment of volume status is an essential step during the early
hemodynamic management of these patients.

(a) Volume assessment
* Central venous pressure
In addition to the general limitations of CVP in guiding fluid therapy,
high intra-abdominal pressure in cirrhotic patients, due to ascites,
may erroneously increase the reading of CVP despite ventricular
preload [39]. In a recent study, CVP failed to predict fluid respon-
siveness in patients with liver cirrhosis [40]. The dynamic rather than
static approach to cardiac preload assessment can help to guide fluid
therapy in these patients.
e Dynamic measures
— PPV, SVV, and the pleth variability index (PVI) were found to be
reliable predictors of fluid responsiveness in patients with liver
cirrhosis undergoing living donor liver transplantation [40]. In this
study, the cutoff values for PPV, SVV, and PVI were 10% (sensi-
tivity 78.3%, specificity 79.5%) and 12% (sensitivity 69.6%,
specificity 71.8%) for predicting fluid responsiveness [40].
However, in patients with tense ascites and high intra-abdominal
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Acute on chronic Liver
Failure with hemodynamic
instability

Evidence of blood or fluid loss,|
e.g., GIT bleeding

Resuscitation with fluid,
blood and blood products

Is the patient preload

Target MAP is reached F Target MAP is reached f m Hydrocortisone

responsive?

Spontaneous breathing
Cardiac arrhythmia

Low tidal volume < 8 ml/Kg

PPV > 10%
SVV >12%
In the presence of tense ascites a PPV

value = 20% may be required t
Test result

Fluid bolus 300-500 ml over vasopressin or terlipressin
15-30 min* +/- norepeinphrine

Mini fluid challenge

A 4 y Other measures

methylene blue

What is the cardiac status
of the patient?

<

Fig. 4.4 Stepwise approach to hemodynamic management of a patient with ACLFE. *The decision
to expand volume should be weighed against the risk of volume overload. fA PPV cutoff value of
20% is based on an animal study [36]. $Although a target MAP of 65 mmHg is considered suffi-
cient in general in critically ill patients, it still remains poorly defined in cirrhotic patients

pressure, the threshold values of PPV and SVV to discriminate
responders and non-responders might be as high as 20% [36].

— Inferior vena cava (IVC) diameter
The variation of the IVC diameter measured by transthoracic
echocardiography has been reported to detect preload responsive-
ness with reasonable accuracy [41]. However, in patients with liver
cirrhosis, interpretations of caval physiology may be hindered by
conditions that restrict the physiologic variability of the IVC, such
as liver fibrosis and elevated intra-abdominal pressure [42].
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* Preload challenge
— The PLR test is not reliable in the presence of tense ascites and/or
abdominal hypertension [34].
— Both the conventional and mini fluid challenge can be used, as
previously described, with real-time CO measurements.

(b) Type of fluid
The role of human albumin in cirrhotic patients with septic shock has
not been investigated. However, in patients with ESLD, improved arte-
rial pressure and improved outcomes were seen in patients with sponta-
neous bacterial peritonitis who received albumin [43]. This indicates
that albumin-containing solutions should be included in the fluid ther-
apy used with this population.

3. Vasopressor therapy and modulation of splanchnic circulation
* Norepinephrine is the first line of vasopressor therapy to correct refractory
hypotension in patients with septic shock [17]. However, patients with

ESLD are known to be less responsive to vasopressors [44].

— Vasopressin (AVP) and terlipressin

* An effective approach to hemodynamic management in ACLF is splanch-
nic modulation by splanchnic vasoconstrictors, which may be an alterna-
tive approach to volume loading. Splanchnic vasoconstrictors redistribute
blood from splanchnic to central circulation [45]. It has been demonstrated
that AVP significantly reduces both portal pressure and portal flow while
maintaining intestinal perfusion, which may be beneficial in minimizing
the incidence of gastrointestinal hemorrhage [46]. Terlipressin has demon-
strated splanchnic and systemic hemodynamic effects similar to those pro-
duced by AVP when examined in animal models [47], and also in patients
with liver cirrhosis [48].

* Kiszka-Kanowitz et al. [49] reported that when administered to cir-
rhotic patients, terlipressin increased the volume of blood in the liver
and the thoracic regions by 12% and 6%, respectively, resulting in an
increase in mean arterial pressure as well as a reduction in hyperdy-
namic circulation. The effect of intraoperative terlipressin infusion
on splanchnic and systemic hemodynamics has been evaluated in
patients undergoing living donor liver transplantation [50]. The
authors found that when compared to controls, patients receiving ter-
lipressin had higher MAP and SVR. More recently, the efficacy of
terlipressin compared to norepinephrine was evaluated in cirrhotic
patients with septic shock [38]. The authors found that a larger pro-
portion of patients (92%) in the terlipressin group achieved the target
MAP > 65 mmHg at 48 h compared to those in the norepinephrine
group (69%) P = 0.005). Terlipressin additionally reduces the inci-
dence of variceal bleeding to a greater extent than does norepineph-
rine (0% vs 9.5%, P = 0.01) [38].
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4. Other measures
(a) Adrenal function
Surviving-sepsis campaign guidelines recommend corticosteroid therapy
(intravenous hydrocortisone 200 mg/day in four divided doses for a week
before slowly tapering) for non-cirrhotic patients with vasopressor-
dependent septic shock [17]. The effect of steroid therapy in cirrhotic
patients with septic shock has been investigated in many studies [51-53].
Most of these evaluations demonstrated that hydrocortisone therapy is asso-
ciated with a significant reduction in vasopressor doses and higher rates of
shock reversal. However, the effect on survival remains controversial.
(b) Methylene blue

As previously mentioned, the main cause of vasopressor-resistant shock
is the overproduction of nitric oxide (NO) mediated by the release of
cytokines and endotoxins [54]. Administration of methylene blue, which
is a NO inhibitor, has been demonstrated to be effective in reversing the
course of hemodynamic deterioration and in preventing the development
of severe septic shock [55]. The efficacy of methylene blue in reverting
vasoplegia during and after liver transplantation has been investigated in
several case reports [56-58]. The reported dosages of methylene blue are
variable, but in general it ranges from 1 to 2 mg/kg bolus with or without
a subsequent infusion for 6 h.

Key Points

1. There are two distinct types of acute liver dysfunction that might require
ICU admission: acute liver failure (ALF) and acute on chronic liver failure
(ACLF).

2. Hemodynamic instability in patients with ALF is mainly associated with
hypovolemia and/or systemic vasodilatation, which can be severe, as seen
in patients with septic shock.

3. In patients with ALF and no evidence of increased intracranial pressure
(ICP), a mean arterial pressure (MAP) of 60—65 mmHg will adequately
maintain normal cerebral perfusion. However, MAP > 80 mmHg may be
required in a subset of patients with elevated ICP. Fluid resuscitation is the
mainstay of therapy in patients with ALF. If hypotension persists after
adequate fluid resuscitation, vasopressor therapy should be initiated.

4. In patients with ACLF, sepsis is the most important cause of hemodynamic
instability. A poor response to a fluid challenge is associated with several
causes, including abnormal distribution of blood volume, splanchnic vaso-
dilatation, and increased vascular compliance.

5. The use of vasopressors is the mainstay therapy in patients with
ACLEF. Another effective approach to hemodynamic management in ACLF
is the administration of splanchnic vasoconstrictors to redistribute blood
from portal to central circulation.
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Chapter 5
Management of Hyponatremia in
End-Stage Liver Disease

Vanessa G. Henke, Michael P. Bokoch, and Linda L. Liu

Introduction

In end-stage liver disease (ESLD), hemodynamic changes associated with neuro-
hormonal adaptations reduce the ability of the kidneys to excrete free water. The net
gain of free water relative to sodium, which causes hyponatremia, is a common
feature of ESLD and a strong independent predictor of mortality among patients on
the wait list for liver transplantation (LT). Unfortunately, the peri-transplantation
period is often associated with large fluctuations in serum sodium concentration,
which increases the risk of neurologic complications. Consequently, the therapeutic
goals and management strategies for hyponatremia vary greatly between the pre-
transplantation, intraoperative, and post-transplantation periods. In this chapter, the
definition, prognosis, pathophysiology, and treatment of hyponatremia in patients
with cirrhosis are reviewed.

Definition and Prevalence

Hyponatremia is wusually defined as a serum sodium concentration
([Na*]serum) < 135 mEq/L. With this definition, the prevalence of hyponatremia
is reported as between 2 and 5% in general hospitalized patients [1] and at 7.8%
in surgical patients [2]. When compared to the general population, the preva-
lence of hyponatremia is much higher among patients with cirrhosis. Serum
sodium concentration measured < 135 mEq/L in 49% of patients with cirrhosis
[3]. Because the incidence is so high, investigators often use a lower number as
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clinically significant hyponatremia, which is defined by [Na*]mm < 130 mEq/L

[1]. Even with this definition change, [Na*].um < 130 mEqg/L is reported in 22%
of patients. In the subset of cirrhotic patients who were hospitalized, the inci-
dence of [Na*]um < 135 or < 130 mEq/L was even higher at 57% and 28%,

respectively [3]. -

Prognostic Significance

Morbidity

The severity of hyponatremia correlates with the severity of cirrhosis, and worsen-
ing hyponatremia in decompensated cirrhosis is often a marker of disease progres-
sion. An acute drop in serum sodium may reflect fluid shifts, worsening systemic
vasodilation, as well as gastrointestinal or renal losses due to thiazide diuretic use or
worsening renal function. One study identified significant associations between
hyponatremia and refractory ascites, increased creatinine and the need for paracen-
tesis [3]. Compared to ESLD patients with normal sodium levels, ESLD patients
with hyponatremia were at significantly greater risk of major complications related
to portal hypertension including increased risk for hepatic encephalopathy [odds
ratio (OR) 3.4, 95% confidence interval (CI) 2.35-4.92], as well as hepatorenal
syndrome (OR 3.5, 95% CI 2.04-5.82) and spontaneous bacterial peritonitis (OR
2.4,95% CI 1.41-3.93) [3].

Hepatic encephalopathy (HE) is a serious complication related to ESLD. It has
been demonstrated that a serum sodium concentration < 130 mEq/L is a strong pre-
dictor of clinically relevant episodes of HE [4]. One hypothesis is that in chronic
cirrhosis, low-grade cerebral edema due to astrocyte swelling reflects both hyper-
ammonemia and hyponatremia [5]. This hypothesis is supported by data showing
more profound slowing of the electroencephalogram with worsening hyponatremia
in patients with cirrhosis [6]. This mild-to-moderate hyponatremia can significantly
impair neurological function but rarely causes overt cerebral edema with elevated
intracranial pressure.

For patients with ESLD and ascites, especially those who are not transplant
candidates, the severity of hyponatremia is also a strong predictor of impaired
health-related quality of life that declines even before [Na‘*],.,, reaches the thresh-
old value of <130 mEq/L [7]. A similar association has not been found with other
measures of liver dysfunction, such as the Child-Pugh score, serum bilirubin, albu-
min, prothrombin time, or the Model for End-Stage Liver Disease (MELD) score
[8]. The exact mechanism for this phenomenon is not known, although animal stud-
ies have demonstrated that mild cerebral edema has multiple effects on the central
nervous system and may play a role here by affecting a patient’s sense of well-
being [9, 10].
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Mortality

Multiple investigations have demonstrated that in ESLD, hyponatremia is associ-
ated with increased mortality independent of other predictive factors [11-13].
According to an evaluation of 6,769 patients awaiting LT, the hazard ratio (HR) for
death increased by 1.05 with each 1 mEq/L drop in [Na*]., between 140 and
125 mEq/L [14], with the greatest prognostic significance noted among patients
with the lowest MELD scores. Another study included results showing a striking
12% increase in the risk of death within 3 months of listing for LT for each 1 mEq/L
decrease in serum sodium between 120 and 135 mEq/L [15]. Among patients with
acute-on-chronic liver failure and hyponatremia, the relative risk of dying at 90 days
was significantly higher (HR 6.85, 95% CI 3.85-12.19) than for patients who had
neither of these factors [16].

Given these data, in 2016, hyponatremia was incorporated into the allocation
algorithm by the Organ Procurement and Transplantation Network and the United
Network for Organ Sharing. For patients with an initial MELD score greater than
11, a modified MELD-Na formula is now applied, resulting in higher scores if
[Na*]srm 18 less than 137 mEqg/L and with no incremental score increases when
[Na*]serum drops below 125 mEq/L [17]. This modification is a key driver of organ
allocation policy both in the United States and internationally [17]. Preliminary data
suggest that this transition to include sodium in the MELD calculation results in
more equitable allocation of organs without a negative impact on post-LT survival
[18, 19].

While the effects of hyponatremia on wait-list mortality have been well studied,
it remains undetermined whether hyponatremia affects post-transplant outcomes.
The most recent data from a large American registry demonstrated no difference in
post-transplant survival for patients with [Na*]m < 130 [20]. In fact, when the
authors divided the groups into mild hyponatremia (125-130 mEq/L), moderate
hyponatremia (120-124 mEq/L), and severe hyponatremia (<120 mEq/L), none of
the patients had a statistically significant difference in survival compared with their
counterparts with normal [Na*]i...,. Similar results were reported in a Chinese Liver
Transplant Registry where no significant differences were found between the nor-
mal group ([Na*].m between 135 and 150 mEq/L) and two hyponatremia groups:
[Na*]srm between 125 and 130 mEq/L (p = 0.113) and [Na*],..., between 130 and
135 mEq/L (p = 0.461) [21]. A statistically significant lower survival rate for the
patients with severe hyponatremia ([Na*]um < 125 mEq/L) compared with the
patients in the normal sodium group (p = 0.023) was reported. In contrast, two ear-
lier European evaluations demonstrated a higher risk-adjusted mortality at 3 months
post-transplant for patients with pre-transplant [Na*]s., < 130 mEq/L [22, 23]. In
those studies, patients with hyponatremia were also found to be at increased risk of
post-transplant neurologic dysfunction, infection, and renal failure. More data are
needed before a plausible explanation for the conflicting results and a definitive
statement can be made.
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Pathophysiology

ESLD is associated with the development of portosystemic shunts and increased
synthesis of prostaglandins and nitric oxide. These factors reduce systemic vascular
resistance, resulting in a drop in arterial pressure and an increase in cardiac output
[24] (Fig. 5.1). The systemic and splanchnic vasodilation induces a decrease in
effective circulating blood volume with subsequent activation of the sympathetic
nervous and renin-angiotensin-aldosterone systems. These changes result in sys-
temic vasoconstriction and sodium reabsorption, respectively [25]. Reabsorption of
sodium in the proximal tubules reduces sodium delivery to the ascending loop of
Henle, which can blunt the urinary diluting capabilities of the kidneys and impair
water excretion [26].

At the level of the carotid sinus baroreceptors, the reduction of effective circulat-
ing blood volume triggers non-osmotic secretion of the antidiuretic hormone (ADH)
from the posterior pituitary. Circulating ADH binds to vasopressin V2 receptors in
the renal collecting duct with subsequent stimulation of water-permeable channels
in the apical plasma membrane, which increases water reabsorption and leads to a
dilutional hypotonic hyponatremia [27].

| Prostaglandins/nitric oxide |

J

| Protosystemic shunts |

| Decreased SVR and arterial BP |

J

| Decreased effective arterial blood volume |

Activate the sympathetic nervous system
and the renin-angiotensin-aldosterone axis

J

| Sodium reabsorption proximal kidney

| Nonosmotic secretion of ADH |

| Impaired free water excretion |

S : < Impaired Na delivery to distal kidney
| Dilutional hyponatremia | Impaired water elimination

Fig. 5.1 The pathophysiology of hyponatremia in patients with end-stage liver disease
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Diagnosis

The diagnostic analysis and basis for treatment of hyponatremia in ESLD are predi-
cated based on an understanding of tonicity and the normal mechanisms governing
sodium and water homeostasis. Net retention or excretion of free water is the main
determinant of serum sodium concentration, because water freely traverses cell
membranes. To defend against large changes in cell volume triggered by the net
movement of water, serum tonicity is tightly regulated by osmoreceptors in the
hypothalamus. Increased tonicity leads to decreased cell stretch, which increases
the firing rate of these hypothalamic neurons, leading to increased thirst and
increased release of ADH from the posterior pituitary. Normally, the circulating
ADH level rapidly declines to zero when the serum tonicity drops. Under conditions
of decreased effective circulating blood volume associated with -cirrhosis,
baroreceptor-mediated ADH secretion can continue. This inability to suppress ADH
release despite low serum tonicity causes hypotonic hyponatremia.

The diagnostic workup begins by assessing the patient for non-hypotonic causes
of hyponatremia (Fig. 5.2). The differentiation between hypotonic and non-
hypotonic hyponatremia is important, because non-hypotonic hyponatremia does
not cause cerebral edema, which has major implications for prognosis and treat-
ment. While serum tonicity is the physiologically relevant entity, it cannot be mea-
sured directly. Serum osmolality is the measurable entity.

Hyponatremia

Assess
plasma osmolality

Isotonic Hypotonic Hypertonic
280-295 mOsm/kg <280 mOsm/kg >295 mOsm/kg
¢ Pseudohyponatremia ¢ Hyperglycemia
e H tei i « Mannitol
PSS . Assess volume status :
* Hypercholesterolemia And urine osm

Hypovolemic Euvolemic Hypervolemic

Assess Assess
urine Na urine Na
Renal loss Extrarernal loss « SIADH >30 mEq/L <30 mEq/L
>30 mEq/L <30 mEq/L * Hypothyroid  Renal failure « CHF
*  Diuretics *  Vomiting *  Secondary ¢ Cirrhosis
*  Cerebral salt * Diarrhea adrenal « Nephrotic
wasting «  Dehydration insufficiency syndrome
¢ Primary adrenal
insufficiency

Fig. 5.2 Algorithm to diagnose hyponatremia
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Table 5.1 Types of non-hypotonic hyponatremia

Tonicity Pathophysiology Examples

Isotonic or hypertonic Effective osmoles Glucose

Maltose

Mannitol

Sorbitol

Glycine

Hyperosmolar radiocontrast media
Histidine-tryptophan-ketoglutarate

Isotonic Pseudohyponatremia Monoclonal gammopathies, IVIG
Severe hypertriglyceridemia
Hypercholesterolemia

Mixed dyslipidemia

1VIG intravenous immunoglobulin

Tonicity and osmolality often trend in similar directions, but there are situations
when the two are divergent. Serum tonicity describes the osmotic gradient generated
by effective solutes or osmoles that are impermeable to cell membranes and, there-
fore, drive water movement in and out of cells. Ineffective osmoles (such as urea
and ingested alcohols and glycols) cross cell membranes, contributing to serum
osmolality without affecting serum tonicity and, therefore, do not cause hyponatre-
mia. Serum osmolality can reflect the concentrations of both effective and ineffec-
tive osmoles. To rule out non-hypotonic causes of hyponatremia, a patient history
and physical examination are helpful, and serum osmolality may also be measured.
Serum osmolality is not always part of the standard evaluation of hyponatremia, but
it should be measured when non-hypotonic hyponatremia is suspected.

Hypertonic hyponatremia (>295 mOsm/kg) is due to hyperglycemia, mannitol,
glycine, or sorbitol. Isotonic hyponatremia (280-295 mOsm/kg) is most likely to
be due to pseudohyponatremia, which is a laboratory artifact. The differential diag-
nosis of non-hypotonic hyponatremia is listed in Table 5.1.

For the patient with hypotonic hyponatremia, the important diagnostic question
is whether the serum ADH level is inappropriately elevated or whether hypotonic
hyponatremia is due to excess free water intake and appropriate suppression of
ADH secretion. In this rare situation, despite appropriate suppression of ADH, the
capacity of the kidneys to excrete free water is insufficient to keep up with the rapid
ingestion of large amounts of solute-free water. This is caused by either primary
polydipsia (as seen in psychosis or MDMA “ecstasy” intoxication) or low dietary
solute intake (as in beer potomania, anorexia, or tea and toast diet). Rather than
being used to measure the circulating ADH directly, the urine osmolality is used as
a surrogate marker for the circulating ADH. Dilute urine (i.e., urine osmolality
< 100 mOsm/kg) implies that circulating ADH is completely suppressed as in the
case of excess free water intake, and concentrated urine (i.e., urine osmolality
> 100 mOsm/kg) implies that ADH secretion is present, as in the case of cirrhosis.

Further diagnosis of hypotonic hyponatremia separates patients by volume status
based on the history and a physical examination to determine the patient’s extracellular
fluid (ECF) volume. Recent or ongoing use of diuretics and significant renal dys-



5 Management of Hyponatremia in End-Stage Liver Disease 75

function both limit the predictive value of urine chemistries, highlighting the impor-
tance of the exam and clinical assessment in refining the differential diagnosis.

The differential for hypotonic hyponatremia and elevated ECF volume on exam
includes cirrhosis, congestive heart failure, or nephrotic syndrome. In cases with normal
ECF volume, the syndrome of inappropriate ADH secretion (SIADH), secondary adre-
nal insufficiency, or myxedema coma should be considered. In the case of contracted
ECF volume or hypovolemia, possible causes include vomiting, diarrhea, or third-spac-
ing astheetiology of the hyponatremia when [Na*],;,. <30 mEq/L. If [Na*],. > 30mEq/L
and ECF is low, the use of diuretic, cerebral salt-wasting, or primary adrenal insuffi-
ciency should be taken into consideration as possible etiologies.

It is important to remember that patients can present with multiple causes of
hyponatremia. Some of the diagnoses may require conflicting therapies, which may
have important implications. For instance, a cirrhotic patient may develop worsen-
ing hyponatremia because of hypovolemia from vomiting or diarrhea, which
requires intravenous fluid replacement. A careful history and physical exam should
be useful in distinguishing between hypovolemic and hypervolemic hyponatremia,
and a fluid restriction treatment plan should not be instituted as a standard response.

Treatment of Hyponatremia: General Principles

The clinical significance of hyponatremia depends on the severity and the length
of time during which the condition has developed. Acute hyponatremia results in
cerebral edema that can progress from nausea, confusion, and headache to severe
symptoms such as somnolence, seizures, and signs of brainstem herniation with
subsequent coma and cardiorespiratory arrest. Adaptive processes within the neu-
rons (reduced generation of intracellular osmoles like myoinositol, taurine, and
sodium) help reduce the osmotic gradient with plasma [28]. Because this adaptive
process generally takes about 48 h, hyponatremia is considered to be chronic after
that time point. Chronic hyponatremia, therefore, generally leads to milder symp-
toms and is not as urgent a situation [29]. Extreme hyponatremia
([Na*]serum < 110 mEqg/L), even if chronic, is usually symptomatic. However, unless
such levels are reached, chronic hyponatremia rarely causes seizures or the other
life-threatening complications listed above [30]. Once adaptation is completed,
brain cells can again sustain damage if the serum sodium concentration now
increases too rapidly. Breakdown of the myelin sheath insulating individual neurons
with rapid sodium correction can result in osmotic demyelination syndrome (ODS).

Acute symptomatic hyponatremia is considered a medical emergency (Table 5.2).
Sodium correction with a bolus or infusion of hypertonic saline (usually 3% NaCl)
should be based on the severity of symptoms [31] and strive to correct severe symp-
toms of cerebral herniation, seizures, or coma. Rapid sodium correction leading to
osmotic demyelination syndrome is not as concerning because the osmotic adaptive
processes are not completely developed with acute hyponatremia. Patients should
be closely monitored in a critical care setting with frequent sodium checks to avoid
overcorrection.
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Table 5.2 General treatment recommendations for hyponatremia

Classification of Treatment
hyponatremia recommendations Comments
Acute or symptomatic Severe symptoms: 48 h is usually the cutoff to
bolus 3% NaCl differentiate between acute and
Moderate symptoms: chronic hyponatremia
infuse 3% NaCl Severe symptoms: vomiting,
(0.5-2 ml/kg/h) seizures, respiratory arrest, coma
Moderate symptoms: headache,
nausea, confusion
Chronic

Hypovolemic: dehydration | Isotonic saline

Euvolemic — SIADH Fluid restriction (first line)
Demeclocycline, urea,
Vaptans (second line)

Hypervolemic: cirrhosis, Fluid restriction In cirrhosis, restrict vaptans to
CHEF, nephrotic syndrome Vaptans patients where benefit outweighs
risk of worsening liver function

SIADH syndrome of inappropriate antidiuretic hormone, CHF congestive heart failure

General recommendations for the treatment of chronic hyponatremia are to limit
the rate of correction. The management of chronic hyponatremia depends on the
suspected etiology. Hypovolemic hyponatremia should be treated by resuscitation
with isotonic saline [32]. Euvolemic and hypervolemic hyponatremia are best
treated with fluid restriction or correction of the underlying endocrine disorder.

Total sodium correction should not exceed 6-8 mEq/L/day in either acute or
chronic hyponatremia patients because of the concern for ODS. Although the risk
for developing ODS is low, especially in patients with acute hyponatremia, there is
no additional benefit to correcting sodium faster than the recommended limits as
long as the symptoms of cerebral edema resolve.

Osmotic Demyelination Syndrome

Osmotic demyelination syndrome (ODS) was initially referred to as central pontine
myelinolysis. The name change occurred due to the discovery that the demyelin-
ation does not involve just the central pons but can involve extrapontine structures
as well [33]. Because it may take up to a week to regenerate normal intracellular
levels of osmotically active organic solutes, rapid sodium correction can lead to the
programmed death of myelin-producing oligodendrocytes [34]. ODS, while rare,
may present with devastating neurologic consequences such as quadriparesis,
locked-in syndrome, and death 2—-6 days after overcorrection of hyponatremia.
ODS is typically associated with overcorrection of severe hyponatremia
([Na*]seram < 120 mEq/L) that has been present for 2-3 days, but no absolutely safe
cutoffs for sodium correction are known. Other risk factors include alcoholism, liver
disease, malnutrition, and hypokalemia [35]. ODS has been reported in less severe
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hyponatremia ([Na*]..m > 120 mEq/L), especially in patients whose sodium levels
increased drastically after liver transplantation (LT), but this is even more rare [36].
The overall incidence of ODS after LT is reported as 0.5—-1% at some centers, with
preoperative hyponatremia and perioperative sodium fluctuations identified as risk
factors [36, 37]. It is impossible to follow neurologic symptoms intraoperatively
during LT to determine when sodium correction is excessive, but the guideline is to
limit sodium changes to < 8 mEq/L in 24 h.

While this complication can be neurologically devastating, some patients do
recover from ODS despite prolonged periods with neurologic deficits. ODS is
potentially reversible even in quadriplegic, ventilator-dependent patients. In a retro-
spective analysis of 36 patients with severe ODS, there was a lower than expected
1-year mortality of 31%, and 56% of the survivors demonstrated a marked recovery
(Rankin score < 1) [38].

Treatment of Hyponatremia: Liver Transplant Patients

The goals for sodium management are based on the phase of perioperative care.
While there are no data showing that increasing the serum sodium concentration in
patients with cirrhosis improves outpatient morbidity or mortality, every effort
should be made during the intraoperative period to maintain serum sodium levels
close to the patient’s baseline level. LT is a critical time for fluid and electrolyte
shifts, and transplant anesthesiologists must often undertake efforts to limit a dan-
gerous and rapid rise in serum sodium that may lead to ODS. Thus, intraoperative
efforts often focus on limiting the rise or even driving down the sodium concentra-
tion, in apparent contradiction to preoperative goals.

Pre-transplant Period

While it is clear that the severity of chronic hyponatremia correlates with complica-
tions and impaired survival in patients with decompensated cirrhosis, treatment of
asymptomatic, stable chronic hyponatremia in this population is not recommended,
because there is no proven benefit. The usual rate at which hyponatremia develops
in cirrhosis is slow, allowing ample time for brain tissue to equilibrate to the hypo-
tonic state. It is rare for patients to experience moderate-to-severe neurologic symp-
toms (i.e., hepatic encephalopathy Grade 3 or higher [39], new-onset encephalopathy,
seizures, focal deficit, stupor, or coma) [40] due to just hyponatremia unless the
serum sodium concentration falls acutely or below an absolute value of
120 mEq/L. As such, treatment of hyponatremia is not indicated if these conditions
are absent — unless transplant is likely to be imminent (within hours to days)
(Fig. 5.3). If this is the case, treatment of moderate hyponatremia
([Na*]erum < 130 mEqg/L) may be indicated to prepare the patient for the sodium
swings expected in the perioperative period.
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Diuresis and Fluid Restriction

For patients with compensated cirrhosis, the treatments for mild-to-moderate hypo-
natremia in the chronic setting are few and of little utility. In most instances, the
etiology, as discussed earlier, is dilutional. Diuretic withdrawal can be considered if
hyponatremia is severe, but caution is recommended for patients on chronic stable
therapy. Thiazides are the most likely class of diuretics to cause hyponatremia [41],
because they cause sodium secretion in excess of free water. Loop diuretics, on the
other hand, increase free water clearance, which makes them an important compo-
nent of ascites therapy in cirrhosis, and are potentially useful for the management of
hyponatremia in some settings [42]. Fluid restriction is another option, as limiting
the intake of free water to less than 1-1.5 L/day will ameliorate the effects of ele-
vated circulating ADH. Fluid restriction is uncomfortable for patients, and patient
compliance is poor in the outpatient setting [43].

Salt Tablets and Potassium Replacement

Hyponatremia in cirrhosis reflects an inappropriate excess of total body water, not a
lack of sodium. Adding a sodium load may worsen the edematous state. Sodium
chloride tablets are generally contraindicated, as the sodium load will worsen asci-
tes and edema. It is generally recommended that patients with cirrhosis follow a diet
of moderate sodium restriction (2-3 g per day) [44, 45]. A simple measure that miti-
gates hyponatremia is to ensure that potassium is adequately repleted. Hypokalemia
is common in cirrhosis, especially among patients on diuretics. Serum potassium
and sodium levels are closely linked, and potassium administration leads to a series
of transcellular shifts of fluid and electrolytes that result in an increase in serum
sodium [42, 43, 46].

Vaptans

The most promising drug introduced in recent years is “vaptans’” or V2 vasopressin
receptor antagonists. These agents block V2 receptors in the renal collecting ducts
and increase free water clearance by producing a selective water diuresis. They have
been shown to raise serum sodium in patients with hypervolemic hyponatremia [47]
but not to reduce ascites or major complications of cirrhosis [48]. Predictable side
effects include increased thirst and polyuria, which may increase discomfort for
outpatients [49]. In a recent meta-analysis, the use of vaptans led to improved
sodium levels without mortality benefit (RR = 1.06, 95% CI: 0.9-1.26) [50]. A large
trial of V2 antagonists in patients with polycystic kidney disease demonstrated a
higher rate of elevated transaminases in patients receiving tolvaptan [49]. In
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response to this result, the US Food and Drug Administration issued a 2013 state-
ment warning against the use of tolvaptan in patients with liver disease. Based on
the lack of clear benefit, drug costs, and lingering questions about risk, the routine
use of vaptans in patients with cirrhosis is not recommended [51]. One proposed
exception may be in the scenario where a hyponatremic patient with ESLD is await-
ing imminent liver transplantation. The use of vaptans, particularly intravenous
conivaptan [52], may pose little risk of additional hepatic injury yet provide the ben-
efit of correcting the hyponatremia prior to surgery to decrease the risk of ODS [53].
As such, there are currently no good pharmacologic options to treat mild or moder-
ate asymptomatic hyponatremia in cirrhosis, and more studies are necessary before
a recommendation can be made based on clinical evidence.

Other Medications

A variety of other drug classes have been used to treat hyponatremia in cirrhosis,
with limited efficacy. Demeclocycline, a tetracycline analog, blocks the effect of
ADH on the renal collecting ducts and raises the serum sodium. However, it is not
recommended due to an unacceptably high incidence of nephrotoxicity [54].
Niravoline, a kappa-opioid agonist, increases free water clearance but may cause
neurologic side effects such as confusion and personality disorders [55].

Peri-transplant Period

The time around the LT operation is a highly dynamic period for sodium homeosta-
sis in patients with ESLD. Patients often present with decompensated cirrhosis,
acute elevations in MELD-Na, and worsening hyponatremia in the days or weeks
just prior to transplant. Successful transplantation results in rapid resolution of por-
tal hypertension and hemodynamic and renal function [56]. Typically, these changes
are accompanied by rapid postoperative normalization of the serum sodium.

Intraoperatively during LT, the magnitude of blood loss and volume replacement
puts the patient at risk for overly rapid correction of sodium [43]. Consistent risk
factors for developing ODS after LT include (1) large sodium increases during sur-
gery (> 12-14 mEq/L) [37, 57, 58] or in the perioperative period (> 20 mEq/L per
48 h) [59] and (2) a large volume of isotonic crystalloid or blood product infusions
during transplant [57, 58]. Some series suggest that moderate to severe preoperative
hyponatremia ((Na*]snm < 125 mEqg/L) is itself a risk factor for ODS and post-
transplant neurologic complications [40, 57, 58]. Hyperosmolarity, independent of
sodium derangements, is also likely to pose a risk of ODS, which argues for ade-
quate control of postoperative hyperglycemia [37, 59].

Perioperative physicians should strive to identify all patients at risk for overly
rapid correction of sodium during LT. Almost all patients experience some rise in
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sodium during transplant, but those starting with moderate or severe hyponatremia
have larger increases (a mean rise of 11 + 3.6 mEq/L for patients starting with
[Nat]serum < 130 mEq/L, versus 5.3 +4.5 mEq/L for those with [Na*].,n > 130 mEq/L)
[60]. Larger intraoperative sodium increases are also associated with increased
transfusion of packed red blood cells and fresh frozen plasma and administration of
sodium bicarbonate. Given the low incidence of ODS, recent case series have not
demonstrated increased mortality among patients who have experienced a rise in
sodium >10 mEq/L during LT, but these patients do tend to have prolonged intuba-
tion, prolonged intubation, prolonged intensive care unit and hospital stays, and
post-transplant altered mental status [56, 60].

Possible Treatment Options

Given the risks of entering the operating room for LT with severe hyponatremia
([Na']erum < 120 mEq/L), consideration should be given to gradually correcting
hyponatremia (no greater than 0.5 mEq/L per hour) to [Na*]m > 130 mEq/L if
possible in the days prior to transplant (Fig. 5.3). If conservative measures fail (no
improvement in sodium after 24-48 h of fluid restriction), albumin infusion over
several days may raise the sodium level. It is likely that albumin raises sodium by
expanding intravascular volume, increasing free water clearance, and decreasing
circulating ADH [61].

Hypertonic saline (usually 3% NaCl) infusion is effective in raising serum
sodium but should be used with caution [24]. The associated sodium load tends to
worsen ascites and edema and is associated with the risk of overly rapid correction
or circulatory overload [62]. Consequently, hypertonic saline should be considered
only if liver transplantation is thought to be imminent within days to hours. The goal
rate of hypertonic saline infusion can be calculated, but these equations only pro-
vide an estimate [62]. Weight-based estimates of total body water may not be accu-
rate in patients with cirrhosis, and frequent sodium checks are mandatory while
therapy is in progress. Concurrent diuresis with furosemide may be useful to pre-
vent volume overload and enhance free water clearance [62].

Continuous renal replacement therapy with isotonic saline infusion can be con-
sidered for gradual correction of severe hyponatremia in oliguric or severely
volume-overloaded patients [63, 64].

Despite all the listed options, the data are unclear as to whether the perioperative
correction of serum sodium improves overall outcomes. Hackworth et al., in a small
retrospective study, were unable to find a survival benefit at 6 months in patients
with a history of [Na*]yum < 130 mEq/L who had resolved hyponatremia versus
those who had remained hyponatremic at the time of transplant [65]. It is possible
that there may be a benefitto improving severe hyponatremia ([Na*],m < 120 mEq/L)
so that intraoperative sodium shifts would be less dramatic, but the treatment end-
point (i.e., the target sodium goal) is unknown.
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Intraoperative Period

Intraoperative sodium management requires an understanding of the sodium content
of the crystalloids, colloids, and blood products that are typically given during sur-
gery [66]. All isotonic crystalloids and albumin have sodium content >130 mEq/L,
whereas lactated Ringers have the lowest and normal (0.9%) saline the highest
sodium content (Table 5.3). Fresh frozen plasma, which is often transfused in high
volumes during LT, has markedly higher sodium content (170 = 1.4 mEq/L) than
do packed red blood cells (119 +4 mEq/L). It has been demonstrated that the admin-
istration rate of crystalloid and blood products strongly correlated with the rate of
intraoperative sodium rise over the course of LT [57]. Sodium bicarbonate, rou-
tinely used at some centers for the management of metabolic acidosis, constitutes a
significant sodium load (50 mEq per 50 mL ampule of 8.4% sodium bicarbonate).

For patients at risk of rapid sodium overcorrection, consideration should be given
to limit the perioperative sodium load. It has been reported in a small patient series
that the use of hypotonic crystalloid infusion (0.45% saline), limited use of bicar-
bonate (< 1 mEqg/kg), and administration of furosemide to promote natriuresis dur-
ing LT can limit the intraoperative sodium rise [67]. Dextrose 5% can be used as an
entirely sodium-free infusion during the dissection and anhepatic phase but should
be switched to half-normal (0.45%) saline during the neohepatic phase due to the
marked hyperglycemia that can accompany good allograft function [68]. It is not
uncommon for some centers to administer 1-3 L of hypotonic crystalloid to balance
the sodium load in at-risk patients. The use of sodium bicarbonate during LT should
be limited, and compensation for metabolic acidosis can be at least partially achieved
by establishing a respiratory alkalosis using ventilator changes. Diuretics can be
useful in promoting natriuresis in patients with preserved renal function [42]. To
limit the intraoperative sodium load for coagulopathic patients at high risk of sodium
overcorrection, consideration should be given to the use of prothrombin complex
concentrates or fibrinogen concentrates as substitutes for FFP and cryoprecipitate.
Although there is no clinical evidence evaluating this practice, the substitution does
make physiologic sense given the decrease in sodium load.

