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Normal Hepatic Function 
and Physiology

Achuthan Sourianarayanane

Abstract

The liver is the body’s largest internal organ. It plays a vital role in many metabolic pro-
cesses. The liver has a unique vascular supply with most of its blood coming from the portal 
venous circulation. The distribution of the portal vein and hepatic artery (which supplies the 
liver), hepatic vein (which drains the liver), and bile ducts (transport out of the liver) form 
a unique pattern. This architectural pattern is important to keep in mind as it impacts various 
metabolic processes of the liver, disease occurrence, and surgical options for intervention (if 
required). The liver performs complex functions of synthesizing and metabolizing carbohy-
drates, protein, and lipids. In addition, the liver plays a significant role in modification of 
proteins and drugs to their biologically active form (which can be used by the body). In 
addition to modification, the liver is involved in detoxification and filtration of drugs out of 
the body. Due to the myriad processes the liver is involved in, there are no specific tests or 
tools that can be used to comprehensively evaluate its function.

Keywords

Aminotransferases • Liver function • Liver anatomy • Portal circulation • Biliary system 
Lipoprotein • Ammonia • Liver histology

Learning Objectives
 1. Understand the functional and architectural anatomy of 

liver and the significance of hepatic vascular distribution 
and bile ducts

 2. Physiologic and functional role of the liver in synthesis, 
metabolism of carbohydrates lipids and protein and also 
bile acid synthesis and its transport

 3. Biochemical tests in evaluation of liver function, abnor-
malities and their limitations

1.1  Introduction

The liver is situated between the portal and general circula-
tion, receiving blood supply from nearly all of the organs of 
the gastrointestinal tract prior to this blood entering the sys-
temic circulation. It has an important function of extracting 
nutrients from the gastrointestinal tract and metabolizing 
various agents absorbed through the gut before delivering 
them to the systemic circulation. The liver also has a unique 
role of modulating many agents absorbed from the intestinal 
tract thereby decreasing the agent’s toxicity to the body. The 
liver is constantly exposed to many immunologically active 
agents in this process and maintains an immunological bal-
ance. In this regard, the liver operates as a complex organ 
with various functions which cannot be evaluated by a single 
test. The liver has a complex arrangement of portal circula-
tion from the gut along with a systemic arterial supply and 
drainage into the systemic circulation. Also, the liver has a 
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biliary system which drains metabolic products into the 
intestinal tract. This complex anatomical architecture has 
significance in many diseases and surgical options. Since the 
liver is a vital metabolic organ, it is susceptible to various 
conditions that can affect any one of its many functions, 
which can potentially lead to critical illness.

1.2  Anatomy

The liver is the largest organ in the body. It is situated in the 
right upper quadrant of the abdomen, just below the dia-
phragm. It extends superiorly to the fifth intercostal space at 
the midclavicular line and inferiorly to the right costal mar-
gin. Laterally, it extends from the right abdominal wall to the 
spleen on the left side. The liver weighs about 1400 g in 
women and 1800 g in men, approximately 2.5% of adult 
body weight [1–4].

The liver is surrounded by other organs and structures, 
such as the diaphragm, the right kidney, the duodenum, and 
the stomach. These structures make indentations on the liver 
surface. Fissures are deeper grooves in the liver and are 
formed when extrahepatic vessels pass through the liver dur-
ing its developmental stages. The umbilical fissure contains 
the umbilical portion of the left portal vein, the ductus veno-
sus (ligamentum venosum), and the umbilical vein (ligamen-
tum teres). A fibrous capsule (Glisson’s capsule) covers the 
liver and reflects onto the diaphragm, adjoining these struc-
tures. This connective tissue continues as parietal perito-
neum. This capsule also covers the vessels in the umbilical 
fissure and forms a ligamentous structure (falciparum liga-
ment). The falciparum ligament, Glisson’s capsule and its 
extension to the diaphragm, and the round ligament hold the 
liver in position. Anatomically, the falciparum ligament 
divides the liver into right and left lobes while surrounding 
the quadrate lobe of the liver [5].

There are several variations in the gross anatomy and 
topography of the liver. Blood vessels (hepatic artery and 
portal vein), lymphatics, nerves and bile ducts enter and 
leave the liver at the porta hepatitis. The capsule of the liver 
covers these structures, forming the hepatico-duodenal liga-
ment. The hepaticoduodenal ligament covers the portal ves-
sels and ducts, following them to their smallest branches.

1.2.1  Surgical/Functional/Segmental 
Anatomy

The falciparum ligament and umbilical fissure divide the 
liver anatomically into right and left lobes. This division 
does not correspond to the distribution of blood vessels and 
bile ducts, and has bearing on surgical resection. The liver 
can be divided into right and left (hemi-livers) based on 

blood supply and duct drainage. The right hemi-lobe of the 
liver comprises about 50–70% of the liver mass. The liver 
can be further divided into segments (eight in number) based 
on the divisions of the portal vein, hepatic artery and bile 
ducts (Fig. 1.1). This division helps in surgical intervention, 
allowing sparing of neighboring segments and maintaining 
hepatic function [5, 6].

1.2.2  Blood Flow

The liver receives blood through the portal vein and hepatic 
artery, which enter at the porta hepatis. Hepatic veins drain 
the liver into the inferior vena cava (IVC) (Fig. 1.2).

1.2.2.1  Portal Vein
The portal vein is the main source of nutrients to the liver. It 
carries 75–80% of the (hepatic) blood supply and approxi-
mately 20–25% of oxygen to the liver [7, 8]. The portal vein 
is formed by the confluence of splenic and superior mesen-
teric veins, behind the neck of pancreas. The splenic vein 
drains the short gastric, pancreatic, inferior mesenteric, and 
left gastroepiploic veins. The portal vein drains blood from 
the entire digestive tract, spleen, pancreas, and gallbladder. 
Blood flow to any of these areas also affects venous return 
and liver blood supply. Due to its close anatomic proximity, 
the splenic vein can be anastomosed to the left renal vein, 
forming a spleno-renal shunt and resulting in the drainage of 
gastro-esophageal varices [3, 9].

1.2.2.2  Hepatic Artery
The common hepatic artery is the second branch of the celiac 
axis [10]. It gives off two branches, the left and right hepatic 
arteries, which supply the left and right hemi-livers respec-
tively. These arteries can be further divided into two branches 
each. The right hepatic artery supplies the right anterior and 
posterior sections, while the left hepatic artery supplies the 
medial and lateral sections. The quadrate lobe of the liver, 
which extends between the gallbladder fossa and umbilical 
vein is supplied by the middle hepatic artery. The middle 
hepatic artery can arise from either the right or left hepatic 
artery. The cystic artery is a branch of the right hepatic artery. 
The superficial branches supply the peritoneal surface of the 
gallbladder. The deep branches supply the gallbladder and 
adjoining liver tissue [11].

There are extensive communications between smaller 
branches of the right, middle and left hepatic arteries. These 
communications and variations in the hepatic artery have 
implications on segmental resection of the liver [10, 12].

1.2.2.3  Hepatic Vein
Hepatic veins drain the liver into the IVC. There are three 
main hepatic veins: the right, middle and left hepatic veins. 

A. Sourianarayanane
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In 65–85% of individuals the left and middle hepatic vein 
unite before entering the IVC [13]. The caudate lobe of the 
liver is usually drained by one or two small veins directly 
into the IVC. Due to this distribution, diseases involving the 
hepatic veins, including thrombosis or obstruction, usually 
spare the caudate lobe with compensatory hypertrophy. In 
patients with portal hypertension, there could be communi-
cation between branches of different hepatic veins [14].

1.2.2.4  Other Circulation of Relevance to Liver 
and Liver Diseases

The portal vein (which drains most of the abdominal organs) 
is the predominant vascular supply of the liver, interacting 
and anastomosing with the systemic circulation at different 

points [15, 16]. These communicating site between the por-
tal and systemic circulation include: esophageal submucosal 
venous plexus, para-umbilical veins, spleno-renal shunts and 
rectal submucosal venous plexus [15, 16]. These communi-
cations become significant when there is increasing pressure 
in the portal circulation, forming collaterals which have an 
increased tendency to bleed. In patients with portal hyperten-
sion, there could also be an intrahepatic communication 
between branches of portal veins and hepatic veins [17].

1.2.2.5  Lymphatic Vessels
Lymphatic drainage of the liver is divided into superficial 
and deep networks. The deep networks run parallel to the 
portal and hepatic veins. Nearly 80% of the hepatic  lymphatic 
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network drains along portal tracts and into hepatic nodes 
near the porta hepatis. Lymphatic vessels adjacent to hepatic 
veins drain into lymph nodes near the vena cava [18].

1.2.3  Nerves

The liver is innervated by both sympathetic and parasympa-
thetic nerves. These nerves arise from the lower thoracic gan-
glia, celiac plexus, vagus nerve, and the right phrenic nerve. The 
nerves form a plexus around portal vein, hepatic artery and bile 
duct, entering the liver through the hilum. The arteries are inner-
vated by sympathetic nerves, whereas the bile ducts are inner-
vated by both parasympathetic and sympathetic nerves [19].

1.2.4  Bile Ducts

The biliary system includes both intrahepatic and extrahe-
patic ducts, ranging in size from ductules (which are less 

than 0.02 mm in diameter) to large ducts (0.4–12 mm in 
diameter) [20]. Each hepatic segment is drained by a seg-
mental bile duct, which drains into the right or left hepatic 
duct (corresponding to right or left hemi-livers, respec-
tively). These hepatic ducts form the common hepatic 
duct. The common hepatic duct forms common bile duct 
with addition of cystic duct from the gall bladder [21]. The 
common bile duct enters the second part of the duodenum 
through the sphincter of Oddi. The sphincter of Oddi has 
both circular and longitudinal muscle and is affected by 
cholecystokinin and controls the release of bile [22]. The 
gallbladder is where bile is concentrated and receives up to 
1 l of bile per day. Bile is released following stimulation 
mediated by cholecystokinin.

Many liver diseases affect intrahepatic ducts, resulting in 
chronic liver disease and cirrhosis. Primary biliary disease 
and primary sclerosing cholangitis are mediated by immune 
reaction, involving bile ducts of different sizes. Primary scle-
rosing cholangitis could involve both large or small intrahe-
patic ducts and extrahepatic ducts [3].
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1.3  Function

The liver is an important site of lipid, carbohydrate and 
protein synthesis and its metabolism. It is also involved in 
body’s immunological process, synthesis and transport 
of bile and metabolism of various agents including 
drugs [23].

1.3.1  Lipid Metabolism

Lipoprotein and lipids are important for cell metabolism and 
synthesized in liver.

Lipids: Lipids are metabolized predominantly in the liver, 
existing in the body as cholesterol, triglycerides and phos-
pholipids. Cholesterol is an important component of the cell 
membrane. Cholesterol is also a precursor for many steroid 
hormones and bile acids. The liver is an important site of 
cholesterol synthesis, which also occurs in nearly all tissues. 
In the liver, cholesterol can be derived from chylomicron 
remnants, which are absorbed from the intestine by lyso-
somes. Cholesterol is also synthesized from acetyl co- 
enzyme A in hepatic microsomes and by the enzyme 
3-hydroxy-3methylglutaryl-coenzyme-A reductase in cyto-
sol. The 3-hydroxy-3methylglutaryl-coenzyme-A reductase 
enzyme is present in peri-portal cells where most of the cho-
lesterol synthesis occurs [24]. Cholesterol synthesis is 
increased by certain medications (cholestyramine, steroids), 
biliary obstruction, and terminal ileum resection. Cholesterol 
synthesis is reduced by medications (statins, nicotinic acid), 
increased bile acids, and fasting [25]. Triglycerides are free 
fatty acids attached to a glycerol base. They are involved in 
transporting fatty acids from the intestine to the liver and 
other tissues. Triglycerides act as an energy store. 
Phospholipids have one or more phosphate groups (choline 
or ethanolamine) in addition to fatty acids on a glycerol base. 
Phospholipids are an important component of all cell 
membranes.

Lipoprotein: Lipoproteins are composed of apolipo-
protein, phospholipids and cholesterol. There are differ-
ent lipoproteins, differentiated by density and associated 
apolipoproteins. Lipoproteins are hydrophilic on the out-
side and hydrophobic on the inside. Lipoproteins are 
involved in transporting lipids in the plasma as well as 
metabolism [26]. Lipoproteins are essential in transport-
ing lipids absorbed from the intestine (chylomicrons) and 
lipids that have been endogenously synthesized (VLDL, 
LDL, HDL) [4].

Liver diseases: Total and free cholesterol levels are 
increased in patients with cholestatic liver disease. In sub-
jects with primary biliary cirrhosis, cholesterol levels are 
elevated without any increased risk for coronary artery dis-

ease [27]. Patients with severe malnutrition and decompen-
sated cirrhosis have reduced serum cholesterol. Triglyceride 
elevation is seen in patients with alcoholic fatty liver disease 
[28]. Certain medications can result in liver parenchymal 
injury by reducing apolipoprotein synthesis and causing 
reduction of triglyceride export, which increases hepatic 
steatosis.

1.3.2  Carbohydrate Metabolism

The liver has an important role in carbohydrate metabolism. 
In a fed state, glycogen synthesis occurs preferentially in 
zone 3 (peri-venous) hepatocytes. In a fasting state, glycoge-
nolysis and gluconeogenesis occur in zone 1 (peri-portal) 
hepatocytes [29] (Table 1.1). After glycogen stores have 
been replenished, excess glucose may be converted to lac-
tate. Lactate can again be used as a substrate in gluconeogen-
esis by peri-portal hepatocytes. The liver is also the site of 
fructose and galactose metabolism [30].

Liver disease: In patients with cirrhosis, there is a reduc-
tion in energy production from carbohydrates during a fast-
ing state. Reduced glycogen reserves and impaired release 
of glucose from the liver may be related to this discrepancy. 
In patients with acute liver failure, a marked reduction in 
carbohydrate synthesis results in low serum glucose levels. 
In cirrhosis, a relative insulin resistance is seen, with 
impaired glucose tolerance tests. Galactose tolerance tests, 
which are independent of insulin secretion, can also be 
used to evaluate hepatocellular function and as a measure 
of hepatic blood flow.

Table 1.1 Functional heterogenicity of liver hepatocytes in their meta-
bolic activity [29]

Zone 1 Zone 3

Carbohydrates Gluconeogenesis Glycolysis
Proteins Albumin, fibrinogen 

synthesis
Albumin, 
fibrinogen 
synthesis

Lipogenesis − ++
Bile formation
  Bile salt dependent ++ −
  Non-bile salt 

dependent
− ++

Ammonia metabolism: 
glutamine synthetase

− +

Oxygen supply +++ +
Damage following 
alcohol, anoxia and 
drugs

− ++

Cytochrome P450 + +
After phenobarbital + +++++
Glutathione ++ −

1 Normal Hepatic Function and Physiology
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1.3.3  Protein Metabolism

1.3.3.1  Amino Acid Metabolism
Amino acids from diet and tissue breakdown enter the liver 
through the portal vein. They enter hepatocytes through the 
sinusoidal membrane [31]. Amino acids are then transami-
nated or deaminated to keto acids by many pathways, 
including Kreb’s citric acid (tricarboxylic acid) cycle. 
Intestinal bacteria metabolize protein in the gut, converting 
it to ammonia. Ammonia enters the liver through the portal 
vein, where it is metabolized to urea by the Krebs-Henseleit 
cycle in peri- portal cells by mitochondria. Any excess 
ammonia is converted to glutamine in the peri-central 
hepatocytes.

Liver diseases: Kreb’s cycle dysfunction occurs in acute 
liver failure, with associated formation of excess glutamine 
from ammonia, resulting in cerebral edema.

1.3.4  Protein Synthesis

Plasma proteins are produced in rough endoplasmic reticu-
lum of ribosomes in hepatocytes [32]. These hepatocytes are 
involved in the synthesis of many proteins, including albu-
min, α1-antitrypsin, α-fetoprotein, prothrombin, and 
α2-microglobulin. Hepatocytes also synthesize acute phase 
reactants, such as fibrinogen, ceruloplasmin, complement 
components, haptoglobin, ferritin and transferrin. The liver 
responds to cytokines, maintaining adequate acute phase 
response, despite progression of chronic liver disease and 
these levels may remain normal despite cirrhosis [33, 34].

Albumin is one of the most important plasma proteins 
synthesized by the liver. Approximately 12–15 g of albumin 
is synthesized daily to maintain an average albumin pool of 
500 g. Cirrhotic patients may only be able to synthesize 4 g 
per day, resulting in reduced serum albumin levels. 
Following an acute liver injury, serum albumin levels may 
not decrease, as the half-life of albumin is about 22 days. 
Hence, serum albumin levels may not be reflective of dis-
ease severity [35–38].

Ceruloplasmin is a copper binding glycoprotein that con-
tains six copper atoms per molecule. It is present in low con-
centrations in patients with homozygous form of Wilson’s 
disease [39].

Transferrin is an iron transport protein, which is inversely 
related to body iron status. It is important in delivering iron 
in its ferric state to the cell membrane. Ferritin is an acute 
phase reactant involved in storing iron [40, 41].

α-Fetoprotein is a glycoprotein that is a normal compo-
nent of the human fetus. α-Fetoprotein is present in smaller 
concentrations after birth, but increases in patients with 
hepatocellular carcinoma. It is also elevated in patients with 
chronic hepatitis, particularly viral hepatitis.

Anti-coagulation and pro-coagulant factors are synthe-
sized in liver. The liver synthesizes all anti-coagulation fac-
tors, except von-Willebrand factor and factor VIIIc. This 
includes both vitamin K dependent factors, such as factors II, 
VII, IX and X, and non-vitamin K dependent factors V, VIII, 
XI and XII, fibrinogen and fibrin stabilizing factor XIII. Pro- 
coagulation factors synthesized in the liver include anti-
thrombin III (ATIII), protein C, protein S, and heparin 
co-factor II. Hence, bleeding or thrombotic states can be 
found in liver disease [42–44].

Complement components (C3) tend to be reduced in 
patients with cirrhosis. C3 is also low in alcoholic cirrhosis 
or acute liver failure, likely due to reduced synthesis by liver. 
Complement C3 can however be increased in primary biliary 
cirrhosis without cirrhosis [45].

Other proteins synthesized by the liver include, α1 globu-
lins, α2 globulins, β globulins and γ goblins, glycoproteins 
and hormone binding globulins. They are reduced in chronic 
liver disease, similar to serum albumin, due to reduced syn-
thesis. Nearly 90% of α1 globulins are α1 antitrypsin. Its 
reduction can correspond to antitrypsin deficiency disorder. 
α1 antitrypsin is synthesized in the endoplasmic reticulum of 
the liver. Deficiency results in unopposed action of trypsin 
and other proteases with resultant damage of target organs 
(lung and liver). Reduction in α1 antitrypsin is seen in those 
with mutation for α1-antitrypsin gene. The α2 globulins and β 
globulins include lipoprotein, which correlate with serum 
lipid levels in liver diseases. γ goblins are usually elevated 
due to increased production in liver disease, especially in cir-
rhosis [25, 41].

Immunoglobulins (IgM, IgG and IgA) are synthesized by 
B cells of the lymphoid system. A non-specific increase in all 
levels of immunoglobulins can be seen in patients with cir-
rhosis in response to bacteremia. Specific immunoglobulins 
can relate to certain chronic liver diseases. An increase in 
IgG levels is seen in autoimmune liver disease. IgM eleva-
tion is found among patients with primary biliary cirrhosis. 
In alcoholic liver disease, IgA levels can be elevated. 
Cholestatic diseases associated with large bile duct obstruc-
tion can also have increased immunoglobulin levels [46].

1.3.5  Bile Synthesis and Transport

Bile acids are synthesized predominantly in the liver [47, 
48]. They are present as bile acids (primary and secondary) 
and bile salts. The primary bile acids (cholic acid and che-
nodeoxycholic acid) are synthesized from cholesterol. This 
synthesis occurs by either 7α hydroxylation of cholesterol 
in the liver or by 27α hydroxylation of cholesterol in many 
body tissues, including endothelium. Bile acid synthesis is 
mediated by cytochrome P450 enzymes [49]. Once synthe-
sized, bile acids are conjugated with amino acids (taurine or 
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glycine) to form bile salts. Bile salts are excreted into the 
biliary canaliculus against a concentration gradient through 
a bile salt export protein. The bile salts then enter the intes-
tinal lumen where they are subsequently sulphated or gluc-
uronated and excreted through stool. In the intestinal lumen, 
the primary bile acids are converted into secondary bile 
acids (deoxycholic acid and lithocholic acid) by colonic 
bacteria [50].

In a given day, 4–6 g of bile acids are synthesized and 
250–500 mg are lost in stool. Bile salts are stored in the gall-
bladder and released into the small bowel with meals. 
Conjugation of bile acids facilitates intraluminal concentra-
tion and improves digestion and absorption of fat from intes-
tinal lumen. Conjugated bile acids form micellar and 
vesicular associations with lipids in the upper intestine and 
facilitates lipid absorption. Nearly 95% of bile salts are 
absorbed in the terminal ileum and proximal colon by active 
transport processes. Bile salts then pass through the portal 
circulation and are absorbed into the liver through the baso-
lateral membrane of hepatocytes. Bile salts are then re- 
conjugated and re-excreted into bile. In a given day there 
may be 2–12 enterohepatic circulations [50, 51].

Serum bile salt concentration depends on many factors, 
including hepatic blood flow, hepatic bile uptake, intestinal 
motility and its bile salt secretion [52]. Altered bile salt 
excretion is relevant in onset and progression of gallstones 
and steatorrhea. Cholestatic liver disease is associated with 
decreased intrahepatic metabolism of bile salts. In small 
bowel bacterial overgrowth, there is increased bile acid de- 
conjugation, which results in excess intestinal absorption of 
free bile acids. The corresponding decrease in intestinal bile 
acids and presence of de-conjugated bile acids, which are 
less efficient in fat absorption, results in steatorrhea. The free 
bile acids that have been absorbed enter the entero-hepatic 
circulation. Terminal ileum resection interrupts enterohe-
patic circulation, and bile acids are not absorbed. These bile 
acids are lost in stool, causing diarrhea and an overall reduc-
tion in systemic bile acid [53].

1.3.6  Immunological Function

The liver has significant immunologic function, despite not 
being a classic lymphoid organ, such as the thymus, spleen 
or lymph nodes. Nearly one-third of hepatic cells are diverse, 
non-parenchymal cells. They include biliary cells, liver sinu-
soidal endothelial cells (LSEC), Kupffer cells (KC), stellate 
cells, and intrahepatic lymphocytes. The lymphocytes pre-
dominantly reside in the portal tract but are also scattered 
throughout the liver parenchyma. The liver is also an impor-
tant organ in immune modulation and development of 
immune tolerance to different antigens from the gut and 
other parts of the body [54].

The lymphocytes present in liver include traditional T 
and B cells, which are involved in adaptive immunity, along 
with natural killer (NK) and natural killer T (NKT) cells that 
are involved in innate immunity. NK cells represent nearly 
20–30% of the total number of lymphocytes in the liver, 
compared to <5% of lymphocytes seen in peripheral blood 
[54, 55]. NK cells are usually involved in innate immunity 
but can also be involved in adaptive immunity. NK cells 
acquire antigen specific receptors and produce long-lived 
memory cells. In a similar manner, NKT cells play an 
important role in regulating innate and adaptive immunity, 
mediated through a variety of cytokines. Through many 
diverse mechanisms, NKT cells are involved in liver injury-
mediated inflammatory regeneration and fibrosis. The liver 
is unique with the presence of certain antigen presenting 
cells, such as LSEC, KC, and hepatic dendrite cells. LSEC 
and KC predominantly reside in liver sinusoids and hepatic 
dendrite cells reside in the portal triad and around central 
veins. These antigen-presenting cells scan for antigens (both 
conventional and non-conventional) and are involved in 
immune recognition and tolerance. The increased exposure 
to antigens from the digestive tract increases risk of over 
activation of the immune system, which could potentially 
have harmful consequences to the body. The liver also plays 
an important role in immune tolerance, to these antigens and 
also having the ability to switch from a tolerant to respon-
sive immune state [54].

1.4  Histology and Microanatomy

1.4.1  Histological Assessment/Biopsy

Liver biopsy is usually performed percutaneously, between 
the right intercostal spaces or by subcostal costal approach, 
under ultrasound guidance. The sample obtained per pass is 
usually small, 1/50,000 of total liver size [56]. Liver tissue 
can also be obtained by transvenous approach, which is asso-
ciated with a decreased risk of bleeding. In this approach, 
pressure measurements from hepatic vein and portal vein can 
be assessed. This approach can give a better assessment of 
liver disease but has the disadvantage of obtaining smaller 
samples for tissue analysis.

1.4.2  Liver Normal Histology

Normal liver histology consists of portal tracts, terminal 
hepatic venules and liver parenchyma. The portal tract con-
tains the hepatic artery, portal vein, biliary ducts, nerves, 
and connective tissue stroma that the portal structures are 
en- sheathed in. The portal tracts are separated by liver 
parenchyma, which consists of plates of hepatocytes with 
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sinusoids between them. The hepatocytes are arranged in 
single cell plates separated by sinusoids. Terminal hepatic 
venues are present in the midst of hepatocellular plates and 
are equidistant from portal tracts (Figs. 1.3 and 1.4). The 
connective tissue around the portal tracts also have a num-
ber of macrophages, lymphocytes, and other immunologi-
cally active cells [57].

1.4.2.1  Hepatocytes
Hepatocytes are the predominant cells in liver tissue and 
constitute nearly 60% of the liver cell population, occupying 
80–90% of liver volume [8]. They are polyhedral cells 
arranged in single cell plates separated by sinusoids on either 
side. The hepatocytes are connected on their lateral sides to 
each other and have sinusoidal on other two sides. On its 
lateral wall there are canalicular domains, which form tight 
junction with adjacent hepatocytes to form bile canaliculi. 
The canaliculi drain into portal tracts. There are numerous 
microvilli on its sinusoidal surfaces, facilitating absorption 
and filtration of particles [57].

1.4.2.2  Endothelial Cells and Sinusoids
The sinusoids are covered by endothelial cells and form 
the extravascular space of Disse. The endothelial cells 
have fenestrations, which allow material to pass and help 
in absorption and filtration. The material filtered through 
endothelial cells is dependent on the size of the particle, 
in relation to the fenestrations, and the charge of the 
particle [58].

1.4.2.3  Biliary Ducts
Bile canaliculi are formed from adjacent hepatocytes by a 
tight junction, emptying into bile ducts through the canal of 
Hering. They are present in the connective tissue stroma in 
the portal triad, along with hepatic artery and portal vein. 
Bile canaliculi are supplied by terminal branches of the 
hepatic artery within the portal tract [59].

1.4.2.4  Stellate Cells
Stellate cells (Ito cells) are located in the space of Disse and 
store vitamin A and fat. However, when activated, these cells 
can be transformed to myofibroblast-like cells and promote 
fibrosis [60].

1.4.2.5  Macrophages
Kupffer cells and other macrophages are involved in various 
responses to injuries, toxic exposure, and infectious agents [61].

1.4.3  Architecture of the Liver

The architecture of hepatocytes, blood vessels, and bile ducts 
can be categorized by lobules or acini. A lobule is a hexagon 
with a single hepatic vein at its center and six portal triads at 
its periphery, supplying blood and nutrients to the liver paren-
chyma in between. The acinus nodule is a small group of 
hepatic parenchyma cells centered around the terminal 
hepatic artery, portal vein or alongside other structures  present 
in the portal triad. Hence, the simple liver acinus can lie 

Fig. 1.3 Liver 
microanatomy. A hepatic 
artery; B bile ducts in portal 
tracts; H hepatocytes arranged 
as single row between portal 
tracts and central vein; P 
poral tracts; V central vein 
(Photomicrograph courtesy: 
Dr K Oshima MD, Associate 
professor, Department of 
pathology, Medical college of 
Wisconsin, Milwaukee, WI)
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between two or more terminal hepatic venules, with the vas-
cular and biliary access inter digitate [62]. The portal vein, 
hepatic arteries, and biliary ducts that supply adjacent lobules 
and acini can extend to different lobules. The zone near the 
hepatic artery and portal vein has higher blood supply and 
oxygenation compared to the area furthest away (near hepatic 
vein). Based on blood flow, acini are divided into zones 1–3. 
Zones near the hepatic artery and portal vein are labeled as 
zone 1. Zone 3 is comprised of the area farthest away and 
with least blood supply. The acinus is thus a physiologically 
functional unit. The hepatocytes in each zone, based on aci-
nus, can be present in adjacent lobules and have sickle-cell 
shaped architecture [3, 62] (Figs. 1.4 and 1.5).

The acinar nodule is involved in metabolic processes, 
such as gluconeogenesis, glycolysis, ammonia metabolism, 
and bile acid synthesis. The metabolic processes occurring in 
liver are related to blood supply and oxygenation, based on 
zonal distribution (Table 1.1). This acinar modal helps in 
understanding vascular flow, vascular disease, biliary drain-
age, and histologic disease [63].

1.5  Liver Tests

1.5.1  Liver Biochemical Tests

Liver biochemical tests, traditionally called liver function 
tests, are a group of serum tests related to liver tissue injury 
or function. These biochemical tests represent liver at a static 
point in time and do not evaluate the true function of the 
liver. However, the term ‘liver function test’ has been used 
for many decades to represent the following assays: aspartate 
transferase (AST), alanine transferase (ALT), alkaline phos-
phatase (ALP), gamma glutamyl transferase (γ-GT), lactic 
dehydrogenase (LDH), and bilirubin (total and direct). These 
tests relate to different aspects of liver tissue and are com-
monly used in in evaluation of liver disease [64–68].

Aminotransferases (previously referred to as transami-
nases) are enzymes involved in the transfer of amino acid 
groups to keto groups. They are involved in gluconeogene-
sis. AST is involved in the transfer of aspartate amino acid to 
oxaloacetic acid, whereas ALT transfers alanine to pyruvic 
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acid. Since these enzymes are present in hepatocytes, hepa-
tocellular injury or disease results in elevation of these tests.

Aspartate transferase AST (previously called serum glu-
tamic oxalo-acetic transaminase, or SGOT) is present in 
cytoplasm and mitochondria in most tissues, but in the liver, 
AST is predominantly present in the mitochondria of peri-
portal hepatocytes (80%). Hence, an elevation in AST 
reflects mitochondrial injury of hepatocytes. The serum half- 
life of AST is 17 h [67], with a rapid decline occurring after 
an acute injury, such as ischemia or drug exposure. AST can 
be falsely elevated in patients with macro-AST, where it is 
bound to immunoglobulins and not eliminated [69]. AST can 
be falsely low in patients on chronic hemodialysis, with an 
associated pyridoxine deficiency.

Alanine transferase ALT (previously called serum glu-
tamic pyruvic transaminases or SGPT) is present in the cyto-
sol of liver tissue. An elevation of ALT is more suggestive of 
hepatocellular injury because it is less present in other organs, 
compared to AST. The serum half-life of ALT is 47 h [67].

Alkaline phosphatase ALP is bound to canalicular mem-
branes of hepatocytes and associated with cholestatic dis-
eases. This enzyme catalyzes the hydrolysis of phosphate 
esters. Magnesium and zinc are important cofactors, and 
their deficiency can result in relative reduction of ALP lev-
els. ALP is also present in other tissues, such as placenta, 
bone, small bowel, kidney. More than 80% of ALP is derived 
from the liver and bone tissue, which can be differentiated by 
analysis of ALP isoenzymes. Elevated ALP is due to 
increased synthesis and secretion through canaliculi into 
sinusoids, with a half-life of 3 days [65, 70].

1.5.2  Synthetic Function Tests

Bilirubin is a breakdown product of hemoglobin. In the 
liver, unconjugated bilirubin (which is insoluble in water) 
is conjugated with glucuronic acid by UDP-glucuronyl 
transferase. Conjugated bilirubin (which is soluble in 
water) is secreted through bile. When the production of 
bilirubin exceeds the capacity of conjugation, such as in 
hemolysis, an elevation of serum unconjugated bilirubin 
is seen. There is also an increase in serum unconjugated 
bilirubin secondary to reduction of hepatic uptake or con-
jugation. This can be highlighted in conditions such as 
Gilbert’s syndrome, where there is defect in UDP-
glucuronyl transferase and subsequent unconjugated 
hyperbilirubinemia [48, 71].

Normally, serum bilirubin levels are low. However, in 
viral hepatitis, drug-induced liver injury or other acute pro-
cesses, serum bilirubin may be elevated with concomitant 
increase in other liver tests, such as aminotransferases. 
Bilirubin may also be elevated in cholestatic or obstructive 
liver diseases with an associated increase in ALP. Bilirubin is 
also conjugated with albumin (δ bilirubin). Due to the longer 
half-life of albumin, reduction in bilirubin levels following 
clinical improvement takes a slower course [72].

Albumin synthesis is one of the important functions of the 
liver. Every day, 12–15 g of albumin are synthesized to main-
tain homeostasis. In patients with cirrhosis, there is a reduc-
tion in albumin synthesis, and serum albumin levels can 
correlate with severity of liver disease [36]. Thus, albumin 
levels are used in the Child Pugh scoring system and have 
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Fig. 1.5 Functional 
architecture of liver. On left 
liver architecture as per 
lobular distribution with zone 
1 and zone 3 depicted. On the 
right pan-acinar architecture 
is depicted with its zone 
distribution (1–3) in relation 
to central vein and portal 
triads (Adapted from Suchy 
F. Hepatobiliary Function. In: 
Boron W, Boulpaep E, 
editors. Medical Physiology. 
3rd ed. Philadelphia: Elsevier; 
2017 and [55])
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prognostic value. Serum albumin levels can be affected by 
other factors, including nutritional status, catabolism, uri-
nary or gastrointestinal losses, and hormonal factors.

Prothrombin time measurement involves coagulation fac-
tors II, V, VII, and X. All of these factors are synthesized by 
the liver and can be affected by vitamin K. Prolongation of 
prothrombin time can reflect the reduction of liver synthetic 
function, vitamin K deficiency, or use of anticoagulants, 
such as warfarin. INR is a standardized measure of pro-
thrombin time and can be used to assess disease severity and 
for prognostication [42–44].

1.5.3  Other Liver Tests

Gamma glutamyl transferase (γ-GT) is a membrane-bound 
enzyme that catalyzes transfer of γ glutamyl groups, such as 
glutathione, to other amino acids. γ-GT is found mostly 
around the epithelium lining of biliary ducts. Elevation of 
γ-GT is seen in cholestatic disease and typically associated 
with an elevation of ALP. Elevated γ-GT can confirm the 
biliary origin of ALP. However, certain cholestatic diseases 
(progressive familial intrahepatic cholestasis type I and type 
II and benign recurrent intrahepatic cholestasis type I) do not 
have an elevation of γ-GT. γ-GT may also be increased due 
to enzyme induction following alcohol consumption and the 
intake of certain medications [73].

Lactic dehydrogenase (LDH) is a cytoplasmic enzyme 
with five isoenzymes. They are non-specifically elevated in 
patients with ischemic hepatitis and neoplasm with hepatic 
involvement.

5′ Nucleotidase (5′NTD) is a glycoprotein present in 
the cytoplasmic membrane and catalyzes the release of 
inorganic phosphate from nucleoside-5-phosphates. 
5′NTD is present in many tissues and can be elevated in 
the setting of obstructive jaundice, parenchymal liver dis-
ease, hepatic metastases, and bone disease. 5′NTD corre-
lates with ALP. When ALP and 5′NTD are concurrently 
elevated, the origin of ALP elevation is more likely related 
to the liver. This relationship is similar to that of γGT and 
ALP [74].

Ammonia enters the circulation following gut metabo-
lism of protein by intestinal bacteria and is incorporated into 
the urea cycle. In patients with liver disease, there is a 
decreased conversion of ammonia through the urea cycle 
and increased serum levels of ammonia can be present. 
Cerebral edema has been associated with ammonia levels 
>200 μg/dl in patients with acute liver failure [75]. Ammonia 
can also be raised in chronic liver disease with cirrhosis. 
However, the clinical utility of this test is limited. A single 
venous ammonia level is a static representation of liver 
function and does not correspond to the stage of 
encephalopathy.

Bile acids undergo intestinal reabsorption and enter the 
liver through portal circulation. The liver extracts the major-
ity of bile acids on the first pass. Bile acids that are not 
extracted escape into the serum and can be analyzed. 
Although this estimation is not sensitive, serum bile acid 
elevation correlates with hepatobiliary disease [25].

1.5.4  Liver Tests: Pattern and Causes

The individual biochemical tests (mentioned above) are not 
specific for liver disease. Therefore, pattern recognition and 
clinical information are essential in diagnosing liver dis-
eases. Abnormal liver tests are usually grouped into the fol-
lowing patterns: hepatocellular (predominant ALT and AST 
elevations), cholestatic (predominant ALP elevation), and 
mixed or infiltrative pattern. Bilirubin elevation can occur in 
any of these patterns, but isolated bilirubin elevation not usu-
ally seen.

A hepatocellular pattern (aminotransferase elevation) of 
liver injury is seen in alcoholic liver disease, nonalcoholic 
liver disease, autoimmune hepatitis, drug-induced liver 
injury, and viral hepatitis. In chronic liver disease, a mild to 
moderate (<5 to 10 times the upper limit of normal) elevation 
of aminotransferase is seen. In acute liver injuries—such as 
drug injury (acetaminophen), ischemic liver disease, and 
acute hepatitis—a rapid elevation of aminotransferase to lev-
els greater than 20 times the upper limit of normal can be 
found. Along with aminotransferase elevation, a simultane-
ous or subsequent elevation in bilirubin can also occur. There 
can be a varying degree of AST and ALT elevation in hepa-
tocellular diseases, due to the pattern of injury and the source 
of AST and ALT. In alcoholic liver disease, there is a higher 
elevation in AST than ALT; whereas, in nonalcoholic liver 
disease, ALT is higher in pre-cirrhotic stages [64, 67, 68].

A cholestatic pattern (ALP elevation) of liver disease is 
seen with primary biliary cirrhosis, primary sclerosing chol-
angitis, intra- and extrahepatic cholestatic diseases (choleli-
thiasis, cholangiocarcinoma), infiltrative disorders 
(lymphoma, amyloidosis), and heart failure. Concurrent ele-
vation of γGT and/or 5′ nucleotidase suggests a hepatic 
source of ALP. In many cases, there can be hyperbilirubine-
mia and a minimal elevation of ALT and AST. In contrast, 
low levels of ALP are seen in Wilson’s disease with hemoly-
sis, congenital hypophosphatasia, pernicious anemia, zinc 
deficiency, and severe hepatic insufficiency [64, 67, 76] 
(Table 1.2 and Fig. 1.6).

When a single biochemical liver test is elevated without 
other collaborative clinical features, alternative sources of 
this lab abnormality should be evaluated. Possible explana-
tions include: hemolysis, for bilirubin elevation; skeletal or 
cardiac muscle injury, for AST elevation; and placenta, kid-
ney, or bone sources, for ALP elevation.
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Table 1.2 Serum liver tests in evaluation of hepatic function and pathology

Function Marker
Site of enzyme in 
liver/synthesis Function

Non-liver sources of 
enzyme

Liver diseases with 
abnormality

Hepatocellular
Aspartate 
aminotransferase

Mitochondrial 
enzyme in 
hepatocytes zone 
3 > zone 1

Catalyze transfer of 
amino group of aspartate 
amino acids permitting 
them to enter the citric 
acid cycle

Heart skeletal 
muscle, kidney, 
brain, red blood cell

<×5 ULN
fatty liver, chronic viral 
hepatitis
5–20× ULN
acute viral hepatitis, 
chronic viral hepatitis, 
alcoholic hepatitis, 
autoimmune hepatitis
>20 ULN
Acute viral hepatitis, drug 
or toxin induced hepatitis, 
ischemic hepatitis

Alanine aminotransferase Cytosolic enzyme 
in hepatocytes zone 
1 > zone 3

Catalyze transfer of 
amino group of alanine 
amino acids permitting 
them to enter the citric 
acid cycle

muscles, adipose 
tissues, intestines, 
colon, prostate, and 
brain

Cholestasis
Alkaline phosphatase Canalicular 

membrane of 
hepatocytes

Zinc metalloenzymes 
that catalyze the 
hydrolysis of organic 
phosphate esters

Bone, kidney 
intestine, leukocytes, 
placenta

Bile duct obstruction due 
to gallstones or tumor, 
sclerosing cholangitis, or 
bile duct stricture, 
infiltrative disease (such 
as sarcoidosis, hepatic 
abscesses, tuberculosis, 
and metastatic carcinoma)

γ-Glutamyl-transpeptidase Microsomes of 
hepatocytes and 
biliary epithelial 
cells

Catalyzes transfer of 
γ-glutamyl group from 
peptides to other amino 
acids.

Kidney, pancreas, 
intestine, spleen, 
heart, brain, and 
seminal vesicles

Correlate with liver origin 
of alkaline phosphatase in 
their elevation increase is 
also seen with enzyme 
induction with chronic 
alcohol use and 
medications (eg., 
rifampicin and phenytoin)

5′-Nucleatidase Canalicular and 
sinusoidal plamsa 
membranes

Catalyzes the hydrolysis 
of nucleotides

Intestines, brain, 
heart, blood vessels, 
and endocrine 
pancreas

Correlate with liver origin 
of alkaline phosphatase in 
their elevation

Bilirubin Synthesis
reticuloendothelial 
cells of spleen and 
liver
Transport
after conjugation

Breakdown product of 
hemolysis taken up by 
liver cells and conjugated 
to water soluble product 
excreted in bile

When associated with
ALP elevations
Indicate hepatic or 
extra-hepatic disorder
Other chronic liver 
diseases
Indicate reduced function 
of liver
Isolated elevation
Part of transport and 
conjugation defects or 
hemolysis

Liver function mass
Serum albumin mRNA poly-

ribosomes within 
the liver

Liver synthesizes 
albumin

Diet, increased loss 
from gut and kidney

When associated with 
liver disease—reduced 
function of liver

Pro-thrombin time Nearly all pro and 
anti-coagulant factors are 
synthesized in the liver

When associated with 
liver disease—reduced 
function of liver
Use of anti-coagulations

ULN upper limit of normal; ALP alkaline phosphatase
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1.5.5  Evaluation of Functional Capacity 
of Liver

1.5.5.1  Clinical and Biochemistry Based Scores
Liver tests provide information about the functional capacity 
of the liver. The combination of biochemical tests and clini-
cal presentation can yield a better assessment of liver func-
tion, disease prognosis, and disease outcome. The most 
commonly used tools that incorporate both biochemical and 
clinical information are the Child Pugh score and Model for 
End stage Liver Disease (MELD) score.

The Child Pugh score is weighted for clinical severity, 
with ascites and encephalopathy, and it also includes bio-

chemical measurements of serum albumin, bilirubin and pro-
thrombin time. This score is a useful tool to prognosticate 
long-term survival in patients with cirrhosis. The tool is 
helpful in guiding care for cirrhotic patients in many clinical 
settings, such as following surgery.

The MELD score is a combination of serum bilirubin, 
creatinine, and INR. Originally, it was devised to evaluate 
risk for patients following a transvenous intrahepatic por-
tosystemic shunt (TIPS) procedure. The MELD score has 
since been shown to predict the 90-day mortality in 
patients with cirrhosis and is currently used to evaluate 
and prioritize patients for liver transplantation [77]. With 
its inverse relationship to liver function, the MELD score 
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has been found to successfully predict outcomes in vari-
ous situations among patients with end-stage liver 
disease.

1.5.5.2  Dynamic Liver Function Tests
Static liver tests are obtained to evaluate liver abnormalities. 
Dynamic liver tests are performed over a specific period of 
time to assess liver function abnormalities. These dynamic 
studies usually involve infusion or ingestion of an active 
agent, followed by a quantitative assessment of hepatic 
metabolism and/or clearance of these agents over a period of 
time. Dynamic studies estimate the functional capacity of the 
liver at the time of evaluation. These studies include the rose 
bengal, indocyanine green, bromosulphthalein, caffeine, 
amino acid clearance, galactose elimination capacity, mono-
ethylglycinxylidide and aminopyrine tests.

Rose Bengal Test
After infusion of I131 Rose Bengal dye, liver extraction of this 
dye is assessed at minute 4 and 8. A decreased uptake by the 
liver is suggestive of increased presence in the serum, signi-
fying liver dysfunction. The rose Bengal test was one of the 
earliest assays of liver function but has since been replaced 
by newer assays [78].

Indocyanine Green Clearance Test
Indocyanine green is almost exclusively eliminated by the 
liver and appears in bile acids within 8 min of intravenous 
infusion. Indocyanine green does not undergo intrahepatic 
re-circulation. Following intravenous injection of indocy-
nanine green, clearance rate and plasma disappearance rate 
can be assessed noninvasively by a transcutaneous system. 
In normal individuals, the clearance rate of indocyanine 
green is greater than 700 ml/min/m2 and its plasma disap-
pearance rate is greater than 18%/min. A decrease in 
indocynanine green plasma disappearance rate can be seen 
in patients with liver dysfunction or septic shock. This 
study can prognosticate patients undergoing liver resection 
and is used in evaluating the liver function of potential 
donors [79].

Bromosulphthalein Clearance Test
Following its intravenous injection, bromosulphthalein is 
extracted rapidly and exclusively by the liver. In normal 
individuals, <10% remains in the serum by 30 min and 
<5% by 45 min. Extraction and removal of bromosulphtha-
lein by the liver is related to hepatic blood flow and cana-
licular bile transporter protein function. Slower rates of 
extraction are seen in liver disease. Increased retention 
rates at 15 min have a negative prognosis for patients under-
going liver resection. Also, the bromosulphthalein clear-
ance test can differentiate Dubin-Johnson syndrome from 
Rota syndrome [79].

Aminopyrine Test
Following an oral ingestion of radioactively labeled amino-
pyrine, periodic quantification of 14CO2 in exhaled air can 
evaluate liver function. This test evaluates the microsomal 
function of the liver (demethylation). This study is limited 
because it can be influenced by factors other than liver func-
tion, such as gastrointestinal motility and basal metabolic 
rate [79].

Caffeine Test
The caffeine test is considered a quantitative test of hepatic 
microsomal activity. It correlates well with the bromosul-
phthalein clearance test and the 14CO2 breath elimination 
test. The caffeine test also has the advantage of oral adminis-
tration. Following oral ingestion of a defined amount 
(300 mg) of caffeine, caffeine and caffeine metabolite levels 
are periodically quantified in the blood. Patients with cirrho-
sis have been found to have longer caffeine elimination rates 
and lower caffeine metabolite to caffeine ratios [79].

Miscellaneous Tests
Other tests use a similar principle of serum clearance to 
assess liver function. These include the amino acid clearance 
test, which looks at periodic plasma clearance of amino acids 
after a standardized infusion dose. Galactose elimination 
capacity assesses the clearance of galactose, but also assesses 
the liver’s capacity to convert galactose to its phosphorylated 
form: galacotose-1-phosphate. This latter study is not 
affected by insulin secretion and can also be a measure of 
hepatic blood flow. These studies are rarely performed in 
clinical practice.

In summary, the liver plays a vital role in many metabolic 
processes such as absorption of nutrients and metabolically 
active agents from the gut, while maintaining its own immu-
nity. In order to effectively perform its many roles, the liver 
has a complex architectural pattern of vascular supply and 
drainage. The liver undergoes continued exposure to meta-
bolic agents, which have the potential to be detrimental to 
hepatic function. Due to this complexity, it is difficult to prop-
erly assess liver function with a single or small group of tests.

1.6  Questions

 1. A 36-year-old woman presents to the hospital with wors-
ening abdominal pain despite taking 30 acetaminophen 
(500 mg each) tablets in a day. Other than abdominal dis-
comfort at examination was normal. Her labs show AST 
3278 IU, ALT 2968 IU, bilirubin 2.0 mg/dl, INR 5.2, cre-
atinine 0.8 mg/dl. Her AST and ALT improved initially in 
the first few days following presentation but plateaued 
after with evaluation of bilirubin. A liver biopsy was per-
formed to look for causes of persistent elevation of AST 
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and ALT. Liver biopsy features which will concur with 
acetaminophen induced drug injury are
 a) zone 3 necrosis with collapse of lobules
 b) diffuse infiltration with plasma cell
 c) severe fatty changes of liver
 d) cirrhosis

 2. She continues to improve following this and her amino-
transferases normalizes (AST 11 and ALT 18 IU) in 
3 weeks. On her 12 month-follow-up by her family prac-
tice physician her AST is elevated to 84 IU and ALT 
40 IU. Her physician should be concerned about
 a) diabetes or hypertriglyceridemia causing fatty liver 

disease
 b) familial liver disease which contributed to acute liver 

injury earlier
 c) excessive alcohol intake
 d) another acetaminophen poisoning

 3. She is lost to follow-up following this for 10 years and is 
seen in the emergency room with jaundice abdominal dis-
tention and pedal edema. Her liver ultrasound shows fatty 
liver with ascites. An astute medical student who initially 
examines her calculates MELD score and Child Pugh 
score as 22 and 10. Her AST on this visit is 312, ALT 
121 IU, ALP 124, bilirubin 5.6 mg/dl, INR 2.1, creatinine 
0.6 mg/dl. Which of the following is valid in relation to 
her clinical features?
 a) has high risk of 90 day mortality
 b) her continued use of alcohol contributes to the current 

liver disease
 c) has chronic liver disease with decompensation
 d) all of the above
 e) none of the above

 4. She was managed for acute alcoholic hepatitis and discharged 
during this hospitalization and was instructed to quit alcohol. 
She’s being followed by her family practice physician peri-
odically and a year later her repeat labs are AST 42, ALT 
39 IU, ALP 124, bilirubin 1.6 mg/dl, INR 1.1, creatinine 
0.6 mg/dl. She currently does not have ascites or confusion 
requiring treatment. Compared to an earlier state she has
 a) better survival
 b) poorer survival
 c) lower MELD in Child Pugh score
 d) higher MELD in Child Pugh score
 e) A and C
 f) B and D

1.6.1  Answers

1. a, 2. c, 3. d, 4. e
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Circulatory Physiology in Liver Disease

Kathleen Heintz and Steven M. Hollenberg

Abstract

The principle hemodynamic abnormality in patients with cirrhosis and portal hypertension 
is systemic vasodilation with a hyperdynamic circulatory syndrome in which cardiac output 
and heart rate are increased and systemic vascular resistance is decreased. This is mediated 
by both structural changes in the splanchnic circulation that decrease circulating blood vol-
ume and humoral changes with release of several vasoactive substances that decrease arte-
rial tone in the systemic circulation. Despite this hyperdynamic circulatory state, the heart 
may not be normal; careful investigation has revealed a number of cardiovascular abnor-
malities, including diastolic dysfunction, blunted systolic response to stress, and electro-
physiologic abnormalities, which together have been termed ‘cirrhotic cardiomyopathy.
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2.1  Introduction

The observation of hyperdynamic circulation in liver  disease 
has been recognized for more than 50 years. In 1953, 
Kowalski and Abelman, described “warm extremities, cuta-
neous vascular spiders, wide pulse pressure, and capillary 
pulsations in the nailbed,” in patients with alcoholic cirrho-
sis [1]. The pathophysiology of impaired liver function and 
liver cirrhosis is associated with significant hemodynamic 
and cardiovascular changes. The normal liver architecture is 
distorted in cirrhosis, producing changes in the splanchnic 
circulation, but there are also humoral changes that decrease 
arterial tone in the systemic circulation [2]. Due to systemic 
vasodilation, portal hypertension is associated with a hyper-
dynamic circulatory syndrome in which cardiac output and 
heart rate are increased and systemic vascular resistance is 

decreased. Reduction of mesenteric arterial resistance is 
mediated by the release of several vasoactive substances, 
most notably nitric oxide (NO), but other molecules are 
involved. This decrease in effective circulatory volume trig-
gers baroreceptor-mediated activation of the sympathetic 
nervous system (SNS) and the renin-angiotensin-aldosterone 
system (RAAS), resulting in sodium and water retention with 
eventual formation of ascites. Despite a hyperdynamic circu-
latory state, the heart may not be normal; careful investiga-
tion has revealed a number of cardiovascular abnormalities, 
including diastolic dysfunction, blunted systolic response to 
stress, and electrophysiologic abnormalities, which together 
have been termed ‘cirrhotic cardiomyopathy.’

Accumulating evidence suggests that cirrhosis-related 
 cardiovascular abnormalities play a major role in the patho-
genesis of multiple life-threatening complications includ-
ing hepatorenal syndrome, ascites, spontaneous bacterial 
peritonitis, gastroesophageal varices, and hepatopulmo-
nary syndrome [3]. This chapter outlines the progressive 
changes leading to cardiac dysfunction and a cirrhotic 
cardiomyopathy.
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2.2  Initial Circulatory Changes

Portal hypertension is defined as pathological increase in 
portal vein pressure and is diagnosed when the hepatic 
venous pressure gradient is above the normal range 
(1–5 mmHg) [4]. Liver cirrhosis is the most frequent cause 
of portal hypertension in western countries. When the hepatic 
venous pressure gradient increases to 10 mm Hg or more, 
portal hypertension of cirrhosis eventually results in severe 
complications including ascites, hepatorenal syndrome, 
hepatic encephalopathy and potential hemorrhage from vari-
ceal bleeding [4]. Circulatory changes result from multiple 
pathophysiological mechanisms, including neurogenic, 
humoral, and vascular dysregulation [3]. Progressive vasodi-
lation results in portal hypertension, multiorgan involvement 
and eventual hemodynamic collapse. Patients with chronic 
liver disease develop hyperdynamic circulation and mal-
adaptive systemic changes well before end stage cirrhotic 
cardiomyopathy becomes clinically apparent.

2.3  Cirrhotic Cardiomyopathy vs. Cardiac 
Cirrhosis

Cirrhotic cardiomyopathy should not be confused with the 
similar sounding term, ‘cardiac cirrhosis,’ which describes a 
congestive hepatopathy secondary to right sided heart failure. 
This generally less serious condition is improved by effective 
treatment for right sided heart failure [5]. Cardiac cirrhosis, 
also termed congestive hepatopathy, is liver dysfunction conse-
quent to right-sided heart failure. The recognition and diagno-
sis of congestive hepatopathy due to heart failure is important, 
as optimization of cardiac performance may lead to improve-
ment in or even recovery of liver function. The key mechanism 
underlying cardiac cirrhosis is passive congestion secondary to 
increased right ventricular filling pressures [5]. Right heart fail-
ure leading to congestive hepatopathy is characterized by 
edema, ascites, and hepatomegaly. Laboratory values generally 
reveal cholestasis with an elevated alkaline phosphatase and 
bilirubin, while transaminases may only be mildly increased.

Cirrhotic Cardiomyopathy describes cardiovascular dys-
function in patients with advanced liver disease. Due to the 
high cardiac output in some patients with cirrhosis, it was often 
assumed that cardiac function was normal. Cardiac dysfunc-
tion was recognized in some patients, but for many years was 
attributed to alcoholic cardiomyopathy. Over the last 20 years, 
it has been shown that cardiac dysfunction exists in non-alco-
holic cirrhotic patients without known cardiac disease and may 
even precede complications such as hepatorenal syndrome [6]. 
Despite hyperdynamic circulation at rest, studies have shown a 
blunted cardiac response to stress or exercise that suggest 
unmasking of latent cardiac dysfunction [7]. This syndrome, 
termed cirrhotic cardiomyopathy, is summarized in Table 2.1.

To fully understand the complexity of changes in circula-
tory physiology, a grasp of systemic, hepatic and splanchnic 

circulation is essential. The healthy liver is a compliant organ 
with very low resistance. The celiac artery, along with the 
superior and inferior mesenteric arteries, provides blood to 
the major abdominal organs. The splanchnic circulation 
functions as a parallel circulatory reservoir between the sys-
temic circulation of the abdominal organs, draining into the 
portal vein and the liver, before blood returns to the inferior 
vena cava, and finally to the heart. The splanchnic circulation 
regulates circulating blood volume and blood pressure by its 
ability to vasodilate and vasoconstrict in response to circula-
tory demands. For instance, in the case of acute hypovole-
mia, the splanchnic circulation becomes significantly 
reduced, allowing blood to be shunted to the heart and the 
brain. In the case of a large meal, the volume within splanch-
nic circulation, which is usually more than 1000 ml/min, can 
double to accommodate digestion. These changes are modu-
lated by metabolic, vasoreactive, and chemical regulators. 
Many factors contribute to the chronic circulatory changes 
and eventual cardiovascular decline in liver disease.