Table 5.3 Sodium concentration in common intravenous fluids used intraoperatively

Solution Na* (mEq/L) | K* (mEq/L) |CI~ (mEq/L) | Other components

D5W 0 0 0 Dextrose (50 g/L)

LR 130 4 109 Lactate, calcium

Plasmalyte 140 5 98 Magnesium, acetate, gluconate
0.9% NS 154 0 154

Albumin 5% [79] | 130-160 <1 109-136 Albumin (50 g/L)

PRBC [66] 119+4 45+6 100 +£3

FFP [66] 170+ 1.4 33+0.2 73+£2

Platelets [66] 172+ 1.8 1.7+0.1 91+1

8.4% bicarbonate | 1000
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No matter which strategy is implemented, frequent sodium checks should be
performed intraoperatively to guide adjustments in fluid therapy, particularly if
sodium is rising faster than 1 mEq/L per hour. If overcorrection occurs, measures
should be taken to reduce the sodium concentration toward preoperative values.
Desmopressin, also known as DDAVP, is a V2 receptor agonist that acts on the renal
collecting ducts and drives free water absorption. Desmopressin (usual dose 0.03
mcg/kg IV) with hypotonic fluids has been proposed as a treatment option to re-
lower the serum sodium in an attempt to prevent ODS [69]. However, a systematic
review of this strategy found only observational studies with a total of 80 patients,
none of whom had liver failure. Although desmopressin has not been studied in liver
transplantation, it could be considered a rescue option when sodium overcorrection
occurs [70].

Postoperative Period

If the patient is found to have worrisome neurologic symptoms in the immediate
post-transplant period (such as seizures, focal deficits, stupor, or coma), it may be
associated with the beginning of cerebral herniation. Therefore, the intensivist
should consider reducing the serum sodium concentration. Unfortunately, the clini-
cal diagnosis of ODS is challenging in the post-transplant period. These patients
often manifest postoperative encephalopathy not necessarily related to ODS and are
also prone to vascular and infectious complications of the central nervous system
that may confound the diagnosis [71]. A high index of suspicion and early magnetic
resonance imaging to detect subclinical ODS are advised in post-LT patients who
have experienced large sodium fluctuations.

Studies have reported success with lowering sodium using desmopressin and
dextrose 5% following overly rapid correction of hyponatremia [72, 73], but evi-
dence of improved neurologic outcomes with this technique has been reported
only in rat models and case reports [74, 75]. Finally, plasmapheresis and intrave-
nous immunoglobulins have been described as a rescue therapy for ODS in a patient
2 weeks after LT [76]. Currently, the optimal treatment for patients who have devel-
oped neurologic symptoms after rapid sodium correction is unclear, and in the
absence of other effective therapies, lowering sodium back closer to baseline seems
to have physiologic plausibility.

Acute Liver Failure Patients

In contrast to chronic liver failure, acute liver failure (ALF) induces rapid-onset
hyperammonemia, leading to astrocyte swelling, cytotoxic brain edema, and intra-
cranial hypertension because of insufficient time for adaptations to occur at the
cellular level [77]. Hyponatremia in the setting of ALF and hyperammonemia is
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particular dangerous, as it exacerbates the osmotic gradient driving water into the
brain and worsens cerebral edema with the development of intracranial hyperten-
sion. Current guidelines recommend aggressive correction of hyponatremia in ALF
patients using hypertonic saline with or without renal replacement therapy, with a
goal of maintaining relative hypernatremia in the range of 140-145 mEq/L [78].
ALF patients managed with this strategy were shown in a small randomized trial
(30 patients) to have improved intracranial pressure and lower vasopressor require-
ments [64]. Note that the sodium goal for ALF is significantly higher than the pre-
transplant goal for patients with chronic liver disease ([Na']sunm > 130 mEq/L)
because of the difference in pathophysiology.

Conclusion

Hyponatremia is common among patients with end-stage liver disease and is associ-
ated with increased mortality. Unfortunately, the treatments for mild-to-moderate
hyponatremia in the chronic setting (diuretics, fluid restriction, and vaptans) are not
ideal given that the underlying pathophysiology continues to persist (non-osmotic
secretion of ADH). Intraoperatively, the goals shift to maintaining sodium levels
near baseline levels and refraining from correcting sodium rapidly due to the serious
risks. These competing targets make hyponatremia a challenging problem for the
perioperative physician. Appropriate treatment plans depend on understanding the
pathophysiology, the phase of care, and the risks and benefits of sodium
correction.

Key Points

1. Hyponatremia is common among patients with end-stage liver disease and
is associated with increased mortality.

2. The outpatient treatments for mild-to-moderate hyponatremia (diuretics,
fluid restriction, and vaptans) are not ideal given that the underlying patho-
physiology of non-osmotic ADH secretion is not fixed.

3. Intraoperative goals are to maintain sodium levels near baseline levels and
to refrain from correcting sodium rapidly due to concern about osmotic
demyelinating syndrome.

4. Postoperatively, the optimal treatment for patients who have developed
neurologic symptoms after rapid sodium correction is unclear, and in the
absence of other effective therapies, lowering sodium back closer to base-
line may be the best option.
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Chapter 6
Sepsis and Septic Shock in Cirrhotic
Patients

Antonios Katsounas

Introduction

Patients with liver cirrhosis are considered to be more susceptible to both spontane-
ous and healthcare-associated (HCA) infections. It is likely that the cause of this
phenomenon is excessive pro-inflammatory cytokine responses, which play a fun-
damental role in the development of severe liver dysfunction with subsequent multi-
organ failure. Effective prevention and early detection strategies, as well as proper
clinical management, are of crucial importance for the reduction of morbidity and
mortality in this very vulnerable population. This chapter expands on and summa-
rizes the current published literature, which pays particular attention to sepsis-
related organ dysfunction in patients with chronic liver diseases.

Immune Dysfunction, Gut Barrier Disruption, and Vasoplegia
in Patients with Liver Cirrhosis

Overall, prior to admission to clinical facilities, 25-35% of cirrhotic patients acquire
infections that persist during hospitalization, and this trend has increased over the
last 5 years. Infections occur 4-5 X more frequently in hospitalized patients with
cirrhosis in comparison to those without this disease [1]. The risk of infection is
more serious in patients with decompensated cirrhosis than in those with stable liver
disease [1]. Around 40-60% of cirrhotic patients experiencing gastrointestinal
bleeding during hospitalization develop infections [2]. Further, bacterial infections
are considered a cause of death in up to 50% of all fatal outcomes in patients with
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cirrhosis [3]. This is not surprising because chronic liver disease is responsible for
increased susceptibility to infections.

The molecular mechanisms of this phenomenon may involve compromised mac-
rophage Fc,-receptor-mediated neutralization of antibody-coated bacteria, functional
deficiencies of the complement factors C3 and C4, and impaired antigen presentation
ability resulting from the downregulation of monocyte human leukocyte antigen—DR
expression [4]. Furthermore, neutrophil cells with downregulated phagocytic killing
behavior against germs like Escherichia coli or Staphylococcus aureus have been
identified in patients with alcohol-related cirrhosis [5]. In the presence of portal hyper-
tension, this state of immune dysfunction alters the composition of gut microbiota
with a subsequent increase in bacterial translocation from the gastrointestinal tract to
the extraintestinal sites. Portal hypertension also leads to hypersplenism, which, in
turn, results in a more advanced attenuation of an antimicrobial defense capacity
through over-elimination of circulating immune cells. In addition, cirrhotic patients
show a diminished synthesis of bile fluid and a prolonged intestinal transit time. These
two factors in combination with abnormal production of antibacterial peptides, along
with an attenuated secretion of gastric acid, favor intestinal microbial overgrowth.
Translocation of bacteria through a “leaky gut” along with decreasing hepatic clear-
ance of bacterial antigens (lipopolysaccharides (LPS) or endotoxins) may lead to a
systemic overload of toll-like receptor TLR-ligands and (through activation of TLR
pathways) to a massive production of cytokines, which further enhances inflammatory
activity [6]. This, in turn, favors a systemic cytokine “blast” and a further secretion of
reactive oxygen species (ROS) in large amounts, which accelerates the development
of increased intestinal permeability and leads to the formation of a “circulus vitiosus”
[7, 8]. There is substantial evidence for the regulatory potential of the C-X3-C Motif
Chemokine Receptor 1 (CX3CR1) in intestinal macrophages with regard to maintain-
ing the integrity of the gut barrier [9]. Damage to this barrier (favoring bacterial trans-
location and, thus, hepatic inflammation/dysfunction) can lead to enhanced splanchnic
vasodilation with subsequent further intestinal injury. Indeed, uncontrolled release of
vasodilatory inflammatory mediators in combination with endothelial damage and an
arginine-vasopressin system dysfunction may cause a vasoplegic syndrome. Nitric
oxide (NO) induced by Ca2*-independent isoforms of nitric oxide synthase (iNOS)
activates soluble guanylyl cyclase (sGC). In turn, sGC is responsible for increasing
intracellular cyclic guanosine monophosphate (cGMP) production, which leads to the
relaxation of vascular smooth muscles and vascular unresponsiveness along with
hypotension. In this setting, it is much more challenging to improve microcirculation
and tissue perfusion than it is to solely increase blood pressure using vasopressors. To
this end, sufficient support with fluids along with albumin is fundamental. Recent
studies have shown that reversing the endothelial nitric oxide synthase (eNOS) uncou-
pling reaction can diminish ROS levels, increase NO bioavailability, and, thus, attenu-
ate the endothelial “functio laesa” [10]. However, it is very likely that vascular failure
during sepsis has a multifactorial background, especially in patients with end-stage
liver disease. A concerted research effort focused on the underlying molecular mecha-
nisms for vasoplegia could make a significant contribution to a more meaningful
selection of therapeutic targets in this highly vulnerable patient group.

From a pathophysiological point of view, the degree of inflammation markedly
affects the outcomes of cirrhotic patients with bacterial infections and sepsis. This is
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strongly supported by recent findings clearly identifying C-reactive protein (CRP)
and white blood cell (WBC) count as independent predictive factors of in-hospital
survival [11, 12].

Sepsis in Patients with Liver Cirrhosis

Epidemiological Data on Infections in Patients with Liver Cirrhosis

Infections and immune dysfunction are common etiologies for prolonged liver
injury and terminal organ failure [13]. Many patients experience repeated episodes
of systemic infections that gradually impair intrinsic liver function before leading to
end-stage disease. During the last decade, liver cirrhosis itself has been identified as
a risk factor for hospitalization due to severe infection and sepsis-related mortality
[14]. Early and accurate detection of infections and identification of their primary
source are considered to be essential for targeted therapy, which, in turn, has a sig-
nificant impact on patient survival (Table 6.1) [15].

According to current studies, spontaneous bacterial peritonitis, urinary tract
infections, and pneumonia are the most common bacterial diseases in cirrhotic
patients [11]. The origin of infections, i.e., hospital-acquired (HA) vs. community-
acquired (CA), and the bacterial types, i.e., Gram-positive and Gram-negative
strains, demonstrate a balanced distribution [11]. Escherichia coli, Enterococcus
faecium, and Klebsiella pneumoniae count as the most frequently isolated microbial
pathogens that cause spontaneous bacterial peritonitis (SBP). Among all patients
with SBP, 30-35% of cases are caused by multidrug-resistant (MDR) bacteria [11].

Table 6.1 Site and type of infections in patients with liver cirrhosis

Sites of Infection Type of isolated bacteria
1. Spontaneous Bacterial Peritonitis 1. Escherichia coli

2. Urinary Tract Infection 2. Enterococcus faecium
3. Pneumonia 3. Klebsiella pneumoniae
4. Primary bacteremia 4. Enterococcus faecalis
5. Skin 5. Fungi

6. Soft tissue 6. Staphylococcus aureus
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Definition: Sepsis, Septic Shock, and Applicable Prognostic
Scores in Patients with Liver Cirrhosis

Based on the Sepsis-3 criteria, sepsis is defined as a life-threatening organ dysfunc-
tion triggered by a dysregulated host response to infection [16—18]. Organ dysfunc-
tion can be determined by an increase in the total Sequential Organ Failure
Assessment (SOFA) score of > 2 points (i.e., Delta SOFA > 2 points) due to an
infection [16—18] (Table 6.2). The baseline SOFA score can be set to zero unless the
patient is known to have a preexisting (acute or chronic) organ dysfunction before
the onset of infection [16-18].

There are significant differences between the SOFA score and the Chronic
Liver Failure-Sequential Organ Failure Assessment (CLIF-SOFA) score. CLIF-
SOFA (Table 6.3) was developed to assess 30-day mortality rates in patients
with acute decompensation of cirrhosis — defined by the development of compli-
cations (e.g., bacterial infection, hepatic encephalopathy, gastrointestinal bleed-
ing, and ascites). However, CLIF-SOFA differs from the SOFA score in the
consideration of two parameters: coagulation and the Glasgow Coma Scale
(GCS) score [20].

Septic shock is defined as hypotension requiring the use of vasopressors to main-
tain MAP > 65 mm Hg and a serum lactate level > 2 mmol/l despite adequate fluid
resuscitation. For patients meeting these criteria, the hospital mortality rate exceeds
40% [16—18]. Timely and accurate identification of patients at risk for sepsis and
septic shock must, therefore, be prioritized. In order to identify adult patients with
a possible infection and an expected poor outcome, a new scoring tool quick SOFA
(qSOFA) has been introduced. The gSOFA provides simple bedside measures and
is considered to be positive when patients meet > 2 of the following three criteria:
alteration of consciousness, respiratory rate > 22/min, and systolic blood pressure
< 100 mm Hg. According to recent findings [7], cirrhotic patients with a positive
qSOFA score meet significantly more Sepsis-3 criteria [16—18] than do those with a
negative qSOFA score [16—-18].

Based on these observations, a novel algorithm focused on the implementation of
Sepsis-3 criteria and the gSOFA has been proposed to assist clinicians with the
management of hospitalized patients facing the challenge of concomitant liver cir-
rhosis and bacterial infection (Fig. 6.1).

According to this algorithm, both Sepsis-3 criteria and the qSOFA should be
applied if a baseline SOFA score is unavailable. A patient who meets both screening
criteria should be admitted to the ICU, due to a predicted worse outcome. On the
other hand, a patient who does not meet the criteria for either scale has the best
prognosis. If the situation is uncertain, the SOFA score should be closely monitored
for further clinical decisions and management [7].

It has been demonstrated that the CLIF Consortium Acute Decompensation
score (CLIF-CADs), used to establish a prognosis for hospitalized cirrhotic patients
without acute-on-chronic liver failure, is capable of predicting mortality more
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Patient with liver cirrhosis and bacterial infection(s)

| SOFA Score at baseline |

Y not available

Apply both:

Apply only: R ritar
Sepsis-3 criteria gSOFA and Sepsis-3 criteria

Sepsis-3: o |4 » Sepsis-3: Yes Sepsis-3: Yes Sepsis-3: Yes Sepsis-3: no
qSOFA: + qSOFA: —

A A i
Good outcome Poor outcome Unpredictable Good outcome

outcome

7

Consider Monitor
admission to the ICU SOFA and qSOFA

Fig. 6.1 Flowchart for the implementation of Sepsis-3 criteria in the clinical management of
patients with cirrhosis and systemic infections. /CU intensive care unit. (Figure modified from
Piano et al. [11])

accurately. This is likely because in CLIF-CADs both the organ dysfunction-spe-
cific variables (e.g., international normalized ratio, creatinine, and serum sodium
concentration) and the degree of inflammation (e.g., WBC count) during systemic
bacterial infections are taken into account [12].

Treatment/Hemodynamics and Sepsis-Related Complications
of Cirrhosis

In patients with cirrhosis, therapy is aimed at preventing and correcting organ hypo-
perfusion along with fast identification and elimination of the infectious sources.
Fluid substitution should be the primary therapeutic option to improve perfusion
and enable the maintenance of stable function of vital organs [17]. Hypotensive
patients with an adequate intravascular volume status should receive additional
treatment with vasopressors to stabilize mean arterial pressure (MAP) (measured
by direct arterial pressure monitoring) above 65 mmHg and urine output above
0.5 ml/kg/h [22]. Some recommendations for the management of hemodynam-
ics are based on a measurement of central venous pressure (CVP) [22] and the
goal of achieving central venous oxygen saturation (ScvO2) > 70%. Several stud-
ies have shown that albumin supplementation using a dose of 1.0-1.5 g/kg may
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delay the onset of renal failure, especially in cirrhotic patients with an infection
not related to SBP [23, 24]. However, these results are controversial [25-28]. In
the ongoing debate on the potential beneficial effect of albumin administration in
these patients, clinicians should be aware of the anti-oxidant/anti-inflammatory,
immunomodulatory properties and functional role of albumin as a carrier mol-
ecule for many endogenous/exogenous substances, in addition to its physiological
effect as a plasma expander [29]. Beyond that, caution should be exercised; that
is, treatment with highly protein-bound antibiotics should not be initiated without
considering what is likely to be the unfavorable influence of hypoalbuminemia
on the pharmacokinetics of these drugs [30]. All these complications of cirrhosis,
including hepatic encephalopathy [31, 32], hepatorenal syndrome [33], hepato-
and porto-pulmonary hypertension [34], malnutrition and impaired gluconeogen-
esis [35], must be optimally managed in order to support a cirrhotic patient through
sepsis [36].

Treatment/Anti-infective Management

Bacterial infections may cause fatal complications such as septic and/or hepatic
encephalopathy, decompensation of ascites along with hypervolemic hyponatre-
mia, gastrointestinal bleeding, renal failure, and acute-on-chronic or acute-on-cir-
rhosis liver failure. In patients with SBP, ascites removal equals source control!
Most importantly, after the ascetic fluid has been drained from the abdominal cav-
ity, a blood culture evaluation should be performed immediately in order to improve
diagnostic accuracy [37]. It is important to consider that antibiotics may not reach
a sufficient level to treat an infection localized in the peritoneal compartment if
dose administration follows standard recommendations. Therapeutic drug moni-
toring should be performed along with systemic substitution of albumin, as stated
above. It is essential to consider the patient’s previous and current antibiotic regi-
men. For example, if levofloxacin was used for SBP prophylaxis, it is crucial to
consider that fluoroquinolones might no longer be effective as a viable therapeutic
alternative. In more than 50% of cases, empirical treatment includes > 2 antibiotics
[11]. Quinolones, third-generation cephalosporins, carbapenems, piperacillin/
tazobactam, and glycopeptides are the most frequently used substances, and empir-
ical antibiotic treatment can be considered effective in approximately 80-85% of
cases [11] (Table 6.4). While almost all of these patients achieve final resolution of
infection, 15-20% develop a reinfection during hospitalization [11]. Indeed,
empirical treatment should be based on valid clinical and microbiological (progno-
sis-related) scores and, therefore, requires good knowledge of local epidemiology
including common bacterial resistance profiles and rates as well as the history of
infection(s) in individual patients with chronic liver disease. With regard to the
increasing prevalence of resistance to quinolones and colonization/infection with
MDR bacteria, in 2014 the European Association for the Study of the Liver (EASL)
published recommendations for the management of bacterial infections in cirrhotic
patients [21].
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Table 6.4 Common empirical antibiotic approaches for patients with severe liver disease and
bacterial infection(s) modified from Gustot et al. [38]

Site/type of | No severe sepsis or shock

infection CA infections HCA and HA infections
Prevalence of MDR bacteria
Low High
SBP Third-generation Cephalosporins (i.v.) | Piperacillin/ Meropenem (i.v.)
SMB Tazobactam (i.v.) |+
v Glycopeptide (i.v.)*

or Linezolid/
Daptomycin (i.v.)

PNE Third-generation Cephalosporins (i.v.) Meropenem (i.v.)
+ or Ceftazidime (i.v.)
Macrolide (oral/i.v.) +
Or Levofloxacin (oral/i.v.) Ciprofloxacin (i.v.)
+

Glycopeptide (i.v.)*
or Linezolid (i.v.)*

STI Amoxicillin/Clavulanic Acid (i.v.) Meropenem

or Ceftazidime

+

Glycopeptide (i.v.)*
or Linezolid/
Daptomycin (i.v.)

Site/type of | Severe sepsis or shock

infection Empirical antibiotic treatment of severe sepsis or shock should be administered
with the local rate of MDR pathogens taken into account

MDR multidrug resistant, CA community-acquired, HCA healthcare-associated, HA hospital-
acquired, SBP spontaneous bacterial peritonitis, SBM spontaneous bacteremia, U/ urinary infec-
tions, PNE pneumonia, S77 soft tissue infections

aUse of antibiotics with proven activity against methicillin-resistant Staphylococcus aureus
(MRSA) should be considered in patients with risk factors such as previous and/or current nasal
MRSA carriage, ventilator-associated pneumonia, and previous antibiotic therapy. In areas with a
high prevalence of MDR Pseudomonas aeruginosa, the addition of nebulized colistin or amikacin
should be carefully evaluated

"In areas with a high prevalence of vancomycin-resistant enterococci (VRE), the use of linezolid/
daptomycin should be carefully evaluated

Future Challenge

Antimicrobial Resistance [39]

In patients with liver cirrhosis, the course of bacterial infections can be severe with
a fourfold increase in mortality in comparison to other groups. Early and thorough
administration of carefully selected anti-infective treatments is essential for the
effective clinical management of these patients, especially considering that their
risk of developing an MRD-associated infection is increased due to frequent hospi-
talization and repeated exposure to antibiotics. In order to limit the spread of MDR
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organisms, rational management should be implemented to help establish an equi-
librium between granting all necessary access to antimicrobial drugs and preventing

both the overuse and the misuse of these:

1. For example, development of cost-efficient, bedside diagnostic tools is needed to
support faster and more evidence-based decisions related to antibiotic therapies.

This should help clinicians to avoid less precise empirical clinical practices.

2. Itis equally important to de-escalate antibiotic regimes to single antibiotic drugs
as promptly as possible. More hospital antibiotic stewardship (ABS) programs

should be promoted and implemented across in-hospital settings.

3. Alternatives to antibiotics should be more intensively investigated and clinically
evaluated. The paradigm of microbiota transfer via fecal transplantation as an
effective technique to manage vancomycin-resistant Clostridium difficile infec-
tions has proven to be a true drug-free strategy for managing bacterial infections

resistant to antibiotics.

4. During the last three decades, no new classes of antibiotics have been discovered
and only a few novel agents are in development. Greater investment in this field
is an absolute priority in order to boost basic and clinical research focused on

developing new antimicrobials [40].

There is an obvious need to strengthen the understanding of antimicrobial resistance
and to gain additional knowledge through focused research on diagnostic innova-

tions, novel antimicrobials, and/or new alternative drug-free therapies.

Key Points

1. Bacterial infections are considered to be the cause of death in up to 50% of
all fatalities in patients with liver cirrhosis.

2. Spontaneous bacterial peritonitis (SBP), urinary tract infections, and pneu-
monia are the most common bacterial infections in cirrhotic patients.
Escherichia coli, Enterococcus faecium, and Klebsiella pneumoniae are
the most frequently isolated microbial pathogens associated with SBP,
which is caused by multidrug-resistant (MDR) bacteria in 30-35% of
patients. In SBP, ascites removal is equivalent to source control!

3. Immune dysfunction, gut barrier disruption, and vasoplegia share common
pathophysiologic mechanisms in patients with liver cirrhosis.

4. In cirrhotic patients with sepsis-related hypotension, it is very challenging to
improve microcirculation and tissue perfusion based solely on administering
vasopressors. Adequate fluid resuscitation including albumin is essential.

5. The SOFA score and the CLIF-SOFA score differ, as the latter includes
two additional parameters: coagulation and the Glasgow Coma Scale
(GCS).

6. Hospital antibiotic stewardship (ABS) programs should be promoted and
implemented across in-hospital settings in order to better position clini-
cians to face the challenge of antimicrobial resistance.
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Chapter 7

The Hemostatic System in Patients

with Cirrhosis, Monitoring of Coagulation
and Management of Bleeding

Daniel Dirkmann

The hemostatic system consists of several components including endothelial cells,
platelets and other blood cells, plasmatic pro- and anti-coagulant factors, and hepa-
tocytes and hepatic stellate cells, as well as fibrinolytic and antifibrinolytic enzymes
[1]. Complex feedback and feedforward mechanisms and cross-interactions between
primary, secondary, and tertiary hemostasis regulate the delicate balance between
coagulation and fibrinolysis. Disturbances in either part of the hemostatic system
may lead to both bleeding and clotting.

Chronic and acute liver failure (LF) can directly and indirectly impact the entire
hemostatic system. Historically, liver failure is associated with coagulopathy and
bleeding diathesis [2, 3]. However, a significant proportion of these patients suffer-
ing liver failure also suffer thrombotic complications, demonstrating a rather throm-
botic diathesis [4-8].

The current understanding of the alterations to the hemostatic system evoked by
cirrhosis and/or liver failure suggests that changes to pro- and anti-coagulant as well
as to pro- and anti-fibrinolytic mechanisms result in a rebalanced but highly vulner-
able and unstable state of hemostasis [9-12].

Plasmatic Pro- and Anti-coagulant Factors

One of the most apparent effects of liver disease on coagulation is on plasmatic
coagulation factors, resulting in prolonged coagulation times of various assays (e.g.,
prothrombin time and activated partial thromboplastin time). Almost all plasmatic
coagulation factors (F) (i.e., factors II, V, VIL, IX, X, XI, and XIII) are synthetized in
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the liver. Accordingly, decreased hepatic production of these factors, due to chronic
or acute LF, leads to decreased plasma concentrations of these procoagulant factors.
Vitamin K deficiency is also common in patients with liver disease and may further
exacerbate already low concentrations of what are referred to as the vitamin
K-dependent coagulation factors, such as F II, F VII, F IX, and F X [3, 13]. This
decrease in plasmatic coagulation factors is counterbalanced by a concurrent decrease
in the natural anticoagulant plasma proteins such as antithrombin III (AT IIT) and o,-
antiplasmin, as well as vitamin K-dependent factors, protein C (PC) and protein S
(PS) [3, 14]. Simultaneously, patients with end-stage liver disease (ESLD) show a
considerable increase in the plasma concentration of the endothelium-produced F
VIII and its carrier protein, von Willebrand factor (vWF). While the reason for
the reduced concentrations of AT III and the vitamin K-dependent proteins C and S
is decreased liver synthetic capacity and vitamin K deficiency, it is likely that the
increased concentration of the F VIII-vWF complex is induced by profound endothe-
lial dysfunction due to the release of cytokines and endotoxins. Another cause
of diminished hepatic clearance of F VIII is reduced expression of low-density lipo-
protein receptor-related protein [3, 15]. Inflammatory cytokines have been demon-
strated to inhibit the synthesis of the VWF cleaving protease ADAMTSI3 (a
disintegrin and metalloprotease with thrombospondin type 1 motif 13), which is syn-
thetized in hepatic stellate cells and the endothelium [16], resulting in its markedly
reduced activity in patients with acute and chronic LF [17]. This leads to an increased
concentration of unusually large vVWF multimers and, thus, to a further increase in
the F VIII plasma concentration, which affects thrombin generation capacity [15].

While chronic LD is usually associated with a gradual reduction over time in all
pro- and anti-coagulant factors synthetized in the liver, their decrease in acute LF is
characterized by a more rapid onset, and concentration depends on the half-life of
each of the respective factors. Therefore, acute LF is accompanied by a more rapid
drop in the concentration of both factors V and VII, followed by factors II and X. It
should be noted that the concentrations of factors IX and XI seem to be preserved in
acute LF but not in chronic LF [18].

Thrombocytopenia and Platelet Function

Numerous mechanisms may affect platelet concentration and function in patients
with ESLD. A decreased platelet count is the most frequent alteration due to dimin-
ished production and increased consumption. Low platelet concentration results
from reduced hepatic production of thrombopoietin, with subsequent diminished
production of platelets by the megakaryocytes of the bone marrow [19]. Furthermore,
myelodepression, seen in hepatitis C virus (HCV) infection [20], and folate defi-
ciency, commonly encountered in alcohol abuse [21], may contribute to decreased
platelet formation. In addition, it has been reported that immune-mediated throm-
bocytopenia is associated with chronic LD due to hepatitis B virus (HBV), HCV
infection [22], and primary biliary cirrhosis [23]. Pharmacotherapy for HBV and
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HCYV infections may also induce or aggravate thrombocytopenia [24]. Consumption
of platelets is associated with hypersplenism related to portal hypertension with sub-
sequent sequestration in the spleen. Furthermore, ADAMTS 13 deficiency [25] also
results in increased plasma concentrations of vVWF and unusually large vVWF multi-
mers, which may contribute to platelet consumption due to the formation of platelet
microthrombi. This thrombosis in microcirculation may induce sinusoidal microcir-
culatory disturbances with further worsening of liver injury and potentially induce
multiple-organ failure [25-27]. The mechanism of thrombocytopenia is partly com-
parable to the mechanism observed in thrombotic thrombocytopenic purpura (TTP).
In general, thrombocytopenia seems to be more severe in patients with concurrent
cirrhosis and splenomegaly than in those with extrahepatic portal hypertension [28].

Impaired platelet aggregation in response to adenosine diphosphate, adrenaline,
thrombin, and ristocetin has been described in both acute LF and chronic LD [29, 30].
Normal platelet adhesion could be demonstrated following correction of hematocrit
and platelet count [30, 31]. Cholestatic liver diseases are usually associated with mild
to moderate thrombocytopenia; however, platelet function seems to be preserved or
possibly even enhanced as compared to that of patients without this condition [32].

As thrombocytopenia, at least in part, occurs in response to ADAMTS13 defi-
ciency, which in turn leads to increased levels of larger and unusually large VWF
multimers, low platelet counts seem to be the mechanism that can balance out
increased platelet aggregation.

Hypo- and Dys-fibrinogenemia

Fibrinogen represents the vast majority of the procoagulant coagulation factors, and
the thrombin-mediated generation of a dense, three-dimensional fibrin network is
the final step in clot formation. The stability of the clot and its resistance to fibrino-
lysis are highly dependent on fibrinogen concentration and structure, the concentra-
tions of pro- and anti-coagulants, and antifibrinolytics and local cellular properties
[33, 34]. Plasma fibrinogen concentration is usually normal in patients with stable
chronic LF and may even be increased. In contrast, fibrinogen levels are frequently
decreased in patients with acute LF and decompensated chronic LF [10, 32, 35, 36].
Dysfibrinogenemia resulting from the accumulation of sialic acid residues, which
are thought to impair fibrinogen polymerization, can be encountered in both acute
LF and chronic LF [37].

Fibrinolysis

Most pro- and anti-fibrinolytic proteins are synthetized in the liver. As a conse-
quence of impaired syntheses, concentrations of the antifibrinolytic proteins F XIII,
o,-antiplasmin, plasminogen activator inhibitor-1 (PAI-1), and TAFI are decreased
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in chronic LD. The plasma concentration of plasminogen is also decreased. In con-
trast, tissue plasminogen activator (tPA) (the most important activator of plasmino-
gen) is synthetized in the endothelium, and its decreased hepatic clearance [38]
results in increased plasma concentrations in patients with chronic LD. Furthermore,
ascetic fluid has been demonstrated to have some fibrinolytic activity, and it is
thought likely that the reabsorption of ascites via the thoracic duct contributes to
increased fibrinolysis [39].

Both acute LF [40, 41] and cholestatic liver disease [35] result in a hypofibrino-
lytic state induced by increased plasma concentration of PAI-1.

The perceived imbalance of pro- and anti-fibrinolytic proteins led to the assump-
tion that fibrinolysis is increased in chronic LD. Observations of increased plasma
concentrations of thrombin-antithrombin complexes, d-dimer, and fibrinogen deg-
radation products along with shortened euglobulin lysis time support this theory.
However, it has also been hypothesized that these markers of fibrinolysis are ele-
vated due to decreased hepatic clearance and not as a result of increased fibrinolysis
[10], and no evidence for increased fibrinolytic potential using clot lysis time assays
could be found in cirrhotic patients [42]. Similar to procoagulant and anticoagulant
systems, the fibrinolytic system is also considered to be rebalanced. However, acute
situations like sepsis, bleeding, and shock might easily disturb this fragile balance,
with subsequent manifest hyperfibrinolysis [36].

Coagulation Tests in Patients with Cirrhosis and Liver Failure

The entire hemostatic system in patients with cirrhosis is considered rebalanced. In
general, patients seem to be at a higher risk for thromboembolic events than for
coagulopathic bleeding. However, standard coagulation assays fail to reflect this
tendency or even to indicate thromboembolic risk. In fact, these assays frequently
even suggest ahypocoagulable state and trigger prohemostatic therapies. Viscoelastic
hemostasis assays (VHA) and assessment of thrombin generation may overcome
several of the limitations associated with the standard tests for these patients.
Proficiency in the interpretation of VHA and knowledge of its limitations may help
to avoid unnecessary transfusions of blood products and coagulation factors and
improve thromboprophylaxis in patients with ESLD.

Standard Laboratory Coagulation Assays

The prothrombin time (PT), the activated partial thromboplastin time (aPTT),
assays that reflect plasma fibrinogen concentration, and platelet count are the most
frequently used coagulation tests. However, the usefulness of these assays for esti-
mating potential bleeding risk and managing coagulopathic and surgical bleeding is
very limited due to their long turn-around times [43—45] and relatively narrow
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information value. In a recent meta-analysis, such standard laboratory tests (SLTs)
were evaluated for their usefulness in the diagnosis and management of coagulo-
pathic bleeding in the perioperative setting; only three prospective, nonrandomized
studies, with a total of 108 patients, demonstrating that SLTs are useful in guiding
coagulation management were identified [46]. Nevertheless, the use of SLT to guide
bleeding management is still recommended [47, 48].

The prothrombin time (PT) was developed and is implemented to monitor anti-
coagulation with vitamin K antagonists (VKAs) [49]. Measurements are performed
in plasma that is recalcified and activated by the addition of a thromboplastin (i.e.,
tissue factor and phospholipids), and the time until the onset of coagulation, regis-
tered by an optical or mechanical detector, is assessed. Due to the use of different
types of thromboplastin, PT results in seconds are not comparable between different
assays, such that standardization using the international sensitivity index (ISI) is
required. The testing principle of the PT is based on the thrombin-mediated conver-
sion of fibrinogen to fibrin, and both tests (PT and aPTT) end when about 5% of the
overall thrombin has been generated. Due to its activation with the tissue factor, the
PT mainly reflects thrombin generation via what is referred to as the extrinsic path-
way of the coagulation cascade and, thus, mainly the activity of the vitamin
K-dependent procoagulant factors (i.e., factors II, VII, and IX) and factor V, which
are most severely affected in ESLD. However, test results are not affected by
the activities of the vitamin K-dependent anticoagulant proteins C and S and so do
not reflect the rebalancing of thrombin generation in patients with cirrhosis.
Furthermore, the complex interactions of cells and coagulation factors are also not
reflected by this test, as red and white blood cells are removed during preanalytic
centrifugation.

The international normalized ratio (INR) is the standardized PT test and is
independent of other testing methods. The clinical usefulness of the INR for
predicting bleeding complications and the value of using the INR to guide pro-
phylactic treatment prior to invasive procedures is poor [46]. In cirrhotic patients
undergoing laparoscopic liver biopsy, no correlation between bleeding and the
PT could be demonstrated [50]. Similar results have been demonstrated for
patients undergoing liver transplantation [51]. However, PT is an excellent
prognostic marker of liver failure and an independent predictor of survival in
liver disease [52].

Similar to the PT, the aPTT was not invented to assess a patient’s bleeding risk
but to identify patients with deficient coagulation factors from what is considered
an intrinsic pathway of the coagulation cascade (i.e., factors XII, XI, IX, and VIII)
[53]. Furthermore, the aPTT is established as the standard way to monitor for anti-
coagulation with unfractionated heparin. Different aPTT assays demonstrate vary-
ing sensitivity to deficiencies in the coagulation factors [54] and heparin
concentrations [55]. In chronic LD, many patients may present with normal aPTT
values, despite deficiencies of several coagulation factors resulting from increased
concentrations of liver-independent coagulation factors [56].

A decreased concentration of plasma fibrinogen is frequently found in patients
with ESLD. This results from decreased fibrinogen synthesis as well as from
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the formation of dysfibrinogens [57]. It should be noted that measurements of
fibrinogen concentration are strongly dependent on the assay used. In particular, the
derived fibrinogen concentration, which is used to calculate the fibrinogen concen-
tration based on PT measurements, can be expected to be markedly influenced by
impaired synthesis of plasmatic coagulation factors. In contrast, the Clauss method
has been shown to provide a reliable assessment of fibrinogen concentrations, irre-
spective of the severity of ESLD, and is suggested as the method of choice [58]. In
stable liver disease, low fibrinogen concentrations are common and not well corre-
lated with bleeding complications. However, during liver transplantation, low
fibrinogen concentration is associated with an increased risk of excessive bleeding
[59-61].