2.4  Portal Hypertension: The Process

The splanchnic circulation, which also includes the portal 
vein, is responsible for transporting blood from the abdomi-
nal organs to the liver. The functional unit of the liver is the 
hepatic acinus [8, 9]. There are approximately 100,000 acini 
per human liver. The acinus represents a cluster of parenchy-
mal cells approximately 2 mm in diameter, lined with 
Kupffer cells, which are specialized phagocytic macrophages 
that break down hemoglobin. Kupffer cells constitute 
approximately 80% of the total macrophages in the body. 
They participate in clearing toxins from the body. They are 
also capable of secreting mediators, such as cytokines, endo-
thelins, and nitric oxide, in response to inflammation [10].

The acini are grouped around terminal branches of the 
hepatic arteriole and the portal venule [11]. The acini have been 
likened to clusters of berries suspended on a vascular stalk. The 
vascular stalk enters the center of acinus, the so called, ‘axle of 
the wheel.’ Blood from the hepatic artery and the portal vein 
enter the acini through this central blood supply, and flow out 
to the periphery, producing strong gradients of flow for oxygen 
and other substances exchanged. The flow in the acinus is 
divided into zones. The flow in Zone 1, nearest to the vascular 
stalk, is the strongest. Zone 1 parenchymal cells receive the 
richest supply of oxygen and nutrients. Zone 1 is also exposed 

Table 2.1 Characteristics of cirrhotic cardiomyopathy

• Impaired left ventricular systolic function with stress
•  Absence of other known cardiac disease prior to diagnosis of liver 

failure
• Left ventricular hypertrophy
• Left ventricular diastolic dysfunction
• Electrophysiologic abnormalities
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to higher levels of drugs and toxins. Zone 3 lies on the periph-
ery, and is supplied by blood which has already flowed through 
Zone 1 and 2. Zone 3 is richest in microsomal enzymes [10]. In 
cirrhosis, as the liver becomes diseased, collagen is deposited 
in the hepatic acinus, narrowing the sinusoidal lumen. This 
limits the cross sectional area of the hepatic sinusoids, leading 
to slow flow, with an increase in hepatic resistance [2]. The 
initial vascular resistance to portal blood flow is dependent on 
two factors: the intrahepatic resistance and the resistance gen-
erated by the collateral circulation [4].

In late portal hypertension, features consistent with cir-
rhotic cardiomyopathy include an increase in heart rate and 
resting cardiac output, decreased arterial blood pressure and 
thus systemic vascular resistance, and reduced myocardial 
response to stress conditions, along with histological changes 
to cardiac chambers, electrophysiological abnormalities, and 
serum markers suggestive of cardiac stress. In the absence of 
known cardiac disease, these abnormalities are described as 
a cirrhotic cardiomyopathy [12].

2.4.1  Early Cirrhosis

Early in the process, portal hypertension is primarily due to 
increased intrahepatic vascular resistance [13]. Classically, 
structural distortion of the intrahepatic vasculature, as a 
 consequence of fibrosis, scarring and vascular thrombosis, 
has been considered the only cause of the increased intrahe-
patic vasculature resistance [4]. Additional studies demon-
strated that a dynamic component, represented by contractile 
elements of the hepatic vascular bed, may contribute to the 
increased intrahepatic vascular tone [14].

Multiple hepatic vasoactive substances contribute to 
worsening portal hypertension. There is an increased pro-
duction of vasoconstrictors, and a deficient release of vasodi-
lators. This, in combination with an exaggerated response to 
vasoconstrictors, and an impaired vasodilatory response of 
the hepatic vascular bed, are responsible for the increased 
dynamic component of intrahepatic vasculature resistance 
[15]. Endothelin (ET) appears to play a major role in the 
enhanced hepatic vascular tone [16].

2.4.2  Late Cirrhosis

Later, in moderate to severe portal hypertension, extensive 
collateral circulation develops, with significant portal- 
systemic shunting in splanchnic blood flow prior to entry 
into the portal vein [13]. The signal that initiates splanchnic 
dilatation is the increase in portal pressure, which triggers a 
molecular mechanism that initiates the vasodilatory 
 stimulus [17]. Systemic vascular resistance may be reduced 
due to arteriovenous communications from splanchnic 
shunting, an increase in circulating vasodilators, reduced 
resistance to vasoconstrictors, and an increased sensitivity 

to vasodilators. Vasodilators may avoid degradation due to 
a diseased liver, or escape through the portosystemic 
 collateral circulation [12].

2.5  Circulation in Cirrhosis

Changes in the peripheral vascular resistance of the splanch-
nic vascular bed are compensated by an increase in cardiac 
output. The development of portal hypertension is gradual. 
There is a redistribution of volume toward the splanchnic cir-
culation and away from the systemic circulation. Early portal 
hypertension is often unnoticed. It is the slow progression of 
disease that allows dysfunctional compensatory mechanisms 
to occur, also often unnoticed. This redistribution results in 
effective hypovolemia. Low effective blood volume, along 
with arterial hypotension, lead to volume and baroreceptor 
activation of the sympathetic nervous system and the renin 
angiotensin aldosterone system [12]. There is sodium and 
water retention, expansion of the plasma volume, with aggra-
vation of an already hyperdynamic condition [13]. A sche-
matic of the process is shown in Fig. 2.1.

Impaired cardiovascular responsiveness in cirrhosis is 
likely due to a combination of factors that include 
 cardiomyocyte plasma membrane alterations, attenuated stim-
ulatory pathways, and enhanced activity of inhibitory systems 
[3].There is a decreased ventricular response to stress. The 
cardiac response to exercise is blunted. On stress testing cir-
rhotic patients have impaired increase in ejection fraction, 
chronotropic incompetence, and decreased cardiac index [18]. 
This impaired cardiac performance occurs in alcoholic and 
nonalcoholic cirrhotic patients and may be dependent on the 
amount of hepatic failure [19]. Histological changes include a 
heart weight that is increased, dilatation of cardiac chambers 
with hypertrophy, and structural changes including myocar-
dial cell edema and fibrosis [19]. These alterations may be due 
to circulating factors, which are discussed in detail below.

Specific criteria for cirrhotic cardiomyopathy do not exist, 
and so its true incidence is unknown. The characteristics of 
cirrhotic cardiomyopathy are listed in Table 2.1.

2.5.1  Cardiac Systolic Changes

Ventricular systolic function is determined by preload, con-
tractility, and afterload. The volume of blood in the ventricle 
at end diastole determines the preload on the muscle fiber, 
influencing the strength of ventricular contraction, and the 
volume of blood ejected with each beat. Contractility is an 
intrinsic property of the cardiac muscle fiber. Afterload is the 
resistance the ventricle must overcome in order to eject its 
volume into the peripheral circulation. Lower afterload 
allows a more forceful ventricular contraction with each 
beat. At a fixed preload and afterload, increases in contractil-
ity result in a greater cardiac output [20].

2 Circulatory Physiology in Liver Disease



24

In the cirrhotic patient there is a resting increase in car-
diac output as part of the hyperdynamic circulation. This is 
thought to be due to an augmentation of both heart rate and 
ventricular stroke volume. Paradoxically, the cardiac 
response to stress may be blunted [20]. This abnormal 
response is not related to the effects of alcohol intake on 
the heart, as originally thought. Studies have demonstrated 
a decrease in cardiac stroke index with exercise [21].

Blunted responses have also been demonstrated with phar-
macologic stressors, including angiotensin, isoproterenol, 
and dobutamine [20], which may be due to desensitized 
β-adrenergic receptors. In the healthy heart, chronotropic and 
ionotropic increases are observed in response to β-adrenergic 
stimulation. Blunting of the chronotropic response to 
β-adrenergic stimulation due to a downregulation of β adren-
ergic-receptor density has been shown in patients with liver 
disease [22]. In some cirrhotic patients the total duration of 

electromechanical systole was prolonged due to lengthening 
of systolic time intervals, probably due to a reduced response 
to the adrenergic drive [23]. Reduced myocardial reserve and 
impaired oxygen  extraction may be due to local imbalances 
of nitric oxide (NO) production and function. These changes 
are discussed in more detail below. Eventually, systolic func-
tion worsens with increasing liver failure. Unlike diastolic 
dysfunction, systolic dysfunction is not affected by ascites, 
and is not improved with paracentesis [23].

2.5.2  Cardiac Diastolic Changes

Cardiac diastolic dysfunction has been reported in cirrhotics, 
with post mortem analysis showing an increase in LV wall 
thickness, patchy fibrosis, and subendocardial edema [24]. 
Cirrhotics often have significant changes in diastolic filling 
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Fig. 2.1 Regulation of fluid 
volume in patients with liver 
disease. (a) Normal. Arterial 
pressure is a function of 
cardiac output and peripheral 
vascular resistance. Cardiac 
output depends on venous 
return to the heart, which is a 
function of mean circulatory 
filling pressure. Baroreceptors 
regulate extracellular fluid 
volume in response to 
changes in arterial pressure. 
That extracellular fluid 
volume is in turn distributed 
between central and 
peripheral volume. (b) Liver 
disease. Decreased peripheral 
resistance consequent to 
vasodilation decreases arterial 
pressure. This stimulates 
compensatory 
vasoconstriction and volume 
retention, which increases 
extracellular fluid volume. 
Decreased albumin levels and 
increased vascular 
permeability in liver disease 
distribute that fluid 
preferentially to the 
extracellular compartment, so 
that central blood volume is 
decreased even in the face of 
increased extracellular 
volume. This decreased 
central blood volume drives a 
hyperdynamic state with 
increased cardiac output
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dynamics. Ventricular diastole is the part of the cardiac cycle 
when the ventricles are relaxed, and fill with blood. Diastolic 
filling is comprised of two parts. Early diastolic relaxation is an 
active process, while late diastolic filling is a passive process. 
The early phase relies on ventricular relaxation, elastic recoil, 
and passive elastic characteristics of the atrium and ventricle 
[20]. The late phase depends on the strength of atrial contrac-
tion and the stiffness of the ventricle. Diastolic dysfunction 
occurs when passive elastic properties of the myocardium are 
reduced due to an increase in myocardial mass and changes in 
the extracellular collagen [20]. This can lead to eccentric 
hypertrophy, with decreased compliance and higher diastolic 
pressures, resulting in a retrograde transmission of this pres-
sure into the left atrium, contributing to pulmonary edema [20].

Diastolic dysfunction in chronic liver disease can be 
demonstrated in the absence of hypertension, coronary 
artery, or valvular disease [20]. This may be related to the 
rate of release of calcium from troponin, and the rate at 
which it returns to the sarcoplasmic reticulum [23]. 
Diastolic compliance can be measured by transthoracic 
echocardiography, and abnormalities are often present well 
before changes of systolic function are observed. Diastolic 

filling is evaluated by the velocity of blood flow going from 
the left atrium to the left ventricle measured at the tips of 
the mitral leaflets during diastole. The height of the “E” 
wave, which represents the passive flow of blood into the 
ventricle with each contraction during early diastole, and is 
determined by the pressure gradient from the LA to the LV, 
is compared to that of the “A” wave in late diastole, which 
represents atrial contraction. There is a period of diastasis 
in between. At the beginning of diastole there is a fall in the 
LV pressure which produces an early diastolic pressure gra-
dient from the LA, extending to the LV apex. If this drop is 
sufficient, the heart can fill rapidly without requiring ele-
vated LA pressure [25]. Since LV pressure continues to 
drops in early diastole while its volume increases, the nor-
mal LV fills early by suction [25]. This pressure gradient 
may be reduced in cirrhosis and portal hypertension. During 
the midpoint of diastole (diastasis), the pressure between 
the LA and the LV equilibrates, and mitral flow nearly 
ceases. Late in diastole, the atrial contraction produces a 
second LA to LV pressure gradient that pushes blood from 
the LA to the LV [25]. The later A wave represents active 
contraction of atrial systole (see Fig. 2.2).
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Fig. 2.2 Pressures and filling 
rates during diastole. During 
isovolumic relaxation, LV 
pressure falls but the mitral 
valve remains closed. When 
LV pressure falls below LA 
pressure, the mitral valve 
opens. The time from AV 
closure to MV opening is the 
isovolumic relaxation time. 
During early filling, the 
pressure gradient between the 
LV and LA determines the LV 
filling rate, and is reflected in 
the height of the transmitral E 
wave. During diastasis, the 
LV-LA pressure gradient is 
low, and little filling occurs. 
With atrial systole, the 
gradient increases, and late 
filling occurs, as reflected in 
the height of the transmitral A 
wave
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Under normal conditions, the peak early mitral velocity 
(E) substantially exceeds the peak velocity during the later 
atrial contraction (A). A lower E/A ratio, (<1) is seen in a 
stiffened non-compliant ventricle [20]. This low E/A ratio is 
especially prominent in cirrhotics with tense ascites. 
Autopsy studies as early as 1957 demonstrate hypertrophy 
of the left ventricle in cirrhosis. In an autopsy study of 108 
patients with cirrhosis, of those with no history of patho-
logical conditions of hypertension, coronary artery disease, 
or valvular disease, approximately one third had cardiac 
hypertrophy [20]. In a study of left ventricular diastolic 
function in 27 cirrhotics with tense ascites, 17 cirrhotics 
with previous ascites, both before and after paracentesis, 
compared to 11 healthy controls, a significantly decreased 
E/A ratio was seen in cirrhotics versus controls [26]. Those 
with tense  ascites showed the greatest degree of diastolic 
dysfunction. Subsequent paracentesis improved diastolic 
dysfunction.

Both systolic and diastolic contractile dysfunction in 
liver failure have been observed in other studies. Studies 
suggest that the extent of cirrhotic cardiomyopathy tends 
to worsen in concert with advancing degrees of cirrhosis 
[20]. In one investigation, E/A ratios were shown to be 
the single independent predictor of survival following 
transjugular intrahepatic portosystemic shunt (TIPS) 
insertion [27].

Diastolic dysfunction can also be assessed by tissue 
Doppler imaging (TDI) of movement of the mitral annulus 
away from the apex in early diastole, generating the diastolic 
mitral annular velocity (e′); higher values represent more 
motion [28]. This value is a sensitive measure of ventricular 
diastolic function. The ratio of mitral inflow E to e′ velocity 
ratio (E/e′) is a dynamic marker that correlates closely with 
left ventricular filling patterns and can help predict heart fail-
ure events [28].

Conventional echo, Doppler and TDI have been used to 
characterize systolic and diastolic changes in the cirrhotic 
patient with portal hypertension. In a study of 60 subjects, 20 
cirrhotics with ascites, 20 cirrhotics without ascites, and 20 
healthy controls. Left atrial volume, E/A ratios, e′ values, 
E/e′ ratios, and Doppler deceleration times were measured. 
All four cardiac chambers were enlarged in cirrhotics with 
ascites, with LA enlargement being the most prominent. E/A 
velocities were mildly elevated in cirrhotic patients with or 
without ascites, but did not reach statistical significance. 
Diastolic dysfunction was diagnosed in 60% of the preasci-
tes cirrhotic patients, 80% in the cirrhotics with ascites, and 
0% in the healthy controls. The E/e′ ratio was the most sig-
nificantly elevated in the cirrhotic patient with ascites, as 
compared to the other groups. Left ventricular systolic func-
tion was preserved in all the studied patients, reflecting 
robust data that diastolic abnormalities occur well before 
systolic dysfunction [29].

2.5.3  Left Ventricular Hypertrophy

Despite a decrease in cardiac afterload, left ventricular 
hypertrophy occurs in up to 30% of patients with advanced 
liver disease [30]. This hypertrophic response in cirrhotic 
patients may be attributable to hemodynamic overload 
(mechanical stress) or activation of neurohormonal path-
ways leading to cardiac remodeling and fibrosis [31]. 
Interestingly, rapid regression of left ventricular hypertro-
phy occurs following liver transplantation [32]. This regres-
sion of cardiomyocyte hypertrophy may be due to either 
alleviation of mechanical stress, reduced activation of 
RAAS and SNS, or, more likely, a combination of 
mechanisms.

2.5.4  Electrophysiologic Abnormalities

Prolongation of the QT interval on the electrocardiogram is 
well documented in patients with cirrhosis, and may be due 
to changes in plasma membrane fluidity and impairment of 
potassium ion channels [33, 34]. QT prolongation can poten-
tially lead to ventricular arrhythmias and sudden cardiac 
death [35]. Moreover, QT prolongation is related to the 
severity of liver failure and appears to normalize with 
improvement in liver function following liver transplantation 
[36–38] Nonetheless, the clinical significance of QT prolon-
gation remains uncertain; ventricular tachycardia in the 
absence of structural heart disease in cirrhotic patients is 
uncommon.

Abnormal chronotropic responses to physiological and 
pharmacological stimuli have also been observed in cirrhot-
ics. Many patients with cirrhosis may be tachycardic, limit-
ing their ability to increase the heart rate further under 
certain physiologic states (i.e. sepsis), and impairing the 
ability of the heart to maintain an appropriate cardiac output 
for the systemic demands [39]. The interpretation of this 
finding, however, is uncertain. If inability to increase heart 
rate by the same percentage as a normal subject is due to 
resting tachycardia with the same peak heart rate, then while 
this may be characterized as chronotropic incompetence 
(inability to generate an increase in heart rate and thus car-
diac output adequate to meet demands), the primary abnor-
mality is the resting tachycardia rather than an inability to 
increase heart rate.

Cirrhotic cardiomyopathy is also associated with an 
increased production of natriuretic peptides. Brain natri-
uretic peptide (BNP) has emerged as a sensitive marker for 
LV dysfunction for patients with liver cirrhosis. Plasma BNP 
and NT-pro BNP levels are associated with the degree of cir-
rhosis and cardiac dysfunction [12] Cirrhotic cardiomyopa-
thy is also frequently associated with an increased troponin 
level [12].
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2.6  Circulating Factors, Receptors, 
and Impaired Cardiovascular 
Response

A number of circulating factors affect cardiovascular respon-
siveness, resulting in alterations in β-adrenergic receptor 
function, muscarinic receptor function, and membrane fluid-
ity, and all contributing to cardiac dysfunction (see Fig. 2.3).

2.6.1  β-Adrenergic System

The β-adrenergic system consists of the adrenergic recep-
tor, heterotrimeric guanine nucleotide-binding proteins 
(G-proteins), and adenylate cyclase. The stimulatory 
β-adrenergic receptor system increases heart cell contractil-
ity. Catecholamine stimulation of the β-adrenoceptor results 
in the production of the second messenger cAMP. This is the 
main trigger for intracellular calcium fluxes, and intracellular 
calcium availability is a major regulator of myocardial con-
tractility [3]. Cyclic AMP promotes phosphorylation and acti-
vation of cellular proteins, an increase in intracellular calcium 
and a positive ionotropic response. Muscarinic receptor stim-
ulation exerts a negative ionotropic effect on cardiac muscle, 
counterbalancing the stimulatory β-adrenergic system.

Several studies have demonstrated reduced and impaired 
β-adrenergic receptor density in cirrhotic patients [3]. 
Abnormal function of calcium channels with an altera-
tion in the release of calcium may also help explain the 
 abnormality of myocardial contraction in the cirrhotic 
patient [19]. Enhanced muscarinic tone in patients with 

 cirrhosis may also cause negative ionotropic effects on the 
myocardium [3].

Membrane fluidity, the movement of lipid moieties in the 
lipid bilayer of the plasma membrane of the heart and other 
tissues, is reduced in the cirrhotic patient. This affects 
receptor- ligand interaction, receptor density and signal path-
way of the β-adrenoceptor function. Altered membrane flu-
idity also affects calcium and potassium ion channels, 
causing changes in vascular tone. This may also affect potas-
sium channels in ventricular myocytes which may affect the 
QT interval [3].

Additional circulating factors in cirrhosis and portal 
hypertension have been studied for more than 20 years 
[40]. Nitric oxide (NO) is a known vasodilator and has 
been identified as a major factor in arterial and splanchnic 
circulation. NO has a very short half-life of 20–30 s, and 
diffuses freely through cellular membranes, acting mainly 
by increasing the production of cGMP with subsequent 
relaxation of the smooth muscle cells. NO is synthesized 
by a family of three synthases, endothelial NOS (eNOS,) 
neuronal NOS (nNOS,) and inducible NOS (iNOS.) The 
synthase eNOS is calcium/calmodulin-dependent and 
requires cofactors for activation. It is regulated by com-
plex protein to protein activation to ultimately generate 
active NO. The isoform iNOS is synthesized within sev-
eral cell types, including macrophages and vascular 
smooth muscle cells, after induction by endotoxins and 
inflammatory cytokines [13]. It is released in a pulsatile 
manner from the beating heart and modulates the function 
of ion channels and transporters involved in cardiac 
excitation- contraction coupling [23].
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NO bioavailability is increased in patients with cirrhosis 
and portal hypertension, mostly because of increased activity 
of eNOS [2]. Upregulation of eNOS can be detected in early 
portal hypertension. Stimuli such as vascular endothelial 
growth factor, inflammatory cytokines, and mechanical shear 
stress stimulate the production of NO in portal hypertension 
leading to the development of the hyperdynamic circulatory 
syndrome [13]. The synthase nNOS may also be upregulated 
and play a role in maintaining hyperdynamic circulation 
[13]. Increases in shear stress may perpetuate hyperdynamic 
circulation by activating eNOS in the systemic circulation. In 
decompensated cirrhosis iNOS is upregulated within the 
mesentery arteries, possibly in response to inflammatory 
cytokines and bacterial translocation from the gut into the 
mesenteric lymph nodes [2].

Studies have suggested that NO plays a role in impair-
ing cardiac pacemaker cells, contributes to a negative ino-
tropic effect of the papillary muscles, and may inhibit 
cardiac function [4]. Experimental studies on cirrhotic 
animals reveal a link between NO and a blunted cardiac 
response [23].

2.6.2  Carbon Monoxide (CO)

Carbon monoxide (CO) an endogenously produced gas that 
plays a role in regulating vascular tone. CO is made by the 
breakdown of heme to biliverdin, through the enzyme heme 
oxygenase (HO). There are two isoforms of HO, HO-1 and 
HO-2 [13]. The HO-1 isoform has been identified in in aortic 
and mesentery arteries of rats with biliary cirrhosis [13]. 
Like NO, it activates cGMP resulting in vasodilation. 
CO-induced vasodilation is also mediated through activation 
of calcium-activated potassium channels.

CO overproduction is cirrhosis favor splanchnic and 
arterial vasodilation. CO may also decrease ventricular 
contractibility due to an increase in cGMP and depressed 
calcium influx [23]. Although CO affects cardiac and 
splanchnic circulation, it has been identified as playing a 
more important role in hepatopulmonary changes related to 
cirrhosis.

2.6.3  Endogenous Cannabinoids (EC)

Endogenous cannabinoids (EC), also called endocannabi-
noids, describe a novel class of lipid signaling molecules. 
The most important EC is anandamide. ECs are ubiquitous 
and bind to the CB1 receptor in vascular endothelial cells, 
causing hypotension through vasodilatation [13]. There is an 
increase in anandamide in cirrhosis, with over-activation of 
the CB1 receptor located in the mesenteric vessels, causing 
splanchnic vasodilation and portal hypertension.

2.6.4  Additional Molecules

Other molecules may be involved in cirrhosis. Prostacyclin 
(PGI2) is increased in patients with cirrhosis and portal hyper-
tension, suggesting a pathogenic role [13]. Endothelium-
derived hyperpolarizing factor (EDHF) seems to be more 
prominent in the smaller arteries and arterioles, also contrib-
uting to vasodilation. Its role is more significant when NO is 
inhibited, as NO inhibits the release of EDHF [13]. Tumor 
necrosis factor alpha (TNF-α), activated by bacterial endo-
toxins, is a mediator of NO release [13].

2.7  Clinical Impact of Circulatory 
Dysfunction in Advanced Liver 
Disease

Despite a hyperdynamic circulatory state, patients with cir-
rhosis may have cardiac decompensation under conditions 
that challenge the cardiovascular system. These conditions 
may be in part due to or worsened by cirrhotic cardiomyopa-
thy. As liver function declines, cirrhotic patients often 
develop refractory ascites, infection, or variceal bleeding and 
may require interventions such as placement of a transjugu-
lar intrahepatic portosystemic shunt (TIPS).

Patients with cirrhotic cardiomyopathy may respond 
poorly to these procedures and other forms of stress such as 
infection with abrupt alterations in cardiac hemodynamics. 
In particular, liver transplantation is associated with a high 
incidence of post-operative cardiovascular complications, 
including heart failure, arrhythmias, or myocardial infarc-
tion. Once the new liver is implanted, a reduction in the 
abnormal levels of circulating vasoactive substances occurs, 
decreasing the vasodilatory state that produces hyperdy-
namic circulation [5, 41]. The resulting increase in systemic 
vascular resistance and cardiac afterload, however, along 
with excessive fluid administration during surgery, may 
unmask latent cardiac dysfunction and cause pulmonary 
edema or overt heart failure in the immediate post-operative 
period.

Within 1 year following transplantation, the hyperdy-
namic state resolves, diastolic function improves, and the 
systolic response to exercise and physical stress returns to 
normal, suggesting that cirrhotic cardiomyopathy is com-
pletely reversible with liver transplantation [7, 32]. QT inter-
val prolongation in cirrhosis reverses following liver 
transplant as well [37, 38].

Unlike liver transplantation, which reduces the high out-
put state, insertion of a TIPS has been shown to exacerbate 
the hyperdynamic circulatory state of cirrhotic patients due 
to a sudden increase in preload caused by the increased vol-
ume load shunted to the heart [42–44]. The onset of overt 
heart failure following placement of TIPS has been described, 
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and is likely affected by the diastolic response to increased 
preload [45]. In one study, diastolic dysfunction was predic-
tive of slow ascites clearance and increased mortality post- 
TIPS [43, 46, 47].

Intravascular volume assessments in patients with liver 
failure can be challenging. For example, administration of 
intravenous fluid boluses to improve hypotension may 
abruptly increase preload in an already non-compliant 
ventricle that is unable to increase cardiac output during 
stress, potentially worsening heart failure and hypoten-
sion. Measurement of central venous pressure (CVP) 
alone should rarely be used to make clinical decisions 
regarding fluid management, as left ventricular output is 
determined by left ventricular end diastolic pressure 
(LVEDP) and not right atrial pressure. Moreover, patients 
with tense ascites or right sided heart failure may have an 
elevated CVP in the presence of volume depletion due to 
increased intra-abdominal pressure or elevated right heart 
pressures. In these situations, continuous hemodynamic 
monitoring of cardiac output and filling pressures can 
help guide titration of volume expanders, inotropes, or 
vasopressors.

When congestive heart failure predominates, treatment 
options are similar to those with non-cirrhotic cardiac dys-
function—with one important exception. Most patients 
with cirrhosis have low arterial blood pressures as a result 
of peripheral vasodilation and therefore may not tolerate 
drugs that reduce preload or afterload [20]. Decreases in 
blood pressure due to inotropic drugs with vasodilatory 
properties such as dobutamine and milrinone may induce 
a precipitous fall in blood pressure in hepatic patients by 
causing further vasodilatation. The response to dobuta-
mine may also be blunted in patients with cirrhosis due to 
β-adrenergic receptor down-regulation. Thus norepineph-
rine, a potent vasoconstrictor with some inotropic effect, 
may be preferred when treating patients with cardiogenic 
shock and hypotension.

Managing patients with cirrhosis and cardiac dysfunction 
may be challenging and often requires a multidisciplinary 
team approach [47].

 Conclusion

The principle hemodynamic abnormality in patients 
with cirrhosis and portal hypertension is systemic vaso-
dilation with a hyperdynamic circulatory syndrome in 
which cardiac output and heart rate are increased and 
systemic vascular resistance is decreased. This is medi-
ated by both structural changes in the splanchnic cir-
culation that decrease circulating blood volume and 
humoral changes with release of several vasoactive 
substances that decrease arterial tone in the systemic 
circulation. Despite this hyperdynamic circulatory 
state, the heart may not be normal; careful investiga-

tion has revealed a number of cardiovascular abnor-
malities, including diastolic dysfunction, blunted 
systolic response to stress, and electrophysiologic 
abnormalities, which together have been termed ‘cir-
rhotic cardiomyopathy.’ These abnormalities may not 
be apparent at rest, but may decrease cardiac reserve 
and become manifest during periods of hemodynamic 
stress. Accumulating evidence suggests that cirrhosis- 
related cardiovascular abnormalities play a major role 
in the pathogenesis of several complications of liver 
disease, including hepatorenal syndrome, ascites, spon-
taneous bacterial peritonitis, gastroesophageal varices, 
and hepatopulmonary syndrome.
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Respiratory Physiology in Liver Disease

Paul Bergl and Jonathon D. Truwit

Abstract

In this chapter, we will discuss hepatic-pulmonary pathophysiologic interactions in acute 
and chronic liver disease. Most of our understanding of how liver disease compromises the 
key functions of the respiratory system comes from studies of physiologic extremes. From 
these data, we can infer how milder manifestations of liver disease may contribute to abnor-
malities in ventilation and gas exchange. In liver disease, it is well established that optimal 
ventilation is most often perturbed by altered respiratory mechanics from ascites, hydrotho-
rax, and hepatic cachexia. Ventilation-perfusion (V-Q) mismatching may be caused or 
worsened by compressive atelectasis from ascites or hydrothorax, imbalanced matching in 
hepatopulmonary syndrome, dynamic small airway collapse from increased pulmonary 
blood flow, or any of the various causes typically seen in hypoxemic hospitalized patients. 
Diffusion abnormalities also have myriad causes, and a low diffusion capacity (DLCO) 
without alternative explanation may represent the uncommon but well characterized hepa-
topulmonary syndrome. Additionally, acute liver failure may be complicated by the acute 
respiratory distress syndrome (ARDS), which itself hampers respiratory mechanics, V-Q 
matching, and gas diffusion. Patients with chronic liver disease are also at risk for ARDS as 
they are prone to sepsis and aspiration pneumonitis. Managing ARDS in these populations 
requires special consideration of extra-hepatic complications of liver failure such as ele-
vated intracerebral pressure and tense ascites.
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ARDS Acute respiratory distress syndrome
COPD Chronic obstructive pulmonary disease
DLCO Diffusion capacity of lungs for carbon monoxide

HPS Hepatopulmonary syndrome
MELD Model for end-stage liver disease (score)
PCO2 Partial pressure of carbon dioxide
PACO2 Alveolar partial pressure of carbon dioxide
PaCO2 Arterial partial pressure of carbon dioxide
PAO2 Arterial partial pressure of oxygen
PaO2 Arterial partial pressure of oxygen
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V-Q Ventilation-perfusion
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Lung Volumes and Capacities

ERV Expiratory reserve volume
FEV1 Forced expiratory volume in one second
FRC Functional residual capacity
FVC Forced vital capacity
TLC Total lung capacity
RV Residual volume
VC Vital capacity

Learning Objectives
By the end of this chapter, learners will be able to:

• Describe the pathophysiologic mechanism of restrictive 
and obstructive defects seen on pulmonary function tests 
of patients with liver disease

• List the mechanisms of the restrictive spirometric pattern 
in patients with liver disease and contributors to poor 
respiratory system compliance in this population

• Predict changes in lung volumes, lung capacities, and 
respiratory system compliance after large volume 
paracentesis

• Recognize the impact of neuromuscular weakness in pul-
monary function of patients with liver disease

• Explain why DLCO is commonly reduced in cirrhotic 
patients with and without the hepatopulmonary syndrome

• Articulate the physiologic tenets of managing acute respi-
ratory distress syndrome in patients with acute and 
chronic liver disease

3.1  A Primer on Clinical Assessment 
of Pulmonary Physiology [1–4]

Because an understanding of ventilation first requires work-
ing knowledge of measured lung volumes, lung capacities, 
and results of basic spirometric tests, we will first briefly 
review these critical concepts. Total lung capacity (TLC) is 
the maximal air-holding capacity of the lungs (Fig. 3.1). 
There are four end-expiratory volumes and capacities of 
clinical relevance: vital capacity (VC), functional residual 
capacity (FRC), residual volume (RV), and expiratory 
reserve volume (ERV). VC reflects the volume of air exhaled 
after maximal inspiratory effort; VC can be measured during 
forced exhalation (i.e. the forced vital capacity, FVC) or can 
be derived from other measurements made during formal 
lung volume testing (the so-called slow vital capacity, SVC). 
FRC reflects the volume of air in the lungs at end-expiration 
in resting tidal breathing and is subdivided into the ERV and 
RV. The RV is the volume of air in the lungs at the end of 
maximal expiratory effort and thus represents the minimum 
volume of gas that is ever contained in the lungs in vivo. 
Except for FVC and SVC, all of these measures require for-
mal testing in a pulmonary function lab using body plethys-
mography or gas dilution techniques [5].

Spirometry is a simple but powerful means of quantifying 
lung function, and many of the available data on pulmonary 
complications of liver disease use spirometric measure-
ments. The two most important measurements in spirometry 
are the forced expiratory volume in one second (FEV1) and 
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the FVC. From these two metrics, one of three patterns of 
lung function emerges: normal, obstructive, restrictive 
(Fig. 3.2) with some patients exhibiting a mixed pattern of 
obstruction and restriction. An obstructive defect is classi-
fied when the ratio of FEV1/FVC is <70% while a restrictive 
pattern is suggested by FVC <80% predicted without airflow 
obstruction [6]. However, by convention, restrictive lung dis-
ease requires formal assessment of TLC [5] because only 
about 60% of patients with a restrictive defect on spirometry 
have true restriction by TLC measurement, in particular for 
patients with reduced FEV1/FVC [7].

3.2  Lung Volumes and Capacities in Liver 
Disease

Ventilatory defects are relatively common in patients with 
cirrhosis [8] and—though most commonly associated with 
concomitant ascites—are not exclusive to patients with asci-
tes. For example, in patients undergoing liver transplanta-
tion, restrictive defects have a strong tendency to improve 
from pre-transplant values, even in patients without ascites 
[8], suggesting liver disease and its consequences are caus-
ative and not merely an association. Ascites predictably 
causes a significant reduction in FVC, FRC, and TLC [9–
11] and a strong tendency toward the restrictive pattern on 
spirometry [12–14]. Hepatic hydrothorax similarly pro-
duces a restrictive spirometric pattern [14]. With increasing 
intra- abdominal hydrostatic pressure, such as seen in asci-
tes, FVC, FRC, and TLC diminish further [12, 15]; thus, 
increasingly tense ascites is modestly correlated with wors-
ening restrictive physiology [10, 12]. When patients with 
ascites lie supine, FVC diminishes [11], and FRC and TLC 
may also significantly decrease [12]. As expected, large vol-
ume paracentesis reliably improves measures of pulmonary 
function including FVC, FRC, and TLC [11, 16–19] in 
addition to providing relief from dyspnea and improving 
oxygenation. While ventilated patients have been less fre-
quently studied, therapeutic paracentesis effectively 
increases end-expiratory lung volume [14, 20], a reasonable 
surrogate for FRC in ventilated patients with acute lung 
injury [21]. However, even after substantial fluid removal, 
patients may not reach normalization of lung volumes due 
to residual ascites, muscular weakness, or interstitial pulmo-
nary edema. Similar to therapeutic paracentesis, aggressive 
diuresis also significantly improves FVC, FRC, and TLC in 
patients with ascites [19].

While ascites represents an obvious contributor to restric-
tive physiology in patients with chronic liver disease, more 
subtle respiratory disorders have been appreciated in patients 
with hepatic steatosis and chronic liver disease. Population- 
based studies of patients with non-alcoholic fatty liver dis-
ease (NAFLD) have found links between the severity of 
hepatic steatosis and the restrictive pattern on spirometry in 
pulmonary function tests [22, 23]. Using data from the Third 
National Health and Nutrition Examination Survey 
(NHANES III), one group of investigators identified 
 significant trends in increased prevalence of the restrictive 
pattern on spirometry with worsening degrees of hepatic ste-
atosis [22]. This association persisted even after adjustment 
for multiple confounders such as waist circumference, level 
of physical activity, and smoking. A similar trend was seen 
in a population-based cross-sectional study in Korea [23]. 
Again, after controlling for body mass index and other 
parameters of cardiometabolic risk, investigators found that 
FVC and FEV1 were inversely correlated to the severity of 
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hepatic steatosis. The mechanisms of these associations and 
are not entirely clear; hepatic steatosis and restrictive spiro-
metric patterns may be epiphenomena of underlying patho-
physiologic processes like abdominal adipose distribution 
[24], insulin resistance [25], or low-grade chronic systemic 
inflammation [26]. In patients with chronic hepatitis or 
Childs-Pugh class A and B cirrhosis who lack significant 
cardiopulmonary comorbidities, the severity of liver disease 
also appears to be significantly and inversely correlated with 
abnormalities in FVC [27]. However, when these patients are 
subjected to formal lung volume testing, very few have 
restrictive lung disease by this standard. Other data suggest 
that while restrictive defects on spirometry are common in 
cirrhosis, only a minority of patients have true restriction 
when TLC is measured [28].

Taken together, these data affirm that restrictive spiromet-
ric patterns are more common in patients with chronic liver 
disease than in the general population, but the majority of 
patients with chronic hepatitis and compensated cirrhosis do 
not exhibit a significant restrictive defect on testing of lung 
volumes. Nonetheless, a restrictive pattern on spirometry is 
linked to poor exercise tolerance and dyspnea and thus 
should not be discounted as a normal variant in these popula-
tions [29]. Furthermore, the restrictive spirometry pattern 
predicts post-operative pneumonia and respiratory failure in 
patients undergoing liver transplantation, so it has important 
prognostic value in liver disease [14].

Obstructive defects on spirometry are less commonly 
observed in non-smoking cirrhotic patients though specific 
disorders characterized by concomitant liver and pulmonary 
disease, such as alpha-1 antitrypsin deficiency (A1ATD) and 
cystic fibrosis (CF), are expected to be accompanied by 
obstructive lung physiology. The presence of concomitant 
liver disease in these populations does not appear to appre-
ciably increase the risk of airway obstruction. While CF 
patients undergoing liver transplantation have a tendency 
toward lower FEV1 than CF patients without substantial 
liver disease, some of these differences are attenuated during 
the medical optimization leading up to surgery [30]. 
Furthermore, liver transplantation does not have a clinically 
significant effect on obstruction as measured by FEV1 in CF 
patients. Similarly, patients with the ZZ phenotype of A1AT 
do not experience a significant improvement in FEV1 after 
liver transplantation [31].

Cross-sectional studies of unselected cirrhotic patients 
have shown an increased prevalence of the obstructive pat-
tern on spirometry, even in the absence of pre-existing lung 
disease [8, 9]. This finding however is not consistent across 
all studies of pulmonary function in cirrhosis [28, 32], so an 
increased prevalence of obstructive patterns in some of these 
populations may simply reflect undiagnosed pulmonary dis-
ease. To date, there has been no plausible, definite physio-
logic explanation for large airway obstruction in liver 

disease, so any increased risk of obstructive defects on spi-
rometry in patients with liver disease likely derives from 
non-hepatic factors. Furthermore, because FEV1 not signifi-
cantly improve after transplantation in CF and A1AT 
patients, we can conclude that liver disease does not cause 
large airway obstructive lung disease per se.

It is worth noting that obstructive physiology in the lung 
may not be captured exclusively by measuring the ratio of 
FEV1/FVC, the current gold standard for obstruction [5]. 
FEV1 reflects airflow limitation in large airways, but obstruc-
tion can occur from airway collapse later during forced expi-
ration. Indeed, the predominant mechanism for airflow 
obstruction in patients with cirrhosis—and also one of the 
mechanisms of V-Q mismatch, as discussed in the following 
chapter—is small airway closure from hemodynamic altera-
tions such as increased pulmonary blood flow and interstitial 
edema [32–35]. Traditionally small airway closure is identi-
fied through spirometric measurements like the maximal 
forced expiratory flow at various percentages of FVC (e.g. 
the commonly reported FEF25–75% in pulmonary function 
tests) or measurement of the closing volume [3, 6]. Closing 
volume is the point at which basilar small airways close and 
is typically quantified as a percentage of the vital capacity. In 
healthy individuals, the closing volume should exceed FRC; 
otherwise, small airways will experience collapse even dur-
ing tidal breathing [3]. Several investigators have docu-
mented markedly elevated closing volumes in cirrhosis [32, 
35–37], especially in those patients with arterial hypoxemia 
[32], and frequently these closing volumes exceed 
FRC. Additionally, in cirrhotic patients with a normal FEV1, 
at least one group of investigators has demonstrated a signifi-
cant reduction in FEF25% relative to FEF50% and FEV1 [32], a 
finding that supports dynamic small airway obstruction as 
the lung volumes approach FRC. Ascites probably contrib-
utes an additional tendency toward small airway collapse, 
with patients having significantly lower FEF25–75% when 
compared to cirrhotic patients without ascites [13].

Despite the presence of dynamic small airway disease in 
cirrhotic patients, the clinical relevance of these findings is 
open to interpretation. Small airway closure contributes to 
V-Q mismatch and arterial hypoxemia (see discussions later 
in this chapter as well as the following chapter), but it may 
not correlate to meaningful changes in lung function, dys-
pnea, or exercise tolerance in these populations. Though 
small airway obstruction likely contributes to some of the 
symptoms and clinical manifestations of asthma and chronic 
obstructive pulmonary disease (COPD) [38], optimal treat-
ment of small airway obstruction even in these well studied 
disorders has a nascent and evolving evidence basis [39, 40]. 
Moreover, liver disease is one of the least well characterized 
disorders of small airway obstruction [41]. Thus, the findings 
of mild small airway obstruction in liver disease may primar-
ily be of academic interest. Given the available data, liver 
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disease does not appear to confer an appreciable risk of clini-
cally significant airflow obstruction.

3.3  Respiratory System Compliance 
in Liver Disease

Whether through mechanical assistance or spontaneous 
breathing, ventilating the lungs requires overcoming multi-
ple resistive forces: (1) the combined elastic force of the lung 
parenchyma, thoracic wall, and abdominal compartment, (2) 
the elastic recoil force in the alveoli caused by disruptions in 
the air-surfactant interface, and (3) non-elastic airflow resis-
tance due to friction and inertia [1]. The first two elastic 
forces account for the respiratory system’s elastance, or the 
lung’s inclination to return to collapse. Elastance is consid-
ered a measure of the stiffness of the respiratory system; 
compliance, the inverse of elastance, describes the ease with 
which the lung accepts incoming air. In other words, compli-
ance is measured by the formula C = ΔV/ΔP where C is 
compliance, ΔV is change in volume, and ΔP is change in 
pressure.

Because air movement through the airways generates 
non-elastic forces i.e. airway resistance, respiratory sys-
tem compliance is preferably measured when airflow is 
zero. This measurement, more correctly called the static 
compliance, represents the sum of the counterbalanced 
tendency of the thoracic cage to recoil outward and the 
lungs to recoil inward. Figure 3.3 depicts the volume-pres-
sure relationship of the lung, chest wall, and the respira-
tory system (or the sum of the lung and chest wall curves). 
Because the external weight of the chest wall soft tissue 
and intra-abdominal pressures further reduce respiratory 
system compliance, they are included in measures of chest 
wall compliance by convention. In the spontaneously 
breathing patient, static compliance is not typically mea-
sured but is represented as the ΔP required to inspire from 
FRC to TLC. The analogous  measurement in passively 
ventilated patients is made with a plateau pressure during 
an inspiratory hold, where ΔP = Ppl − PEEP and ΔV is the 
tidal volume of the breath delivered.

In patients with liver disease, ascites is the best studied and 
understood complication that alters respiratory mechanics 
and static compliance. The previously described  relationship 
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between ascites and the severity of restrictive defect on spi-
rometry are predictable from an understanding of respiratory 
system compliance. Measurements of the FVC rely not only 
on airway resistance and respiratory effort, but also on the 
lung’s elasticity and tendency toward collapse [42]. Elastic 
recoil forces—and thus expiratory flows—are greatest when 
the lungs are stretched to TLC. However, when patients are 
tidal breathing closer to their RV—i.e. when FRC and ERV 
decrease—then expiratory flow is limited [43], reflected as a 
lower FVC. The effect of ascites on lowering FRC puts the 
lungs at a mechanical disadvantage by lowering the elastic 
recoil potential. In addition, FRC roughly correlates with 
lung compliance, so the finding of a low FRC in ascites is 
unsurprising. Recall that at FRC, the lung’s tendency to col-
lapse perfectly balances the chest wall’s tendency to expand. 
With disease processes that cause lung volumes to decrease 
and/or reduce lung compliance, FRC will accordingly 
decrease [1]. Furthermore, lung compliance during inspira-
tion decreases with reduced lung volumes as predicted by the 
compliance curves in inspiration and expiration (i.e. lung hys-
teresis) (Fig. 3.4); thus, any factor that decreases lung vol-
umes will reduce lung compliance [1].

Massive increases in intra-abdominal pressure are known 
to have deleterious effects respiratory system compliance 
[44]. Abdominal distention accompanied by increased intra- 
abdominal pressure primarily exhibits its negative effect on 
the respiratory system by reducing compliance of the chest 
wall [11, 15, 45, 46]. A long-held belief is that ascites fixes 
the diaphragm and abdominal wall into a static position, and 
the less compliant thoracic cage must be overcome to inspire 

[11]. This notion is supported by the observation that FRC 
remains relatively unaffected when moving from sitting to 
the supine position when intra-abdominal hydrostatic pres-
sures are especially high [12]. Because FRC itself is a marker 
of abdominal compliance [12], we can infer that the abdomi-
nal wall compliance is relatively fixed in tense ascites irre-
spective of body position. In addition, patients with ascites 
exhibit higher levels of intrinsic positive end expiratory pres-
sure (PEEPi) [47], a finding consistent with the hypothesis of 
small airway closure discussed previously. As patients must 
generate a more negative intrapleural pressure to overcome 
the inertia of PEEPi in order to inflate the lungs, PEEPi rep-
resents another mechanical load on the respiratory system 
[48] and another contributor to poor respiratory system com-
pliance in patients with ascites.

During tidal breathing, patients with massive ascites 
exhibit large swings in pleural pressures while having little 
change in intra-abdominal pressure [47]. Not only do these 
findings corroborate the reliance on chest wall movement 
and the relative fixation of the abdominal compartment in 
tense ascites, but they also demonstrate that ascites repre-
sents a state of increased work of breathing. This increased 
mechanical work is reflected by abnormally large swings in 
pleural pressure and transdiaphragmatic pressure required 
even during quiet breathing [47]. With positive pressure 
mechanical ventilation, the patient with ascites would theo-
retically experience reduced work of breathing, and positive 
pressure could potentially improve compliance for a given 
tidal volume by alveolar recruitment. However, respiratory 
system compliance declines markedly with increasing intra- 
abdominal pressure even during positive pressure ventilation 
[46, 49], and the most significant effects occur when intra- 
abdominal pressure exceeds PEEP by 15 mmHg or more 
[46]. Because the mechanical load of ascites is preferentially 
transferred during the inspiratory cycle, clinician should feel 
confident in using the plateau pressure in mechanically ven-
tilated patients with ascites to characterize the severity of the 
decrease in chest wall and abdominal compliance [46].

Large volume paracentesis predictably leads to marked 
improvement in pulmonary compliance. For spontaneously 
breathing patients, pleural pressure swings improve dramati-
cally after fluid removal and are directly related to the vol-
ume of fluid removed [47]. Thus, as discussed previously, the 
improvement in FRC, TLC, and FRV after large volume 
paracentesis reflect improved respiratory system compliance 
and reduced work of breathing. In mechanically ventilated 
patients with ascites, paracentesis improves compliance 
immediately [20, 49], and this effect may be durable at least 
6 h after the procedure [20, 49]. Drops in plateau pressure 
after paracentesis are nearly proportional to gains in respira-
tory system compliance and can thus be used as a marker at 
the bedside. Because the abdomen can accommodate large 
amounts of fluid before intra-abdominal pressure rises, only 
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Fig. 3.4 Hysteresis in lung. The pressure-volume relationship of the 
lung (i.e. compliance) varies between the inspiratory and expiratory 
limb due to differential effects of surfactant on surface tension. The 
acutely injured lung (A) displays differing hysteresis curves from the 
normal healthy lung (B). From Murray & Nadel’s Textbook of 
Respiratory Medicine. 6th ed. Philadelphia, PA: Elsevier Saunders; 
2016. (Figure 5-8). Reprinted with permission from the publisher
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small amounts of fluid removal (about 200 mL) may be 
required to reduce intra-abdominal hydrostatic pressure and 
improve respiratory system compliance [12]. Practically 
speaking though, clinicians should target the largest volume 
of ascites that can be feasibly removed.

Hepatic hydrothorax and interstitial pulmonary edema are 
two other contributors to poor respiratory system compliance 
described in liver disease. Though respiratory system com-
pliance has not been studied specifically in hepatic hydrotho-
rax, it presumably behaves similarly to other transudative 
pleural effusions in reducing respiratory system compliance 
by adding a mechanical load to the chest wall. The presumed 
mechanism of hepatic hydrothorax is transdiaphragmatic 
migration of ascitic fluid [50]. The compensatory large 
transpleural pressure swings seen in ascites that we previ-
ously discussed theoretically could contribute to hepatic 
hydrothorax as significant drops in intrapleural pressure 
would encourage transdiaphragmatic fluid shifts, thus creat-
ing a vicious cycle of worsening dyspnea, increased work of 
breathing, and worsening chest wall compliance. At this 
point, this mechanism is purely speculative, as there are no 
human or animal studies to verify this physiology.

While frequently discussed as a potential complication of 
anasarca from cirrhosis, interstitial pulmonary edema appears 
to be a relatively uncommon finding in unselected cirrhotic 
patients [51]. In animal models, the development of cirrhosis 
appears to be accompanied by a propensity for mild intersti-
tial edema and trivial increases in lung water [52]. Interstitial 
edema in itself may not be a major contributor to poor lung 
compliance; instead increased pulmonary blood volume and 
alveolar edema seem to be the culprits [53, 54]. Since 
increased pulmonary vascular blood volume and hyperdy-
namic circulation with increased cardiac output are features 
of hepatopulmonary syndrome [55, 56], reduced lung com-
pliance should be expected. Once patients with liver disease 
have readily apparent pulmonary edema (by clinical exami-
nation or chest radiography), they should be assumed to have 
markedly reduced pulmonary compliance [54].

3.4  Neuromuscular Strength and Exercise 
Tolerance in Liver Disease

Advanced chronic liver disease is often accompanied by 
cachexia, skeletal muscle wasting, and accordingly respira-
tory muscle weakness. These changes are identified by 
lower maximum expiratory and inspiratory pressures (MEP 
and MIP) on pulmonary function testing, two tests that pre-
dominantly reflect muscular strength [57]. Not surprisingly, 
mild to moderate abnormalities in MEP and MIP are fre-
quently encountered in cirrhotic patients awaiting trans-
plantation [28] but are less consistently identified in patients 
with milder cirrhosis [58]. Inspiratory muscle strength (as 

measured by MIP) may be nearly halved in patients with 
severe liver disease [28] and correlates strongly with over-
all dyspnea in this population [59]. When compared to 
patients with Childs-Pugh class A or B cirrhosis, Childs 
Pugh class C patients have more significant reductions in 
respiratory muscle strength [60]. Similarly, higher MELD 
scores are tightly correlated with inspiratory muscle weak-
ness [61]. The presence of ascites has been shown to have 
an inconsistent effect on inspiratory muscle strength [47, 
59]. Recent evidence supports the role of adynamia of the 
diaphragm and rectus abdominus, and not non-muscular 
factors, as key determinants of respiratory strength in cir-
rhotic patients [62]. Recognizing the prevalence of neuro-
muscular respiratory weakness in liver disease is 
particularly relevant in the intensive care unit because 
inspiratory muscle weakness is a key predictor of failure to 
wean from mechanical ventilation [63–65]. The MIP is an 
important prognostic marker in liver disease as well; 
patients with poor neuromuscular strength have signifi-
cantly worse survival after liver transplantation [66].

3.5  Regulation of Ventilation 
and Maintenance of Acid-Base 
Neutrality

In healthy individuals, ventilation is regulated by the brain-
stem breathing centers, a complex network of interconnected 
neurons within the medulla and, to a lesser extent, the pons 
[1, 67]. These neurons generate efferent breathing signals to 
the respiratory muscles while also reflexively incorporating 
feedback from afferent pathways including the pontine respi-
ratory group, central and peripheral chemoreceptors, stretch 
receptors in the lung and diaphragm, and the cerebral cortex. 
The feedback loops also regulate ventilation, but the central 
chemoreceptors’ response to extracellular pH within the 
cerebrospinal fluid—itself a reflection of arterial PCO2—is the 
most powerful regulator of breathing.

Regulation of ventilation is commonly perturbed in 
chronic liver disease; patients exhibit primary hyperventi-
lation with hypocapnia and compensated respiratory alka-
losis. Historically, hyperventilation was in part ascribed to 
compensation for concomitant mild arterial hypoxemia [68]. 
However, multiple studies have documented hyperventilation 
in chronic liver disease even in the absence of hypoxia and 
underlying cardiopulmonary comorbidity [69–73]. Similar 
observations about hyperventilation have also been observed 
in comatose patients with acute liver failure [74]. In chronic 
liver disease, the degree of hyperventilation—as manifested 
by lower PCO2—generally correlates with the severity of the 
cirrhosis [69, 71–73] although not all investigators have 
consistently observed this pattern [75]. Multiple mecha-
nisms are implicated in the generation and maintenance 
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of  hyperventilation-induced respiratory alkalosis in these 
patients. Patients with cirrhosis have elevated circulating of 
progestins [72, 75], a direct stimulant to central breathing 
centers, and estrogens, which can potentiate progesterone’s 
effects [75]. With increasing severity of cirrhosis, patients 
also become less tolerant to hypercapnia, a concept called 
the central chemosensitivity [71]. Chemosensitization is not 
only linked to Childs-Pugh class of cirrhosis but also to cir-
culating progestins and norepinephrine [71]. In patients with 
Childs-Pugh class A cirrhosis, hyperventilation appears to 
be primarily a consequence of increased tidal volumes [71]. 
With progressive severity of cirrhosis, patients also develop a 
moderate degree of tachypnea, further alkalinizing the blood 
and driving down arterial PCO2 [71]. The degree of hyperven-
tilation also correlates with measurements of a hyperdynamic 
circulation such as an increased cardiac index and decreased 
systemic vascular resistance [71]. Thus, changes in ventila-
tory patterns may reflect influences from the sympathetic 
nervous system and incompletely understood circulatory-
pulmonary interactions. Interestingly, despite often marked 
hyperventilation and hypocapnia, the acid-base status of the 
serum remains relatively neutral owing to counterbalancing 
influences of hypoalbuminemia and hemodilution [71, 73]. 
That primary respiratory alkalosis resolves after liver trans-
plantation [8] affirms that the milieu of liver disease indeed 
is causative.

3.6  Diffusion of Oxygen 
and Abnormalities in Diffusion 
Capacity

The most consistent abnormality in pulmonary function tests 
in patients with chronic liver disease is an abnormally 
decreased diffusion capacity of carbon monoxide (DLCO). 
[8, 28, 35] Decrements in DLCO are typical of restrictive 
lung disease, but reduced DLCO often occurs in cirrhotic 
patients even in the absence of a restrictive defect [28]. Like 
other pulmonary manifestations of liver disease, decrements 
in DLCO are related to the severity of the underlying liver 
disorder [13, 76]. Abnormally low DLCO’s are characteristic 
of the hepatopulmonary syndrome (HPS) [77], but clinically 
relevant changes in DLCO are observed even in the absence 
of the characteristic intrapulmonary shunting of HPS [28, 
58, 78]. That said, once a patient has developed intrapulmo-
nary shunting, the shunt becomes the dominant mechanism 
of hypoxemia and reduced DLCO, overriding the effects of 
underlying cardiopulmonary disease [79]. Intrapulmonary 
shunting can develop as a chronic complication of long- 
standing liver disease or acutely, such as in the context of 
acute ischemic hepatitis [80].