Thrombin Generation Assays

Ex vivo thrombin generation assays (TGAs) can be performed in various specimens
such as platelet-poor plasma (PPP), platelet-rich plasma (PRP), or whole blood and
are usually activated by small amounts of tissue factor [62]. The time course of throm-
bin generation is analyzed and described as the thrombogram. The main variables of
TGAs are the lag time (i.e., the time until the initial thrombin formation is detected),
the peak thrombin generation (indicating the maximum thrombin concentration dur-
ing measurement), and the endogenous thrombin potential (ETP) as assessed by
calculating the area under the thrombogram curve. Whereas standard plasmatic coag-
ulation assays provide a single clotting time when about 5% of the overall thrombin
is generated, TGAs reflect the total amount of thrombin formed and are thought to
quantify the enzymatic work that thrombin can do during its lifetime [63].

Patients with cirrhosis demonstrate decreased TG in PPP corresponding to the
decreased synthesis of plasmatic coagulation enzymes. However, this observation is
attributable to the ex vivo character of the assay, which does not reflect the concurrent
decrease in proteins C and S found in cirrhotic patients. In vivo, thrombin generation
is regulated by the protein C system, which is activated by the thrombin-
thrombomodulin complex located on endothelial cells [64]. Activation of the protein
C system results in the cessation of thrombin generation by inactivating coagulation
factors V and VIII and PAI-1. This results in increased fibrinolysis. In the presence of
soluble thrombomodulin or a direct activator of protein C (Protac® (Pentapharm,
Basel, Switzerland)), patients with acute or chronic liver failure demonstrated throm-
bin generation similar to that of healthy volunteers [41, 65—67]. Furthermore, the
platelet count also markedly affects thrombin generation in both healthy controls and
patients with cirrhosis [68—70]. In this context, it seems that platelet factor 4 is sug-
gested in order to exert a modulatory effect on the thrombin-thrombomodulin com-
plex, thereby enhancing protein C activation while inhibiting TAFI activation [71].

In summary, preserved thrombin generation in the presence of an activator of the
protein C system underlines the limitations of conventional coagulation tests in
patients with liver failure and means that the concept of rebalanced hemosta-
sis should be emphasized. The role of platelets in thrombin generation might sug-
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gest that platelet transfusion should be considered in bleeding episodes with
preserved thrombin generation. However, as TGAs are not available in either a rou-
tine or timely way, their application in clinical practice is limited at the present time.

Viscoelastic Hemostatic Assays

In 1948, several years before the invention of aPTT, the German professor Hartert
published his description of a coagulation test capable of assessing the viscoelastic
properties of coagulation in plasma or whole blood plotted against time [72]. In
contrast to the standard laboratory assays, viscoelastic testing does not end when
initial clotting occurs. This assay also reflects the dynamics of clot propagation, clot
firmness, and potential clot lysis. Over time, Hartert's original method underwent
modifications, and viscoelastic hemostatic assays (VHAs) became available as
point-of-care tests, which have increasingly been used to guide coagulation man-
agement in liver transplantation and several other clinical settings such as cardiac
and trauma surgery. The most commonly used contemporary VHAS, i.e., thrombe-
lastometry (ROTEM®, Tem International GmbH, Munich, Germany) and thromb-
elastography (TEG®, Haemonetics, Niles, IL, USA), are usually conducted using
whole blood and do not require centrifugation of the sampled blood. However, the
semi-automated devices (ROTEM® delta and TEG® 5000) require several pipet-
ting steps for each assay. Nevertheless, both devices are likewise considered suit-
able for deployment at the point of care, for example, in intensive care units and
operating areas. Fully automated devices (ROTEM® sigma and TEG® 6S) have
also been developed, providing similar results and full point-of-care capability.
The VHAs ROTEM and TEG differ significantly from each other with respect to
measurement technique, assays used, and resulting variables. In general, the mea-
surement technique of VHAs is based on the registration of the viscoelastic coagula-
tion properties of whole blood. In the ROTEM system, a fixed pin oscillates in a
cup, whereas in the TEG system, the cup oscillates around a pin connected to the
detection unit by a torsion wire. Increasing viscosity of the blood sample hinders the
oscillating movement, and the viscoelastic resistance of the blood clot is plotted
against time, resulting in the typical tracing. The clotting time (CT) in ROTEM
analyses and the corresponding reaction time (r) in TEG measurements principally
reflect the initial thrombin generation, and the respective corresponding assays have
been demonstrated to correlate to the plasmatic clotting times of SLTs (aPTT and
PT) [73, 74]. Thromboelastometric clot formation time, corresponding to the TEG
kinetic time (k) and the angle alpha, reflects the dynamics of clot formation. The
thromboelastometric clot firmness values 5, 10, 15, and 20 min, CT, and the maxi-
mum clot firmness (MCF), corresponding to the maximum amplitude (MA) in TEG
measurements, mainly reflect the clot firmness or viscosity as induced mainly by
platelets and fibrin and to a much lesser degree by factor XIII and hematocrit.
Finally, both devices provide variables reflecting clot lysis. The ROTEM system
provides results for clot lysis as the percentage of the MCF present at 30, 45, and
60 min following CT (clot lysis index: CLI30, CLI45, and CLI60). However, the
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TEG system provides lysis as the percentage of MA present at 30, 45, and 60 min
following MA (LY30, LY45, and LY60, respectively).

In order to obtain a comprehensive picture of a patient’s current hemostatic sta-
tus, a panel of specific assays with extrinsic and intrinsic activation of coagulation,
as well as assays with platelet inhibition and heparinase, are available for both
devices, ROTEM and TEG. Furthermore, an extrinsically activated assay containing
tranexamic acid is available for the ROTEM system, enabling in vitro assessment of
the expected effects of an antifibrinolytic therapy in vivo. Although corresponding
assays are available for TEG, there are several differences between the two systems,
resulting in non-interchangeability of the respective tests. Whereas the semi-
automated ROTEM system provides four channels for parallel measurements, the
TEG 5000 system provides only two measurement channels. The superiority of
performing parallel assays in comparison with a single kaolin-activated viscoelastic
assay for the differential diagnosis of the underlying reason for a potential coagu-
lopathy has clearly been demonstrated [75]. Furthermore, algorithms based on the
use of kaolin-activated assays alone frequently result in platelet transfusion when
reduced clot firmness is detected [76]. In contrast, coagulation management based
on fast and parallel assays may help to avoid platelet transfusion when a reduction
in clot firmness results from hypofibrinogenemia and/or impaired fibrin polymer-
ization [77-82]. This seems to offer potential benefits for patients undergoing liver
transplantation where platelet transfusion has been found to be associated with a
significant increase in 1-year mortality [83]. However, the new TEG 6s system now
available can be used to perform several assays simultaneously.

In contrast to SLTs with turn-around times above 45 min, thromboelastometric
results for CT, CFT, angle alpha, and A5 are available within 10-20 min [43-45].
The early variables of clot firmness, available only for the ROTEM, have been
shown to provide excellent correlation with the overall clot firmness achieved dur-
ing measurements [77, 84] and to allow early detection of hyperfibrinolysis [85]. As
short turn-around times appear to be of the utmost importance in enabling a targeted
therapy and avoiding blind and potentially unnecessary and harmful transfusions,
VHAs seem to be superior to SLTs. Furthermore, compared to SLTs, VHAs are
significantly more accurate in predicting bleeding and thrombosis and have been
shown to be superior in guiding hemostatic therapy during and after liver transplan-
tation and major liver resections. Accordingly, VHAs are increasingly being used in
high-volume centers and are recommended as the standard of care [86—89]. A recent
Cochrane report demonstrated that coagulation management as guided by VHAs is
associated with reduced transfusion requirements.

Platelet Function Tests

Platelet function tests can be used to assess the potential effects of antiplatelet drugs
and other alterations in platelet function [96, 97]. In cardiac surgery, incorporating
platelet function tests into transfusion algorithms based on VHAS has been found to
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be associated with less blood loss and lower transfusion requirements in compari-
son with VHAs alone [90]. However, data on the usefulness of platelet function tests
in the bleeding management of patients with liver failure and in the liver transplan-
tation setting are sparse. Although rapid changes of ADP-activated platelet aggrega-
tion have been demonstrated to be associated with liver graft damage and worse
outcomes [91, 92], there are no data available demonstrating improvements in trans-
fusions and/or coagulation management in this setting. The application of various
platelet function tests in patients with liver failure and those undergoing liver trans-
plantation is further hampered by low platelet counts [93] and anemia [94, 95],
which may impact the results of platelet function tests. However, platelet function
testing could theoretically help to guide platelet transfusion and avoid unnecessary
and potentially harmful transfusions of platelets in this setting.

Management of Bleeding Episodes

Coagulation management in patients with cirrhosis can be associated with several
problems. The key issue and also the main confounding factor for bleeding in
patients with ESLD is portal hypertension [98]. A volume load of 1.5 L (which is
equivalent to 6 FFPs) would raise the portal venous pressure up to 15 mmHg [99]
with subsequent increased risk for bleeding. Administration of cryoprecipitate can
also be associated with volume overload. Another problem associated with transfu-
sion is a possibility of nosocomial infections [100]. In this situation, administration
of prothrombin complex concentrate (PCC) might be the better option for selected
patients. PCC can be used instead of FFP to manage coagulation using a small
amount of fluid. A recent in vitro study indicates the improved thrombin generation
potential of PCC compared to plasma transfusion [101, 102]. Considering that
patients with ESLD are prone to both bleeding and clotting, monitoring coagulation
is an absolute priority.

Bleeding risk assessment in patients with ESLD is difficult, and viscoelastic tests
(VET) (ROTEM™/TEG™) seem to be significantly more reliable than SLTs. Wang
et al. [§7] conducted a randomized controlled trial (RCT) in 28 LT patients assigned
either to VET or to SLT. The group managed using VETSs received significantly less
transfusion of FFPs (12.7 vs. 21.5 units) as compared to the group managed using
SLTs. However, the 3-year survival rate was not affected.

In another RCT, TEG™ was compared with SLT. Of 60 patients, 30 were
assigned to VET and 30 to SLT to evaluate bleeding risk and guide coagulation
management before invasive procedures [103]. The trigger for an FFP transfusion
was a prolonged r-time, and the trigger for platelets was an MA < 40 mm, whereas
in the SLT group, the triggers were an INR > 1.8 and a platelet count < 50/nl for
FFP or platelet transfusion. In the VET-guided group, the transfusion rate for any
blood product was 16% vs 100% in the SLT group. The hemoglobin level in the
VET group was significantly higher than in the SLT group, although the bleeding
episodes did not differ between the two groups.
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Another study was conducted before VET and after VET implementation in liver
transplantation to assess the transfusion rate [104]. The study results indicated a
significant reduction in transfused blood products, and the number of transfusion-
free transplants increased from 5 to 24% when VET was used. Other complications
such as bleeding, reoperation, and kidney failure were significantly lower in the
VET group.

Therapy of Thrombin Generation Impairment

The new cell-based coagulation system [105] is not conceived of as an extrinsic
system and an intrinsic system. Instead, it introduced three subsequent steps: initia-
tion, propagation, and amplification. The initiation starts with activation of F VII
and the tissue factor, which triggers propagation and amplification. The aim of this
process is a thrombin burst that increases the thrombin concentration 1,000-fold
compared to the baseline. At the end, fibrinopeptides A and B are cleaved from
fibrinogen, and a fibrin net is formed, which is strengthened by F XIII-induced
cross-links. Activation depends on F II, V, IX, and X (prothrombin complex). If
these factors are deficient, the CT in EXTEM will be delayed. However, fibrinogen
deficiency will also delay the CT in EXTEM. For stratification, if fibrinogen or
prothrombin complex is responsible for this delay, an evaluation of the FIBTEM
channel is mandatory. If MCF in FIBTEM is > 10 mm, then in actively bleeding
patients, PCC should be administered.

A prothrombin complex deficiency should be treated with a four-factor PCC
concentrate (Factors II, VII, IX, X) (25 I.U./kg - 40 1.U./kg depending on the CT
EXTEM and the severity of the bleeding). Initially, the administration of AT IIT with
a target serum level of 70%, prior to PCC infusion, was recommended in order to
prevent thrombosis [106]. However, recently, another study indicated that a
ROTEM-guided PCC application in bleeding patients is safe and not associated
with an increased rate of thrombosis [79].

Treatment of Clot Firmness Impairment

The interaction between fibrinogen and platelets determines clot firmness.
Fibrinogen comprises more than 90% of all plasmatic coagulation factors. All other
factors are enzymes, which though necessary to accelerate the coagulation process,
do not contribute to clot formation. Fibrinogen is the only coagulation factor that
requires normal serum levels for sufficient clot formation, whereas for other factors
just 30% activity will be enough for a regular coagulation process [107]. Fibrinogen
deficiency can be traced by the FIBTEM channel. A recent study demonstrated that
if MCF in EXTEM > 40 mm and MCF in FIBTEM > 9 mm, coagulopathy associ-
ated with nonsurgical bleeding is unlikely [79]. In a bleeding patient with
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hypofibrinogenemia, replacement should be performed according to the target
increase of the MCF amplitude in FIBTEM. Solomon [108] reported that after
replacement of 7.6 mg/kg of fibrinogen, the amplitude in MCF of FIBTEM increased
by 1 mm. An alternative method for dose calculation is as follows:

Dose fibrinogen in g = (target FIBTEM MCF (mm) — current FIBTEM MCF (mm))
x body weight (kg)/140 [109].

For example, a bleeding patient FIBTEM-MCF = 4 mm; target MCF = 9 mm; body
weight 80 kg: Dose of fibrinogen concentrate in g = (9—4) x 80/140 =2.85 g.

Fibrinolysis

The incidence of fibrinolysis in liver transplantation is up to 84% [110]. The best
way to assess fibrinolysis is via VET. In particular, ROTEM with four channels
provides fibrinolysis tracing in EXTEM/INTEM and FIBTEM channels. If maxi-
mum lysis (ML) is higher than 15%, a fibrinolysis is assumed. However, in some
cases, platelet retraction mimics ML in the EXTEM/INTEM channel. This is the
reason why fibrinolysis should also be confirmed in the FIBTEM channel. Given
that the FIBTEM channel contains cytochalasin, which destroys platelets, only real
fibrinolysis will be demonstrated.

Lysis can be confirmed in the APTEM channel. This channel is similar to
EXTEM with the addition of aprotinin, which inhibits lysis. Lack of lysis in this
channel will confirm fibrinolysis. A recent study indicated that the clot firmness in
extrinsically activated and thromboelastometric assays is associated with fibrinoly-
sis and can help to improve its early detection. However, the addition of aprotinin to
the assay fails to improve the early diagnosis of fibrinolysis [85].

Most fibrinolysis is self-limiting [79]. Antifibrinolytic treatment is required
only in patients with significant clinical bleeding. In this case, tranexamic acid
(TXA) of 30 mg/kg should be applied, and 30 min later the ROTEM analysis should
be repeated. Based on the actual data, VET-guided factor concentrate coagulation
management seems superior to a blind FFP transfusion.

Thromboprophylaxis in Patients with Cirrhosis/Liver
Dysfunction

Patients with ESLD are at risk for venous thromboembolism (VTE). An adequate
VTE prophylaxis seems necessary despite prolonged clotting times suggesting
auto-anticoagulation. According to the most recent American College of Chest
Physicians (ACCP) guidelines, VTE prophylaxis can be performed by pharmaco-
logical and/or mechanical approaches (compression stockings, intermittent pneu-
matic compression). These guidelines do not provide a clear recommendation on
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VTE prophylaxis in patients with liver disease, which is due to a lack of data and
the complexity of the problem. In most studies on VTE prophylaxis, patients with
liver dysfunction are specifically excluded on the assumption of an increased bleed-
ing risk in this cohort. Nevertheless, according to the ACCP guideline, low-
molecular-weight heparins are the preferred anticoagulant in patients with liver
disease and coagulopathy requiring VTE prophylaxis.

A randomized controlled trial demonstrated that enoxaparin (4,000 U subcutane-
ously once daily) significantly reduced the incidence of portal vein thrombosis and
liver decompensation [111]. Another cohort study demonstrated the safety of both
prophylactic and therapeutic enoxaparin use in 84 consecutive patients with cirrho-
sis [112]. However, the latter study also found that standard doses were too low to
achieve the targeted anti-Xa activity, which likely resulted from an increased dis-
solution volume and impaired AT III synthesis [112]. In patients with cirrhotic
portal vein thrombosis [113] or non-cirrhotic [114] portal vein thrombosis, antico-
agulation resulted in an improved rate of recanalization and appeared to be safe,
even in patients with acute variceal bleeding [113].

The direct thrombin inhibitor Argatroban should be used with caution in patients
with liver dysfunction and/or hyperbilirubinemia, as it is mainly metabolized in the
liver and eliminated in the feces through biliary excretion [115, 116].

Although mechanical VTE prophylaxis can be used in most patients, the utiliza-
tion of mechanical prophylaxis seems to be rare in intensive care units.

Key Points

1. Patients with end-stage liver disease have a rebalanced coagulation profile
due to a decrease in both coagulation and anticoagulation factors.

2. Patients with end-stage liver disease are prone to thromboses, mostly
because of profound endothelial dysfunction.

3. Standard laboratory tests do not reflect the actual coagulation profile, and
viscoelastic testing should be used instead.

4. Thromboprophylaxis should be considered in this patient population.
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Chapter 8
Management of Thrombosis in the Liver
Transplant Candidate

Alberto Zanetto and Marco Senzolo

Coagulopathy in Cirrhosis

Liver cirrhosis is characterized by profound and complex hemostatic alterations
that can lead to bleeding or thrombotic complications. Patients usually have pro-
hemorrhagic alterations including thrombocytopenia and reduced plasma levels of
coagulation factors. Vitamin K deficiency is also frequently found in for these patients
and is usually associated with malabsorption/malnutrition. Concurrently, they also
have pro-thrombotic abnormalities due to decreased concentrations of anticoagulant
factors and increased concentrations of prothrombotic factor VIII (FVIII) and von
Willebrand factor (vWF). Dysfibrinogenemia, enhanced fibrinolysis, impaired clear-
ance of activated clotting factors, plasminogen activators, and fibrinogen degrada-
tion products contribute to the final hemostatic state in end-stage liver disease [1, 2].

Whereas vWF is synthesized by the endothelium [3] and FVIII is synthesized by
hepatic sinusoidal cells and the endothelium, the liver is the site of synthesis for
fibrinogen and factors I, V, VII, IX, X, XI, and XII [4, 5]. Thus, the plasma concen-
tration of FVIII does not decrease with liver disease, and may even be elevated due
to profound endothelial dysfunction [6]. This leads to an increase in endothelial
synthesis and a reduced clearance via low-density lipoprotein receptor-related pro-
tein [3] of vWE. The level of vWF is subsequently increased but with reduced bio-
logical activity of the synthetized vWF [7].

Vitamin K is an essential cofactor for the production of biologically active forms of
the coagulation factors II, VII, IX, and X, enhancing hepatic post-ribosomal conver-
sion of specific glutamic acid residues in the protein precursors to y-carboxyglutamic
acid (Gla). These active forms of the clotting factors chelate calcium at the Gla
site, resulting in effective hemostatic function. When y-carboxylation is impaired
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due to a deficiency or antagonism of vitamin K, inert precursors are synthetized
(known as “proteins induced by vitamin K absence (PIVKA)”) and released into
the bloodstream [8]. However, the clinical significance of these modified precursors
is not clear. In cholestasis, the reduction of vitamin K absorption from the small
intestine due to decreased bile salt production can be countered with parenteral
administration of vitamin K at 10 mg daily for 24-48 h. However, in parenchymal
liver disease, decreased levels of coagulation factors are due to decreased synthesis,
so no improvement can be achieved with vitamin K administration. About 25%
of patients with acute liver injury have a subclinical deficit of vitamin K. These
patients may benefit from parenteral administration with corresponding improve-
ment of their international normalized ratio (INR).

Antithrombin III (ATIII) is a non-vitamin K-dependent glycoprotein synthesized
in the liver as well in the endothelium. Its concentration is reduced in patients with
liver disease, due to reduced synthesis and/or increased consumption in the case of
hyperfibrinolysis [9].

Proteins C and S are vitamin K-dependent glycoproteins synthesized mainly by
hepatocytes [10]. During acute or chronic liver disease, their concentrations can be
decreased concomitantly with the other coagulation factors, but rarely below 20%
of normal values [11]. However, in the case of severe liver disease, plasma levels
may be very low. Excluding a coexistent genetic deficiency can be difficult [12].
A concomitant finding of a normal level of FII and protein C/FVII ratio can help to
confirm a coexistent genetic deficit. In acquired deficiency of vitamin K, a defective
protein C lacking y-carboxyl (PIVKA) is produced [13].

A rebalanced hemostatic status in chronic liver disease can easily tip toward
bleeding or thrombotic complications. Patients with cirrhosis are not “auto-
anticoagulated,” as previously thought, but actually have a greater risk than
their non-cirrhotic counterparts of developing thrombotic complications [2, 14].

In patients with significant liver disease, both pro- and anti-coagulation factors
are affected, but routine coagulation tests usually demonstrate a bleeding tendency
and unfortunately do not reflect hypercoagulability.

Global coagulation tests such as the thrombin generation test [TG] [15], rota-
tional thromboelastometry (ROTEM), and thromboelastography (TEG) are able to
detect the overall coagulation state in cirrhosis.

The TG assay has shown that not only is the amount of thrombin in cirrhotic
patients similar to that of healthy subjects, but also that the balance may tend toward
hypercoagulability, especially in patients with more severe liver disease (Child C).
In a study performed on 40 healthy controls and 10 patients undergoing liver trans-
plantation for end-stage liver disease, Lisman and collaborators demonstrated that
total TG in plasma from healthy volunteers substantially decreased upon the addi-
tion of soluble thrombomodulin (ETP without TM (thrombomodulin), 1752 nM min,
range [987-2665]; however, mean ETP with TM, 761 [125-1766], p < 0.0001), TG
was only minimally reduced after the addition of TM in cirrhotic patients [16].

Whole blood ROTEM and TEG are viscoelastic global tests (VETs) that evaluate
clot formation and stability as the result of the interplay between plasma coagulation
factors and platelets (aggregation, clot strengthening, fibrin cross-linking, and fibri-
nolysis) [17].
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VETs make it possible to monitor changes that occur in clotting blood in an
environment that mimics in vivo conditions and can show composite results of
the interaction between plasma, blood cells, and platelets and are, therefore, very
appropriate laboratory tools for investigating cirrhosis.

It has been shown that VETS can be used to identify cirrhotic patients at higher
risk of bleeding to optimize transfusion therapy [18] and patients at higher risk of
developing thrombotic complications to optimize anticoagulant therapy [19].

Portal Vein Thrombosis
Epidemiology

Portal vein thrombosis (PVT) represents the most common thrombotic complica-
tion occurring in patients with cirrhosis. The 1-year incidence ranges from 7.4% to
11% in prospective studies [19-27]. The prevalence varies in different investiga-
tions and depends on the type of diagnostic approach used and on the inclusion or
exclusion of patients with hepatocellular carcinoma (HCC) due to the higher risk of
thrombotic complications in cancer patients [19]. In a published series of LT candi-
dates without HCC, PVT was shown as ranging from 2.1% to 23.3% [28]. In an
autopsy study representing 84% of all inhospital deaths in Malmo (Sweden), the
lifetime cumulative prevalence of PVT was found to be 1.0%, and patients with both
cirrhosis and HCC had the highest PVT risk (OR 17.1; 95% CI 11.1-26.4) [29]. In
a single-center prospective study including 41 HCC patients, the 1-year incidence
of non-neoplastic PVT was 24.4% [19].

Pathophysiology and Risk Factors

The pathogenesis of PVT is likely to be multifactorial, and both the local and sys-
temic factors can be responsible for thromboses [30].

The occurrence of pathological thrombosis is determined by an alteration in the
equilibrium that regulates both coagulation and anticoagulation. The rebalanced
hemostatic status in liver cirrhosis, unlike under physiological conditions, is not
able to accommodate dynamic changes, especially in cases of exogenous stimuli.
Any shifts in one or more of the coagulation components may result in thrombosis.

Even though cirrhotic patients are exposed to a higher risk of non-splanchnic
thrombotic complications than is the case for the general population, the most
frequent site of thrombosis is the portal vein. This suggests that local factors are
involved in the development of PVT [31]. In patients with end-stage liver disease
(ESLD), splanchnic vasodilatation and architectural derangement are responsible
for venous stasis. In a prospective study evaluating a cohort of 73 cirrhotic patients,
reduced portal flow velocity below 15 cm/s was the only independent variable that
correlated with the risk of developing PVT at 1 year follow-up [21].
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The risk of PVT has been demonstrated to be independently associated with both
the severity of liver disease and portal hypertension (PH). Previous procedures to
treat PH including sclerotherapy, transjugular intrahepatic portosystemic shunt
(TIPS), shunt surgery, and previous splenectomy, as well as Child-Pugh C cirrhosis
are factors that have been found to be significantly associated with an increased risk
of PVT [32].

One of the main determinants of in vitro hypercoagulability that occurs in cir-
rhosis seems to be an intrinsic resistance to the anticoagulant action of thrombo-
modulin (TM). Whether this is truly representative of in vivo hypercoagulability
remains to be fully established. In a recent retrospective study, La Mura et al. dem-
onstrated a significant correlation between resistance to TM and the risk of de novo
PVT [33].

The possible role of inherited thrombophilic abnormalities has been advocated in
several cross-sectional studies reporting a thrombophilic genotype in up to 9% of
cirrhotic patients with PVT. In this scenario, the G20210A prothrombin gene vari-
ant is the most common abnormality associated with PVT [34-36]. Despite these
findings, screening for thrombophilic conditions is not routinely recommended in
cirrhosis [37].

Finally, despite the scarcity of HCC-related hypercoagulability data, it has been
demonstrated that plasma fibrinogen is overproduced by HCC and the hypercoagu-
lability in HCC patients is associated with an increased risk of PVT, even in patients
with well-compensated liver disease (Child A patients) [19].

Natural History, Clinical Manifestations, and Treatment

PVT can resolve without treatment. Spontaneous recanalization has been described
in up to 40% of cases (mainly in cases of partial PVT) [26, 38]. Progression of
thrombosis has been reported in 48% to 70% of patients at 2-year follow-up [38, 39].

PVT in cirrhotic patients is often asymptomatic and detected at follow-up ultra-
sound evaluation. In other instances, PVT is diagnosed at the time of liver decom-
pensation. In a study of 79 cirrhotic patients with newly diagnosed PVT, 39%
presented with gastrointestinal bleeding (from varices or portal hypertensive gas-
tropathy) and 18% had abdominal pain. From this subpopulation, 70% had intesti-
nal infarction due to the extension of the thrombus into the mesenteric vein [35].
Luca et al. reported increased mortality in patients who had stable or progressive
thrombus (39.1%) versus those who improved (15.8%) [38].

PVT itself increases PH and consequently elevates the risk of variceal bleeding.
PVT was independently associated with the risk of failure to control acute variceal
bleeding and re-bleeding in a multi-center prospective cohort study in which over
450 cirrhotic patients with upper gastrointestinal bleeding (OR 3.18; P =0.002) were
analyzed [40].

Whether PVT itself has any impact on liver function is still a matter of debate. In
their prospective multi-center study, Nery et al. analyzed data from ultrasound
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screening for HCC (at 3 and 6 months) to evaluate the clinical impact of PVT on
disease progression. The 5-year cumulative incidence of PVT was 9.23%. PVT was
mostly partial (73%) and varied over time. Indeed, during the 80 months of follow-
up, 70% of patients had spontaneous complete recanalization of the portal vein.
Disease progression was not associated with the prior development of PVT, and
decompensation episodes were not related to PVT occurrence [26]. However, the
available data are conflicting and sparse. Prospective studies taking into account both
the severity of liver disease and the characteristics of thrombosis are needed [41].

If liver disease deteriorates and a patient becomes a candidate for LT, preopera-
tive PVT can affect the perioperative course.

Complete PVT at the time of surgery is a risk factor for early mortality, espe-
cially if the thrombosis extends to the splenomesenteric confluence and requires a
vascular reconstruction in the recipient.

Several authors have classified PVT according to its extent and severity. However,
the most widely used and recommended classification in the setting of LT is pro-
posed by Yerdel et al. [32]. The classification is based on the extent of the thrombo-
sis and the presence/adequacy of collaterals that can potentially be used for
extra-anatomic reconstructions to establish portal venous flow. This classification is
considered to be the most accurate because it correlates the extent of the thrombosis
with the surgical technique and with the outcome. In a systematic review performed
by Rodriguez et al., the authors demonstrated that when PVT is complete (Grade I1I
according to Yerdel’s classification), 30-day and 1-year posttransplant survival rates
are compromised (HR 5.65 [95% CI, 2-15.96], p = 0.001 and HR 2.48 [95% CI,
0.99-6.17], respectively) [28]. In fact, in the case of complete obstruction of the
portal vein with extension into the superior mesenteric vein, venous jump graft
reconstruction or arterialization of the portal vein needs to be performed. Non-
anatomic solutions, particularly portacaval hemi-transposition (PCHT), do not
solve PH, which complicates the postoperative course of these patients and compro-
mises quality of life in most cases [42, 43]. In a series evaluating posttransplant
patients with PCHT, all of them developed temporary ascites and renal insufficiency.
Twenty percent of the patients faced recurrent gastroesophageal bleeding. Overall
1-year mortality was 40% (4/11). In a more recent case series of six patients by
Ravaioli et al. [44], 100% of them developed renal failure and/or ascites during the
postoperative period. Ceulemans et al. [45] reported a good outcome of five patients
with operatively confirmed complete splanchnic thrombosis transplanted with the
PCHT technique. Graft and patient survival rates were 100% at 3 months after LT
and 60% survived 1 year.

Based on the above considerations, a patient should not be refused LT, as long as an
acceptable surgical risk based on comorbidities is present and an adequate transplant
benefit is expected. Considering the challenging management of complications related
to residual PH, the potential transplant benefit to these patients must be discussed.

Published data about the rate of thrombosis progression in patients awaiting LT
have demonstrated that PVT should be treated as early as possible, as stated in the
European Association for the Study of the Liver (EASL) Clinical Practice Guidelines
for the management of vascular liver diseases [37].
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The aim of anticoagulation therapy should be the recanalization of the vessel or
reduction of the thrombosis in order to ensure anatomical reconstruction. Recurrence
after the withdrawal of anticoagulation therapy is high, and prolonged anticoagula-
tion should be performed until the transplant can be performed [46].

Adequate pretransplant screening for thromboses with subsequent prompt treat-
ment is mandatory, and the risk-benefit ratio of anticoagulation prior to LT should
be assessed in every case.

Anticoagulant Treatment in Portal Vein Thrombosis

Evidence from several studies has shown the safety and efficacy of anticoagulation
for the treatment of PVT in patients with liver cirrhosis. Ageno et al. [47] recently
reported the results of a multi-center prospective cohort including 604 consecutive
patients (149 cirrhotics) with splanchnic vein thrombosis (SVT). Anticoagulant
treatment was safe and effective and was associated with a reduced risk of recur-
rent splanchnic thrombosis (8.2 95%CI, 4.1-16.5 vs. 14.1 95%CI, 7.6-26.2 in
non-treated patients). Furthermore, most of the documented bleeding events
occurred in the absence of anticoagulation therapy including two fatal events in
untreated high-risk patients with liver cirrhosis and esophageal varices. The results
of the multivariable analysis suggested a benefit of anticoagulant treatment in this
patient population, with a low risk of major bleeding and vascular events. Although
it is likely that the patients who received anticoagulation therapy represented a
population at lower risk, the rates of hemorrhage in patients who received antico-
agulants were no higher than in those who did not receive anticoagulants, and
the fatality rate for major bleeding events in patients receiving anticoagulation
treatment was 0%.

Unfortunately, no randomized controlled trials have been conducted yet, and the
evidence for the effectiveness of anticoagulation therapy for PVT treatment is based
on case series. Different treatment strategies have been adopted in cirrhotic patients
with PVT, including the use of low molecular weight heparin (LMWH), vitamin K
antagonist (VKA), or different drugs in succession.

To date, data on the efficacy and safety of medical anticoagulation to treat PVT
come from seven cohort studies that taken together included 258 patients, most with
partial PVT (143/200, 71.5%) (Table 8.1) [20, 39, 46, 48-51]. Globally, the recana-
lization rate ranged from 56% to 76%.

Among the various published cohorts, pretreatment predictive factors of anti-
coagulant treatment efficacy were analyzed in six studies, demonstrating a rela-
tively strong correlation between early anticoagulation and the likelihood of
recanalization. In fact, beginning anticoagulation treatment less than 6 months
after PVT diagnosis is the most important factor for a positive response to therapy
[37]. Other factors, such as the involvement of mesenteric veins and/or the sever-
ity of baseline liver disease, have been also advocated as possible predictive fac-
tors [48, 49].
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When anticoagulation is withdrawn, thrombosis frequently recurs. In a study by
Amitrano et al. [46], patients were followed up for more than 24 months, and re-
thrombosis was reported in 3/11 (27%) of cases after the withdrawal of anticoagula-
tion. Similarly, in a study by Delgado et al. [50], 38% (5/13) of the patients
experienced recurrence during follow-up.

This suggests that prolonging anticoagulation treatment after recanalization of
the PV may be important in order to prevent re-thrombosis. In a prospective study
performed by Senzolo et al., patients received anticoagulation prophylactically for
6 months after recanalization achieving a relatively low risk of recurrence (1/14
patients) [39]. The anticoagulant treatment was not associated with a significant risk
of bleeding. Overall, bleeding complications were seen in only 19/230 (8.2%)
patients, and correlated with PH in three cases (variceal bleeding after esophageal
bend ligation in one patient and mild anemia in portal hypertensive gastropathy in
two patients). In patients treated with LMWH only, the rate of bleeding complica-
tions was even lower (3/78, 3.85%). In a single study, among patients treated with
VKA, patients with platelet counts lower than 50.000/uL were at greater risk for
bleeding [50].

Transjugular Intrahepatic Portosystemic Shunt (TIPS)
for the Treatment of Portal Vein Thrombosis

In cirrhotic patients, TIPS can be considered to treat PVT in cases of an absolute
contraindication to anticoagulation or in cases of no response after a maximum of
6 months of anticoagulation treatment. In LT candidates, the indications to TIPS
placement are identical to those recommended for non-listed patients. A specific
aim of TIPS in listed patients is to guarantee the patency of the portal vein, if the risk
of occlusion is high [37, 52].

The largest study published so far on this topic is a single-center study including
75 cirrhotic patients with PVT who underwent TIPS for complications related to PH
(48 bleeding, 18 ascites, or hydrothorax) [53]. After TIPS, the portal vein system
recanalized completely in 57% of patients, there was a marked decrease in throm-
bosis in 30% of patients, and no improvement in 13% of patients. Overall, 95% of
patients with complete recanalization after TIPS placement subsequently main-
tained patency of the portal vein.

Patency of intrahepatic portal vein branches, partial and single (main trunk) vein
involvement, de novo diagnosis of PVT, and absence of gastroesophageal varices
have been found to be positive prognostic factors for technical success [53], whereas
the thrombotic occlusion of the intrahepatic portal vein branches and cavernoma
transformation, even if not considered as absolute contraindications, have been
described as risk factors for technical failure [54]. More specifically, the presence of
portal cavernoma in the older series was associated with up to 100% technical fail-
ures, whereas in the more recent study, the risk of failure is reported to be between
17% and 46% [55].
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Budd-Chiari Syndrome

Epidemiology, Classification, Etiology, and Diagnosis

Budd-Chiari syndrome (BCS) is defined as the obstruction of hepatic venous
outflow that can occur from the small hepatic venules up to the entrance of the infe-
rior vena cava (IVC) into the right atrium, in the absence of right-heart failure and
constrictive pericarditis [56]. It is a rare disease that occurs in 0.2 per million per
year with a prevalence ranging from 1/1.000.000 of the general population in the
East up to 1/100.000 in Nepal [57-59].

Primary BCS is caused by thrombosis in the absence of compression by space-
occupying lesions or invasion by malignancy or parasites. Secondary BCS is due to
other causes.

In primary BCS, 75% of all patients have at least one pro-coagulative disorder
and 25% of patients have multiple disorders [60]. This means that identification of
one causal factor does not exclude other causes.

Myeloproliferative diseases (MPDs) are the main cause in 20% [61] of patients
using standard diagnostic criteria and up to 50% if spontaneous erythroid colony
formation is diagnosed [62]. A recent diagnostic advance has been made with the
identification of a mutation (V617F) in the Janus tyrosine kinase-2 (JAK2) gene in
myeloid cells [63]. JAK2V617F mutation is of major importance in the diagnostic
strategy of MPD, and it is present in nearly all patients with polycythemia vera and
in about 50% of patients with essential thrombocythemia and primary myelofibro-
sis. Generally, it has been reported in about 40% of BCS patients and in 80% of
BCS patients with MPD. Given the importance of JAK2V617F, screening for it
should be performed as part of the standard diagnostic work-up, as stated in EASL
guidelines [37].

Recently, the importance of mutations in the calreticulin (CALR) gene has been
advocated, too [64]. CALR mutations are absent in polycythemia vera patients but
occur in up to 80% of patients with JAK2-negative essential thrombocythemia and
primary myelofibrosis. Two recent studies found that CALR mutations are associ-
ated with splanchnic vein thrombosis with an incidence of between 0.7% and 1.9%.
The incidence was even higher when only patients with CALR and MPD were
considered (2.3% and 5.4%, respectively). Indeed, CALR was found to be positive
in 9.1% (1 out of 11 patients) and 30% (4 out of 13 patients) of JAK2-negative MPD
[65, 66].