A detailed review of HPS is found in Chapter 11, so we 
will focus on reviewing the mechanisms of reduced DLCO 

in patients without significant intrapulmonary shunt, almost 
all of whom do not exhibit significant arterial hypoxemia 
[28]. Recall that DLCO is nearly always measured by the 
single breath carbon monoxide test, and the results provide a 
very practical assessment of the ability of the lungs to trans-
fer gas from the mouth into the alveoli and subsequently into 
the pulmonary capillary bed. However, several factors can 
alter DLCO that do not necessarily reflect a disorder of dif-
fusion at the level of the alveolus-capillary interface. These 
include the effects of lung volumes, dynamic small airway 
closure, and the volume and distribution of capillary blood. 
DLCO is also influenced by hemoglobin concentration and 
the presence of interstitial edema [1, 4, 81]. In evaluating 
patients with liver disease with an abnormal DLCO, these 
factors may all be perturbed: patients with liver disease are 
prone to reduced lung volumes, dynamic airway closure, 
anasarca, and anemia. In fact, much of the perceived differ-
ence between DLCO in cirrhotic patients and healthy con-
trols may be attributable to these factors. Furthermore, a 
reduced DLCO may reflect findings from a concomitant dis-
order such as emphysematous COPD or interstitial lung dis-
ease, both of which may occur with increased frequency in 
patients with chronic liver disease.

In the normal physiologic state of healthy subjects, oxy-
gen diffuses into pulmonary capillaries and maximally satu-
rates hemoglobin within the first third of the cardiac cycle (as 
represented by the normal reserve time in Fig. 3.5). Not sur-
prisingly, patients with cirrhosis who have a normal DLCO 
and are normoxemic at baseline do not exhibit significant 
diffusion block (as measured by V-Q matching) during meta-
bolic stress like exercise [82]. Because diffusion of oxygen 
into pulmonary capillaries is a time-dependent process, 
increases in heart rate can worsen arterial hypoxemia in 
patients with clinically significant diffusion blocks at base-
line. Indeed cirrhotic patients with clinically apparent arte-
rial hypoxemia, widened A-a gradient, and reduced DLCO at 
baseline have a pathologically widening A-a gradient during 
exercise [78]. Whether these data are transferrable to the 
critical care setting are not known, but presumably the car-
diopulmonary response of exercise mimics many of the dis-
tributive shock states seen in critical illness.

3.7  V-Q Matching [83]

V-Q matching is clinically more relevant in the pathophysi-
ology of arterial hypoxemia, and a detailed overview of 
hypoxemia in liver disease is beyond the scope of this chap-
ter. (Readers are directed to the excellent discussion in the 
following chapter). However, we will briefly review the nor-
mal physiology of V-Q matching and highlight specific clin-
ical scenarios in liver disease in which V-Q mismatching 
occurs.
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Recall that both ventilation and perfusion have variable 
regional distributions in the lung. The uneven distribution of 
ventilation and blood flow are predominantly attributable to 
the differential effects of gravity in the regions of the lung. In 
upright healthy subjects, ventilation per unit of alveolar vol-
ume progressively increases from the apex down to the basi-
lar regions of the lung. When patients are supine or proned, 
ventilation and pulmonary blood flow are still preferentially 
distributed to more dependent regions. Nongravitational fac-
tors also affect the distribution of ventilation and include the 
variable flows and time-constants of alveoli in different 
regions of the lungs. Ultimately, the differential distribution 
of alveolar ventilation and capillary blood flow can be sim-
plified into a three-zone model (commonly called West 
zones) as seen in Fig. 3.6. In zone 1, alveolar pressure (PA) 
exceeds both arterial and venous pressures, thus making 
blood flow in this zone virtually zero. In zone 2, the pulmo-
nary arteriolar pressure (Pa) exceeds PA, and pulmonary 
blood flow is determined by the resistance of alveolar pres-
sure. Finally in zone 3, pulmonary blood flow is not depen-

dent on external alveolar pressures because venous pressure 
(PV) exceeds PA. In this model, it is not surprising that the 
most dependent region (West zone 3) contributes most sig-
nificantly to gas exchange and V-Q matching. Recall that the 
pulmonary circulation is also actively regulated with hypoxic 
pulmonary vasoconstriction representing the best known and 
understood mechanism by which ventilation and perfusion 
are matched.

In health, the ventilation and perfusion for the entire lung 
are perfectly balanced albeit unevenly distributed as dis-
cussed above. Any disorder that affects either ventilation or 
perfusion will create mismatch and thus will lead to subopti-
mal gas exchange. In patients with liver disease, several pro-
cesses may contribute to V-Q mismatching including 
atelectasis from ascites or pleural effusions [19, 45, 49], 
imbalanced matching in hepatopulmonary syndrome from 
intrapulmonary shunting and poor diffusion [77], or dynamic 
small airway collapse from increased pulmonary blood flow 
[32, 35]. All of these disorders tend to affect lung in West 
zone 3; thus V-Q mismatching in these basilar regions results 
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in even more significant hypoxemia. V-Q mismatching is 
also caused by various other disorders that may affect 
patients with liver disease more frequently, including aspira-
tion pneumonitis related to encephalopathy, bacterial pneu-
monia from the immunocompromising state of cirrhosis, and 
atelectasis and mucous plugging due to poor inspiratory and 
expiratory muscle strength.

3.8  Integration of Concepts: A Case Study 
in ARDS

To conclude our discussion, we will integrate and expand on 
the concepts of respiratory physiology in liver disease in the 
context of a condition intensivists regularly encounter: 
ARDS.

A 53 year-old man with a history of Childs-Pugh class C 
alcoholic cirrhosis is brought to the emergency department 
after being found lying in a soiled bed by his son. Several 
empty bottles of hard liquor were found at the scene, and the 
patient was last seen behaving normally three days ago. On 
presentation, he is tachypneic with a respiratory rate of 32 
and has a resting pulse oximetry of 74% on room air. Even 
with 15 L of supplemental oxygen by face mask, he is unable 
to achieve an oxygen saturation above 87% by oximetry. He 
is cachectic with obvious jaundice and tense ascites on 
abdominal examination. His Glasgow coma score is 7, and 
he is minimally arousable to sternal rub. A portable chest 
radiograph reveals bilateral interstitial and alveolar infil-
trates and a large right-sided pleural effusion. A stat head 

CT reveals evidence of mild cerebral edema. Laboratory 
studies are remarkable for an INR of 6.7 and total bilirubin 
of 28 mg/dL.

The patient is promptly intubated in the emergency 
department for hypoxemia and inadequate airway protec-
tion. He is placed on 100% FiO2 and 18 cm H2O of PEEP 
with initial ventilator settings also including a tidal volume 
of 6 mL/kg of ideal body weight. An arterial blood gas 1 h 
later reveals pH of 7.52, PCO2 of 24 mmHg, and PaO2 of 
51 mmHg. The patient is transferred to the intensive care 
unit with a presumptive diagnosis of acute on chronic liver 
failure and ARDS secondary to aspiration pneumonitis.

Despite continuous infusions of propofol and fentanyl, the 
patient continues to overbreathe the vent and is exhibiting 
significant dyssynchrony. Plateau pressures are 43 cm H2O, 
and the patient’s saturation by pulse oximetry is only 86%.

How should this patient with ARDS and concomitant 
advanced liver disease be managed?

Most intensivists are likely familiar with treatments that 
have been proven to reduce the mortality associated with 
ARDS: specifically, lung protective ventilation with a low 
tidal volume strategy [84], early neuromuscular blockade in 
patients with moderate ARDS [85], and prone positioning in 
patients with severe ARDS [86]. Unfortunately, there have 
been no prospective trials comparing optimal ventilation 
strategy in patients with liver disease who suffer acute respi-
ratory failure or ARDS. In fact, landmark trials such as the 
original ARDSNet trial and ACURASYS study of neuro-
muscular blockade excluded patients with advanced cirrho-
sis as defined by Childs-Pugh class C [85, 87], and the 
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pinnacle PROSEVA trial that established proning as a life- 
saving strategy excluded patients with elevated intracranial 
pressure [84], a finding commonly seen in acute liver failure. 
Thus, optimal ventilator management of ARDS in patients 
with acute or advanced chronic liver disease requires consid-
eration of the pathophysiology of liver disease itself and its 
myriad effects on pulmonary physiology and extra- 
pulmonary organs.

Lung-protective ventilation involves the use of low tidal 
volumes, and many intensivists may routinely use other 
aspects of the Acute Respiratory Distress Syndrome 
Network (ARDSNet) protocol deliberately or subcon-
sciously such as targeted plateau pressures, high PEEP, and 
permissive hypercapnia. All of these aspects of managing 
ARDS require special consideration in patients with liver 
disease. The targeted plateau pressure per the ARDSNet 
protocol was 30 cm H2O with the goal of minimizing exces-
sive lung stretch. Most critical care practitioners will recog-
nize that plateau pressures in fact reflect the entirety of the 
respiratory system’s compliance, not simply lung compli-
ance. Very elevated plateau pressures in patients with liver 
disease, such as seen in our example case, may be a conse-
quence from the combination of lung water and intra-
abdominal hypertension from tense ascites. As such, in our 
example case, every effort should be made to improve both 
lung compliance and respiratory system compliance by 
draining tense ascites and hepatic hydrothorax (when safely 
feasible) and maintaining a conservative approach toward 
fluid replacement to minimize lung water. The ARDSNet 
protocol also allowed PEEP up to 18–24 cm H2O in patients 
receiving an FiO2 of 100%. While high PEEP may be neces-
sary to recruit partially consolidated lung and to improve 
oxygenation, this level of PEEP can have at least two poten-
tial deleterious effects on patients like our test case. First, 
the degree to which PEEP is transmitted to the cerebral 
venous pressure is not firmly established with investigators 
reporting various effects in ventilated patients [88–90]. It 
may be prudent to avoid very high PEEP in patients who 
have evidence of elevated intracranial pressure, such as in 
our case. In addition, high PEEP can potentially impair hep-
ato-splanchnic circulation [91, 92], and these concerns may 
be particularly relevant in patients with intra-abdominal 
hypertension from ascites. Finally, with permissive hyper-
capnia, clinicians may allow an iatrogenic respiratory acido-
sis to ensue. However, in patients who are at risk for cerebral 
edema, such as the gentleman in our case, this rise in pCO2 
may be accompanied by the unwanted effects of raising 
intracranial pressure.

Neuromuscular blockade is a potential option for manag-
ing refractory hypoxemia in ARDS, and its benefit has been 
established in patients with moderate ARDS. The exact 
mechanism by which neuromuscular blockade improves out-
comes is unclear; the salutary effects of neuromuscular 

blockade do not appear to be mediated by improvements in 
respiratory system compliance or levels of PEEP required 
[85]. In our example case, cisatricurium may have a role in 
improving ventilator synchrony; the combination of seda-
tion, a respiratory depressant, and a neuromuscular blocker 
may be required to override the patient’s inherent tendency 
to hyperventilate. Overall, cisatricurium appears to be safe 
even in end-stage liver disease [93], but recall that patients 
with advanced cirrhosis were excluded from the landmark 
ACURASYS trial [85].

Proning has a predictable effect of improving gas 
exchange and oxygenation in ARDS, predominantly by 
improving ventilation to dorsal lung regions and reduc-
ing pleural pressure gradients [94]. The decision to prone 
patients like the gentleman in our case requires a careful 
consideration of potential benefits against the obvious 
downsides. On the one hand, animal models have dem-
onstrated that proning improves gas exchange even more 
markedly when concomitant intra-abdominal hypertension 
or volume overload are present [95, 96]. Thus if drain-
ing our patient’s ascites did not substantially improve 
gas exchange and respiratory mechanics, then proning 
may provide additional benefit. Furthermore, while pron-
ing is expected to reduce chest wall compliance, it may 
be accompanied by an overall improvement in respira-
tory system compliance, presumably due to improvement 
recruitment of previously collapsed dorsal lung regions 
[97]. Unfortunately, proning could be logistically diffi-
cult in patients with rapidly reaccumulating ascites, and it 
would be potentially dangerous in patients with elevated 
intracranial pressure (ICP) from cerebral edema. Due to 
concerns about altering ICP, patients with ICP >30 mmHg 
or cerebral perfusion pressure <60 mmHg have been 
excluded from the most important proning trials [86]. 
In addition, proning can also have deleterious effects on 
intra- abdominal organ perfusion when intra-abdominal 
hypertension is already present [92].

In summary, clinicians managing patients with liver fail-
ure complicated by ARDS should likely use well established 
treatment strategies for ARDS and should focus on modifi-
able aspects of respiratory system physiology in liver dis-
ease, such as ascites. Because paracentesis improves 
respiratory system compliance and oxygenation, it should 
generally be performed in these settings if feasible. Clinicians 
should have a command of the other physiologic perturba-
tions of the respiratory system that are common in liver dis-
ease but must also recognize that many of these abnormalities 
are not readily remedied at the bedside. Furthermore, 
accepted strategies used to support patients through the 
severe physiologic stresses of ARDS can have extrapulmo-
nary consequences in patients with liver failure, and inclina-
tions to manipulate the physiology of the respiratory system 
must be weighed against these consequences.
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3.9  Questions for Review

A 44 year-old woman with autoimmune hepatitis compli-
cated by Childs-Pugh class B cirrhosis is being evaluated for 
liver transplantation and undergoes routine pulmonary func-
tion tests. She has a history of refractory ascites and chronic 
subacute gastrointestinal blood loss from portal gastropathy. 
She has been a lifelong non-smoker and denies any history of 
cardiac or pulmonary disease. She experiences dyspnea with 
moderately intense exercise.

Which of the following findings is most likely to be seen 
on her pulmonary function tests?

 A. Reduced forced expiratory volume in 1 s (FEV1)
 B. Abnormally high total lung capacity (TLC)
 C. Abnormally high forced vital capacity (FVC)
 D. Abnormally reduced diffusion capacity (DLCO)
 E. Increased functional residual capacity (FRC)

Answer: D—Abnormally reduced diffusion capacity
Recall that low DLCO is the most common abnormality 

seen on PFT’s in patients with chronic liver disease. 
Reductions in DLCO in these populations often reflect the 
presence of small airway closure or mildly reduced lung vol-
umes and may be in part artefactual due to concomitant 
anemia.

Reductions in FEV1 are not an expected consequence of 
cirrhosis, and patients with cirrhosis do not appear to have 
an appreciably increased risk of obstructive lung disease. 
TLC, FVC, and FRC are all commonly decreased in the face 
of chronic liver disease.

A 61 year-old man with a history of hepatitis C-associated 
cirrhosis is hospitalized with community acquired pneumo-
nia complicated by ARDS. He has been intubated for 8 days, 
and he is to undergo a spontaneous breathing trial to assess 
readiness for extubation. On examination today, he is found 
to have moderate ascites by percussion and bedside ultraso-
nography. Which of the following mechanisms best explains 
why the drainage of ascites will facilitate successful 
extubation?

 A. Relieving ascites increases intrinsic PEEP.
 B. Lung elastance improves with reductions in intra- 

abdominal hydrostatic pressure.
 C. Trans-diaphragmatic pressure swings decrease after the 

drainage of ascites, thereby reducing work of breathing.
 D. Draining ascites significantly improves inspiratory mus-

cle strength.

Answer: C—Work of breathing is reduced.
When intra-abdominal hydrostatic pressure is elevated, 

more dramatic swings in trans-diaphragmatic pressure 
are required to adequately ventilate. Alleviating this intra- 

abdominal pressure reduces said pressure swings and 
accordingly improves work of breathing—and not surpris-
ingly, dyspnea. Relieving ascites also improves mechanics 
by reducing intrinsic PEEP and improving lung compli-
ance (not elastance). As noted in the chapter, the removal 
of ascites does not appear to affect inspiratory muscle 
strength.
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Gastrointestinal and Hepatic 
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Abstract

Portal hypertension develops as a consequence of increased resistance to portal blood flow 
as well as increased portal blood flow due to splanchnic vasodilation. Increased resistance 
due to cirrhosis is due to both structural changes from increased vascular resistance as well 
as dynamic variables due to release of endothelial vasodilators (such as nitrous oxide) and 
increased production of vasoconstrictors (such as endothelin 1). While portal hypertension is 
initially asymptomatic, its development is a necessary precursor for many of the potentially 
lethal complications related to liver disease. Portosystemic collateral vessels, or varices, 
develop as an inefficient means to decompress the portal system and can result in esophageal 
or gastric hemorrhage associated with high morbidity and mortality. A compensatory activa-
tion of neurohormonal mechanism to reduced effective circulating volume leads to sodium 
and water retention results in ascites and eventually to hepatorenal syndrome. Acute liver 
failure is characterized as the acute development of liver injury, hepatic encephalopathy, and 
impaired synthetic dysfunction and leads to hemodynamic instability and multi-organ sys-
tem failure. Acute on chronic liver failure is a recently defined syndrome characterized by 
hemodynamic abnormalities with complications resulting from portal hypertension.

Keywords
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Learning Objectives
• Understand definition and hemodynamic changes in acute 

liver failure and acute on chronic liver failure syndromes.
• Understand the definition and mechanisms for develop-

ment of portal hypertension including changes in the 
responsible vasodilators and vasoconstrictors.

• Understand the mechanism leading to the complications 
of portal hypertension, including gastroesophageal vari-
ces, ascites, and hepatorenal syndrome.

4.1  Normal Liver Physiology

The liver is a complex organ comprised of multiple types of 
cells responsible for its many physiologic functions includ-
ing hepatocytes, hepatic sinusoidal endothelial cells, Kuppfer 
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cells, intrahepatic lymphocytes, biliary cells and stellate 
cells. Important functions of the liver include protein 
 synthesis and degradation, carbohydrate metabolism, lipid 
metabolism, detoxification and involvement in the innate 
immune system. This section will focus on the physiology of 
normal portal circulation in order to provide a basis for 
understanding the pathophysiologic disturbances that occur 
as a result of portal hypertension.

4.1.1  Normal Portal Circulation

The circulatory system of the normal liver is a unique system 
characterized by a high compliance, low resistance system 
that is tightly regulated and can accommodate changes in 
blood volumes to prevent significant increases to portal pres-
sure. The liver has a dual blood supply through the portal 
vein and the hepatic artery. Blood delivered to the liver con-
verges in vascular channels called hepatic sinusoids. The 
total blood supply is tightly regulated in order to maintain a 
constant hepatic flow. A compensatory interplay exists such 
that changes in the portal venous blood flow are counteracted 
by opposing changes in the hepatic arterial flow and is 
termed the hepatic arterial buffer response [1]. Dysregulation 
of sinusoidal hemodynamics contributes to the development 
of portal hypertension.

4.2  Acute Liver Failure

Acute liver failure (ALF) is defined as the rapid development 
of hepatocellular dysfunction, characterized by impaired 
synthetic function (INR >1.5) and hepatic encephalopathy, 
in the absence of preexisting liver disease and with an illness 
duration of <26 weeks. Etiology of ALF is an important pre-
dictor of prognosis. In the United States, the leading causes 
of ALF are acetaminophen hepatotoxicity, indeterminate 
causes, idiosyncratic drug reactions, and hepatitis B virus in 
descending order [2].

Acute liver failure carries a high morbidity and mortality 
and is associated with multi-organ failure. This manifests 
clinically as cardiovascular instability, circulatory dysfunc-
tion, coagulopathy, pulmonary edema, renal failure, and 
encephalopathy with possible development of cerebral 
edema. The pathophysiology for development of multi-organ 
failure in ALF is not completely understood. Evidence to 
date suggests that the predominant mechanism is through 
activation of systemic inflammatory responses (SIRS) that is 
associated with worsening encephalopathy and increased 
mortality [3]. After hepatocyte death there is a release of pro-
inflammatory cytokines and damage associated molecular 
patterns (DAMPs), which trigger activation of immune cells 
and lead to a systemic inflammatory response [3]. Given this, 

a target of therapy for ALF has been to limit the progression 
of multi-organ failure through modulation of the systemic 
inflammatory response. This has led to development of 
extracorporeal liver support systems as well as utilization of 
high-volume plasma exchange [4].

4.3  Acute on Chronic Liver Failure

Acute on chronic liver failure (ACLF) is a recently defined 
syndrome that is distinct from decompensated cirrhosis and 
acute liver failure with unique implications. It is well recog-
nized that decompensated cirrhosis is associated with com-
plications such as renal dysfunction, hepatic encephalopathy, 
and ascites. There has been discrepancy among different 
scientific groups regarding defining the specific diagnostic 
criteria for ACLF with regards to duration of illness and pre-
cipitating events [5]. The American Association for the 
Study of Liver Diseases (AASLD) describes it as an acute 
deterioration of pre-existing chronic liver disease associated 
with multi-organ failure and an increased mortality [5]. The 
Asian Pacific Association for the Study of the Liver 
(APASL) defines it as acute hepatic insult manifesting as 
jaundice and coagulopathy and complicated within 4 weeks 
by ascites and/or encephalopathy in a patient with chronic 
liver disease [6].

While this is an area of active investigation with evolving 
insight of the clinical and pathophysiological characteriza-
tion of ACLF, it is uniformly recognized as acute decompen-
sation of cirrhosis with multi-organ failure and a high 
short-term mortality rate, estimated at 28-days to be 30–40% 
[7]. The most common precipitating events of ACLF are bac-
terial infection and active alcohol abuse. However, a consid-
erable number of cases do not have any identifiable triggers 
[7]. The presence or absence of an identifiable trigger appears 
to be unrelated to the short-term mortality rate.

Acute on chronic liver failure is a dynamic syndrome with 
a variable course, ranging from improvement in some to 
rapid progression with multi-organ failure and death in oth-
ers. A study assessing the clinical course of 388 patients with 
ACLF over 28 days demonstrated that ACLF resolved in 
49.5% of patients, had a steady course in 30.4%, and wors-
ened in 20.1% [8]. The severity of the clinical course corre-
lated with increased short-term mortality. ACLF can occur at 
anytime during the course of disease. A large prospective 
European study (CANONIC Study) [9] of 1343 patients who 
presented with decompensated cirrhosis, 415 of whom met 
criteria for ACLF, found that nearly half of patients identified 
as having ACLF did not have prior decompensation or had 
developed their first decompensation within the 3 months 
prior to development of ACLF. Furthermore, these patients 
had a more severe course than those with a long history of 
decompensated cirrhosis.
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Acute on chronic liver failure is associated with multi- 
organ failure and SIRS. Data from the CANONIC study 
demonstrates a significantly higher white cell count as well 
as C-reactive protein (CRP) when compared to those without 
ACLF. The degree of elevation of inflammatory markers is 
positively correlated with the grade of ACLF and worse out-
comes [9, 10]. This observation provides the basis for further 
investigation of prognosis in ACLF using potential biomark-
ers such as neutrophil gelatinase-associated lipocalin 
(NGAL). NGAL is a product of the lipocalin-2 gene (LCN2) 
that has been shown to be up-regulated in the setting of 
inflammatory conditions and liver injury. A recent study in 
patients with ACLF demonstrated that LCN2 is significantly 
up-regulated and urine NGAL levels are markedly elevated. 
Additionally urine NGAL is an independent predictor of 
28-day mortality [11]. This offers a promising means of pre-
dicting mortality in patients with ACLF. In addition to utiliz-
ing markers of SIRS for prognostication, modulation of 
SIRS is also being evaluated as a targeted therapy in 
ACLF. Mookerjee et al., evaluated the use of non-selective 
beta blockers (NSBBs) as a means to dampen SIRS in 349 
patients with ACLF and demonstrated that patients treated 
with NSBBs had lower grades of ACLF and significantly 
reduced short term mortality [12].

As is the case with decompensated cirrhosis, ACLF is 
characterized by hemodynamic abnormalities that lead to 
severe complications such as development of gastroesopha-
geal varices, ascites, encephalopathy and hepatorenal syn-
drome. The marked circulatory dysfunction is a result of 
increased intrahepatic resistance as well as peripheral vaso-
dilation that leads to a hyperdynamic circulatory state and 
portal hypertension. The pathophysiology and clinical con-
sequences of portal hypertension will be the focus of the 
remainder of this chapter.

4.4  Portal Hypertension

4.4.1  Hemodynamics of Portal Hypertension

Portal hypertension is an important clinical entity that devel-
ops due to increased resistance to portal blood flow and can 
lead to important potentially lethal clinical complications 
such as variceal hemorrhage, ascites and hepatorenal syn-
drome. It is classified by the site of resistance and can be 
pre-hepatic, intra-hepatic or post-hepatic. In Western coun-
tries portal hypertension most commonly is a consequence of 
cirrhosis. Portal hypertension develops as a result of changes 
in portal resistance as well as in portal inflow, which is rep-
resented by Ohm’s law: P = F × R. Ohm’s law describes the 
pressure gradient (P) in the portal circulation as a product of 
the portal flow (F) and resistance to flow (R) within the entire 
portal venous system. When applying this law to portal 

hypertension, increases in both intrahepatic vascular resis-
tance and splanchnic blood flow are the two main contribu-
tors to increased portal pressure [13].

4.4.2  Increased Intrahepatic Vascular 
Resistance

In portal hypertension due to cirrhosis, the increased intrahe-
patic vascular resistance is due to both fixed changes due to 
structural changes and dynamic variables relating to intrahe-
patic vasoconstriction.

There are several structural changes that play a pivotal 
role in increased vascular resistance in cirrhosis. Hepatic 
stellate cells are activated in response to hepatocellular injury 
and become contractile in an activated state. This exerts 
compressive effects on sinusoids leading to narrowing of the 
lumen. Additionally, activated stellate cells lead to deposi-
tion of collagen in the space of Disse resulting in a decrease 
in the area of the hepatic sinusoids [14, 15]. Furthermore, 
centrilobular venules are compressed by regenerating nod-
ules and portal inflammation [16].

Additionally intrahepatic vasoconstriction due to impaired 
response to vasodilatory stimuli contribute to increased intrahe-
patic resistance. The two main factors are a decreased produc-
tion of vasodilator nitric oxide (NO) and increased production 
of vasoconstrictors, such as endothelin 1 (ET-1) [17–19].

Nitrous Oxide is a potent vasodilator that results in relax-
ation of the sinusoidal vasculature and is paradoxically regu-
lated in portal hypertension. Intrahepatic NO production 
decreases in cirrhosis and, as a result contributes to increased 
intrahepatic vascular resistance. NO is synthesized by nitric 
oxide synthase and freely penetrates cellular membranes 
and stimulates the cGMP-dependent protein kinase pathway 
leading to vascular relaxation [20, 21]. One of the isoforms 
of nitric oxide synthase is endothelial nitric oxide synthase 
(eNOS), which plays a key role in maintaining homeostasis. 
In cirrhosis, the reduced NO production by hepatic endothe-
lial cells is a result of dysfunction within the eNOS system. 
Increases in oxidative stress, caveolin-1, RhoA, thrombox-
ane A2, G-protein-coupled receptor kinase-2, and decreased 
AKT and BH4 activity are all factors involved in this dys-
function through defects in activation of eNOS [22]. The 
reduction in NO production results in reduced vasodilation 
and decreased ability to antagonize contractile factors, such 
as ET-1, which promotes hepatic stellate cell activation and 
constriction around sinusoidal blood vessels [23].

4.4.3  Increased Splanchnic Blood Flow

An increase in splanchnic blood flow is primarily deter-
mined by vasodilation of arterial splanchnic vessels. While 
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the mechanism is multifactorial in origin, the main con-
tributor to arterial splanchnic vasodilation is an increase in 
NO production in the splanchnic circulation [24]. In con-
trast to intrahepatic NO, there is an overproduction of NO 
in the splanchnic vascular bed. Studies demonstrate upreg-
ulation of eNOS leads to increased NO release by the 
superior mesenteric arteries endothelium prior to the 
development of a hyperdynamic splanchnic circulation, 
suggesting that NO plays a role in development of 
increased inflow [24, 25]. The arterial vasodilation leads to 
a relative arterial hypovolemia, expansion of plasma vol-
ume and ultimately, to a hyperdynamic splanchnic circula-
tory state.

4.4.4  Hyperdynamic Circulation

The hyperdynamic circulatory state is characterized by 
decreased systemic vascular resistance and high cardiac out-
put [26]. As noted in the prior section, in cirrhosis there is an 
increase in peripheral endothelial production of local vasodi-
lators as well as a decreased vascular response to vasocon-
strictors, which results in systemic and splanchnic 
vasodilation, resulting in decreased effective circulating vol-
ume. The decrease in pressure sensed at cardiac and renal 
baroreceptors leads to activation of the sympathetic nervous 
system, renin-angiotensin-aldosterone system and antidi-
uretic hormone. This results in renal sodium and water reten-
tion and, ultimately, plasma volume expansion, which 
characterize the hyperdynamic circulatory state [21]. 
Sequelae of the portal hypertension and the hyperdynamic 
circulatory state, including gastroesophageal varices, ascites 
and hepatorenal syndrome, will be discussed in detail in the 
following sections.

4.5  Varices

4.5.1  Formation of Portosystemic Collaterals 
and Gastroesophageal Varices

Portosystemic collateral vessels develop as a compensatory 
response to decompress the portal system and do so via 
opening of pre-existing vessels and angiogenesis. The more 
severe and prolonged the portal hypertension, the higher the 
number of portosystemic pathways but the physiologic 
stimuli responsible for initiating collateral formation is con-
troversial. Traditionally, it was thought that the development 
of collateral circulation was due to passive opening of vas-
cular channels as a result of portal hypertension [27]. More 
recent data suggests that the change in portal pressure is 
detected by intestinal microcirculation leading to generation 
of various angiogenic factors, most notably VEGF, that 

results in angiogenesis driven formation of collateral circu-
lation [27, 28].

Varices can be found along the entire gastrointestinal tract 
in patients with portal hypertension. Common locations of 
portosystemic shunting occur between the left gastric vein 
and the esophageal veins, the short gastric veins and the 
splenic vein, the superior hemorrhoidal vein and the middle/
inferior hemorrhoidal veins, and between the paraumbilical 
venous plexus and the subcutaneous veins in the anterior 
abdominal wall [29]. Communications between the left gas-
tric vein and the esophageal-azygos veins and between the 
short gastric veins and the splenic vein are the collaterals 
primarily responsible for the development of gastroesopha-
geal varices.

In patients with cirrhosis and portal hypertension, the 
normal vascular relations are significantly altered. Due to 
elevated pressures, blood from the portal venous system 
may reverse direction away from the liver and pass 
through the portosystemic collaterals, called hepatofugal 
flow. The increase in portal pressure leads to engorgement 
of the collateral vessels. This increased pressure creates a 
backpressure that is transmitted from the periesophageal 
veins on the visceral side of the bowel wall via penetrat-
ing vessels to the submucosal and subepithelial locations, 
leading to the development of varices. The development 
and dilation of collateral vessels is the pathophysiologic 
event that leads to the complication of variceal hemor-
rhage [30].

The degree of portal hypertension plays a key role in for-
mation of varices as well as risk of rupture and hemorrhage. 
Hepatic vein pressure gradient (HPVG) is the difference 
between wedged hepatic venous pressure and the free hepatic 
venous pressure. It is a predictor for the severity of portal 
hypertension and correlates with the risk of variceal forma-
tion, hemorrhage, and prognosis [31]. Variceal formation 
and bleeding develops at an HPVG greater than 12 mmHg 
[32]. HPVG >20 mmHg has been shown to be predictive of 
failure to control bleeding as well as increased risk of early 
rebleeding [31].

4.5.2  Risk of Variceal Hemorrhage

Bleeding from ruptured varices is a severe complication of 
portal hypertension. With progression of portal hyperten-
sion the intravariceal pressure increases, leading to increased 
size with wall thinning. When the expanding force is no lon-
ger counter-balanced by variceal wall tension there is resul-
tant variceal rupture and bleeding. Thus, the key factor for 
variceal rupture is the wall tension of varices, or the force 
generated by the variceal wall, which is described by 
Laplace’s Law. According to Laplace’s Law, T = TP × r/w, 
where T equals wall tension, TP equals transmural pressure, 
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r is radius of the varix and w is width or thickness of the 
varix. Transmural pressure is the difference in the variceal 
and the esophageal luminal pressure [30]. When the wall 
tension reaches a critical point, rupture and hemorrhage 
occurs. Thus, patients with large, thin walled varices and 
elevated portal pressures have the highest risk of variceal 
hemorrhage (Fig. 4.1).

An additional risk factor for variceal hemorrhage is bacte-
rial infection. There is a significant association between vari-
ceal bleed and bacterial infection. One hypothesis suggests 
that bacterial infection triggers a cytokine cascade leading to 
increased variceal pressure and therefore increased risk of 
variceal hemorrhage [33].

4.6  Ascites

4.6.1  Pathogenesis of Ascites

Ascites is the pathologic accumulation of intraperitoneal 
fluid. In the United States ascites is due to portal hyperten-
sion in 85% of cases [34]. Other causes include malignancy, 
heart failure, infections and nephrotic syndrome. This sec-
tion will focus on cirrhotic ascites. It is a common complica-
tion of portal hypertension, developing in up to 50% of 
patients within 10 years of a diagnosis of compensated cir-
rhosis [35].

The most recognized and accepted theory explaining 
ascitic fluid formation, the “arterial vasodilation hypoth-
esis”, describes the development of ascites as a compli-
cation of portal hypertension [36, 37]. The splanchnic 
vasodilation and reduced systemic vascular resistance 
(SVR) lead to decreased mean arterial pressure (MAP) 

[15]. Progressive vasodilation with marked reduction in 
systemic vascular resistance cannot be effectively compen-
sated by increases in cardiac output (CO) and therefore, 
leads to a reduced effective circulating volume. In response 
to the reduction in pressure at the carotid and renal baro-
receptors there is a compensatory activation of the renin-
angiotensin- aldosterone system, sympathetic nervous 
system, and antidiuretic hormone. The net effect of these 
neurohormonal mechanisms is an increase in sodium and 
water retention resulting in expansion of the extracellular 
fluid. Increased hydrostatic pressure in the splanchnic cap-
illaries and increased vascular wall permeability, as well as 
decreased oncotic pressure in the setting of hypoalbumin-
emia lead to the excess extracellular fluid accumulates in 
the peritoneal cavity [36, 38].

4.6.2  Spontaneous Bacterial Peritonitis

A potentially lethal complication of ascites is the develop-
ment of an ascitic fluid infection called spontaneous bacte-
rial peritonitis (SBP). Spontaneous bacterial peritonitis is a 
commonly encountered infection in cirrhosis and is associ-
ated with hepatic decompensation and SIRS resulting in 
multi-organ failure [39]. In hospital mortality associated 
with SBP is 30–50% [40]. Gram-negative gut flora, particu-
larly Escherichia coli and Klebsiella species, are isolated in 
70% of cases of culture positive SBP. Gram-positive strepto-
coccus and staphylococcus species account for the majority 
of the remaining isolates [40]. Analysis of the ascitic fluid by 
performing a diagnostic paracentesis is required to make the 
diagnosis, and is defined as a polymorphonuclear cell count 
≥250 cells/mm3. The diagnosis should be suspected in 
patients that present with fever, altered mental status, abdom-
inal pain or tenderness, or hypotension. However patients 
with ascites admitted to the hospital with other symptoms 
should also be tested.

Although not completely understood, the proposed 
pathogenesis of SBP involves overgrowth of gut bacteria 
and enhanced permeability of the bowel wall, which 
results in translocation of bacteria from the intestinal 
lumen to mesenteric lymph nodes [41, 42]. In non-cirrhotic 
individuals, local immune defenses kill bacteria that colo-
nize lymph nodes. In cirrhosis, impairment in immune 
defense mechanisms, including the reticuloendothelial 
system and humoral and cell-mediated immunity, results 
in spread of bacteria to the systemic circulation followed 
by entry into the hepatic lymph and seeding of the ascitic 
fluid resulting in SBP [43, 44]. In addition, the increase in 
circulating endotoxin levels leads to release of cytokines 
and results in increased systemic inflammation. The 
heightened systemic inflammatory response is associated 
with increased mortality [45, 46].

Fig. 4.1 Large esophageal varices in the distal lumen with “red wale” 
signs, portending a high-risk of variceal hemorrhage
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4.6.3  Renal Vasoconstriction 
and Hepatorenal Syndrome

Hepatorenal syndrome is an important clinical complica-
tion of portal hypertension that is a unique form of renal 
failure and is associated with a poor prognosis [47]. 
Hepatorenal syndrome is defined by presence of cirrhosis 
with ascites, serum creatinine greater than 1.5 mg/dl, no 
improvement in serum creatinine after 2 days of diuretic 
withdrawal and volume expansion, absence of shock, and 
absence of offending nephrotoxic drugs or underlying 
parenchymal kidney disease [34]. Hepatorenal syndrome 
is not considered an intrinsic renal disease but rather is a 
consequence of decreased renal perfusion. Reduced effec-
tive circulating volume leads to a compensatory activation 
in the sympathetic nervous system and the renal vasocon-
striction system. This results in progressive renal hypoper-
fusion. The decline in renal perfusion is associated with 
a reduction in glomerular filtration rate and can lead to 
development of the hepatorenal syndrome. Translocation 
of bacteria from the gut leads to a chronic inflammatory 
state and plays a key role in progression of disease.

4.7  Questions and Answers

 1. A 60 year old former intravenous drug user was found to 
have elevated liver enzymes. Further testing revealed he 
was positive for hepatitis C. A liver biopsy showed bridg-
ing fibrosis and nodule formation. Which type of cell is 
activated in fibrosis progression?
 A. Kupffer cells
 B. Stellate cells
 C. Pit cells
 D. Cholangiocytes
 E. Sinusoidal cells

 2. What correctly describes the mechanisms involved in 
portal hypertension:
 A. Increased splanchnic vasoconstriction and decreased 

portal inflow
 B. Decreased splanchnic vasoconstriction and increased 

portal inflow
 C. Increased splanchnic vasodilatation and decreased 

portal inflow
 D. Increased splanchnic vasodilatation and increased 

portal inflow
 E. None of the above

 3. When should a diagnostic paracentesis be performed on a 
cirrhotic patient?
 A. Admission to hospital
 B. New onset ascites
 C. Hypothermia
 D. Mental status changes

 E. All of the above
 4. Acute liver failure is associated with circulatory dysfunc-

tion and multi-organ failure. The primary pathophysiol-
ogy is believed to be secondary to:
 A. activation of the sympathetic nervous system and bac-

terial translocation
 B. activation of the systemic inflammatory response 

syndrome
 C. downregulation of the lipocalin-2 gene
 D. activation of renin-angiotensin-aldosterone system
 E. upregulation of baroreceptors

4.7.1  Answers

 1. B. Stellate cell activation leads to contraction leading to 
increased sinusoidal pressure as well as collagen deposi-
tion in the space of Disse.

 2. D. The product of increased splanchnic vasodilatation 
and increased portal inflow results in portal hypertension, 
as defined by Ohm’s law.

 3. E. All of the listed criteria are indications for performing 
a diagnostic paracentesis to test for the presence of spon-
taneous bacterial peritonitis.

 4. B. In acute liver failure, both cerebral edema and multior-
gan system failure are thought to be precipitated by SIRS 
and can lead to sepsis and high mortality.
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Renal Physiology in Liver Disease

Kai Singbartl

Abstract

Interactions between the liver and the kidneys are complex and convoluted. Many primary 
disorders of liver disease have direct and immediate effects on renal physiology and func-
tion. Kidney injury and dysfunction are frequent problems in patients with acute liver fail-
ure. However, the etiology of acute kidney injury in patients with acute liver failure is 
usually multifactorial and involves insults similar to those seen in the general acute kidney 
injury population.

Chronic progressive liver disease (cirrhosis) modulates and is directly modulated by 
changes in systemic and renal hemodynamics, inflammatory response, renal handling of 
sodium, free water excretion, and other non-vasomotor mechanisms. Subsequent complica-
tions, e.g., worsening ascites, hyponatremia, and acute kidney injury, often complicate the 
care of patients with chronic progressive liver disease and increase their morbidity and 
mortality. This chapter will offer a basic understanding as to how chronic liver disease 
affects renal function, providing the theoretical foundation to further improve the care of 
patients with chronic progressive liver disease.
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5.1  Acute Liver Failure and the Kidney

Approximately 80% of all patients with acute liver failure 
will also develop acute kidney injury [1, 2]. Almost half of 
these patients will ultimately need renal replacement ther-
apy. Ischemic hepatitis or acetaminophen intoxication rep-
resent the underlying etiology in the majority of cases of 
acute liver failure that will also develop acute kidney 
injury.

Similar to the general acute kidney injury population, the 
etiology of acute kidney injury in patients with acute liver 
failure is multifactorial, including sepsis, nephrotoxins, isch-
emia/reperfusion, and hypovolemia [3]. However, acetamino-
phen, the most frequent cause for acute liver failure in the 
United States, has also direct nephrotoxic effects [4]. 
Acetaminophen nephrotoxicity shows characteristics similar 
to those seen in acute tubular necrosis: Granular casts can be 
found in the urine, urine osmolality is similar to that of 
plasma, urine sodium is >20 mmol/L. The nephrotoxic effects 
of acetaminophen are directly related to the ingested dose. 
With increasing acetaminophen dose, sulfate and glutathione 
stores become depleted, shunting acetaminophen metabolism 
to the CYP-450 mixed function oxidase system in both liver 
and kidney. Resulting active intermediates, e.g. N-acetyl-p-
benzoquinone imine, form adducts on moieties on cellular 
proteins which in turn activate caspases and lysosomal 
enzymes that initiate apoptosis or lead to cell necrosis [4].
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5.2  Chronic Liver Disease and the Kidney: 
Introduction

Changes in renal function and physiology during chronic 
progressive liver disease are the result of complex circula-
tory, inflammatory, and vasomotor changes (Fig. 5.1). 
Patients with progressive cirrhosis demonstrate hemody-
namic instability, characterized by reduced systemic  vascular 
resistance secondary to splenic arterial vasodilation resulting 
from portal hypertension. Activation of several compensa-
tory vasoconstrictive systems is necessary to maintain suffi-
cient arterial blood pressure but also carries harmful effects 
on the kidney. These changes or (overzealous) medical treat-
ment lead to alternate/impaired renal handling of sodium and 
water excretion as well as dysregulation of acid- base 
homeostasis.

At a later stage, overwhelming compensatory vasocon-
strictor mechanisms will also trigger intra-renal vasocon-
striction, decreasing glomerular filtration rate and ultimately 
leading to acute kidney injury (further discussed elsewhere 
in this book).

Recent experimental and clinical research have also 
shed some light on intestinal bacterial translocation and 
ensuing systemic inflammation as potential contributors 

to hemodynamic instability in patients with advanced cir-
rhosis [5, 6].

5.3  Systemic Hemodynamic Changes

Systemic hemodynamic instability, characterized by arterial 
and splanchnic vasodilation, is a classical hallmark of pro-
gressive liver disease with portal hypertension [7]. Worsening 
reduction in systemic vascular resistance gives rise to rela-
tive arterial hypovolemia. Initially, there is also an increase 
in cardiac output, largely due to a decrease in afterload. With 
deteriorating cirrhosis, some patients develop cirrhotic car-
diomyopathy. Characteristics of cirrhotic cardiomyopathy 
are impaired diastolic relaxation, ECG changes (QT prolon-
gation), enlarged left atrium, increased left ventricular wall 
thickness, and attenuated contractile responsiveness to stress 
[8]. Cirrhotic cardiomyopathy does usually not become clin-
ically apparent until the reduction in left ventricular afterload 
and other compensatory mechanisms become insufficient to 
offset the reduction in left ventricular function. At this time, 
the cardiac output begins to decrease, and patients start to 
show symptoms of heart failure. The decline in cardiac out-
put puts kidneys and liver at risk for additional damage.

Portal hypertension

Systemic and
splanchnic vasodilation

Bacterial translocation
  - Systemic inflammation
  - Inflammatory cytokines
  - Endogenous vasodilators

Activation of endogenous vasoconstrictor systems

Na+/H2O retention
kidney injury

↓ ↓ Effective arterial blood volume

Cirrhotic
cardiomyopathy

Fig. 5.1 Current concept and 
pathways of cirrhosis-induced 
changes in kidney function
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5.4  Vasodilation

Intensified synthesis of circulating vasodilators, including 
prostaglandins, glucagon, vasoactive intestinal peptide, sub-
stance P, platelet activating factor and nitric oxide, plays a 
crucial role in the development of systemic arterial and 
splanchnic vasodilation in patients with progressive cirrhosis 
[9, 10]. This process increases with worsening cirrhosis [5]. 
Early on, systemic vasoconstrictive systems become acti-
vated. The renin-angiotensin-aldosterone system and the 
sympathetic nervous system represent the “first line of 
defense” under these circumstances. Non-osmotic hyperse-
cretion of antidiuretic hormone occurs during later stages. 
Although the activation of vasoconstrictive system is neces-
sary to stabilize the effective arterial blood volume and blood 
pressure, they are harmful to the kidneys, especially with 
respect to sodium and free water retention (see below) [5].

Currently available evidence suggests a particularly 
important role for nitric oxide in the development of splanch-
nic vasodilation during progressive cirrhosis and portal 
hypertension. Nitric oxide controls both the sinusoidal (intra- 
hepatic) and systemic/splanchnic circulations. Whereas 
nitric oxide deficiency in the liver raises intra-hepatic resis-
tance, increased systemic levels of nitric oxide facilitate an 
overall hyperdynamic state [11].

Nitric oxide-mediated vasodilation rests with the activa-
tion of nitric oxide synthase in endothelial cells. This process 
is multifactorial. Several, different stimuli have been impli-
cated, e.g. shear stress, vascular endothelial growth factors, 
tumor necrosis factor alpha, LPS, or bacterial DNA [12]. 
However, available data indicates that the interactions 
between the different vasoactive systems involved are too 
complex for one factor to be solely responsible for splanch-
nic vasodilation under these circumstances.

Some studies also have also pointed at an important role 
for persistent endotoxemia and ensuing systemic inflamma-
tion in the increased systemic prostacyclin synthesis. Here, 
portal systemic shunting and a defective reticular endothelial 
cell system are thought to cause impaired bacterial clear-
ance, giving rise to bacteremia and endotoxemia [6].

Antidiuretic hormone also causes a strong intraregional 
vasoconstriction with subsequent reduction of the glomeru-
lar filtration rate [5].

5.5  Antidiuretic Hormone and Water 
Balance

Under normal circumstances, the body exerts tight control 
over total body water and osmolality. The release of antidi-
uretic hormone, also known as arginine vasopressin, from the 
hypothalamus is the primary regulator of serum osmolality 
[12]. Changes in plasma osmolality and volume in turn are the 

two major stimuli for secretion of antidiuretic hormone [12]. 
An increase or decrease in serum osmolality directly leads to 
an increase or decrease, respectively, in the secretion of antidi-
uretic hormone. However, most cirrhotic patients demonstrate 
low serum osmolality and sodium concentrations, making 
elevated osmotic stimulation of antidiuretic hormone secre-
tion in this situation unlikely. Non-osmotic secretion of antidi-
uretic hormone involves the autonomic nervous system and its 
baroreceptors (see below). The fact that urine osmolality is 
higher than plasma osmolality indicates that under physiologic 
conditions the kidneys remain in an antidiuretic state.

Antidiuretic hormone acts by modulating water permeabil-
ity in the renal collecting ducts. Antidiuretic hormone binds to 
vasopressin 2 receptors on the baso-lateral membrane of epi-
thelial cells along the renal collecting ducts, enhancing the 
production of cyclic AMP and activation of protein kinase A. 
Phosphorylation of microtubular subunits will then allow for 
the aggregation and subsequent translocation of water channel 
proteins (aquaporins) to the apical plasma membrane [13]. 
Here, aquaporins facilitate the reabsorption of water from the 
collecting duct, raising body water content. A decrease in 
serum osmolality results in inactivation of renal aquaporin 
channels and excretion of diluted urine, preserving body 
water/volume status and serum osmolality.

5.6  Sodium and Water Homeostasis 
in Chronic Liver Disease

Although total body water content is not affected in cirrhotic 
patients at first, there is a shift of fluid to the extracellular 
space, which in turn leads to a decrease in intravascular vol-
ume. Subsequent decrease in blood pressure stimulates 
carotid baroreceptors which together with reduced renal 
blood flow activate renin-angiotensin-aldosterone and sym-
pathetic nervous systems. There is also enhanced non- 
osmotic production of antidiuretic hormone (ADH) under 
these circumstances (see above). Hypervolemic or dilutional 
hyponatremia is a consequence of impaired solute-free water 
excretion by the kidneys leading to disproportionate reten-
tion of water over sodium (Fig. 5.2) [14].

Despite these well-established mechanisms of hyponatre-
mia in patients with cirrhosis, other mechanisms or pathways 
have to be considered in the evaluation of cirrhotic patients 
with hyponatremia [14]. Hypovolemic hyponatremia can 
develop due to renal (e.g., excessive diuresis) or extra-renal 
losses (e.g., diarrhea due to excessive use of lactulose or due to 
infection-associated diarrhea) [15]. Patients with cirrhosis 
sometimes also develop poor salt and protein intake [16]. This 
will impair the kidney’s ability to excrete solutes and free 
water. Endocrine disorders, cardiac disease, infections, drugs 
and toxins all can cause hyponatremia in patients with chronic 
liver disease but are beyond the scope of this chapter [14].
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5.6.1  Ascites Formation

Uncontrolled sodium and water retention in cirrhotic patients 
leads to ascites formation. Only persistent fluid and sodium 
restriction can prevent this.

Reduced renal blood flow and subsequent renal vasocon-
striction result in decreased glomerular filtration rate. At the 
same time, hypersecretion of antidiuretic hormone induces 
the formation and intracellular trafficking of aquaporin chan-
nels within epithelial cells of the collecting duct system. This 
together with a diminished glomerular filtration rate hinders 
the elimination of solute-free water by the kidneys, leading 
to hypotonic hyponatremia. Although total body water 
remains unchanged under the circumstances, fluid begins to 
shift to the extracellular space, resulting in ascites formation 
and further intravascular hypovolemia.

5.6.2  Hyponatremia

Up to 50% of patients with cirrhosis display serum sodium 
levels <135 mmol/L, and more than 20% reveal serum 
sodium concentrations <130 mmol/L [17].

Hyponatremia is a key marker of poor prognosis, espe-
cially if they MELD score is low [18, 19]. Hyponatremia is 

associated with an up to eightfold increase risk of dying 
before liver transplant. However, hyponatremia is considered 
a marker of severity of cirrhosis and its complications rather 
than an actual mediator of poor outcome.

Patients with hyponatremia usually to not become symp-
tomatic unless there is a sudden, drastic drop in serum 
sodium concentrations or their serum concentration is less 
than 125 mmol/L. Patients will initially present with minor 
symptoms, e.g. nausea, headache.

Hyponatremia in patients with chronic progressive liver 
disease is usually a slowly evolving process, permitting the 
brain to adapt to a hypoosmolar environment. It is the acuity 
of hyponatremia rather than the extent of hyponatremia that 
determines the severity of neurological deficits.

5.7  Acid-Base Disorders

The development of metabolic acidosis is a frequent occur-
rence in patients with chronic liver disease [3]. Metabolic 
acidosis can occur even in the setting of preserved renal 
function. Both anion gap metabolic acidosis (ketoacidosis, 
lactic acidosis) and non-anion gap acidosis occur in patients 
with chronic liver disease.

5.7.1  Lactic Acidosis

The so-called type A lactic acidosis is the result of tissue hypo-
perfusion and subsequent increase in anaerobic glycolysis. It is 
frequently seen in patients with decompensated chronic liver 
disease, in particular in the setting of hemorrhage or sepsis [20].

Type B lactic acidosis can develop in the absence of tissue 
hypoperfusion. Although lactate production is normal under 
these circumstances, liver dysfunction leads to decreased 
lactate utilization and consequently lactic acidosis [20].

5.7.2  Ketoacidosis

Patients with chronic (alcoholic) liver disease often suffer 
from a reduced caloric intake and/or volume depletion, 
resulting from vomiting after consuming extreme amounts of 
alcohol. In the liver, ethanol is oxidized to acetaldehyde. The 
ketone bodies acetoacetic acid and β-hydroxybutyrate repre-
sent the end products of acetaldehyde metabolism, resulting 
in anion gap metabolic acidosis [21].

5.7.3  Non-anion Gap Metabolic Acidosis

Diarrhea: lactulose therapy is a cornerstone of treatment for 
hepatic encephalopathy. Side effects of lactulose therapy 

Portal hypertension

↓ ↓ Effective
arterial blood volume

Activation of
RAAS

Na+-retention Tubular H2O resorption
and retention

Hypervolemic/dilutional
hyponatremia

Non-osmotic secretion
of ADH

Activation of
SNS

Fig. 5.2 Development of hypervolemic/dilutional hyponatremia in 
liver cirrhosis
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include diarrhea with subsequent bicarbonate losses through 
the stool, giving rise to an anion gap metabolic acidosis [20].

Renal tubular acidosis: If the kidneys cannot excrete the 
daily acid load anymore, renal tubular acidosis will develop. 
Distal renal tubular acidosis can evolve in patients with 
chronic liver disease due to an inborn distal tubular acidifica-
tion defect associated with autoimmune hepatic diseases, 
e.g. primary biliary cirrhosis [22]. Also, the reduction in 
effective circulating blood volume seen in patients with 
chronic liver disease results in attenuated delivery of sodium 
to the distal tubular system. Impaired sodium delivery to the 
distal tubular system leads to impaired distal tubular acidifi-
cation. Restoration of normal sodium delivery to the distal 
tubular system will correct the defect in the distal tubular 
acidification [20].

5.7.4  Treatment

Treatment of metabolic acidosis in patients with chronic 
liver disease is similar to that in other patients [3]. 
Primary goal is the correction of the underlying etiology 
(see above). This will include discontinuation of harmful 
medication, resuscitation to achieve sufficient systemic 
hemodynamics, thiamine administration, modification of 
treatment with laxatives, and administration of sodium 
bicarbonate.

5.8  Non-vasomotor Effects on Renal 
Function in Patients with Cirrhosis

5.8.1  Bile Cast Nephropathy

With worsening liver function, cirrhotic patients also dis-
play increased serum concentration of bilirubin and bile 
acid. Intra-renal bile casts can form under these circum-
stances and impair proximal tubular function [6, 23]. As 
liver function improves and/or bile and bilirubin levels 
return to normal, renal function will also begin to improve. 
The exact time point of bile cast formation in the overall 
disease process is unknown. However, high concentra-
tions of bilirubin (>20 mg/dL) for a prolonged period of 
time are usually seen in patients with bile cast nephropa-
thy. Bile cast nephropathy can occur in patients without 
cirrhosis.

As bile cast nephropathy can only be diagnosed by means 
of a kidney biopsy, it is often forgotten in the differential 
diagnosis of renal dysfunction in patients with chronic pro-
gressive liver disease. However, the current approach to renal 
dysfunction in cirrhotic patients appears to be incomplete, as 
long as it does not include bile cast nephropathy as potential 
underlying etiology [23].

5.8.2  Intra-abdominal Hypertension

Intra-abdominal pressure >12 mmHg defines intra- abdominal 
hypertension [24]. Subsequent decline in renal perfusion is 
considered the main mechanism for renal dysfunction during 
intra-abdominal hypertension [25]. Following initial preserva-
tion of glomerular filtration rate due autoregulatory mecha-
nisms, later changes in intra-renal hemodynamics may also 
contribute to an additional decrease in renal function. Here, a 
drop in glomerular hydrostatic pressure (due to decreased renal 
perfusion) and a simultaneous rise in the hydrostatic pressure 
within the Bowman capsule (due to intra-abdominal hyperten-
sion itself) will further reduce glomerular filtration rate [25].

A mechanistic link between intra-abdominal hypertension 
and renal dysfunction in patients with cirrhosis and subse-
quent ascites has been postulated for a long time [6, 26]. 
Lowering intra-abdominal pressure below 12 mmHg has been 
associated with improved glomerular filtration rate, renal 
blood flow, and urine output. Moreover, placement of a perito-
neal venous shunt in cirrhotic patients with ascites to maintain 
low intra-abdominal pressures has also resulted in improved 
glomerular filtration rate and renal blood flow [26]. However, 
simply lowering intra-abdominal pressure in the setting of 
massive ascites without adequate hemodynamic stabilization, 
i.e. fluid resuscitation during large- volume paracentesis, will 
actually worsen renal function rather than improve it [27].