When all the published cohorts of BCS are pooled, the prevalence of CALR
mutation in BCS patients is 0.9% (5/557 patients). Poisson et al. recently proposed
that CALR mutation be considered for patients with SVT without JAK-2 mutation,
especially in patients with spleen height > 16 cm and platelet count > 200 x109 /L
[67]. Furthermore, it may also be important in terms of prognosis. That is, as patients
with an SVT mutation or a CALR mutation have a significant disease predisposi-
tion, they may derive some benefit from JAK inhibitors such as hydroxyurea and
ruxolitinib.
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Among other acquired thrombophilic conditions is Behcet’s disease, which can
lead to BCS in the endemic areas. Other conditions associated with hypercoagula-
bility include paroxysmal nocturnal hemoglobinuria (very rare but fairly aggres-
sive), antiphospholipid syndrome, and thrombophilic disorders (i.e., factor V Leiden
mutation, G20210A prothrombin gene mutation, and protein C and S deficiency).
Use of an oral contraceptive (particularly with high estrogen content) is a risk factor
for BCS and is related to heterozygosity or homozygosity for thrombophilic defects
[68]. BCS in pregnancy (usually postpartum) is associated with estrogen changes,
IVC compression, and physiologic hyperfibrinogenemia.

The clinical presentation of BCS varies from fulminant liver failure to asymp-
tomatic forms and depends on several factors such as the rapidity of the disease
onset, the severity of liver dysfunction, and the anatomical sites of thrombosis and
etiology.

BCS can be classified anatomically into four types according to the site of the
venous obstruction and presence of PVT [69]: (1) hepatic vein obstruction/throm-
bosis without IVC obstruction/compression, (2) hepatic vein obstruction/throm-
bosis with IVC obstruction (as a result of compensatory caudate lobe hypertrophy
or IVC thrombosis), (3) isolated hepatic webs, and (4) isolated IVC webs. In
Western countries, pure hepatic vein thrombosis is the most common presenta-
tion, whereas in Asia pure IVC or combined IVC/hepatic vein obstruction
predominates.

PVT occurs in about 15% of patients with BCS [70] and affects short- and
long- term survival (mean survival is 1 month in BCS patients with PTV com-
pared with 6.3 years in BCS patients without PVT). Similarly, 5-year survival was
reported to be 85% in non-PVT BCS patients versus 58% in BCS patients with
PVT [71].

There are several diagnostic modalities for BCS. Color and pulsed Doppler
ultrasound has a diagnostic sensitivity of almost 75% and is the recommended
first-line investigation [72]. Computed tomography or magnetic resonance demon-
strates the typical (but not pathognomonic) pattern of multiple small nodules in the
hepatic parenchyma, which is characteristic of all diseases involving perfusion
defects of the liver. Importantly, further investigation is necessary to confirm the
diagnosis as well as to define the extent of the thrombus [73]. Imaging studies
have demonstrated hepatic nodules in 60-80% of patients with BCS. These nodules
are, however, usually benign and are the result of perfusion disturbances. The nod-
ules are small (in most cases under 4 cm in diameter), multiple (frequently more
than 10 lesions), hyper-vascularized, and disseminated throughout the liver.

Finally, although noninvasive studies are sufficient for diagnosis, hepatic venog-
raphy is still useful to determine the extent of thrombosis, as well as to measure
caval pressures.

In BCS patients, liver histology has two aims. Firstly, if imaging has failed to
demonstrate obstruction of large veins, it can be used to assess the presence of small
hepatic vein thrombosis, which characterizes a very rare but well-recognized form
of BCS. Secondly, it is important to estimate liver reserve and the potential revers-
ibility of the liver injury when TIPS is being considered [37].
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Clinical Manifestation and Prognosis

The typical patient with BCS is female, about 35 years old, with underlying throm-
bophilia, often taking oral contraception [58, 59]. In a multi-center prospective
study evaluation of patients with BCS, ascites was present in 83% of patients, hepa-
tomegaly in 67%, abdominal pain in 61%, esophageal varices in 58%, and gastroin-
testinal bleeding in 5% [70].

Depending on clinical presentation, BCS can be hyperacute (5%), acute (20%),
or subacute/chronic (60%). However, the prognostic value of this classification has
not been prospectively validated, and several authors no longer recommend its use
for predicting mortality [74-76].

In clinical practice, BCS should be suspected in patients with acute abdominal
pain, an enlarged liver (particularly in patients with known thrombophilic disor-
ders), or alternatively when fulminant liver failure is associated with ascites [77].
Conversely, chronic BCS should be excluded in the presence of refractory ascites,
particularly if liver function tests are abnormal [78]. Lower limb edema and venous
collaterals on the trunk indicate IVC compression/thrombosis [79]. Asymptomatic
presentation (15% of cases) is often associated with the presence of large hepatic
venous collaterals [78].

Mortality rates associated with BCS have decreased over time. Five-year sur-
vival before 1985 was reported to be 50% compared with 75% thereafter due to a
change in treatment strategies [78, 80]. Mortality is highest within 2 years of diag-
nosis (and independent of treatment in one study), with 77%, 65%, and 57% of
patients surviving at 1, 6, and 10 years, respectively [80]. In the largest cohort of
237 patients with BCS, the severity of encephalopathy, ascites, serum prothrombin
time, and bilirubin were found to be independent predictive factors for survival.
Based on the distribution of these factors, three groups (classes I, II, and III) with
statistically different 5-year survival rates of 89%, 74%, and 42%, respectively,
were identified [81].

Hepatocellular carcinoma appears to complicate BCS with a cumulative inci-
dence of 4% (11/97 patients) after a median follow-up of 5 years in a recent pub-
lished cohort [82]. Of note, in patients with membranous IVC obstruction, the
incidence of HCC is reported to be significantly higher than 4% (from 25% to
47.5%) [83].

Treatment

Management of BCS is based on a stepwise therapeutic algorithm derived from
large, multi-center, prospective series of BCS patients [84, 85] treated with antico-
agulant therapy (as first line). In the case of an inadequate response, angioplasty/
stenting/thrombolysis can be used as the second-line treatment (in patients with
stenosis of short duration not responding to medical therapy). In patients who
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have not responded to medical therapy or for whom stenoses for angioplasty/stent-
ing/thrombolysis are not suitable, TIPS placement can be performed. Finally, if
TIPS is not effective or in the case of hyperacute presentation, LT as the last resort
can be considered.

Of note, patients with BCS often require therapy for ascites and varices, and their
management should follow the same treatment recommendations as for ascites and
PH in cirrhosis [37]. Finally, the underlying prothrombotic cause (for instance,
MPDs) should be addressed.

All patients should receive anticoagulation, unless contraindicated, starting with
intravenous heparin and then warfarin, to maintain an INR of at least 2.5 [37]. This
treatment will be sufficient to control the disease in 10% of cases when the form of
disorder is mild [84] and to prevent progression of thrombosis [78, 80].

Experience is very limited in regard to correcting hepatic venous outflow obstruc-
tion with thrombolysis. Good results have been reported only in patients with recent
and incomplete thrombosis treated with local and early infusion of a thrombolytic
agent combined with angioplasty or stenting [86, 87]. In patients with acute BCS,
early thrombolytic therapy (i.e., within 2 weeks) administered within 72 h from the
time of diagnosis [88] has had variable success when infused directly into the
thrombosed hepatic vein for about 24 h [89].

The results of 80 patients who underwent local thrombolysis combined with
other endovascular procedures for the treatment of hepatic vein obstruction have
demonstrated a rate of technical success of between 82% and 100% [86, 90-94].
However, re-intervention is frequently needed, and, importantly, the procedure can
be associated with significant complications such as pulmonary embolism, cerebral
hemorrhage, and cardiac tamponade [90]. In cases of short-segment obstruction or
webs in hepatic veins or the IVC, balloon dilatation or intravascular stents can be
used. In a single-center study conducted by Eapen et al., survival in BCS patients
with mild disease and treated only by radiological intervention was 94% and 87%
at 1 and 5 years, respectively [95]. When thrombosis of the hepatic vein was more
diffuse, angioplasty alone was successful in only 56% of patients, even with addi-
tional local thrombolytic therapy. If a combination of angioplasty and stent place-
ment was used, long-term patency rates reached 80-90%. Further re-intervention,
however, was performed in 50% of cases in diffuse venous thrombosis [96].

Failure of thrombolysis or angioplasty and the presence of a thrombosis of more
than one hepatic vein are indications for shunting. The therapeutic principle of por-
tosystemic shunting is to convert the portal vein into an outflow tract (reversed por-
tal flow), thus decompressing the sinusoids. A side-to-side portal caval shunt (or
meso-caval shunt) not only decompresses the liver but also relieves ascites and
removes the risk of variceal bleeding.

Even though surgical interventions are important in the treatment algorithm of
BCS, they are generally not the first-line of therapy, and the most used treatment for
BCS nonresponsive to medical therapy is TIPS (with LT used as a rescue therapy)
[84, 85].

In a series published by Orloff et al. including 60 patients who underwent surgi-
cal shunting and with a follow-up of between 3.5 and 27 years [97], 95% survival
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with complete resolution of ascites and no encephalopathy was demonstrated. No
technical failures and one operative death were reported. However, other authors
were not able to demonstrate comparable outcomes [93, 98]. Furthermore, in most
of the reported series, patients with acute liver failure were not considered for the
placement of a surgical shunt but for LT. The use of a surgical shunt has been associ-
ated with rapid decompensation with in-hospital mortality as high as 25%, primar-
ily because of the patients’ poor condition [98]. In fact, acute hepatic decompensation
remedied only by emergency salvage liver transplantation has been reported.
Surgical shunting is an option in liver transplantation centers where rescue therapy
can be performed [37].

TIPS has improved the management of BCS (Table 8.2) [99-110]. It has major
advantages compared to surgical shunts: (1) it avoids laparotomy, overcoming cau-
date lobe compression and occlusion of the IVC, with less perioperative mortality
(particularly in patients with poor liver function); (2) it does not preclude subse-
quent surgical shunting or liver transplantation; and (3) it can also be placed in
patients with PVT.

Since Rossle’s description in 1989 of the first procedure on human patients
[111], TIPS has been widely accepted as a noninvasive technique to manage com-
plications of PH. In the past, most of the studies were based on the use of bare stents
and were associated with a high incidence of shunt failure. Patients required several
revisions during follow-up. After the introduction of polytetrafluoroethylene
(PTFE)-covered stent grafts, this problem was completely solved, eliminating
repeated interventions and significantly improving patients’ quality of life [112].
The patency rate of TIPS at 1 year is up to 70% [103]. In a recent multi-center
European study, long-term data on TIPS treatment for 147 BCS patients not respond-
ing to medical treatment or recanalization showed a 10-year survival rate of 69%.
TIPS was successful in 124 BCS patients, who were then followed for a median of
36.7 months. The main complication was hepatic encephalopathy in 21% of the
cases. Five-year survival in high-risk patients after TIPS placement was signifi-
cantly higher than estimated by the Rotterdam BCS index (71 vs. 42%) [101].

Several single-center studies have confirmed an excellent outcome after TIPS in
the hyperacute setting. A recent report demonstrated that for five patients with
fulminant hepatic failure, TIPS allowed resolution of the disease in one and acted as
a bridge to liver transplantation within 1 month in three other patients [99].

TIPS with PTFE-covered stents should be considered as the first-line therapy in
BCS patients with signs of PH both in acute and chronic presentations and also in
patients with hyperacute BCS, if a liver donor is not available within 2-3 days [37].

Although most patients with BCS can be treated medically or by interventional
radiological procedures, some patients progress to chronic liver failure with subse-
quent need for LT. After TIPS placement, the percentage of patients who will require
LT has been reported to be between 7% [85] and 38% [84] in two different large
cohorts. Pre-identified prognostic factors proposed in the BCS-TIPS index by
Garcia-Pagan et al. include age, bilirubin, and INR [101].

LT is indicated in hyperacute BCS. It is associated with a large area of necrosis,
even with early shunting (surgical or TIPS). Patient selection plays a dominant
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prognostic role in the treatment of BCS. Venous decompression and LT should both
be integrated in a common therapeutic concept, and the decision regarding which
approach to use in each individual case should be based on the leading clinical syn-
drome, i.e., PH or liver failure, together with an assessment of the reversibility of
hepatic damage and the potential for curing the underlying disease.

Short- and medium-term follow-up data of BCS after LT have been published by
several groups, and survival data of the largest cohort are published yearly by the
European transplant registry. There are 12 published series with 316 transplanted
patients in total, with reported long-term survival rates (5 years) between 50% (in
the older series) and 98% (in the more recent series) (Table 8.3) [70, 98, 113-122].
A recent retrospective analysis of series from the USA [15] and Europe [123] dem-
onstrated a 5-year survival rate of 80%.

Although almost all genetic thrombophilic disorders are cured by transplanta-
tion, thrombosis still occurs and routine anticoagulation therapy is necessary [124].
Recurrence of venous thrombosis or BCS occurred in about 10% of patients, con-
firming the need for lifelong anticoagulation [37]. When MPD is present, treatment
aimed at decreasing platelet production may be needed to further decrease the use
of thrombotic complications of posttransplantation. Melear et al. [125] reported
on 17 patients who had undergone transplantation for BCS; all the patients with an
underlying MPD [12] received a vitamin K antagonist, aspirin, and oncocarbide to
prevent thrombotic complications. Only one patient developed recurrent thrombo-
sis, and this occurred more than 10 years after the original transplant.

Deep Vein Thrombosis and Pulmonary Embolism

The association between liver cirrhosis and the risk of pulmonary thromboembo-
lism (PE) or deep vein thrombosis (DVT) among hospitalized patients with cirrho-
sis has been evaluated in retrospective case-control studies and is between
0.8% and 7%.

These patients do not demonstrate a reduced risk of PE/DVT when compared to
patients without cirrhosis [126, 127], and, importantly, a prolonged INR does not
negate a risk of venous thromboembolism (VTE) [128]. In a case-control Danish
population-based study of 99,444 patients with thromboembolic disease, patients
with cirrhosis had a 1.7-fold increased relative risk of venous thrombosis compared
to the general population [129]. In a retrospective case-control study by Northup
et al. [127], liver cirrhosis was recognized, for the first time, as a thrombophilic
condition. One hundred and thirteen hospitalized cirrhotic patients with a docu-
mented new VTE were included in the analysis and compared to controls. Of the
113 events, 74 (65.5%) involved a DVT only, 22 (19.5%) involved a PE only, and
17 (15%) involved both a PE and DVT. Traditional markers of coagulation impair-
ment in liver disease (such as INR and platelet count) were not predictive of VTE.
The multivariate analysis demonstrated that low serum albumin remained indepen-
dently predictive of VTE, with an odds ratio of 0.25 (95% CI 0.10-0.56), possibly
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Table 8.4 Deep vein thrombosis in patients with cirrhosis

Deep vein

Patients with Deep vein thrombosis
Author, year (ref.) Type of study | liver disease (n) | thrombosis (n) | prevalence (%)
Northup, 2006 [127] Case control 21,000 74 0.35
Garcia Fuster, 2008 [133] | Retrospective 2074 11 0.8
Lesmana, 2010 [135] Retrospective 256 12 4.7
Ali, 2010 [132] Retrospective | 449,798 4,335 0.9
Aldawood, 2011 [131] Retrospective 226 6 2.7
Girleanu, 2012 [134] Retrospective 3,108 31 0.99
Shah, 2012 [136] Retrospective 85 6 7
Al-Dorzi, 2013 [130] Retrospective 75 2 2.7

reflecting the low level of endogenous anticoagulants typically found in cirrhosis
coagulopathy. The importance of a low level of albumin in predicting the risk of
VTE in liver cirrhosis has been confirmed by Gulley et al. [126] in 963 cirrhotics.
Multivariate analysis showed that prolonged PTT and low serum albumin are inde-
pendent predictors of DVT/PE.

A number of published studies specifically looked at the risk of DVT in patients
with cirrhosis (Table 8.4) [127, 130-136].

Validated risk stratification scores that predict VTE within a general population
of hospitalized patients also appear to accurately predict VTE among hospitalized
patients specifically with chronic liver disease, i.e., the Padua Predictor Score, and
can be used to decide if antithrombotic prophylaxis should be started [137].

Several studies investigated the role of anticoagulation in preventing thrombo-
embolic disease in patients with chronic liver disease. Current guidelines do not
recognize the thromboembolic risk associated with chronic liver disease and do not
make specific recommendations for the prophylaxis or treatment of thromboem-
bolic disease in this special population [138]. The reported use of prophylactic
anticoagulation for VTE in patients with chronic liver disease (21-25%) remains
significantly lower than in other inpatient groups (30-70%) [139]. One of the prob-
lems is that the studies investigating the relationship between the use of prophylac-
tic anticoagulation in patients with cirrhosis and the risk of VTE have demonstrated
contradictory results. The vast majority of these investigations are retrospective
studies with differences in coding and/or defining cases of chronic liver disease.
More specifically, some investigations failed to demonstrate a significant difference
in the incidence of VTE in people with chronic liver disease given prophylactic
anticoagulation compared to those who were not given this treatment [128], or
observed no significant difference between the incidence of VTE in patients treated
with pharmacological, mechanical, or no prophylaxis. In contrast, Barclay et al.
found a decreased incidence of VTE in patients with chronic liver disease given
pharmacological prophylaxis [140].

Further prospective studies are required to determine not only if cirrhotic patients
may benefit from receiving prophylactic doses of anticoagulant therapy in prevent-
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ing VTE but also to determine which prophylactic regimen is most appropriate. The
interim suggestion is that VTE prophylaxis is considered on a case-by-case basis in
hospitalized cirrhotic patients, based on risk factor assessment for VTE (particu-
larly, the likelihood of prolonged immobilization). If anticoagulation is contraindi-
cated (e.g., because of the potential risk of bleeding), then mechanical prophylaxis
should be considered [141].

Anticoagulation in Cirrhosis

The decision to use anticoagulation in cirrhosis patients requires a careful assess-
ment of the perceived risks and benefits of anticoagulation.

Initial studies in patients with cirrhosis revealed that traditional therapeutic and
prophylactic anticoagulation therapies with LMWH or VKA are potentially safe in
stable cirrhotic patients [20, 39, 46, 48-51]. However, these studies are generally
small and retrospective, with considerable variation in study design.

One major concern regarding the use of LMWH in chronic liver failure is the
reduction of antithrombin in patients with advanced liver disease, owing to the fact
that LMWH requires antithrombin to exert its anticoagulant function. Furthermore, a
superimposed condition of renal failure, which frequently occurs in cirrhotic patients,
can critically influence the catabolism of heparin. Finally, LMWH is administered as
a subcutaneous injection, and this can be cumbersome for some patients. In vitro
studies demonstrated conflicting results. The anti-Xa assay cannot be used to monitor
LMWH activity in cirrhotic patients. Bechmann et al. [142] demonstrated that after
LMWH administration, anti-Xa activity was lower in cirrhotics than in controls, cor-
relating with the degree of disease severity. This finding suggests the need to increase
the LMWH dose in cirrhotics. However, Lisman et al. demonstrated in vitro that the
anti-Xa assay underestimates LMWH plasma levels in these patients [143]. The mea-
sured anti-Xa activity does not reflect the functional anticoagulation effects of
LMWH but is a surrogate for LMWH concentration in the patient’s blood. Anti-Xa is
quantified by a chromogenic assay, in which a given amount of activated factor Xa as
well as a chromogenic substrate is added to the undiluted plasma sample of a patient.
Abundant LMWH will bind to AT in the plasma sample. When LMWH and AT are
bound together, two competing reactions occur simultaneously: firstly, the externally
added factor Xa is inhibited by the AT-LMWH complex; secondly, the non-inhibited
factor Xa reacts with the chromogenic substrate, which resembles the natural sub-
strate of factor Xa, resulting in the cleavage of p-nitroaniline (pNA), which is inversely
proportional to the LMWH level in the sample. AT-deficient plasma, such as that
observed in cirrhosis, has been documented to yield false anti-Xa determinations,
possibly as a result of a decrease in the accuracy of classical anti-Xa assays [144].

This has been confirmed by an in vitro study using thrombin generation (TG) to
evaluate the effect of LMWH on endogenous thrombin potential (ETP) in 30 cir-
rhotic patients (10 Child A, 10 Child B, and 10 Child C) [145]. It was demonstrated
that, after the addition of LMWH, the ETP ratio was significantly lower in the cir-
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rhotic patients than in the controls. Importantly, the reduction correlated with
the severity of the liver disease, in spite of the concomitant decrease in AT activity.
The role of TG in monitoring anticoagulant therapy was recently evaluated by
Tripodi et al. in a prospective study including 23 cirrhotic patients treated with
LMWH followed by vitamin K antagonist [146]. Among the different tools for
monitoring the anticoagulant therapy that were tested, only ETP accurately reflected
the antithrombotic action elicited by these drugs.

While VK As are desirable for their low cost and oral administration, close moni-
toring of the international normalized ratio (INR) is necessary to determine thera-
peutic range. Dosing of VKA in cirrhosis patients is particularly challenging due to
preexisting elevations of the INR. As the vitamin K-dependent anticoagulant factor
protein C (also inhibited by VKA) is low in cirrhosis, VKA may not be a particu-
larly desirable agent. A cohort study evaluating 29.000 INR measurements during a
period of 6 months demonstrated that underlying liver disease or alcohol abuse was
independently correlated with a risk of excessive anticoagulation (INR > 6) [147].

Direct Oral Anticoagulants

Recently, several direct-acting oral anticoagulants (DOACs) have been approved,
and a small case series reported the use of these agents in cirrhosis. DOACs are
especially attractive considering the problems posed by traditional anticoagulants in
this clinical setting. Advantages of these medications include quick onset of action,
oral use, and no need for routine monitoring of drug levels or effects. However, each
agent has distinctive properties requiring particular attention to dosing, absorption,
and clearance. Similar to LMWH, careful consideration of the use of DOACs in
patients with cirrhosis and renal impairment is essential, as DOACs are all depen-
dent on renal clearance to varying degrees. Large trials to establish the safety and
efficacy of these medications excluded patients with liver disease, and consequently,
clinical experience is very limited. A theoretical risk of excessive anticoagulation
exists when using DOAC: in cirrhotic patients. However, conflicting laboratory data
have been published, and no conclusions can be drawn yet, as a wide variation in
TG response has been observed between different classes of DOACs.

Potze et al. recently demonstrated a decreased in vitro anticoagulant effect of
rivaroxaban in cirrhotic patients by using TG. On the other hand, a significantly
increased anticoagulant response to dabigatran was found. Interestingly, the
enhanced effect of dabigatran on TG was proportional to the severity of the liver
disease [148]. The same group examined the in vitro anticoagulant potency of apix-
aban [149]. Twenty-five ng/mL of apixaban or 50 ng/mL of rivaroxaban were added
to the plasma samples of 11 healthy individuals and 14 cirrhotic patients (nine Child
B and five Child C). Whereas a fixed dose of the drugs decreased total TG in healthy
volunteers by 55 + 6% (rivaroxaban) and 51 + 4% (apixaban), the mean decrease in
TG in patients was significantly lower (30 + 9% for rivaroxaban, P < 0.0001; 32 +
10% for apixaban, P < 0.0001).
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In the clinical setting, rivaroxaban and apixaban (oral factor Xa inhibitors) have
been used for PVT treatment; only a few of these patients, however, had compen-
sated liver disease [150, 151]. Intagliata et al. [150] compared rates of bleeding
complications in patients treated with apixaban and rivaroxaban to those of cirrhotic
patients treated with VKA and LMWH. For 39 patients (only Child A and B) who
received anticoagulation therapy over a 3-year period (20 patients on FXa inhibitors
and 19 patients on traditional anticoagulation), there were three documented bleed-
ing events in the traditional anticoagulation group (two major events) and four
bleeding events in the DOAC group (one major event). In another multi-center
cohort of 36 cirrhotic patients (Child A and B patients), 22 (61%) receiving antico-
agulation treatment for PVT were followed up for a median duration of 15 months.
Most of the patients (83%) received rivaroxaban, whereas dabigatran and apixaban
were used in 11% and 6% of the cases, respectively. Adverse events occurred in
17% of patients including five cases of bleeding [151].

In conclusion, even though some data are now emerging supporting the use of
DOAC:S in well-compensated cirrhosis patients, larger studies are needed to improve
our understanding of the pharmacologic properties of these medications and their
safety in this special population [37].

Key Points

1. Patients with end-stage liver disease (ESLD) are not auto-anticoagulated.

2. Viscoelastic tests enable optimal transfusion management and identifica-
tion of patients at risk for thrombotic events.

3. The aim of anticoagulation therapy in PVT should be to recanalize the ves-
sel or reduce the thrombosis in order to ensure anatomical reconstruction.

4. Budd-Chiari syndrome may need anticoagulation, portal venous decom-
pression, or liver transplantation depending on clinical presentation.

5. VTE prophylaxis should be considered on a case-by-case basis in hospital-
ized cirrhotic patients.

6. More research is needed to determine whether DOACs are safe in ESLD.
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Chapter 9
Acute Kidney Injury and
Hepatorenal Syndrome

Salvatore Piano and Paolo Angeli

Introduction

Patients with liver cirrhosis have a higher risk of developing acute kidney injury
(AKI) [1]. AKI is characterized by a wide spectrum of renal dysfunction, which
may involve both a reduction in the glomerular filtration rate (GFR) and some
degree of parenchymal kidney damage. AKI in patients with cirrhosis is associated
with high morbidity and mortality, and prompt diagnosis and treatment of AKI is
crucial in these patients. Type 1 hepatorenal syndrome (HRS-AKI) is a particular
form of AKI characterized by severe renal vasoconstriction and associated with a
poOr prognosis.

Definition and Types of AKI in Patients with Cirrhosis

The definition of AKI requires four components: (a) a biomarker of renal function,
(b) a baseline value for this biomarker, (c) a range of changes in this biomarker, and
(d) a timeframe of when these changes occur. Serum creatinine (SCR) is still the
most frequently used biomarker of renal function in patients with cirrhosis [2], and
the definition of AKI is based on changes in sCR [3]. Previously, an increase in sSCR
of at least 50% from the baseline to a final value above 1.5 mg/dl has been used to
define AKI in this patient population and has been shown to be a strong predictor of
mortality [4—6]. However, more recently, new criteria have been proposed and vali-
dated in the general population, namely, the Kidney Disease Improving Global
Outcomes (KDIGO) criteria [7]. These criteria define AKI as an absolute increase
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Table 9.1 International Club of Ascites definitions of acute kidney injury in cirrhosis

Subject Definition

Baseline sCR | A value of sCR obtained in the previous 3 months, when available, can be used
as a baseline sCR. In patients with more than one value within the previous

3 months, the value closest to the admission time to the hospital should be used.
In patients without a previous sCR value, the SCR on admission should be used
as baseline.

Definition of | Increase in sCR > 0.3 mg/dL (> 26.5 mmol/L) within 48 h; or a percentage
AKI increase SCR > 50% from a baseline that is known, or presumed, to have
occurred within the prior 7 days.

Staging of Stage I: Increase in sCR > 0.3 mg/dL (26.5 mmol/L) or an increase in

AKI sCR > 1.5-fold to 2-fold from baseline

Stage 2: Increase in sCR > 2- to 3-fold from baseline

Stage 3: Increase of sCR > 3-fold from baseline or sCR >4.0 mg/dL

(353.6 mmol/L) with an acute increase > 0.3 mg/dL (26.5 mmol/L) or initiation
of renal replacement therapy

sCR serum creatinine, AK/I acute kidney injury

of sCR > 0.3 mg/dl in 48 h or a percentage increase > 50% that occurred (or is
presumed to have occurred) in the previous 7 days. The KDIGO criteria also intro-
duced urinary output criteria; however, their applicability in patients with cirrhosis
has been questioned due to the avid fluid and sodium retention and oliguria observed
in patients with advanced cirrhosis and ascites. Nonetheless, despite these changes,
renal function may remain adequate [3]. The KDIGO criteria also provided a stag-
ing of AKI according to the increase in sCR: (i) stage 1, an increase in SCR of
between 1.5- and 2-fold from baseline; (ii) stage 2, an increase in SCR from 2- to
3-fold from baseline; and (iii) stage 3, an increase in SCR above 3-fold or an increase
above 4 mg/dl. The mortality rate increased in a stepwise manner according to the
AKI stages. Finally, the progression of AKI to a higher stage was associated with an
even worse survival rate [8, 9]. The potential benefit of the new criteria is early
diagnosis of AKI to enable prompt treatment and reduce the risk of AKI progres-
sion, which is associated with a worse prognosis [8, 9]. Several studies have vali-
dated the KDIGO criteria based on sCR in patients with cirrhosis [8—14].

The new International Club of Ascites (ICA) AKI criteria proposed the use of
modified KDIGO criteria to diagnose AKI in patients with cirrhosis (Table 9.1) [3].
The ICA also based the definition of AKI on the sCR value: the last available pread-
mission value of sCR obtained in the 3 months before admission. In cases for which
no preadmission value of sCR is available, the admission value should be used as a
baseline, as other strategies may lead to relevant bias [15]. The staging of the ICA-
AKI criteria was similar to that provided by the KDIGO criteria (Table 9.1).

Traditionally, three types of AKI have been considered: (a) prerenal AKI, (b)
intrinsic AKI, and (c) post renal AKI [1]. Hypovolemia and hepatorenal syndrome
(HRS-AKI) are the two main types of prerenal AKI, whereas acute tubular necrosis
(ATN-AKI) is the most common type of intrinsic AKI.

Hypovolemia is the most common type of AKI in patients with cirrhosis fol-
lowed by ATN-AKI and HRS-AKI. Post renal AKI is rare in patients with cirrhosis.
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AKI associated with bacterial infections can show characteristics of hypovolemia,
HRS-AKI, or ATN-AKI according to the clinical scenario [16].

HRS-AKI is the most life-threatening type of AKI and requires prompt diagnosis
and treatment [17]. It is characterized by a severe vasoconstriction of renal arteri-
oles not responding to fluid administration [18, 19]. The incidence of HRS in the
natural history of cirrhosis is estimated to be 18% after 1 year and 39% after 5 years
[20]. Classically, two clinical types of HRS can be identified [18, 19]:

1. Type 1 HRS, characterized by a rapidly progressive reduction of renal function,
is classically defined by a doubling of the initial serum creatinine (sCR) concen-
tration to more than 226 mmol/l (2.5 mg/dl) in less than 2 weeks

2. Type 2 HRS, moderate renal failure (sCR from 133 to 226 mmol/l or from 1.5 to
2.5 mg/dl), with a steady or slowly progressive course, is usually associated with
refractory ascites

With the adoption of the ICA-AKI criteria, the cutoff of 2.5 mg/dl required for the
diagnosis of type 1 HRS was removed, and it is now defined as HRS-AKI [3].
Conversely, type 2 HRS has been considered to be a form of chronic kidney disease,
although this definition is still a matter of debate [21].

Pathophysiology of AKI and HRS in Patients with Cirrhosis

The following factors render patients with cirrhosis susceptible to the development
of AKI and HRS-AKI (Fig. 9.1):

(a) Severe splanchnic arterial vasodilation
(b) Reduction in cardiac output
(c) Systemic inflammation

The “peripheral arterial vasodilation hypothesis™ has been considered for several
years as the main pathophysiological mechanism of renal dysfunction in patients
with cirrhosis [22]. Portal hypertension causes the release of vasodilators in the
splanchnic circulation such as nitric oxide (NO), carbon monoxide (CO), adeno-
medullin, glucagon, and prostacyclin. The splanchnic arterial vasodilation causes a
reduction in the effective circulating volume with subsequent stimulation of barore-
ceptors and, thus, activation of vasoconstrictor systems including production of cat-
echolamine, activation of the renin-angiotensin-aldosterone system, and nonosmotic
release of arginine vasopressin. This results in increased heart rate and cardiac out-
put, with the development of a hyperdynamic circulation, as well as in the retention
of sodium and water in the kidney (which causes the development of ascites and
peripheral edema). Vasoconstrictor systems ensure the restoration of effective circu-
lating volume. However, in the advanced stages of liver disease, the further increase
of splanchnic vasodilation cannot be compensated by an increase in vasoconstrictor
system activity. At this time, further water and sodium retention causes the forma-
tion of ascites and/or the development of dilutional hyponatremia. In the most
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Fig. 9.1 Pathophysiology of acute kidney injury in cirrhosis. ROS reactive oxygen species, NO
nitric oxide, CO carbon monoxide, DAMPs danger-associated molecular patterns, PAMPs patho-
gen-associated molecular patterns

advanced stages, the maximal activity of the vasoconstrictor systems leads to severe
renal vasoconstriction, which is the cause of HRS. A precipitating event that can
further worsen splanchnic vasodilation, such as a bacterial infection, or the admin-
istration of some medications, including nonsteroidal anti-inflammatory drugs
(NSAIDs) or angiotensin-converting enzyme inhibitors, can trigger the develop-
ment of AKI [12, 23-26].

In the early years of the twenty-first century, a new hypothesis was added to the
splanchnic arterial vasodilation hypothesis. In fact, three hemodynamic studies
demonstrated reduced cardiac output in patients who develop HRS-AKI. The first
study compared the baseline characteristics of patients who developed HRS after an
episode of SBP with those of patients who did not do so [27]. Patients with HRS had
significantly higher levels of plasma renin activity and lower cardiac output as com-
pared with patients who did not develop HRS. It is interesting that the concentra-
tions of tumor necrosis factor alpha (TNF-a) were significantly higher in patients
who developed HRS, highlighting the role of inflammation. The second study was
performed in patients with cirrhosis, ascites, and normal renal function. Significantly
lower cardiac output and mean arterial pressure and significantly higher plasma
renin activity levels were found in patients who had developed HRS vs. those who
had not developed HRS [28]. Furthermore, when HRS occurred, a further reduction
in cardiac output was observed, suggesting that HRS is the result of a decrease in
cardiac output in the setting of severe arterial vasodilation. In the third study, again,
a reduction in the cardiac index was found to be a strong predictor of HRS develop-
ment [29]. The mechanism of cardiac alterations in patients with cirrhosis is still
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unclear, but specific cardiac abnormalities including systolic and diastolic dysfunc-
tion, changes in electrophysiological repolarization, and enlargement of cardiac
chambers were found in affected patients. Overall, these abnormalities are com-
monly referred to as “cirrhotic cardiomyopathy” [30].

New data suggest that systemic inflammation is likely to play a central role in
both promoting splanchnic arterial vasodilation and reducing cardiac output. In
patients with cirrhosis, the main driver of chronic inflammation is the translocation
of bacteria from intestinal lumen to systemic circulation [31]. This pathological
process is the result of increased gut permeability, intestinal bacterial overgrowth,
and changes in microbiome. The translocation of bacteria or bacterial products
(pathogen-associated molecular patterns [PAMPs]) stimulates pattern recognition
receptors (PRRs) such as toll-like receptors (TLRs) on immune cells, thereby stimu-
lating the production of inflammatory cytokines including TNF-alpha, interleukin-6
(IL-6), and interleukin-1beta (IL-1beta). Studies performed on an experimental
model of cirrhosis suggest that these proinflammatory mediators cause oxidative
stress and stimulate the synthesis of NO, further enhancing splanchnic arterial vaso-
dilation [32]. Intestinal decontamination with norfloxacin administration leads to a
reduction in the inflammatory mediator plasma concentration as well as a decrease
in NO synthesis. This suggests that bacterial translocation is the cause of the inflam-
matory response. Proinflammatory cytokines are also involved in the pathogenesis
of cardiac dysfunction in cirrhosis. In fact, TNF-alpha stimulates the production of
NO in the cardiac tissue of cirrhotic rats by exerting a negative inotropic effect [33].
Interestingly, TNF-alpha knockout mice and those treated with anti-TNF-alpha
antibodies demonstrated restored cardiac contractility. Finally, it has recently been
shown that PAMPs may directly cause renal damage due to the activation of TLR-4
and local inflammation. The latter was demonstrated in both experimental and clini-
cal studies [34, 35]. All these data have led experts in this field to introduce a new
hypothesis for the development of AKI and other organ failures in patients with
cirrhosis: the “systemic inflammation hypothesis” [36]. According to this hypothe-
sis, systemic inflammation is the main driver of AKI. A superimposed precipitating
event, such as a bacterial infection, can cause systemic inflammation with a subse-
quent further increase in splanchnic arterial vasodilation, a depression of cardiac
contractility, and a reduction of the effective circulating volume, resulting in renal
hypoperfusion. Systemic inflammation can also damage the kidney directly due to
the action of inflammatory mediators [16].

Epidemiology and Clinical Features of AKI in Patients
with Cirrhosis

The prevalence of AKI in hospitalized patients with cirrhosis is variable according
to the criteria used, and ranges from 20 to 50% [1, 13]. About two-thirds of episodes
are community-acquired, whereas the remaining are nosocomial [13]. Most of the
cases are diagnosed while in stage 1, and progression of AKI occurs in 20-50% of
patients [8—10]. AKI occurs more frequently in patients with ascites and bacterial



152 S. Piano and P. Angeli

infections (the most common precipitating event of AKI) [23, 24]. Of the infections,
spontaneous bacterial peritonitis (SBP) is the one most frequently associated with
the development of AKI and HRS-AKI. Other predisposing factors are less com-
mon and include gastrointestinal bleeding or acute alcohol consumption. However,
AKT has a significant negative prognostic impact on these subgroups of patients [37,
38]. The spectrum of clinical manifestations of AKI may be very different, and
sometimes the precipitating event (bacterial infection, GI bleeding, etc.) is the main
clinical manifestation. However, sometimes, oliguria and a worsening of ascites
may be the trigger. Finally, it should be remembered that hepatic encephalopathy
may be the first manifestation of AKI.

Management and Differential Diagnosis of AKI in Cirrhosis

AKI should be managed according to the algorithm provided by the ICA [3]
(Fig. 9.2). This algorithm differentiates between the management of patients accord-
ing to two groups: those with AKI stage 1 and those with AKI stage 2 or 3.

In both groups, the first steps are to identify and treat potential precipitating fac-
tors. Thus, diuretics should be tapered or withdrawn, and a precise diagnostic
workup for infection should be performed (paracentesis to rule out SBP, chest
X-ray, urinalysis, and blood, urine and ascitic fluid cultures). All potential nephro-
toxic drugs (NSAIDs, vasodilators, angiotensin-converting enzyme inhibitors, etc.)
should be withdrawn. In patients with AKI stage 1, volume expansion should be
administered with crystalloids in cases of dehydration (diarrhea or overdiuresis),
packed red blood cells in cases of GI bleeding, and albumin in patients with SBP
(1.5 g/lkg onday 1 and 1 g/kg on day 3) [4]. In cases of progression to a higher stage,
patients should receive the treatment provided for patients with AKI stage > 1.
Diuretics should be withdrawn, and albumin should be administered at a dose of
1 g/kg per day for 2 days. In cases in which there is no response, the main differen-
tial diagnosis is between HRS-AKI and ATN-AKI (other types of AKI are quite
rare). Patients with ascites, and without several pathological factors including signs
of shock, the use of a nephrotoxic drug, and macroscopic signs of kidney parenchy-
mal damage (normal renal ultrasound, no sign of proteinuria, no sign of hematuria)
meet the criteria for HRS-AKI (Table 9.2). It should be highlighted that new bio-
markers of renal tubular damage have recently become available. Among these
biomarkers, urinary neutrophil gelatinase-associated lipocalin (NGAL) is the most
investigated in patients with cirrhosis. Urinary NGAL was found to be significantly
higher in patients with ATN-AKI than in those with HRS-AKI, with the lowest lev-
els demonstrated in patients with hypovolemic AKI [39]. More recently, it has been
suggested that a combination of several urinary biomarkers such as kidney injury
molecule 1, interleukin-18, liver fatty acid-binding protein, and albumin may
improve the differential diagnosis among ATN-AKI and other types of AKI. Further
studies are needed before urinary biomarkers are included in a diagnostic algorithm
of AKI; however, this diagnostic approach is very promising.
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Table 9.2 Diagnostic criteria of hepatorenal syndrome acute kidney injury (HRS-AKI) according
to International Club of Ascites (ICA) criteria

HRS-AKI

Diagnosis of cirrhosis and ascites

Diagnosis of acute kidney injury

No response after 2 consecutive days of diuretic withdrawal and plasma volume expansion with
albumin 1 g per kg of body weight

Absence of shock

No current or recent use of nephrotoxic drugs (NSAIDs, aminoglycosides, iodinated contrast
media, etc.)
No macroscopic signs of structural kidney injury, defined as:

Absence of proteinuria (> 500 mg/day)

Absence of microhematuria (> 50 RBCs per high-power field)

Normal findings on renal ultrasonography

Modified from [3, 19]

ICA International Club of Ascites, NSAIDs nonsteroidal anti-inflammatory drugs, RBC red blood
cells

Management of HRS-AKI

General management of HRS-AKI should include monitoring the patient’s param-
eters, such as fluid balance, arterial pressure, and vital signs. Treatment of bacterial
infections should be started as soon as possible. There are no data supporting the use
of empirical antibiotic treatment for unproven infections. When terlipressin is
administered, beta-blockers should be discontinued [40]. Paracentesis with albumin
administration can be performed in a patient with HRS and tense ascites, but remov-
ing more than 51 per paracentesis is not recommended. The use of diuretics should
be avoided, but furosemide may be useful in treating central volume overload.
Figure 9.3 summarizes available treatments for patients with HRS according to
the pathogenesis of the condition.

Vasoconstrictors Plus Albumin

The combination of arterial vasoconstrictors with albumin is the most effective and
investigated treatment for HRS-AKI [41]. The rationale behind the use of vasocon-
strictors is to counteract splanchnic arterial vasodilation, while albumin expands
the effective blood volume. However, both clinical and experimental studies suggest
that the positive effects of albumin are not only mediated by plasma volume expan-
sion. It has been demonstrated that in patients with cirrhosis and SBP, albumin in
comparison to hydroxyethyl starch is capable of increasing cardiac stroke volume
and systemic vascular resistance [42]. Conversely, no difference was found before
and after the administration of hydroxyethyl starch, suggesting that albumin may
improve cardiac output and vascular resistance with mechanisms other than plasma
expansion. Experimental animal studies demonstrated that albumin is able to restore



9 Acute Kidney Injury and Hepatorenal Syndrome 155

TIPS | Portal hypertension/Liver failure |

| Pathological bacterial translocation of PAMPs |

| Activation of immune system (PRRs) |

|Loca| and systemic production of proinflammatory cytokines|

—| | Splanchnic arterial vasodilation }—l—{ Cardiocirculatory dysfunction | |—
| Y trict | Reduction of effective -
asoconstrictors circulating volume |—|m

Severe renal arterial vasoconstrictionl

Fig. 9.3 Pathophysiological basis and targets of available treatments for hepatorenal syndrome.
TIPS transjugular intrahepatic portosystemic shunt, PAMPs pathogen-associated molecular pat-
terns, PRRs pattern recognition receptors, HRS-AKI hepatorenal syndrome acute kidney injury

cardiac contractility in cirrhotic rats and, by a reduction of the TNF-a-induced acti-
vation of the NF-kB-iNOS pathway, diminish oxidative stress in the cardiac tissue
[43]. In fact, albumin has several non-oncotic properties such as the capacity to bind
and inactivate PAMPs, NO, and reactive oxygen species [44]. The importance of the
combination of using albumin and vasoconstrictors is supported by a lower rate of
positive response when each of these drugs is administered alone [45].

Three types of vasoconstrictors are currently available for the treatment of HRS:
terlipressin, noradrenaline, and the combination of midodrine + octreotide.

Terlipressin, a vasopressin analog, is the most investigated vasoconstrictor in this
field. Three randomized controlled trials found that the combination of terlipressin
plus albumin is more effective than albumin alone in the treatment of HRS [46—48].
The use of terlipressin and albumin in combination for the management of HRS is
reported to be successful in 34-54% of cases. Terlipressin can be administered both
as intravenous boluses (starting from 0.5-1 mg every 4-6 h to a maximum dose of
2 mg every 4 h) and as a continuous intravenous infusion (starting from 2 mg/day
to a maximum dose of 12 mg/day). Continuous intravenous infusion is associated
with a significantly lower incidence of side effects than bolus administration [49]. It
has also been demonstrated that continuous infusion is effective at a lower dose
compared to intravenous boluses. These findings are consistent with the short half-
life of terlipressin, lasting 3—4 h [50]. Doses of terlipressin should be increased in a
stepwise manner if serum creatinine does not decrease at least 25% after 3 days of
treatment [51]. Albumin should be administered at the dose of 20—40 g/day. Usually,
full response to treatment occurs within 14 days. After discontinuation of terlipressin
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and albumin, a recurrence of HRS can be observed in about 20% of patients with
type 1 HRS, and retreatment is usually effective. Conversely, recurrence of HRS is
quite common in patients with type 2 HRS, and treatment should be reserved
for the most severe patients (SCR > 2 mg/dl). Some patients with AKI-HRS may
require long-term treatment with terlipressin and albumin [52], and a specific LT
allocation policy has been suggested for these patients [53]. Several predicting fac-
tors of a positive response to treatment were found, including baseline sCR, biliru-
bin, and the delta increase in mean arterial pressure on day 3 [54, 55]. Additionally,
patients who responded to treatment with terlipressin plus albumin demonstrated a
better survival rate than non-responders [49]. In a recent meta-analysis of random-
ized trials, the use of terlipressin was associated with a trend toward an improve-
ment in survival vs. those treated with placebo [56].

The usual adverse effects of treatment with terlipressin include diarrhea, abdom-
inal cramps, nausea, and headache. Also, some severe side effects, such as angina,
cardiac arrhythmia, and intestinal ischemia, have been described. Patients with
severe hypertension, ischemic heart disease, and peripheral vascular disease should
not be treated with terlipressin.

Midodrine (an al-agonist drug) combined with octreotide (a somatostatin ana-
log) in combination with albumin infusion has been demonstrated as effective in
treating HRS-AKI [57]. Midodrine is administered orally at a dose of 2.5 mg t.i.d.,
which can be increased to 12.5 mg t.i.d. if there is not a reduction in sCR of at least
25%, compared to baseline at day 3 of treatment. The starting dose of octreotide is
100 mcg t.i.d., and it can be increased to a maximum of 200 mcg t.i.d. The albumin
dose is the same as that provided for terlipressin. In a randomized controlled trial,
the combination of terlipressin plus albumin was significantly more effective than
the combination of midodrine plus octreotide and albumin in treating HRS-AKI
(an improvement in renal function of 70 vs. 29%, respectively; p = 0.01) [58]. Thus,
this treatment should be considered only in patients with contraindications to
terlipressin.

The administration of norepinephrine (administered at a dose of 0.5-3 mg/h) plus
albumin has been investigated for treatment in HRS-AKI. The efficacy of noradren-
aline was similar to that of terlipressin in treating HRS-AKI [59]. Norepinephrine
is cheaper than terlipressin. However, it should be administered in a central venous
line and under continuous monitoring, such that its use is limited to patients admit-
ted to the intensive care unit. The treatment with vasoconstrictors plus albumin
should be continued until sCR reaches a value below 1.5 mg/dl.

Liver Transplantation

Liver transplantation (LT) represents the best treatment for HRS-AKI [60].
Unfortunately, the timing of the transplantation procedure is unpredictable, and
liver transplant candidates (LTCs) with HRS-AKI should be treated with vaso-
constrictor plus albumin while on the waiting list. In fact, LTCs with HRS-AKI
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responding to terlipressin and albumin while on the waiting list demonstrated a
better posttransplantation course, a shorter period of hospitalization, and less
requirement for renal replacement therapy (RRT) after LT [61]. Conversely,
in a recent case control study, the use of terlipressin and albumin in patients
with type 2 HRS is questioned, as no differences were found in terms of post-
LT outcomes between patients treated with terlipressin and those not treated
with it [62].

Patients with HRS responding to treatment with vasoconstrictors plus albumin
may be penalized by a current organ-distribution model based on MELD. In fact,
patients with AKI-HRS have a higher mortality rate than other cirrhotic patients for
any point of the MELD score [63]. Furthermore, patients showing continuous recur-
rence of HRS during any attempt to withdraw vasoconstrictors and albumin may be
further disadvantaged [52]. In these two groups of patients, it has been suggested
that the peak of sCR be used to estimate the MELD score (for responders to vaso-
constrictors) and to compute the MELD score as provided for patients in dialysis
(patients on long-term treatment with terlipressin) [53].

Transjugular Intrahepatic Portosystemic Shunt

Transjugular intrahepatic portosystemic shunt (TIPS) is a technique used to create a
shunt between the portal and hepatic veins in the liver. TIPS is usually well toler-
ated; however, some complications can occur, including thrombosis/occlusion of
the shunt, fistulae, hemolysis, infections, and, more commonly, hepatic encepha-
lopathy [51].

From a pathophysiological point of view, TIPS is beneficial, because it reduces
portal hypertension and increases cardiac output. TIPS improves renal perfusion
and water excretion and optimizes sodium and has been reported to reduce serum
creatinine in selected patients with HRS [64, 65]. However, the applicability of
TIPS in patients with HRS is very limited because many affected patients have con-
traindications to the use of TIPS. Furthermore, the available data regarding the use
of TIPS in patients with HRS-AKI are mainly based on case series. Randomized
controlled trials are necessary before TIPS can be implemented in clinical practice
for patients with HRS.

Renal Replacement Therapy

The data pertaining to the use of RRT in patients with HRS-AKI are limited.
However, if a patient does not respond to vasoconstrictors plus albumin, with vol-
ume overload, metabolic acidosis, severe hyperkalemia, and/or hyponatremia, RRT
should be considered as an option, particularly for LTCs on the waiting list [56, 66].
No data are available regarding the optimal technique of RRT (intermittent
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hemodialysis vs. continuous RRT) in these patients. However, it has been suggested
that continuous RRT may be the better option given the lower risk of hypotension as
compared to the risk with intermittent hemodialysis. In patients who are not eligible
for liver transplantation, the decision to perform RRT should be made on a case-by-
case basis in order to avoid rendering futile treatment.

Key Points

1. Patients with cirrhosis have a high risk of developing acute kidney injury
(AKI), which is associated with a poor prognosis. The higher the stage of
AKI, the higher the mortality rate.

2. Bacterial infections (in particular, spontaneous bacterial peritonitis) are the
most important trigger of AKI in patients with cirrhosis. Other triggers are
an overdose of diuretics, the presence of gastrointestinal bleeding, and the
use of nephrotoxic drugs (nonsteroidal anti-inflammatory drugs, ACE
inhibitors, aminoglycosides, etc.).

3. Hepatorenal syndrome AKI (HRS-AKI) is a specific type of AKI occur-
ring in patients with cirrhosis and ascites. HRS-AKI is characterized by
severe renal vasoconstriction with renal hypoperfusion, without macro-
scopic signs of intrinsic kidney injury.

4. Liver transplantation is the optimal treatment for HRS-AKI. The use of
vasoconstrictors plus albumin is the most effective medical treatment for
HRS-AKI, being effective in about 50% of cases.
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Chapter 10 )
Management of Upper GI Bleeding
in Cirrhotic Patients

Check for
updates

Alexander Dechéne

Introduction

Upper gastrointestinal (GI) hemorrhage is a frequent and severe complication of
(sinusoidal) portal hypertension (PH) and an important cause of mortality in patients
with liver cirrhosis.

With an elevation of the hepatic venous pressure gradient (HVPG) > 10 mmHg
(defined as clinically significant portal hypertension, CSPH), the risk of hemorrhage
from esophageal and/or gastric (gastroesophageal) varices (GEV) is markedly
increased [1]. Portal hypertensive gastropathy (PHG) is also a common etiology of
acute and chronic bleeding specific to cirrhotic patients. GI ulcers are another cause
of upper GI bleeding, but in patients with liver cirrhosis these are less common than
variceal bleeding (VB) [2].

Bleeding Sources in Patients with Liver Cirrhosis and Portal
Hypertension

The focus of this review is the diagnosis and treatment of upper GI bleeding pre-
dominantly from varices developed due to PH.

Varices occur not only in the esophagus and stomach (Figs. 10.1 and 10.2) but
also in the small intestinum (duodenum) (Fig. 10.3), the colon, and the rectum (peri-
anal). Esophageal varices are approximately 20 times more frequent than gastric
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Fig. 10.1 Small
(a) and large (b)
esophageal
varices without
signs of acute
bleeding
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Fig. 10.2 (a, b) Gastric
varices
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Fig. 10.3 Isolated duodenal varices

varices [3]. Non-variceal bleeding can also be observed in patients with PHG, and
this is a common feature of PH found in more than one-third of patients with com-
pensated liver cirrhosis without a history of gastrointestinal bleeding (GIB) [4].

Identification of Patients at Risk for Variceal Bleeding

A number of risk factors can predispose patients to VB. Also, several measurements
have been developed to assess bleeding risk.

Clinically significant PH is the main predisposing factor for VB. Noninvasive mea-
surements of liver stiffness (i.e., transient elastography (TE) or similar methods) make
it possible to identify patients with chronic liver disease at risk of developing CSPH.

The term “compensated advanced chronic liver disease (cACLD)” has been
introduced to characterize patients with either advanced or compensated cirrhosis at
risk for VB. A liver biopsy can confirm cACLD, and the invasive HVPG measure-
ment is the gold standard in the diagnosis of PH. If TE is below 10 kPa, cACLD can
be practically ruled out. A measurement above 15 kPa is highly suggestive of
cACLD [5]. Increased TE in combination with other clinical features, such as ele-
vated liver stiffness spleen-size-to-platelet ratio risk score (LSPS) (liver stiffness x
spleen size/platelet count), can be even more predictive of VB [6].

The prevalence of GEV in patients with an established diagnosis of liver cirrhosis is
approximately 35-50% and even higher in decompensated cirrhosis. The incidence of
GEV is 5-9% per year for cirrhotic patients with no varices at baseline endoscopy.

Less common are gastric varices, which present in approximately 2% of patients
with liver cirrhosis [3, 7, 8].
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The most sensitive tool for diagnosing GEV is upper gastrointestinal endoscopy
(UGI), which is recommended for all patients with a new diagnosis of cACLD,
CSPH, or manifest liver cirrhosis. Exemptions can be made for patients with a TE
< 20 kPa and a platelet count > 150,000/pl, as their risk of having GEV is very low
and annual repetition of TE and platelet count are recommended [9, 10].

Although a combination of endoscopic and pharmacological therapies has been
shown to significantly reduce mortality from VB, the risk of death within 6 weeks
after VB is as high as 15% [11].

Definitions

¢ VB is defined as:

(a) Active bleeding from esophageal or gastric varices.
(b) Presence of larger varices and luminal blood in the stomach without other
sources of bleeding [12].

Hematemesis is the most common symptom of VB, and an endoscopy often reveals
an active hemorrhage. Not all patients have both VB signs.

* Blood loss is considered to be significant if the patient requires more than two
packed RBCs, in combination with a heart rate above 100 bpm and/or systolic
blood pressure of below 100 mmHg at initial presentation.

* The consensus-defined time frame of one episode of acute VB is 5 days or 120 h
after the occurrence of the first symptoms. Rebleeding within 5 days is defined
as primary failure, and rebleeding later as secondary failure of hemostasis.

* Failure of treatment of an acute episode of VB is defined as either [13]:

(a) Repeat hematemesis more than 2 h after initiation of treatment (endoscopic
or pharmacologic)

(b) Decline of serum hemoglobin below 3 g/dl (if no transfusions have been
performed)

(c) Development of hypovolemic shock

» If repeat bleeding occurs again after 5 days of treatment, it is considered a failure
of secondary prophylaxis, and endoscopic and pharmacologic treatment of acute
VB should be restarted [12].

Primary Prophylaxis of Variceal Bleeding

It is important that patients without GEV receive the usual treatment for chronic
liver disease. Any specific treatment directed at preventing the formation of de novo
varices should not be performed. Nonselective beta-blockers (NSBB) have not been
shown to be more effective than placebo treatment in regard to both decreasing
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the incidence of varices and improving survival in patients with liver cirrhosis. Nor
has NSBB been shown to prevent the progression of small varices [8, 14].

Primary prophylaxis of VB is indicated in patients with small varices (< 5 mm)
and endoscopic signs of increased risk of bleeding (red spots on varices, red wale
signs) and in patients with larger varices (> 5 mm). The goals of primary prophy-
laxis should be to reduce HVPG to below 12 mmHg or to decrease HVPG by more
than 10 mmHg (measured invasively) or alternatively to reduce heart rate to
50-55 bpm (indirect parameter, if no invasive measurements are available).

Effective NSBB treatment (usually propranolol or carvedilol) reduces both the
risk of first VB and mortality by approximately 10% [15]. Patients for whom pro-
pranolol does not achieve a sufficient reduction in portal pressure can safely and
effectively be treated with carvedilol [16].

Endoscopic variceal ligation (EVL) is also effective for primary prophylaxis of
GEV bleeding; however, no benefit regarding overall survival or bleeding-related
mortality over NSBB treatment has been demonstrated [17]. Consensus guidelines
recommend either NSBB treatment or EVL, but not a combination of these for pri-
mary bleeding prophylaxis [12].

Diagnosis and Grading of Upper Gastrointestinal Bleeding
in Cirrhotic Patients

The risk of bleeding from GEV in individual patients can be predicted by measuring
LSPS using noninvasive, ultrasound-based tools such as TE or acoustic radiation
force impulse. Upper GI endoscopy is the gold standard for diagnosing, locating,
and managing hemorrhage from GEV [2, 18].

The severity (or grade) of upper GIB can usually be estimated by reviewing non-
endoscopic parameters. The serum hemoglobin level, in particular, is a well-
accepted factor that can rapidly be determined on first contact with a patient with
suspected upper GIB [19]. Patients with upper GIB in the setting of liver cirrhosis
should be considered as high risk due to high mortality. Hospital admission for
these patients is mandatory in almost all cases even in the absence of obvious hemo-
dynamic problems [12]. Patients with manifest hemodynamic instability should be
admitted to an intensive care unit.

Pre-endoscopic Management of Cirrhotic Patients
with Suspected Bleeding from GEV

If GIB is suspected, a complete physical and laboratory examination should be per-
formed to detect signs of infection, hepatic encephalopathy, and hemodynamic
impairment. Continuous monitoring of hemodynamics and recording of oxygen
saturation are also recommended [13].
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Fluid resuscitation is critical and should be started as soon as possible to preserve
tissue perfusion. In the general population, resuscitation using crystalloids rather
than colloid solutions/plasma expanders seems to be associated with a lower inci-
dence of renal failure and decreased mortality in critically ill patients. This trend has
not been demonstrated specifically in patients with hemorrhage from GEV or with
hepatic failure [20]. It is, however, a common practice to use albumin to stabilize
cirrhotic patients with hemodynamic impairment because it can effect a more rapid
improvement in circulation than can crystalloid solutions given that chronic hypo-
albuminemia is very common in this patient population [21].

The threshold of serum hemoglobin for blood replacement therapy in cirrhotic
patients is 7 g/dl. Over-transfusion leads to an increase in HVPG and an exces-
sive risk of rebleeding and increased mortality in patients in Child-Pugh stages
A and B [22].

If PH in a patient with GIB is suspected, pharmacologic treatment to reduce
portal pressure should be immediately initiated even before first (index) endoscopy.
Two types of vasoactive drugs are commonly used: vasopressin and somatostatin
(and the respective analogues).

Vasopressin reduces portal blood flow and intravariceal pressure at the price of
increasing systemic peripheral resistance and decreasing coronary perfusion.
Vasopressin administration also reduces the rate of endoscopic treatment failure, but
not mortality [23]. On the other hand, the use of terlipressin, a synthetic vasopressin
analogue, demonstrated a favorable effect on both endoscopic treatment outcomes
and decreased mortality compared to placebo and, therefore, is the treatment of
choice at many centers [24].

Somatostatin and its analogue, octreotide, also reduce portal blood flow and
intravariceal pressure. The effect of these substances on acute GEV seems to be
comparable to that of terlipressin in regard to treatment success, rebleeding rate, and
mortality [25]. For dosing and the treatment characteristics of terlipressin, soma-
tostatin, and octreotide, see Table 10.1.

Infections with gram-negative bacteria (e.g., spontaneous bacterial peritonitis) are
commonly associated with bleeding from GEV. Intravenous antibiotic treatment
should be started on initial suspicion of GIB associated with PH. Early antibiotic
therapy results in a reduced infection incidence, less frequent rebleeding, and
decreased mortality [26]. Antibiotic therapy can be administered using third-generation
cephalosporins (e.g., ceftriaxone 1 g i.v. q.d.) and fluoroquinolones (e.g., ciprofloxa-

Table 10.1 Dosages and outcomes of pharmacological co-treatment of acute variceal bleeding in
combination with endoscopic treatment

Terlipressin Somatostatin Octreotide
Bolus dose before endoscopy 2 mg 250 pg 50 pg
Continuous dose 1 mg 4x/day 250 pg/h 25 pg/h
Treatment success after 60 h 86.2% 83.4% 83.8%
Mortality after 60 h 8.0% 8.9% 8.8%

Modified from Seo et al. [25]
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cin 250 mg i.v. b.i.d.), depending on local resistance patterns. Antibiotic treatment is
recommended for the duration of the acute bleeding episode (usually 5 days).

The motilin-receptor agonist erythromycin is used (off-label) to accelerate gas-
tric removal of fresh blood to prepare and facilitate endoscopic treatment of GEV
hemorrhage. A single infusion of 250 mg of erythromycin 60-120 min before
therapeutic endoscopy improves the endoscopic view of gastric mucosa and
decreases the need for a second endoscopic examination, the likelihood that
a transfusion will be required, and the duration of a patient’s stay in the hospital
[27]. Caution should be taken in patients with a macrolide allergy and QT-time
prolongation. The dopamine-receptor antagonist metoclopramide is less studied
but can be used as an alternative to activate gastrointestinal tract motility and clear
the stomach lumen from the blood in patients who cannot be treated with erythro-
mycin [28].

Proton-pump inhibitors (PPI) are clearly beneficial in non-variceal bleeding
(i.e., peptic ulcers). The role of PPI in variceal hemorrhage is not clear. Short-term
use seems to be effective; however, there is evidence of a higher incidence of bacte-
rial peritonitis in patients with ascites who have undergone long-term PPI treat-
ment [29].

Location and Timing of Endoscopy

Endoscopic hemostasis is the most effective non-pharmacological treatment of
VB. At the same time, sufficient preparation of both the patient and the endoscopy
team is essential to achieving an optimal outcome. Especially in patients with hemo-
dynamic impairment and/or hemorrhagic shock, volume resuscitation and stabiliza-
tion of hemodynamics before endoscopy (which almost always requires sedation) is
necessary [13]. Considering that the majority of patients with variceal bleeding have
severe liver disease associated with a high mortality rate, treatment should be car-
ried out in either an intensive care unit or an intermediate care unit for hemodynami-
cally stable patients.

Airway management is critical in patients with severe hematemesis. Impaired
vigilance due to manifest hepatic encephalopathy can lead to aspiration, and pro-
phylactic intubation should be considered [19]. There are, however, reports describ-
ing an increased risk of cardiopulmonary complications during and after airway
instrumentation in patients with VB, and the necessity of prophylactic intubation in
this patient population should be carefully evaluated [30].

After overall stabilization, therapeutic endoscopy should not be delayed.
International consensus guidelines recommend endoscopic treatment within 12 h
after the first clinical signs of variceal hemorrhage. In patients with signs of hemor-
rhagic shock, endoscopic treatment should be started as soon as possible [12]. The
management of VB should be performed as a combination of pharmacologic and
endoscopic approaches due to the clear advantages of this approach [31].
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Endoscopic Therapy of Acute Bleeding

The preferred modality for treating hemorrhage from esophageal varices is endo-
scopic band ligation (EBL) using a flexible video gastroscope (Fig. 10.4). This
method has largely replaced sclerotherapy during the last three decades and is asso-
ciated with decreased procedure-related complications and reduced mortality [32].
Frequent adverse events of EBL include thoracic pain and minor bleeding episodes
from shallow mucosal and submucosal ulcerations after the rubber bands’ detach-
ment. Severe complications are not associated with this type of therapy.

In patients with bleeding from gastric varices, EBL is seldom the best treatment
modality because the large variceal conglomerates in the stomach cannot be ligated
sufficiently. In these cases, an injection of n-butyl-2-cyanoacrylate (a semiliquid
glue that hardens rapidly on contact with water and/or blood) and Lipiodol injected
into the varices is often the better choice (Fig. 10.5) [33]. Complications after this
approach are more frequent than after EBL and include displacement of emboli into
the pulmonary vessels, deep ulcerations, and sepsis [34].

Recent data have demonstrated that trans-endoscopic application of hemostatic
powders is an effective and relatively simple approach that can be used by an expe-
rienced endoscopist to achieve early hemostasis before subsequent definitive endo-
scopic treatment (i.e., EBL or endoscopic embolization) [35].

V

Fig. 10.4 Acute spurting esophageal variceal hemorrhage (a), band ligation (b), after successful
endoscopic hemostasis (c)
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Fig. 10.4 (continued)
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Fig. 10.5 Acute bleeding
from gastric varix (a),
injection therapy (b), after
injection therapy (c)
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Fig. 10.5 (continued)

Rescue Treatments

Primary treatment failure in GEV hemorrhage is defined as combined pharmaco-
logic and endoscopic treatment not resulting in durable hemostasis or rebleeding
occurring within 5 days after the onset of the initial episode. In these cases, the risk
of fatal complications is very high.

In patients with an endoscopically confirmed bleeding source in the esophagus,
implantation of a designated fully covered self-expanding metal stent (SEMS) in the
distal third of the esophagus can help to stop the bleeding by compressing the
varices. SEMS has a high success rate and is associated with fewer complications
than balloon tamponade [36, 37]. The stents can be left in place for a week or more.
During this period, hemodynamic stabilization and treatment of PH must be
performed.

Because SEMS is not effective in bleeding sources distal to the gastroesophageal
junction, gastric varices can be compressed only by traditional balloon tamponade
(via Linton-Nachlas tube). Balloon tamponade is a temporal approach (not longer
than 24 h) with high rates of complication.

All patients for whom pharmacologic and endoscopic treatments have failed
should be evaluated for implantation of a transjugular intrahepatic portosystemic
shunt (TIPS). The use of TIPS for uncontrolled bleeding from GEV is associated
with high short-term mortality of up to 75%. All efforts to stop acute bleeding, at
least temporarily, should be made before TIPS placement [38].



10 Management of Upper GI Bleeding in Cirrhotic Patients 175

Secondary Failure to Control Variceal Hemorrhage
and Secondary Prevention

Rebleeding that occurs 5 or more days after therapy is defined as secondary treat-
ment failure. Acute treatment in this situation follows the same principles as in the
initial bleeding episode: a combination of pharmacologic and endoscopic therapy
should be used.

Considering that the risk of rebleeding after hemostasis is up to 60%, with mor-
tality associated with acute variceal bleeding about 30%, secondary prophylaxis of
rebleeding is indicated in all patients with clinically relevant PH [39].

The preferred secondary prophylaxis method is a combined treatment with
NSBB (or carvedilol) + nitrates and endoscopic variceal ligation or embolization.
This therapy results in a reduction of the recurrent variceal hemorrhage incidence,
although the effect on all-cause mortality is not completely clear [40-42]. HVPG
measurements can be used to guide the treatment of PH [43]. Additionally, there is
some controversy over whether NSBB has a negative effect on the survival of
patients with liver cirrhosis and refractory ascites [44, 45]. Recent consensus guide-
lines recommend monitoring hemodynamic parameters and renal function in
patients receiving NSBB therapy. In patients with hypotension, hyponatremia, and/
or renal failure, therapy with NSBB should be discontinued [12]. In patients with
intolerance of or contraindications to NSBB, EVL alone should be continued. EVLL
is performed at 2—4 week intervals until all varices of more than the first degree have
been eradicated. Endoscopic surveillance is then recommended at 6-month intervals
with repeat EVL if the varices increase in size [13].

After bleeding from gastric varices has been treated, secondary prophylaxis fol-
lows the same principle: a combination of pharmacologic (NSBB or carvedilol) and
endoscopic treatment including an injection of n-butyl-2-cyanoacrylate.

There is growing evidence showing that early TIPS implantation (within 24-72
h after admission) can help to achieve initial hemostasis in patients at high risk of
rebleeding. The criteria for a high rebleeding risk include HVPG above 20 mmHg
and Child-Pugh stage B in patients with active bleeding at index endoscopy as well
as Child-Pugh stage C [46, 47]. In recent studies, early TIPS resulted in a lower risk
of treatment failure (rebleeding) and an improved survival rate as compared to com-
bined pharmacologic and endoscopic treatment [48].

The placement of portosystemic stents has also been evaluated as an approach
for secondary prophylaxis in patients with a history of GEV hemorrhage. Although
overall survival did not increase, rebleeding and hemorrhage-associated mortality
were less frequent after TIPS implantation. There was, however, a consistently
higher rate of hepatic encephalopathy after TIPS placement compared to endo-
scopic treatment [49]. Newer data suggest that implanting TIPS with a diameter of
less than 10 mm results in less encephalopathy and hepatic dysfunction without
compromising the ability of TIPS to prevent bleeding [50].
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Whenever TIPS is implanted to treat or prevent VB, transjugular catheterization
and subsequent embolization of gastroesophageal collaterals from the portal vein
with glue, coils, or plug devices should be evaluated. These measures may improve
TIPS function and further reduce rebleeding rates [51].

An alternative to TIPS placement for the treatment of gastric varices, is balloon-
occluded retrograde transvenous obliteration (BRTO) via a gastrorenal shunt,
accessed through a jugular or femoral vein. This procedure reduces the risk of
hepatic encephalopathy associated with TIPS. However, high-quality prospective
data on safety and efficacy are lacking so far.

In patients with a contraindication to TIPS placement (e.g., congestive heart fail-
ure or splenic vein thrombosis), partial spleen embolization can be performed to
reduce blood flow via the spleen and, thus, reduce portal pressure without creating
a shunt to systemic circulation [52].

Surgical approaches to target gastric varices and/or PH are currently used less
frequently than endoscopic and radiologic treatment. Devascularization of the distal
esophagus and proximal stomach and distal splenorenal shunting have been per-
formed for many years and offer good control of variceal bleeding but are associ-
ated with a high rate of early mortality [53, 54].

Management of Bleeding from Portal Hypertensive
Gastropathy

PHG is represented by macroscopic mucosal changes in the gastric body and fun-
dus. PHG is visible via endoscopy and is accompanied by mucosal and submucosal
vascular dilation found in up to 80% of patients with PH (Fig. 10.6) [55, 56].
Stigmata of increased risk of bleeding such as red marks and intramucosal vessel
ruptures can also be identified endoscopically.

PHG is a common cause of chronic bleeding leading to anemia. Much less fre-
quently (< 2.5% of cases), PHG is the cause of acute hemorrhage with symptoms
such as hemorrhagic shock and hematemesis [57].

Pharmacologic treatment of bleeding from PHG closely follows the same prin-
ciples as management of hemorrhage from GEV: vasoactive drugs (vasopressin or
somatostatin and analogues) followed by NSBB for secondary prophylaxis [58, 59].

TIPS placement as well as surgical shunting may be acceptable options for
patients with recurrent severe bleeding. This approach, however, has not been exten-
sively evaluated for isolated PHG.

In the few patients with acute bleeding refractory to pharmacologic treatment
and with contraindications to shunt procedures, endoscopic thermal ablation of the
main bleeding source and/or application of hemostatic powders may be a less inva-
sive approach but often has only a temporary effect [60, 61].
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Fig. 10.6 Portal
hypertensive gastropathy
without bleeding (a), with
acute bleeding (b), with
chronic bleeding (c)
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Fig. 10.6 (continued)

Key Points

1. Upper gastrointestinal bleeding is a frequent cause of mortality in patients
with advanced chronic liver disease. The prevalence of esophageal and/or
gastric varices in patients with liver cirrhosis is up to 50% and increases
with further elevation of portal pressure. The gold standard for the bleed-
ing diagnostic is upper gastrointestinal endoscopy.

2. In patients with esophageal or gastric varices at high bleeding risk, primary
prophylaxis (non-selective beta-blockers or endoscopic ligation of varices)
reduces the incidence of bleeding episodes.

3. Cirrhotic patients with clinical suspicion of upper gastrointestinal bleeding
should be admitted to an intensive care or intermediate care unit for fluid
resuscitation and hemodynamic stabilization.

4. Vasopressors (terlipressin, somatostatin, or analogues) and antibiotics
should be administered as early as possible if upper gastrointestinal hem-
orrhage is suspected in cirrhotic patients.

5. The treatment of choice for a hemorrhage associated with esophageal vari-
ces is endoscopic band ligation. In the case of gastric varices, endoscopic
embolization is a preferable approach.

6. Patients with a high risk of rebleeding could benefit from the early implan-
tation of a transjugular portosystemic stent (TIPS).
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Chapter 11
Acute-On-Chronic Liver Failure

Miriam Maschmeier, Anna Hiising-Kabar, and Hartmut H. Schmidt

Definitions

Acute-on-chronic liver failure (ACLF) describes an acute deterioration of a pre-
existing chronic liver disease that results in organ failure. It is associated with a high
short-term mortality rate [1]. Within the past few years, ACLF has been recognized
as an important clinical entity. ACLF clearly distinguishes itself from acute liver
failure (ALF) by the presence of a pre-existing liver disease. It is different from
acute decompensation, as it is accompanied by multi-system organ failure and is
associated with a higher mortality rate [1-3].

There is no universally accepted definition of ACLF. In fact, there are more than
ten different definitions of the condition developed primarily on a theoretical basis.
This hinders the identification of the subgroup of patients requiring special attention
in order to decrease the high risk of mortality [4, 5].

Working independently, the Asian Pacific Association for the Study of the Liver
(APASL) the European Association for the Study of the Liver (EASL), and the
American Association for the Study of Liver Diseases (AASLD) have each devel-
oped a working definition of ACLF [2].

The APASL has defined ACLF as an acute hepatic insult occurring in a
patient with an underlying chronic liver disease manifesting as jaundice (serum
bilirubin > 5 mg/dl (85 pmol/l)), coagulopathy (INR > 1.5 or prothrombin

activity < 40%), ascites, and/or encephalopathy within 4 weeks of onset [6]. The
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EASL and AASLD, on the other hand, describe ACLF as “an acute deterioration
of a pre-existing chronic liver disease usually related to a precipitating event
and associated with an increased mortality at 3 months due to multisystem organ
failure” [3].

These definitions have significant differences. The APASL definition includes
both patients without cirrhosis and those with compensated cirrhosis, whereas the
EASL/AASLD definition includes only those with compensated and decompen-
sated cirrhosis. The APASL definition focuses on liver failure where sepsis is not
considered a precipitating event. In the EASL/AASLD definitions, extrahepatic
multi-organ failure is an essential feature, and infection is considered an important
trigger of ACLF [1-3, 6, 7].