5.8.3  Inflammatory Changes

The development of a systemic inflammatory response syn-
drome in patients with cirrhosis is strongly associated with 
onset of renal dysfunction and overall poor outcome [28]. 
Numerous animal studies and a few clinical studies have 
allowed us to identify two molecules that appear to play a key 
role in the development of renal dysfunction in chronic pro-
gressive liver disease with ensuing systemic inflammation [6].

Toll-like receptor 4 activation gives rise to an increased 
production of other pro-inflammatory mediators. Renal toll- 
like receptor 4 expression, in particular that in the proximal 
renal tubules, is upregulated during experimental cirrhosis 
[29]. Translocation of intestinal bacteria is thought to pro-
mote up regulation of toll-like receptor 4. Consequently, 
selective gut decontamination with norfloxacin led to 
decreased toll-like receptor 4 expression, improved renal his-
tology, and kidney function tests [30]. Patients with liver cir-
rhosis also reveal upregulated toll-like receptor 4 expression 
in renal tubular cells during infection/inflammation [29].

Interleukin 17A is secreted by T cells and intestinal pan-
eth cells in response to infectious/inflammatory stimuli. 
Experimental models of hepatic ischemia-reperfusion have 
shown that neutralizing interleukin 17A prevents renal dys-
function in this situation.
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5.9  Summary

Here, we have presented conventional and new, evolving 
concepts on the effects of acute and chronic liver disease on 
renal (patho-) physiology. Available research shows that 
renal pathophysiology during (chronic) liver disease is com-
plex and involves more than just vasomotor dysfunction. 
Systemic inflammation in particular has emerged as a new 
key mediator in kidney injury and dysfunction under these 
circumstances.

Worsening cirrhosis has detrimental effects on kidney 
function and subsequent fluid and electrolyte homeostasis. 
Ascites formation is a consequence of both liver and kidney 
dysfunction. Hyponatremia is a serious complication in 
patients with progressive cirrhosis and represents an impor-
tant predictor of mortality. However, hyponatremia itself is 
rarely the cause of death in cirrhotic patients. It should there-
fore only be corrected when it becomes severely symptom-
atic or life threatening.
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Cerebrovascular Physiology in Liver 
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Abstract

Mental status changes in acute and chronic liver disease can account for a significant por-
tion of ICU admissions and mortality. Much of the pathology associated with these condi-
tions is associated with an inability to maintain adequate blood flow. Thus, an understanding 
of both normal cerebrovascular physiology as well as the physiology behind derangements 
seen in both acute and chronic liver failure can help lead to better understanding and opti-
mized management of these critically ill patients.
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Mental status changes in acute and chronic liver disease can 
account for a significant portion of ICU admissions and mor-
tality. Much of the pathology associated with these conditions 
is associated with an inability to maintain adequate blood 
flow. Thus, an understanding of both normal cerebrovascular 

physiology as well as the physiology behind derangements 
seen in both acute and chronic liver failure can help lead to 
better understanding and optimized management of these 
critically ill patients.

6.1  Normal Regulation 
of Cerebrovascular Function

The brain receives a large amount of blood flow compared 
with other organ systems using around a fifth of available oxy-
gen for normal function [1]. Thus, tight regulation of blood 
flow and oxygen delivery is critical to survival. Small decreases 
in cerebral blood flow can have deleterious effects, with inhi-
bition of cerebral protein synthesis, extracellular accumulation 
of glutamate and lactate, and cellular fluid shifts observed with 
even modest decreases in cerebral blood flow [2]. Conversely, 
high flows are relatively poorly tolerated, due to breakdown of 
the blood brain barrier, fixed space inside the cranial vault, and 
the clinical consequences of hyperemia including altered men-
tal status, seizures, and posterior reversible encephalopathy 
syndrome. Therefore, normal regulation is tightly controlled 
by a system of cerebral hemodynamics, autoregulation, seg-
mental vascular resistance, and neural astrocyte regulation.
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6.1.1  Mechanisms of Functional Hyperemia

Continual and adequate cerebral blood flow is maintained by 
several mechanisms. As with all vascular beds, regional flow 
throughout the brain is proportional to the difference between 
inflow and outflow pressure (ΔP) divided by the resistance 
to flow, as is demonstrated by Ohm’s Law.

 
Regional Flow

Resistance
=

∆P
 

As it relates to cerebral blood flow, ΔP is the cerebral 
perfusions pressure or the difference between the cerebral 
arterial pressure and cerebral venous pressure. Cerebral arte-
rial pressure is driven by cardiac output and ultimately mean 
arterial pressure.

 
Cerebral Blood Flow Parterial Pvenous

Cerebral Vascular Res
=

−
iistance

Since cerebral venous pressure is usually relatively low 
(2–5 mmHg) and is directly influenced by intracranial pressure 
and to a lesser effect by central venous pressure. Thus under 
normal circumstances:

 
Cerebral Blood Flow MAP ICP

Cerebral Vascular Resistance
=

−

Therefore, while mean arterial pressure (MAP) and intra-
cranial pressure (ICP) affect cerebral blood flow, under nor-
mal circumstances, when these values are within normal 
limits, the main determinant of cerebral blood flow is cere-
bral vascular resistance. Much like vascular beds outside of 
the central nervous system, this resistance can be character-
ized as a function of length of the vessel (L), viscosity of the 
blood (η), and inversely proportional to the radius to the 
fourth power, as characterized by Pouiseeuille’s equation:

 
Resistance L

r
=

· η
4  

While this equation assumes steady, laminar flow, the 
most readily modifiable and influential variable to cerebral 
blood flow is the radius of the vessel in question, as mani-
fested by cerebral vasodilation and vasoconstriction.

6.2  Mechanisms for Modulating Cerebral 
Blood Flow

In order to accommodate the high metabolic rate of the entire 
brain, continuous blood flow has to be ensured, with aug-
mentation of blood flow through vasodilation to metaboli-
cally active regions and reduction of blood flow through 
vasoconstriction to less metabolically active regions. A host 
of mechanisms exist for maintaining the varied levels of 
cerebral blood flow.

6.2.1  The Neurovascular Unit

Large cerebral arteries give rise to arterioles and microvascu-
lature, which are densely innervated by perivascular nerves. 
These neurons, microvessels, and glia form a close anatomi-
cal and functional entity [3]. This unit functions in several 
ways to ensure constant blood flow as well as the ability to 
increase blood flow for cerebral activity and protect against 
high surges in blood pressure.

6.2.2  Direct Neuronal Signaling

Active neurons release neurotransmitters into the extracellular 
space, which can directly and indirectly influence vasodila-
tion. In particular, this has been demonstrated with glutamate 
and gamma-aminobutyric acid (GABA). Glutamate does not 
directly influence vasodilation, but rather indirectly works 
through indirect mechanisms including nitric oxide synthase, 
COX-2, and others. GABA likely plays a more direct role 
in local vasodilation. Synaptic activity also causes the release 
of intracellular potassium following generation of action 
potentials, which also increases blood flow by a nitric oxide 
mediated process. Neuromodulators and neuropeptides other 
than GABA and glutamate are also released from non-synap-
tic portions of the neuron [4].

6.2.3  Indirect Neuronal Signaling

The mechanisms to increase blood flow to metabolically 
active areas of the central nervous system extend beyond 
direct neuronal signaling. Local vasodilation is also propa-
gated by the dilation of upstream arterioles, which has 
been demonstrated in several tissue models [5, 6]. 
Additionally, there is contact between the nerve, blood 
vessels, and astrocytes, which can act both locally as well 
as upstream to increase blood flow. Stimulation of astro-
cytes raises astrocytic calcium and causes dilation of 
nearby arterioles [7, 8].

6.2.4  Large Arterial Vascular Resistance

While direct and indirect mechanisms exist for resistance to 
blood flow at the level of the neurovascular unit, the large 
intracranial and extracranial arteries such as the carotid and 
vertebral arteries are a major site of resistance and thus sig-
nificantly contribute to overall cerebral vascular resistance. 
The resistance in these vessels is ultimately greater than that 
observed in other vascular beds.

A host of neurohumoral and direct signaling mechanisms 
exist which modulate the total resistance in these large arter-
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ies, including activation of sympathetic nerves and increas-
ing concentrations of circulating vasopressin and angiotensin. 
These changes in resistance allow for increased cerebral 
blood flow due to increased metabolic activity, or to low 
mean arterial blood pressure, which would otherwise lead to 
low cerebral perfusion pressure [9].

6.3  Autoregulation

While local vasodilation and vasoconstriction are essential 
for ensuring adequate blood flow for metabolically active 
neurons, the brain is also dependent on other processes that 
prevent fluctuations in overall perfusion pressure. There are 
many reasons for this requirement to tightly regulate cerebral 
circulation, to include the brain’s relative lack of a local 
energy store, disproportionally high metabolic rate, and high 
energy requirements. However, this is also underscored by 
the dire consequences that exist with even small fluctuations 
in overall cerebral blood flow.

Adequate cerebral blood flow (around 50 mL for 100 g of 
brain tissue) exists within the range of a cerebral perfusion 
pressure of 60–160 mmHg [10, 11]. Cerebral metabolic rate 
determines the cerebral vascular resistance as mentioned 
above, thus driving the cerebral perfusion pressure, given a 
normal mean arterial pressure and intracranial pressure. This 
cerebral perfusion pressure is maintained despite alterations 
in mean arterial pressure largely through autoregulation 
(Table 6.1).

Autoregulation is a process that exists in multiple vascu-
lar beds, but which exerts an especially pronounced effect 
in the central nervous system. It modulates cerebrovascular 
resistance to allow for constant cerebral blood flow despite 
alterations that exist in cerebral perfusion pressure both as 
a function of intracranial pressure and mean arterial pres-
sure. As CPP rises and falls beyond critical limits, auto-
regulation is lost and flow becomes dependent on the level 
of CPP.

6.3.1  Decreased Perfusion Pressure 
and Autoregulation

As CPP falls, vasodilation ensues to allow for adequate 
maintenance of cerebral blood flow. The mechanism is not 
completely defined but likely is attributed to a combination 
of neurogenic, myogenic, and metabolic responses. While 
not completely defined, this process likely mediated by nitric 
oxide and extracellular potassium. Regardless of the mecha-
nism, this response has been accurately modeled to predict 
the clinical response [12] (Fig. 6.1).

The myogenic response refers to a change in vascular 
smooth muscle tone, inducing cerebral vasoconstriction with 
increases in extrinsic transmural pressure and vasodilation at 
lower perfusion pressures. This change has been demon-
strated in cerebral blood vessels in as little as 1–3 s [13] and 
can be expected to maintain a consistent and adequate cere-
bral blood flow for arterial blood pressure ranges between 60 
and 160 mmHg.

As perfusion continues to decrease, autoregulation is 
maintained through the release of metabolic factors. Amongst 
those implicated include potassium, hydrogen ion, adenos-
ine, and oxygen [14, 15]. Hypoxia remains the dominant 
mechanism inducing cerebral blood vessel vasodilation by 
local mechanism as cerebral perfusion continues to fall [16].

As CPP continues to fall, autoregulation is lost resulting in 
decreases in cerebral blood flow. To a degree the clinical effect 
lags as cerebral metabolic rate is maintained due to increased 
oxygen extraction. As cerebral perfusion falls below the level 
of compensation by oxygen extraction, clinical signs of isch-
emia ensure. These can include altered mental status, dizziness, 
and cerebral vascular infarction. Cerebral oxygen consumption 
can be monitored by measuring of the oxygen content of 
venous blood through a jugular bulb catheter (see Sect. 6.7). 
However, the oxygen content of cerebral venous blood also 
depends on the ability of mitochondria to utilize oxygen.

Table 6.1 Determinants of cerebral perfusion

Measurement Definition

Cerebral blood flow Blood supply to entire brain at one point in 
time

Cerebral perfusion 
pressure

Pressure gradient driving cerebral blood flow

Intracranial pressure Total pressure in cranial vault
Cerebral metabolic 
rate

Total rate of O2 consumption driving the total 
blood flow

Cerebral blood 
volume

Total amount of blood in a given amount of 
brain tissue

Mean arterial 
pressure

Average blood pressure throughout the body 
as a function of cardiac output and systemic 
vascular resistance

CBF

CPP

Fig. 6.1 Autoregulation curve. Cerebral blood flow (CBF) cerebral 
perfusion pressure (CPP)
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6.3.2  Elevated Perfusion Pressure 
and Autoregulation

Elevations in cerebral blood flow can develop as cerebral 
perfusion pressure continues to rise. In a similar manner to 
decreases in cerebral perfusion pressure, autoregulation of 
cerebral blood flow is maintained at rising perfusion levels, 
largely through arteriolar vasoconstriction due to elevated 
transmural pressures. As with the changes associated with 
cerebral perfusion pressure, this vasoconstriction is not fully 
understood and likely multifactorial. However, there is a 
demonstrable role of endothelin-1 in the cerebral vasocon-
striction of autoregulation [17, 18].

As mean arterial pressure continue to increase, cerebral 
perfusion pressure continues to rise past the point where 
vasoconstriction can limit cerebral blood flow. At critical 
pressures, there is a loss of myogenic vasoconstriction lead-
ing to a forced vasodilation known as autoregulatory break-
through. This is now thought to be the critical event leading to 
rapidly elevated cerebral blood flow seen at the higher end of 
the autoregulatory curve [19, 20]. Clinical sequelae such as 
cerebral edema, hemorrhage, seizures, and posterior revers-
ible leukoencephalopahty (PRES) can rapidly ensue [21].

6.4  Autoregulation and Liver Disease

While autoregulation can breakdown at both elevated and 
decrease levels of cerebral perfusion pressure, the primary mech-
anism seen in both acute and chronic liver disease is decreased 
cerebral perfusion pressure. As previously noted, cerebral perfu-
sion pressure is a consequence of mean arterial pressure and 
intracranial pressure based on the following relationship:

 CPP MAP ICP= −  

Intracranial pressures can only be as low as physiologi-
cally normal levels (usually between 5 and 15 mmHg). Thus, 
while decreases in cerebral perfusion can exist because of 
either low arterial pressure or elevated ICP, increased cere-
bral perfusion can only exist because of elevated MAP.

Elevations in MAP are rare in both chronic and acute liver 
failure [22–24]. The reasons for this are multifactorial, including 
relative vasodilation, hyperdynamic circulation, and vasopressin 
deficiency [25]. Thus, any clinical evidence of high intracranial 
blood flow (intracranial hemorrhage, seizures, PRES) should 
prompt investigation for other causes in this population.

6.5  Cardiac Effect of Liver Failure 
on Cerebrovascular Physiology

Regardless of the chronicity of the liver failure, it exerts 
physiologic effects on both the circulatory and respiratory 
systems that play a role in the cerebrovascular physiology.

6.5.1  Circulatory Effects of Liver Disease

Liver failure is associated with a vasoplegic and hyperdy-
namic state. This progressive systemic vasodilation can be 
attributed to a variety of mechanisms. Systemic vasodilation 
is often the first manifestation of the circulatory effect of liver 
disease. Initially, the effects of this vasodilation are counter-
acted through augmented cardiac output to maintain mean 
arterial pressure according to the following relationship:

 MAP Cardiac Output Systemic Vascular Resistance= ×

Additionally, splanchnic vasodilation leads to increased 
levels of aldosterone leading to sodium and water retention, 
accentuating the hyperdynamic state [26].

The vasodilation of liver disease does not occur 
equally in all vascular beds, but rather represents more of 
a “splanchnic steal”, with progressive vasodilation of the 
splanchnic arteries and veins. Portal hypertension leads 
to endothelial stretching, shear stress, and increased vas-
cular endothelial growth factor activity. This leads to 
elevated levels of nitric oxide in local vascular beds, 
causing vasodilation [27]. The reason for preferential 
splanchnic arterial and venous vasodilation is not com-
pletely understood, however it may reflect intestinal bac-
terial translocation leading and localized endotoxin 
release [28]. This activates a neurohumoral reflex, which 
precipitates peri pheral vasoconstriction to maintain sys-
temic vascular resis tance, ultimately leading to reduced 
tissue perfusion [29].

Additionally liver failure is associated with a sepsis-
like physiology, with bacterial translocation, endotoxin, 
and alterations in the concentrations of inflammatory 
mediators such as TNF-α, IL-1, and IL-6. Mediators of 
this sepsis like state include nitric oxide, adenosine, 
tachykinins, and calcitonin- gene-related peptide [30]. 
This systemic inflammatory response is observed in the 
majority of patients with acute liver failure including a 
sizeable portion of patients that that did not become 
infected [31].

The relative immunodeficiency in patients with liver 
failure also confers a propensity for infection and sepsis. 
Reasons for the sepsis-like state include severely 
decreased TNF-α production and HLA-DR expression 
[32]. Addition ally, Kupffer cell dysfunction can decrease 
 cell- mediated immunity, leasing to a relative immune 
deficiency and further potentiation of the vasodilated state 
of liver failure [33].

When this vasodilated, hyperdynamic state is compen-
sated, mean arterial pressure and thus cerebral perfusion 
pressure is maintained. However, during acute exacerba-
tions and critical illness, systemic blood pressure can fall 
precipitously and ultimately worsen cerebral perfusion 
pressure.
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6.6  Respiratory Effect on Cerebrovascular 
Physiology in Liver Failure

Liver disease can be associated with respiratory failure from 
a variety of mechanisms. These can include acute respira-
tory distress, volume overload, ventilation/perfusion mis-
matching, sepsis, aspiration, and intrapulmonary shunting. 
Hypoxemia is almost universally observed. Hypercapnea is 
common, which clinically can both mask and worsen under-
lying encephalopathy as well as cerebral edema.

6.6.1  Role of Hypoxia on Cerebral Circulation

The brain consumes a high percentage of the body’s oxygen 
content; decreases in arterial oxygen content impact blood 
flow, through a nitric oxide mediated mechanism [34]. This 
mechanism is likely dominated by local effects, in which 
local hypoxia induces a drop in ATP which opens potassium 
channels on smooth muscle, therefore leading to hyperpolar-
ization and vasodilation [35].

This vasodilation is dependent on the relative degree of 
hypoxia [36]. PaO2 levels <50 mmHg induce up to a fourfold 
increase in cerebral blood flow [36]. The hypoxia mediated 
vasodilation mechanism has also been implicated as the 
dominant mechanism for the vasodilation observed in both 
hypotension and seizures [16].

6.6.2  Effect of Hyperoxia on Cerebral 
Circulation

Since cerebral blood flow inversely correlates with FiO2, 
hyperoxia may slightly decrease cerebral blood flow in a 
concentration-dependent manner. Although not well stud-
ied in acute liver failure, this has been demonstrated in 
similar populations, both in healthy, young adults [37], as 
well as in patients with severe head injury [38]. Additionally, 
both hyperoxia and hypoxia alter cerebral oxygen metabo-
lism in a concentration-dependent manner [39].

To optimize both cerebral oxygen delivery as well as 
blood flow in both chronic and acute liver failure, normoxia 
should be the target, with a PaO2 of 80–120 mmHg.

6.6.3  Role of Hypercarbia on Cerebral 
Circulation

The role of hypercarbia on cerebral blood flow is well 
described. Increases in the arterial CO2 concentration low-
ers the pH, which causes a profound and reversible dilation 
of cerebral blood vessels and concomitantly an increase in 
cerebral blood flow. This relationship has been modeled and 
can likely be predicted in a sigmoid fashion (Fig. 6.2) [40].

Both cerebral blood volume and flow increase with intra-
cranial acidosis; however, the increase in cerebral blood flow 
was greater than the increase in cerebral blood volume, sug-
gesting that an increase in vascular blood velocity also occurs 
[41]. Although the mechanism is not completely understood, 
it is likely related to the effect of extracellular hydrogen ions 
on vascular smooth muscle.

As with oxygen levels, normocarbia is likely ideal, avoid-
ing the effects of decreased CPP due to vasodilation in the 
setting of hypercapnea, along with the decreased O2 delivery, 
which can be seen in hypocapnea.

6.7  Cerebrovascular Changes in Acute 
Liver Failure

6.7.1  Definition and Epidemiology

Acute liver failure produces a spectrum of clinical manifes-
tations characterized by acute liver injury, severe hepatocel-
luluar dysfunction, and hepatic encephalopathy. Around 
2000 people develop acute liver failure annually, with a high 
mortality. The poor prognosis is related to the multi-organ 
failure that follows the loss of hepatocyte function.

Cerebral manifestations are an important part of the con-
stellation of symptoms that accompany acute liver failure, 
and comprise the defining clinical feature that separates 
acute hepatic failure from severe acute hepatitis. These man-
ifestations include hepatic encephalopathy (discussed below) 
and cerebral edema.

6.7.2  Pathophysiology of Cerebral Edema 
in Acute Liver Failure

The essential cerebrovascular derangement in acute liver 
failure is the same as that observed in traumatic brain injury, 

CBF

PaCO2

Fig. 6.2 Relationship of arterial carbon dioxide (PaCO2) and cerebral 
blood flow (CBF)
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encephalitis, cerebral ischemia, or malignancy: a decrease in 
cerebral perfusion pressure. However, there are several 
unique pathophysiologic manifestations of acute hepatic 
failure. Although the mechanisms for the cerebral edema of 
acute liver failure are not completely understood, they likely 
include cerebral hyperemia, elevated glutamate levels, 
effects of elevated ammonia, astrocytic swelling, cytotoxic 
brain edema, osmotic stress, and breakdown of the blood 
brain barrier [42].

6.7.3  Alterations of Blood Brain Barrier 
Permeability

The blood brain barrier is composed of endothelial cells lining 
the cerebral microvessels to form the neurovascular unit [43]. 
The components include endothelial cells, astrocyte end-feet, 
and pericytes. Tight junctions, which maintain the integrity of 
this barrier and impede the influx of most compounds from 
entering the brain, break down in acute liver failure [44].

6.7.4  Toxic Effect of Ammonia and Osmotic 
Derangements Leading to Edema

The breakdown of the blood brain barrier allows for the 
introduction and buildup of several toxic substances such as 
ammonia, glutamine, and alanine. These contribute to the 
swelling of cortical astrocytes, which represents the central 
neuropathologic abnormality in the cerebral edema of acute 
liver failure [45]. The mechanisms of astrocyte swelling due 
to ammonia include oxidative stress, elevated transcription 
factors, and signaling kinases. Elevated inflammation sig-
naled by levels of TNF-α was also associated with higher 
cerebral blood flow and ultimately intracranial pressure [46].

The concomitant inflammation that results from the accu-
mulation of ammonia, glutamate, and other amino acids con-
tributes to an osmotic derangement in astrocytes [47], 
mediated by an impact on sodium, potassium, and chloride 
transporters as well as aquaporin-4, allowing for an altered 
water homeostasis and astrocyte swelling [48].

6.7.5  Clinical Impact of Cerebral Swelling 
in Acute Liver Failure

The clinical impact of these pathophysiologic changes is a brain 
prone to edema even in the absence of high intracranial pres-
sures. Risk factors identified include an ammonia level >150–
200 μmol/L, grade III or grade IV encephalopathy, requirement 
for vasopressors, and infection. These changes occur in acute 
liver failure rather than in chronic liver failure because the acuity 
of the changes leads to cerebral hyperemia matched with 
reduced cerebral metabolic rate to result in hepatic coma.

6.7.6  Monitoring Cerebrovascular Changes 
in Acute Liver Failure

Cerebral edema accounts for a significant proportion of 
morbidity and mortality in acute liver failure, and thus 
should be carefully considered in any patient with acute 
liver failure and altered mental status. Clinical monitoring 
for manifestations of cerebral edema should be regularly 
performed. These include observation for hyperventila-
tion, hemodynamic lability, pupil asymmetry or symmetric 
dilation, posturing (either flexor or extensor), seizure 
activity, or bradyarrhythmias (seen late in the course).

Other forms of monitoring are frequently performed to 
identify and potentially manage cases of intracranial hyper-
tension. These include invasive neuromonitoring, transcra-
nial Doppler ultrasound, and jugular venous oxygen 
saturation monitoring.

6.7.7  Invasive Neuromonitoring

Invasive monitoring involves placement of a catheter 
within the cranial vault to monitor and potentially manage 
elevated intracranial pressures. This can come in the form 
of a ventriculostomy or an intraparenchymal fiberoptic 
catheter.

Variability exists in the precision and safety of various 
devices [49]. While invasive monitoring allows for more 
direct measurement of the intracranial pressure and more 
aggressive management of intracranial hypertension [50], 
there are potential drawbacks, especially in the setting of 
liver disease with the associated coagulopathy and propen-
sity for infection. Overall, placement of these catheters may 
not be associated with improved outcomes [51].

6.7.8  Transcranial Doppler Measurement

Serial transcranial Doppler ultrasound measurements can 
be used to detect cerebral blood flow velocity as a marker 
of early cerebral hyperperfusion or hypoperfusion. 
Transcranial Doppler velocity measurements assume that 
cerebral blood flow can be estimated with the following 
equation:

 Flow Velocity Area= ×  

Therefore, at a constant vessel resistance, changes in 
blood flow are proportionate to changes in velocity.

6.7.9  Jugular Venous Monitoring

Cerebral blood flow can also be estimated as a proportion 
of the cerebral oxygen consumption to the oxygen 
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 delivered. This can be estimated from the Kety-Schmidt 
relationship, which depends on intact metabolic 
autoregulation:

 
Cerebral Blood Flow Cerebral Metabolic Rate

O arterial O ven
=

−2 2 oous  

In acute liver failure, especially in cases of hepatic coma, 
the cerebral metabolic rate is constant and low. Therefore it 
follows that cerebral blood flow can be estimated according 
to the following relationship:

 
Cerebral Blood Flow

O art O ven
=

−
1

2 2  

Assuming normal arterial oxygen saturation, the oxygen 
saturation of the blood in the internal jugular vein can serve 
as a surrogate for cerebral blood flow. Jugular oxygen satura-
tion can be measured in a jugular bulb catheter placed retro-
grade into the internal jugular vein (Fig. 6.3).

However, the Kety-Schmidt estimate of cerebral blood 
flow also depends upon the ability of delivered oxygen to 
reach the mitochondria, and on the ability of the mito-
chondria to utilize that oxygen. In settings of cerebral 
edema, the diffusion of oxygen may be impaired, and in 
many acute CNS disorders, the mitochondria are dysfunc-
tional and unable to utilize oxygen for aerobic metabo-
lism. As a consequence, a narrowed gradient between 
arterial oxygen content and jugular venous oxygen con-
tent may not reflect an increase in cerebral blood flow, but 
rather an inability to metabolize the oxygen delivered. 
Hence, one should not assume that hyperventilation can 
be used safely to lower intracranial pressure based on an 
apparently elevated jugular venous oxygen content (or 
saturation).

6.8  Acute on Chronic Liver Failure (ACLF)

Acute on Chronic Liver Failure (ACLF) is a clinical syn-
drome characterized by acute and severe hepatic abnormali-
ties resulting from precipitating events in patients with 
underlying chronic liver disease (CLD). ACLF differs from 
decompensated liver cirrhosis by the presence of extrahe-
patic organ failure(s) and by a high short-term mortality 
resembling that of Acute Liver Failure (ALF).

6.8.1  Heterogeneity of Definitions

Due to the relatively recent recognition of ACLF as an entity 
distinct from decompensated cirrhosis and ALF, the key 
terms ‘acute’, ‘chronic’, and ‘organ failure’ have several 
variations, resulting in several definitions of ACLF reported 
in a recent systematic review [52]. All available definitions 
emphasize three common points: 1) presence of CLD; 2) 
rapid yet theoretically reversible deterioration of liver func-
tion; and 3) high short-term mortality [53]. The lack of a 
universally accepted definition is problematic in both timely 
identification of patients and necessary therapeutic trials to 
improve outcome.

Currently, two major consensus definitions are widely 
used (Table 6.2). The ‘Eastern’ definition of ACLF, pro-
posed by the Asian Pacific Association for the Study of the 
Liver (APASL), focuses exclusively on liver failure [54, 
55]. The ‘Western’ definition of ACLF, proposed by the 
American Association for the Study of the Liver Disease 
(AASLD)/European Association for the Study of the Liver 
(EASL) consortium, includes concurrent extrahepatic organ 
failure [56, 57]. Both definitions now include a high 4-week 
mortality. An accurate prevalence of ACLF is difficult to 
determine due to the heterogeneous definition of 

Fig. 6.3 Jugular bulb catheter
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CLD. Nevertheless, based on registry data, ACLF is esti-
mated to occur in 24–40% of hospitalized patients with cir-
rhosis [56, 58–62].

Two prospective, observational studies were conducted to 
better classify hospitalized patients with cirrhosis: 1) The 
EASL-Chronic Liver Failure (CLIF) Consortium Acute on 
Chronic Liver Failure in Cirrhosis (CANONIC) [56]; and 2) 
the North American Consortium for the Study of End-Stage 
Liver Disease (NACSELD) [58]. NACSELD investigators 
focused on hospitalized cirrhotic patients with infection, with 
a goal to develop simple bedside clinical criteria to accurately 
identify potential survivors for cost-effective healthcare 
resource utilization [58] As a result, Infection- related ACLF 
(I-ACLF) was proposed, defined as two or more organ system 
failures in cirrhotic patients with suspected or documented 
infection, and predictive of poor survival. On the other hand, 
the CANONIC study, with the most comprehensive registry 
of hospitalized cirrhotic patients with acute decompensation, 
aimed to stratify cirrhotic patients with ACLF by short-term 
mortality risk. As a result, the severity of ACLF is graded into 
different stages according to the number of organ failures on 
CLIF-ACLF grade 1, 2, and 3, and mortality correlates with 
ACLF grade [56]. Importantly, CLIF-ACLF grades are 
mainly driven by kidney and brain failure, the latter defined as 
West-Haven grade 3 or 4 Hepatic Encephalopathy (HE). As 
in ALF and decompensated liver cirrhosis, HE carries an 
important prognostic significance in ACLF. However, HE 
associated with ACLF appears to be a distinct entity from HE 
in ALF or decompensated cirrhosis.

6.8.2  Brain Failure in ACLF

All three definitions used by APASL, EASL, and NACSELD 
recognize the brain as one of the major failing organs in 
ACLF and define brain failure as West-Haven HE grade 3 or 
4 (Table 6.3).

Current understanding of neurological sequelae of ACLF 
is limited to clinical observation, however, animal models of 
ACLF and studies based on imaging modalities are begin-
ning to better characterize acute events occurring in the 
brain. Although thought to occur only in ALF, intracranial 
hypertension and cerebral edema in four cirrhotic patients 
following emergency transjugular intrahepatic portosys-
temic shunt (TIPS) [65]. This was followed by a report of 12 
patients presenting with acutely decompensated cirrhosis 
with clinical and radiographic evidence of intracranial hyper-
tension and cerebral edema [66]. Two patients treated with 
liver transplantation showed clinical neurological resolution, 
indicating a potential therapeutic window for intervention in 
this often-fatal presentation. The resolution of cerebral 
edema was again demonstrated on MRI in ACLF patients 
with severe HE [67].

The frequency of brain failure in patients with ACLF has 
been reported to be approximately 25% in the CANONIC 
study and 56% in the NACSELD study [56, 58]. The brain 
was the most common failing organ in the NACSELD cohort. 
The difference in frequency of brain failure likely reflects a 

Table 6.2 The similarities and differences in western and eastern defi-
nition of ACLF

APASL-ACLF EASL and AASLD-ACLF

Definition
Acute hepatic insult manifesting as 
jaundice and coagulopathy, 
complicated within 4 weeks by ascites 
and/or encephalopathy in a patient with 
previously diagnosed or undiagnosed 
chronic liver disease associated with a 
high 4-week mortality

An acute deterioration of 
pre-existing chronic liver 
disease usually related to a 
precipitating event and 
associated with increased 
mortality at 4 weeks due to 
multisystem organ failure

Differences

Acute insult or precipitant should be 
hepatic only

Acute insult or precipitant 
can be hepatic or 
extrahepatic

Variceal bleeding, only if it results  
in liver failure is considered a 
precipitant

Variceal bleeding is 
considered a precipitant 
leading to ACLF

Sepsis is a complication of liver 
failure, persistent inflammation,  
SIRS and CARS, which leads to 
immune paresis, hence diagnosis of 
ACLF is made early with potential  
of recovery

Sepsis as a primary 
precipitant leading to ACLF, 
hence diagnosis of ACLF is 
delayed with little potential 
for recovery of organ
failure (s)

Duration between acute insult and 
development of ACLF is 4 weeks

No duration specified

CLD includes patients with and 
without cirrhosis, but not those with 
decompensated cirrhosis

CLD includes those with 
(ACLF type B & C) and 
without (ACLF type A) 
cirrhosis with or without 
prior decompensation

A defined cut-off for liver failure; 
both jaundice (bilirubin >85 μmol/L) 
and coagulopathy (IN R >1.5 or 
prothrombin activity of <40%}

No defined cut-off for liver 
failure. Defined by organ 
failure cut-off values in 
CLIF-SOFA score. Either 
bilirubin or INR levels can 
independently define liver 
failure

Disease severity score not defined Disease severity score not 
defined, but indirectly 
interpreted through organ 
failure scares, as CLIF-SOFA 
score and represent both 
hepatic and nonhepatic ACLF

Similarities

• ACLF defined as a distinct entity that is different from ALF
• Duration showing high mortality at 4 weeks
• Needs early consideration of liver transplant
•  Organ failure and sepsis are the most common cause of high 

mortality

Adapted from Sarin SK et al. [63]
Sarin SK, Choudhury A. Acute-on-chronic liver failure: terminology, mech-
anisms and management. Nat Rev Gastroenterol Hepatol 2016;13:131–49
AASLD American Association for the Study of Liver Disease, ACLF 
acute-on-chronic liver failure, ALF acute liver failure, APASL Asian 
Pacific Association for the Study of the Liver, CARS compensatory 
anti-inflammatory response syndrome, CLD chronic liver disease, 
CLIF chronic liver failure, EASL European Association for the Study of 
the Liver, SIRS systematic inflammatory response syndrome, SOFA 
sequential organ failure assessment
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broader inclusion of patients in the CANONIC study, com-
pared to the NACSELD study, which was specific to infection- 
related ACLF. A twofold higher frequency of brain failure in 
infection-related ACLF compared to that in ACLF from all 
causes suggests that local or systemic infection plays an 
important role in the pathogenesis of HE in ACLF by trigger-
ing the systemic inflammatory response. The role of inflam-
mation in HE is further discussed later in this section.

HE, independent of other extrahepatic organ failure, adds 
significantly to the risk of death in patients with ACLF, as 
shown in the CANONIC study [56] short and long term mor-
tality in patients with HE was further modulated by age, 

severity of HE, and parameters associated with liver function 
such as creatinine, bilirubin, INR, and sodium [68]. HE asso-
ciated with ACLF appears to be distinct from isolated HE 
without ACLF in that it affects younger patients in the setting 
of exaggerated systemic inflammatory response precipitated 
by bacterial infection, hyponatremia, and/or alcohol use. This 
contrasts with isolated HE without ACLF, which occurs in 
older patients, often in the setting of preceding diuretic treat-
ment [68] (Fig. 6.4). The only identified independent risk fac-
tor for the development of HE in ACLF is previous HE, 
supporting the view that HE is a highly recurrent disorder 
with much needed strategies for primary prevention.

Table 6.3 Examples of available definitions of organ failures used in patients with cirrhosis

Failing organ
Asian Pacific Association for the Study of the 
Liver organ failures definition [3, 4]

European Association for the Study  
of Liver-Chronic Liver failure organ 
failures definition [12]

North American Consortium for 
Study of End-stage Liver Disease 
organ failures definition [7]

Liver Total bilirubin ≥5 mg/dL and INR ≥ 1.5 Bilirubin level of >12 mg/dL –
Kidney Acute Kidney Injury Network criteria Creatinine level of ≥2.0 mg/dL or 

renal replacement
Need for dialysis or other forms of 
renal replacement therapy

Brain West-Haven hepatic encephalopathy grade 3–4 West-Haven hepatic encephalopathy 
grade 3–4

West-Haven hepatic 
encephalopathy grade 3–4

Coagulation INR ≥ 1.5 INR ≥ 2.5 –
Circulation – Use of vasopressor (terlipressin and/

or catecholamines)
Presence of shock defined by mean 
arterial pressure <60 mmHg or a 
reduction of 40 mmHg in systolic 
blood pressure from baseline, 
despite adequate fluid resuscitation 
and cardiac output

Respiration PaO2/FiO2 of ≤200 or SpO2/FiO2 of 
≤214 or need for mechanical 
ventilation

Need for mechanical ventilation

Adapted from Hernaez et al. [64]
Hernaez R, Sola E, Moreau R, Gines P. Acute-on-chronic liver failure: an update. Gut 2017;66:541–53
FiO2 fraction of inspired oxygen, INR international normalised ratio, PaO2 partial pressure of arterial oxygen, SpO2 pulse oximetric saturation
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Fig. 6.4 Actuarial survival curve of hospitalized cirrhotic patients 
showing mortality of patients with or without ACLF in combination of 
with or without overt hepatic encephalopathy. Mortality rate was sig-
nificantly higher in patients with ACLF and HE in comparison with 
non-HE patients with ACLF. In decompensated cirrhosis, HE was also 
related to an increased mortality. *p value comparing presence vs. 

absence of HE in patients without ACLF; **p value comparing pres-
ence vs. absence of HE in patients with ACLF. Adapted from Cordoba 
J. et al. and Romero-Gomez M. et al. Romero-Gomez M, Montagnese 
S, Jalan R. Hepatic encephalopathy in patients with acute decompensa-
tion of cirrhosis and acute-on-chronic liver failure. J Hepatol 
2015;62:437–47 [68, 69]
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In the NACSELD study, the crude 30-day survival rate in 
patients with brain failure (grade 3 or 4 HE) was significantly 
lower than those without brain failure although the predictive 
value of HE on survival independent of other organ failures 
has not been reported [58].

6.8.3  Pathophysiology of HE in ACLF

Local and systemic factors have been implicated in the 
pathogenesis of HE in ACLF. Hyperammonemia, acute 
inflammation, and changes in cerebral hemodynamics likely 
contribute to development and progression of HE in ACLF, 
however their individual relative contribution has not been 
clearly defined [70].

6.8.4  Cerebral Edema

HE associated with ACLF can rapidly progress to intra-
cranial hypertension and cerebral edema resulting in coma 
and/or death, suggesting shared pathophysiology with 
ALF. It is controversial how often cerebral edema occurs 
in HE associated with ACLF. Joshi et al., using CT brain 
imaging, reported that cerebral edema occurs in <5% of 
patients admitted to a single institution for HE and ACLF 
[71]. However, this is likely an underestimation because 
1) only patients with clinical signs concerning for struc-
tural intracranial abnormality underwent CT imaging; and 
2) many cirrhotic patients with underlying brain atrophy 
and some degree of cerebral edema may appear normal on 
CT without obvious clinical manifestations of intracranial 
hypertension. As mentioned above, more advanced imag-
ing techniques using magnetic resonance have demon-
strated resolution of cerebral edema in ACLF after 
successful liver transplantation [17]. It remains unclear 
why in some patients with HE and ACLF severe neuro-
logical sequelae of cerebral edema and intracranial hyper-
tension ensue. One can postulate that individual brain 
‘resilience’ against acute pathological challenge in ACLF 
(e.g. bacterial infection, SIRS, etc.) is determined by 
many factors, including chronic pathologic changes (e.g. 
astrocytic dysfunction, low-grade cerebral inflammatory 
milieu, and impaired cerebrovascular autoregulation) and 
acute severity of multi organ system failure leading to 
overwhelming inflammatory response.

As in ALF, ammonia is likely to play a role in accumula-
tion of water in the astrocytes of patients with ACLF, via 
impaired glutamate-glutamine cycling and increased oxida-
tive stress among other postulated mechanisms. 
Hyponatremia, a common finding in ACLF, may exacerbate 
astrocyte swelling due to osmolality differences between the 
intracellular and extracellular compartments [72]. While the 

relationship between hyponatremia and presence of cerebral 
edema in patients with ACLF has not been systemically 
examined, hyponatremia further increases mortality in 
patients with HE associated with ACLF [68].

6.8.5  Altered Cerebral Hemodynamics

Patients with ACLF are frequently in circulatory failure, 
defined by reduced mean arterial pressure [56]. Normally, 
cerebral blood flow is kept constant within a wide range of 
mean arterial blood pressure values (cerebral autoregula-
tion), via reactive dilatation or constriction of cerebral resis-
tance vessels. Impaired cerebral autoregulation in ALF has 
been demonstrated using noninvasive transcranial Doppler 
sonography (TCD) where reduced vertebral blood flow and 
increased vascular indices likely contribute to cerebral 
edema and intracranial hypertension [73–75]. Similarly, 
Kawakami and colleagues reported the TCD finding of an 
abnormally elevated pulsatility index in a patient with ACLF 
and Grade 3 HE, reflecting increased intracranial pressure 
[76]. Further studies are necessary to better understand cere-
bral hemodynamics in patients with ACLF, specifically with 
regard to development and progression of cerebral edema 
and HE.

6.8.6  Systemic Inflammation

Systemic inflammation is a hallmark of ACLF, with or 
without identified infection [56, 77], In the CANONIC 
cohort, pro-inflammatory cytokines including interleukin 
(IL)-6 and IL-8 are higher in hospitalized cirrhotic patients 
with ACLF than in those without [78]. Plasma concentra-
tions of IL-6 and IL-8 were associated with the severity of 
ACLF and with short-term mortality. In a smaller cohort of 
55 cirrhotic patients (26 with ACLF), significant changes 
in plasma cytokine patterns were observed from healthy 
controls to patients without ACLF, which was further 
exaggerated in patients with ACLF. Altered cytokines in 
ACLF, including increased level of vascular cell adhesion 
molecule 1 (VCAM-1) and decreased level of granulocyte-
macrophage colony- stimulating factor (GM-CSF), are 
functionally related to monocyte/macrophage immune 
response and correlated with increased 3-month mortality 
[79]. Another study showed increased levels of prostaglan-
din E2 (PGE2) in plasma from patients with ACLF, which 
may suppress macrophage pro- inflammatory cytokine 
secretion and bacterial killing [80]. Taken together, these 
findings suggest that marked systemic inflammation, 
impaired innate immune response, and some degree of 
immune suppression play a role in the pathophysiology of 
ACLF, resulting in organ failure and hemodynamic col-
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lapse similar to sepsis. In one study, bacterial infection 
mostly due to spontaneous bacterial peritonitis is identi-
fied in approximately 30% of patients with ACLF. Severe 
alcoholic hepatitis and systemic inflammation were identi-
fied in 25% and 45% respectively.

6.8.7  Synergism: Hyperammonemia 
and Inflammation

Despite the widely accepted pathogenic importance of 
ammonia in HE, data confirming a direct correlation between 
the absolute concentration of ammonia and the severity of 
HE are limited. While plasma ammonia concentrations in 
patients with ACLF and severe HE were higher than those 
with decompensated cirrhosis and severe HE [71], ammonia 
concentrations were poorly correlated with advancing HE 
[70] In the same study, the presence and severity of Systemic 
Inflammatory Response Syndrome (SIRS) was correlated 
with severe HE in ACLF [70]. In a study of ten hospitalized 
cirrhotic patients with clinical evidence of infection, induced 
hyperammonemia using oral administration of an amino- 
acid solution resulted in significant worsening of neuropsy-
chological scores during the state of SIRS, but not after its 
resolution; this finding suggests synergy between systemic 
inflammation and hyperammonemia in the pathogenesis of 
HE [81].

6.9  Management of Hepatic 
Encephalopathy and Cerebral Edema

Although the recommendations below are aimed at patients 
with ALF, one can make a reasonable argument to use the 
same intervention in patients with ACLF.

The treatment is directed at limiting gut ammonia produc-
tion and the avoidance of aggravating factors such as infec-
tion, ileus, obstipation, gastrointestinal hemorrhage, and 
other CNS depressants. Endotracheal intubation for grade III 
and IV hepatic encephalopathy is usually indicated. Lactulose 
may be useful in the treatment of patients with grade I or II 
encephalopathy; however, administration of lactulose does 
not improve survival in advanced encephalopathy. The effi-
cacy of lactulose in ALF has not been tested in clinical trials. 
This agent should be used with caution because of the risk of 
hypernatremia, dehydration due to diarrhea, potential for 
bowel distension to disrupt the surgical field and ileus. 
Lactulose by enema (300 g in 700 mL saline every 4–6 h) 
remains an option in patients who are unable to tolerate oral 
or nasogastric administration.

Oral metronidazole, neomycin, and rifaximin directed 
against ammonia-producing gut flora have been employed. 
However, metronidazole may be neurotoxic in hepatic 

failure; and neomycin, although minimally absorbed, can 
still cause nephrotoxicity and ototoxicity. Rifaximin is 
effective in decreasing ammonia due to hepatic encepha-
lopathy with good evidence for its use in chronic liver 
failure and should be considered as an adjunct to lactulose 
in treating encephalopathy due to ammonia due to 
ALF. Endogenous benzodiazepine- like substances have 
been identified in the cerebrospinal fluid of patients with 
hepatic encephalopathy. Flumazenil, a benzodiazepine 
receptor antagonist, has been used (0.2–20 mg) with some 
success to provide short-term improvement in patients 
with hepatic encephalopathy. Administration of l-orni-
thine-l-aspartate (LOLA) in patients with ALF was inef-
fective in reducing circulating ammonia levels or 
improving survival and may cause increased seizure activ-
ity. l-Ornithine phenylacetate remains a potential tempo-
rary agent for treatment of hepatic  encephalopathy while 
awaiting transplant, however has yet to be validated in 
humans.

Management of cerebral edema requires maintaining the 
delicate balance between mean arterial pressure (MAP) and 
ICP to preserve adequate cerebral perfusion (Table 6.4).

Table 6.4 Preventive and therapeutic intervention for patients with 
cerebral edema and intracranial hypertension (adapted from DellaVolpe 
et al., text book of critical care) [82]

General measures
Head of bed elevation to 30-degree angle, and maintain patient’s 
neck in neutral position.
Endotracheal intubation for grade III or IV hepatic encephalopathy
Minimize tactile and tracheal stimulation, including airway 
suctioning.
Avoid hypovolemia and hypervolemia.
Avoid hypertension.
Avoid hypercapnia and hypoxemia.
Monitor and maintain ICP < 15 mmHg.
Maintain CPP > 50 mmHg.
Monitor and maintain Svjo2 between 55% and 85%.
Use serial transcranial Doppler monitoring to titrate therapy.
Management of intracranial hypertension
Mannitol boluses, 0.5–1.0 g/kg body weight
Hyperventilation titrated to a Pco2 of 28–30 mmHg
Induced moderate hypothermia to 32–33 °C
Achieve serum sodium levels of 145–155 mEq/L.
Induced coma with propofol or pentobarbital titrated to burst 
suppression of 5–10 cycles/s
CVVH for oliguria and hyperosmolarity (>310 mOsm/L)
Other unproven therapies
Prophylactic phenytoin
Indomethacin, 25 mg intravenous bolus
Plasmapheresis with
Total hepatectomy as a bridge to transplant

CPP cerebral perfusion pressure, CVVH continuous venovenous hemo-
filtration, ICP intracranial pressure, Svjo2 jugular bulb oxygen 
saturation
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Definitions, Epidemiology 
and Prognostication of Liver Disease

Jody C. Olson and Patrick S. Kamath

Abstract

Patients presenting to the intensive care unit with liver failure may be categorized into two 
main subtypes, those with acute liver failure and those with complications of chronic liver 
diseases, the former being a rare condition and the latter far more common. In both 
 categories, patients presenting with liver failure have phenotypical features of multi-system 
failure, a deranged inflammatory response, and pose unique challenges for management in 
the intensive care unit. Differentiating acute liver failure from the liver failure associated 
with chronic liver disease is of critical diagnostic importance, as management strategies are 
distinctly different. The purpose of this chapter is to review the definitions of liver failure, 
the epidemiology of liver disease, and current tools to aid in prognosis of liver failure.
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7.1  Introduction

Patients presenting to the intensive care unit with liver failure 
may be categorized into two main subtypes, those with acute 
liver failure and those with complications of chronic liver dis-
eases, the former being a rare condition and the latter far more 
common. In both categories, patients presenting with liver 
failure have phenotypical features of multi-system failure, a 
deranged inflammatory response, and pose unique challenges 
for management in the intensive care unit. Differentiating 
acute liver failure from the liver failure associated with 
chronic liver disease is of critical diagnostic importance, as 
management strategies are distinctly different.

Acute liver failure is a rapidly progressive condition with 
a potential for complete recovery, whereas the natural history 
of cirrhosis is that of a progressive disease resulting in even-
tual “end-stage” liver failure, which in absence of liver trans-
plantation, is often fatal. In contrast to the natural history of 
cirrhosis, acute-on-chronic liver failure is a distinct clinical 
entity which results in acute deterioration of previously com-
pensated chronic liver disease and carries high short term 
mortality; however it is potentially reversible and may 
respond to aggressive critical care support.

The purpose of this chapter is to review the terminology 
associated with liver failure and review the epidemiology of 
both acute and chronic liver disease. The use of standard lan-
guage when discussing patients with liver failure aids in 
clear communication among healthcare providers and with 
patients regarding disease course and prognosis.

7.2  Acute Liver Failure

Acute liver failure (ALF) is defined as hepatic encephalopa-
thy (any grade using West Haven Criteria) with coagulopa-
thy (International Normalized Ratio ≥1.5) in the setting of 
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liver injury occurring within 26 weeks after the initial onset 
of symptoms and in the absence of a diagnosis of chronic 
liver disease, namely cirrhosis [1]. Our usage of this defini-
tion recognizes that there is considerable variability in the 
definition of ALF as it relates to duration of symptoms, and 
alternate definitions have a role in describing phenotypic dif-
ferences in distinct subgroups of ALF [2].

ALF is a rare disorder with an estimated incidence in the 
developed world of <10 cases per million persons with 
approximately 2000 cases occurring in the United States annu-
ally [3, 4]. Principle etiologies associated with the develop-
ment of ALF include drug toxicity (principally acetaminophen), 
acute viral hepatitis (A, B, or E), autoimmune hepatitis, Budd-
Chiari syndrome, pregnancy related disease, and Wilson dis-
ease. Acetaminophen toxicity remains the leading cause of 
ALF in the United States accounting for approximately 46% 
of cases in the NIH sponsored United States Acute Liver 
Failure Study Group (US-ALFSG) registry (Fig. 7.1).

Prognosis in ALF is largely determined by etiology. 
Etiologies with favorable prognosis include acetaminophen, 
ischemia, hepatitis A, and pregnancy related disease. Several 
models have been studied to aid in determining prognosis 
though all have inherent flaws and the perfect prognostic 
model does not exist [5]. Perhaps the best known models 
include the King’s College Criteria (KCC) (Box 7.1) and the 
Model for End Stage Liver Disease (MELD) [6]. The perfor-
mance of these two models in predicting in hospital mortal-
ity in patients with ALF was compared in a recent 
meta-analysis. The pooled diagnostic odds ratio (DOR) for 
the KCC was 5.3 (95% confidence interval [CI], 3.7–7.6; 
57% heterogeneity) and the DOR for MELD was 7 (95% CI, 
5.7–9.7; 48% heterogeneity) thus reflecting similar accuracy 
between the models with the summary under the receiver 
operating characteristic curve (ROC) 0.76 for KCC and 

0.78 for MELD [7]. In subgroup analysis the KCC per-
formed better than MELD in patients with acetaminophen 
induced ALF, the KCC DOR was 10.4 (95% CI, 4.9–22.1) 
compared to 6.6 (95% CI, 2.1–20.2) for MELD; the MELD 
score performed better in patients with non-acetaminophen 
induced ALF DOR 8.2 (95% CI, 5.98–11.88) compared to a 
DOR of 4.16 (95% CI, 2.34–7.40) for KCC [7]. An addi-
tional model for predicting transplant free survival in patients 
with acute liver failure was developed by the US-ALFSG 
using retrospective data from 1974 patients presenting with 
ALF. In this logistic regression model, degree of encepha-
lopathy, etiology of ALF, usage of vasopressors, and the 
laboratory values of serum bilirubin and INR are use d. T his 
model predicted transplant-free survival with a C statistic 
value of 0.84, 66.3% accuracy (95% confidence interval, 
63.1%–69.4%), 37.1% sensitivity (95% confidence interval, 
32.5%–41.8%), and 95.3% specificity (95% confidence 
interval, 92.9%–97.1%) [8].
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Fig. 7.1 Etiology of acute 
liver failure in the United 
States in 2436 patients. Data 
from the United States Acute 
Liver Failure Study Group, 
sponsored by the National 
Institutes of Health and the 
National Institute of Diabetes 
and Digestive and Kidney 
Diseases (personal 
communication Dr. William 
M. Lee, UT Southwestern 
Medical Center)

Box 7.1 Kings College Criteria for Predicting Poor 

Outcomes in Patients with Acute Liver Failure

Acetaminophen-induced ALF

• Arterial pH < 7.30 after fluid resuscitation

OR all of the following features:

• Prothrombin time >100 s (international normalized 
ratio >6.5)

• Serum creatinine >259 μmol/L (3.4 mg/dL)
• Grade 3 or 4 hepatic encephalopathy
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Overall outcomes for patients presenting with acute liver 
have improved over time, largely due to improvements in 
intensive care support for these highly complex patients. In a 
prospective observational cohort study from the US-ALFSG 
comparing outcomes in two 8-year time periods (1998–2005 
and 2006–2013), the 21 day survival rates increased overall 
from 67.1% to 75.3%; with a transplant free survival increase 
from 45.1% to 56.1%; post-transplantation survival also 
increased from 88.3% to 96.3% (P < 0.01 for each) [4].

7.3  Chronic Liver Disease

Strictly defined cirrhosis is the “histological development of 
regenerative nodules surrounded by fibrous bands in response 
to chronic liver injury” [9]. Chronic pathologic processes 
which result in cirrhosis include chronic viral infections, 
excess alcohol use, non-alcoholic fatty liver disease, autoim-
mune diseases, genetic diseases of copper and iron metabo-
lism, alpha-1 antitrypsin deficiency, and biliary obstruction 
amongst others. Regardless of the type of liver insult, ongo-
ing inflammation results in chronic liver disease via to two 
distinct, yet closely related pathological processes. First 
chronic inflammation leads to activation of hepatic stellate 
cells which are the key fibrogenic effector cells within the 
liver. Activation of stellate cells results in deposition of 
fibrous connective tissue throughout the liver [10]. The pro-
gressive deposition of fibrous connective tissue leads to 
severe disruption of both the vascular and microscopic lobu-
lar architecture of the liver leading to portal hypertension. 
Second, with progressive fibrosis and ongoing hepatocyte 
injury, extinction of hepatocytes occurs resulting in a 
decrease in the functional metabolic capacity of the liver.

As an aside, it is important to recognize that liver cell 
death does not necessarily equate with chronic liver disease. 

For example, ALF which results from toxin exposure such as 
acetaminophen may result in catastrophic death of hepato-
cytes and resultant liver failure, however patients may fully 
recover from episodes of ALF; recovery is typically com-
plete and does not result in chronic liver disease. For the pur-
pose of this manuscript, advanced liver disease refers to 
chronic liver disease and cirrhosis, and specifically excludes 
acute liver failure. While the term “end-stage” liver disease 
is frequently used synonymously with cirrhosis among 
healthcare providers, the authors discourage this practice as 
it carries a negative prognostic implication in situations 
where not necessarily appropriate e.g. early well compen-
sated disease.

From a strictly histological perspective, cirrhosis is a yes 
or no diagnosis. However, from a more practical standpoint, 
cirrhosis must be understood as a spectrum of disease and is 
in fact a heterogeneous disorder; clinically cirrhosis is not an 
“all or none” phenomenon. Indeed patients with early cirrho-
sis may have few if any overt clinical or biochemical manifes-
tations of liver disease and well preserved liver function, 
while those with advanced stage cirrhosis often present with 
multisystem organ failure. Liver fibrosis is progressive in vast 
majority of cases, however with the advent of improved thera-
pies for many diseases such as curative therapy for chronic 
hepatitis C infection, we now appreciate that fibrosis may be 
arrested and in some cases may be reversible [11].