These disparities can be explained by the differences in the leading causes of
ACLF in the Asia-Pacific region compared to Europe and North America. In
Western countries, most patients with pre-existing cirrhosis develop ACLF due
to nonviral causes (e.g., bacterial infection); patients in the Asia-Pacific region,
where cirrhosis is not seen as frequently, develop ACLF mainly due to viral
insults (e.g., hepatitis B flares). Alcohol abuse, however, seems to be a univer-
sal problem [7]. Differences in the definitions of ACLF lead to the diagnosis of
ACLF in noncomparable groups of patients, which results in different study out-
comes [8].

Further insight into ACLF has been provided by two large, prospective,
observational investigations performed in Europe and North America: the
EASL-CLIF Acute-on-Chronic Liver Failure in Cirrhosis (CANONIC), and the
North American Consortium for the Study of End-Stage Liver Disease
(NACSELD). Whereas the NACSELD study focused on the mortality of infected
patients with cirrhosis (leaving out other triggers), the CANONIC study
included only patients with cirrhosis admitted for any acute decompensation
(acute development of large amounts of ascites, hepatic encephalopathy (HE),
gastrointestinal hemorrhage, bacterial infection, or any combination of these).
In the CANONIC study, it was found that the mortality of cirrhotic patients with
ACLF correlated with the number of organ failures. This was confirmed for cir-
rhotic patients with bacterial infection in the NACSELD study [5, 7]. Based on
the results of the CANONIC study, the first evidence-based diagnostic criteria
and prognostic scores for ACLF in cirrhotic patients have been proposed and
will be discussed in this chapter.

To overcome differences and to find common ground for further research, the
World Congress of Gastroenterology proposed a consensus definition in 2014. It
combines features from both Eastern and Western understanding of ACLF
(Table 11.1) and defines ACLF as “a syndrome in patients with chronic liver dis-
ease, with or without previously diagnosed cirrhosis, characterized by acute hepatic
decompensation resulting in liver failure (jaundice and prolongation of the INR
[International Normalized Ratio]) and one or more extrahepatic organ failures that
is associated with increased mortality within a period of 28 days and up to 3 months
from onset” [2].
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Table 11.1 Alternative definitions of acute-on-chronic liver failure

World Congress of
APASL 2009/2014 [6] AASLD/EASL 2011 [3] Gastroenterology 2014 [2]
“An acute hepatic insult “An acute deterioration of | “A syndrome in patients with
manifesting as jaundice pre-existing chronic liver | chronic liver disease with or
(serum bilirubin > 5 mg/dl disease, usually related to a | without previously diagnosed
(85 pmol/l)) and coagulopathy | precipitating event and cirrhosis which is characterized
(INR > 1.5 or prothrombin associated with increased | by acute hepatic decompensation
activity < 40%) complicated | mortality at 3 months due | resulting in liver failure (jaundice
within 4 weeks by clinical to multisystem organ and prolongation of the INR
ascites and/or encephalopathy | failure” [International Normalized Ratio])
in a patient with previously and one or more extrahepatic
diagnosed or undiagnosed organ failures that is associated
chronic liver disease/cirrhosis with increased mortality within a
and is associated with a high period of 28 days and up to
28-day mortality” 3 months from onset”

APASL Asian Pacific Association for the Study of the Liver, AASLD American Association for the
Study of Liver Diseases, EASL European Association for the Study of the Liver

Epidemiology

Based on the results of the CANONIC und NACSELD studies, as well as data from
Chinese studies using CANONIC criteria, the prevalence of ACLF in hospitalized
patients with cirrhosis is between 24 and 34% [5, 7, 9, 10]. In the CANONIC study,
ACLF was present in about 20% of patients at enrollment and developed in another
10% while they were hospitalized [5].

Classification and Diagnosis of ACLF in Cirrhotic Patients

ACLF Types A-C

According to the World Congress of Gastroenterology definition, acute-on-chronic
liver failure can develop in patients with chronic liver disease without cirrhosis as
well as in patients with compensated or decompensated cirrhosis.

Rather than one disease, ACLF is a syndrome characterized by acute decompen-
sation, single- or multiple-organ failure, and high short-term mortality [5].
Depending on the underlying liver disease and the clinical, pathophysiologic, and
prognostic features, three subtypes of ACLF have been identified (Fig. 11.1).
Patients without cirrhosis who develop ACLF are Type A. A liver biopsy demon-
strating signs of chronicity is necessary for confirmation and differentiation from
ALF. Patients with compensated cirrhosis who develop ACLF are Type B, and those
with decompensated cirrhosis are Type C [2].
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Fig. 11.1 Proposed classification of acute-on-chronic liver failure with regard to the severity of
the underlying liver disease and applicable definitions (Modified from Jalan et al. (2014) [2])

Only the APASL definition (Table 11.1) applies to patients with Type A ACLF
(does not include Type C ACLF). However, the ACLF scores definition of ACLF
based on the CANONIC and NACSELD studies apply to patients with ACLF Types
B and C.

The CANONIC Definition and ACLF Grades in Patients
with Cirrhosis

The CANONIC group evaluated 1,343 patients at liver units in 29 university hospi-
tals in Europe. Patients with either compensated or decompensated cirrhosis with or
without organ failure were recruited for the study. The severity of illness was
assessed by a modified CLIF-SOFA score derived from the SOFA score (sepsis-
related organ failure assessment score). This score was developed to predict mortal-
ity related to sepsis [11] and is used to evaluate six organ systems: respiratory
(Horovitz index), cardiovascular (hypotension and/or use of vasopressors), cerebral
function (GCS), coagulation (platelet count), hepatic (bilirubin), and renal (creati-
nine). Depending on the assessed values for each organ system, a specific score is
assigned. The sum of the subscores for all the assessed organs ranges from 0 to 24.
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A SOFA score of 10 predicts a mortality of around 40%, whereas a SOFA > 15
predicts a mortality rate of > 90%. In order to take into account specific aspects of
cirrhotic patients, SOFA scores have been adjusted. To assess cerebral function, the
CANONIC group replaced GCS with hepatic encephalopathy (HE) according to the
West Haven criteria. The use of terlipressin, a new vasoconstrictor, has been added
to the circulatory system assessment of the CLIF-SOFA score. INR is included in
the assessment of the coagulation system (Table 11.2).
Based on these assessments, the authors stratified the patients into four groups:

1. No ACLF: This group comprises three subgroups:

(a) Patients without organ failure
(b) Patients with single non-kidney organ failure (e.g., coagulation, liver, circu-
latory or respiratory, serum creatinine (SCrea) <1.5 mg/dl, and no HE)
(c) Patients with single cerebral failure and SCrea <1.5 mg/dl
Among the recruited patients, 77.4% had no ACLF at enrollment. The 28-
and 90-day mortality rates were 4.7 and 14%, respectively.
2. ACLF grade 1: This group comprises three subgroups:

(a) Patients with single kidney failure (SCrea >2 mg/dl or dialysis)

(b) Patients with one organ failure, SCrea ranging from 1.5 to 1.9 mg/dl and/or
H.E. I°/11°

(c) Patients with HE > III° and SCrea ranging from 1.5 to 1.9 mg/dl

At the time of enrollment, 11% of the patients suffered from ACLF grade 1.
The 28- and 90-day mortality rates were 22.1 and 40%, respectively
3. ACLF grade 2: This group comprises patients with two organ failures. At the
time of enrollment, 8% of the cohort suffered from ACLF grade 2. The 28- and
90-day mortality rates were 32 and 52.3%, respectively.
4. ACLF grade 3: This cohort comprises patients with three or more organ failures.
Among the recruited patients, 3.5% suffered from ACLF grade 3. The 28- and
90-day mortality rates were 76.7 and 79.1%, respectively.

ACLF grades and organ failures are presented in Table 11.3.
Organ failure definitions are based on specific values:

Pulmonary: Horovitz index < 200 mmHg

Renal: Creatinine > 2 mg/dl or requirement for dialysis

Central nervous system (CNS): Hepatic encephalopathy (H.E.) > III° Hepatic:
Bilirubin > 12 mg/dl

Circulatory: Use of any vasopressor

Coagulation: INR > 2.5

A follow-up study aimed at developing a new score predicting the prognosis of
patients with ACLF more accurately than ACLF grade 0-3 has been reported [12].
The authors created a simpler organ failure score (CLIF-C-OF). For each organ
system, new cutoff points were defined to stratify organ failure into three different
severity categories (Table 11.4).
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Table 11.3 ACLF grades
ACLF ACLF
No ACLF ACLF Grade 1 Grade 2 Grade 3
No organ failure Single kidney failure Two organ | Three or
Single organ failure and SCrea | Single organ failure and 1.5 < SCrea failures more organ

<1.5 mg/dl and no H.E.
Single cerebral failure (H.E. >
III°-IV°®) and SCrea <1.5 mg/dl

< 1.9 mg/dl and/or -H.E. I°-11°
Single cerebral failure

(H.E. III°*-IV®) and 1.5 < SCrea
< 1.9 mg/dl

failures

According to Moreau et al. [5]
ACLF acute on chronic liver failure, AD acute decompensation, HE hepatic encephalopathy

Table 11.4 CLIF-C-OF score

Organ or System

1

2

Liver

Bilirubin < 6mg/dI

Bilirubin > 6mg/dl
and < 12 mg/dl

Kidney Creatinine
<1.5mgl/l
Brain Grade 0 Grade I-1I
(West Haven Cri-
teria for HE)
Coagulation INR<2.0 INR>2.0
and <2.5
Circulation MAP >70mmHg MAP < 700mmHg
Respiration
PaO,/FiO, > 300 or <300 and > 200 or
or  SpO/FiO; | 357 <357 and > 214

Adapted from Jalan et al. [12]
Gray fields indicate organ failure
RRT renal replacement therapy, HE hepatic encephalopathy, /NR international normalized ratio,
MAP mean arterial pressure, PaO, arterial oxygen partial pressure, FiO, fraction of inspired oxy-
gen, SpO, oxygen saturation, MV mechanical ventilation

Together with CLIF-C-OF, age and white blood cell (WBC) count were shown
to be the best predictors of 28-day mortality. The CLIF-C-ACLF score can be
assessed by the following equation:

CLIF-C-ACLF =10 x (0.33 x CLIF-OF + 0.04 x age + 0.63 x (Ln(WBC))-2)
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The score ranges between 0 and 100. The higher the score, the higher the mortal-
ity. An online application to calculate the CLIF-C-ACLF score and estimate mortal-
ity is available at the CLIF Consortium website: http://www.clifconsortium.com/.

Depending on the 28-day mortality, patients can be stratified into three categories:

1. CLIF-C-ACLF < 45 = > 28-day mortality approximately 10%
2. 45 < CLIF-C-ACLF < 64 = > 28-day mortality between 20 and 70%
3. CLIF-C-ACLF > 65 = > 28-day mortality > 90%

The PIRO Concept in ACLF

Ithas been proposed that the PIRO concept (predisposition, injury, response, and organ
system) be adapted to describe the complex pathophysiology of ACLF (Table 11.5)
[1, 13]. In 2001, a consensus conference of intensive care societies (SCCM/ESICM/
ACCP/ATS/SIS) developed a classification scheme for sepsis called PIRO, which
stratifies patients on the basis of their predisposing conditions, the nature and extent
of the insult (in the case of sepsis, infection), the nature and magnitude of the host
response, and the degree of concomitant organ dysfunction [14].

The authors have stated that the PIRO concept is rudimentary and that extensive
testing and further refinement are required before it can be presented in its final
form for routine application. At present, a clinical application of PIRO is lacking for
patients with sepsis.

Predisposition

Different studies have found a range of variations in the predisposition to ACLF. In
the CANONIC study, patients with ACLF were significantly younger than those
who did not develop ACLF. The main etiologies of cirrhosis were alcoholic liver
disease (most frequent) followed by hepatitis C [5]. In patients without prior episodes
of acute decompensation (ACLF type B), the course of the disease was more severe and
associated with a higher mortality rate [9, 15]. In the NACSELD study, the MELD
score was a significant risk factor for the development of ACLF [7].

Table 11.5 The PIRO concept in acute-on-chronic liver failure

Predisposition Injury (=precipitating event) Response Organ failure
Etiology Alcohol Inflammation CLIF-C-OF
Severity of cirrhosis Drug Immune failure
Age Virus
Genetic Bacterial infection

Surgery

Modified from Jalan et al. [1]


http://www.clifconsortium.com/
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Injury (Precipitating Event)

ACLF may be triggered by precipitating hepatic or extrahepatic insults. Hepatic
insults include the hepatotoxic effects of alcohol and/or drugs and viral hepatitis.
Extrahepatic insults can be caused by bacterial infection, surgery, TIPS insertion,
large-volume paracentesis without albumin administration, trauma, and others [1,
15]. The frequency of these triggers varies depending on the region. The CANONIC
study identified bacterial infection in 33% of patients (spontaneous bacterial perito-
nitis, pneumonia, urinary tract and skin infections) and active alcoholism (23% of
patients) to be the most frequent predisposing events [5, 16]. In Eastern countries,
however, hepatotropic viral infections are more common [6]. Gastrointestinal hem-
orrhage was observed more often in patients with acute decompensation of cirrhosis
than in patients with ACLF in the CANONIC study. The roles of different precipi-
tating events as ACLF triggers need to be verified [15, 16].

In the CANONIC study, precipitating events were found in less than 60% of
cases [5].

In some studies, including the CANONIC study, the presence and type of pre-
cipitating event were found to have no influence on mortality. Data from a Chinese
population, however, suggest that the type of injury does influence the outcome of
patients with ACLF. Yet, the mortality after 28 days was similar between patients
with hepatic and extrahepatic insults and mortality after 3 and 12 months was sig-
nificantly higher in patients with extrahepatic insults [10].

Response (Systemic Inflammation in ACLF)

The mechanisms leading to organ failure in ACLF are not completely understood.
However, it is likely that inflammation plays an important role.

Inflammation may be induced by exogenic or endogenic stimuli. Exogenic stim-
uli include infection, mostly due to bacterial pathogens [17]. Bacterial infections are
frequent in cirrhotic patients and associated with a high mortality rate [1, 5, 18]. In
response to either the bacteria or molecular structures expressed by bacteria
(pathogen-associated molecular patterns (PAMPs) being detected by pattern recog-
nition receptors (PRRs, e.g., TLR, NLR, RIG, RLR) of cells of the innate immune
system), a signaling cascade activates transcriptional factors (NFKB) with subse-
quent induction of genes responsible for the production of inflammatory cytokines.
This results in collateral tissue damage, which leads to organ failure (OF). This
effect is called immunopathology [15, 17, 19].

Data suggest that an increased innate immune response in cirrhotic patients is
responsible for the development of organ failure and the development of ACLF [15].

Cirrhotic patients also have increased levels of pro- and anti-inflammatory cyto-
kines [8, 15]. In an animal model, cirrhotic rats had significantly higher TNF-a levels
than those without cirrhosis after being exposed to lipopolysaccharide (LPS, a PAMP)
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[15]. Accordingly, freshly isolated monocytes, or peripheral blood mononuclear cells
of cirrhotic patients, produced higher pro-inflammatory cytokine levels after ex vivo
exposure to LPS. Increased production of those cytokines is associated with increased
mortality [15]. Patients with spontaneous bacterial peritonitis have high levels of pro-
inflammatory cytokines and, thus, have an increased risk of renal failure [15].

Inflammation might be caused by exogenous ligands such as structural elements
of bacteria, e.g., PAMPs, or nonviable bacteria not detected by standard diagnostic
measures. Endogenous ligands released by dying or damaged cells (e.g., danger-
associated molecular patterns (DAMPs), extracellular matrix, heat-shock proteins,
or nucleic acids) can also trigger excessive (sterile) inflammation [17]. This might
be relevant in patients with acute alcoholic hepatitis, HB V-related hepatitis flares, or
liver injury induced by drugs [17].

Tissue damage can be caused directly by bacteria via toxins or virulence factors.
The impact of direct tissue damage as a mechanism for organ failure in cirrhosis is
unknown [15, 19].

Another factor that can lead to tissue damage is failed tolerance [20]. When
immunopathology causes an excessive inflammatory response, anti-inflammatory
treatment might be beneficial. If tissue homeostasis or tissue damage is mediated by
the pathogen itself, anti-inflammatory therapy might harm the patient further [15].
If an immune suppressed state (sepsis-like immune paralysis) develops with
decreased production of inflammatory cytokines, patients are at risk of developing
secondary infections and have increased mortality [18, 21]. Similar to patients with
sepsis, lower levels of ex vivo TNF-a and HLA DR expression were found after
an LPS challenge in patients with ACLF [21].

Organ Failure

Please see Tables 11.2 and 11.4.

Management of ACLF

It is beyond the scope of this chapter to discuss in detail the treatment of each failing
organ.

The main insight is that there is currently no specific treatment for ACLF. The
principle of treatment is the early identification of the syndrome and the factors that
trigger ACLF [15]. Given that infections (e.g., spontaneous bacterial peritonitis,
urinary tract infection, and pneumonia) are the most frequent precipitating events,
they should always be screened for and — if detected — therapy should be initiated
immediately.

Data from the CANONIC study clearly demonstrate that the first 7 days after
initiation of specific treatment are important and ACLF patients should be treated in
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an intensive care environment. ACLF is a dynamic syndrome, where 50% of the
patients improve their clinical condition, 30% remain unchanged, and 20% worsen.
Some patients will qualify for transplantation. Every patient should initially receive
supportive organ therapy and be re-evaluated after 3 days. This applies even to those
patients with a CLIF-C-OF > 65 and predicted mortality of > 90%.

Key Points

1. ACLF is a specific syndrome characterized by acute deterioration of a pre-
existing liver disease, organ failure, and high short-term mortality.
A 28-day-mortality rate correlates with the grade of ACLF, ranging from
22% (grade 1) to 73% (grade 3).

2. One of the most important precipitating factors in patients with ACLF is
infection. Bacteria release PAMPs, which are recognized by PRR. Tissue
damage related to pathogens is increased by an altered cell function.

3. A substantial number of ACLF cases are not related to bacterial infections.
Tissue damage and OF are probably related to excessive host response,
activating the same PRR, either by PAMPs released by already killed bac-
teria or DAMPs, which are proteins released from dying cells.

4. The CLIF-SOFA score and the simplified version, the CLIF-C-OF score,
are based on an assessment of six organ systems. The CLIF-C-OF score
together with age and WBC allows the calculation of the CLIF-C-ACLF
score, which specifically predicts short-term mortality.

5. The general management of ACLF requires rapid identification and treat-
ment of potential triggers.
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Chapter 12
Critical Care of the Acute Liver Failure
Patient

Check for
updates

Thomas A. Verbeek, Geraldine C. Diaz, and John F. Renz

Introduction

Acute liver failure (ALF) is the abrupt deterioration of hepatic function in an indi-
vidual with no previous history of liver disease. A rare life-threatening condition
with an annual incidence of approximately 2,000 cases in the United States, ALF
requires expert, multidisciplinary care to achieve optimal outcomes.

The severity of ALF is characterized by hepatic synthetic dysfunction, abnormal
liver biochemistry, an elevated international normalized ratio (INR), and encepha-
lopathy [1, 2]. Survival rates for patients with ALF have improved significantly in
developed countries thanks to earlier recognition, critical care advances, antiviral
therapy, and triage to specialized centers offering highly specific therapy and
orthotopic liver transplantation (OLT) when necessary [3].

Definition

Acute liver failure is defined by the onset of hepatic encephalopathy and coagulopa-
thy within 26 weeks of jaundice in a patient without preexisting liver disease [4]. In
the adult population, the presence of encephalopathy distinguishes ALF from acute
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liver injury (ALI) and forms the basis for a temporal ALF classification. ALF is
classified into hyperacute, acute, and subacute phenotypes depending on the time
from jaundice to encephalopathy [5, 6]. Hyperacute ALF has an interval of jaundice
to encephalopathy of 7 days or less; acute liver failure occurs with a jaundice to
encephalopathy interval of 8-28 days; and subacute liver failure is classified as a
jaundice to encephalopathy interval of greater than 28 days [6, 7].

Acute liver failure has replaced the classic term “fulminant hepatic failure,”
which was defined as severe liver injury with the onset of hepatic encephalopathy
within 8 weeks of initial symptoms in the absence of preexisting liver disease [8].
Changes in the definition of ALF over time reflect clinical experience recognizing
etiology, time from jaundice to onset of encephalopathy, patient age, and underlying
physiology as principal contributors to outcomes [1, 2].

The time interval from jaundice to encephalopathy may suggest etiology, poten-
tial complications, and the prognosis of supportive medical therapy. Typically,
hyperacute liver failure is the result of intentional acetaminophen-induced ALF
(AIALF) or viral exposure [1, 2]. It is characterized by a marked coagulopathy,
increased transaminases, and severe encephalopathy, with only a minority of cases
needing OLT.

Subacute liver failure is typically associated with idiosyncratic drug-induced
liver injury, autoimmune hepatitis, unintentional AIALF, or an idiopathic virus/
toxin and has a very low incidence of spontaneous recovery. Coagulopathy and
encephalopathy are not as pronounced in the early phase of disease but persistently
deteriorate despite medical therapy. Encephalopathy is often very subtle and diffi-
cult to diagnose. The response to medical therapy is consistently poor in this group
compared to that of patients with hyperacute liver failure. Subacute liver failure is
associated with a low incidence of cerebral edema [1, 2].

The temporal classification of ALF is not universally accepted, and the 2011
American Association for the Study of Liver Diseases (AASLD) position paper on
the management of acute liver failure cautions against the use of the terms hyper-
acute, acute, and subacute, as they have limited prognostic significance, which
should be interpreted within the context of the etiology and the patient’s clinical
condition [9, 10].

Incidence and Etiology

The incidence of ALF varies geographically. In developed countries, the incidence
of ALF is relatively rare, fewer than 10 cases/million. The incidence, however, is
probably higher in Asia and developing nations where the prevalence of hepatitis A,
B, and E is markedly higher [11].

ALF can be caused by many conditions, and etiology has a significant impact on
the anticipated clinical course (Table 12.1). Worldwide, viral infections are the most
common causes of ALF. In addition to hepatitis A, B, and E, other DNA viruses
including the herpes virus family (cytomegalovirus, Epstein-Barr virus, herpes
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Table 12.1 Etiologies of acute liver failure [1, 2,9, 11-14]

Drug-induced Acetaminophen
Non-acetaminophen Isoniazid
Phenytoin
Valproate
Propylthiouracil
Nitrofurantoin
Recreational Cocaine
Ecstasy
(3.4-methylenedioxy-N-methylamphetamine)
Viruses Hepatitis (A, B, D, and E)
Herpes Cytomegalovirus
Epstein-Barr
Herpes simplex
Varicella zoster
Adenovirus

Parvovirus B19

Autoimmune

hepatitis

Metabolic disorders | Wilson’s disease
Heatstroke

Pregnancy Acute fatty liver of
pregnancy
HELLP syndrome

Budd-Chiari

syndrome

Amanita phalloides

Indeterminate

simplex, varicella zoster), adenovirus, and parvovirus may cause acute liver injury
and, in rare cases, ALF. Hepatitis A and E are the principal contributors to global
mortality due to the rapidity of clinical progression in areas where OLT is restricted
or unavailable [1].

Etiologies of ALF have evolved over time. In developed nations, drug-induced
liver injury is the leading cause of ALF, as opposed to hepatitis B in the past [2].
AIALF is the most common cause of ALF in the United States and the United
Kingdom, whereas idiosyncratic drug-induced liver injury is the leading cause in
Europe [9, 11-14]. Acetaminophen overdose in the United Kingdom is typically
intentional, whereas in the United States, it is often secondary to unintentional,
chronic ingestion of analgesic products [3, 15]. Chronic ingestion of acetaminophen
over a period of days to weeks is associated with a greater risk of progression to
OLT than is a single deliberate overdose [1, 2]. Hepatotoxicity from acetaminophen
is dose-dependent and predictable but may be confounded by the presence of other
substances such as aspirin and alcohol [16]. Intentional acetaminophen ingestion
resulting in ALF typically exceeds 10 grams with unintentional daily doses
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exceeding 4 grams per day [5]. Notably, acetaminophen-related toxicity is exacer-
bated by conditions resulting in glutathione depletion, such as alcoholism and mal-
nutrition [17]. Idiosyncratic drug-induced ALF is less common than AIALF but
exhibits a greater progression to encephalopathy and OLT [1, 2].

Autoimmune hepatitis, Budd-Chiari syndrome, Amanita phalloides ingestion,
Wilson’s disease, fatty liver of pregnancy, and HELLP (hemolysis, elevated liver
enzymes, low platelets) syndrome remain infrequent etiologies. ALF during preg-
nancy typically mandates delivery of the fetus and should be triaged to a referral
center where specialized neonatal care as well as intensive management including
potential liver transplantation exists [18].

Acute hepatic ischemic injury and malignant infiltration are secondary etiologies
of ALF where recovery depends on treatment of the initiating condition. Acute
hepatic ischemia is typically due to cardiopulmonary collapse from sepsis; however,
reactive vasoconstriction secondary to the recreational use of cocaine or MDMA
(3,4-methylenedioxy-N-methylamphetamine, also known as ecstasy) can prompt a
similar syndrome. A variation of ALF with a particularly poor prognosis is reactiva-
tion of hepatitis B from a latent subclinical infection without established chronic
liver disease. This condition classically presents in patients who are immunocom-
promised from treatment, such as chemotherapy, of a systemic disease [1].

A meticulous search for the cause of ALF as early as possible following clinical
presentation is essential to optimizing therapy and formulating a prognosis.
Transplant-free survival is up to 90% among patients with acetaminophen, hepatitis
A, or pregnancy-related ALF, whereas other etiologies require liver transplantation
more frequently. Increased age, elevated transaminase and bilirubin levels, and
coagulopathy are associated with an increased risk of death [1, 2]. Despite extensive
investigation, the cause of liver injury with acute liver failure remains indeterminate
in one fifth of patients. ALF of indeterminate cause is associated with poor survival
without OLT [3].

Diagnosis, Initial Management, and Triage

Early management focuses on investigating the etiology and assessing the extent of
the patient’s hepatic impairment. Most patients on initial presentation are suffering
from acute liver injury with constitutional complaints of fatigue, malaise, and loss
of appetite with or without new-onset jaundice. Alternatively, the patient may have
been found unconscious following an intentional acetaminophen ingestion.
Recognition of hyperacute ALF can be difficult, as jaundice may be subtle or the
patient may be mistakenly diagnosed with chronic liver disease [1]. In all cases, a
thorough history including diet, travel, illicit drug use, duration of symptoms, and
sexual history is paramount and may require referencing additional sources such as
an accompanying relative or friend or the patient’s general practitioner as the patient
may be impaired. Typically, obtaining the psychosocial and medical histories
requires considerable effort. The diagnostic evaluation is summarized in Table 12.2.
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Table 12.2 Investigations and specific therapies for initial management of acute liver failure [1, 2,

19, 20]

Etiology

Diagnostic evaluation

Specific therapy

Drug-induced

Clinical history,
prescriptions, over-the-
counter medication and
supplements, herbal
medications, diet

Acetaminophen

Acetaminophen level

NAC

Recreational
(cocaine,
MDMA)

Urine and serum
toxicology

Viral infection

Hepatitis

HAV

IgM anti-HAV

HBV

HBsAG
IgM anti-HBc
HBYV DNA RT-PCR

Entecavir

HDV

IgM, IgG anti-HDV,
HDV RNA

HEV

IgM, IgG anti-HEV,
HEV RNA PCR

Other viruses

Cytomegalovirus

CMV IgM

Epstein-Barr

EBV IgM

Herpes simplex

HSV IgM

Acyclovir

Varicella zoster

VZV IgM

Autoimmune

ANA
SMA

Steroids

Wilson’s
disease

Ceruloplasmin

Serum copper

Urine copper
Kayser-Fleischer rings

Chelation
Dialysis

Budd-Chiari
syndrome

Ultrasound, CT, MRI
Hematology consult

Anticoagulation
TIPS

Pregnancy

Acute fatty liver

B-HCG

Delivery

HELLP
syndrome

Indeterminate

Liver biopsy

ANA antinuclear antibody, f-HCG beta human chorionic gonadotrophin, CMV cytomegalovirus,
EBYV Epstein-Barr virus, EKG electrocardiogram, HAV hepatitis A virus, HBV hepatitis B virus,
HBsAG hepatitis B surface antigen, HDV hepatitis D virus, HEV hepatitis E virus, HSV herpes
simplex virus, /gG immunoglobulin G, IgM immunoglobulin M, MDMA 3,4-methylenedioxy-N-
methylamphetamine, NAC N-acetyl cysteine, PCR polymerase chain reaction, R7-PCR reverse
transcription polymerase chain reaction, SMA anti-smooth muscle antibody, 77PS transjugular
intrahepatic portosystemic shunt, VZV varicella zoster virus
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Intensive care management is required for this patient population. The main goal
is to provide optimal conditions for hepatocyte regeneration while preventing fur-
ther hepatic or additional organ system injury [4, 21]. Early treatment or removal of
the inciting agent while maintaining homeostasis and preventing complications
associated with hepatic impairment facilitates regeneration. Specific therapies may
be an antiviral agent, a chelating agent, steroids, or glutathione repletion depending
on the etiology (see Table 12.2).

The Rumack-Matthew acetaminophen toxicity nomogram is useful in determin-
ing the likelihood of serious liver damage due to acetaminophen ingestion, but it is
unreliable in the setting of unintentional acetaminophen ingestion over an extended
period of time, acetaminophen ingestion in combination with additional toxins,
malnutrition, alcoholism, or glutathione depletion [16, 22]. AIALF is mediated by
the production of N-acetyl-p-benzoquinone imine (NAPQI). The majority of
ingested acetaminophen is conjugated to form nontoxic metabolites; however, a
minority is shunted to the cytochrome P450 system where NAPQI is produced.
NAPQI is neutralized by glutathione, which is rapidly depleted within hepatocytes.
Once glutathione is depleted, NAPQI initiates hepatocyte necrosis [16, 22].
Cytochrome P450 activity may be significantly increased following induction by
phenytoin, carbamazepine, or alcohol, resulting in accelerated NAPQI production
and hepatic injury. Conversely, glutathione depletion secondary to malnutrition, eat-
ing disorders, alcoholism, or chronic acetaminophen ingestion facilitates hepatotox-
icity. N-acetylcysteine (NAC) replenishes glutathione to inactivate NAPQI. For
acetaminophen ingestion, the time interval from ingestion to initiation of NAC cor-
responds to the outcome [1]. When administered within 24 h of a single ingestion,
NAC can minimize toxicity from massive acetaminophen doses with very low mor-
tality [1, 2]. NAC should be administered even if there is doubt concerning the tim-
ing, dose, or plasma concentration of acetaminophen [21].

NAC improves systemic hemodynamics and tissue oxygen delivery and demon-
strates antioxidant and immunologic effects [21]. It is a well-tolerated drug with
only minor side effects such as nausea, vomiting, diarrhea, and constipation fre-
quently reported. In rare cases, intravenous NAC has been associated with broncho-
spasm. Administration is easy and does not require monitoring. The length of
administration is variable secondary to clinical improvement, death, or OLT rather
than time or serum acetaminophen levels [4, 21].

NAC has not demonstrated clear efficacy in the setting of non-acetaminophen-
induced acute liver failure (NAIALF). In a prospective, randomized trial comparing
NAC and placebo among NAIALF patients demonstrating various grades of
encephalopathy, Lee et al. reported improved transplant-free survival with NAC in
patients exhibiting grade I/II encephalopathy but no benefit in the presence of grade
III/IV encephalopathy [23, 24]. Although the role of NAC in the treatment of
NAITALF is not as clearly defined, initiation of NAC therapy remains indicated in all
ALF cases, as the morbidity averted by early therapy prior to confirmation of AIALF
exceeds the small risk of a NAC-associated complication should the etiology not be
acetaminophen-related.
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Table 12.3 King’s College Criteria for urgent liver transplant indication [25, 28]

Acetaminophen-induced acute Arterial pH < 7.3 following adequate volume resuscitation
liver failure (AIALF) OR

Grade III or IV encephalopathy PLUS

INR > 6.5 or PT >100 s PLUS

Creatinine > 3.4 mg/dl (300 pmol/l) (acute kidney injury)
Non-acetaminophen-induced INR > 6.7, PT> 100 s
acute liver failure (NAIALF) OR

Three (3) of the following:

Unfavorable etiology: drug-induced, Wilson’s disease,
indeterminate

Age < 10 years or > 40 years

Onset of encephalopathy > 7 days after onset of jaundice
INR>4,PT>50s
Bilirubin > 17.5 (300 pmol/1) mg/dl

Multiple prognostic scoring systems exist that predict recovery from ALF. While
each has unique advantages and disadvantages, the AASLD does not recommend
relying entirely on a single prognostic system. Rather, integration of multiple sys-
tems within the clinical context is required [10]. Initially reported in 1989, the
King’s College Criteria (KCC) is the most widely applied prognostic system
(Table 12.3) [25]. It was the first system to distinguish between AIALF and NAIALF
etiologies. The sensitivity and specificity of KCC for AIALF have historically been
higher than for NATALF [26]. McPhail et al. recently reported a meta-analysis dem-
onstrating a sensitivity and specificity of 58 and 89%, respectively, for AIALF ver-
sus 58 and 74%, respectively, for NAIALF [27]. Sensitivity and specificity improve
with the inclusion of serum lactate when used during patient care [28, 29].

The Clichy criteria were developed from a cohort of acute hepatitis B patients
and incorporate serum factor V levels as a prognostic indicator [5]. In an analysis,
factor V levels below 20% in patients < 30 years or < 30% in older patients strongly
predicted mortality. The Eurotransplant International Foundation is a nonprofit
organization responsible for coordinating organ transplants in Austria, Belgium,
Croatia, Germany, Hungary, Luxembourg, the Netherlands, and Slovenia.
Eurotransplant uses the Clichy criteria for high-urgency liver transplantation listing
in patients with ALF associated with viral hepatitis. The criteria are factor V activity
<20 or 30% depending on age and HE > grade III. However, as the ALF population
has changed, subsequent studies have demonstrated the Clichy criteria to be less
efficacious than KCC [10, 30, 31].

The Model for End-Stage Liver Disease (MELD) score, the Acute Liver Failure
Study Group index, and the APACHE III scoring system have all been proposed as
alternative prognostic systems [32—34]. Each has shown promise; yet, no prognostic
system has demonstrated sufficiently consistent accuracy to warrant recognition as
the standard [10].



202 T. A. Verbeek et al.

Table 12.4 West Haven encephalopathy grading system [35]

Grade | Clinical description

1 Trivial lack of awareness, euphoria or anxiety, shortened attention span, impaired
performance of addition or subtraction

II Lethargy or apathy, minimal disorientation to time or place, subtle personality change,
inappropriate behavior

111 Somnolence to semi-stupor, responsive to verbal stimuli, confusion, gross disorientation

v Coma

Table 12.5 Clinical indicators for immediate transfer to a quaternary care center

Any etiology except single-episode acetaminophen ingestion

Progression from acute liver injury to acute liver failure

Encephalopathy or altered mental status attributable to hepatic insufficiency

Additional organ system involvement

Acetaminophen ingestion that has not responded to N-acetylcysteine therapy after a 12-h
observation window

Jaundice

After initial evaluation and early therapy, the mental status assessment should be
repeated regularly to distinguish acute liver injury from ALF. A commonly used
index of hepatic encephalopathy is the West Haven criteria (Table 12.4) [35].
Although this is a semiquantitative scale with high interobserver variability, the
degree of encephalopathy does approximate the presence of cerebral edema [1, 2,
21]. For West Haven grade I or II encephalopathy, the risk of cerebral edema is low.
However, the risk of cerebral edema exponentially increases with grade III and IV
encephalopathy [36]. Any unexplained mental status changes observed establishes
a diagnosis of ALF, and an immediate non-contrast CT of the brain to evaluate for
cerebral edema is indicated. Any sign of intracranial hypertension such as seizures,
decerebrate posturing, altered pupil reactivity, or abnormal oculovestibular reflexes
warrants immediate investigation and referral to a facility that can offer liver trans-
plantation. A non-contrast CT of the brain when acetaminophen has been excluded
as the etiology is recommended.

The clinical indicators for immediate triage to a facility with the capacity for
OLT are summarized in Table 12.5. Immediate triage indicators include (1) any
etiology except single-episode acetaminophen ingestion, (2) encephalopathy or any
altered mental status that cannot be explained, (3) any other organ system involve-
ment (renal insufficiency/failure, fever, hypertension, cerebral edema, and seizures),
(4) acetaminophen ingestion that has not responded to N-acetylcysteine therapy
after a 12-h observation window, and (5) jaundice. Pending transfer, patients require
intensive care monitoring as their condition may deteriorate rapidly.
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Management of Acute Liver Failure at a Quaternary Care
Facility

Evaluation for OLT is indicated in patients who meet the definition of ALF. Patients
should be transferred to an intensive care unit, as they may deteriorate rapidly.
Ideally, NAC therapy should be initiated prior to the patient being transferred to a
quaternary care center where subspecialty medical care is available. At this time,
the goals of care are to confirm the initial diagnostic evaluation and initiate appro-
priate etiology-directed therapy, to monitor for further hepatic decompensation,
to support homeostasis to facilitate hepatic regeneration, and to prevent complica-
tions. Among ALF patients, the most common causes of death are sepsis and cere-
bral herniation [1, 2].

ALF is characterized by low systemic vascular resistance and increased cardiac
output [1, 2, 37]. ALF patients are typically hypovolemic from poor oral intake
secondary to malaise, nausea and vomiting, as well as diarrhea. Hemodynamic sup-
port to maintain systemic perfusion is essential, as hypotension is associated with
increased encephalopathy and mortality [38, 39]. Intravascular volume expansion
with balanced salt solutions or fresh frozen plasma is initiated according to the
patient’s acid-base, electrolyte, and coagulation status [1]. The goals of circulatory
support depend on the presence or absence of encephalopathy. In the absence of
encephalopathy, a mean arterial pressure (MAP) of > 65 mmHg is sufficient; how-
ever, this should be increased to a MAP of > 75 mmHg when encephalopathy is
present. Cerebral perfusion pressure, when available, should be targeted to
60-80 mmHg. Hyperchloremic acidosis should be avoided due to its deleterious
effects on cerebral perfusion [19, 21, 40].

Fluid resuscitation should be carefully monitored by physical examination, pulse
pressure variation, or echocardiography, as volume overload may worsen the
patient’s respiratory status and cerebral edema [41]. An arterial catheter is very
helpful for the assessment of blood gases, pH, and lactate, frequent blood sampling,
and verification of systemic perfusion. Central venous and pulmonary arterial cath-
eters subject the patient to a risk of infection, and benefits should outweigh the risks.
Every effort must be made to protect renal function by facilitating adequate hemo-
dynamics and avoiding nephrotoxic drugs [42-44].

Hypotension in the presence of effective circulating volume requires initiation of
vasopressors and is a significant milestone in the disease progression of ALF [4,
19]. Initiating vasopressors mandates an arterial catheter for systemic blood pres-
sure and acid-base monitoring. The transplant service should be made aware of the
patient’s requirement for vasopressors [21]. Norepinephrine is the initial vasopres-
sor of choice for raising MAP while minimizing tachycardia and preserving
splanchnic and cerebral blood flow [45, 46]. Maintenance of systemic vascular tone
and acid-base balance is observed in most ALF patients on low-dose norepineph-
rine. However, routine pH and lactate monitoring is essential, as a small subset of
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patients will require escalating vasopressors and demonstrate increasing hyperlacta-
temia despite adequate volume resuscitation. Persistently increasing vasopressor
requirements, acidosis, renal failure, seizures, or loss of consciousness signal an
impending terminal stage of disease, which should prompt immediate discussion
with the transplant service as to the expected poor outcome after OLT [47].

If a second vasopressor is required, vasopressin is preferred as it potentiates nor-
epinephrine’s alpha-receptor vasoactive response. Because of its potential to
increase intracranial pressure (ICP), vasopressin should be restricted to use as a
second-line therapy for hemodynamic support and limited to a dose of 0.04 U/min
[45]. Epinephrine is not indicated, as it may compromise hepatic blood flow in
patients with ALF [48]. Patients with persistent hypotension without metabolic aci-
dosis should be evaluated for adrenal insufficiency [49].

Early endotracheal intubation should be considered in the setting of seizure, agi-
tation, or progressive encephalopathy to minimize the risk of aspiration, which
could defer or exclude OLT [4]. ALF patients should receive sedation for laryngos-
copy, as this procedure may transiently increase ICP. Cisatracurium, a non-
depolarizing neuromuscular blocker, is the preferred muscle relaxant, as its
metabolism is independent of renal and hepatic function. Succinylcholine should be
avoided, as it may increase ICP [45].

ALF patients often spontaneously hyperventilate, which does not require treat-
ment [50]. Endotracheal intubation marks another ominous clinical milestone,
which should prompt discussions between the various clinical teams to reevaluate
current management and the role of OLT. Goals are partial carbon dioxide pressures
at the lower end of normal (30-35 mmHg) with low tidal volumes (6 ml/kg pre-
dicted body weight) to reduce the risk of acute respiratory distress syndrome [19].
Plateau pressure should be kept at < 30 cmH,O along with the lowest level of posi-
tive end-expiratory pressure that achieves adequate oxygenation in order to limit
increases in ICP and decreased hepatic blood flow [4, 48]. Sustained hyperventila-
tion to PaCO, levels below 30 mmHg may require increased sedation and manda-
tory modes of ventilation. The patient’s head should be elevated to 30° and
maintained in a neutral position, orotracheal suctioning and other noxious stimuli
should be minimized [4]. Forced hyperventilation should be instituted for impend-
ing brain stem herniation [45]. Intubated ALF patients require sedation. Although
propofol potentiates y-aminobutyric acid-related neurotransmission modulation
that may worsen encephalopathy, it is preferred over short-acting benzodiazepines
whose metabolism can be widely variable. Propofol infusion should be minimized
to avoid propofol infusion syndrome. It is unusual for ALF patients to have pain. If
necessary, short-acting opioids such as fentanyl are recommended over morphine
and meperidine [4]. Following endotracheal intubation, the patient should receive
non-contrast head computed tomography (CT) to reevaluate for evidence of cere-
bral edema and to assess the need for cerebral pressure monitoring.

Cerebral edema resulting in intracranial hypertension and cerebral herniation is
a leading cause of ALF-associated mortality in patients with grades III and IV
encephalopathy. Intracranial hypertension is defined as an intracranial pressure of
> 25 mmHg and is associated with mortality exceeding 50% [3]. In an autopsy
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Table 12.6 Management of cerebral edema in acute liver failure [1, 2, 4, 19, 21, 30]

Endotracheal intubation
Sedation
Head elevation to 30°
Hemodynamics MAP > 75 mmHg
CPP > 60 mmHg
Cerebral monitoring Intracranial pressure monitor
Transcranial Doppler
Osmotic therapy Mannitol
Hypertonic saline
Hypothermia 33-36 °C
Hyperammonemia Continuous renal replacement therapy
Salvage therapies Hyperventilation
Indomethacin
Plasma exchange
Hepatectomy with portocaval shunt

series, a majority of patients who expired from ALF had demonstrated histological
evidence of cerebral edema [51]. The pathophysiology is multifactorial and involves
inflammatory mediators, acute osmotic disturbances, altered glutamine-dependent
neurotransmitter activity, neuronal oxidative stress, impaired mitochondrial func-
tion, and elevated circulating ammonia concentrations, resulting in astrocyte
swelling.

Early recognition of neurologic impairment with proactive intensive manage-
ment has reduced the incidence of neurological death (Table 12.6) [21]. ICP moni-
toring should be considered in patients listed for OLT who are intubated or
demonstrate advanced (stage III/IV) encephalopathy; however, ICP monitoring has
not been demonstrated to improve survival, and its role in the management of ALF
remains controversial [52]. In a retrospective study of NATALF patients by Karvellas
et al., mortality was higher among those with ICP monitoring and was associated
with a more than 5% incidence of intracranial hemorrhage [53].

The time to discuss placement of an ICP monitor is not when a patient is in the
intensive care unit. Rather, the development of a protocol through discussions with
the transplant team, neurosurgery, anesthesiology, and critical care is the preferred
way to avoid ambiguity. Important topics for discussion include the type of catheter
and the coagulation parameters necessary for ICP monitor placement. Epidural ICP
monitors are safer but may overestimate ICP, whereas intraventricular ICP monitors
are associated with a high incidence of intracranial hemorrhage and should be
avoided. Another point of contention is the conditions necessary for ICP monitor
insertion. ALF-associated coagulopathies and thrombocytopenia are exceedingly
difficult to correct through transfusion. Prospective, randomized trials are necessary
to define the benefit of ICP monitoring.

The use of ICP monitoring has declined as alternative modalities have become
available. Transcranial Doppler sonography (TCD) is a noninvasive alternative to
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direct ICP monitoring that has been validated for the measurement of cerebral blood
flow [54]. Several acoustic windows facilitate evaluation of the cerebral vasculature
[55]. The transtemporal window evaluates the middle cerebral artery, the anterior
cerebral artery, the posterior cerebral artery, and the terminal portion of the internal
carotid artery prior to bifurcation. It is the benchmark view for cerebral blood flow
assessment in ALF patients. Some patients may not demonstrate an adequate acous-
tic window, and false positives may occur in patients who are hyperventilated or
demonstrate diffuse intravascular disease, severe cardiac regurgitation, or hyperdy-
namic circulatory physiology. Near-infrared spectroscopy (NIRS) is a noninvasive
technique for measuring regional cerebral oxygen saturation. NIRS may be valuable
in monitoring critical changes in cerebral oxygenation and blood volume [56].

Initial therapy for intracranial hypertension is volume and electrolyte repletion.
Astute management of the ALF patient’s volume status is essential, particularly as
the disease progresses. Mannitol should be administered provided serum osmolality
remains below 320 mosm/I. Elevated serum sodium may prevent the progression of
intracranial hypertension. Thus, serum sodium should be targeted to between 145
and 155 meq/I [10]. Infusion of hypertonic saline presents the body with a high
sodium load and should be limited [57]. Osmotic demyelination in these patients is
extremely rare due to the short duration of changes in serum sodium concentration,
and prophylactic therapy for intracranial hypertension is not recommended.
Corticosteroids have not demonstrated a benefit in ALF except in the treatment of
adrenal insufficiency [48, 58]. Indomethacin at a dose of 25 mg or 0.5 mg/kg intra-
venously over 1 min acutely decreases ICP by causing cerebral vasoconstriction. Its
nephrotoxic effects limit its application to salvage therapy in patients with refrac-
tory ICH [4]. Some patients may be volume-overloaded and hyponatremic. In these
situations, administration of mannitol or dialysis to remove excess volume and cor-
rect the hyponatremia is recommended.

As hyperammonemia is central to the pathophysiology of cerebral edema, arte-
rial ammonia concentration should be closely monitored. Lowering ammonia levels
theoretically reduces astrocyte swelling and dysfunction. Bernal et al. identified
high ammonia concentrations as an independent risk factor for the development of
intracranial hypertension with a low incidence observed below 150 pmol/I [3]. Risk
factors for the development of intracranial hypertension related to hyperammone-
mia include an arterial ammonia concentration exceeding 200 pmol/l, a sustained
level of at least 150 pmol/l despite treatment, an age < 35 years, and concurrent
renal or cardiovascular failure [1, 2, 42].

Hyperammonemia should be treated aggressively with continuous renal replace-
ment therapy (CRRT) utilizing high-filtration volume (90 ml/kg/h) for arterial
ammonia concentrations exceeding 200 gmol/l [1, 40, 59]. Renal dysfunction is
common among ALF patients and may result from direct nephrotoxicity or sys-
temic circulatory dysfunction [37, 40]. Hypokalemia and metabolic acidosis
increase renal ammonia production. Early initiation of CRRT lowers circulating
ammonia, promotes metabolic consistency, facilitates hemodynamic stability, and
corrects disturbances before hemodynamic collapse and intracranial hypertension
occur [40, 44].
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Lactulose, neomycin, rifaximin, and L-ornithine-L-aspartate are used to attenu-
ate hepatic encephalopathy in patients with chronic liver disease. Unfortunately,
these agents have not demonstrated a clear benefit in the treatment of ALF, and lact-
ulose may actually be deleterious [21]. Lactulose may result in dehydration, hypo-
natremia, and abdominal distention, which can increase intra-abdominal pressure,
decrease cerebral perfusion, and interfere with surgery. Rifaximin is a nonabsorb-
able antibiotic with few side effects, which is frequently prescribed in conjunction
with lactulose. Use of rifaximin has also not demonstrated a clear benefit [53, 60].
L-ornithine-L-aspartate has demonstrated efficacy in reducing ammonia levels in
patients with ESLD. However, prospective, randomized studies in ALF have failed
to show a benefit in terms of a reduction of encephalopathy, disease severity, or
mortality.

Therapeutic hypothermia has been utilized for decades as a late-stage option to
reduce cerebral edema in progressing ALF. Hypothermia has wide-ranging effects
on cerebral blood flow and brain metabolism, including by altering lactate produc-
tion and glucose, ammonia, and glutamate metabolism [10, 61, 62]. Systemic hemo-
dynamics often improve with the initiation of therapy. Unfortunately, some trials
utilizing moderate hypothermia as prophylaxis against intracranial hypertension
failed to delay the onset or severity of disease [63, 64]. In addition, hypothermia is
not without adverse effects, which include coagulopathy, enhanced susceptibility to
infection, and cardiac arrhythmia. The decision to employ therapeutic hypothermia
is largely an empiric one. If the patient is a relatively good candidate for OLT, i.e.,
is hemodynamically stable, and there is no immediate donor availability, therapeutic
hypothermia as a late option to potentially bridge to OLT can be considered.
However, in the setting of an excellent donor readily available, hemodynamic insta-
bility, potentially septic physiology, deteriorating hemodynamics, or additional
organ system failure(s), therapeutic hypothermia can be deferred. The goal core
temperature would be 33-36 °C with daily surveillance cultures [1].

Fever must be treated aggressively by pharmacologic (acetaminophen, indo-
methacin, non-steroidal anti-inflammatory drugs) as well as non-pharmacological
means including cooling blankets or fans [4]. Shivering should be alleviated by
sedation or small doses of meperidine.

Seizure activity in ALF patients may present atypically, and a high index of sus-
picion must be maintained. Seizure activity should be treated immediately.
Electroencephalography (EEG) is a noninvasive monitoring modality that can be
performed at the bedside. While hepatic encephalopathy does not demonstrate spe-
cific EEG changes, there is a correlation between EEG findings and the level of
encephalopathy. EEG can be very useful in diagnosing and treating seizure activity
that may be difficult to diagnose otherwise [65]. Prophylactic administration of phe-
nytoin to avert seizures has not demonstrated a benefit [66].

Barbiturate coma is an anecdotal therapy now rarely considered except in the
presence of continuing seizure activity. Barbiturate metabolism is reduced in ALF
and neurological assessment becomes impossible. Furthermore, systemic hypoten-
sion is common, and seizures may occur on cessation of the drug. While propofol
sedation has largely replaced barbiturate coma, the necessity for such interventions



208 T. A. Verbeek et al.

signals an extremely grave condition requiring continuous intense monitoring, as
progression to herniation is frequent [10].

When therapies are deployed to control ICP, attention to slow de-escalation of
therapy post-OLT or with spontaneous recovery is essential, as intracranial pressure
normalization lags behind liver recovery [40]. Normalization of sodium levels by no
more than 10 meq/l/day and gradual rewarming are essential to optimize neurologic
recovery; however, despite optimal therapy, patients who demonstrate cerebral
edema often demonstrate permanent cognitive impairment [67, 68].

Multi-system organ failure secondary to sepsis is a major risk factor for develop-
ing cerebral edema and the most common cause of death among ALF patients [38,
39]. ALF patients are naturally immunodeficient due to a compensatory anti-
inflammatory response that follows the initial systemic inflammatory response syn-
drome (SIRS) triggered by massive hepatocellular necrosis [69, 70]. Hepatocellular
necrosis and profound endotoxemia increase the potential for translocation of bac-
teria and fungi, exposing the ALF patient to potential infections that may preclude
liver transplantation [10, 71]. Thus, meticulous attention to infection control, includ-
ing surveillance cultures, handwashing, and minimizing central venous access are
essential [21]. Central venous catheters placed at an outside hospital should prefer-
ably be removed or replaced [48]. Progression from ALF to sepsis can be subtle and
may manifest without fever or leukocytosis. C-reactive protein is produced exclu-
sively by hepatocytes and is an unreliable marker of infection in ALF [71].
Hemodynamic compromise, hypoxia, seizures, and progressive encephalopathy are
often the presenting symptoms that should trigger an exhaustive search for a source
of infection [72]. There are insufficient data to recommend routine antibiotic pro-
phylaxis in all patients with ALF [73].

Appropriate management of hemostasis is an essential aspect of care that is fre-
quently poorly understood. An elevated INR is a universal finding and a component
of the definition of ALF. Reduced INR reflects impaired hepatic synthetic function
but does not indicate a bleeding diathesis. The liver is responsible for the production
of procoagulant as well as anticoagulant factors. A reduction in anticoagulant pro-
teins such as proteins C and S, as well as antithrombin, may occur concomitantly
with a decrease in procoagulant factors synthesized by the liver, but the INR test
will reflect only the procoagulant activity [74—76]. Fibrinolysis can be activated or
impaired via endothelial cell injury, increased circulating factor VIII, or altered von
Willebrand factor activity. Thus, the ALF patient may be in a balanced hemostatic
state or a hyper- or hypo-coagulable state depending on local factors.

Hemostasis in the ALF patient should be approached as a very fluid situation
depending on bacterial translocation, transfusion of blood products, thrombosis,
fibrinolysis, or cytokine-mediated inflammation. Paradoxically, overt bleeding is
observed in only a minority of ALF patients with most hemostatic morbidity associ-
ated with thrombotic complications [4]. Hemorrhage is typically gastrointestinal in
origin with hemostatic complications usually associated with poor medical manage-
ment or disease progression to SIRS and multi-system organ failure [74, 75].

Transfusion is dictated by clinical evaluation, viscoelastic thromboelastometry
(VET), and the need to perform procedures. VET provides near real-time assess-
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ment of hemostasis and should be utilized often to confirm a clinical finding or
guide the type and amount of product to be transfused [1, 4, 21]. A VET may be
normal, suggesting a balanced hemostatic state [76]. In this situation, transfusion
should be deferred, as there are no data to support correction of abnormal routine
coagulation tests in the absence of clinically significant hemorrhage [40]. If a pro-
cedure is necessary, a decision regarding possible platelet administration should be
based on assessments of clot strength (VETSs) or on significant thrombocytopenia
< 50 x 10%ul [75, 77]. An exception to this practice is the placement of an ICP
monitor in the setting of an elevated INR. In this situation, more aggressive coagula-
tion management can be considered. Recombinant factor VII utilization has been
associated with thrombotic complications and cannot be currently recommended
[78]. VET-guided use of four factor prothrombin complex concentrate in cirrhotic
patients undergoing OLT appears to be safe [79], but data on its use in ALF are
lacking.

Prophylaxis against bleeding and thrombotic complications is a critical element
of care. ALF patients should receive proton pump inhibitors, parenteral vitamin K,
and intermittent leg compression devices [10]. In the absence of ICP monitoring,
Lisman et al. have reported the use of low molecular weight heparin in select
patients [74]. Utilization of heparin to prevent or treat thrombosis of renal replace-
ment catheters and circuits has also been reported [10, 80].

Proper transfusion practice in patients with ALF is essential. Protocol-based
transfusion practices involving all engaged disciplines should be developed pre-
emptively to deliver consistent high-quality care.

Nutritional support optimizes hepatic regeneration. ALF patients demonstrate
increased energy expenditure with protein catabolism requiring nutritional support
to preserve muscle mass and augment immune function [1, 2, 4, 21]. Glucose,
potassium, magnesium, and phosphate require frequent monitoring. Hypoglycemia
exacerbates cerebral metabolic injury and must be prevented by preemptive intrave-
nous dextrose infusion [40]. Hypophosphatemia due to hepatocyte regeneration
should be managed aggressively. Nutrition should be enteral to facilitate immune
function, enterocyte health, and enterohepatic circulation [10]. Enteral nutrition
also avoids the need for central venous access and reduces the risk of sepsis. Daily
enteral administration of 1.0-1.5 g protein per kilogram body weight is recom-
mended with frequent monitoring of arterial ammonia and adjustment for progres-
sive hyperammonemia or evidence of ICH [1, 4, 21].

Toxic liver syndrome is a preterminal phase of ALF characterized by complete
liver necrosis with critical multi-organ dysfunction and SIRS. These patients
become profoundly acidotic and hemodynamically unstable despite escalating ther-
apy. The recognition of progressive acidosis and escalating vasopressor require-
ments is an emergency that requires the complete care team to assess the possibility
of OLT. In these situations, the performance of an urgent hepatectomy with creation
of a temporary portocaval shunt is typically the final option as a bridge to OLT. The
goal is to remove the necrotic liver tissue to dampen the SIRS response.
Transplantation for toxic liver syndrome as a two-stage procedure was initially
reported by Ringe et al., who noted hemodynamic and metabolic stabilization in



210 T. A. Verbeek et al.

patients waiting for an allograft [81]. Use of this technique has subsequently been
reported for liver trauma, spontaneous hepatic rupture, HELLP syndrome, and acute
deterioration of chronic liver disease [82—84]. Sanabria Mateos et al. reported a
series of six patients over a 22-year period with anhepatic times ranging from 330
to 2,640 min [84]. While anhepatic, patients received hemofiltration with plasma
separation. Variable periods of hemodynamic stability and control of acidosis were
observed, but overall survival was excellent with five of six recipients surviving
urgent OLT. The longest anhepatic period reported is 66 h in a child with primary
nonfunction following OLT [82]. Urgent hepatectomy with temporary portocaval
shunt may be useful in two distinct clinical situations. The first and most likely to
result in a successful outcome is when a donor has been identified but the ALF
patient is demonstrating worsening SIRS. In this situation, it is reasonable to trans-
port the patient to the operating room with the expectation that he/she will remain
there until OLT is performed. In the second situation, an urgent hepatectomy with
temporary portocaval shunt is performed as a final bridge to OLT when a donor
has yet to be identified. Hemodynamic stability can be expected for a variable period
of time followed by cardiac and cerebral collapse. In this situation, the patient may
be returned to the intensive care unit but must be monitored intensively to verify
candidacy, as the development of contraindications to OLT can be subtle [47].

Artificial Liver Support

Extracorporeal liver assist devices are rapidly emerging technologies designed to
support the ALF patient as a bridge to recovery or OLT. These systems facilitate
hemodynamic stability through detoxification and possible production of trophic
factors [85, 86]. The molecular adsorbent recirculating system (MARS) utilizes an
albumin-impregnated high-flux dialysis membrane with albumin or fresh frozen
plasma dialysate [2, 85]. The extracorporeal liver assist device (ELAD) incorpo-
rates porcine or human hepatocyte cell lines, which are attached to dialysis car-
tridges and utilized for hemofiltration [85, 86]. High-volume plasma exchange
(HVP) utilizing fresh frozen plasma has demonstrated a potential survival benefit
[87, 88].

Conclusion

ALF is a rapidly evolving condition characterized by hepatic synthetic dysfunction,
abnormal liver function tests, an elevated INR, and encephalopathy. Early medical
management focuses on identifying an etiology and determining the time period
from jaundice to encephalopathy. The identification of encephalopathy or unex-
plained altered mental status is a sentinel event that signals progression of acute liver
injury to ALF. ALF requires intensive care hospitalization in a quaternary care
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center capable of orthotopic liver transplantation. The goals of care are (1) to con-
firm the initial diagnostic evaluation and initiate appropriate etiology-directed ther-
apy, (2) to monitor for further hepatic decompensation, (3) to render homeostasis
support to facilitate hepatic regeneration and minimize extrahepatic organ dysfunc-
tion, and (4) to prevent iatrogenic complications. Outcomes have continually
improved through the creation of protocol-driven, specialized, multidisciplinary
care. Most patients will recover without OLT. However, OLT remains a life-saving
option.

Key Points

1. Acute liver failure (ALF) is a life-threatening disease that requires multi-
disciplinary care for optimal outcomes.

2. Most cases of ALF in the United States and the United Kingdom are due

to acetaminophen ingestion and are self-limiting, not requiring liver

transplantation.

All ALF patients should receive N-acetyl cysteine.

4. Early management of ALF focuses on finding the cause and assessing the
degree of hepatic impairment.

5. The most common causes of death in ALF are sepsis and cerebral
herniation.

6. Management of ALF in a quaternary care facility consists of supportive
measures to assist hepatic regeneration, measures to avoid complications,
and liver transplantation when indicated.
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Liver Assist Systems for Bridging
to Transplantation: Devices and Concepts

Nathanael Raschzok, Karl Herbert Hillebrandt, and Igor M. Sauer

Introduction

Liver transplantation (LT) is the gold standard for treating patients with acute liver
failure and chronic liver diseases (CLDs), as well as those in the early stages of
hepatocellular carcinoma [1]. During LT, the diseased organ is replaced by a healthy
graft, which provides the body with all the functions of the liver, including detoxifi-
cation and synthesis as well as direct and indirect regulation of the acid-base sta-
tus and electrolytes. The removal of the diseased organ from circulation resolves
the portal hypertension that is responsible for dramatic changes in the patient’s
hemodynamics.

Organ Shortage

The success of liver transplantation is increasingly limited by the lack of suitable
donor organs. In 2016, 1,450 patients were listed for liver transplantation in
Germany; yet, only 888 liver transplantations could be performed [2]. In the UNOS
region, 14,134 patients were on the waiting list for LT, although only 7,841 liver
transplantations could be performed [3]. This significant organ shortage for liver
transplantation is due to the success of intensive care medicine and to the increasing
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number of patients who are too sick to serve as donors for liver transplantation. The
problem is not only the insufficient number of donations, but also the quality of
the potentially available grafts. For example, about 20% of liver grafts must be
rejected from transplantation due to fatty liver disease. Based on the actual trends in
the prevalence of diabetes and obesity, it has been estimated that the overall use
of liver grafts will fall from 78% to 44% by 2030 [4]. According to the 2017 publi-
cation, “Study on the Uptake and Impact of the EU Action Plan on Organ Donation
and Transplantation (2009-2015) in the EU Member States,” nearly 33,000 trans-
plants were performed in the 28 EU member states in 2015 [5, 6]. Nevertheless,
56,000 patients still remained on waiting lists, irrespective of the type of
organ needed, and over 3,800 died while waiting for a new organ by the end of the
same year [6]. The demand for organs in the EU exceeds the supply by far. This
phenomenon is observed in every member state, although to varying degrees, and it
is currently one of the main issues in the field of organ transplantation, alongside
other major issues such as organ trafficking and transplant tourism [7].

The allocation system based on the Model for End-Stage Liver Disease
(MELD) is designed to ensure that the candidates who most urgently need a trans-
plant are most likely to receive one [11]. Certainly, MELD-based allocation has led
to a significant reduction in the mortality of exactly those candidates. On the other
hand, the waiting time for patients with chronic liver disease has increased dramati-
cally. In Germany, this situation has led to a decrease in the number of patients on
the waiting list for liver transplantation [9]. Moreover, in patients with HCC within
the Milan criteria who would have been treated by LT in the past, currently per-
formed liver resection is not a definitive treatment for this condition. In parallel, at
least in Germany, the mortality rate after a liver transplantation is rising because of
the protocol whereby the sickest patients are first to receive a transplant [10].

MELD-based allocation has led to a reduction in the mortality rate of patients
with advanced liver disease. However, not all patients with acute liver failure can be
treated by liver transplantation. For example, patients are rendered ineligible for
transplantation due to various causes, including sepsis, the unavailability of a suit-
able graft, and conditions associated with potential liver regeneration. In addition,
patients who continue to consume alcohol even as they are experiencing acute dete-
rioration are ineligible for a liver transplant.

Clinical Needs

The idea of extracorporeal liver support was developed in order to solve these prob-
lems by providing temporary support for the failing liver. Liver assist devices
should, from a conceptual point of view, help to either bridge the time until a suit-
able liver graft becomes available (bridging to transplantation) or give the patient’s
liver a chance to regenerate (bridging to regeneration). Liver assist devices should,
therefore, be designed to provide all the functions of the liver, i.e., detoxification,
regulation, and synthesis.
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Artificial and Bioartificial Liver Support:
Concepts and Clinical Results

As the accumulation of toxins not cleared by the failing liver is the most critical
problem in liver failure, the removal of these substances can significantly improve
the patient’s condition. This led to the development of artificial filtration and adsorp-
tion devices — referred to as artificial liver support devices. The complex tasks of
the liver’s synthetic function, however, have to be addressed by bioartificial liver
support systems.

Artificial Liver Support Systems

Artificial liver support systems are designed to clear the blood of albumin-bound,
hydrophobic substances. Additional adsorbers or acceptors of substances are neces-
sary to enhance mass exchange. Artificial liver support devices are usually based on
membrane separation and use sorbents including charcoal and anion or cation
exchangers. Albumin, which is the predominant carrier of toxins in the patient’s
blood, serves as an acceptor substance.

Based on this idea, the Molecular Adsorbent Recirculating System (MARS) was
developed. This system consists of a dialysis circuit, a blood circuit, and an albumin
circuit. It is based on a hemodialysis system, where dialysate is modified using albu-
min (Fig. 13.1a). A high-flux hemodialysis filter separates the albumin solution from
the patient’s blood. Human albumin is used in the albumin circuit as dialysate.
Albumin acts as the acceptor substance for albumin-bound toxins and is partly regen-
erated by passing an anion exchanger and a charcoal adsorber in a closed circuit [11].

Even simpler, a single pass albumin dialysis (SPAD) uses standard renal replace-
ment therapy machines without an additional perfusion pump system. The patient’s
blood flows through a circuit with a high-flux hollow fiber filter during hemodiafil-
tration. The other side of this membrane is cleaned, in counter-directional flow, with
an albumin solution, which is simply discarded after passing through the filter
(Fig. 13.1¢) [12].

The Prometheus System (FPSA, Prometheus, Fresenius Medical Care, Bad
Homburg, Germany) uses membranes with larger pores, which separate a certain
fraction of plasma proteins, including the toxin-loaded albumin, from the patient’s
blood (Fig. 13.1b). Fractionated plasma separation and adsorption allow the patient’s
own albumin to be regenerated via passage through two adsorption matrices in a
secondary circuit. An albumin-permeable polysulfone membrane is used to filter the
patient’s albumin fraction into the secondary circuit [13]. The Hepa Wash procedure
(Hepa Wash GmbH, Munich, Germany) is a further variation of albumin dialysis.
Instead of regenerating the albumin with adsorbers or discarding it, this procedure
is based on changes in pH and temperature that allow the albumin to be regenerated
(Fig. 13.1d) [14].
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Fig. 13.1 Schematic representation of current artificial liver support systems: (a) Molecular
Adsorbent Recirculation System (MARS). (b) Fractionated plasma separation and adsorption
(FPSA, Prometheus). (¢) Single-pass albumin dialysis (SPAD). (d) Albumin dialysis and targeted
manipulation of dialysis fluid pH (HepaWash Advanced Organ Support, ADVOS)

Bioartificial Liver Support Systems

Bioartificial liver support devices were developed to not only support the failing
detoxification function of the diseased liver but also to address the failing regulatory
(e.g., acid-base status, amino acids) and synthetic function (e.g., albumin, glucose,
lipids, coagulation factors, even unknown substances). These functions can be
enabled only by the use of hepatic cells. As extracorporeal liver perfusion requires
complex logistics and depends on intact liver grafts, several different liver support
bioreactors have been developed, which enable the cultivation of isolated liver cells
in a more suitable mode for integration into clinical perfusion systems and for pro-
longed cell culture function.

The HepatAssist system developed by Demetriou et al. is based on cryopreserved
porcine hepatocytes within the intercapillary space of a device resembling a modi-
fied dialysis cartridge (Fig. 13.2a). The patient’s plasma ultrafiltrates directly
through the cartridges via an activated charcoal adsorber and an oxygenator [15].

The extracorporeal liver assist device (ELAD) uses approximately 200 g of cell
line originating from human hepatoblastoma (C3A, derived from HepG2) in a simi-
lar setting (Fig. 13.2b). The cells are separated from the patient’s plasma by hollow
fiber membranes and an integrated charcoal adsorber as well as a membrane oxy-
genator. This is necessary to support detoxification and maintain the oxygen supply
of the cells [16].
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The modular extracorporeal liver support (MELS) systems combine a biore-
actor with CVVHDF and SPAD for the removal of water-soluble and albumin-
bound toxins. The bioreactor is based on two hydrophilic polyethersulfone
membrane bundles and a hydrophobic multilayer hollow fiber bundle for oxy-
genation and was charged with primary porcine [17] or human liver cells [18]
(Fig. 13.2¢).

The Academisch Medisch Centrum Bioartificial Liver (AMC-BAL) differs from
other systems in one major respect: instead of separating the patient’s plasma from
the extracorporeally applied liver cells by a membrane, the plasma is in direct con-
tact with the cells. A non-woven polyester matrix is used for this approach to offer
a large surface area for the inoculated primary porcine cells to attach and form
aggregates between the fibers [19] (Fig. 13.2d).

Clinical Evaluation of Extracorporeal Liver Support

In general, randomized, controlled, and adequately powered studies evaluating
artificial and bioartificial liver support are rare. A summary of key ECLS trials
is provided in Table 13.1 (modified from Olson and Karvellas [20]). Five
prospective randomized control trials (RCTs) have been used as a basis for
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Table 13.1 Studies demonstrating biochemical improvements by extracorporeal liver support in
patients with acute liver failure

Nr. | Author/year Device Survival

1 | Mitzner, 2000 MARS Yes (38% vs. 0% at 7 days)

2 | Heemann, 2002 MARS Yes (90% vs. 55% at 30 days)

3 | Sen, 2004 MARS No (45% in both)

4 | Laleman, 2006 MARS/Prometheus N/A

5 | Hassinien, 2007 MARS N/A

6 | Kribben, 2012 Prometheus No effect on 28/90-day survival

7 | Banares, 2013 MARS No effect on 28-day survival

8 |Lake, 2016 ELAD (90-day 59% vs. 62%, p = 0.74)

9 | Sauer, unpublished | MELS

10 | Larsen, 2016 High-Volume Plasma Exchange Significant 90-day survival
Versus Standard Medical Treatment | benefit in patients receiving
in Patients With Acute Liver Failure | plasma exchange

Adapted from Olson and Karvellas [20]

evaluating MARS [21-25]. Prometheus was evaluated in one RCT regarding the
survival of patients with acute-on-chronic liver failure (ACLF). The use of MARS
and Prometheus in patients with ACLF has been evaluated in two studies [25, 26].
Although both studies demonstrated an acceptable safety profile, no increase in
the probability of survival was found. Clinical data on SPAD are limited to case
reports and small series. Bioartificial liver support concepts have also been evalu-
ated in small studies only, with the exception of the HepatAssist system. In an
RCT with 171 patients with acute liver failure or primary graft non-function after
LT, the 30-day survival rates were 71% versus 62%, respectively, for the
HepatAssist device compared with standard care (p = 0.26). However, survival in
the subgroup of patients with fulminant/subfulminant hepatic failure was signifi-
cantly higher in the BAL group compared with the control group (p = 0.048) [27].
Artificial and bioartificial support systems did not appear to affect mortality in
acute liver failure. Stutchfield et al., in a meta-analysis of RCTs, evaluated the role
of contemporary extracorporeal liver support concepts related to patients with
acute liver failure or ACLF [28]. They concluded that these systems appeared to
improve survival in acute liver failure.

In conclusion, artificial and bioartificial liver support devices have demon-
strated biochemical improvement in patients with acute liver failure and patients
with hepatic encephalopathy, but their effects have failed to correlate with the
survival benefit in larger methodologically robust studies. Thus, the use of extra-
corporeal liver support systems is currently not recommended as standard care in
patients with acute liver failure or ACLF [20]. Four studies are currently recruit-
ing patients with the purpose of evaluating the effect of artificial liver support
systems, although there are currently no studies underway to address bioartificial
liver support (Table 13.2).
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Table 13.2 Active studies listed on ClinicalTrials.gov addressing liver support systems for
treatment of liver failure

Nr. | Study title Status

1 | Safety and Efficacy of hiHep Bioartificial Liver Support System to Treat Not yet
Acute Liver Failure recruiting

2 | Early Postoperative Extracorporeal Liver Support Therapy as a Tool to Recruiting
Manage Post-Hepatectomy Liver Failure

3 | Comparison of Two Liver Dialysis Systems: MARS versus SPAD in Recruiting
Severe Liver Failure

4 | High-Volume Plasma Exchange Versus Standard Medical Treatment in Recruiting
Patients with Acute Liver Failure

5 | Molecular Adsorbent Recirculating System (MARS®) in Hypoxic Recruiting
Hepatitis

Limitations of Extracorporeal Liver Support Systems

There are a number of problems associated with the use of artificial and bioartificial
liver support systems.

1. Lack of a reliable, safe, highly metabolically active, and easily expandable
human cell source. Human tumor cell lines (e.g., hepatoblastoma cells) are
characterized by an impaired metabolic function and a certain risk of meta-
static cells spreading via leaking hollow fibers. Primary porcine cells have
limited metabolic biocompatibility, and the suitability of these types of cells
as sources for clinical application is open to question due to their immunoge-
nicity (anti-pig IgG and IgM were seen after clinical application) and the risk
for xenozoonoses.

2. The membrane of bioartificial liver support systems is a major technical problem
of this system. Mass exchange is limited due to the artificial separation by mem-
branes in the patient’s blood from plasma and — in most systems — plasma from
hepatic cells. In addition, owing to the resistance of the bundles of hollow fibers,
flow rates within the bioreactors are low (100-200 ml/min) compared to those of
in vivo perfusion (~1500 ml/min).

Hepatocyte Transplantation

Hepatocyte transplantation was initially developed as an alternative therapeutic
approach to the solid organ transplantation approach for various liver conditions
[29]. Hepatocyte transplantation is based on the administration of liver cells in sus-
pension, which implies several potential advantages over whole-organ transplanta-
tion. Preparation includes the isolation of hepatocytes from donor livers or liver
segments that were unused for whole-organ transplantation or rejected from trans-
plantation. Hepatocyte transplantation could expand the donor pool for liver grafts
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and theoretically allow the treatment of multiple patients with cells from one donor
organ. Hepatocytes can be cryopreserved, which enables the pooling of cells and
on-demand applications. Cells can then be either infused into the liver or into an
ectopic implantation site such as the spleen or the peritoneal cavity. This method is
also less invasive than whole-organ transplantation and offers the chance to treat
critically ill or very young patients who are not suitable for whole-organ transplan-
tation. Transplanted hepatocytes engrafted in the recipient liver or at the ectopic
implantation site provide metabolic activity without the need to remove the diseased
liver. Thus, the native liver can be left in place and may have a chance of recovery
[30, 31].