7.4  Etiology and Risk Factors 
for Development of Cirrhosis

7.4.1  Viral Disease

Hepatitis B is a DNA virus responsible for development of both 
acute and chronic liver disease, worldwide it affects between 
350 and 400 million people and is responsible for liver related 
deaths in one million people annually [12]. Hepatitis C virus is 
an RNA virus infecting 3% of the world population with high 
prevalence in the Middle East, Asia, and Northern Africa [13]. 
There are an estimated three million infected in the United 
States alone, with half of those in the US having undiagnosed 
disease [14]. Improved antiviral therapies have resulted in treat-
ments which may dramatically alter the course of these dis-
eases. Hepatitis B may be controlled with low incidence of 
development of viral resistance. Hepatitis C is now curable in a 
majority of infected patients with vastly simplified regimens. 
However, the staggering cost of antiviral therapies renders them 
unobtainable to a majority of infected individuals across the 
globe at the present time. Further complicating the issue is the 
fact that millions remain undiagnosed thereby preventing initia-
tion of appropriate therapy. Thus in spite of dramatic advances 
in treatment, viral hepatitis will remain a major contributor to 
the development of cirrhosis for the foreseeable future.

Non Acetaminophen-induced ALF

• Prothrombin time >100 s (international normalized 
ratio >6.5)

OR any three of the following features:

• Non-A, non-B viral hepatitis, drug-induced or inde-
terminate etiology of ALF

• Time from jaundice to hepatic encephalopathy 
>7 days

• Prothrombin time >50 s (international normalized 
ratio >3.5)

• Serum bilirubin >297.6 μmol/L (17.4 mg/dL)

7 Definitions, Epidemiology and Prognostication of Liver Disease



78

7.4.2  Alcohol Related Disease

Alcohol misuse is a major risk factor in the development of 
chronic liver disease worldwide [15] and is the main risk fac-
tor for the development of cirrhosis in Europe [16]. In gen-
eral, there is a dose-response relationship between the 
amount and duration of alcohol consumption and develop-
ment of cirrhosis. However it is noted that only 15–35% of 
heavy drinkers develop cirrhosis [17, 18] thus indicating 
additional influences are involved in the development of 
alcoholic liver disease. In addition to genetic influences, pre-
vious studies have identified additional risk factors, which 
when present, increase the chance of developing cirrhosis 
due to alcohol. These factors include female sex, obesity, 
smoking, and chronic hepatitis C infection [19, 20]. A recent 
study by Askgaard et al. evaluated patterns of alcohol con-
sumption as a risk factor for development of cirrhosis, the 
finding of this study was that daily drinking in men conferred 
a hazard ratio of 3.65 (95% CI: 2.39–5.55) when compared 
to drinking only 2–4 days per week [21].

7.4.3  Non-alcoholic Fatty Liver Disease

It is generally accepted that non-alcoholic fatty liver disease 
(NAFLD) is the most common chronic liver condition in the 
world. NAFLD encompasses hepatic steatosis without evi-
dence of liver inflammation and non-alcoholic steatohepati-
tis (NASH). NASH is a more pathogenic form of NAFLD 
and leads to the development of fibrosis and cirrhosis [22]. 
Reported prevalence of NAFLD varies wildly depending on 
the population studied and the methods used to assess liver 
pathology (e.g. biopsy vs. non-invasive imaging). A 2011 
systematic review by Vernon et al., reports the prevalence of 
NAFLD in the US at 30% with median worldwide preva-
lence of 20% [23]. The increasing incidence of NAFLD and 
NASH mirrors worldwide trends in obesity and the meta-
bolic syndrome [24]. Currently NASH is the third leading 
cause for liver transplantation in the US and if the current 
trajectory continues it is expected that it will overtake alco-
hol and hepatitis C as the leading indication [25].

In addition to the major risk factors for development of 
cirrhosis listed above, many other disease states result in cir-
rhosis of the liver.

7.4.4  Metabolic Disease

Hereditary hemochromatosis is a disease of iron overload 
caused by mutations in the HFE gene and is the most com-
mon genetic disorder affecting Caucasians with a prevalence 
of 1 in 220–250 persons with a penetrance of approximately 
70% [26, 27]. Patients affected with hemochromatosis suffer 

from abnormal iron metabolism with resultant organ damage 
affecting the liver, heart, pituitary, and pancreas. Cirrhosis 
and hepatocellular carcinoma are advanced complications in 
affected individuals. Wilson disease is an autosomal reces-
sive disorder of copper metabolism affecting 1 in 30,000 per-
sons worldwide [28]. Both conditions may result in the 
development of cirrhosis in absence of proper treatment. In 
contrast to hereditary hemochromatosis, Wilson’s disease 
may present as acute or chronic liver failure.

7.4.5  Autoimmune Disease

A number of autoimmune conditions lead to advanced liver 
disease. Primary sclerosing cholangitis (PSC) is a disease of 
the intrahepatic and extrahepatic bile ducts which results in 
progressive biliary stricturing and may be complicated by 
development of cirrhosis and cholangiocarcinoma. While 
believed to be immune mediated, the exact mechanism for 
disease development has not been fully elucidated [29]. PSC 
has no known treatment.

Primary biliary cholangitis (PBC) is also a progressive 
cholestatic disease of the bile ducts (primarily intrahepatic). 
PBC carries a highly specific autoimmune profile with 
90–95% of patients having positive serologies for anti- 
mitochondrial antibodies, with <1% of healthy controls being 
positive [30]. PBC does respond to treatment with ursode-
oxycholic acid which delays histologic progression of biliary 
disease and improves transplant free survival [31, 32].

Autoimmune hepatitis, as the name implies, results from 
a T-cell mediated attack directed against liver antigens with 
resultant inflammation and fibrosis and frequently responds 
to immune modulating therapies. The point prevalence of 
autoimmune hepatitis in Sweden is 10.7/100,000 with 76% 
of affected persons being female [33]. Men are more likely 
to suffer relapse however women are more likely to die or 
require liver transplantation [34]. The clinical course of 
autoimmune hepatitis varies dramatically and may present as 
acute liver failure or as essentially asymptomatic disease 
with indolent course [35].

7.5  Epidemiology of Advanced Liver 
Disease

Advanced liver disease presents a significant global health 
burden. Worldwide cirrhosis is the twelfth leading cause of 
death representing just over one million deaths in 2012 [36]. 
However when one adds deaths attributed to viral hepatitis 
(B and C) and liver cancer (which occurs largely secondary 
to cirrhosis and/or viral hepatitis), advanced liver disease 
becomes the fifth leading cause of death worldwide (Fig. 7.1) 
responsible for nearly two million deaths annually [36].

J.C. Olson and P.S. Kamath
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Scaglione et al. examined the prevalence of cirrhosis in 
the United States using the National Health and Nutrition 
Examination Survey data (NHANES) from 1999 to 2010. 
The prevalence of cirrhosis in the US is estimated to be 
0.27% which corresponds to just over 630,000 adults [37]. 
A startling finding in this study was that nearly 70% of 
patients as identified as potentially having cirrhosis could 
not recall being diagnosed with liver disease [37], thus 
indicating that this disease with high prevalence remains 
grossly under recognized. Patients with advanced liver dis-
ease frequently require hospitalization, in the 10 years 
between 2001 and 2011 the total number of cirrhosis hospi-
talizations nearly doubled from 371,000 to 659,000 while 
the hospital costs associated with these admissions climbed 
to $12.5 billon US [38].

According to the United States Centers for Disease 
Control (CDC) mortality rates for deaths attributed to cir-
rhosis rank cirrhosis as the twelfth leading cause of death 
overall [39]. When analyzed in the context of distinct age 
groups, liver disease ranks as the seventh leading cause of 
death in adults aged 25–44, and the fifth leading cause of 
death in adults aged 45–64 [39]. However the CDC data 
applies a rather narrow definition for identification of liver 
disease in its estimates and only utilizes death certificate 
data in which alcoholic liver disease, chronic hepatitis, and 
fibrosis and cirrhosis of the liver are listed as the cause of 
death [39]. Recognizing the flaws in the CDC data, Asrani 
and colleagues provided a more comprehensive assessment 
of the true liver related mortality in the US in a 2013 study. 
In this study, Mayo Clinic researchers utilized expanded 
criteria to identify deaths directly attributable to advanced 
liver disease. In addition to the definition used by the CDC, 
the Mayo group added the following: other liver diagnoses; 
hepatic failure, unspecified; fatty change of the liver; hepa-
torenal syndrome; liver disease, unspecified; chronic hepa-
titis B and C, acute hepatitis B; and hepatobiliary cancer 
[40]. By applying expanded criteria, the Mayo team esti-
mated the 2008 death rate due to advanced liver disease 
was 66,007, more than double the CDC estimate of 29,921 
[40]. An additional strength of the Asrani study was their 
comparison of clinical data from Olmstead County, 
Minnesota using the Rochester Epidemiology Project [41] 
which served to verify their approach to identifying liver 
related death.

Given the significant morbidity associated with cirrhosis, 
it is no surprise that advanced liver disease is responsible for 
a substantial amount of ICU admissions. It has previously 
been estimated that there are in excess of 26,000 ICU admis-
sions related to cirrhosis annually with an in-hospital mortal-
ity of approximately 50% [42]. The average cost of an ICU 
admission is roughly $116,000 and an estimated $3 billion in 
annual charges are associated with the ICU care of patients 
with advanced liver disease [42]. Moreover, while ICU 

admissions with many chronic conditions have decreased 
over time, ICU admissions related to cirrhosis have remained 
flat (data not published).

7.6  Clinical Implications of Advanced 
Liver Disease: Acute-on-Chronic vs. 
Decompensated Chronic Liver 
Disease

The natural history of advanced liver disease provides that 
the disease may be broadly grouped into two categories, 
compensated and decompensated states. In compensated cir-
rhosis, manifestations of disease are minimal. The transition 
to decompensated disease occurs when symptoms of cirrho-
sis manifest in overt symptoms due to progressive architec-
tural disruption and decreasing functional capacity of the 
liver. The principle events which signify a transition to 
decompensated disease are the development of esophageal 
varices, hepatic encephalopathy, or ascites. The transition 
from compensated disease to a decompensated occurs at a 
rate of 5–7% per year [43] and has important prognostic 
implications. Median survival in patients with compensated 
disease is 12 years and falls to 2 years after decompensation 
ensues [43]. Accumulation of decompensating events also 
worsens prognosis, for example a patient who has upper GI 
bleeding alone has an estimated 5 year mortality rate of 20%, 
this climbs to 88% after the development of a second decom-
pensating event e.g. development of ascites after a variceal 
hemorrhage [44]. Liver transplantation remains the only 
curative option for advanced decompensated cirrhosis. 
Unfortunately in many parts of the world transplantation is 
not available, and in countries where transplant is available, 
demand for organs far outpaces supply. It is for these reasons 
that advanced cirrhosis is a terminal disease for a vast major-
ity of patients suffering from this affliction. The Model for 
End Stage Liver Disease score (MELD) and it’s variant the 
MELD-sodium (MELD-Na) score have been extensively 
validated as tools to predict short term (90 day) mortality in 
patients with advanced liver disease [45, 46]. The MELD 
and MELD-Na scores are now used in many countries to pri-
oritize patients on liver transplant waiting lists thereby giv-
ing highest priority to patients with the highest risk for short 
term mortality.

In addition to the primary manifestations of cirrhosis 
noted above, decompensated liver disease affects virtually 
all organ systems. Examples include: disorders of renal func-
tion such as abnormalities in fluid handling and overt renal 
failure (e.g. hepatorenal syndrome); gastrointestinal issues 
such as malnutrition, and motility disturbances; cardiac dys-
function with hyperdynamic circulation and systemic hypo-
tension as well as structural and functional cardiac 
abnormalities (e.g. cirrhotic cardiomyopathy); endocrine 
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abnormalities resulting in abnormal sodium handling, gyne-
comastia, osteoporosis, and glucose dysregulation; and pul-
monary disorders including portopulmonary hypertension 
and hepatopulmonary syndrome. All patients with cirrhosis 
are at risk for development of hepatocellular carcinoma 
though rates are higher in patients with viral hepatitis who 
develop hepatocellular carcinoma at rates of 3–8% per year 
[47]. When identified early, hepatocellular carcinoma is a 
treatable disease and may be cured with resection or liver 
transplantation. Because of the complex interactions between 
the liver and all other organ systems patients with cirrhosis 
who become critically ill provide distinct challenges for the 
critical care team.

The last decade has seen a growing interest in the concept 
of acute-on-chronic liver failure (ACLF) as a unique clinical 
entity which occurs in patients with chronic liver disease. 
ACLF is recognized as an acute deterioration of liver func-
tion occurring in patients with compensated or stably decom-
pensated liver disease [48, 49]. This phenomenon is 
frequently associated with a precipitating event (e.g. infec-
tion or acute variceal hemorrhage) and results in multi- 
system organ failure, the need for intensive care support, and 
carries a high short term mortality [50]. In contrast to the 
natural progression of advanced cirrhosis, which in absence 
of transplantation is eventually fatal, ACLF when identified 
and acted upon early may carry an element of reversibility 
(Fig. 7.2). It is for these reasons advancing our understand-
ing of the concept of ACLF is particularly important for the 
intensivist caring for patients with cirrhosis in the ICU as it 
may serve to guide decisions with regard to application of 
medical therapies and help identify cases in which further 
aggressive care is futile.

Previously ACLF was largely a theoretical framework 
which lacked a foundation in clinical trials. However recent 
work published by the European Association for the Study 
of Liver Disease-Chronic Liver Failure Consortium 
(EASL- CLIF) now gives a more evidence based and prag-
matic description of ACLF and provides a framework to aid 
in prognosis of these gravely ill patients [51]. ACLF is 
defined as acute deterioration of previously compensated 
cirrhosis with associated organ failures (as defined by the 
CLIF- sequential organ failure assessment [CLIF-SOFA] 
score and high short term mortality (>15%) [52]. In this 
large multi- center European study of 1349 patients hospi-
talized for complications of cirrhosis, 22.6% had ACLF at 
time of enrollment and ACLF developed in 10.8% of the 
1040 patients without ACLF at time of enrollment within 
28 days [52].

Severity of ACLF is graded on the basis of accumulat-
ing organ failures; for example patients with ACLF grade 
1 include three subgroups of patients: a) patients with sin-
gle kidney failure, b) patients with single failure of the 
liver, coagulation system, or respiratory failure and a 
serum creatinine between 1.5 and 1.9 mg/dL, or c) patients 
with single cerebral failure with a serum creatinine 
between 1.5 and 1.9 mg/dL; ACLF grade 2 includes 
patients with two organ failures; and ACLF grade 3 
patients with three or more organ failures [52]. Among 
patients with ACLF present at time of enrollment the 
28 day mortality ranged from 22.1% in ACLF grade 1 to 
76.7% in ACLF grade 3 [52]. In a follow up study from the 
EASL-CLIF consortium a prognostic scoring system was 
developed and validated which has proven effective in pre-
dicting short term mortality in patients with ACLF termed 
the CLIF Consortium Organ Failure score (CLIF-C 
ACLFs) [53]. The CLIF-C ACLFs accurately predicated 
short-term (28-day) and mid-term (90 day) mortality [51]. 
In addition this tool demonstrated that in patients with 
ACLF 3 and ≥4 organ failures and with a CLIF-C ACLFs 
of >64 there was a 100% mortality rate at 180 days [51]. 
Usage of this scoring system may prove useful in deter-
mining which patients may benefit from consideration of 
emergency liver transplant and in whom further resuscita-
tive efforts are futile. An online calculator for the CLIF-C 
ACLFs can be found at http://www.clifconsortium.com/.

Though work by the EASL-CLIF consortium, the Asian 
Pacific Association for the Study of the Liver, and the 
American Association for the Study of the Liver has 
 continued to advance our understanding of ACLF, differen-
tiating ACLF from true end-stage cirrhosis remains diffi-
cult as there is no single sign or test which  identifies this 
entity and therefore practical application of this important 
concept by the general intensivist remains a formidable 
challenge.
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Fig. 7.2 A schematic representation of acute-on-chronic liver failure. 
Line (a) represents a patient following the natural history of chronic 
liver disease. Line (b) represents a patient with compensated disease 
suffering an acute event (e.g. infection or major bleeding event) at the 
time point marked with (!) and developing acute-on-chronic liver fail-
ure. Lines 1 and 2 are arbitrarily drawn at levels of liver function at 
which decompensation (line 1) and organ failure/death (line 2) ensue. 
Point (c) demonstrates a significant proportion of patients with ACLF 
will die from their illness, however many recover
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7.7  Discussion

Advanced liver disease is responsible for a significant world-
wide health burden. Advances in treatment of viral hepatitis 
may decrease the overall disease burden of advanced liver 
disease in the future, however at the present time these thera-
pies are not widely available due to extreme cost. The inci-
dence of non-alcoholic fatty liver disease is also on the rise, 
thus the worldwide incidence of cirrhosis is likely to con-
tinue to increase for the foreseeable future. Patients with 
advanced liver disease experience extensive medical compli-
cations and have a high rate of hospitalization combined 
with frequent admissions to the ICU. This patient population 
provides distinct challenges to the intensivist. Treatment 
options for patients with advanced liver disease are mainly 
supportive with the only definitive treatment option being 
liver transplant. Those in need of life saving liver transplant 
far outnumber organ availability.

Differentiating which patients are truly “end-stage” and 
thus unlikely to benefit from aggressive life support from 
those who are suffering ACLF remains difficult. All patients 
who present to the intensive care unit in the setting of 
advanced liver disease deserve consultation with transplant 
specialists to determine if transplant is a potential option. In 
absence of a viable transplant option and in patients in whom 
ongoing aggressive life support has failed to improve the 
overall condition or in patients who have progressive organ 
failures, the prognosis is dismal. In order to obtain the best 
outcomes for this difficult population, teams consisting of 
specialists in critical care, hepatology, and liver transplanta-
tion are required.
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Brain and the Liver: Cerebral Edema, 
Hepatic Encephalopathy and Beyond

Gagan Kumar, Amit Taneja, and Prem A. Kandiah

Abstract

Occurrence of brain dysfunction is common in both chronic liver disease as well as acute 
liver failure. While brain dysfunction most commonly manifests as hepatic encephalopathy 
is chronic liver disease; devastating complications of cerebral edema and brain herniation 
syndromes may occur with acute liver failure. Ammonia seems to play a central role in the 
pathogenesis of brain dysfunction in both chronic liver disease and acute liver failure. In 
this chapter we outline the pathophysiology and clinical management of brain dysfunction 
in the critically ill patients with liver disease.

Keywords

Hepatic encephalopathy • Acute liver failure • Fulminant hepatic failure • Chronic liver 
failure • Acute-on-chronic liver failure • Hepatic coma • Intracranial hypertension

Learning Objectives
• Review the classifications, mechanisms and neuroimag-

ing findings involved in hepatic encephalopathy
• Differentiate the risk factors and implications of hepatic 

encephalopathy in acute Liver failure and Chronic Liver 
Failure

• Recognize and distinguish the approach to evaluating 
and managing hepatic encephalopathy and its confound-
ers in critically ill patients with acute and chronic liver 
failure

• Outline the organ system approach to ICU considerations 
in hepatic encephalopathy applicable to acute and chronic 
liver failure

8.1  Introduction

Hepatic encephalopathy (HE) represents brain dysfunction 
directly caused by liver insufficiency and or portosystemic 
shunting (PSS) that manifests as a wide spectrum of neuro-
logical and psychiatric deficits ranging from subclinical defi-
cits to coma.

8.2  Classification of HE

To capture the complexity and breadth of HE, the recent 2014 
combined EASL-AASLD guidelines have integrated four 
characteristic factors into the classification of HE (see 
Table 8.1): (1) underlying disease (2) severity of manifestation 
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(3) time course and (4) precipitating factors. Severity of mani-
festation was adapted from West Heaven (WH) criteria and 
merged with three newer definitions: minimal HE, covert HE 
and overt HE. For this critical care review, we will limit our 
focus on overt HE (Type A and C). While the WH Criteria [1] 
remains the staging tool for severity of HE, there remains sig-
nificant differences in the implications of the grade of HE 
across the disease categories.

8.3  HE, Cerebral Edema and Mortality 
in ALF and Overt Type C HE

Cerebral edema (CE) at the cellular level (cytotoxic edema) or 
interstitial level (vasogenic edema) is a pathophysiologic hall-
mark of HE in both acute and chronic liver failure. In chronic 
liver failure, the occurrence of CE is not apparent on a macro-
scopic level. Hence the edema is not visible on conventional 
brain imaging, causing the clinician no concerns for elevated 
intracranial pressure (ICP). In acute liver failure, intracranial 
hypertension (IH) is a looming concern to the clinician. The 
term intracranial hypertension (IH) specific to ALF, implies 

both a cause and effect. The cause refers to diffuse CE visible 
on brain imaging and the effect refers to elevated ICP and 
impending transtentorial herniation if left untreated.

Acute liver failure (ALF) is a devastating disease with 
mortality up to 40–50% due to progressive multiorgan failure 
[3]. Worsening HE in ALF heralds a grim a prognosis. Grade 
IV HE precedes the development of cerebral edema and IH 
culminating in transtentorial herniation. Historically the pro-
gression from HE to transtentorial herniation accounted for 
up to 75–80% of deaths in ALF [4, 5]. With improved ICU 
care focusing on neuroprotective interventions, the mortality 
attributable to IH is in the range of 10–20% [6].

Despite the absence of IH, the diagnosis of HE in chronic 
liver failure is associated with a 50% mortality at 1 year. The 
correlation between Type C HE and increased mortality in 
cirrhosis has been difficult to decipher due the heterogeneity 
of the occurrence and impact of accruing multi-organ failure. 
Acute-on-chronic liver failure (ACLF) remains a term in 
search of a more precise definition that accurately captures a 
dominant subset of decompensated cirrhotics with dispro-
portionately high short-term mortality rates attributable to 
multiorgan failure. In the recent European Canonic study, 

Table 8.1 Classification and grading of hepatic encephalopathya

Classification of HE Sub classification of HE Defining feature and description

1. Underlying diseasea Type A Acute Liver Failure
Type B Portal-systemic Bypass without intrinsic hepato-cellular damage
Type C Cirrhosis and portal hypertension with portal-systemic shunts

2. Severity of Manifestationb Grade 0 No HE No HE
Psychometric or neuropsychological alterations 
without clinical evidence of mental change

Minimal HE
or
COVERT

Grade I Trivial lack of awareness
Euphoria or anxiety
Shortened attention span
Impairment of addition or subtraction Altered sleep 
rhythm

COVERT

Grade II Lethargy or apathy
Disorientation for time
Obvious personality change Inappropriate behavior
Dyspraxia
Asterixis

OVERT

Grade III Somnolence to semi stupor Responsive to stimuli
Confused
Gross disorientation
Bizarre behavior

Grade IV Coma
3. Time course of presentation Episodic Single or episodes occurring >6 months

Recurrent Episodes occur <6 months
Persistent Behavioral alterations that are always present and interspersed with relapses of 

overt HE.
4. Precipitating factors None

Precipitated Precipitating factors can be identified in nearly all bouts of episodic HE type C and 
should be actively sought and treated when found

aAASLD-EASL Hepatic encephalopathy Guideline [2]
bAdapted from West Haven Criteria [1]
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ACLF was distinctly defined by the sequence and severity of 
organ dysfunction, allowing for a better understanding of the 
implications of HE in this critically ill subgroup [7, 8]. HE in 
both decompensated cirrhosis and ACLF was independently 
associated with increased mortality. However, mortality 
from HE associated with ACLF was significantly worse than 
the HE associated decompensated cirrhosis [9] and therefore 
warrants closer monitoring and early transfer to the ICU.

Unlike ALF, IH does not occur in decompensated cirrho-
sis but is infrequently reported in ACLF [10, 11]. The rare 
occurrence IH in ACLF is predicated upon the acuity of the 
liver injury rather than the chronicity of the liver disease 
[12]. A more recent retrospective study noted that cerebral 
edema leading to tonsillar herniation and death was observed 
in 4% (3/48) of patients with ACLF [13].

8.4  Pathophysiology

There remains no singular attributable etiology for HE. HE is 
a result of a complex interplay between brain ammonia, 
inflammation, altered neurotransmission pathways and cere-
bral hemodynamic dysautoregulation. Hyperammonemia 
continues to play a significant role in pathogenesis of HE 
[14, 15]. Ammonia is also thought to result in both cytotoxic 
and vasogenic brain edema, cerebral energy failure, exces-
sive intracellular accumulation of the osmolyte glutamine 
and alterations in aquaporin-4 integral membrane proteins 
[16–19]. Ammonia also causes membrane depolarization, 
calcium influx, glutamate release, activation of proteases and 
production of free radicals which causes nitration of neuro-
nal proteins and mitochondrial damage [19–21]. Figure 8.1 
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Fig. 8.1 Hypothesized neurotoxic mechanisms of hyperammonemia: 
Multiple pathways of ammonia related neurotoxicity have been discov-
ered and postulated. Most significantly they affect astrocytes where 
ammonia is converted into glutamine. Glutamine has multiple deleteri-
ous effect in the CNS. Glutamine results in elevated synaptic glutamate 
levels and inhibits GLT-1 receptor thus preventing its reuptake. 
Glutamate stimulates postsynaptic receptors of neurons causing anxi-
ety, agitation and convulsions. Glutamine is taken up by astrocyte mito-
chondria where it is reconverted into ammonia. This in turn stimulate 
ROS production in mitochondria, subsequently causing inflammation 
and cellular swelling through mitogen activated protein kinase. 
Glutamine is itself osmotically active and worsens swelling. Aquaporin 
4 is upregulated by ammonia and IL-1 and is associated with cellular 
swelling. Ammonia also stimulates L-amino transporter in BBB, thus 
increasing uptake of neutral amino acids like tryptophan, tyrosine and 
phenylalanine. These compounds are building blocks for dopamine, 
norepinephrine and serotonin in CNS. It also results in stimulation of 

NMDA (N-methyl d-aspartate) receptors which mediates Na-K-ATPase 
dysfunction resulting in loss of autoregulation. Ammonia also causes 
membrane depolarization, calcium influx, glutamate release, activation 
of proteases and production of free radicals which causes nitration of 
neuronal proteins and mitochondrial damage. Ammonia also stimulates 
lactate dehydrogenase activity with subsequent formation of lactic acid 
and alanine. Hyperammonemia can result in increased neurosteroids 
production leading to elevated GABAergic tone in CNS. The loss of 
integrity of blood brain barrier results in formation of vasogenic edema. 
Hyperemia caused by failure of ATPase pump leads to loss of autoregu-
lation of cerebral blood flow. Increased activity of neuronal nitric oxide 
synthase (nNOS) by ammonia toxicity results in nitric oxide produc-
tion. In addition, cyclo-oxygenase gene is upregulated resulting in 
increased production of prostaglandins and eicosanoids which may 
contribute to hyperemia and increased cerebral blood flow. There is also 
evidence that there is microglial activation in ALF resulting in increased 
production of TNF alpha, IL-1 and IL-6

8 Brain and the Liver: Cerebral Edema, Hepatic Encephalopathy and Beyond
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provides a graphic representation of the various neurotoxic 
mechanisms in hyperammonemia. The homeostasis of 
ammonia is complex process dependent on multiple organ 
systems. Ammonia generated in the gut is detoxified to glu-
tamine and urea by the liver and urea in turn is excreted by 
the kidneys. Defective sequential detoxification of ammonia 
by liver and kidney due to multi-organ failure in ALF and 
ACLF appreciably accounts for worsening HE. Muscle and 
brain (astrocytes) represent auxiliary ammonia detoxifica-
tion systems that convert toxic ammonia to glutamine. 
Resultant glutamine accumulation in astrocyte is osmotically 

active and thus causes intracellular swelling (cytotoxic 
edema) [16, 22, 23] Hence, in the cachectic and catabolic 
end-stage cirrhotic, skeletal muscle provides minimal refuge 
to the brain from ammonia. A measured plasma ammonia 
level in a patient only discloses a small fraction of the pro-
verbial ice berg, with the net bulk of the ammonia concealed 
in the form of glutamine. Excess glutamine can only be 
cleared indirectly via intact liver and renal function [24–26], 
without which glutamine becomes a precursor to generating 
more ammonia. Figures 8.2 and 8.3 provides a simplified 
graphic representation of this process.
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(normal physiology)

Glutamine
synthetase

Urea

Urea Urea

Urea

Glutamine Glutamine

Glutaminase

NH3

NH3

Liver

Urea
cycle

Urea
cycle

Glutamine
synthetase

Glutamine
synthetase

Glutamine
synthetase

Fig. 8.2 Simplified conceptual model of interorgan trafficking and 
tiers of detoxification of ammonia in normal physiology: Dietary and 
circulating glutamine are converted by bowel endothelial cells to 
ammonia in the in the entero-hepatic circulation. Abnormal liver func-
tion and portosystemic shunting results in a large amount of ammonia 
entering the systemic circulation and breaching the first tier of detoxifi-
cation. In end-stage cirrhosis, the significant loss of muscle mass fur-
ther compromises the second tier of ammonia detoxification and 
exposes the brain to higher concentration of plasma ammonia. 

Astrocytes particularly in select regions of the cortical grey matter have 
the capacity to detoxify ammonia to glutamine by using glutamine syn-
thetase enzyme. However, when overwhelmed with this process, gluta-
mine accumulates intracellularly in the astrocytes and becomes 
osmotically active and causes a cytotoxic edema. Note that ammonia 
detoxification generates large amount of circulating glutamine which 
cannot be eliminated except indirectly via the kidneys. Renal impair-
ment which is common in cirrhosis will intensify the severity and fre-
quency of hepatic encephalopathy
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Malignant cerebral edema resulting in intracranial hyper-
tension and brain herniation appears to rely on secondary 
mechanisms specific to ALF. While cytotoxic edema is an 
explicit feature in HE, its immediate contribution to malig-
nant edema or intracranial hypertension is dubious. In cirrhot-
ics with HE, cytotoxic edema is present on a cellular level but 
often unappreciable on CT imaging. Vasogenic edema it 
thought to lag temporally behind cytotoxic edema and is both 
direct and indirectly attributable to ammonia [27–29]. Luxury 
perfusion due to increased cerebral blood flow and impaired 
autoregulation appears to be a process specific to ALF that 
accounts for the development of malignant cerebral edema 

and intracranial hypertension. Mechanisms driving this pro-
cess include the loss of integrity of blood brain barrier [18], 
failure of ATPase pump with resultant hyperemia due to loss 
of cerebrovascular autoregulation, increased NO production 
due to increased activity of neuronal nitric oxide synthase 
[30], up regulation of cyclooxygenase with increased produc-
tion of prostaglandins and eicosanoids resulting in hyperemia 
and increased cerebral blood flow [30]. Hyponatremia fre-
quently occurs in ALF and likely contributes to increased 
interstitial water and the cerebral edema. Targeting higher 
plasma sodium goal is associated with a lower incidence of 
intracranial hypertension.
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Inter-organ trafficking and tiers of ammonia
detoxification (cirrhotic physiology)
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Fig. 8.3 Simplified conceptual model of interorgan trafficking and 
tiers of detoxification of ammonia in cirrhotic physiology: Dietary and 
circulating glutamine are converted by bowel endothelial cells to 
ammonia in the in the entero-hepatic circulation. Abnormal liver func-
tion and portosystemic shunting results in a large amount of ammonia 
entering the systemic circulation and breaching the first tier of detoxifi-
cation. In end-stage cirrhosis, the significant loss of muscle mass fur-
ther compromises the second tier of ammonia detoxification and 
exposes the brain to higher concentration of plasma ammonia. 

Astrocytes particularly in select regions of the cortical grey matter have 
the capacity to detoxify ammonia to glutamine by using glutamine syn-
thetase enzyme. However, when overwhelmed with this process, gluta-
mine accumulates intracellularly in the astrocytes and becomes 
osmotically active and causes a cytotoxic edema. Note that ammonia 
detoxification generates large amount of circulating glutamine which 
cannot be eliminated except indirectly via the kidneys. Renal impair-
ment which is common in cirrhosis will intensify the severity and fre-
quency of hepatic encephalopathy
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In chronic liver failure, the brain has time to adapt to the 
deleterious effects of chronic ammonia exposure. Cerebral 
astrocytes have the capacity to convert ammonia into gluta-
mine. In chronic liver failure, intracellular glutamine accu-
mulation is offset by the export of organic osmoles 
(myo-inositol and taurine) from astrocytes to maintain 
osmotic balance and mitigate the development of cytotoxic 
edema.

Glutamine in turn prevents reuptake of glutamate which 
accumulates in post synaptic space. In chronic liver failure, 
there is compensatory decrease in glutamate receptors in 
post synaptic membrane which may account for the psycho-
motor slowing and drowsiness seen in HE. Other mecha-
nisms of HE includes the elevated GABAergic tone produced 
by stimulation of TGR5 receptors and increased neurosteroid 
production by activation of peripheral type benzodiazepine 
receptors.

The failing liver triggers a systemic inflammatory 
response with activation of immune system and release of 
cytokines including IL-6, IF-α, TNF-α. The mechanism of 
increased cytokines involves activation of toll like receptors 
which activate Kupffer cells that activate signaling cascades 
and transcription of proinflammatory cytokines. These cyto-
kines increase cerebral blood flow and increase permeabil-
ity for ammonia. While this process contributes to HE in 
chronic liver failure, it transpires on a mammoth scale in 
ALF.

8.5  Clinical Features of Hepatic 
Encephalopathy in Chronic Liver 
Disease

In the undifferentiated liver failure patients with abnormal 
synthetic liver function, the absolute first critical step is to 
distinguish if the HE is type A (ALF) or type C (Chronic). 
This step helps stratify risk attributable to the HE and desig-
nates appropriate neuromonitoring and neuroprotective inter-
ventions. While this may seem intuitive, confusing these 
disease entities is not uncommon in clinical practice and 
results in unnecessary delays that affect patient outcome. In 
autoimmune hepatitis, differentiating the two can at times be 
difficult due to derangements in synthetic function common 
to both in early stages. A careful history, and longitudinal 
monitoring of neurological status and synthetic function will 
be needed to make this determination. In the indeterminate 
phase, it is prudent to adopt an ALF management strategy 
until the clinician can safely determine the acuity and chro-
nicity of the disease.

If the initial presentation of HE in chronic liver failure is 
atypical or severe (grade 3 or 4 HE), excluding an alternate 
etiology due to infection, metabolic anomaly, toxidrome, 
neurovascular event or seizures through an accurate history, 
physical exam, laboratory work up and brain imaging is par-
amount. If the mental status decline of HE (grade 1 to grade 
4) is witnessed with typical features and a precipitant identi-
fied, extensive work up for an alternate etiology is less 
warranted.

8.6  Neurological Assessment in Early HE

Evaluating orientation and serial subtraction test to assess 
attention are one of the more objective determinations of ear-
lier stages of HE specifically WH grade I to II. Other neuro-
psychiatric findings are more subjective and can be difficult 
to quantify and trend. The more contemporary Confusion 
Assessment Method (CAM ICU) and Agitation Sedation 
Scale (RASS) used in ICUs may provide some additional 
benefits to discriminating the neuropsychiatric changes and 
the level of arousal respectively, however, neither have been 
adequately validated in HE [31].

An additional efficient and objective method to monitor 
progression or recovery from HE focusses on grading 
asterixis by quantifying the number for flaps over 30 s (see 
Table 8.2) [32]. Coarse tremor or jactitation [33], while com-
mon to HE should not be mistaken for asterixis. Negative 
myoclonic jerks differentiable from asterixis in HE can be 
observed frequently in opioid toxicity and uncompensated 
respiratory acidosis and less commonly in severe uremia and 
other neurological disorders.

In more severe grades of HE, using the Glasgow Coma 
Scale is useful, appropriate and has been validated in HE and 
may provide more immediate information about the neuro-
logical trajectory. One limitation WH criteria as well as other 
developed HE scales [34, 35] have is the ceiling effect for 
patients in who are in coma. Glasgow Coma Score allows a 
more refined discrimination of advanced grades of HE (see 
Table 8.3).

Table 8.2 Grading asterixis to monitor progression of hepatic enceph-
alopathy [32]

Grade of 
asterixis Description

Number of 
flaps/30 s

Grade 0 No flapping motions 0
Grade I Rare flapping motion 1–2
Grade II Occasional, irregular flaps 3–4
Grade III Frequent flaps 5–30

G. Kumar et al.



89

8.7  Physical Exam in HE

A complete neurological examination in severe HE is likely 
to uncover false localizing signs including transient pupillary 
dysfunction, dysconjugate gaze, gaze deviation, ocular bob-
bing, decorticate and decerebrate posturing, hyperreflexia, 
up going plantar as well as other less common findings. 
These findings are usually transient and resolve or change 
within hours. Cases of reversible focal deficits mimicking 
stroke attributable to severe HE has been reported but fortu-
nately these are not common.

8.8  Brain Imaging in Overt Type C HE

In patient with low grade HE (WH grade I or II) developing 
sudden focal deficits i.e. face, arm and leg weakness that is 
clinically localizable, a CT if negative for hemorrhage should 
be followed up by an immediate CT-Angiogram before con-
sidering thombolytics. MRI would also be helpful in this 
situation if it can be performed quickly. Initiating thombolyt-
ics with a negative CT alone would not suffice due to the 
coagulopathy and higher bleeding risk in cirrhotics and the 
potential that the source of the deficit was predominantly a 
metabolic abnormality and not a vascular phenomenon.

In a single center study of 158 cirrhotic patients scanned 
for altered mental status, Joshi et al. revealed that 30% of 
head CTs were normal, 30% demonstrated increased atrophy, 
17% with small vessel disease and 16% with intracranial 
hemorrhage [13]. The prevalence of intracranial hemorrhage 
(ICH) in ACLF was higher than decompensated cirrhosis: 
noted to be 23% versus 9% [13]. Given this finding, the 
decision to image a patient HE requires clinical discretion. If a 
patient with recurrent HE, presents with his/her usual presen-
tation for HE that was witnessed by family or hospital staff, 
then imaging would less likely be of use. If an unresponsive 
patient was found on the ground, demonstrates evidence of 
trauma from a fall, witnessed fall or atypical presentation of 
HE, imaging with CT should be performed. Findings by Joshi 
et al. also implies that a lower threshold for performing CT 

should be considered in patients with ACLF possibly due to 
the more coagulopathic state evidence by lower platelet 
counts, higher INRs and lower fibrinogen levels.

While the risk of IH leading to herniation is low in cir-
rhosis, the infrequent occurrence IH in ACLF (4%) is predi-
cated upon the acuity of the liver injury rather than the 
chronicity of the liver disease [12, 13]. Therefore, infre-
quently, an obtunded ACLF patient with abrupt deterioration 
in synthetic liver function, who is relatively young, with sig-
nificant hyperammonemia, hemodynamic instability, multi-
organ failure, hyponatremia, very recent TIPSS procedure or 
volume overload should be considered for imaging to evalu-
ate for cerebral edema and herniation.

MRI may be useful in evaluating atypical features or 
refractory HE for alternate causes, both common and rare. 
More recently, an underrecognized complication of pro-
longed course of metronidazole used for management of HE 
in cirrhotics with impaired renal function has been identified 
with explicit MRI finding [37–39]. MRI may also detect 
cerebral edema more precisely than CT however, the infre-
quent ACLF patients suspected of having cerebral edema is 
likely too critically ill to tolerate an MRI.

8.9  Precipitating Factors for Overt  
Type C HE

Reversible precipitating factors have been reported in up to 
80% of patients with cirrhosis. Prompt recognition of pre-
cipitating factors and common confounders help identify a 
reversible cause and refines the approach to investigation and 
treatment (see Table 8.4). In addition to well-known precipi-
tating factors for HE, Table 8.4 also delineates frequently 
overlapping confounders seen in patients with cirrhosis that 
should be considered and assessed when deemed clinically 
relevant by history and physical exam.

In the recent European Canonic study, infection remains a 
major precipitant of episodic HE, recurrent HE as well as HE 
in ACLF. Unlike prior studies, GI bleeding appeared to con-
fer a lower risk for developing HE [2, 40]. Earlier endoscopic 
interventions and improved management strategies for GI 
bleeds may have contributed to this paradigm shift. More 
notably, the European Canonic Study was able to identify a 
distinctive difference in clinical characteristics of patients 
with HE due to ACLF compared with HE associated with 
decompensated cirrhosis (see Table 8.5). Active alcohol use 
surfaced as a precipitant of HE that was unique to patents 
with ACLF. Table 8.5 differentiates clinical features and pre-
cipitants of HE in ACLF versus decompensated cirrhosis.

Table 8.3 Comparable Glasgow Coma Scale to Modified West Haven 
Criteria adapted from Bernal et al. [36]

West Haven Criteria Grade GCS

I 14–15
II 12–15
III 7–12
IV <7
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Table 8.5 List of clinical features and precipitating factors for HE in decompensated cirrhosis versus ACLF—canonic studya

HE in decompensated cirrhosis HE in ACLF

Clinical features • Older Cirrhotics
• Inactive Drinkers
• Less impairment of Liver function
• Minimal inflammatory reaction
• Low prevelance of organ failure
• Lower mortality

• Young Cirrhotics
• More frequently Alcoholics
• More Impairment in Liver function
• Increased inflammatory response
• High prevalence of organ failure
• Higher mortality

Precipitating factors • Long term diuretic use • Active alcohol use
• Bacterial infections
• Hyponatremia

aData from Cordoba J, Ventura-Cots M, Simon-Talero M, Amoros A, Pavesi M, Vilstrup H, Angeli P, Domenicali M, Gines P, Bernardi M et al. 
Characteristics, risk factors, and mortality of cirrhotic patients hospitalized for hepatic encephalopathy with and without acute-on- chronic liver 
failure (ACLF). Journal of hepatology 2014, 60(2):275–281.

Table 8.4 Precipitating factors, HE-confounders and underlying mechanisms in hepatic encephalopathy

Mechanism Precipitating Factor and HE-confounders Work up to consider

Excess nitrogen 
burden

Gastrointestinal bleeda

Blood transfusions
Constipationa

Azotemia
Excess dietary protein
Protein catabolism in starvation and insulin resistance due to Diabetes 
Mellitusa

Portosystemic shunta (iatrogenic and spontaneous)

Complete blood count
BUN and Creatinine
Micronutrients—B12, B6, Thiamine, Carnitine 
level
Plasma ammonia levels
Blood Glucose and HBa1c
Abdominal venous imaging

Infection and 
inflammation

Infectiona

SBPa

Septic shock
Viral or Autoimmune Encephalitis
Cryptococcal Meningitis
HIV/AIDS
Pancreatitis

Blood, Urine, CSF, Sputum culture, C. difficile 
toxin
Ascitic fluid cell count and culture
ScvO2 and Lactate
Serum and CSF Cryptococcus antigen
HIV serology
Lipase and amylase

Compromised 
toxin clearance

Dehydration due excessive fluid restriction, diuretic usea or paracentesisa, 
diarrhea
Acute Kidney Injury, Hepatorenal Syndrome
Hypotension due to bleedinga, or systemic vasodilatation
Abdominal Compartment syndrome due to severe ascites

Renal function
Electrolytes (serum Sodium)
ScvO2 and Lactate
Monitor Bladder Pressures

Compromised 
neurotransmission 
and metabolism

Endozepines and neurosteroids
Benzodiazepine use
Coinciding Alcohol withdrawal
Opioid Use
Psychoactive drugs
Hypoglycemia
Hypoxemia and Hypercarbia
Thyroid dysfunction

Urine Toxicology
Blood alcohol level
Blood Glucose
ABG
TSH

Acute 
hepatocellular 
damage

Alcoholic hepatitisa

Drugs
Other acute hepatitis
Development of hepatocellular carcinoma
Undiagnosed Wilsons Disease

Liver function panel
Acetaminophen Level
Acute Hepatitis work up
Alpha fetoprotein level
Serum and 24-h urinary Copper, Ceruloplasmin,

Other 
confounders: 
metabolic 
abnormalities, 
neurological 
injury

Intracranial Hemorrhage (Subdural Hemorrhage is most common cause)
Dementia
Wernicke’s encephalopathy
Metronidazole induced encephalopathy
Central Pontine Myelinolysis
Brain Stem Strokes
Severe Hyperammonemia
Seizure disorder

Head CT
MRI brain with and without gadolinium
EEG

ABG arterial blood gas, CSF cerebrospinal fluid, HIV human immunodeficiency virus, ScvO2 central venous oxygen saturation, TSH thyroid- 
stimulating hormone
aPrecipitating factors of HE specific to chronic liver failure. Data from American Association for the Study of Liver Diseases, European Association 
for the Study of the Liver. Hepatic encephalopathy in chronic liver disease: 2014 practice guideline by the European Association for the Study of 
the Liver and the American Association for the Study of Liver Diseases. J Hepatol 2014;61(3):642–59; and Cordoba J, Ventura-Cots M, Simon- 
Talero M, et al. Characteristics, risk factors, and mortality of cirrhotic patients hospitalized for hepatic encephalopathy with and without acute-on- 
chronic liver failure (ACLF). J Hepatol 2014;60(2):275–81.
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8.10  Goals of Therapy for HE in Chronic 
Liver Failure

 1. Identifying if HE is presenting with decompensated cir-
rhosis versus ACLF.
 (a) ACLF patient will require earlier transfer to the ICU 

due to imminent short-term mortality
 2. Treatment of precipitating factors in parallel with inten-

sive care supportive strategies for multiorgan failure
 3. Initiation of first tier therapeutic strategies specific to HE

 (a) Reduction of intestinal ammonia production and 
absorption

 (b) Nutritional and micronutrient supplementation
 4. Initiation of second tier therapeutic strategies specific to HE

 (c) Plasma ammonia lowering devices and non- 
pharmacological interventions

 (d) Eliminating large spontaneous portosystemic shunts 
(SPSS)

 (e) Alternative pathway therapies
 (f) Neurotransmitter blockade

Distinction of ACLF has been discussed previously and 
the importance of this will not be repeated here. Vast major-
ity of patients with HE have a precipitating cause: some of 
the commoner precipitating causes are upper GI bleeding, 
infections including spontaneous bacterial peritonitis, hypo-
volemia and over-diuresis, hypokalemia, metabolic alkalo-
sis, concomitant use or abuse of other sedating drugs, 
particularly benzodiazepines. Precipitating cause should be 
actively sought and treated in parallel with best supportive 
care. Most patients with cirrhosis have protein energy mal-
nutrition and as such there is no role of protein restriction in 
management of acute or chronic HE. Hypokalemia should be 
corrected. Hyponatremia should be avoided particularly in 
ALF and ACLF: however rapid correction of Na avoided due 
to risk of osmotic demyelination syndrome.

Case 1

55 year old male with Hepatitis C related Cirrhosis is hav-
ing recurrent HE occurring frequently and causing recur-
rent admissions. In addition to his liver disease, he has 
stage III Chronic Kidney Disease for which is being eval-
uated for a combined Liver and Kidney Transplant. He is 
being treated with a HE regime of daily doses of Lactulose, 
Rifaximin, Zinc and Metronidazole for the last 12 weeks 
for the refractory HE. He has become increasingly altered 
in the past week and presents to the Emergency depart-
ment with seizures that subsided with Ativan 2 mg and 
was subsequently intubated.

Exam:
Heart rate: 90 bpm Respiratory Rate: 12 bpm BP: 

112/70 Temperature: 36.8 °C
Neuro: Pupils 3 mm reactive to light. Brisk reflexes 

throughout with upgoing plantar reflexes. Remains mini-
mally responsive with GCS 7. Moving all four extremities 
with equal strength.

CVS: Normal heart sounds. Sinus rhythm. No 
murmurs

Pulmonary: Clear to auscultation bilaterally
GI: Ascitic abdomen and nontender to palpation.
Extremities: Normal pulses. Trace edema.
Laboratory and Diagnostics:
His plasma ammonia level is 89 mmol/L. He is afebrile. 

Ascetic fluid cell count is normal. Urine analysis with 
12 wbc and the urine has been sent for culture. His  chemistry 

panel and liver function panel remains unchanged from his 
last outpatient visit. EEG revealed periodic lateralizing dis-
charged from both parietal lobes suggesting cortical irrita-
bility for which Levetiracetam IV has been initiated.

Question:

 1. What diagnostic test would you order?
 2. How would you treat his encephalopathy?

Answer:

 1. MRI brain
 2. Discontinue Metronidazole. Continue Lactulose and 

Rifaximin.

This is a case of Metronidazole Induced Enceph-
alopathy (MIE). The patient is at risk due to decreased 
clearance with both liver and kidney dysfunction. 
Metronidazole is not infrequently used off label to treat 
refractory HE. When used indiscriminately, accumulation 
of Metronidazole causes neurotoxicity affecting both 
peripheral nerve and central white mater. This patient had 
bilateral symmetrical parietal white mater demyelination 
and edema seen on MRI which is consistent with 
MIE. With supportive care, management of seizure and 
discontinuing metronidazole, most patient will improve 
with time. Limit Metronidazole use in cirrhosis to 7 days 
or less when possible.
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8.11  Therapeutic Strategies for Managing 
Type C HE in the ICU

8.11.1  Plasma Ammonia Lowering Strategies 
(First Tier)

 1. Reduction of intestinal ammonia production and 
absorption
 (a) Lactulose (beta-galactosidofructose) and Lactitol 

(beta-galactosidosorbitol)
Despite the absence of mortality benefit, both 

these nonabsorbable disaccharides are currently first 
line agents for the treatment of HE. Lactitol is not 
available in the United States. Since there is absence 
of specific disaccharidases on the villous mem-
branes of the human small bowel, these disaccha-
rides freely reach the colon. In the colon, they are 
broken by the colonic bacteria into acids which low-
ers the pH. This acidification favors conversion of 
ammonia (NH3) into ionic ammonium (NH4+). 
Because of its very nature, ammonium ion is less 
permeable than ammonia and less absorbed into 
portal circulation. In addition, both lactulose and 
lactitol inhibit ammoniagenic coliform bacteria and 
clear ammonia by decreasing transit time. Lactulose 
is superior to placebo and tap water enemas and 
comparable to neomycin [41, 42]

Lactulose is usually given orally in patients who 
are awake enough to swallow. Initial dose of 
30–60 ml can be repeated hourly till there is a 
bowel movement and then dose titrated to 2–3 soft 
bowel movements per day. Caution should be exer-
cised in patients with significant alteration in men-
tal status and high aspiration risk. In addition, it 
should be recognized that goal of lactulose admin-
istration is not profuse diarrhea: resulting hypovo-
lemia may actually make encephalopathy worse. 
Finally, lactulose can cause significant gaseous 
small bowel distension in paralytic ileus and make 
it worse. A distended abdomen in a critically ill cir-
rhotic patient receiving lactulose should be evalu-
ated for an ileus and not assumed to be increased 
ascites. Lactulose can also be given as enema in 
comatose patients and those unable to swallow or 
lacking enteral access.

(b) Polyethyelene Glycol (PEG)
A small randomized single center study demonstrated 

that a 4 L PEG administered orally or via NG over 4 h led 
to more rapid HE resolution despite less ammonia differ-
ence at 24 h compared to standard therapy with Lactulose. 
PEG’s safety profile and balanced electrolytes make it an 
attractive adjunct to Lactulose in the ICU setting. Volume 
of 4 L remains a concern for aspiration especially in later 
grades of HE.

 2. Ammonia lowering antibiotics (First Tier)
 (a)  Rifaximin: Rifaximin is an oral nonsystemic antibi-

otic with <0.4% absorption. Rifaximin has in vitro 
antimicrobial activity against Gram-positive and 
Gram-negative, aerobic and anaerobic flora. Current 
AASLD/EASL guidelines only recommend rifaxi-
min as an add-on therapy for prevention of overt HE 
recurrence. Data is insufficient regarding the use of 
rifaximin as a first line therapy or stand-alone therapy 
for treatment of overt HE. Rifaximin may be used in 
combination with lactulose in patients with overt HE 
as the combined effect leads to reversal of the condi-
tion in 76% of patients vs. 50.4% in those on lactu-
lose alone. In absence of more robust data, rifaximin 
550 mg po q12h is a reasonable adjunct for severe or 
refractory HE, especially since it has a better side 
effect profile than neomycin and metronidazole. 
Rifaximin added to lactulose is more efficacious than 
lactulose alone in prevention of overt HE (43)

(b) Neomycin: Oral neomycin is minimally absorbed, 
yet chronic administration can result in nephrotoxic-
ity and ototoxicity. Evidence for use and efficacy of 
neomycin in HE is not robust at all, yet it is FDA 
approved [43, 44]. For acute HE, 1 g q6h for up to 
6 days and for chronic HE, 1–2 g daily is prescribed. 
Given other alternatives and lack of strong evidence, 
use of neomycin should probably be limited

(c) Metronidazole: Not FDA approved for management 
of HE. One small study revealed at it is as effective at 
Neomycin at a dose of 250 mg twice daily [45]. The 
concern for resistant clostridium difficile colitis and 
neurotoxic effects of metronidazole are valid. Liver 
failure and renal impairment are both predisposing 
 factors to developing metronidazole encephalopathy 
(MIE), a toxidrome more recently characterized by 
both reversible and irreversible findings on MRI 
[37–39].

3. Nutritional and micronutrient supplementation (First 
Tier)
 (a) Zinc: There are a number of small studies on Zinc 

supplementation in cirrhosis resulting in lower plasma 
ammonia levels and improved hepatic encephalopa-
thy. The biochemical rational is predicated on Zinc 
being a co-factor in the urea cycle. Two recent meta- 
analysis on zinc in HE revealed a significant neuro-
psychiatric improvement measured using the number 
correction test [46]. In the meta-analysis by Timbol 
et al. published in abstract form., zinc supplementa-
tion provided for a statistical significant reduction in 
serum ammonia levels [47]. Zinc levels are tightly 
associated with liver function. Cirrhotics with low 
zinc levels have a higher risk of hepatic decompensa-
tion and hepatic encephalopathy. In cirrhosis with 
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hypoalbuminemia, low zinc levels may be reported 
since 80% of zinc in blood is albumin bound. Zinc 
levels are not routinely monitored unless a way to 
measure free plasma zinc level is developed. In the 
critically ill patient with HE, including zinc supple-
mentation has the potential to improve ammonia 
metabolism with minimal side effects. However, long 
term use of zinc supplementation in concomitant renal 
failure does increase the possibility of zinc toxicity.

 (b) l-Carnitine: There are numerous small studies and 
anecdotal reports about the ammonia lowering 
effects of oral supplementation with l-Carnitine 
which requires further study. Carnitine is a co-factor 
in the metabolism of long chain fatty acids. It facili-
tates mitochondrial membrane transport by binding 
acyl-CoA molecules and promotes translocation 
from cytoplasm to mithochondrial matrix for 
B- Oxidation. Disruption in Carnitine transport 
results in cytosolic accumulation of fatty acyl-CoA 
molecules which is postulated to inhibit the urea 
cycle [48]. Patient with carnitine deficiency due to 
malnutrition or short gut, valproate acid, primary 
deficiency due to mutations in organic cation trans-
porter gene (OCTN2) have been reported to manifest 
with symptomatic hyperammonemia which improves 
with carnitine supplementation. There is limited evi-
dence on use l-Carnitine routinely in the manage-
ment of HE, however, in cirrhotic patients with a 
significant history of malnutrition and refractory 
hyperammonemia, checking l-Carnitine levels fol-
lowed by supplementing l-Carnitine pending the 
return of these levels is physiologically sound and 
may provide a benefit with minimal risk until further 
evidence is available.

 (c) Branched-chain amino acid (BCAA) supplemen-
tation: Improvement in HE has been noted in patients 
predominantly treated in the outpatient setting with-
out improvement in mortality. Existing evidence 
revealed no difference between BCAA, lactulose and 
neomycin It did however increase the risk of nausea 
and vomiting. Its role in the ICU remains unproven. 
Having an alternative to lactulose in patients on vaso-
pressors or at risk of developing an ileus could be 
useful in the critical care setting.