Hepatocyte transplantation has been clinically evaluated for the same major indi-
cations if LT is required [29] (Table 13.1). However, hepatocyte transplantation has
not yet achieved sustainable benefits for patients with acute liver failure or chronic
liver disease [29]. The reasons for this deficit are (1) the inability to transplant a suf-
ficient number of cells in order to provide hepatic capacity similar to that afforded
by a full liver graft and according to the patient’s need and (2) the inability of hepa-
tocytes to engraft in the cirrhotic or severely damaged liver. Clinical studies on
hepatocyte transplantation in acute liver failure have been stopped, and currently
there is no study listed on ClinicalTrials.gov addressing hepatocyte transplantation
for this application.

However, clinical data from a small series suggest that hepatocyte transplanta-
tion can be an effective bridging strategy for patients suffering from inborn meta-
bolic liver disorders. Especially in cases with a single deficient enzyme such as urea
cycle defects [32-38] or glycogen storage disease [39], transplanted hepatocytes
can fulfill the missing function such that it is not necessary to replace the organ.
According to the current literature, approximately 40 children and adults have
received hepatocyte transplantation for liver-based metabolic disease [29].
Hepatocyte transplantation is proven to be feasible and safe, and a majority of the
cases demonstrated temporal clinical improvements, e.g., bilirubin or urea reduc-
tion or the presence of soluble factors synthesized by transplanted cells. However,
almost all the patients had to undergo LT a few months after hepatocyte transplanta-
tion due to a recurrence or further aggravation of the disease.

Thus, there are several issues to consider regarding successfully treating liver
disease by hepatocyte transplantation [40]. First, evidence for the long-term engraft-
ment and function of transplanted cells in humans is still lacking. Possible reasons
for the unsustainable long-term outcome of hepatocyte transplantation include
insufficient cell translocation through the endothelial cell barrier [41], insufficient
cell engraftment [42], and destruction of the engrafted cells by the immune system
[43, 44]. In order to address this issue, Jorns et al. recently investigated the concept
of preconditioning by partial hepatectomy prior to hepatocyte transplantation in two
patients with Crigler-Najjar syndrome type I [45]. Their data suggest that this pro-
cedure provided a regenerative stimulus to the transplanted cells. However, the
grafts were lost early after transplantation, presumably due to humoral rejection.
Soltys et al. investigated preparative hepatic irradiation as another concept for pre-
conditioning prior to hepatocyte transplantation [46]. Again, their concept was ini-
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tially successful, but the recipient had to undergo LT shortly thereafter. Another
major challenge is that primary human hepatocytes are currently the only source for
clinical hepatocyte transplantation. With the continually decreasing number of
available organs for hepatocyte isolation, there is a critical scarcity of hepatocytes
for transplantation. Strategies to overcome this issue include the use of stem cells or
induced pluripotent stem cells to generate hepatocytes. However, the safety of such
cells has not yet been proven [47, 48].

In conclusion, hepatocyte transplantation is still an experimental approach that
has some potential to become a clinically routine method for liver support prior
to liver transplantation, especially in newborns and children with genetic metabolic
liver diseases. Whether or not hepatocyte transplantation might be suitable for liver
support in patients with acute liver failure or cirrhosis has yet to be established.

Future Concepts: Bioengineered Liver

The treatment of end-stage liver disease and acute liver failure remains a clinically
relevant problem. Despite three decades of scientific efforts on artificial and bioar-
tificial liver support, LT remains the gold standard. However, whole-organ trans-
plantation is invasive and limited by the unavailability of suitable donor organs [49].
Further, whole-organ transplantation requires lifelong immunosuppression of the
recipient. Although immunosuppressive regimens have improved tremendously
during the last decade, unwanted effects such as high infection rates, elevated risk
for cancer and lymphoproliferative diseases, and long-term graft failure are limiting
factors [50, 51].

To overcome these problems, the new technique of de- and re-cellularization was
developed and has been of great interest to the field of regenerative medicine and
tissue engineering over the last decade. During the process of decellularization, the
organ is perfused through the vascular system with different ionic, chemical, physi-
cal, or enzymatic agents to remove cells and other immunogenic molecules (e.g.,
DNA, alpha-Gal epitopes) from the organs, in order to obtain the extracellular
matrix (ECM) [52]. The ECM, in general, preserves the complex, three-dimensional
microanatomy of an organ, including its “vascular framework,” and, on the liver
specifically, it also preserves the framework of the biliary system [53].

These natural liver scaffolds can then be used for repopulation with parenchymal
(e.g., hepatocytes) as well as non-parenchymal liver (e.g., sinusoidal endothelial)
cells to generate vascularized (and thus perfusable with whole blood) and metabolic
functional bioengineered livers. These elegant techniques could be used to create
human-scale bioengineered liver grafts (Fig. 13.3).

As they are highly conserved across species, ECM proteins are unlikely to induce
immunogenic reactions, even in allogenic or xenogenic host organisms [54, 55].
Due to this knowledge, human-scale xenogenic liver scaffolds (e.g., porcine) may
be used as a foundation for repopulation in a clinical setting [49, 52]. To achieve a
clinically relevant metabolic liver function, there is a tremendous need for highly
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active liver cells. Liver cell isolation from discharged liver grafts has been described
but has not yet reached an adequate cell yield [52, 56]. Nevertheless, the use of
isolated liver cells for repopulation would again require immunosuppressive ther-
apy. Since the introduction of human-induced pluripotent stem cells (hiPSC), there
has been great interest in the field of recellularization [52].

With the use of patient-derived iPSC for the recellularization of human-size liver
scaffolds, the engineering of a personalized liver graft, which requires no or only
slight immunosuppression, would be possible. However, the induction of human
pluripotent stem cells, their differentiation, and finally their expansion to clinically
relevant masses require novel, enhanced, and optimized protocols for all the stated
steps.

After a period of maturation and in the case of iPSC-derived hepatocytes, cell
differentiation in a bioreactor, this autologous graft could be used for extracorporeal
perfusion (bridging to regeneration or bridging to transplantation) or — in the
future — could even be implanted.

Since the first description of whole-liver de- and re-cellularization in 2010 [53],
the field has quickly expanded. Over the years, various whole-organ decellulariza-
tion protocols for the livers of mice, rats, ferrets, pigs, and sheep, as well as human
livers, have been developed [53, 57-64]. Furthermore, over the last several years,
numerous protocols for the recellularization of rodent- and human-scale liver scaf-
folds demonstrating metabolic function and cell survival in vitro have been pub-
lished [53, 59, 60, 62, 65-67]. Nevertheless, none of these experiments reached a
relevant cell mass with respect to the model. As mentioned before, iPSC may offer
such an approach.
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Another problem is the blood coagulation within the vascular system after the
implantation or in vitro whole blood perfusion of decellularized or only parenchy-
matous recellularized liver grafts [68]. This problem occurs due to the fact that the
vascular network in the decellularized matrix consists of uncovered collagen fibers,
which induce clotting. Therefore, at present, most groups address the repopulation
of the vascular network as “re-endothelialization.” Thus, the challenge is to cover all
parts of the vascular network of ECM from the main branches of the portal vein
down to the sinusoidal structures with endothelium or another appropriate
structure.

So far, a few studies have shown partial re-endothelialization in vitro, covering
the big vessel branches with an endothelial cell monolayer [53, 60, 69-71]. Other
approaches to overcoming the issue of blood coagulation are to cross-link the
collagen surface or to cover the vascular ECM with immobilized heparin layers
[66, 72, 73].

However, in only some of these studies did researchers implant the re-
endothelialized or heparinized liver grafts in vivo for up to 72 h [53, 62, 66, 70].
None of these studies show long-term metabolic function or graft survival.

Another area for which many questions remain is the reconstruction of the bili-
ary tract [68]. The presence of cholangiocytes after recellularization with fetal or
neonatal cell mixtures has been investigated in only a handful of studies [60, 67].
For these bioengineered livers to be used successfully in the setting of bridging to
transplantation or bridging to regeneration, effective bile excretion will be
essential.

Another underrepresented topic is the immunogenicity of decellularized liver
tissue. Up to now, there is no universal definition for which properties an “optimal”
decellularized matrix should have [74]. Based on earlier works, it is stated that
decellularized tissue is not immunogenic, and the following three criteria are ful-
filled: (1) < 50 ng dsDNA/mg ECM dry weight, (2) <200 bp DNA fragment length,
and (3) lack of visible nuclear material [30]. However, the immunogenicity of
decellularized liver tissue has not been investigated in a systematic way. In several
studies, decellularized liver tissue has been implanted even in xenogenic models
with no adverse effects [64, 75]. Moreover, they demonstrated an infiltration of host
cells into the decellularized matrix, which proves the biocompatibility of the tissue
[64, 75]. However, systematic investigations are needed to address this issue.

In conclusion, the technique of de- and re-cellularization has the potential for a
clinical translation to a personalized bioengineered liver graft. Alternatively, in the
future these systems may be suitable as bridging systems. Nevertheless, some major
obstacles must be addressed: (1) the need for sufficient cell expansion of iPSC-
derived hepatocytes, (2) a patent vasculature as a basis for bioengineering perfus-
able liver grafts. Therefore, the re-endothelialization must be optimized and may be
combined with a biochemical surface sealing.

If it is possible to address these major issues, as well as the problem of bile excre-
tion, de- and re-cellularization may prove capable of overcoming the hurdles faced
in using other bioartificial livers. However, the next decade will show us whether
this technique can actually deliver in practice.
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Key Points

1. The aim of bioartificial liver support systems is to provide all the functions
of the liver for patients with liver failure by either bridging to transplanta-
tion or bridging to regeneration.

2. Attificial liver support systems have been developed to filter albumin-
bound toxins. Although a handful of devices have been tested and used in
clinical settings, none is recommended for routine intensive care.

3. Hepatocyte transplantation has been evaluated as an alternative treatment
approach to solid organ transplantation or bridging to transplantation.
However, the benefit of this approach has been demonstrated only for
infants with metabolic diseases.

4. Bioengineered liver manufacturing using the technique of de- and re-
cellularization is a promising approach. However, several problems such
as cell source or adequate vascular perfusion are currently limiting factors
in terms of transitioning these techniques to the clinic.

References

DN =

10.

11.

12.

13.

14.

. Algahtani SA. Update in liver transplantation. Curr Opin Gastroenterol. 2012;28(3):230-8.
. Jahresbericht Organspende und Transplantation in Deutschland 2016. Deutsche Stiftung

Organtransplantation. p. 82.

. WWW.Unos.org.
. Pais R, Barritt AS 4th, Calmus Y, Scatton O, Runge T, Lebray P, Poynard T, Ratziu V, Conti

FJ. NAFLD and liver transplantation: current burden and expected challenges. J Hepatol.
2016;65(6):1245-57. https://doi.org/10.1016/j.jhep.2016.07.033. Epub 2016 Jul 30.

. Study on the uptake and impact of the EU Action Plan on organ donation and transplantation

(2009-2015) in the EU Member States. European Commission. 2017. pp. 5-7.

. Council of Europe. Newsletter Transplant. International figures on donation and transplanta-

tion 2015. 2016. p. 16, pp. 43-45.

. Council of Europe. Trafficking in organs, tissues and cells and trafficking in human beings for

the purpose of the removal of organs. 2009.

. Kamath PS1, Kim WR, Advanced Liver Disease Study Group. The model for end-stage liver

disease (MELD). Hepatology. 2007;45(3):797-805.

. Tacke F, Kroy DC, Barreiros AP, Neumann UP. Liver transplantation in Germany. Liver

Transpl. 2016;22(8):1136-42. https://doi.org/10.1002/1t.24461.

Otto G. Liver transplantation: an appraisal of the present situation. Dig Dis. 2013;31(1):164-9.
https://doi.org/10.1159/000347213. Epub 2013 Jun 17.

Mitzner SR. Extracorporeal liver support-albumin dialysis with the Molecular Adsorbent
Recirculating System (MARS). Ann Hepatol. 2011;10:21-8.

Sauer IM, Goetz M, Steffen I, et al. In vitro comparison of the molecular adsorbent recirculation
system (MARS) and single-pass albumin dialysis (SPAD). Hepatology. 2004;39:1408—144.
Rifai K. Fractionated plasma separation and adsorption: current practice and future options.
Liver Int. 2011;31:13-5.

Al-Chalabi A, et al. Evaluation of the Hepa Wash(R) treatment in pigs with acute liver failure.
BMC Gastroenterol. 2013;13:83.


http://www.unos.org
https://doi.org/10.1016/j.jhep.2016.07.033
https://doi.org/10.1002/lt.24461
https://doi.org/10.1159/000347213

15.

16.

17.

20.

21.

22.

23.

24.

25.

26.

27.

28.

29.

30.

31.

32.

33.

34.

35.

36.

Liver Assist Systems for Bridging to Transplantation: Devices and Concepts 229

Demetriou AA, Brown RS Jr, Busuttil RW, et al. Prospective, randomized, multicenter, con-
trolled trial of a bioartificial liver in treating acute liver failure. Ann Surg. 2004;239:660-70.
Sussman NL, Gislason GT, Conlin CA, et al. The Hepatix extracorporeal liver assist device:
initial clinical experience. Artif Organs. 1994;18:390-6.

Sauer IM, Kardassis D, Zeillinger K, Pascher A, Gruenwald A, Pless G, Irgang M, Kraemer M,
Puhl G, Frank J, Miiller AR, Steinmiiller T, Denner J, Neuhaus P, Gerlach JC. Clinical extracor-
poreal hybrid liver support—phase I study with primary porcine liver cells. Xenotransplantation.
2003;10(5):460-9.

. Sauer IM, Zeilinger K, Pless G, et al. Extracorporeal liver support based on primary human

liver cells and albumin dialysis — treatment of a patient with primary graft non-function. J
Hepatol. 2003;39:649-53.

. van de Kerkhove MP, Di Florio E, Scuderi V, et al. Phase I clinical trial with the AMC-

bioartificial liver. Int J Artif Organs. 2002;25:950-9.

Olson JC, Karvellas CJ. Critical care management of the cirrhotic patient awaiting liver trans-
plant in the intensive care unit. Liver Transpl. 2017;23:1465.

Mitzner SR, et al. Improvement of hepatorenal syndrome with extracorporeal albumin dialysis
MARS: results of a prospective, randomized, controlled clinical trial. Liver Transpl Off Publ
Am Assoc Study Liver Dis Int Liver Transpl Soc. 2000;6:277-86.

Heemann U, et al. Albumin dialysis in cirrhosis with superimposed acute liver injury: a pro-
spective, controlled study. Hepatology. 2002;36:949-58.

Sen S, et al. Pathophysiological effects of albumin dialysis in acute-on-chronic liver failure:
a randomized controlled study. Liver Transpl Off Publ Am Assoc Study Liver Dis Int Liver
Transpl Soc. 2004;10:1109-19.

Hassanein TI, et al. Randomized controlled study of extracorporeal albumin dialysis for
hepatic encephalopathy in advanced cirrhosis. Hepatology. 2007;46:1853-62.

Banares R, et al. Extracorporeal albumin dialysis with the molecular adsorbent recirculating
system in acute-on-chronic liver failure: the RELIEF trial. Hepatology. 2013;57:1153-62.
Kribben A, et al. Effects of fractionated plasma separation and adsorption on survival in
patients with acute-on-chronic liver failure. Gastroenterology. 2012;142:782-789.e783.
Demetriou AA, et al. Prospective, randomized, multicenter, controlled trial of a bioartificial
liver in treating acute liver failure. Ann Surg. 2004;239:660-7. ; discussion 667-70.
Stutchfield BM, Simpson K, Wigmore SJ. Systematic review and meta-analysis of survival
following extracorporeal liver support. Br J Surg. 2011;98:623-31.

Dhawan A, Puppi J, Hughes RD, Mitry RR. Human hepatocyte transplantation: current experi-
ence and future challenges. Nat Rev Gastroenterol Hepatol. 2010;7(5):288-98. ** of consider-
able interest, as this article reviews the current state of clinical LCT.

Dhawan A, Strom SC, Sokal E, Fox 1J. Human hepatocyte transplantation. Methods Mol Biol.
2010;640:525-34.

Hughes RD, Mitry RR, Dhawan A. Current status of hepatocyte transplantation. Transplantation.
2012;93(4):342-7.

Strom SC, Fisher RA, Rubinstein WS, et al. Transplantation of human hepatocytes. Transplant
Proc. 1997;29(4):2103-6.

Horslen SP, McCowan TC, Goertzen TC, et al. Isolated hepatocyte transplantation in an infant
with a severe urea cycle disorder. Pediatrics. 2003;111(6 Pt 1):1262-7.

Stéphenne X, Najimi M, Smets F, Reding R, de Ville de Goyet J, Sokal EM. Cryopreserved
liver cell transplantation controls ornithine transcarbamylase deficient patient while awaiting
liver transplantation. Am J Transplant. 2005;5(8):2058-61.

Puppi J, Tan N, Mitry RR, et al. Hepatocyte transplantation followed by auxiliary liver trans-
plantation — a novel treatment for ornithine transcarbamylase deficiency. Am J Transplant.
2008;8(2):452-7.

Meyburg J, Das AM, Hoerster F, et al. One liver for four children: first clinical series of liver
cell transplantation for severe neonatal urea cycle defects. Transplantation. 2009;87(5):636—41.



230

37.

38.

39.

40.

41.

42.

43.

44,

45.

46.

47.

48.

49.

50.

51

52.

53.

54.

55.

N. Raschzok et al.

Stéphenne X, Najimi M, Sibille C, Nassogne MC, Smets F, Sokal EM. Sustained engraft-
ment and tissue enzyme activity after liver cell transplantation for argininosuccinate lyase
deficiency. Gastroenterology. 2006;130(4):1317-23.

Dhawan A, Mitry RR, Hughes RD. Hepatocyte transplantation for liver-based metabolic dis-
orders. J Inherit Metab Dis. 2006;29(2-3):431-5.

Allen KJ, Mifsud NA, Williamson R, Bertolino P, Hardikar W. Cell-mediated rejection results
in allograft loss after liver cell transplantation. Liver Transpl. 2008;14(5):688-94.

Soltys KA, Soto-Gutiérrez A, Nagaya M, et al. Barriers to the successful treatment of liver
disease by hepatocyte transplantation. J Hepatol. 2010;53(4):769-74.

Schneider A, Attaran M, Meier PN, et al. Hepatocyte transplantation in an acute liver failure
due to mushroom poisoning. Transplantation. 2006;82(8):1115-6.

Khan AA, Habeeb A, Parveen N, et al. Peritoneal transplantation of human fetal hepatocytes for the
treatment of acute fatty liver of pregnancy: a case report. Trop Gastroenterol. 2004;25(3):141-3.
Baccarani U, Adani GL, Sanna A, et al. Portal vein thrombosis after intraportal hepatocytes
transplantation in a liver transplant recipient. Transpl Int. 2005;18(6):750—4.

Strom SC, Fisher RA, Thompson MT, et al. Hepatocyte transplantation as a bridge to ortho-
topic liver transplantation in terminal liver failure. Transplantation. 1997;63(4):559-69.

Jorns C, Nowak G, Nemeth A, Zemack H, Mork LM, Johansson H, Gramignoli R, Watanabe
M, Karadagi A, Alheim M, Hauzenberger D, van Dijk R, Bosma PJ, Ebbesen F, Szakos A,
Fischler B, Strom S, Ellis E, Ericzon BG. De novo donor-specific HLA antibody formation in
two patients with Crigler-Najjar syndrome type I following human hepatocyte transplantation
with partial hepatectomy preconditioning. Am J Transplant. 2016;16(3):1021-30.

Soltys KA, Setoyama K, Tafaleng EN, Soto Gutiérrez A, Fong J, Fukumitsu K, Nishikawa
T, Nagaya M, Sada R, Haberman K, Gramignoli R, Dorko K, Tahan V, Dreyzin A, Baskin K,
Crowley JJ, Quader MA, Deutsch M, Ashokkumar C, Shneider BL, Squires RH, Ranganathan
S, Reyes-Mugica M, Dobrowolski SF, Mazariegos G, Elango R, Stolz DB, Strom SC, Vockley
G, Roy-Chowdhury J, Cascalho M, Guha C, Sindhi R, Platt JL, Fox 1J. Host conditioning and
rejection monitoring in hepatocyte transplantation in humans. J Hepatol. 2017;66(5):987-1000.
Touboul T, Hannan NR, Corbineau S, et al. Generation of functional hepatocytes from human
embryonic stem cells under chemically defined conditions that recapitulate liver development.
Hepatology. 2010;51(5):1754-65.

Espejel S, Roll GR, McLaughlin KJ, et al. Induced pluripotent stem cell-derived hepatocytes
have the functional and proliferative capabilities needed for liver regeneration in mice. J Clin
Invest. 2010;120(9):3120-6.

Struecker B, Raschzok N, Sauer IM. Liver support strategies: cutting-edge technologies. Nat
Rev Gastroenterol Hepatol. 2014;11(3):166-76.

Yee ML, Tan HH. Use of everolimus in liver transplantation. World J Hepatol.
2017;9(23):990-1000.

. Zhou J, Hu Z, Zhang Q, Li Z, Xiang J, Yan S, Wu J, Zhang M, Zheng S. Spectrum of De

novo cancers and predictors in liver transplantation: analysis of the scientific registry of trans-
plant recipients database. PLoS One. 2016;11(5):e0155179. https://doi.org/10.1371/journal.
pone.0155179. eCollection 2016.

Faulk DM, Wildemann JD, Badylak SF. Decellularization and cell seeding of whole liver bio-
logic scaffolds composed of extracellular matrix. J Clin Exp Hepatol. 2015;5(1):69-80.
Uygun BE, Soto-Gutierrez A, Yagi H, Izamis ML, Guzzardi MA, Shulman C, Milwid J,
Kobayashi N, Tilles A, Berthiaume F, Hertl M, Nahmias Y, Yarmush ML, Uygun K. Organ
reengineering through development of a transplantable recellularized liver graft using decel-
lularized liver matrix. Nat Med. 2010;16(7):814-20.

Londono R, Badylak SF. Biologic scaffolds for regenerative medicine: mechanisms of in vivo
remodeling. Ann Biomed Eng. 2015;43(3):577-92.

Badylak SFE. Decellularized allogeneic and xenogeneic tissue as a bioscaffold for regenerative
medicine: factors that influence the host response. Ann Biomed Eng. 2014;42(7):1517-27.


https://doi.org/10.1371/journal.pone.0155179
https://doi.org/10.1371/journal.pone.0155179

56.

57.

58.

59.

60.

61.

62.

63.

64.

65.

66.

67.

68.

69.

Liver Assist Systems for Bridging to Transplantation: Devices and Concepts 231

Alexandrova K, Griesel C, Barthold M, Heuft HG, Ott M, Winkler M, Schrem H, Manns MP,
Bredehornsp T, Net M, MMI V, Kafert-Kasting S, Arseniev L. Large-scale isolation of human
hepatocytes for therapeutic application. Cell Transplant. 2005;14(10):845-53.

Zhou P, Lessa N, Estrada DC. Decellularized liver matrix as a carrier for the transplantation of
human fetal and primary hepatocytes in mice. Liver Transpl. 2011;17(4):418-27.

Struecker B, Butter A, Hillebrandt K, Polenz D, Reutzel-Selke A, Tang P, Lippert S, Leder
A, Rohn S, Geisel D, Denecke T, Aliyev K, Johrens K, Raschzok N, Neuhaus P, Pratschke J,
Sauer IM. Improved rat liver decellularization by arterial perfusion under oscillating pressure
conditions. J Tissue Eng Regen Med. 2017;11(2):531-41.

Soto-Gutierrez A, Zhang L, Medberry C, Fukumitsu K, Faulk D, Jiang H, Reing J, Gramignoli
R, Komori J, Ross M, Nagaya M, Lagasse E, Stolz D, Strom SC, Fox 1J, Badylak SF. A whole-
organ regenerative medicine approach for liver replacement. Tissue Eng Part C Methods.
2011;17(6):677-86. Epub 2011 Apr 20.

Baptista PM, Siddiqui MM, Lozier G, Rodriguez SR, Atala A, Soker S. The use of whole
organ decellularization for the generation of a vascularized liver organoid. Hepatology.
2011;53(2):604-17.

Struecker B, Hillebrandt KH, Voitl R, Butter A, Schmuck RB, Reutzel-Selke A, Geisel D,
Joehrens K, Pickerodt PA, Raschzok N, Puhl G, Neuhaus P, Pratschke J, Sauer IM. Porcine
liver decellularization under oscillating pressure conditions: a technical refinement to
improve the homogeneity of the decellularization process. Tissue Eng Part C Methods.
2015;21(3):303-13.

Barakat O, Abbasi S, Rodriguez G, Rios J, Wood RP, Ozaki C, Holley LS, Gauthier
PK. Use of decellularized porcine liver for engineering humanized liver organ. J Surg Res.
2012;173(1):e11-25.

Verstegen MMA, Willemse J, van den Hoek S, Kremers GJ, Luider TM, van Huizen
NA, Willemssen FEJA, Metselaar HJ, IJzermans JNM, van der Laan LJW, de Jonge
J. Decellularization of whole human liver grafts using controlled perfusion for transplant-
able organ bioscaffolds. Stem Cells Dev. 2017;26(18):1304—15. https://doi.org/10.1089/
s¢d.2017.0095. Epub 2017 Jul 31.

Mazza G, Rombouts K, Rennie Hall A, Urbani L, Vinh Luong T, Al-Akkad W, Longato L,
Brown D, Maghsoudlou P, Dhillon AP, Fuller B, Davidson B, Moore K, Dhar D, De Coppi P,
Malago M, Pinzani M. Decellularized human liver as a natural 3D-scaffold for liver bioengi-
neering and transplantation. Sci Rep. 2015;5:13079.

Butter A, Aliyev K, Hillebrandt KH, Raschzok N, Kluge M, Seiffert N, Tang P, Napierala H,
Muhamma Al, Reutzel-Selke A, Andreou A, Pratschke J, Sauer IM, Struecker B. Evolution of
graft morphology and function after recellularization of decellularized rat livers. J Tissue Eng
Regen Med. 2018;12(2):e807-16.

Bao J, ShiY, Sun H, Yin X, Yang R, Li L, Chen X, Bu H. Construction of a portal implantable
functional tissue-engineered liver using perfusion-decellularized matrix and hepatocytes in
rats. Cell Transplant. 2011;20(5):753-66.

Hassanein W, Uluer MC, Langford J, Woodall JD, Cimeno A, Dhru U, Werdesheim A, Harrison
J, Rivera-Pratt C, Klepfer S, Khalifeh A, Buckingham B, Brazio PS, Parsell D, Klassen C,
Drachenberg C, Barth RN, JC LM. Recellularization via the bile duct supports functional
allogenic and xenogenic cell growth on a decellularized rat liver scaffold. Organogenesis.
2017;13(1):16-27.

Collin de I’Hortet A, Takeishi K, Guzman-Lepe J, Handa K, Matsubara K, Fukumitsu K,
Dorko K, Presnell SC, Yagi H, Soto-Gutierrez A. Liver-regenerative transplantation: regrow
and reset. Am J Transplant. 2016;16(6):1688-96.

Hussein KH, Park KM, Kang KS, Woo HM. Heparin-gelatin mixture improves vascu-
lar reconstruction efficiency and hepatic function in bioengineered livers. Acta Biomater.
2016;38:82-93.


https://doi.org/10.1089/scd.2017.0095
https://doi.org/10.1089/scd.2017.0095

232 N. Raschzok et al.

70. Ko IK, Peng L, Peloso A, Smith CJ, Dhal A, Deegan DB, Zimmerman C, Clouse C, Zhao
W, Shupe TD, Soker S, Yoo JJ, Atala A. Bioengineered transplantable porcine livers with re-
endothelialized vasculature. Biomaterials. 2015;40:72-9.

71. Zhou P, Huang Y, Guo Y, Wang L, Ling C, Guo Q, Wang Y, Zhu S, Fan X, Zhu M, Huang H,
LuY, Wang Z. Decellularization and Recellularization of rat livers with hepatocytes and endo-
thelial progenitor cells. Artif Organs. 2016;40(3):E25-38.

72. Wang Y, Bao J, Wu X, Wu Q, Li Y, Zhou Y, Li L, Bu H. Genipin crosslinking reduced the
immunogenicity of xenogeneic decellularized porcine whole-liver matrices through regulation
of immune cell proliferation and polarization. Sci Rep. 2016;6:24779.

73. BaoJ, Wu Q, Sun J, Zhou Y, Wang Y, Jiang X, Li L, Shi Y, Bu H. Hemocompatibility improve-
ment of perfusion-decellularized clinical-scale liver scaffold through heparin immobilization.
Sci Rep. 2015;5:10756.

74. Crapo PM, Gilbert TW, Badylak SF. An overview of tissue and whole organ decellularization
processes. Biomaterials. 2011;32(12):3233-43.

75. Mirmalek-Sani SH, Sullivan DC, Zimmerman C, Shupe TD, Petersen BE, Am
J. Immunogenicity of decellularized porcine liver for bioengineered hepatic tissue. Am J
Pathol. 2013;183(2):558-65.



Index

A
Academisch Medisch Centrum Bioartificial
Liver (AMC-BAL) system, 221

Activated partial thromboplastin time (aPTT),

104, 105, 107
Acute kidney injury (AKI)
components, 147
HRS-AKI (see Hepatorenal syndrome-
acute kidney injury (HRS-AKI))
ICA-AKI criteria, 148
KDIGO criteria, 148
pathophysiology, 149-151
prevalence of, 151
spontaneous bacterial peritonitis, 152
staging of, 148
treatment, 152, 153
types, 148
Acute liver failure (ALF)
acetaminophen ingestion, 200

Acute Liver Failure Study Group index, 201

APACHE 111 scoring system, 201
Clichy criteria, 201

clinical presentation, 198
definition, 195

etiologies, 196198

Eurotransplant International Foundation, 201

extracorporeal liver assist devices, 210
hepatocyte regeneration, 200
hyperacute ALF, 196, 198

incidence, 195, 196

initial management, 199, 200

King’s College Criteria, 201

MARS, 210

MELD score, 201

mental status assessment, 202
N-acetylcysteine (NAC), 200

NAIALF, 200
psychosocial and medical histories, 198
Rumack-Matthew acetaminophen toxicity
nomogram, 200
subacute ALF, 196
survival rates, 195
treatment
antibiotic prophylaxis, 208
barbiturate coma, 207
cisatracurium, 204
CRRT, 206
endotracheal intubation, 204
fluid resuscitation monitoring, 203
forced hyperventilation, 204
hemodynamic support, 203
ICP monitoring, 205
indomethacin, 206
intravascular volume expansion, 203
laryngoscopy, 204
low molecular weight heparin, 209
mannitol, 206
NAC therapy, 203
NIRS, 206
non-contrast head CT, 204
nutritional support, 209
osmotic demyelination, 206
pH and lactate monitoring, 203
propofol infusion, 204
rifaximin, 207
temporary portocaval shunt, 209, 210
therapeutic hypothermia, 207
transcranial Doppler sonography, 205
vasopressors, 203, 204
viscoelastic thromboelastometry, 208
triage indicators, 202
West Haven criteria, 202

© Springer International Publishing AG, part of Springer Nature 2019 233
D. Bezinover, F. Saner (eds.), Critical Care for Potential Liver Transplant Candidates,

https://doi.org/10.1007/978-3-319-92934-7


https://doi.org/10.1007/978-3-319-92934-7

234

Acute-on-chronic liver failure (ACLF)
classification, 186
CLIF-C-ACLF score, 190
CLIF-C-OF score, 189
CLIF-SOFA score, 186-188
definition, 183
epidemiology, 185
grades, 187, 189
organ failure, 187
PIRO concept, 190
injury, 191
predisposition, 191
response, 191, 192
treatment, 193
Acute-on-Chronic Liver Failure in Cirrhosis
(CANONIC) study, 184-186,
191, 193
Acute symptomatic hyponatremia, 75
Acute tubular necrosis (ATN-AKI), 148, 152
ADAMTS13 deficiency, 102, 103
Alagille syndrome, 14
Alcoholic cardiomyopathy, 4, 15
American Association for the Study of Liver
Diseases (AASLD), 3, 7, 34,
183-185, 196, 201
American College of Cardiology (ACC)/
American Heart Association (AHA)
guidelines, 3, 4, 7
American College of Cardiology Foundation
(ACCF), 7, 8
American Heart Association (AHA), 3, 4,7
Antibiotic stewardship (ABS) programs,
97, 98
Antidiuretic hormone (ADH), 72-75,
79-81, 84
Antifibrinolytic treatment, 111
Antimicrobial resistance, 97
Arrhythmias, 14
atrial fibrillation, 16, 17
bradyarrhythmias, 17, 18
ventricular arrhythmias, 15, 16
Artificial liver support systems, 219, 220
Asian Pacific Association for the Study of the
Liver (APASL), 183-186
Atrial fibrillation (AF), 16-17

B

Balloon-occluded retrograde transvenous
obliteration (BRTO), 176

Barbiturate coma, 207

Bioartificial liver support systems, 220, 221

Bioengineered liver grafts, 225-227

Bleeding management, 109

Bradyarrhythmias, 17-18

Index

Budd—Chiari syndrome (BCS)
CALR mutations, 127
classification, 128
clinical presentation, 128, 129
definition, 127
diagnosis, 128
hepatocellular carcinoma, 129
liver transplantation, 134
mortality rates, 129
with myeloproliferative diseases, 127
primary form, 127
secondary form, 127
TIPS, 132
treatment, 129-133

C
Cardiac evaluation
arrhythmias
atrial fibrillation, 16—-17
bradyarrhythmias, 17-18
ventricular arrhythmias, 15-16
CAD (see Coronary artery
disease (CAD))
structural heart disease, 11
valvular heart disease
Alagille syndrome, 14
cirrhotic cardiomyopathy, 14
Fontan circulation, 13
insufficiency, 12
LVOT, 13
PFO/ASD, 13
stenotic lesions, 12
Cardiopulmonary exercise test (CPET), 6
Central pontine myelinolysis, see Osmotic
demyelination syndrome (ODS)
Chronic Liver Failure-Sequential Organ
Failure Assessment (CLIF-SOFA)
score, 93
Chronotropic incompetence, 18
Cirrhosis
antimicrobial resistance, 97
coagulation management, 109
coagulation tests, 104
empirical antibiotic treatment, 96
epidemiological data, 91
immune dysfunction, 89-91
sepsis (see Sepsis)
site and type of infections, 91
thromboprophylaxis, 111, 112
treatment/anti-infective management,
96, 97
Cirrhotic cardiomyopathy (CCM), 4, 5, 14, 15,
17,151
Clauss method, 106



Index

CLIF Consortium Acute Decompensation
score (CLIF-C ADs), 95
Clostridium difficile infections, 97
Clot firmness impairment, 110
Coagulation management, 105, 107-109
Coagulopathic bleeding, 104, 105
Continuous renal replacement therapy
(CRRT), 206
Coronary artery disease (CAD)
cardiac contrast tomography, 6
cardiopulmonary fitness evaluation, 6
coronary CT angiography, 6
FFR, 7
functional capacity, 4
history, 4
management, 7, 8
bare metal stent placement, 8
ICU setting, 10-11
perioperative beta blockade, 8, 9
noninvasive ischemia testing, 4
nuclear myocardial perfusion imaging, 5, 6
outcomes, 9-10
perioperative period, 2
preoperative evaluation
recommendations, 7
prevalence, 3
resting electrocardiogram, 5
risk factors, 4
screening, 3
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Hemodynamic management
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fluid resuscitation, 56-59
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VAP prevention, 50, 51
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Non-alcoholic fatty liver disease
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Noninvasive ischemia testing, 3, 4

Noninvasive ventilation (NIV), 49
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Off-pump coronary artery bypass grafting
(CABG), 8, 10

Organ Procurement and Transplantation
Network, 71
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Platelet function tests, 108—109
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Portopulmonary hypertension (POPH), 27-29
Post renal AKI, 148
Postreperfusion syndrome (PRS), 18
Potassium, 79
Prerenal AKI, see Hypovolemia
Pro- and anti-fibrinolytic proteins,
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Prometheus system, 219
Prothrombin complex concentrate (PCC),
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Prothrombin time (PT), 70, 104, 105, 107
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Re-endothelialization, 227

Renal replacement therapy (RRT), 157
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Rumack-Matthew acetaminophen toxicity
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Self-expanding metal stent (SEMS), 174
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duodenal varices, 163, 166
endoscopic hemostasis, 170, 171
GEV (see Gastroesophageal
varices (GEV))
hematemesis, 167
primary prophylaxis, 167, 168
variceal bleeding, 175-176
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V2 vasopressin receptor antagonists,
see Vaptans
Vaptans, 79, 80
Vasopressor therapy, 59, 64
Venous thromboembolism (VTE), 111, 112,
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Ventilator-associated pneumonia (VAP),
50, 51
Ventricular arrhythmias, 15-16
Viscoelastic global tests (VETS),
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Viscoelastic hemostasis assays (VHA),
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Viscoelastic hemostatic assays, 107-108
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