4. Plasma Ammonia lowering devices and non- 
pharmacological interventions (second Tier)
 (a) Continuous Renal Replacement Therapy

Continuous renal replacement therapy using con-
tinuous veno-venous hemofiltration with high filtra-
tion volume (90 ml/kg/h) is an effective method of 
rapidly lowering serum plasma ammonia levels [49, 
50]. Ammonia clearance is closely associated with 
ultrafiltration rate. More than likely, CRRT will be 

used in such a patient for acute kidney injury needing 
renal replacement; and not hyperammonemia per se. 
However, one can make a case for CRRT for severe 
hyperammonemia particularly in ALF or ACLF 
where the risk of intracranial hypertension and her-
niation is significantly higher. Hemodialysis and 
CRRT remains the mainstay for the management of 
hyperammonemia in patients with urea cycle disor-
ders with a proven track record.

 (b) Molecular Adsorbent Recirculating System 
(MARS) and Bio-artifical devices

Molecular Adsorbent Recirculating System 
(MARS) is a blood detoxification system based on 
albumin dialysis that removes protein bound (bile 
acids, bilirubin, endogenous benzodiazepines, nitrous 
oxide) and water soluble toxins (ammonia, creati-
nine). In the US, MARS is FDA approved for man-
agement of ALF due to drug overdose or toxic 
exposures and for management of HE in decompen-
sated cirrhosis. MARS trials thus far have failed to 
show a survival benefit; however they have consis-
tently demonstrated improvement in HE and a satis-
factory safety profile. Using MARS for refractory HE 
is thus a potential option. In the case of bioartificial 
systems, the extracorporeal circuit includes bioreac-
tors loaded with liver cells, thus theoretically having 
potential to improve synthetic function as well. These 
extra-corporeal liver assist devices are as of now far 
from ideal and not widely available; these are subject 
of research.

 (c) Therapeutic Hypothermia (Goal Temperature of 
34 °C)

There remains limited clinical experience in the use 
of mild hypothermia in chronic liver failure [51]. Its 
appeal in liver disease is that it counteracts many of the 
metabolic effects of ammonia, slows protein catabo-
lism and production of ammonia by bacteria and the 
kidneys [52]. The predominant concern with using 
hypothermia in cirrhotic patients is its potential to 
worsen the existing  coagulopathy in patients who are 
high risk for bleeding and the predisposition to infec-
tion. In rare cases of extreme refractory hyperammo-
nemia, hypothermia can be used as a transient 
neuroprotective strategy while pursuing clearance of 
plasma ammonia through other avenues.

 5. Alternative pathway therapy (second Tier):
 (a) Ammonia scavengers: Sodium Benzoate, phenyl-

acetate, glycerol phenylbutyrate, Ornithine 
phenylacetate

 (b) l-Ornithine l-Aspartate (LOLA)
Ammonia scavengers help to increase ammonia 

clearance and thus reduce systemic concentrations of 
ammonia. These compounds provide an alternative 
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pathway wherein ammonia is excreted in the urine as 
phenylacetylglutamine. Whereas small randomized 
studies show encouraging results, larger trials are 
needed to define the role of these in HE in daily prac-
tice. Limitation of these therapies include the need 
for intact renal function for elimination of phenyl-
acetylglutamine. Efficacy of therapy with dialysis 
remains unclear. Sodium benzoate is an FDA 
approved food additive/preservative and is infre-
quently off-lable in refractory hyperammonemia by 
adding it to enteral feeding in patients with refractory 
hyperammonemia and intact renal function. However, 
the efficacy of this therapy in cirrhosis have not been 
verified in large trials.

l-ornithine l-aspartate (LOLA): LOLA is substrate 
for urea cycle and stimulates enzymatic activity in 
residual hepatocytes leading to increased urea excre-
tion. LOLA significantly improves HE and ammonia 
levels when compared to placebo; however it demon-
strated no difference compared with lactulose. Oral 
LOLA is more frequently used for treatment of HE 
outside the US.

 6. Neurotransmitter Blockade (second Tier)
Flumazenil: In a systematic review involving 13 con-
trolled trials with a total of 805 patients, the use of fluma-
zenil was associated with significant improvement in HE 
but failed to show long term benefits or improvement in 
outcome [53]. As a short acting benzodiazepine antago-
nist, flumazenil is postulated to inhibit endogenous 
GABAergic substances and previous residual effects of 
long acting benzodiazepine. Cirrhotics have also been 
shown to have increased benzodiazepine receptor activa-
tion but only a subset of patients will demonstrate 
response to Flumazenil. Flumazenil should be used in a 
closely monitored environment as it has a potential of 
provoking seizures. A trial of 1–2 mg of Flumazenil in 
20 mL saline solution by intravenous infusion for 3–5 min 
may be considered in patients with stage 3–4 encepha-
lopathy who have low serum ammonia level and have not 
responded to Lactulose.

 7. Surgical Treatment Options if applicable (second 
Tier)

 (a) Embolization of large portosystemic shunts (PSS): 
A review by Lyn AM et al. of their carefully selected 
20-patient experience with embolization of portosys-
temic shunt for refractory HE revealed that durable 
benefit in HE was achieved in majority of patients 
with reduction in hospitalization for HE [54]. 
Increased ascites was noted in a about 50% of these 
patients. Multiple case reports and case series have 
corroborated these findings, however, larger support-

ing studies especially in the ICU setting remains defi-
cient. PSS embolization could be considered in the 
refractory, recurrent or persistent HE in select 
patients. At present, this option is probably underuti-
lized given that imaging for large portosystemic 
shunts are often not routinely performed for evalua-
tion of refractory HE.

 (b) Liver transplantation: is the definitive treatment for 
HE [55]. Tier 1 and 2 interventions should be thought-
fully and diligently employed to patients eligible for 
transplant as pre-transplant encephalopathy post- 
transplant metabolic encephalopathy. An awake, ori-
ented and responsive candidate is also a more attractive 
candidate for transplantation.

8.12  Acute Liver Failure

8.12.1  Clinical and Laboratory Assessment 
Specific to Type A HE (ALF)

In type A HE due to ALF, grading scales for HE do not differ 
from type C HE (see Neurochecks in HE) which include 
clinical assessment WH grading, asterixis grading, 
GCS. However, the consequences of progressing to grade 4 
HE is significantly worse in ALF due to the significantly 
higher risk of IH resulting in brain herniation. It is impera-
tive that early determination of acuity of the liver failure 
need to be ascertained which should trigger a rapid transfer 
of the patient to a regional liver transplant program. ALF 
patients can rapidly decline clinically with distributive shock 
and multiorgan failure after which they are too unstable to a 
transfer.

8.12.2  Neuro Checks in ALF

Monitoring pupillary function is important in WH grade 3 
and 4 HE. Pupillary light reaction frequently progresses 
from normal to hyper-responsive in early in WH grade 2-3 
HE and hypo-responsive in WH grade 4 [56]. Loss of pupil-
lary function may be a metabolic phenomenon in late stages 
however it may also signify brain herniation due to uncal 
compression or stretching of ciliary fibers of cranial nerve 
III. Hence, despite the false positive findings, close monitor-
ing of pupils is critical in ALF. Reversal of brain herniation 
using osmotherapy is possible if detected early.

Reports of up to one third of WH grade IV ALF patients 
may develop subclinical seizures. Presence of subclinical 
seizures are of uncertain relevance but could contribute to 
elevated ICP inpatients with IH. Continuous EEG should be 
considered during the management of Grade IV HE with risk 
factors for developing IH.
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8.12.3  Objectives of Serial Laboratory Testing 
Relevant to HE and IH in ALF

 1. Analyze and monitor the onset and severity ALF and exam-
ine for evidence spontaneous recovery of liver function. Risk 
of cerebral edema is analogous to severity of liver dysfunc-
tion and hyperammonemia but resolution of cerebral edema 
may lag behind the recovery of synthetic liver function.

 2. Decelerating the development cerebral edema:
 (a) Monitor plasma sodium levels, osmolarity, pH, CO2, 

plasma ammonia levels
 (b) Correct hyponatremia, severe acidosis, hypercarbia
 (c) Augment plasma sodium levels and osmolarity

 3. Monitoring other organ function, detection of infection 
and hemodynamic laboratory markers pertinent to cere-
bral perfusion and brain edema.

 4. Triggering the decision to transplant based upon clinical 
picture in conjunction with biochemical markers before 
losing the hemodynamic window.

8.12.4  Risk Factor for Development of IH in ALF

Plasma ammonia level of more than 150–200 μmol/L is associ-
ated with the development of IH in ALF. More recently, 
Kitzberger at al. reported that 25% of ALF patients developed 
IH despite relatively low plasma ammonia levels 
(NH3 < 146 μmol/L) [57]. The disproportionately higher extra-
cerebral severity of organ failure (SOFA) score in these patients 
emphasizes the substantial role of inflammation and shock 
organ failure in the development cerebral hyperemia and dif-
fuse cerebral edema. Other common associations for ICP eleva-

tion include hyponatremia, volume overload, severe hypercarbia, 
severe acidosis, pain and ventilator dyssynchrony.

8.12.5  Brain Imaging in ALF and IH

Utility of brain CT for assessment of cerebral edema and IH 
remains in question especially when interpretation of CT is 
performed without a comparator. Imaging is useful for 
excluding other intracranial processes or evaluating for com-
plications of placing intracranial devices [58, 59]. If imaging 
is to be used for CE detection and to assess risk of herniation, 
performing serial imaging with a baseline scan performed 
early on before onset of severe HE may be more useful [60].

Brain MRI may help exclude CNS infection, brainstem 
stoke, Wernicke’s encephalopathy, metronidazole encepha-
lopathy, and central pontine myelinolysis not visible on CT 
and should only be pursued if there is a high index of suspi-
cion. If clinically unstable and MRI is necessary, the patient 
should be monitored by intensive care unit (ICU) clinicians 
throughout image acquisition.

A recent MRI finding associated with sustained hyperam-
monemia reinforces the idea that ammonia is neurotoxic and 
not just an epiphenomenon in HE [61, 62]. Restricted diffu-
sion limited to bilateral insular cortex, cingulate gyrus, and 
thalamus when mild (limited cortical restricted diffusion 
[LCRD]) and can involve bilateral temporal, parietal, and 
frontal lobes and sparing the occipital poles, when severe 
(diffuse cortical restricted diffusion [DCRD]). This MRI 
finding is associated with severe hyperammonemia, cogni-
tive decline, matching downstream cortical atrophy, and 
worse outcome (see Figs. 8.4 and 8.5).

a b
Fig. 8.4 (a) LCRD—Initial 
pattern of cytotoxic edema in 
severe hyperammonemia. 
Involves insular cortex (I), 
cingulate gyrus (C), and 
thalamus (T) with good 
outcome. (b) DCRD—Diffuse 
pattern of cytotoxic edema 
with variable outcome. 
Involves all cortical grey 
matter and thalamus with 
sparing of the occipital poles 
(O)
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Fig. 8.5 MRI features of 
hyperammonemia in a patient 
with liver failure. A 49-year- old 
man with hepatitis C, MELD 
score 17, with accidental chronic 
acetaminophen overdose, SOFA 
score 11, and peak plasma NH3 
level of 606 mmol/L. Plasma 
ammonia level was <100 mmol/L 
for 6 days. (Top) Baseline 
outpatient MRI findings 
6 months prior for headache 
workup. (Middle) Diffusion 
weighted images during 
admission for liver failure. 
DCRD involving bilateral 
cingulate gyrus, insular cortex, 
temporal lobes, frontal lobes, and 
posterior thalamus. (Bottom) 
Cortical atrophy matching areas 
of restricted diffusion on 9-month 
follow-up MRI. Moderate-to-
severe static cognitive 
impairment (From Kandiah PA, 
Pandya D, Lynch JR, et al. 
Catastrophic hyperammonemia: 
a case series. Neurocritical care 
2008;8(1):61–232; and Kandiah 
PA, Pandya D, Nanchal R, et al. 
Metaanalysis of magnetic 
resonance imaging findings and 
neurological outcomes in liver 
failure and severe 
hyperammonemia. In: 15th 
International Society for Hepatic 
Encephalopathy and Nitrogen 
Metabolism: 2012. Grenaa, 
Denmark, 2012. pp. 25–6; with 
permission.)

8.13  Pharmacologic Treatment Options

8.13.1  Outline of management of HE in ALF

 1. Identify and treat cause of ALF to minimize further injury
 2. Identify risk factors for mortality and IH (Table 8.6) and 

evaluate candidacy for liver transplant if high risk
 3. Elect neuromonitoring strategy

 (a) Invasive—intracranial monitoring devices
 (b) Noninvasive—GCS, neuro checks, pupillary exam, 

serial brain imaging, transcranial Doppler (TCD), 
jugular bulb oxymetry, optic nerve sonography

 4. Initiate neuroprotective strategies to delay development 
of CE and IH
 (a) Head of bed elevation with neck in neutral position
 (b) Initiate osmotherapy with hypertonic saline or mannitol

• Crucial to plan an effective osmotherapy strategy 
taking into account continuous reno-renal replace-
ment therapy (CRRT)

• Hypertonic saline with sodium goal of 145–150
 (c) Initiate plasma ammonia lowering strategies

• Early initiation of CRRT
• Targeted temperature management (Mild hypo-

thermia 35 °C) [36, 63, 64]
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• Avoid hypokalemia and metabolic alkalosis [65]
• Other plasma ammonia lowering interventions

 (d) Consider intensive care supportive strategies for 
multiorgan failure directed at cerebral edema (see 
Table 8.7)

 5. Rescue maneuvers to control elevated intracranial pres-
sure or refractory IH
 (a) Maintain adequate cerebral perfusion pressure

• Vasopressors for shock

 (b) Increased sedation for metabolic suppression
• Thiopental or Pentobarbital only as a last resort

 (c) Maximize osmotherapy with hypertonic saline
• Hypertonic saline with goal sodium of 150–155
• 20% Mannitol with

 (d) Consider continuous neuromuscular blockade infu-
sion for high central venous pressures (>20 mmHg) 
or sustained refractory ICP

Table 8.6 Risk factors associated with intracranial hypertension in ALF

Risk factors of IH Possible mechanisms and rational

1. Meets Kings college Criteria Correlates with severity of liver injury, luxury cerebral perfusion due to inflammation
2. Plasma ammonia level >150 μmol/L [28, 29, 57] Neurotoxic effects of plasma ammonia

• Predicts IH with specificity of 84% and a sensitivity of 60%
3. Plasma ammonia level >200 μmol/L [29] Neurotoxic effects of plasma ammonia
4.  Partial Pressure of ammonia or unionized 

ammonia (pNH3) [57]
Neurotoxic effects of plasma ammonia

5. Sustained elevation on plasma ammonia levels Neurotoxic effects of plasma ammonia
6. Acute renal failure requiring CRRT [29] i) Volume overload impeding venous return. ii) Severe acidosis iii) Decreased clearance 

of ammonia and glutamine.
7. Young age (<35 years) [29] Limited intracranial space with limited age related atrophy
8. Vasopressor use [29] i) Inflammation and multi-organ failure causing vasogenic CE from luxury cerebral. ii) 

Volume overload due to excessive volume resuscitation
9. Severity of Organ failure (SOFA score) [57] i) Inflammation and multi-organ failure causing vasogenic CE from luxury cerebral. ii) 

Volume overload due to fluid resuscitation and oliguric renal failure iii) Decreased 
ammonia clearance with renal failure
• Predicts IH with specificity of 62% and a sensitivity of 94%

Table 8.7 Intensive care supportive strategies directed at cerebral edema in ALF

Organ system Intensive care supportive strategies

Neurological Use short acting sedatives and opiates once intubated. Propofol and low dose fentanyl are sedatives of choice. Avoid 
intermediate or long acting benzodiazepines.

Respiratory Intubation for airway protection needs to be considered early in later stages of HE before significant aspiration and lung 
injury occurs.
Low tidal volume lung protective strategy to prevent ARDS. High intrathorasic pressures result in cerebral venous outflow 
obstruction [66]
High Peep → Use cautiously as very high peep can theoretically add to hepatic congestion
CO2 goal: 30–40 mmHg → Hypercarbia causes vasodilatation

Cardiovascular Noninvasive approach and IH suspected → Target a higher MAP goal (≥80 mmHg)
Invasive approach → Cerebral perfusion pressures (CPP) should be maintained between 50 and 60 using vasopressors 
[67]
In refractory shock → consider plasma exchange to maintain optimal CPP. Plasma exchange was associated with 
reduction in SIRS response, reduction in SOFA scores and decline in need for vasopressor support [63, 68]
CVP goal < 20 → Increased CVP may impede venous return from the brain [69]. Maintain euvolemia. Consider paralysis.

Renal, acid base 
disorders and 
electrolytes

Early CRRT → To maintain euvolemia, augment ammonia clearance [49], correction of electrolyte and acidosis correction
Formulate strategy to maintain sodium goal (145–150) while on CRRT. Options include preparation of hypertonic 
prismasate or hypertonic saline infusion in post filter return arm of CRRT. Caution: Initiating CRRT with isotonic 
prismsate in patient with IH and induced hypernatremia can cause rebound edema from dialysis disequilibrium syndrome 
and precipitate brain herniation.
Hypokalemia and metabolic acidosis increases renal ammonia production.
Metabolic alkalosis promotes formation of NH3+ from (NH4+) augmenting its passage across the blood brain barrier (15, 16)

GI, liver and 
nutrition

Abdominal compartment syndrome may indirectly worsen ICP. Lactulose → Avoid lactulose via oral or NG route in ALF 
as it may cause bowel distention, worsening ileus and complicating transplant surgery. Limited evidence supporting it use 
in ALF. If used, it is safer to be given rectally

Endocrine Avoid hypoglycemia → may add to metabolic injury to the brain. Initiate 10% or 20% Dextrose preemptively in ALF
Hematologic and 
immune system

Disseminated intravascular coagulation → Consider repeating head CT the patient if DIC occurs as spontaneous 
intracranial hemorrhages may occur.

ARDS acute respiratory distress syndrome, CVP central venous pressure, DIC disseminated intravascular coagulation, MAP mean arterial pressure, 
PEEP positive end-expiratory pressure, SIRS systemic inflammatory response syndrome
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8.14  Invasive Neuromonitoring Strategy 
in ALF

ICP monitoring has been used to identify and treat elevated 
ICP aggressively especially when brain edema was the pre-
dominant cause of death [28, 70]. With improvement in ICU 
interventions and lower incidence of IH, the utility of inva-
sive intracranial monitoring has been steadily decreasing. 
Intracranial hemorrhage from bolt placement is reported to 
range from 2.5% to 10% [71, 72]. While observational stud-
ies have not found overall survival advantages in those 
receiving ICP monitoring [73, 74], the possibility of benefit 
in a subset of high risk brain edema patients remains unan-
swered. Recombinant Factor VIIa is frequently used to help 
correct the coagulopathy associated with ALF before the 
procedure [75, 76]. When ICP monitoring is performed, the 
mean cerebral perfusion pressures (CPP) should be main-
tained between 50 and 60 using vasopressors [67].

8.14.1  Noninvasive Neuromonitoring Strategy 
in ALF

A non-invasive strategy would be reliant upon empiric use of 
cerebral edema-preventing interventions as listed below 
without the reassurance of having a pressure reading. Serial 
CT imaging [58, 59], Transcranial Doppler, jugular bulb 
oximetry, pupillometry neurological exam would be compli-
mentary to this approach.

Transcranial Doppler ultrasound (TCD) is a non-invasive 
method to estimate ICP based on waveform characteristics 
due to resistance in cerebral blood flow in proximal cerebral 
circulation [77]. Its utility in ICP detection in ALF has not 
been validated prospectively and has to be interpreted with 
caution. Trends in TCD indicating cerebral perfusion could 
be useful however an easy method for continuous monitoring 
is not yet available [78]. Other non-invasive devices such as 
optic nerve sonography, technologies using near infrared 
spectroscopy and pupillometry have not been validated in 
ALF.

Case 2

26 year old woman with cerebral edema after acetamin-
ophen overdose now with grade 4 encephalopathy, 
renal failure, NH3 of 300 mmol/L. The decision to 
place an intraparenchymal ICP monitor (Camino) was 
made given the high risk status and that patient was not 
a transplant candidate. She remained hemodynami-
cally stable and on minimal ventilator settings. 
Intraparenchymal catheter placed after 2 units of FFP, 1 
unit of Cryoprecipitate, 1 pack of platelets, and within 
1 h of dosing recombinant factor VIIa which produced 
a resultant INR of 1.4. Platelet count was 104. Post ICP 
monitor placement, the patients ICP climbs from 15 to 
30 mmHg and subsequently 40 mmHg despite sedation 
and osmotherapy with hypertonic saline.

What is your immediate next step?

 

 (e) Targeted temperature management (Moderate hypo-
thermia 33–34 °C)

 (f) Consider using IV indomethacin 0.5 mg/kg bolus for 
refractory ICP

 (g) Correct severe acidosis with sodium bicarbonate 
infusions

 6. Slow de-escalation of neuroprotective therapies post-liver 
transplant or in transplant free recovery

• IH frequently lag behind liver recovery.
• Slow normalization of serum sodium levels
• Monitor for rebound edema or dialysis disequilib-

rium syndrome
• Slow rewarming to if induced hypothermia initiated

Answer: Emergent Head CT
CT head revealed a large right intraparenchymal 

hemorrhage with midline shift in the region of the ICP 
pressure probe. Correction of coagulopathy my not be 
completely protective. Hyperemia of the brain likely 
contributes to the brisk bleeding when it does occur.
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8.14.2  Neuroprotective Strategies in ALF

Hyponatremia can worsen cerebral edema and thus should 
be treated but care must be taken to avoid rapid correction.

Hypertonic saline used to prophylactically to elevate 
serum sodium level between 145 and 155 meq/L has been 
demonstrated to reduce the incidence and severity of IH in 
HE grade 3 and 4 patient a single center study [79]. 30% 
hypertonic saline infusion titrated between 5 and 20 mL per 
h to maintain serum sodium levels at 145–155 mmol/L was 
used in this study.

Hyperosmotic agents have been traditionally used to 
reduce ICP. This approach may also be used in patients with 
elevated ICP in ALF patients [80]. Twenty percent Mannitol 
in bolus doses of 0.5–1 g/Kg bodyweight can be used to 
reduce ICP. Serum osmolality should be monitored while on 
mannitol and should be kept <320 mOsm/L due to risk for 
renal tubular toxicity. However there is no evidence for this 
number [81]. Care should be taken in patients with ARF, use 
of mannitol can cause volume overload from osmotic effect 
of drawing water from interstitial space.

Hyperventilation causes hypocapnia that induces alkalo-
sis which in turn produces vasoconstriction and thereby a 
decrease in CBF and cerebral blood volume hence decreas-
ing ICP. However, there is a serious concern of hypocapnia 
causing or worsening cerebral ischemia and rebound cere-
bral edema [82]. Moderate short term hyperventilation 
reduces global cerebral blood flow without compromising 
cerebral oxidative metabolism [83]. PaCO2 should be moni-
tored and should be targeted between 30 and 40 mmHg [84].

Barbiturate coma may be considered with pentobarbital 
in selected cases [85]. Thiopental and pentobarbital have 
been shown to reduce brain oxygen utilization, however, in 
setting of ALF, neurological assessment cannot be done due 
to induced coma and the half-life is prolonged due to hepatic 
metabolism of this drug. Pentobarbital is associated with 
hemodynamic instability due to the direct myocardial sup-
pression effect and should be used and monitored with cau-
tion. Bowel dysmotility and frequent occurrence small 
bowel ileus is a well knows adverse effect of barbiturates. 
Therefore, NG lactulose should be avoided in barbiturate 
use altogether.

Hypothermia has been successful in decreasing ICP and 
has been reported to help to bridge to liver transplant [86–88]. 
Its use in ALF remains controversial as two studies (Temp 
33–34 °C) have demonstrated both absence of benefit and 
harm [64, 89]. Sustained and significant reduction in plasma 
ammonia levels [87] and its utility in controlling ICP remains 
an attractive intervention in the ICU and perhaps should be 
reserved for refractory IH or refractory hyperammonemia.

Indomethacin reduced ICP by cerebral vasoconstriction 
in a porcine model [90]. In a physiological study of 12 

patients with ALF, IV bolus of indomethacin dose of 0.5 mg/
kg reduced ICP and increased CPP without compromising 
cerebral perfusion. Further studies need to be performed 
prior to considering it for routine use. IV formulation of 
indomethacin is not easily available in the US.

Seizures can worsen cerebral edema and increase 
ICP. Since one third of patients with ALF have seizures, con-
tinuous EEG monitoring should be considered in patients 
who are both sedated and paralyzed [91]. Phenytoin was 
shown to reduce breakthrough seizures in one small study 
while using it prophylactically was of no benefit in another 
[92]. While phenytoin is indicated in breakthrough seizures 
in ALF, its side effect profile and liver induction effects 
should preclude its prophylactic use. It is not unreasonable to 
consider the use of newer antiepileptic medications with less 
side effect profiles and not metabolized by the liver to treat 
breakthrough seizures in HE.

CRRT is recommended over hemodialysis due to lower 
fluctuations in ICP and improved hemodynamic stability 
[93, 94]. CRRT is particularly effective at lowering plasma 
ammonia levels [49] and correcting hyponatremia. 
Appropriate consideration should be given to sodium con-
centration in dialysate for CRRT and intravenous hypertonic 
saline dosing when determining goal serum sodium level.

8.14.3  Plasma Ammonia Lowering Strategies 
in ALF

Ammonia plays a significant but fragmented role in the 
development of cerebral edema and IH. There remains a pau-
city of studies that show therapeutic benefit to ammonia 
reduction. While Lactulose and Rifaximin may offer a nomi-
nal plasma ammonia reduction effect, they are likely defi-
cient in preventing IH in ALF. Unlike cirrhosis, ALF patients 
are not preconditioned to deal with hyperammonemia and 
are likely more susceptible to ammonia related toxicity. In 
practice, plasma ammonia reduction is ALF is frequently 
orchestrated habitually and serendipitously by using CRRT 
[49] for acute renal failure and therapeutic hypothermia [87] 
IH. Earlier use of CRRT for significant hyperammonemia, 
despite relatively preserved renal function, may delay the 
development of cerebral edema.

8.14.4  Summary

Over the last three decades, consistent mortality reduction in 
subsets of liver failure not attributable to transplantation has 
been evident. Death from cerebral edema and brain hernia-
tion in ALF has also significantly decreased. There is not a 
defining therapeutic intervention that’s has resulted in this 
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change. Perhaps this is the net result of improved and 
nuanced critical care delivery and the enhanced recognition 
of how dysfunction of other organ systems and their respec-
tive interventions affect cerebral metabolic and hemody-
namic physiology.

8.15  Review Questions

Question: Plasma NH3 level has to exceed 150 mmol/L in 
ALF before they are at risk of developing intracranial 
hypertension. True or False ?

Answer: False
An elevated plasma ammonia level (>150 mmol/L) in acute 

liver failure increases the risk of intracranial hypertension; 
however, a low level (<146 mmol/L) does not preclude it 
when associated with multiorgan failure. Vasogenic edema 
from hyperperfusion of the brain can occur independently 
of an elevated plasma ammonia levels due to the cytokine 
storm produced by the dying liver.

Question: Brain imaging for evaluating severe hepatic 
encephalopathy in patients with Acute-on-chronic Liver 
failure is unnecessary. True or False ?

Answer: Acute-on-chronic liver failure patients admitted 
with overt hepatic encephalopathy have a significantly 
higher short-term mortality rate and small but devastating 
risk of brain herniation (4%) and are at an increased risk 
of intracranial hemorrhage (16%). Atypical presentation 
of HE in these patients may warrant a head CT. In chronic 
liver disease without acute multiorgan failure, the yield 
from neuroimaging is low unless features are very atypi-
cal or there is a history of trauma.

Question: Hyperammonemia in chronic liver failure causes 
worsening encephalopathy leading to coma, however, the 
effect on the brain is always reversible with treatment. 
True or False ?

Answer: False
Ammonia is neurotoxic however patients with cirrhosis have a 

relative tolerance to hyperammonemia. Severe and sus-
tained hyperammonemia in cirrhosis can cause irreversible 
brain injury akin to patients with urea cycle disorders. The 
threshold at which the injury is irreversible remain unclear. 
Brain MRI pattern of restricted diffusion (cytotoxic edema) 
in hyperammonemia states correlates in severity with 
plasma ammonia levels and clinical outcome.

Question: Induced hypothermia improves outcome in ALF 
by controlling ICP? True or False ?

Answer: False
Therapeutic hypothermia controls ICP, reduces plasma 

ammonia levels and is safe but does not confer a clear 
mortality benefit in acute liver failure.

Question: Monitoring and treating ICP in ALF using inva-
sive intracranial monitoring devices result in improved 
control in ICP with a clear evidence of mortality benefit. 
True or False ?

Answer: False
Invasive intracranial pressure monitoring used in an estimate 

of 20–30% of patients with acute liver failure in North 
America yields a 2.5–10% risk of intracranial hemor-
rhage. Patient’s with intracranial monitors in a retrospec-
tive review received more interventions for ICP control 
and increased sedation without a discernable mortality 
benefit.
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Cardiovascular Alterations in Acute 
and Chronic Liver Failure

Sukhjeet Singh and Steven M. Hollenberg

Abstract

The liver and heart are closely related in health and in disease; the liver receives 25 to 30% 
of total cardiac output via the hepatic artery, and the portal vein. Liver disease can result 
from right-sided heart failure, with manifestations ranging from mild reversible liver injury 
to hepatic fibrosis, and, in its most severe form, cardiac cirrhosis. On the other end of the 
spectrum, advanced liver disease can manifest itself as a hyperdynamic state with decreased 
vascular resistance, but with concomitant cardiac dysfunction that is termed cirrhotic car-
diomyopathy. The degree of cardiac derangement correlates with the degree of liver dys-
function, and may lead to other disease processes such as hepatorenal syndrome and hepatic 
encephalopathy. Prompt recognition and treatment of the underlying cause of acute decom-
pensation is the only definitive therapy for this devastating disease process.

Keywords

Cirrhotic cardiomyopathy • Hyperdynamic state • Acute liver failure • Acute on chronic 
liver failure • Echocardiography

Abbreviations

ALF acute liver failure
ACLF acute on chronic liver failure
ANP atrial natriuretic peptide
BNP B-type natriuretic peptide
CCM cirrhotic cardiomyopathy
CLF chronic liver failure
CLIF chronic liver failure organ failure
CMR cardiac magnetic resonance imaging
CO cardiac output
HF heart failure
HTN hypertension
ICU intensive care unit
LT liver transplant
NO nitric oxide

NOS nitric oxide synthase
SPECT single photon emission computed tomography
SVR systemic vascular resistance
TIPS transjugular intrahepatic portosystemic shunt

9.1  Introduction

The circulatory system is a complex mechanism to provide 
adequate blood supply to multiple organs in the body. The 
liver and heart are closely related in health and in disease; 
the liver receives 25–30% of total cardiac output via the 
hepatic artery, and the portal vein. The portal vein supplies 
nutrient- rich blood from the mesenteric and splenic veins, 
and provides 70% of the hepatic blood flow. The portal vein 
does not have the ability to autoregulate its flow, which is 
primarily dependent on mesenteric circulation, and the gra-
dient between the portal and hepatic venous pressures [1]. 
The remainder of the metabolic demands of the liver are met 
by the hepatic artery, a branch of the celiac trunk. In conse-
quence, liver disease can result from right-sided heart 
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 failure, with manifestations ranging from mild reversible 
liver injury to hepatic fibrosis, and, in its most severe form, 
cardiac cirrhosis [2]. On the other end of the spectrum, 
advanced liver disease can manifest itself as a hyperdy-
namic state with decreased vascular resistance, but with 
concomitant cardiac dysfunction that is termed cirrhotic 
cardiomyopathy [3].

The dual blood supply of the liver and its high metabolic 
activity make it particularly vulnerable to circulatory distur-
bances. There are many well-known entities of vascular 
injury to the liver, including Budd-Chiari Syndrome, hepatic 
sinusoidal obstruction, ischemic hepatitis, and cardiac cir-
rhosis. Cardiac cirrhosis (congestive hepatopathy) includes 
a spectrum of disorders related to elevated central venous 
pressures, but most often results from chronic heart failure. 
Cardiac cirrhosis is a chronic condition in which elevated 
central venous pressures from processes such as constrictive 
pericarditis, cardiomyopathies, and tricuspid and pulmonic 
valve disease cause liver congestion; hepatic function dete-
riorates slowly, and cardiac cirrhosis permits long-term sur-
vival. Ischemic hepatitis is the result of diffuse hepatic 
injury from acute hypoperfusion. The diagnosis of ischemic 
hepatitis requires a clinical scenario consistent with reduced 
oxygen delivery or metabolism by the liver, elevation of 
serum aminotransferases, and exclusion of other causes of 
liver injury such as drug exposure or viral hepatitis [4]. It is 
of paramount importance to distinguish right-sided heart 

failure leading to cardiac cirrhosis from left sided heart fail-
ure which results in ischemic hepatitis [5].

Cirrhotic cardiomyopathy is defined as chronic cardiac 
dysfunction in patients with liver failure related to impaired 
cardiac contractility in response to stress in cirrhotic patients 
with no known underlying cardiac disorders [6, 7]. Altered 
diastolic relaxation and electrophysiological abnormalities 
may be present as well [7]. Originally cardiac impairment 
due to hyperdynamic circulation was termed “high output 
heart failure” [3, 8]. An autopsy series showed cardiomyo-
cyte edema and cardiac hypertrophy in subjects with cirrho-
sis without evidence of coronary artery disease, hypertension, 
or valvular disease [9]. More recently, diagnostic and sup-
portive criteria for cirrhotic cardiomyopathy were proposed 
by an expert conference in 2005 [7]. These criteria are listed 
in Fig. 9.1.

Data regarding the prevalence of cirrhotic cardiomyopathy 
are limited, because cardiac function is usually normal at rest. 
It is only during periods of stress that cardiac dysfunction is 
unmasked and symptoms of fatigue, edema, and decreased 
exercise tolerance may become manifest. Such symptoms 
may also be related to the underlying liver disease, complicat-
ing the diagnosis of cirrhotic cardiomyopathy [10, 11]. It has 
been postulated that as many as 50% of patients undergoing 
liver transplant have some degree of underlying cardiac dys-
function [11], and death from heart failure in the post liver 
transplantation period is estimated to be 7–21% [12].
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Definitive diagnosis 

Systolic dysfunction 
→  Blunted increase in cardiac
output on exercise, volume
challenge or pharmacological
stimuli

→ Resting ejection fraction <55%

Diastolic dysfunction 
→ E/A ratio <1.0 (age-corrected)

→ Prolonged deceleration
time (>200 ms)

→ Prolonged isovolumetric
relaxation time (>80 ms)

Suggestive diagnosis 

→ Electrophysiological
    abnormalities

→ Abnormal chronotropic response 

→ Electromechanical dys-synchrony 

→ Prolonged QT 

→ Enlarged left atrium 

→ Increased myocardial mass 

→ Increased pro-BNP and BNP

→ Increased troponin I

Fig. 9.1 Diagnostic and supportive criteria for cirrhotic cardiomyopathy
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9.2  Pathophysiology

The liver is the largest organ in the human body and a  primary 
component of the reticuloendothelial system. Normally the 
liver is a high compliance and low resistance organ that can 
accommodate large volumes of blood without an increase in 
portal pressure. The functional unit of the liver has been 
described using two models: the classic lobule and the liver 
acinus [13, 14]. The hepatic lobule is the structural and func-
tional unit of the liver [15]. It is a hexagonal structure com-
posed of one cell thick by 15–25 hepatocytes in length 
around a central venule, a branch of the hepatic vein. The 
portal tracts consist of hepatic artery, portal vein, bile ducts, 
lymphatics, and nerves, located at the corners of the hexa-
gon. The liver acinus describes the liver parenchyma in zones 
related to arterial perfusion. Zone 1 hepatocytes are the clos-
est to the triad, and receive the richest supply of  oxygen and 
nutrients. However, due to their close proximity, zone 1 
hepatocytes are also likely to be exposed to drugs and toxins 
at high concentrations. The hepatocytes in zone 3 are near 
the central vein and have a poor supply of oxygen. These 
hepatocytes are more likely to suffer from hypoxia and 
venous congestion. Different pathologies affect different 
portions of the liver lobule.

The most common cause of acute liver injury due to heart 
disease is ischemic hepatitis, also termed “shock liver,” or 
“hypoxic hepatitis” [16]. A reduction in cardiac output results 
in decreased hepatic arterial perfusion and centrilobular necro-
sis in liver zone 3. Concomitant congestive heart failure leads 
to increased central venous pressure and central hypoxia [17]. 
Cardiac cirrhosis, on other hand, is a disease in which elevated 
central venous pressures which leads to hepatic sinusoidal 
dilation, sinusoidal edema, and sinusoidal hypertension. These 
events cause progressive zone 3 hepatocyte hypertrophy, cen-
trilobular fibrosis, portal hypertension, and ascites. As the 
sinusoidal fenestrae enlarge, hepatocyte necrosis becomes 
more prominent, resulting in leakage of protein rich fluid 
through the lymphatics [5]. The extent of fibrosis is variable, 
and may be dependent on local fibrogenic effects of thrombi 
within the sinusoids, hepatic venules, and portal veins [18].

Liver function tests provide accurate and timely identifica-
tion of liver disease. Significant hepatocellular injury or necro-
sis is reflected in elevation of circulating levels of alanine 
aminotransferase (ALT) and aspartate aminotransferase (AST), 
enzymes that are present in hepatocytes. Obstructive or choles-
tatic disease can result in elevations in bilirubin or alkaline 
phosphatase. Impaired hepatic synthetic function may be mani-
fested by low albumin and decreased clotting factor produc-
tion, and is reflected by prolonged prothrombin time [19–21].

Liver failure is a hyperdynamic state resulting in increased 
cardiac output and decreased or near normal blood pressure. 
The primary mechanism behind this hyperdynamic circula-
tion is peripheral and splanchnic vasodilation, along with 
portal hypertension [22]. Several humoral mediators have 

been identified that lead to systemic vasodilation: nitric 
oxide, adrenomedullin, natriuretic peptides, cytokines, 
hydrogen sulfide, endothelins, and endocannabinoids [23, 
24]. The most important of these factors is nitric oxide (NO), 
which was hypothesized to be a critical factor in the splanch-
nic vasodilation in cirrhosis and portal hypertension more 
than 20 years ago [25]. NO has a very short half-life (20–
30 s), can diffuse readily across the cell membrane, and acts 
primarily by upregulating the production of cyclic-GMP by 
guanylate cyclase, with resultant smooth muscle relaxation. 
NO bioavailability is increased in patients with cirrhosis and 
portal hypertension due to increased activity of nitric oxide 
synthase (NOS) [26]. There are three known isoforms of 
NOS: neuronal (nNOS), inducible (iNOS), and endothelial 
(eNOS). It has been hypothesized that cirrhosis results in 
increased levels of circulating cytokines, which causes 
induction of iNOS and overproduction of NO [27].

Elevated levels of NO cause smooth muscle relaxation 
resulting in splanchnic and mesenteric vasodilation. Dilation 
of peripheral arteries is sensed by the baroreceptors as a 
decrease in effective circulating blood volume. This in turn 
activates the renin-angiotensin-aldosterone system and 
retention of salt and water. These events further increase 
 cardiac preload and cardiac output. Besides vasodilation NO 
also decreases the vascular response to vasoconstrictors [28]. 
In patients with cirrhosis, elevated cardiac output is indepen-
dently associated with higher hepatic blood flow and 
increased hepatic venous pressure gradient [29]. Long term 
use of NOS inhibitors in ascitic cirrhotic rats completely nor-
malized the parameters of hyperdynamic circulation [30].

Alongside vasoactive substances, formation of portosys-
temic shunts also increases systemic circulatory flow. In 
patients with cirrhosis, portal pressure rises, resulting in 
reversal of blood flow within the portal vein. As the hepatic 
venous pressure gradient exceeds 10 mmHg, extensive col-
lateral formation between the portal system and splanchnic 
system ensues. Collateral circulation increases hyperdy-
namic circulation by directly reducing peripheral resistance, 
and by allowing vasoactive substances to bypass the liver 
and reach systemic circulation [31]. The most clinically rel-
evant of these collaterals are gastroesophageal varices, 
which are present in almost half of the patients with cirrho-
sis [32] (Fig. 9.2).

9.2.1  Acute Liver Failure as a Cause 
of Cardiac Dysfunction

Acute liver failure (ALF) is defined as concurrent appear-
ance of hepatic encephalopathy and coagulation abnormali-
ties in the setting of acute liver dysfunction of any kind, and 
in the absence of pre-existing liver disease [33]. The desig-
nation acute liver failure has replaced older terms such as 
fulminant hepatic failure, hyperacute liver failure, and sub-
acute liver failure. Patients with hyperacute liver failure 
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were defined as development of encephalopathy within 
7 days of onset of liver dysfunction, and generally have a 
better prognosis with medical management. Subacute liver 
failure is defined as development of encephalopathy within 
5–26 weeks, usually with worse prognosis. ALF is a term 
that encompasses all forms of liver injury occurring up to 
26 weeks after the initial insult [34, 35]. The leading cause 
of ALF in the developed world is acetaminophen and other 
drug usage [36]. In contrast, viruses are the leading cause of 
ALF in the developing world [37]. Although the clinical 
presentation of ALF is similar regardless of etiology, out-
comes are dependent on etiology, and must be clarified for 
prognostic assessment [35].

All patients with clinical or laboratory evidence of acute 
hepatitis should have immediate measurement of prothrom-
bin time and careful evaluation of mental status. If labora-
tory values reveal a prolonged prothrombin time by ~4–6 s 
or more, INR ≥ 1.5, and any change in mental status from 
baseline, the diagnosis of ALF is made and hospital admis-
sion is mandatory. If patients develop grade I or II 

 encephalopathy (Table 9.1), ICU transfer is warranted, along 
with a consultation to transplant center [38]. Careful history 
and physical examination should be performed to ascertain 
any viral or drug exposures. Physical examination may 
reveal fatigue, malaise, lethargy, anorexia, nausea, vomiting, 
right upper quadrant pain, jaundice, or ascites [39]. Initial 
laboratory evaluation should be thorough in order to evalu-
ate both the etiology and severity of ALF.

Cirrhosis 

Hepatocellular 

dysfunction/portal 

hypertension 

Increased 

vasodilators  

Splanchnic 

vasodilation 

Baroreceptors 

RAAS system 

Hyperdynamic 

syndrome 

Fig. 9.2 Mechanisms leading 
to hyperdynamic circulation 
and ascites in patient with 
cirrhosis. Portal hypertension 
leads to formation of 
collaterals and splanchnic 
arterial vasodilation. Systemic 
vasodilation is mediated by a 
number of circulating 
substances; primary among 
them is nitric oxide. 
Abnormal vasodilation leads 
to decrease in effective 
circulating volume and 
activation of baroreceptors. 
Neurohormonal pathways are 
activated, leading to an 
increase in renin-angiotensin- 
aldosterone and sympathetic 
nervous systems. This causes 
increased sodium and water 
retention, and further 
exacerbation of the 
hyperdynamic syndrome

Table 9.1 Grades of hepatic encephalopathy

GRADE 1 Trivial lack of awareness
Euphoria or anxiety

GRADE 2 Shortened attention span
Lethargy or apathy
Minimal disorientation to time or place
Subtle personality change
Inappropriate behavior

GRADE 3 Somnolence
Responsive to verbal stimuli
Confusion

GRADE 4 Coma
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Computed tomography (CT) of the abdomen often reveals 
a liver that is denser than skeletal muscle, heterogeneous 
liver parenchyma, hepatomegaly, ascites, hepatic vein occlu-
sion, and cirrhosis [40]. Head CT may reveal cerebral edema, 
decrease in the size of ventricles, and flattening of cerebral 
convolutions [41]. Approximately 30% of the patients with 
ALF will develop pulmonary edema and/or pulmonary infec-
tions, which may be seen on chest imaging [42]. Liver biopsy 
is indicated if imaging and laboratory data fail to reveal the 
cause of liver failure. Due to the underlying coagulopathy 
the transjugular approach is most often employed [38].

The pathogenic mechanism behind cardiac dysfunction in 
acute liver failure is hyperdynamic circulation. This is related 
to vasoactive substances and reduction in systemic vascular 
resistance which leads to hemodynamic and cardiovascular 
dysfunction. Despite adequate perfusion and adequate oxy-
gen delivery, tissue uptake of oxygen is impaired, which leads 
to lactic acidosis [43]. Decreased clearance of lactate may 
also contribute to elevated serum levels. Additionally, adrenal 
insufficiency is present in about 60% of patients with ALF, 
which may contribute to hemodynamic compromise due to 
consequent dysfunction in the renin-angiotensin- aldosterone 
pathway [44]. Treatment of the underlying cause of ALF usu-
ally improves the cardiac and other organ dysfunction.

In adults, 25% of patients are transplanted, survival with-
out transplantation is 45%, and mortality is 30% [45]. 
Cardiac insult in patients with ALF is usually reversible with 
liver transplantation. On the other hand, preexisting cardiac 
dysfunction prior to ALF is associated with worse outcomes 
after liver transplantation [46].

9.2.2  Chronic Liver Failure as Cause 
of Cardiac Dysfunction

Chronic liver failure is a disease process of the liver leading 
to fibrosis and cirrhosis. Cirrhosis represents the final state 
of chronic liver disease and occurs in response to chronic 
wound healing. Cirrhosis is characterized by distortion of the 
hepatic architecture and the formation of regenerative nod-
ules [47]. The most common causes of cirrhosis in the United 
States are hepatitis C, alcoholic liver disease, and nonalco-
holic liver disease, which accounted for 80% patients on the 
liver transplant between 2004 and 2013 [48]. Cirrhosis 
accounted for approximately 49,500 deaths and was the elev-
enth leading cause of death in the United States in 2010 [49].

The majority of the complications of cirrhosis result from 
portal hypertension and formation of venous collaterals. Most 
patients with chronic liver disease and moderate to severe liver 
injury have at least one characteristic finding of cirrhotic car-
diomyopathy, such as systolic dysfunction, diastolic dysfunc-
tion, or electrocardiographic abnormalities. Diastolic 
dysfunction is present in an estimated 45–56% of patients with 

cirrhotic cardiomyopathy [50]. The major pathophysiologic 
mechanisms of cirrhotic cardiomyopathy in chronic liver fail-
ure include impairment of stimulatory adrenergic receptor 
pathways [51, 52], nuclear and cytoplasmic vacuolation of 
cardiomyocytes, and alterations of cardiomyocyte membrane 
properties. In addition, there is overproduction of nitric oxide 
synthase, which leads to elevated levels of nitric oxide, which 
can have a negative inotropic effect on the heart [53, 54].

Cirrhosis is generally considered to be an irreversible 
phenomenon, even though the exact time at which it becomes 
irreversible is unclear [55]. The primary goal of management 
of patients with cirrhosis include slowing the progression of 
liver disease, preventing further superimposed injury, adjust-
ing doses of medications, and determining the appropriate-
ness and optimal timing of liver transplant. Targeted therapies 
against the underlying cause of cirrhosis should be initiated 
to halt the progression of the disease. For example, patients 
with hepatitis C and cirrhosis who are treated with antiviral 
treatment and have a sustained virologic response have a 
lower liver-related mortality than those patients who do not 
achieve sustained virologic response [56]. In alcoholic 
 cirrhosis, abstinence from alcohol improves survival [57], 
improvement in fibrosis [58], reduction of portal pressures 
[59], and resolution of ascites [60].

9.3  Evaluation of Cardiac Dysfunction 
in Liver Disease

Cardiac dysfunction in liver disease has been described since 
the 1960. Prior to that, cardiac dysfunction was often attrib-
uted erroneously to alcoholic cardiomyopathy [3, 61]. In the 
past two decades two important entities have emerged as the 
predominant processes involved in with the heart and the 
liver: cardiac cirrhosis and cirrhotic cardiomyopathy. Cardiac 
cirrhosis, also named congestive hepatopathy, is liver dys-
function secondary to chronically elevated right sided central 
pressures. It is of paramount importance to distinguish car-
diac cirrhosis from cirrhotic cardiomyopathy and to delin-
eate the severity of right heart failure, because optimal 
treatment of liver failure is dependent on the treatment of 
underlying heart failure. The first step is echocardiography, 
which can evaluate the size and function of right heart cham-
bers, and derive an estimate of right ventricular and pulmo-
nary artery systolic pressures [62].

Cirrhotic cardiomyopathy is primarily characterized by a 
blunted cardiac response to stress or exercise, which sug-
gests underlying cardiac processes. Over the last 20 years, it 
has been shown that the underlying cardiac dysfunction may 
even precede other well-known complications of cirrhosis, 
such as hepatorenal syndrome [63]. Because the circulation 
in patients with cirrhosis may be hyperdynamic secondary to 
increased preload and reduced afterload, LV systolic func-

9 Cardiovascular Alterations in Acute and Chronic Liver Failure



110

tion at rest may be normal or increased, potentially leading to 
a false assumption of normal cardiac function. Normally, 
during periods of stimuli such as exercise or stress, cardiac 
output and contractility increases from baseline to meet the 
metabolic demands. However, due to reduced myocardial 
reserve, impaired oxygen extraction, and blunted heart rate 
response the cardiac apparatus may not be able to meet the 
metabolic demands [64]. On the other hand, if cardiac 
reserve is defined as a percentage increase with stress, and 
cardiac output is increased in liver failure compared to nor-
mal patients, then an increase in liver failure to the same 
absolute cardiac output as normal will result in a lower per-
centage increase. For this reason, a measurement of decreased 
cardiac reserve in liver failure must be accompanied by clini-
cal manifestations of decreased exercise tolerance or an 
inadequate response to physiologic stress.

Diastolic dysfunction may be a component of cirrhotic 
cardiomyopathy as well. Diastolic dysfunction leads to 
impaired filling of the LV during diastole, hindering the abil-
ity of the LV to adequately raise stroke volume in response to 
stress or exercise. Diastolic dysfunction may precede sys-
tolic dysfunction, and may represent the earliest manifesta-
tion of cirrhotic cardiomyopathy [65]. Additionally, the 
degree of diastolic dysfunction was shown to have a strong 
correlation with the degree of liver failure at 2 year follow-up 
[10, 66]. In cirrhosis, a decreased preload reserve response 
has been reported in both human [67] and animal models 
[68]. A decrease in preload response occurs when cardiac 
output fails to increase after an increase in preload. In these 
studies, cardiac output was increased at baseline secondary 
to decreased peripheral vascular resistance and failed to 
increase with volume challenge. This reduced preload 
response may be a result of cardiac hypertrophy, patchy 
fibrosis, and sub-endothelial edema [7].

Electrophysiological abnormalities are well documented 
in patient with cirrhosis, with the prevalence of QT prolon-
gation exceeding 60% in patients with advanced cirrhosis 
[69]. Studies in rats with cirrhosis suggest that these QT pro-
longation abnormalities are caused by potassium channel 
alterations and decreased plasma membrane fluidity [70, 71]. 
QT prolongation is partially reversible via the use of 
β-blocker therapy [72], although the indication for their use 
in patients with cirrhosis is portal hypertension, not electro-
physiological abnormalities [73]. Additionally, these abnor-
malities disappear after liver transplant [74, 75].

Chronotropic incompetence to exercise and other 
stimuli has also been observed in patients with cirrhosis. 
Though patients with cirrhosis are frequently tachycardic 
secondary to elevated levels of circulating catecholamines, 
one hallmark of the disease is the failure to increase heart 
rate to maintain adequate cardiac output during times 
of increased metabolic demand [76]. The exact clini-
cal importance of chronotropic incompetence in cirrhotic 

patients is unknown; however, recent studies suggest fail-
ure to increase heart rate adequately may play a role in 
paracentesis-induced circulatory failure [77], renal failure 
precipitated by spontaneous bacterial peritonitis [78], and 
hepato-renal syndrome [79].

9.3.1  Diagnosis

Clinical symptoms of overt heart failure may be absent due to 
peripheral vasodilation and afterload reduction in patients 
with liver cirrhosis. Moreover, symptoms of dyspnea, fatigue, 
fluid retention, ascites, weight loss, and reduced exercise 
capacity are difficult to distinguish from the underlying liver 
disease. The presence of hydrothorax from direct extension 
of ascites into the pleural cavity or large amounts of ascites 
in the absence of pre-existing right heart failure suggests a 
hepatic cause. On the other hand, pulmonary congestion 
strongly suggests a cardiac cause [50]. Cirrhosis should be 
suspected in patients with jaundice, spider angiomata, gyne-
comastia, ascites, splenomegaly, palmar erythema, digital 
clubbing, and asterixis [80].

Small changes in intravascular volumes can have profound 
effects on diastolic indices in liver disease. Diastolic function 
is measured using Doppler echocardiography. One measure 
of diastolic function on echocardiography is the ratio of early 
mitral filling velocity (E) to the velocity with the atrial kick 
(A), the E/A ratio. The E/A ratio is decreased in cirrhotic 
patients, especially in those with ascites. Furthermore, studies 
have shown an improvement in E/A ratio after paracentesis 
[10, 81]. Although E/A is a measure of diastolic function, it is 
highly dependent on preload conditions. Doppler tissue 
velocity (E′), which measures slow velocity high amplitude 
mitral annular tissue motion, is less affected by preload, and 
is a more sensitive measure of diastolic dysfunction [82]. 
Diagnostic evaluation of systolic and diastolic dysfunction in 
patients with cirrhosis is summarized in Table 9.2.

Table 9.2 Diagnostic evaluation of systolic and diastolic function

Systolic dysfunction Diastolic dysfunction

• Echocardiography/MRI
     • Volumes
     • Ejection fraction
     •  Response to stress 

(dobutamine)
     • Wall motion
• Exercise ECG
     • Exercise capacity
     • Oxygen consumption
•  Radionuclide angiography/

Myocardial perfusion Imaging
     • Ejection fraction
     • Cardiac volumes
     • Wall motion and thickening

• Echocardiography/MRI
• E/A ratio
• Deceleration time
• Relaxation time
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Laboratory examination needs to be extensive in order to 
evaluate precipitating factors and the extent of the disease 
(for a list of recommended laboratory tests, see Table 9.3). 
These should include basic chemistries, hepatic synthetic 
panel, viral panel, alcohol, and acetaminophen and other 
drug ingestions. Cardiac cirrhosis values generally reveal a 
cholestatic pattern with increased alkaline phosphatase and 
mild elevation in bilirubin levels [83]. Serum aminotrans-
ferase levels are elevated in about a third of the patients, but 
usually no more than two or three times the upper limit of 
normal. Ischemic hepatitis, however, presents with severely 
elevated bilirubin levels as high has 15–20 mg/dL, and 
serum aminotransferase levels more than ten times the upper 
normal limit [19]. See Table 9.4 for a comparison of labora-
tory findings in acute ischemic hepatitis and cardiac 
cirrhosis.

9.3.2  Biomarkers

Atrial natriuretic peptide (ANP), B-type natriuretic peptide 
(BNP), and cardiac troponin are molecular biomarkers that 
have been studied in patients with liver disease and LV dys-
function. ANP is a peptide synthesized by the cardiac atria 
and secreted in response to increased intravascular volume 
and LV hypertrophy. As a result of hyperdynamic circula-
tion, levels of ANP are usually elevated in patients with cir-
rhosis and ascites [84, 85]. BNP and its prohormone 
(NT-proBNP) are secreted by the heart atria secondary to 
stretching of cardiac myocytes or direct cell damage. The 
degree of rise of these hormones correlates directly to the 
severity of cirrhosis and cardiac dysfunction [86, 87]. It is 
recommended that patients with NT-proBNP levels >290 pg/
mL should undergo further cardiac evaluation [88].

Troponins are specific markers of cardiac insult and are 
encoded by three distinct gene products: troponin C, cardiac 
troponin I and T (cTnT). Troponin I levels are increased in 
patients with alcoholic cirrhosis, and the concentration level 
is associated with low stroke volume and LV mass. However, 
the degree of rise in troponin I level is not associated with 
severity of cirrhosis or portal HTN [89]. The level of cTnT, 
on the other hand, has been shown to correlate directly with 
disease severity and mortality in cirrhosis [90].

9.3.3  Cardiac Imaging in Liver Disease

Echocardiography is an ultrasound based imaging modal-
ity that provides assessment of cardiac structure, func-
tion, and hemodynamics. Echocardiography provides a 
noninvasive characterization of left ventricular and right 
ventricular systolic performance as well as cardiac vol-
umes and cardiac valves. Doppler echocardiography can 
also be used to estimate right ventricular pressures. 
Furthermore, using tricuspid velocity jet to measure right 
ventricular systolic pressures, pulmonary artery systolic 
pressures can be calculated via adding estimated right 
atrial pressures [62].

Table 9.3 Initial laboratory evaluation for liver disease

• Chemistries
     •  Sodium, potassium, chloride, bicarbonate, calcium, magnesium, 

phosphate, glucose, creatinine, blood urea nitrogen
     • AST, ALT, alkaline phosphatase, GGT, total bilirubin, albumin
• Arterial blood gas
• Lactate
• Complete blood count
• Prothrombin time/INR
• Blood type and screen
• Acetaminophen level
• Urine drug screen
• Viral hepatitis serologies
     • HAV, HBV, HCV
• Ceruloplasmin level if there is suspicion for Wilson’s disease
• Pregnancy test
• Autoimmune markers
     •  ANA, immunoglobulin levels, anti-smooth muscle antibodies 

(autoimmune hepatitis)
• HIV 1 and 2 screen
• Amylase and lipase

Table 9.4 Differentiation between acute ischemic hepatitis and car-
diac cirrhosis

Acute ischemic 
hepatitis Cardiac cirrhosis

Etiology Acute heart failure 
(left)

Chronic heart failure 
(right)

Pathophysiology Hypoxia Perisinusoidal edema
Zone 3 necrosis Increased lymphatic 

drainage
Zone 3: alternating 
necrosis and 
hemorrhage
Sinusodial 
thrombosis

Clinical presentation Non-specific 
(nausea, vomiting, 
jaundice)

Edema, ascites, 
jaundice

Clinical biomarkers
Bilirubin
ALT and AST
LDH
Prothombin time
ALP
Albumin

↑↑↑
↑↑↑
↑↑↑
Normal or 
prolonged
Increased
Normal

↑
Normal/↑
Normal/↑
Prolonged
Normal or mild 
elevation
↓↓

Treatment Oxygen therapy
Inotropic agents
Vasopressors
Diuretics

ACE Inhibitors
Β-blockers
Diuretics

Prognosis Self-limiting Gradual progressive 
decline
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Doppler echocardiography can also be used to assess 
left ventricular diastolic function. Placing a sample of vol-
ume at the tip of mitral valve and using pulse-wave Doppler, 
velocities of LV inflow during early, rapid passive filling (E 
wave), and during atrial contraction (A wave) can be mea-
sured. E-wave velocity depicts the left atrium-left ventricle 
pressure gradient during early diastole. This gradient is 
affected by changes in the rate of LV relaxation and left 
atrial pressure. A-wave velocity depicts the left atrium-left 
ventricle pressure gradient during late diastole, and is 
affected by LV compliance and LA contractile function. 
This allows for measurement of E/A ratio, with ratios <1 
suggesting diastolic dysfunction. The E wave deceleration 
time (time measured from the maximum E point to base-
line, normally <220 ms) and isovolumic relaxation time 
(time interval between aortic valve closure and mitral valve 
opening) also may reflect diastolic dysfunction. Diastolic 
dysfunction is characterized by a decreased E/A ratio with 
prolonged deceleration and isovolumetric relaxation times. 
An enlarged left atrium also reflects chronic diastolic dys-
function. Normally, Doppler velocities are dependent on 
filling pressures at the time of measurement, whereas LA 
volume reflects the cumulative effect of filling pressures 
over time [91, 92].

Cardiac magnetic resonance (CMR) imaging is the gold 
standard for measurement of LV function [93]. Contrast- 
enhanced CMR has the added benefit of demonstrat-
ing subclinical myocardial changes prior to the onset of 
occult LV dysfunction [94]. Abnormalities in T2-weighted 
images have been described in acute myocardial injury and 
inflammation. T1-weighted images are a newer technique, 
which can elucidate the presence of diffuse myocardial 
fibrosis or infiltrative disease as measured by T1 relaxation 
times [95]. Diffuse myocardial fibrosis has been shown to 
be closely related to diastolic dysfunction. Currently, few 
studies have applied CMR in cirrhosis. (1) In an animal 
model, CMR has been used to show hyperdynamic LV 
function and increased LV thickness [96]. (2) CMR was 
used to demonstrate elevated pulmonary wedge pressure 
and atrial enlargement within the first 24 h after TIPS in 
11 cirrhotic patients [97], (3) Increased cardiac volumes 
and diastolic dysfunction was seen in 19 patients with mild 
cirrhosis after dobutamine- induced stress CMR [98]. (4) 
Use of contrast-enhanced CMR in cirrhotic cardiomyopa-
thy patients detected myocardial changes in awaiting liver 
transplant, similar to those myocardial changes found in 
myocarditis [99].

Cardiac stress testing is an important tool to risk strat-
ify cirrhotic patients awaiting transplantation or other 
invasive therapies. Cardiac stress testing can be per-
formed either via exercise or pharmacologic therapy. 
Ideally, the test of choice is exercise based because it pro-
vides important prognostic information. For those patients 

unable to exercise, dobutamine is the pharmacologic 
agent of choice. Dobutamine is a synthetic drug with β1 
(increase cardiac contractility and cardiac output), and β2 
properties (arterial vasodilator). The discrepancy of blood 
flow to normal myocardium and areas of disease can be 
assessed via myocardial perfusion imaging utilizing echo-
cardiography, cardiac magnetic resonance imaging 
(CMR), or single-photon emission computed tomography 
(SPECT) [100]. Although dobutamine stress echo is 
widely used for cardiovascular risk assessment prior to 
liver transplant [12, 101], its positive predictive value in 
detecting CAD in cirrhotic patients is debated. Due to the 
concomitant use of beta blockers or chronotropic incom-
petence, in 25–56% of patients dobutamine stress echo-
cardiograms are inconclusive because of failure to reach 
the target heart rate (85% predicted maximum heart rate) 
[102]. Pharmacologic vasodilator stress testing induces 
coronary vasodilation and increased myocardial blood 
flow to meet the metabolic demands of the body. Coronary 
beds containing significant disease fail to dilate and 
increase blood flow, and regional differences in blood 
flow can be seen using SPECT nuclear imaging. In addi-
tion, in patients who have undergone prior revasculariza-
tion, SPECT is the modality of choice [103].

Surgical outcomes of liver transplant are dependent on 
both the severity of the liver disease and the underlying 
comorbidities. In the post-transplant period, cardiovascular 
complications are the leading cause of non-graft related 
deaths [104]. Cardiac evaluation prior to liver transplantation 
should include an electrocardiogram and echocardiogram. 
CAD screening, with stress testing or coronary angiography 
should be performed routinely because patients with cirrho-
sis are possibly at higher risk of CAD than the general popu-
lation. In liver transplant candidates 13% of the patients 
were found to have moderate to severe CAD without clinical 
symptoms [105]. Right heart catheterization may be war-
ranted if echocardiography suggests pulmonary hyperten-
sion. In patients with moderate to severe pulmonary 
hypertension, liver transplant is contraindicated due signifi-
cant increased transplantation-related mortality [106].

9.3.4  Intensive Care Unit Evaluation

Patients with liver disease over time progress to worsening 
liver function with occurrence of portal hypertension and 
hepatic failure leading to end-stage liver disease and eventu-
ally to death. Acute decompensation is often unpredictable 
and may require monitoring in the ICU. Most frequently 
patients are admitted to the ICU for variceal bleeding, hepa-
torenal syndrome, spontaneous bacterial peritonitis, jaun-
dice, and sepsis [107]. The estimated annual incidence of 
admission to the ICU related to cirrhosis in the United States 
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is roughly 26,000, with an estimated cost of US $3 billion 
[108]. Cirrhotic patients admitted to the hospital and/or the 
ICU have a mortality ranging from 34 to 85% [109]. 
Prognostic scoring systems, such as Sequential Organ Failure 
Assessment (SOFA), and the Acute Physiology And Chronic 
Health Evaluation (APACHE) on admission and within 24 h 
to the ICU have been used and validated to predict outcomes 
[110]. Child-Pugh the Model for End-Stage Liver Disease 
have been the most widely used hepatic specific scores for 
predicting mortality in patients awaiting liver transplanta-
tion. Patients with known cirrhosis, and an acute decompen-
sation leading to organ failure are classified as having acute 
on chronic liver failure (ACLF) [111].

The diagnosis of ACLF is made using the Chronic Liver 
Failure Organ Failure (CLIF) score, and prognosis is depen-
dent on organ failure (see Table 9.5). ACLF is present in 
approximately 30% of hospitalized cirrhotic patients who 
present with either an identifiable source, such as viral infec-
tion or drug exposure, or an unidentifiable source. The pres-
ence of ACLF confers a 28-day mortality rate 15 times 
higher than in those cirrhotic patients without ACLF [111, 
112]. Recently, a Consensus meeting regarding management 
of critically ill cirrhotic patients endorsed by the American 
Society of Transplantation, American Society of Transplant 
Surgeons, and the European Association for the Study of 
Liver disease outlined a multi-disciplinary approach to opti-
mize ICU management of these patients [113].

Initial evaluation of an acutely decompensated cirrhotic 
patient revolves around hemodynamic assessment. Due the 
underlying cardiac dysfunction multiple organs are at risk, 

and prompt recognition and treatment of the underlying 
hemodynamic challenges can reverse or halt the progression 
of the disease. The pathophysiology of circulatory dysfunc-
tion in ACLF is similar to acute liver failure, and relates to 
arterial vasodilatation leading to impaired tissue perfusion. 
Extensive splanchnic vasodilatation results in effective hypo-
volemia, activation of RAAS, and retention of water and 
sodium. RAAS activation results in worsening renal function 
secondary to vasoconstriction and abdominal compartment 
syndrome in patients with tense ascites [114]. Hemodynamic 
collapse leads to further hepatocyte injury and inflammation, 
resulting in worsening cirrhosis, and contributes significantly 
to prognosis [115, 116].

Resuscitative efforts are similar to those seen in septic 
shock. Goals of therapy are to ensure adequate organ perfu-
sion, with a target mean arterial pressure around ≥60 mmHg 
[117]. No specific value for ventricular filling pressures, lac-
tate, or ScvO2 is recommended [118]. On the contrary, data 
suggest that excessive fluid administration can have deleteri-
ous effects due to increasing tissue edema and increasing 
total body volume. As a result, patients develop extracellular 
and pulmonary edema, and ascites. Ascites can lead to 
increased intra-abdominal pressures resulting in further pul-
monary, cardiac, renal, and hepatic dysfunction [119–121]. 
In patients who present with tense ascites and clinical suspi-
cion for abdominal hypertension, therapeutic paracentesis is 
recommended [122].

In patients with circulatory shock hemodynamic monitor-
ing may be useful to more fully characterize hemodynamics 
even though distributive shock is most commonly observed 
(Table 9.6). The placement of arterial catheters is 
 recommended to guide ongoing resuscitative efforts to pre-
vent volume overload [118]. Due to its dynamic format, 
echocardiography is recommended as first line option for 
initial evaluation of circulatory failure [123]. Serial central 
venous pressure measurements during active volume resus-
citation provide a better assessment than a single measure-
ment [124]. However, CVP may be elevated secondary to 
increased intra-abdominal pressures and CVP may increase 
without an improvement in cardiac preload. Patients with 
clinical suspicion for right ventricular dysfunction or pulmo-
nary hypertension should be considered for monitoring using 
a pulmonary artery (PA) catheter. PA catheters are especially 
useful during undifferentiated shock and assessment of high 

Table 9.5 Organ failure and mortality in acute on chronic liver 
failure

ACLF 
grade Characteristics

Mortality at 
28 days (%)

Mortality at 
90 days (%)

ALD 
alone

No organ failure 4.7 14

Grade 1 One organ failure 22.1 40.7
Grade 2 Two organ failure 32 52.3
Grade 3 Three organ failure 76.7 79.1

Organ failure was defined as liver failure, hepatic encephalopathy, kid-
ney failure, circulatory failure, or respiratory failure. Data from Moreau, 
R., et al., Acute-on-chronic liver failure is a distinct syndrome that 
develops in patients with acute decompensation of cirrhosis. 
Gastroenterology, 2013; 144:1426–37, 1437.e1–9

Table 9.6 Hemodynamic variables in various types of shock

Hypovolemic Cardiogenic Distributive Obstructive

Pulmonary capillary wedge 
pressure

Normal or decreased late High Normal or decreased late Normal or decreased late

Cardiac output Normal or decreased late Low High Normal or decreased late
Systemic vascular resistance High High Low High
Mixed venous oxyhemoglobin 
saturation

>65% or <65% late <65% >65% >65%
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pressure versus low pressure pulmonary edema and pulmo-
nary infections [113].

In patients with distributive shock, crystalloids are the 
initial fluid of choice at an initial dose of 10–20 ml/kg 
[125]. In patients who develop signs of volume overload 
with impaired oxygenation, or in whom edema and ascites 
worsen dramatically, fluid administration should be dis-
continued. CVP can be used as a measure fluid status 
(stopping fluids when CVP > 12 mmHg) but dynamic mea-
sures including respiratory variation of pulse pressure, 
vena cava diameter, or stroke volume variation, are much 
more reliable indices of whether fluid infusion will increase 
stroke volume and thus cardiac output and blood 
pressure.

Use of albumin in patients with cirrhosis is based on its 
theoretical biological properties [126]. Albumin plus antibi-
otics has been shown to be superior to antibiotics alone in 
patients with SBP, and in the prevention of type-1 hepatore-
nal syndrome [127]. Albumin has also been recommended to 
prevent cardiac dysfunction after large volume (>5 L) para-
centesis [128, 129]. Trials have shown improvement in renal 
function after administration of albumin in cirrhotic patients 
with infections other than SBP [130, 131], but clinical trial 
data showing improvement in hard outcomes with albumin 
use in patients with liver failure are lacking.

Shock refractory to volume resuscitation should be treated 
with vasopressors. The initial vasopressor of choice is nor-
epinephrine, which has fewer side effects than dopamine or 
epinephrine [132]. Vasopressin or terlipressin are second line 
agents of choice in patient with persistent hypotension 
despite use of norepinephrine, or hypotension resistant to 
norepinephrine [133, 134].

Cirrhotic patients who are critically ill are at an increased 
risk of adrenal insufficiency. Currently there is no consensus 
for the diagnosis of adrenal insufficiency in patient with cir-
rhosis, because adrenal inefficiency could result from under-
lying liver disease rather than from critical illness [135, 136]. 
Studies have shown that use of corticosteroids results in 
reduction in vasopressor requirement and increased rates of 
shock reversal [137, 138]. However, survival benefit was 
only shown in some [44, 139], and not all studies [137, 138]. 
In patients that require increasing levels of vasopressors, 
hydrocortisone 200–300 mg/day in divided doses should be 
considered, and stopped following improvement in hemody-
namics [136, 140].

9.3.5  Transjugular Intrahepatic 
Portosystemic Shunts

Portal hypertension (PH) is one of the most common causes 
of complications such as variceal bleeding, ascites, and death 
in patients with cirrhosis [32, 141, 142]. PH develops as an 
effect of increasing resistance to portal blood flow. It is 

defined as an increase of pressure gradient of 5 mmHg above 
the upper normal limit in the pressure gradient between the 
portal vein and the inferior vena cava (portal pressure gradi-
ent). PH becomes clinically significant when the portal pres-
sure gradient exceeds 10 mmHg, whereas the normal 
pressure gradient is <5 mmHg [143, 144]. As PH worsens, 
portal-systemic collaterals develop and divert portal blood 
flow to systemic circulation. Therefore, the primary inter-
ventions to reducing PH complications are aimed at reducing 
the portal pressure gradient, either pharmacologically or 
through intervention [145].

Transjugular Intrahepatic Portosystemic Shunts (TIPS) is 
a percutaneously created system between the portal vein and 
the hepatic vein. The primary purpose of this procedure is to 
create a low-resistance channel between the intrahepatic por-
tion of the portal vein and the hepatic vein from a transjugu-
lar approach [145, 146]. The Society of Interventional 
Radiology guidelines classify successful outcome to include 
the creation of a shunt and decrease in portal pressure gradi-
ent to <12 mmHg [147, 148]. In most reported series, the 
cited success rate of TIPS to alleviate portal vein pressure is 
>90% [149–151]. Procedure-related mortality is low, 
approximately 1.2% [152]. Long-term outcome is dependent 
on the condition of the patient and the underlying indication 
for TIPS [153].

TIPS results in significant hemodynamic changes due to 
increased preload and circulatory volume. As the high vol-
ume splanchnic blood flow enters systemic circulation, cen-
tral and pulmonary capillary wedge pressures rise twofold 
[97, 154]. As a result, studies have reported increased car-
diac output for up to 1 year post procedure [155], and cases 
of overt heart failure [156]. In patients with diastolic dys-
function at baseline there is reported lower post-TIPS ascites 
clearance, and decreased probability of survival at 1 year 
than those without [157]. The inability of the non-compliant 
left ventricle to handle the increase in volume further 
decreases cardiac output and central blood volume. 
Vasoactive substances, having bypassed the hepatic metabo-
lism, reach systemic circulation and can cause further hemo-
dynamic decompensation [158]. These clinically significant 
complications require careful evaluation of patients proceed-
ing to TIPS.

Guidelines recommend evaluation of patients with his-
tory of CHF, tricuspid regurgitation, cardiomyopathy, or 
pulmonary HTN prior to TIPS [159]. Based on clinical pic-
ture and risk factors, evaluation may include echocardio-
gram, cardiology consultation, and possibly a trial of fluid 
challenge. The guidelines do not recommend routine echo-
cardiography in the absence of a cardiac history [159]. 
However, since up to 16% of patients referred for liver 
transplantation may have pulmonary HTN, other experts 
feel that all patients should undergo an echocardiogram, a 
rapid and noninvasive test, prior to TIPS [160]. In general, a 
history of congestive heart failure and severe pulmonary 
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HTN (mean pulmonary pressures >45 mmHg) are absolute 
contraindications to TIPS [160].

9.3.6  Liver Transplantation

Liver transplantation has profound effects on the heart. The 
main goal before transplantation is to monitor cardiac func-
tion to prevent development of post-operative heart failure. 
In the immediate post-operative period there are significant 
changes in preload and afterload due to intraoperative fluid 
administration and clamping of the hepatic vein [161]. 
Patients with cirrhotic cardiomyopathy may be unable to tol-
erate the excessive volume, thus unmasking the underlying 
myocardial dysfunction. On the other hand, clamping of the 
major vessels results in reduced ventricular preload and car-
diac output.

Post-transplant reperfusion has been associated with aci-
dosis, hyperkalemia, hypothermia, and other metabolic 
abnormalities causing a decrease in cardiac function [12, 
162]. Restoration of normal portal pressures and liver func-
tion, along with hypertensive effects of the immunosuppres-
sive medications, can precipitate an acute increase in 
systemic vascular resistance. This in turns leads to an 
increase in arterial hypertension and cardiac afterload, which 
can precipitate acute left ventricular failure and pulmonary 
edema. Other heart-related complications include reperfu-
sion syndrome, arrhythmias, sudden cardiac death, and myo-
cardial infarction [163–165].

The goal of pre-transplant cardiac evaluation is to assess 
perioperative risk and to identify concomitant cardiopulmo-
nary disorders which would be prohibitive of liver trans-
plant. Even though the prevalence of systemic hypertension 
is low secondary to systemic vasodilation, and lipids are 
generally low due to abnormal hepatic synthetic function, 
coronary artery disease is at least as frequent in liver trans-
plant patients as in the general population [166]. Guidelines 
by the American Association for the Study of Liver Diseases 
and the American Society of Transplantation recommend 
that all pre-transplant patients undergo noninvasive testing 
with echocardiography [167]. Patients with advanced liver 
disease may fail to reach the target heart rate required dur-
ing a standard exercise test. These patients should undergo 
pharmacologic stress test with adenosine, dipyridamole, or 
dobutamine, to screen for coronary disease. Most often 
dobutamine stress echocardiography is the initial imaging 
modality of choice.

Cardiac catheterization is recommended for patients with 
positive stress tests. Careful consideration has to be given to 
patients with advanced liver disease due to increased vascu-
lar complications as a result of underlying coagulopathy 
[168]. Additionally, patients with cirrhosis are at an increased 
of contrast-induced nephropathy because of baseline renal 
dysfunction. Cardiac revascularization should be considered 

in patients with significant coronary artery stenosis (>70%). 
It has become commonplace to revascularize patients prior 
to liver transplant [167]. Bare metal stents are favored over 
drug-eluting stents due to the shorter duration of requisite 
dual antiplatelet therapy (clopidogrel and aspirin) [169]. 
Recent studies have shown superior outcomes in patients 
who have undergone cardiac stenting with single vessel dis-
ease as compared to patients with prior coronary artery 
bypass graft for multivessel disease [169].

Pulmonary HTN, defined as mean pulmonary artery 
pressure ≥25 mmHg, occurring in the presence of portal 
HTN is referred to as portopulmonary HTN [170]. The pres-
ence of pulmonary HTN does not correlate with the severity 
or the etiology of portal HTN. Portopulmonary HTN is 
present in 4–8% of liver transplant candidates [171]. Mean 
pulmonary artery pressure (MPAP) is directly correlative of 
outcomes. In a registry from Mayo Clinic mortality was 
reported as 50% with MPAP >35 mmHg and 100% with 
MPAP >100 mmHg [172]. Contrast enhanced echocardiog-
raphy is the initial screening test to estimate right ventricu-
lar systolic pressure. Right heart catheterization is the gold 
standard confirmatory test and should be performed in all 
patients with MPAP of >35 mmHg via echocardiography. In 
addition, right heart catheterization is useful to measure 
elevated pulmonary vascular resistance (≥240-dynes.s.cm) 
and pulmonary capillary wedge pressure ≤15 mmHg. 
During right heart catheterization with vasodilator therapy 
if MPAP can be reduced to <35 mmHg, and pulmonary vas-
cular resistance can be reduced to <400 dynes.s.cm, liver 
transplant is possible [173]. Portopulmonary HTN can 
improve with liver transplant and vasodilator therapy can 
ultimately be discontinued in subset of patients [174, 175]. 
Clinically significant improvement in cardiac wall thick-
ness, systolic function, diastolic function, and exercise 
capacity during stress was observed after 6 months from 
liver transplant [176]. The current opinion is that cardiac 
dysfunction may last from a minimum of few days to a 
period of 6 months [177].

 Conclusion

Liver failure is a complex disease process that effects 
almost every organ of the body. Management of this dis-
ease entity requires multispecialty approach. Acute care 
for patients suffering from liver failure usually takes place 
in the ICU. Despite the extraordinary level of care pro-
vided in the ICU, mortality remains high. Acute on 
chronic liver failure is acute decompensation and associ-
ated with poor short term prognosis. The degree of car-
diac derangement correlates with the degree of liver 
dysfunction, and may lead to other disease processes such 
as hepato-renal syndrome and hepatic encephalopathy. 
Prompt recognition and treatment of the underlying cause 
of acute decompensation is the only definitive therapy for 
this devastating disease process.

9 Cardiovascular Alterations in Acute and Chronic Liver Failure



116

References

 1. Rychik J, et al. The precarious state of the liver after a Fontan oper-
ation: summary of a multidisciplinary symposium. Pediatr Cardiol. 
2012;33(7):1001–12.

 2. Fang JC, et al. Advanced (stage D) heart failure: a statement from 
the Heart Failure Society of America Guidelines Committee. J Card 
Fail. 2015;21(6):519–34.

 3. Kowalski HJ, Abelmann WH. The cardiac output at rest in 
Laennec’s cirrhosis. J Clin Invest. 1953;32(10):1025–33.

 4. Waseem N, Chen PH. Hypoxic hepatitis: a review and clinical 
update. J Clin Transl Hepatol. 2016;4(3):263–8.

 5. Ford RM, Book W, Spivey JR. Liver disease related to the heart. 
Transplant Rev (Orlando). 2015;29(1):33–7.

 6. Chayanupatkul M, Liangpunsakul S. Cirrhotic cardiomyopa-
thy: review of pathophysiology and treatment. Hepatol Int. 
2014;8(3):308–15.

 7. Moller S, Henriksen JH. Cardiovascular complications of cirrhosis. 
Gut. 2008;57(2):268–78.

 8. Levy D, et al. Long-term trends in the incidence of and survival 
with heart failure. N Engl J Med. 2002;347(18):1397–402.

 9. Lunseth JH, Olmstead EG, Abboud F. A study of heart disease in 
one hundred eight hospitalized patients dying with portal cirrhosis. 
AMA Arch Intern Med. 1958;102(3):405–13.

 10. Pozzi M, et al. Evidence of functional and structural cardiac abnor-
malities in cirrhotic patients with and without ascites. Hepatology. 
1997;26(5):1131–7.

 11. Zardi EM, et al. Cirrhotic cardiomyopathy. J Am Coll Cardiol. 
2010;56(7):539–49.

 12. Myers RP, Lee SS. Cirrhotic cardiomyopathy and liver transplanta-
tion. Liver Transpl. 2000;6(4 Suppl 1):S44–52.

 13. Pendyal A, Gelow JM. Cardiohepatic interactions: implica-
tions for management in advanced heart failure. Heart Fail Clin. 
2016;12(3):349–61.

 14. Ishibashi H, et al. Liver architecture, cell function, and disease. 
Semin Immunopathol. 2009;31(3):399–409.

 15. Rappaport AM, et al. Subdivision of hexagonal liver lobules into 
a structural and functional unit; role in hepatic physiology and 
pathology. Anat Rec. 1954;119(1):11–33.

 16. Henrion J, et al. Hypoxic hepatitis: clinical and hemodynamic 
study in 142 consecutive cases. Medicine (Baltimore, Md). 
2003;82(6):392–406.

 17. Seeto RK, Fenn B, Rockey DC. Ischemic hepatitis: clinical presen-
tation and pathogenesis. Am J Med. 2000;109(2):109–13.

 18. Fuhrmann V, et al. Hypoxic hepatitis: underlying conditions and 
risk factors for mortality in critically ill patients. Intensive Care 
Med. 2009;35(8):1397–405.

 19. Alvarez AM, Mukherjee D. Liver abnormalities in cardiac diseases 
and heart failure. Int J Angiol. 2011;20(3):135–42.

 20. Gitlin N, Serio KM. Ischemic hepatitis: widening horizons. Am J 
Gastroenterol. 1992;87(7):831–6.

 21. Cassidy WM, Reynolds TB. Serum lactic dehydrogenase in 
the differential diagnosis of acute hepatocellular injury. J Clin 
Gastroenterol. 1994;19(2):118–21.

 22. Sola E, Gines P. Renal and circulatory dysfunction in cirrho-
sis: current management and future perspectives. J Hepatol. 
2010;53(6):1135–45.

 23. Moller S, Krag A, Bendtsen F. Kidney injury in cirrhosis: patho-
physiological and therapeutic aspects of hepatorenal syndromes. 
Liver Int. 2014;34(8):1153–63.

 24. Fede G, et al. Cardiovascular dysfunction in patients with liver cir-
rhosis. Ann Gastroenterol. 2015;28(1):31–40.

 25. Whittle BJ, Moncada S. Nitric oxide: the elusive media-
tor of the hyperdynamic circulation of cirrhosis? Hepatology. 
1992;16(4):1089–92.

 26. Battista S, et al. Hyperdynamic circulation in patients with cirrho-
sis: direct measurement of nitric oxide levels in hepatic and portal 
veins. J Hepatol. 1997;26(1):75–80.

 27. Lee RF, Glenn TK, Lee SS. Cardiac dysfunction in cirrhosis. Best 
Pract Res Clin Gastroenterol. 2007;21(1):125–40.

 28. Lee FY, et al. The role of nitric oxide in the vascular hyporespon-
siveness to methoxamine in portal hypertensive rats. Hepatology. 
1992;16(4):1043–8.

 29. Moller S, et al. Determinants of the hyperdynamic circulation and 
central hypovolaemia in cirrhosis. Gut. 2011;60(9):1254–9.

 30. Niederberger M, et al. Normalization of nitric oxide production 
corrects arterial vasodilation and hyperdynamic circulation in cir-
rhotic rats. Gastroenterology. 1995;109(5):1624–30.

 31. Prin M, Bakker J, Wagener G. Hepatosplanchnic circulation in cir-
rhosis and sepsis. World J Gastroenterol. 2015;21(9):2582–92.

 32. Garcia-Tsao G, et al. Prevention and management of gastroesopha-
geal varices and variceal hemorrhage in cirrhosis. Hepatology. 
2007;46(3):922–38.

 33. Donnelly MC, Hayes PC, Simpson KJ. Role of inflammation and 
infection in the pathogenesis of human acute liver failure: clini-
cal implications for monitoring and therapy. World J Gastroenterol. 
2016;22(26):5958–70.

 34. O’Grady JG, Schalm SW, Williams R. Acute liver failure: redefin-
ing the syndromes. Lancet. 1993;342(8866):273–5.

 35. Ostapowicz G, et al. Results of a prospective study of acute liver 
failure at 17 tertiary care centers in the United States. Ann Intern 
Med. 2002;137(12):947–54.

 36. Bernal W, et al. Acute liver failure. Lancet. 2010;376(9736): 
190–201.

 37. Acharya SK, et al. Etiopathogenesis of acute hepatic failure: Eastern 
versus Western countries. J Gastroenterol Hepatol. 2002;17(Suppl 
3):S268–73.

 38. Lee WM, Stravitz RT, Larson AM. Introduction to the revised 
American Association for the Study of Liver Diseases Position 
Paper on acute liver failure 2011. Hepatology. 2012;55(3):965–7.

 39. Lee WM. Acute liver failure. N Engl J Med. 1993;329(25):1862–72.
 40. Shakil AO, et al. Prognostic value of abdominal CT scanning and 

hepatic histopathology in patients with acute liver failure. Dig Dis 
Sci. 2000;45(2):334–9.

 41. Chavarria L, et al. Neuroimaging in acute liver failure. Neurochem 
Int. 2011;59(8):1175–80.

 42. Munoz SJ. Difficult management problems in fulminant hepatic 
failure. Semin Liver Dis. 1993;13(4):395–413.

 43. Bihari D, et al. Tissue hypoxia during fulminant hepatic failure. 
Crit Care Med. 1985;13(12):1034–9.

 44. Harry R, Auzinger G, Wendon J. The clinical importance of 
adrenal insufficiency in acute hepatic dysfunction. Hepatology. 
2002;36(2):395–402.

 45. Lee WM, et al. Acute liver failure: summary of a workshop. 
Hepatology. 2008;47(4):1401–15.

 46. Fouad YM, Yehia R. Hepato-cardiac disorders. World J Hepatol. 
2014;6(1):41–54.

 47. Jiao J, Friedman SL, Aloman C. Hepatic fibrosis. Curr Opin 
Gastroenterol. 2009;25(3):223–9.

 48. Wong RJ, et al. Nonalcoholic steatohepatitis is the second leading 
etiology of liver disease among adults awaiting liver transplantation 
in the United States. Gastroenterology. 2015;148(3):547–55.

 49. Murray CJ, et al. The state of US health, 1990-2010: burden of 
diseases, injuries, and risk factors. JAMA. 2013;310(6):591–608.

 50. Poelzl G, Auer J. Cardiohepatic syndrome. Curr Heart Fail Rep. 
2015;12(1):68–78.

 51. Sucharov CC. Beta-adrenergic pathways in human heart failure. 
Expert Rev Cardiovasc Ther. 2007;5(1):119–24.

 52. Ma Z, Miyamoto A, Lee SS. Role of altered beta-adrenoceptor sig-
nal transduction in the pathogenesis of cirrhotic cardiomyopathy in 
rats. Gastroenterology. 1996;110(4):1191–8.

S. Singh and S.M. Hollenberg



117

 53. Liu H, Ma Z, Lee SS. Contribution of nitric oxide to the patho-
genesis of cirrhotic cardiomyopathy in bile duct-ligated rats. 
Gastroenterology. 2000;118(5):937–44.

 54. Pacher P, Batkai S, Kunos G. Cirrhotic cardiomyopathy: an endo-
cannabinoid connection? Br J Pharmacol. 2005;146(3):313–4.

 55. Iwaisako K, Brenner DA, Kisseleva T. What’s new in liver fibro-
sis? The origin of myofibroblasts in liver fibrosis. J Gastroenterol 
Hepatol. 2012;27(Suppl 2):65–8.

 56. Singal AG, et al. A sustained viral response is associated with 
reduced liver-related morbidity and mortality in patients with 
hepatitis C virus. Clin Gastroenterol Hepatol. 2010;8(3):280–8. 
288.e1.

 57. Alvarez MA, et al. Long-term clinical course of decompensated 
alcoholic cirrhosis: a prospective study of 165 patients. J Clin 
Gastroenterol. 2011;45(10):906–11.

 58. Niemela O, et al. Markers of fibrogenesis and basement membrane 
formation in alcoholic liver disease. Relation to severity, presence 
of hepatitis, and alcohol intake. Gastroenterology. 1990;98(6): 
1612–9.

 59. Reynolds TB, et al. Spontaneous decrease in portal pressure with 
clinical improvement in cirrhosis. N Engl J Med. 1960;263:734–9.

 60. Runyon BA. Historical aspects of treatment of patients with cir-
rhosis and ascites. Semin Liver Dis. 1997;17(3):163–73.

 61. Regan TJ, et al. Ventricular function in noncardiacs with alcoholic 
fatty liver: role of ethanol in the production of cardiomyopathy. J 
Clin Invest. 1969;48(2):397–407.

 62. Rudski LG, et al. Guidelines for the echocardiographic assessment 
of the right heart in adults: a report from the American Society 
of Echocardiography endorsed by the European Association of 
Echocardiography, a registered branch of the European Society of 
Cardiology, and the Canadian Society of Echocardiography. J Am 
Soc Echocardiogr. 2010;23(7):685–713. quiz 786–8.

 63. Krag A, et al. The cardiorenal link in advanced cirrhosis. Med 
Hypotheses. 2012;79(1):53–5.

 64. Yang YY, Lin HC. The heart: pathophysiology and clinical 
implications of cirrhotic cardiomyopathy. J Chin Med Assoc. 
2012;75(12):619–23.

 65. Moller S, Bernardi M. Interactions of the heart and the liver. Eur 
Heart J. 2013;34(36):2804–11.

 66. Karagiannakis DS, et al. Diastolic cardiac dysfunction is a predic-
tor of dismal prognosis in patients with liver cirrhosis. Hepatol Int. 
2014;8(4):588–94.

 67. Ahmed SS, et al. Cardiac function in alcoholics with cirrhosis: 
absence of overt cardiomyopathy--myth or fact? J Am Coll Cardiol. 
1984;3(3):696–702.

 68. Ingles AC, et al. Limited cardiac preload reserve in conscious cir-
rhotic rats. Am J Physiol. 1991;260(6 Pt 2):H1912–7.

 69. Bernardi M, et al. Q-T interval prolongation in cirrhosis: preva-
lence, relationship with severity, and etiology of the disease and 
possible pathogenetic factors. Hepatology. 1998;27(1):28–34.

 70. Ward CA, et al. Potassium currents in atrial and ventricular myo-
cytes from a rat model of cirrhosis. Am J Physiol. 1997;273(2 Pt 
1):G537–44.

 71. Ward CA, Liu H, Lee SS. Altered cellular calcium regulatory sys-
tems in a rat model of cirrhotic cardiomyopathy. Gastroenterology. 
2001;121(5):1209–18.

 72. Henriksen JH, et al. Acute non-selective beta-adrenergic block-
ade reduces prolonged frequency-adjusted Q-T interval (QTc) in 
patients with cirrhosis. J Hepatol. 2004;40(2):239–46.

 73. Giannelli V, et al. Beta-blockers in liver cirrhosis. Ann Gastroenterol. 
2014;27(1):20–6.

 74. Bal JS, Thuluvath PJ. Prolongation of QTc interval: relationship 
with etiology and severity of liver disease, mortality and liver trans-
plantation. Liver Int. 2003;23(4):243–8.

 75. Trevisani F, et al. QT interval prolongation by acute gastrointestinal 
bleeding in patients with cirrhosis. Liver Int. 2012;32(10):1510–5.

 76. Zambruni A, et al. Effect of chronic beta-blockade on QT interval 
in patients with liver cirrhosis. J Hepatol. 2008;48(3):415–21.

 77. Ruiz-del-Arbol L, et al. Paracentesis-induced circulatory dysfunc-
tion: mechanism and effect on hepatic hemodynamics in cirrhosis. 
Gastroenterology. 1997;113(2):579–86.

 78. Ruiz-del-Arbol L, et al. Systemic, renal, and hepatic hemodynamic 
derangement in cirrhotic patients with spontaneous bacterial peri-
tonitis. Hepatology. 2003;38(5):1210–8.

 79. Ruiz-del-Arbol L, et al. Circulatory function and hepatorenal syn-
drome in cirrhosis. Hepatology. 2005;42(2):439–47.

 80. Runyon BA. A primer on detecting cirrhosis and caring for these 
patients without causing harm. Int J Hepatol. 2011;2011:801983.

 81. Valeriano V, et al. Modification of cardiac function in cir-
rhotic patients with and without ascites. Am J Gastroenterol. 
2000;95(11):3200–5.

 82. Nagueh SF, et al. Recommendations for the evaluation of left ven-
tricular diastolic function by echocardiography. Eur J Echocardiogr. 
2009;10(2):165–93.

 83. Sherlock S. The liver in heart failure; relation of anatomical, func-
tional, and circulatory changes. Br Heart J. 1951;13(3):273–93.

 84. Gines P, et al. Atrial natriuretic factor in cirrhosis with asci-
tes: plasma levels, cardiac release and splanchnic extraction. 
Hepatology. 1988;8(3):636–42.

 85. Salerno F, et al. Atrial natriuretic factor in cirrhotic patients with 
tense ascites. Effect of large-volume paracentesis. Gastroenterology. 
1990;98(4):1063–70.

 86. Wong F, et al. Brain natriuretic peptide: is it a predictor of cardio-
myopathy in cirrhosis? Clin Sci (Lond). 2001;101(6):621–8.

 87. Henriksen JH, et al. Increased circulating pro-brain natriuretic pep-
tide (proBNP) and brain natriuretic peptide (BNP) in patients with 
cirrhosis: relation to cardiovascular dysfunction and severity of dis-
ease. Gut. 2003;52(10):1511–7.

 88. Raedle-Hurst TM, et al. Validity of N-terminal propeptide of 
the brain natriuretic peptide in predicting left ventricular dia-
stolic dysfunction diagnosed by tissue Doppler imaging in 
patients with chronic liver disease. Eur J Gastroenterol Hepatol. 
2008;20(9):865–73.

 89. Pateron D, et al. Elevated circulating cardiac troponin I in patients 
with cirrhosis. Hepatology. 1999;29(3):640–3.

 90. Wiese S, et al. Cardiac and proinflammatory markers predict prog-
nosis in cirrhosis. Liver Int. 2014;34(6):e19–30.

 91. Nagueh SF, et al. Recommendations for the evaluation of left ven-
tricular diastolic function by echocardiography: an update from 
the American Society of Echocardiography and the European 
Association of Cardiovascular Imaging. J Am Soc Echocardiogr. 
2016;29(4):277–314.

 92. Wiese S, Hove JD, Moller S. Cardiac imaging in patients with 
chronic liver disease. Clin Physiol Funct Imaging. 2017;37:347.

 93. Lima JA, Desai MY. Cardiovascular magnetic resonance imag-
ing: current and emerging applications. J Am Coll Cardiol. 
2004;44(6):1164–71.

 94. Lawton JS, et al. Magnetic resonance imaging detects significant 
sex differences in human myocardial strain. Biomed Eng Online. 
2011;10:76.

 95. Iles L, et al. Evaluation of diffuse myocardial fibrosis in heart fail-
ure with cardiac magnetic resonance contrast-enhanced T1 map-
ping. J Am Coll Cardiol. 2008;52(19):1574–80.

 96. Desai MS, et al. Hypertrophic cardiomyopathy and dysregulation of 
cardiac energetics in a mouse model of biliary fibrosis. Hepatology. 
2010;51(6):2097–107.

 97. Kovacs A, et al. Short-term effects of transjugular intrahepatic 
shunt on cardiac function assessed by cardiac MRI: preliminary 
results. Cardiovasc Intervent Radiol. 2010;33(2):290–6.

 98. Krag A, et al. Cardiac function in patients with early cirrhosis 
during maximal beta-adrenergic drive: a dobutamine stress study. 
PLoS One. 2014;9(10):e109179.

9 Cardiovascular Alterations in Acute and Chronic Liver Failure



118

 99. Lossnitzer D, et al. Myocardial late gadolinium enhancement 
cardiovascular magnetic resonance in patients with cirrhosis. J 
Cardiovasc Magn Reson. 2010;12:47.

 100. Salerno M, Beller GA. Noninvasive assessment of myocardial 
perfusion. Circ Cardiovasc Imaging. 2009;2(5):412–24.

 101. Rudzinski W, et al. New index for assessing the chronotropic 
response in patients with end-stage liver disease who are under-
going dobutamine stress echocardiography. Liver Transpl. 
2012;18(3):355–60.

 102. Ripoll C, et al. The heart in liver transplantation. J Hepatol. 
2011;54(4):810–22.

 103. Underwood SR, et al. Myocardial perfusion scintigraphy: the evi-
dence. Eur J Nucl Med Mol Imaging. 2004;31(2):261–91.

 104. Eimer MJ, et al. Frequency and significance of acute heart failure 
following liver transplantation. Am J Cardiol. 2008;101(2):242–4.

 105. Carey WD, et al. The prevalence of coronary artery disease 
in liver transplant candidates over age 50. Transplantation. 
1995;59(6):859–64.

 106. Murray KF, Carithers RL Jr, AASLD. AASLD practice guidelines: 
evaluation of the patient for liver transplantation. Hepatology. 
2005;41(6):1407–32.

 107. Saliba F, et al. Cirrhotic patients in the ICU: prognostic markers 
and outcome. Curr Opin Crit Care. 2013;19(2):154–60.

 108. Olson JC, Kamath PS. Acute-on-chronic liver failure: concept, nat-
ural history, and prognosis. Curr Opin Crit Care. 2011;17(2):165–9.

 109. Cholongitas E, et al. Review article: scoring systems for assess-
ing prognosis in critically ill adult cirrhotics. Aliment Pharmacol 
Ther. 2006;24(3):453–64.

 110. Thabut D, et al. Model for end-stage liver disease score and 
systemic inflammatory response are major prognostic fac-
tors in patients with cirrhosis and acute functional renal failure. 
Hepatology. 2007;46(6):1872–82.

 111. Jalan R, et al. Bacterial infections in cirrhosis: a position state-
ment based on the EASL Special Conference 2013. J Hepatol. 
2014;60(6):1310–24.

 112. Jalan R, et al. Acute-on chronic liver failure. J Hepatol. 
2012;57(6):1336–48.

 113. Nadim MK, et al. Management of the critically ill patient 
with cirrhosis: a multidisciplinary perspective. J Hepatol. 
2016;64(3):717–35.

 114. Gines P, Schrier RW. Renal failure in cirrhosis. N Engl J Med. 
2009;361(13):1279–90.

 115. Moreau R, et al. Acute-on-chronic liver failure is a distinct syn-
drome that develops in patients with acute decompensation of cir-
rhosis. Gastroenterology. 2013;144(7):1426–37. 1437.e1-9.

 116. Jalan R, et al. The CLIF Consortium Acute Decompensation score 
(CLIF-C ADs) for prognosis of hospitalised cirrhotic patients with-
out acute-on-chronic liver failure. J Hepatol. 2015;62(4):831–40.

 117. LeDoux D, et al. Effects of perfusion pressure on tissue perfusion 
in septic shock. Crit Care Med. 2000;28(8):2729–32.

 118. Cecconi M, et al. Consensus on circulatory shock and hemody-
namic monitoring. Task force of the European Society of Intensive 
Care Medicine. Intensive Care Med. 2014;40(12):1795–815.

 119. Rhodes A, et al. A randomised, controlled trial of the pulmo-
nary artery catheter in critically ill patients. Intensive Care Med. 
2002;28(3):256–64.

 120. Rosenberg AL, et al. Review of a large clinical series: association 
of cumulative fluid balance on outcome in acute lung injury: a 
retrospective review of the ARDSnet tidal volume study cohort. J 
Intensive Care Med. 2009;24(1):35–46.

 121. National Heart L, et al. Comparison of two fluid-management strat-
egies in acute lung injury. N Engl J Med. 2006;354(24):2564–75.

 122. Aspesi M, et al. The abdominal compartment syndrome. Clinical 
relevance. Minerva Anestesiol. 2002;68(4):138–46.

 123. McGowan JH, Cleland JG. Reliability of reporting left ventricular 
systolic function by echocardiography: a systematic review of 3 
methods. Am Heart J. 2003;146(3):388–97.

 124. Monnet X, Teboul JL. Assessment of volume responsive-
ness during mechanical ventilation: recent advances. Crit Care. 
2013;17(2):217.

 125. Finfer S, et al. A comparison of albumin and saline for 
fluid resuscitation in the intensive care unit. N Engl J Med. 
2004;350(22):2247–56.

 126. Arroyo V, Garcia-Martinez R, Salvatella X. Human serum 
albumin, systemic inflammation, and cirrhosis. J Hepatol. 
2014;61(2):396–407.

 127. Sort P, et al. Effect of intravenous albumin on renal impairment 
and mortality in patients with cirrhosis and spontaneous bacterial 
peritonitis. N Engl J Med. 1999;341(6):403–9.

 128. Sola-Vera J, et al. Randomized trial comparing albumin and saline 
in the prevention of paracentesis-induced circulatory dysfunction 
in cirrhotic patients with ascites. Hepatology. 2003;37(5):1147–53.

 129. Moreau R, et al. Comparison of outcome in patients with cirrhosis 
and ascites following treatment with albumin or a synthetic colloid: 
a randomised controlled pilot trail. Liver Int. 2006;26(1):46–54.

 130. Guevara M, et al. Albumin for bacterial infections other than 
spontaneous bacterial peritonitis in cirrhosis. A randomized, con-
trolled study. J Hepatol. 2012;57(4):759–65.

 131. Thevenot T, et al. Effect of albumin in cirrhotic patients with 
infection other than spontaneous bacterial peritonitis. A random-
ized trial. J Hepatol. 2015;62(4):822–30.

 132. De Backer D, et al. Comparison of dopamine and norepinephrine 
in the treatment of shock. N Engl J Med. 2010;362(9):779–89.

 133. O’Brien A, Clapp L, Singer M. Terlipressin for norepinephrine- 
resistant septic shock. Lancet. 2002;359(9313):1209–10.

 134. Delmas A, et al. Clinical review: vasopressin and terlipressin in 
septic shock patients. Crit Care. 2005;9(2):212–22.

 135. Fede G, et al. Adrenocortical dysfunction in liver disease: a sys-
tematic review. Hepatology. 2012;55(4):1282–91.

 136. Tsai MH, et al. Adrenal insufficiency in patients with cirrhosis, 
severe sepsis and septic shock. Hepatology. 2006;43(4):673–81.

 137. Harry R, Auzinger G, Wendon J. The effects of supraphysiologi-
cal doses of corticosteroids in hypotensive liver failure. Liver Int. 
2003;23(2):71–7.

 138. Arabi YM, et al. Low-dose hydrocortisone in patients with cir-
rhosis and septic shock: a randomized controlled trial. CMAJ. 
2010;182(18):1971–7.

 139. Fernandez J, et al. Adrenal insufficiency in patients with cirrhosis 
and septic shock: effect of treatment with hydrocortisone on sur-
vival. Hepatology. 2006;44(5):1288–95.

 140. Annane D, et al. Effect of treatment with low doses of hydrocor-
tisone and fludrocortisone on mortality in patients with septic 
shock. JAMA. 2002;288(7):862–71.

 141. Garcia-Tsao G, Bosch J. Management of varices and variceal 
hemorrhage in cirrhosis. N Engl J Med. 2010;362(9):823–32.

 142. Bosch J, et al. The management of portal hypertension: ratio-
nal basis, available treatments and future options. J Hepatol. 
2008;48(Suppl 1):S68–92.

 143. Sanyal AJ, et al. Portal hypertension and its complications. 
Gastroenterology. 2008;134(6):1715–28.

 144. de Franchis R, Primignani M. Natural history of portal hyperten-
sion in patients with cirrhosis. Clin Liver Dis. 2001;5(3):645–63.

 145. Siramolpiwat S. Transjugular intrahepatic portosystemic 
shunts and portal hypertension-related complications. World J 
Gastroenterol. 2014;20(45):16996–7010.

 146. Rosch J, Hanafee WN, Snow H. Transjugular portal venography 
and radiologic portacaval shunt: an experimental study. Radiology. 
1969;92(5):1112–4.

 147. Haskal ZJ, et al. Quality improvement guidelines for transjugular 
intrahepatic portosystemic shunts. SCVIR Standards of Practice 
Committee. J Vasc Interv Radiol. 2001;12(2):131–6.

 148. Haskal ZJ, et al. Quality improvement guidelines for transjugular 
intrahepatic portosystemic shunts. J Vasc Interv Radiol. 2003;14(9 
Pt 2):S265–70.

S. Singh and S.M. Hollenberg



119

 149. Krajina A, et al. Transjugular intrahepatic portosystemic shunt 
(TIPS) in the treatment of symptomatic portal hypertension. Cas 
Lek Cesk. 1996;135(18):584–8.

 150. Cabrera J, et al. Transjugular intrahepatic portosystemic shunt 
versus sclerotherapy in the elective treatment of variceal hemor-
rhage. Gastroenterology. 1996;110(3):832–9.

 151. Hayek G, et al. Long-term outcome and analysis of dysfunc-
tion of transjugular intrahepatic portosystemic shunt placement 
in chronic primary budd-chiari syndrome. Radiology. 2017; 
283:280.

 152. Tripathi D, et al. Ten years’ follow-up of 472 patients following 
transjugular intrahepatic portosystemic stent-shunt insertion at a 
single centre. Eur J Gastroenterol Hepatol. 2004;16(1):9–18.

 153. Jalan R, et al. Prospective evaluation of haematological alterations 
following the transjugular intrahepatic portosystemic stent-shunt 
(TIPSS). Eur J Gastroenterol Hepatol. 1996;8(4):381–5.

 154. Huonker M, et al. Cardiac function and haemodynamics in alco-
holic cirrhosis and effects of the transjugular intrahepatic porto-
systemic stent shunt. Gut. 1999;44(5):743–8.

 155. Moller S, et al. New insights into cirrhotic cardiomyopathy. Int J 
Cardiol. 2013;167(4):1101–8.

 156. Braverman AC, et al. High-output congestive heart failure fol-
lowing transjugular intrahepatic portal-systemic shunting. Chest. 
1995;107(5):1467–9.

 157. Cazzaniga M, et al. Diastolic dysfunction is associated with poor 
survival in patients with cirrhosis with transjugular intrahepatic 
portosystemic shunt. Gut. 2007;56(6):869–75.

 158. Trevisani F, et al. QT interval in patients with non-cirrhotic por-
tal hypertension and in cirrhotic patients treated with transjugu-
lar intrahepatic porto-systemic shunt. J Hepatol. 2003;38(4): 
461–7.

 159. Boyer TD, Haskal ZJ, D. American Association for the Study of 
Liver. The role of transjugular intrahepatic portosystemic shunt 
(TIPS) in the management of portal hypertension: update 2009. 
Hepatology. 2010;51(1):306.

 160. Hoeper MM, Krowka MJ, Strassburg CP. Portopulmonary hyper-
tension and hepatopulmonary syndrome. Lancet. 2004;363(9419): 
1461–8.

 161. Aggarwal S, et al. Postreperfusion syndrome: hypotension after 
reperfusion of the transplanted liver. J Crit Care. 1993;8(3):154–60.

 162. Liu H, Song D, Lee SS. Cirrhotic cardiomyopathy. Gastroenterol 
Clin Biol. 2002;26(10):842–7.

 163. Navasa M, et al. Hemodynamic and humoral changes after 
liver transplantation in patients with cirrhosis. Hepatology. 
1993;17(3):355–60.

 164. Therapondos G, et al. Cardiac morbidity and mortal-
ity related to orthotopic liver transplantation. Liver Transpl. 
2004;10(12):1441–53.

 165. Liu H, Lee SS. What happens to cirrhotic cardiomyopathy after 
liver transplantation? Hepatology. 2005;42(5):1203–5.

 166. McAvoy NC, et al. Prevalence of coronary artery calcification in 
patients undergoing assessment for orthotopic liver transplanta-
tion. Liver Transpl. 2008;14(12):1725–31.

 167. Martin P, et al. Evaluation for liver transplantation in adults: 2013 
practice guideline by the American Association for the Study 
of Liver Diseases and the American Society of Transplantation. 
Hepatology. 2014;59(3):1144–65.

 168. Yao FY, et al. Excellent outcome following down-staging of hepa-
tocellular carcinoma prior to liver transplantation: an intention-to- 
treat analysis. Hepatology. 2008;48(3):819–27.

 169. Azarbal B, et al. Feasibility and safety of percutaneous coronary 
intervention in patients with end-stage liver disease referred for 
liver transplantation. Liver Transpl. 2011;17(7):809–13.

 170. Safdar Z, Bartolome S, Sussman N. Portopulmonary hyperten-
sion: an update. Liver Transpl. 2012;18(8):881–91.

 171. Kochar R, Nevah Rubin MI, Fallon MB. Pulmonary complica-
tions of cirrhosis. Curr Gastroenterol Rep. 2011;13(1):34–9.

 172. Swanson KL, et al. Survival in portopulmonary hypertension: 
Mayo Clinic experience categorized by treatment subgroups. Am 
J Transplant. 2008;8(11):2445–53.

 173. Fix OK, et al. Long-term follow-up of portopulmonary hyper-
tension: effect of treatment with epoprostenol. Liver Transpl. 
2007;13(6):875–85.

 174. Ashfaq M, et al. The impact of treatment of portopulmonary 
hypertension on survival following liver transplantation. Am J 
Transplant. 2007;7(5):1258–64.

 175. Hollatz TJ, et al. Treatment with sildenafil and treprostinil allows 
successful liver transplantation of patients with moderate to severe 
portopulmonary hypertension. Liver Transpl. 2012;18(6):686–95.

 176. Torregrosa M, et al. Cardiac alterations in cirrhosis: reversibility 
after liver transplantation. J Hepatol. 2005;42(1):68–74.

 177. Henderson JM, et al. High cardiac output of advanced liver dis-
ease persists after orthotopic liver transplantation. Hepatology. 
1992;15(2):258–62.

9 Cardiovascular Alterations in Acute and Chronic Liver Failure



121© Springer International Publishing AG 2018
R. Nanchal, R. Subramanian (eds.), Hepatic Critical Care, https://doi.org/10.1007/978-3-319-66432-3_10

Portal Hypertensive Gastrointestinal 
Bleeding

Kia Saeian, Akshay Kohli, and Joseph Ahn

Abstract

In this chapter, we will review some of the associated complications of portal hypertension 
including bleeding from esophageal and gastric varices, the development of portal vein 
thrombosis and its associated implications as well as the very interesting entity of ascites 
associated intra-abdominal hypertension along with options for management of all these 
entities with a particular focus implications for the critical care provider.

Keywords

Variceal hemorrhage • Hepatic venous pressure gradient • Portal vein thrombosis • 
Cavernous transformation • Intraabdominal hypertension

10.1  Introduction

Portal hypertension is a common clinical syndrome defined 
by a pathologic increase of portal venous pressure which, in 
turn, leads to an increase in gradient between the portal 
venous pressure and the hepatic venous or in effect, the infe-
rior vena cava pressure (hepatic venous pressure gradient or 
HVPG). The increased portal pressure leads to splenomeg-
aly, growth of an extensive network of portal-systemic col-
laterals that shunt portal blood flow to the systemic circulation 
bypassing the liver, and development of a hyperkinetic circu-
latory state. The upper normal value of HVPG is 5 mmHg 
and PHT becomes clinically significant when this gradient 
reaches 10 mmHg or higher manifested by ascites, esopha-
geal varices, hepatorenal syndrome etc. Variceal bleeding is 
typically seen with HVPG ≥ 12 mmHg.

Over 90% of portal hypertension in the western world is 
attributed to cirrhosis. Portal hypertension in cirrhosis is 
caused by a combination of two simultaneously occurring 
hemodynamic processes [1]: Increased intrahepatic resis-
tance to the passage of blood flow through the liver due to 
cirrhosis and regenerative nodules, and [2] increased 
splanchnic blood flow secondary to vasodilation within the 
splanchnic vascular bed which is a dynamic and thus a modi-
fiable component.

The hypertensive portal circulation naturally decom-
presses by diverting up to 90% of the portal flow through 
portosystemic collaterals back to the heart, resulting in 
flow mediated remodeling and enlargement of these ves-
sels. Vascular endothelial growth factor (VEGF), nitric 
oxide (NO)-driven VEGF type II receptor expression, 
and platelet- derived growth factor drive this process. 
Portal hypertensive bleeding may be related to the devel-
opment of esophageal or gastric varices but may also 
manifest as portal hypertensive gastropathy or rarely 
ectopic variceal development throughout the remainder 
of the gastrointestinal tract. Variceal rupture occurs when 
the wall tension exceeds the elastic limits of the variceal 
wall. Variceal bleeding is the last step in a chain of events 
initiated by an increase in portal pressure, followed by 
the development and progressive dilation of varices until 
rupture and bleed.
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10.2  Epidemiology

Overall, approximately 40% of patients with histologically 
confirmed cirrhosis have varices with the rate higher in those 
with established ascites [1]. An estimated 5–15% of cirrhot-
ics per year develop bleeding.

Depending the on the severity of liver disease, the fre-
quency of esophageal varices reportedly varies from 30% to 
70% in patients with cirrhosis [2–4] with 9–36% of patients 
have what are known as “high-risk” varices. Esophageal vari-
ces (EV) develop in patients with cirrhosis at an annual rate 
of 5–8%, but these varices are large enough to pose a risk of 
bleeding in only 1–2% of cases. Approximately 5–30% of 
patients with small varices will develop large varices each 
year and will therefore be at risk of bleeding [2, 5–7].

The rate of development of varices in patients with cir-
rhosis has not yet been studied thoroughly. In a prospective 
study, 206 cirrhotic patients (113 without varices and 93 with 
small esophageal varices) were evaluated during a mean fol-
low up of 37 ± 22 month. The incidence of EV was 12% 
(5.6–18.4%) at 1 year and 28% (21.0–35.0%) at 3 years [2].

The mortality rate from bleeding esophageal varices in 
cirrhotics is historically as high as 30–60% but has signifi-
cantly decreased in the past few decades with recent studies 
suggesting a 6-week mortality after the first variceal bleed-
ing episode of roughly 15–20% [8, 9]. In a retrospective 
French report of undifferentiated ICU admitted cirrhotics 
with variceal bleeding comparing the years 1985 and 2000, 
there was a significant in-hospital mortality reduction from 
42.6% in 1985 to 14.5% in 2000 (P < 0.05), reduced re- 
bleeding rate from 47% to 13%, and reduced bacterial infec-
tion rate from 38% to 14% [10]. A systematic review of 12 
studies found out that a reduction of hepatic vein pressure 
gradient to ≤12 mmHg was associated with a significant 
reduction in risk of variceal bleeding and mortality [11]. 
Another study done to evaluate the relationship between the 
HVPG and formation of and bleeding from varices noted 
that the patients with endoscopic evidence of varices had a 
gradient above 12 mmHg while none of those with bleeding 
varices had a gradient below 12 mmHg, with a mean gradi-
ent in bleeding varices being 20.4 mmHg [12]. Unfortunately, 
it is not feasible nor is it standard practice to obtain portal 
pressure readings at most centers in the setting of acute 
bleeding. Thus unless the patient already has these measures 
established, portal pressures are not typically used in the 
acute clinical setting to direct initial management.

10.3  Patient Evaluation Overview

10.3.1  Initial Evaluation

The initial evaluation of a patient with a suspected clinically 
significant acute upper GI bleed begins with a standard 

 history, physical examination, laboratory tests including 
complete blood count, electrolytes including renal and liver 
functions and coagulation panel to include for risk stratifica-
tion. We do not currently recommend routine nasogastric 
lavage. The goal of the initial evaluation is to assess the 
severity of the bleeding, stratify patient risk which is particu-
larly important in patients with portal hypertension and 
undertake appropriate resuscitative measures. If portal 
hypertension is suspected, after rapid stabilization, prefera-
bly in an ICU setting with a low threshold for intubation as 
well as securing adequate intravenous access and rapid vol-
ume resuscitation, urgent endoscopy with therapeutic intent 
should be undertaken.

10.3.1.1  Differential Diagnosis
In the setting of acute upper gastrointestinal (GI) hemor-
rhage in a patient with cirrhosis with suspected portal 
hypertension, 60–65% of the cases will be due to esopha-
geal or gastric varices. Patients with portal hypertension 
remain at risk for other causes of upper G.I. bleeding 
beyond variceal bleeding including esophagitis, peptic 
ulcer disease, Mallory Weiss tears, portal hypertensive gas-
tropathy, gastric antral vascular ectasia (GAVE), malig-
nancy and Dieulafoy lesions.

10.3.1.2  Risk Stratification
Initial risk stratification is often dependent on clinical patient 
factors with a number of higher risk factors that have been 
established dependent on findings upon endoscopic evalua-
tion. As noted above, measurement of the HVPG is not uni-
versally available, and thus other criteria are often used. If 
the patient is thought to have portal hypertension, then they 
should be treated as a patient with high risk acute upper G.I. 
bleeding.

Factors useful in predicting the risk of variceal hemor-
rhage in patient with cirrhosis include:

• Location
• Size
• Appearance of varices
• Clinical features of patient
• Variceal pressure

The endoscopic assessment of esophageal and gastric 
varices is of paramount importance in risk stratification and 
management. It is now recommended that a simplified grad-
ing system defining small and large varices be used rather 
than the previous multilevel grading systems. The term small 
and large should be by semi-quantitative morphological 
assessment or by quantitative size estimation with a sug-
gested cut-off diameter of 5 mm, with large varices being 
those >5 mm. This measurement should be taken with ade-
quate insufflation to avoid size overestimation. Varices that 
are considered large typically require intervention whereas 
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those that are considered small can be monitored. Varices are 
considered adequately eradicated if they completely flatten 
with insufflation. The presence or absence of high-risk stig-
mata is also important when assessing those at increased risk 
of variceal hemorrhage (Figs. 10.1 and 10.2). These stigmata 
[2] include:

• Red wale marks
• Cherry red spots
• Hematocystic spots
• Diffuse erythema.

Esophageal varices at the gastroesophageal junction 
are most likely to rupture as they have the thinnest layer 
of supporting tissue. This rupture risk follows LaPlace’s 
Law (Wall tension = pressure gradient × radius/wall 
thickness). It follows then that larger varices and those 
that have a thinner wall are at an increased risk of bleed-
ing. Interestingly, gastric varices which are present in 
approximately 17% of patient with cirrhosis [13], bleed 
less frequently than esophageal varices but their manage-
ment is more difficult and is associated with a higher 
mortality rate reportedly as high as 45%. The most 
accepted and well known classification for gastric vari-
ces is the Sarin classification in which they are classified 
per their location and contiguity or lack thereof with 
other varices:

• Type 1 gastroesophageal varices (lesser curvature varices 
also called GOV1) ~75%

• Type 2 gastroesophageal varices (greater curvature vari-
ces also called GOV2) ~21%

• IGV1 are isolated gastric varices that are limited to the 
fundus of the stomach and have no contiguity with esoph-
ageal varices; ~4% (Fig. 10.3)

• IGV2 are isolated gastric varices that are in other areas of 
the stomach; ~1%

In a study comparing gastric and esophageal varices, it 
was found that gastric varices bled in significantly fewer 
patients but once bleeding ensued, mortality was much more 
likely in those with gastric variceal bleeding with higher 
mean transfusion requirements (4.8 ± 0.6 vs. 2.9 ± 0.3 trans-
fusion units per patient, respectively (13).

Fig. 10.1 Large esophageal varices with high risk stigmata

Fig. 10.2 Large esophageal varices with red wale marks

Fig. 10.3 Large Isolated fundic gastric varices

10 Portal Hypertensive Gastrointestinal Bleeding
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Although the size of varices and the presence of red color 
signs on the variceal wall are well recognized by most inves-
tigators in assessing the risk of variceal hemorrhage, prog-
nostic indexes such as the NIEC index which incorporates 
the endoscopic signs with clinical data such as the Child 
Pugh score, can also reliably predict the risk of first bleeding 
[14]. Variceal pressure can be measured accurately and non- 
invasively with a pressure-sensitive endoscopic gauge [15]. 
A prospective cohort study assessing the significance of vari-
ceal pressure measurement for prediction of a first variceal 
bleed concluded that variceal pressure is an important pre-
dictor of first variceal bleed [16]. Clinically however this 
approach has not been widely adopted.

The degree of liver dysfunction is an important predictor 
of variceal hemorrhage. The Child Pugh classification is an 
index of liver dysfunction based upon serum albumin con-
centration, total bilirubin level, prothrombin time, and the 
presence of ascites and encephalopathy. A higher score in 
this classification scheme is associated with a higher likeli-
hood of variceal bleeding.

A history of a previous variceal bleeding predicts a high 
likelihood of subsequent bleeding. More than 70% of patients 
experience further episodes of variceal bleeding after the 
index bleed. As a rule of thumb, approximately 1/3 will 
rebleeding within 6 weeks and another 1/3 will rebleeding 
after 6 weeks. The risk of rebleeding is greatest in the first 
48 h after the index episode and subsequently declines.

10.3.1.3  Management of Acute Variceal 
Bleeding

There are two phases in the management of varices acute 
phase which involves the management of the acute, active 
bleeding and the later phase in which there is a focus on pre-
vention of recurrent bleeding [17]. In contrast to patients 
with non-variceal upper GI bleeding, only 50% of patients 
with variceal hemorrhage stop bleeding spontaneously. After 
the cessation of initial hemorrhage, the risk of rebleeding is 
extremely high during the first 6 weeks. It subsequently 
declines and later, the risk returns to baseline levels (i.e. 
equals that of patients who have never bled) [14].

10.3.1.4  Special Considerations
The principal complications that can cause death in addition 
to bleeding include aspiration pneumonia, sepsis, acute on 
chronic liver failure, hepatic encephalopathy and renal fail-
ure. Efforts focused on avoiding and managing these compli-
cations are integral to the care of the patient with acute 
variceal bleeding.

10.3.1.5  Airway Protection
Many endoscopists, due to concern about the higher aspira-
tion risk of cirrhotics (reported to be 2.4–3.3% during endos-
copy) particularly in light of the high prevalence of hepatic 

encephalopathy and the large volume of bleeding, request 
endotracheal intubation prior to endoscopy. Interestingly 
however, a retrospective study comparing hospitalized 
patients with acute variceal bleeding who had elective intu-
bation to those without elective intubation showed worse 
outcomes in the intubated group. The reasons for this are not 
fully clear as there may have been a selection bias inherent in 
a retrospective study or intubation skill may have played a 
role [18]. Nevertheless, current practice still suggests that 
elective intubation should be considered, particularly in 
encephalopathic patients unable to protect their airway. 
Whether the placement of a nasogastric tube prevents aspira-
tion has not been studied well but we currently do use pre- 
procedural erythromycin to facilitate gastric emptying and 
avoid use of initial nasogastric tubes.

10.3.1.6  Restricted Resuscitation
A natural tendency to proceed with transfusion should be 
tempered by the potential that over-transfusion leads to ele-
vated portal pressures which may exacerbate or reinitiate 
portal hypertensive bleeding. A recent large randomized 
controlled trial of 889 patients admitted with gastrointestinal 
bleeding were randomized to a liberal transfusion arm in 
which blood was transfused when the hemoglobin level 
dropped to 9 g/dL, or a restrictive transfusion arm in which 
blood was transfused only when the hemoglobin level 
dropped to 7 g/dL. In this study, 190 were found to have 
esophageal variceal bleeding were included and monitored 
for 45 days. Those cirrhotics receiving the restrictive transfu-
sion strategy had a more favorable outcome regardless of 
Child’s class by a more than 2:1 margin, 12–22% [19]. For 
similar reasons, overaggressive fluid resuscitation should be 
avoided in this population.

10.3.1.7  Recombinant Factor VIIa
Small pilot studies have shown that recombinant human fac-
tor VIIa (rFVIIa) has been associated with improvement or 
normalization of serum prothrombin time and control of 
bleeding in patients with evidence of coagulopathy [20–23]. 
But there have been other studies which have failed to show 
any clear benefit of recombinant factor VIIa in active vari-
ceal bleeding [24, 25]. Before further evaluation confirms 
benefit, rFVIIa cannot yet be recommended for routine clini-
cal use.

10.3.1.8  Antibiotics and Infections
Bacterial infections are present in nearly 20% of patients 
with cirrhosis who are hospitalized for GI bleed and another 
50% develop an infection while hospitalized [26]. A system-
atic review of eight trials concluded that antibiotic prophy-
laxis for cirrhotic inpatients with gastrointestinal bleeding is 
efficacious in reducing the number of deaths and bacterial 
infections, are well tolerated, and should be advocated [26]. 
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Multiple other studies have shown that antibiotic prophy-
laxis in these patients is associated with an overall reduction 
in infectious complications and decreased mortality [27–
30]. Antibiotic prophylaxis after endoscopic therapy has 
been found to prevent rebleeding in patients with acute vari-
ceal hemorrhage [31]. However, the choice, duration and 
selection of patients who will benefit the most still remain 
unclear.

It has been found that patients with a Child-Pugh’s class 
C and/or a rebleeding are a subgroup of cirrhotic patients 
with a high risk of infection after gastrointestinal hemor-
rhage and thus prophylactic treatment with systemic antibi-
otic is very effective in preventing bacterial infections [29]. 
The choice, duration and selection of other patients who will 
benefit significantly remain unclear but typically intravenous 
ceftriaxone or fluoroquinolones is utilized in patients with 
portal hypertension and hemorrhage, including even those 
without ascites [29].

10.3.1.9  Vasoactive Medications
The options include the anti-diuretic hormone analogues 
such as vasopressin and terlipressin (not available in the 
United States) and somatostain analogues such as octreotide. 
Octreotide is very well tolerated and is commonly used in the 
United States but vasopressin is typically avoided due to its 
multiple potential adverse outcomes including mesenteric 
and peripheral ischemia, myocardial infarction, and arrhyth-
mias. Terlipressin is the only agent to have shown a reduc-
tion in mortality in single studies or meta-analysis, but is 
unavailable in the United States [32]. A 2002 meta-analysis 
comparing somatostatin analogues in addition to endoscopy 
compared to endoscopy alone for acute variceal bleeding 
evaluated eight randomized trials with a total of 939 patients 
found that combination therapy resulted in a significant 
improvement in early hemostasis but no difference in mortal-
ity or adverse events [33]. The use of vasoactive agents is 
associated with a significantly lower risk of 7 day mortality, 
and a significant improvement in hemostasis, lower transfu-
sion requirements and a shorter duration of hospitalization 
[34]. Octreotide is advised with a 50 μg bolus followed by a 
50 μg/h intravenous infusion immediately and then extended 
to 3–5 days if variceal bleeding is confirmed endoscopically 
[35]. Nonselective beta-blocker therapy has no role in the 
setting of acute variceal bleeding.

Hepatic encephalopathy—Management of hepatic 
encephalopathy should not only include lactulose, but should 
also be accompanied by an aggressive search for potentially 
reversible factors other than GI bleeding that may be contrib-
uting to the encephalopathy. Hypokalemia, for example can 
promote the development of hepatic encephalopathy via 
increased renal ammonia production [36]. Similarly meta-
bolic alkalosis may also contribute to the movement of 
ammonia across the blood brain barrier.

10.3.1.10  Renal Failure—Appropriate Volume 
Replacement, Avoidance 
of Aminoglycosides and Mismatched 
Transfusions Are All Important 
in Minimizing the Risk of Renal 
Failure

Miscellaneous—Alcoholics should be monitored for with-
drawal symptoms and should be administered thiamine. It 
has been found that these patients, especially those who are 
nutritionally depleted may develop hypophosphatemia and 
hypokalemia after dextrose infusions which lead to increase 
in serum insulin concentrations which in turn derives both 
phosphate and potassium into the cells [37]. Thus it is impor-
tant that these issues be kept in mind while managing such 
patients.

10.3.1.11  Endoscopy
It is typically recommended that endoscopy be undertaken 
within 12 h of presentation [35] after adequate resuscitation 
and if necessary, intubation has been undertaken. Options 
for management of active esophageal variceal bleeding 
endoscopically include endoscopic variceal band ligation 
(EVL) or endoscopic sclerotherapy (EVS). Endoscopic 
variceal sclerotherapy has fallen out of favor in part due to 
its significant side effect profile which includes not only 
chest pain but also esophageal stricture formation, portal 
vein thrombosis, possible perforation or embolization, bac-
teremia as well as ulceration. While EVL does carry a risk 
for chest pain, eventual esophageal stricture formation as 
well as ulceration and rebleeding, it is overall much better 
tolerated and is now carried out as the standard endoscopic 
therapy on a routine basis. Overall, most studies have 
shown equivalent rates of endoscopic hemorrhage control 
with EVL and EVS. There is some data including a study of 
179 cirrhotics with acute esophageal variceal bleeding all 
of whom are treated with vasoactive medications and 
received either EVL or EVS within 6 h of admission that 
EVL was superior in terms of bleeding cessation (4% vs. 
15%, p = 0.02), serious side effects (4% vs. 13%, p = 0.04) 
and 6-week survival (83–67%, p = 0.01) [38]. Also the 
number of endoscopic sessions required to achieve variceal 
obliteration has been found to be lower with ligation an 
important measure in prevention of recurrent bleeding [39]. 
Despite improvements in endoscopic therapy, either early 
rebleeding or failure to control bleeding occurs in up to 
20% of patients with esophageal varices and 40% of 
patients with gastric varices. A number of rescue therapies 
are available and should be explored to depending on center 
expertise.

A commonly used and very effective option to control 
persistent variceal hemorrhage is placement of a transjugular 
intrahepatic portosystemic shunt (TIPS) by an experienced 
interventional radiologist. During TIPS placement, a 
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 polytetrafluoroethylene covered stent is used to connect 
branches of the hepatic veins (typically on the right) and the 
portal vein resulting in a diminished HVPG (not always nor-
malized). A TIPS may also be indicated in patients with 
recurrent bleeding or those with refractory ascites. Shunting 
of unfiltered portal venous flow to the systemic circulation 
by the TIPS may exacerbate hepatic encephalopathy, so cau-
tion needs to be exercised. In addition, TIPS is also contrain-
dicated in patients with high Model for Endstage Liver 
Disease (MELD) scores and other conditions such as signifi-
cant  pulmonary hypertension or heart failure, or may not be 
feasible in those with complete and extensive portal venous 
thrombosis.

A temporizing but more widely available rescue therapy 
is balloon tamponade and it is effective at controlling bleed-
ing in most cases of variceal bleeding including those with 
gastric varices (GOV-1 and GOV-2, IGV-1). However, 
 balloon tamponade carries a high rate of complications 
including esophageal necrosis and rupture. If feasible, it 
should serve as a bridge to definitive therapy such as 
TIPS. Endotracheal intubation is mandatory in situations 
where balloon tamponade is being used.

The options for gastric varices are much more limited 
endoscopically. Band ligation is not recommended for 
treatment of gastric varices. There is a very positive expe-
rience and success with endoscopic cyanoacrylate glue 
injection for GOV2 or IGV1 although FDA approval for 
this in the USA is lacking [40–42]. In those with gastric 
variceal bleeding and certainly for those with recurrent 
bleeding, TIPS may be considered early though due to vas-
cular anatomy not all gastric varices may be successfully 
treated with TIPS. Balloon- occluded retrograde transve-
nous obliteration (BRTO) of gastric varices is an excellent 
options as a minimally invasive therapy without the risk of 
encephalopathy to treat gastric varices and has enjoyed 
widespread use in Japan since its introduction by Kanagawa 
in 1996 [43] and is likely superior to endoscopic cyanoac-
rylate therapy [44].

10.4 Portal Vein Thrombosis

10.4.1 Introduction

Portal vein thrombosis (PVT) is defined as the occlusion of 
the lumen of the portal vein (PV) by thrombus formation. 
PVT is seen most commonly in the setting of portal hyper-
tension from underlying cirrhosis, but is also strongly asso-
ciated with inherited prothrombotic states as well as 
acquired conditions such as hepatocellular carcinoma or 
myeloproliferative disorders. In an autopsy series of 24,000, 
1% had PVT, associated with cirrhosis (28%), primary liver 
malignancy (23%), infection/inflammation (10%), or 

myeloproliferative disorders (3%) [45]. In patients with cir-
rhosis, the incidence of PVT appears to increase with the 
severity of underlying liver disease and portal hypertension 
from ~1% in those with compensated cirrhosis to up to 26% 
in patients with end-stage liver disease (ESLD) awaiting 
liver transplantation, with higher rates in those with con-
comitant hepatocellular carcinoma (HCC) [46–48]. Patients 
presenting with PVT to the intensive care unit (ICU) present 
a significant challenge because it poses simultaneous com-
peting risks of mesenteric ischemia and progressive portal 
hypertension related GI bleeding (GIB) without interven-
tion versus local and systemic complication risks of inter-
ventions such as anticoagulation. This section will review 
the pathology, presentation, and optimal management of 
patients with PVT.

10.4.2 Pathology

Portal vein thrombosis can be categorized into acute ver-
sus chronic PVT, with further sub-categorization by degree 
of occlusion (partial vs. complete), extension or involve-
ment of other splanchnic veins, and by the presence of 
infection, underlying cirrhosis, or malignancy. The differ-
entiation between acute PVT and chronic PVT is challeng-
ing because patients with PVT may be asymptomatic, and 
in the absence of baseline imaging, the acuity of PVT may 
be difficult to substantiate. This has led to heterogeneity in 
definition of acute versus chronic PVT in research studies 
on PVT, and thus has limited the refinement of evidence 
based management of PVTs. Nevertheless, a common dis-
tinguishing point of differentiation is the absence of or 
insignificant presence of hepatopetal collateral veins 
bypassing the PVT on imaging studies in patients with 
acute PVT and the presence of these collateral veins lead-
ing to cavernous transformation or cavernoma in patients 
with chronic PVT (Fig. 10.4). Other imaging clues include 
the absence of portal hypertension manifested as spleno-
megaly and/or abdominal varices. Some authors have sug-
gested that PVT be designated as acute in patients who 
have had symptoms within 60 days prior to the diagnosis 
given that 6–60 days is the hypothesized time frame for 
collateral formation [49].

For both acute and chronic PVT, it is important to note 
whether the occlusion is incomplete/partial or complete 
given that partial PVT is more likely to be responsive to 
intervention. The presence of extension into the superior 
mesenteric vein (SMV) is critical to note because the SMV 
involvement denotes a higher risk of subsequent intestinal 
ischemic complications and multiorgan failure. This is 
reflected in the most commonly used classification system 
[50] (Table 10.1). In the patient presenting with PVT and 
symptoms of sepsis or infection or with concomitant abdom-
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inal infections such as diverticulitis, cholecystitis, appendici-
tis, or pancreatitis, the presence of infected PVT must be 
distinguished from noninfected PVT given its ramifications 
on antibiotic need and duration [51]. Finally, PVT is most 
commonly further categorized by the presence of cirrhosis as 
well as malignancy, most commonly hepatocellular carci-
noma (HCC). For management purposes, the acuity of PVT, 
extension into the mesenteric veins and presence of cirrhosis 
are the most important factors in guiding anticoagulation 
decision making.

Pathophysiologically, acute PVT leads to an initial com-
pensatory arterial rescue with hepatic artery vasodilation to 
maintain hepatic blood inflow. Secondary compensatory 
venous rescue occurs with the formation of collateral veins 
to bypass the occluded portion of the PV. This is the pro-
cess by which cavernous transformation or cavernoma 
occurs [52]. In the ICU setting, acute PVT may lead to 
ischemic hepatitis, especially if there is concomitant sys-
temic hypotension or shock. Complications can occur with 
the extension of the PVT to the SMV leading to intestinal 
ischemia with lactic acidosis, and multiorgan failure. 
Longer-term complications of acute PVT include 

 progression to chronic PVT and development of portal 
hypertension with formation of varices in the esophagus 
and stomach, as well as other atypical sites. A rare but often 
overlooked complication is portal biliopathy or cholangi-
opathy which is caused by the development of enlarged 
collateral veins from the PVT near the common bile duct 
called the Plexus of Petren, leading to compression of the 
biliary system, subsequent obstruction, and cholangitis. 
Most patient are asymptomatic but some patients develop 
biliary complications such as pruritus, jaundice, cholangi-
tis, and secondary biliary cirrhosis [53, 54].

Risk factors for PVT are similar to well-known Virchow’s 
triad of risk factors for venous thromboembolism (stasis, 
hypercoagulability and endothelial injury), and are notable 
that multiple risk factors are often present. However, no risk 
factors for PVT are found in up to 25–30% of presentations 
[55, 56]. Hypercoagulable states due to inherited prothrom-
botic conditions such as factor V Leiden deficiency, pro-
thrombin gene mutations and acquired conditions such as 
antiphospholipid antibody syndrome, myeloproliferative 
disorders associated with JAK2 mutations must be consid-
ered in PVT evaluation. Other well-known risk factors 
include stasis or reduction in portal venous flow due to cir-
rhosis or advanced liver disease, Budd-Chiari syndrome, or 
via direct vascular invasion or compression due to HCC or 
cholangiocarcinoma. Finally, local injury leading to endo-
thelial activation of prothrombotic factors by intrabdominal 
inflammatory or infectious states such as pancreatitis, chole-
cystitis, inflammatory bowel disease, or infections are 
reported in up to 10% of PVT cases [56].

10.4.3 Presentation and Diagnosis

Patients presenting with PVT in the ICU may not be able to 
give much history due to their critically ill state, or may pro-
vide only nonspecific complaints of generalized abdominal 
pain, nausea, malaise, or anorexia. They may only have non-
specific exam findings of the predisposing conditions that 
led to the PVT, such as cirrhosis, intraabdominal infectious 
or inflammatory states (diverticulitis, appendicitis, pancre-
atitis, etc.). Liver function tests may be normal in chronic 
PVT, but may be nonspecifically elevated in ICU patients 
with acute PVT, again driven by the primary process such as 
shock, ischemia or subsequent multiorgan failure. Thus, an 
index of suspicion must be maintained for PVT, especially in 
patients who are predisposed to their formation such as those 
with cirrhosis, primary or secondary hepatic malignancies, 
intraabdominal inflammatory/infectious entities, and patients 
with prothrombotic conditions. Imaging revolves around 
ultrasound and CT scans in the ICU, with the PVT often 
diagnosed incidentally or unexpectedly in the process of 
evaluation of nonspecific presentation scenarios. Imaging 

Cavernous transformation

Coronary vein

Splenic vein
Thrombus

Superior mesenteric vein

Fig. 10.4 Cavernous transformation or cavernoma

Table 10.1 PVT classification system

Grade Description

1 Paritally thrombosed PV, <50% of lumen, with or without 
extension into the SMV

2 >50% occlusion of the PV (including total PV occlusion) 
with or without extension into the SMV

3 Complete thrombosis of both the PV and proximal SMV 
(Distal SMV open)

4 Complete thrombosis of the PV and both the proximal and 
distal SMV

Yeredel, Tx 2000; 69:1873
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evaluation should include assessment for chronicity, degree 
of occlusion, extension into the SMV or splenic vein, and the 
presence of cirrhosis or malignancy. Confirmation of PVT 
should be followed by a systematic evaluation for the pres-
ence of a hypercoagulable state, especially for patients with 
acute PVT without underlying liver disease.

In the ICU setting, PVT can be separated into whether the 
PVT is the primary driver of the patient’s presentation or is 
an incidental finding that may complicate management. 
Primary ICU presentations include pylephlebitis, mesenteric 
vein thrombosis, portal hypertension related gastrointestinal 
bleeding, and portal biliopathy. Secondary, or incidental ICU 
presentations include the presence of acute or chronic PVT 
found on imaging in patients with abdominal trauma, rup-
tured HCC, or abdominal pain.

Patients with acute PVT extending into the SMV may 
develop mesenteric ischemia and nonspecific symptoms of 
severe abdominal pain, diarrhea, nausea and vomiting [56]. 
Liver function tests may be increased due to secondary 
ischemic hepatitis due to the reduced blood inflow to the 
liver, and the systemic sequela of abdominal ischemia. 
Although liver ultrasound (US) with Doppler is useful due 
to its near ubiquitous availability, relatively low price point, 
and noninvasive and thus repeatable nature, it is limited in 
its usefulness in determining the extent of the PVT, involve-
ment of the SMV, as well as in assessing for the presence of 
underlying predisposing risk factors [57, 58]. In addition, 
due to its operator dependent nature as well as reduced 
diagnostic value in those with significant obesity, abdomi-
nal girth, ascites, or bowel gas, a negative US should be 
followed by consideration of a CT scan for pursuit of SMV 
involvement in those with PVT with suspected mesenteric 
ischemia. CT is more useful in evaluating the anatomy of 
the splanchnic vasculature, in assessing the status of other 
abdominal organs, in looking for predisposing conditions 
such as cirrhosis or HCC, and in detecting complications 
such as bowel infarction or abscess formation [59]. MRIs 
have comparable sensitivity as CT scans, and may be an 
alternative if CT scans are not feasible or not preferred, 
such as in avoiding radiation in young patients or pregnant 
patients [60]. However, although MRI/MRCP may be supe-
rior in assessing for the presence of portal biliopathy than 
CT, its practical utilization in the ICU may be limited due 
to reductions in resolution and definition in patients with 
significant ascites or in ICU patients who may be unable to 
tolerate the time and instructions for optimal MRI scanning 
[61]. If SMV thrombosis is noted, intestinal infarction must 
be considered especially if there are imaging findings of 
intestinal wall thinning, lack of intestinal wall enhance-
ment and laboratory findings of lactic acidosis and multior-
gan failure.

Presentation of pylephlebitis or suppurative, inflamed 
thrombosis of the PV can include the nonspecific signs and 
symptoms of abdominal sepsis. Patients may have severe 
abdominal pain, nausea, vomiting, fever, chills, and malaise 
along with features of an acute abdomen depending on the 
underlying source of the infection and inflammation, most 
commonly diverticulitis, appendicitis, cholecystitis, and 
pancreatitis. Because the signs of shock and infection are 
nonspecific, a high index of suspicion must be maintained 
for the presence of pylephlebitis. Although US can be used to 
diagnose a PVT, an abdominal CT is more useful in confirm-
ing the PVT and also concomitantly assessing for the under-
lying source of the primary infection or inflammation. 
Positive blood cultures, usually of polymicrobial or 
Bacteroides fragilis species along with the PVT imaging 
confirmation helps to make the diagnosis of pylephlebitis.

PVT related GIB are seen in the setting of chronic PVT 
and cavernous transformation, and present with gastroesoph-
ageal variceal bleeding, as described in the previous sections 
of this chapter. Patients who develop acute PVT in the set-
ting of underlying cirrhosis with existing portal hypertension 
may also present with gastroesophageal variceal bleeding. 
This is why patients who present with portal hypertension 
related GIB should be screened for PVT, underlying cirrho-
sis, and HCC.

10.4.4 Management

Both patients with PVT as the primary driver of ICU admis-
sion as well as those with incidental findings of PVT unre-
lated to the primary ICU admission can pose a management 
challenge by raising the issue of anticoagulation (AC). ICU 
patients tend to be less ideal candidates for anticoagulation 
than non-ICU patients, and may have higher perceived risks 
of intervention with anticoagulation. Nevertheless, the pri-
mary goal of PVT management is to identify and treat not 
only the PVT itself towards recanalization of the PV, but also 
to address the predisposing conditions that led to the 
PVT. This involves appropriate selective prolonged antibi-
otic management for conditions such as pylephlebitis, diver-
ticulitis and surgical management of appendicitis, 
cholecystitis, and other conditions that pose risk for PVT 
development. Patients with PVT related portal biliopathy/
cholangiopathy may present with obstructive cholangitis, 
and should be managed similarly as choledocholithiasis 
cases, with endoscopic retrograde cholangiopancreatogra-
phy along with intravenous antibiotics.

Secondary goals are to prevent the complications that 
may occur with PVT progression such as portal hypertension 
related GIB, mesenteric ischemia, and ischemic hepatitis. 
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Prevention of the extension of the PVT into the SMV is 
important not only for the sake of reducing the risk of intes-
tinal ischemia but because in liver transplant candidates, 
SMVT may preclude candidacy.

The challenge in ICU patients with PVT is to balance 
simultaneously the risk of GIB versus recurrent or progres-
sive thrombosis with anticoagulation. Anticoagulation is a 
sharp tool, and can be associated with significant morbid-
ity and mortality. Thus, patients must be assessed for their 
underlying risk factors for PVT as outlined above, triaged 
for timing of consideration for recanalization, and stratified 
by the risks and benefits of anticoagulation. The rationale 
for anticoagulation in PVT is that spontaneous recanaliza-
tion, especially of complete or extensive PVT is unlikely. 
Anticoagulation can also help ameliorate symptoms and 
reduce morbidity by reducing the risk of ischemia, SMV 
thrombosis, progression to chronic PVT, recurrent thrombo-
sis associated with hypercoagulable states, and esophageal 
variceal bleeding. It can also help maintain candidacy for 
liver transplantation. The rationale for withholding anti-
coagulation is based on the assessment that the immediate 
risk of complications is greater than the potential benefits, 
such as in patients presenting with GIB. However, in the 
absence of overt contraindications, anticoagulation should 
be considered.

Risk stratification with esophagogastroduodenocopy 
(EGD) should be instituted in patients with chronic PVT 
who are at risk for having formed gastroesophageal varices 
that may pose an increased risk of GIB with anticoagula-
tion. Patients with acute PVT without underlying cirrhosis 
or advanced hepatic fibrosis do not require mandatory 
screening with EGD given the low risk of underlying vari-
ces. Patients found to have small esophageal varices (EV) 
can proceed with anticoagulation. Those with medium EV 
can be placed on prophylaxis with nonselective beta-block-
ers while patients with large esophageal varices especially 
with high bleeding risk signs can be managed with esopha-
geal band ligation and/or beta-blockers to reduce the risk of 
anticoagulation associated GIB [62]. If band ligation is ini-
tiated, AC can typically be considered after 2 weeks post-
banding, to reduce the risk of banding ulcer bleeding [63]. 
The key is to assess the patient’s risk of bleeding on AC 
versus the patient’s risk of thrombotic events or progression 
of PVT off it.

Data on the timing of AC is limited, but suggests that if 
AC is considered, it should be started as soon as possible 
after the indications are confirmed and the risks have been 
ameliorated. A therapeutic window may exist where with 
increased time from acute PVT, the recanalization rates 
begin to diminish [52, 63, 64]. The duration of anticoagula-
tion has traditionally been at least 3–6 months in the absence 

of a chronic prothrombotic state and in cases with a revers-
ible or self-limited risk factor. Patients with prothrombotic 
states, or involvement of the SMV are recommended for 
indefinite AC barring any other contraindications [65].

Once the decision to initiate AC has been made, the 
choice of anticoagulant must be made between heparin, 
low molecular weight heparin (LMWH), vitamin K antago-
nist (VKA), and direct acting oral anticoagulants (DAAC). 
There is no consensus on the superiority of one regimen 
over the others, due to the lack of data and limitations in the 
experience of using AC for PVT, especially in patients with 
chronic liver disease or chronic PVT. In the ICU, heparin 
may be the most logical initial choice given the often fluid 
nature of the patient’s clinical state, and the need for prompt 
initiation and discontinuation. LMWH has also been more 
widely used because of its ease of dosing and lack of 
requirement for INR monitoring. However, there is limited 
data for its use in patients with PVT, especially in those 
with cirrhosis or renal insufficiency who may have fluid 
overload or edema that may limit absorption from the sub-
cutaneous route. Furthermore, dose adjustments may be 
needed in patients with renal dysfunction and monitoring 
with anti-Xa activity may be unreliable, especially in those 
with cirrhosis [66, 67].

The Vitamin K antagonist warfarin has been tradition-
ally used for PVT after initiation and bridging with LMWH, 
for longer term PVT management. However, in the ICU 
setting, the role for VKA initiation may be limited. If con-
sidered, it would for patients in a clinically steady state and 
selected because of its relative lower cost compared to 
LMWH and DAAC as well as availability of rapid reversal 
if needed for FFP. Disadvantages of VKA for PVT include 
the difficulty of trying to use INR to monitor VKA efficacy 
in patients with elevated INR at baseline, especially those 
with cirrhosis. In addition, VKA’s effect on the INR, which 
is a part of the MELD score, can have unintended conse-
quences on the candidacy of patients listed for liver 
transplantation.

Direct acting anticoagulants which have direct inhibition 
of thrombin or activated factor Xa such as rivaroxaban or 
apixaban have not been widely studied in patients with PVT 
or cirrhosis. Nevertheless, given their convenience due to 
their fixed dosing, oral formulation, lack of need for lab 
monitoring of efficacy, and lack of direct impact on the INR 
or MELD score, there has been growing interest in their use 
[68, 69]. However, at this point, DAACs are generally not 
recommended for patients with PVT, especially in the ICU 
setting due to a lack of large scale studies, as well as the risks 
due to a lack of an FDA approved antidote (although they are 
in development), and reports of possible drug induced liver 
injury [70, 71].
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Anticoagulation is advised for acute PVT in patients 
without cirrhosis by both the American Association for the 
Study of Liver Disease (AASLD) and American College of 
Chest Physicians (ACCP) practice guidelines. Multiple stud-
ies have reported a 60–90% overall recanalization (both par-
tial and complete) rate and up to 35–45% complete 
recanalization with AC [56, 72, 73]. Adverse events were 
reported to be very low (0–5%) with bleeding unrelated to 
portal hypertension as the main complication [53, 64, 74].

For patients with acute PVT who have underlying cirrho-
sis, the AASLD recommends a case-by-case approach to 
consider AC in the setting of a prothrombotic state, SMV 
thrombosis, and in those patients awaiting liver transplanta-
tion. Appropriate risk stratification and mitigation of gastro-
esophageal variceal bleeding as described above was advised 
prior to initiating AC. Multiple smaller reports of the safety 
and efficacy of AC in cirrhotic patients with PVT suggest 
that with appropriate patient selection, similar but slightly 
lower recanalization rates as those with non-cirrhotic acute 
PVT have been reported [71, 75, 76]. Slightly higher risks of 
AC associated bleeding than in PVT patients without cirrho-
sis undergoing AC have been reported from a small number 
of studies [63, 77].

Patients with chronic PVT who are diagnosed with non- 
correctable prothrombotic disorders or with progressive or 
extending PVT, especially with symptoms, should be con-
sidered for AC provided there are no present contraindica-
tions such as recent or active GIB, untreated esophageal 
varices. In general, patients with chronic PVT and cirrhosis, 
are considered for AC only in the setting of additional risk 
factors such as a prothrombotic state or HCC, after appropri-
ate risk reduction of existing esophageal varices have been 
completed with esophageal band ligation or beta-blocker 
therapy, and as they await liver transplantation. However, 
robust data on the rate of adverse events or complications in 
chronic PVT undergoing AC are not yet available.

The question of thrombolytic therapy comes up not infre-
quently in the ICU setting for PVT. The idea of aggressive 
infusion of thrombolytics to burst through PVT to recanali-
zation is appealing. However, the data for thrombolysis is 
disappointing with low rates of recanalization and notable 
for high rates of adverse events of bleeding. Whether the 
approach is by indirect infusion via injection into the supe-
rior mesenteric artery or directly into the PV, the risk of 
bleeding and complications appears to be greater than the 
potential benefit of expedited recanalization [73, 78]. 
Thrombolysis for PVT cannot be recommended.

PVT used to be a contraindication to TIPS placement due 
to the technical difficulty of placing the TIPS in the setting of 
PV occlusion. There is still no robust data to compare TIPS 
versus anticoagulation. But recently, there have been multi-
ple reports of successful TIPS placement in the setting of 
even extensive and chronic PVT [79–82]. These studies are 

notable for selection of patients with PVT who were poten-
tial liver transplant candidates for whom maintaining patency 
of the PVT would allow continuation on the liver transplant 
waiting list. These studies report success in the combination 
of mechanical thrombectomy and restoration of blood flow 
through the shunt leading to recanalization even in the 
absence of systemic AC. Thus, TIPS can be considered in the 
ICU in the setting of the availability of an experienced inter-
ventional radiology team for patients with PVT who present 
with portal hypertension related GIB and in those who need 
recanalization to allow maintenance of liver transplant can-
didacy. The usual TIPS complications remain however, 
including the risk of technical failure, TIPS dysfunction, and 
development of TIPS-related hepatic encephalopathy.

Finally, liver transplantation is the definitive therapy for 
patients with chronic liver disease and PVT. Similarly to the 
situation with TIPS, PVT used to be a contraindication to 
liver transplantation, until as recently as 1985. Refinements 
in surgical technique, earlier diagnosis, perioperative man-
agement have led to successful liver transplantation in 
patients with PVT. Nonetheless, growing evidence suggests 
that although PVT is not a marker for increased wait list 
mortality, it has a negative impact on 1-year survival after 
liver transplantation [47, 83–86]. In the ICU in the immedi-
ate post-transplant period, close follow up of PVT with an 
ultrasound in the first week is usually performed. Short term 
AC has been reported after liver transplantation, but has not 
been studied or compared to the use of antiplatelet agents 
which have been reported to be used at low doses.

Overall, there is very limited data on the long-term man-
agement outcomes or prognosis of patients presenting with 
PVT. However, patients now appear to be presenting at ear-
lier PVT formation stages, due to a wider awareness of PVT 
and improved diagnostic imaging techniques, improving the 
possibility of successful intervention through earlier AC 
consideration resulting in improved overall outcomes. 
What’s clear is that acute PVT is a step along the way to 
chronic PVT, at which point treatment outcomes, risks, and 
best practices are less clearly defined. Thus, it is ideal if PVT 
is treated early, after appropriate risks stratification has been 
completed. Figure 10.5 outlines a suggested management 
algorithm for PVT in the ICU.

10.5  Ascites and Intraabdominal 
Hypertension

10.5.1 Introduction

Intraabdominal hypertension (IAH) is defined as the pres-
ence of elevated pressure within the abdominal compart-
ment, and leads to abdominal compartment syndrome (ACS). 
ACS is an entity well known in the surgical specialties, but 
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less appreciated in the medical intensive care of patients with 
cirrhosis or ESLD. For example, ACS is well recognized and 
reported to be present in at least 1% of patients presenting 
with trauma, but similar data on patients with ascites is not 
available, and is unknown [87] (Hong). However, failure to 
recognize ACS from tense ascites, can lead to systemic 
hypoperfusion, multiorgan failure and an increased risk of 
death [88–90]. Thus, given its association with poor clinical 
outcomes, IAH is an important under-recognized entity to be 
aware of for clinicians taking care of patients with ascites in 
the ICU.

10.5.2 Pathology

Intraabdominal hypertension has been defined by expert 
consensus through the World Society of the Abdominal 
Compartment Syndrome (WSACS) as a sustained elevation 

of intraabdominal pressure (IAP) >12 mmHg (compared to a 
normal IAP of <5 mmHg) [91]. This definition is commonly 
used because organ dysfunction often becomes manifested 
above this pressure. ACS is defined as IAH with a sustained 
IAP of >20 mmHg, associated with new organ dysfunction 
or failure with or without abdominal perfusion pressure 
(APP) of <60 mmHg (where APP = Mean Arterial 
Pressure − IAP). Clinically however, ACS is defined IAH 
associated new organ dysfunction without a strict IAP 
threshold due to inter-patient variability in IAP values that 
induce organ failure. Figure 10.6 shows a representation of 
the spectrum from normal IAP to ACS [92]. IAH has been 
further classified by the WSACS into four grades and has 
also been differentiated by the timing of its onset. These cat-
egorizations have been outlined in Table 10.2.

Intraabdominal pressure is a reflection of the balance 
between intraabdominal volume and the abdominal wall 
compliance. Wall compliance defined as its flexibility to 
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yield elastically when force is applied, is increased in patients 
with chronically enlarged girth such as those with obesity, 
pregnancy, or recurrent ascites [93]. Risk factors for the 
development of IAH can be primary, due to direct injury or 
disease process in the abdominal region such as with ascites, 
trauma, or abdominal surgeries. It can also be secondary, due 
to conditions that don’t originate in the abdomen such as 
with sepsis, severe burns, and rapid fluid resuscitation [94, 
95]. Patients with liver disease can develop IAH in the set-
ting of high volume, rapid resuscitation for shock (septic, 
hemorrhagic, burns) in the setting of increased abdominal 
content with ascites or a large HCC [96]. Increasing ascites 
as the cause of IAH can have detrimental effects on multiple 
organ systems as summarized in Table 10.3.

10.5.3 Presentation and Diagnosis

Patients presenting with ascites to the ICU with IAH may 
only have nonspecific symptoms of malaise, weakness, 
lightheadedness, dyspnea, abdominal bloating, or pain. 

These symptoms may be easily missed or misattributed to 
more evident clinical diagnosis. Some patients may be 
unable to communicate due to their critically ill state, 
encephalopathic condition, or from the effects of mechanical 
intubation or medications. The key is to maintain a high 
index of suspicion for the possibility of IAH in patients with 
ascites, who are not the typically recognized patients with 
ACS such as those with trauma, burns, or in the post-opera-
tive state.

Physical examination for IAH is not accurate to detect or 
diagnose ACS. The observation of a “tense abdomen” from 
ascites is a poor predictor of ACS [97, 98]. However, clinical 
observations in the setting of tense ascites such as cardiac 
instability with hypotension, tachycardia along with increas-
ing ventilator requirements, oliguria, and signs of hypoper-
fusion such as cool skin, obtundation, restlessness should 
alert the clinician to the possibility of IAH and ACS. 
Abdominal imaging in general is not helpful because the 
findings are not specific to IAH, but can be useful to evaluate 
for the presence of hemorrhage leading to hemoperitoneum, 
or other potential intraabdominal causes of clinical 
decompensation.

IAH can be diagnosed through indirect IAH monitoring 
which is traditionally performed by an intravesical approach 
through using a urinary catheter [98]. There is strong correla-
tion between intravesical measurement of bladder pressure 
and directly measured intraabdominal pressures [99, 100]. 
Other possible approaches include using intragastric, intra-
colonic, or IVC catheters, but these are not practical or 
widely utilized. Typical steps for intravesical measurement 
of IAP are [92]:

• Clamp foley catheter drainage tube
• Instill 25 cc sterile saline into the bladder via the aspira-

tion port

Table 10.2 IAH categories

Grade IAP (mmHg)
Normal <12
I 12–15
II 16–20
III 21–25
IV >25
Type Timing Example
Hyperacute Transient, seconds Sneezing
Acute Over hours Trauma, Hemorrhage
Subacute Over days Ascites
Chronic Over months Obesity, pregnancy

Table 10.3 IAH effects on organ systems

Organ system Mechanism Clinical outcome

Cardiovascular Decreased venous return, 
impaired ventricular 
compliance and contractility, 
decreased cardiac output

Hypotension

Pulmonary Reduced chest wall 
compliance, reduced 
spontaneous tidal volumes

Hypoxemia, 
hypercarbia

Renal Renal vein compression, 
renal artery vasoconstriction

Oliguria

Gastrointestinal Reduced mesenteric blood 
flow, intestinal edema, 
hypoperfusion, bowel 
ischemia, bacterial 
translocation

Lactic acidosis, 
sepsis, diarrhea

Hepatic Reduced portal vein and 
hepatic artery flow

Ischemic hepatitis

Central Nervous 
System

Increased intracranial 
pressure
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• Attach pressure transducer into the aspiration port
• Measure pressure at end expiration in the supine position. 

Zero transducer at the midaxillary line.

Commercial three way stopcocks are available to avoid 
repeat puncturing of the aspiration port.

10.5.4 Management

Management of patients with ascites presenting with IAH is 
simpler than managing patients in general with ACS because 
treatment is focused on the relieving the IAP from the ascites 
and systemic perfusion optimization. Unlike patients with 
abdominal trauma, post-abdominal surgery, or severe burn 
states whose management may require surgical decompres-
sion to relieve the IAH, patients with ascites can undergo 
percutaneous evacuation of ascites through therapeutic para-
centesis. In fact, large volume paracentesis (LVP) can be 
both diagnostic and therapeutic for IAH, as improvement of 
the clinical state of the patient via observation of their car-
diac index, urine output, and pulmonary status can be seen if 
IAH was contributing to the patient’s clinical presentation 
[101, 102]. However, the limitations of LVP in the ICU is 
that it tends not to be a definitive therapy but a temporizing 
one, given the often rapid re-accumulation of ascites fluid in 
patients with cirrhosis or ESLD. Nevertheless, LVP remains 
the cornerstone in the management of tense ascites and IAH.

Clinicians in the ICU taking care of patients with cirrhosis, 
end-stage liver disease, or post-liver transplantation must 
remember that IAH may be more common than is appreciated, 
and that there is likely underestimation of its prevalence due to 
a lack of routine IAP monitoring. Early diagnosis and recogni-
tion is paramount, to allow timely consideration of LVP and to 
prevent development of further morbidity and mortality. 
Given that physical examination findings may not be accurate 
nor predictive of IAH, a high index of suspicion must be main-
tained. It is important to recognize that excessive fluid resusci-
tation for a myriad of common ICU reasons such as bleeding 
or sepsis can contribute to IAH in patients with ascites, justify-
ing a sense of caution in tempering fluid resuscitation tempos 
in these vulnerable patients. Finally, when in doubt, paracente-
sis should be performed in the clinically unsteady patient in 
the ICU for both evaluation of infection such as spontaneous 
bacterial peritonitis, and to relieve potential IAH.
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Respiratory Complications in Acute 
and Chronic Liver Disease

Vijaya Ramalingam, Sikander Ansari, 
and Jonathon Truwit

Abstract

The association between liver disease and respiratory symptoms is well established. 
Hepatopulmonary syndrome (HPS), portopulmonary hypertension (POPH), and hepatic 
hydrothorax (HH) are three important pulmonary complications associated with underlying 
liver disease. Patients with liver disease are also at higher risk of developing ARDS and its 
associated mortality and morbidity. In this chapter, we review the respiratory complications 
associated with liver disease.

Keywords

Hypoxia • Ventilation-perfusion mismatch • Diffusion impairment • Intrapulmonary shunt-
ing • Reticuloendothelial system • Vasoactive substances • ARDS • Hepatopulmonary syn-
drome • Hepatic hydrothorax • Spontaneous bacterial pleuritis • Portopulmonary 
hypertension • Right heart catheterization • Thoracic compliance • Intra-abdominal pres-
sure • Mechanical ventilation • Liver transplantation

Learning Objectives
Understand
 – the mechanisms of hypoxia and respiratory failure
 – the pulmonary complications of liver disease and their 

complications: Acute Respiratory Disesae Syndrome 
(ARDS), hepatopulmonary syndrome, hepatic hydrotho-
rax, portopulmonary hypertension

 – the mechanisms in liver disease including effect of asci-
tes, low thoraco-abdominal compliance

11.1  Mechanisms of Hypoxic Respiratory 
Failure

Case 1
A 50-year-old woman with past medical history signifi-
cant for liver cirrhosis presents to Emergency Department 
with worsening shortness of breath for 5 days. Vitals: BP 
90/60 mmHg, SpO2 85% on room air, Pulse 100, tempera-
ture 100 F. Patient is visibly tachypneic, dyspneic, and 
using accessory muscle of respiration. Examination is 
significant for elevated JVP, ascites and B/L pedal edema.

• What are the mechanisms of hypoxia in a patient with 
liver disease?

• Is this patient at increased risk for ARDS and 
mortality?

• What are the causes of respiratory failure in this 
patient?

Approximately 10–70% of patients with advanced liver dis-
ease may have arterial hypoxia [1–3]. Keys and Snell first 
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reported the decrease in saturation of arterial blood for oxy-
gen in patients with liver cirrhosis. They later explained this 
phenomenon due to decreased oxygen affinity of hemoglo-
bin due to increased 2,3-diphosphoglycerate (DPG) in eryth-
rocytes [4, 5]. When measurement of partial pressure of 
oxygen (PaO2) became technically possible, it was shown 
that PaO2 was also lower in these patients indicating defec-
tive gas exchange mechanism. Three components of gas 
exchange abnormalities result in hypoxia in patients with 
liver disease: intrapulmonary shunting, diffusion impair-
ment, ventilation-perfusion mismatch. It is well known that 
patients with cirrhosis generally hyperventilate and hence 
hypoventilation can be ruled out as a cause of hypoxia in 
these patients [6, 7].

Rodman and associates first described ventilation- 
perfusion (V/Q) mismatch as a cause of hypoxia in patients 
with advanced liver disease. Gas exchange is optimal when 
ventilation and perfusion are well matched. That is, when the 
V/Q ratio is approximately 1 [8]. A disproportionate change 
in either ventilation or perfusion would cause hypoxia. The 
major defect that underlies V/Q mismatch is intrapulmonary 
vascular dilatation or abnormal dilatation of pulmonary vas-
cular bed at precapillary level resulting in a disproportionate 
increase in perfusion relative to alveolar ventilation associ-
ated with an elongated path for oxygen to reach the central 
blood flowing in the pulmonary vessels (see below). Patients 
with advanced liver disease also have decrease in hypoxic 
pulmonary vasoconstriction. Under normal physiological 
circumstances, alveolar hypoxia results in constriction of 
pulmonary vessels that supply hypoxic units and this main-
tains the V/Q ratio by reducing the perfusion in areas of low 
ventilation. In patients with advanced liver disease, hypoxic 
pulmonary vasoconstriction is reduced or lost. However, 
hypoxic pulmonary vasoconstriction is not uniformly 
affected in all patients.

Intrapulmonary shunting was first described by Hoffbauer 
and Rydell in 1956 [9]. It refers to the entry of systemic 
venous blood into the arterial circulation without exposure to 
gas exchange. There are three mechanisms of shunting: (1) 
Physiologic shunting in which venous blood flows through 
non-ventilated alveoli. Interstitial edema due to volume 
overload, atelectasis due to elevated hemi diaphragms from 
tense ascites and/or pleural effusions are typical examples. 
(2) Anatomic communications between pulmonary arteries 
and veins and thus bypassing the capillary-alveoli interfaces, 
and (3) dilated capillary and precapillary beds in which dif-
fused oxygen ineffectively reaches the midstream deoxygen-
ated hemoglobin molecules. Shunt may be normal or 
abnormally increased in patients with advanced liver disease 
[10, 11]. In 1961, Abelman et al. showed that patients with 
cirrhosis had venous admixture of 8% to 20% of total blood 
flow, above the normal maximum of 7% in all patients [12]. 
Another study by Williams et al. demonstrated an average 

venous admixture of 9.7% in cirrhotic patients [13]. This 
increase in venous admixture is due to true anatomic extra-
cardiac right-to-left shunts attributed to pulmonary AV mal-
formations [6]. However, this is not a frequent finding and 
evidence of such AV communication was demonstrated in 
only 1 of 14 postmortem studies [14]. Another possibility of 
anatomic shunting is the presence of abnormal communica-
tion between portal and pulmonary venous systems. 
However, these channels are unlikely to cause hypoxia due to 
smaller flow through these channels and higher oxygen con-
tent of portal venous blood [14, 15]. It should be noted, that 
the presence of abnormal liver function tests, ascites, spleno-
megaly, portal or pulmonary hypertension, or digital club-
bing are not predictive of intrapulmonary shunting 
(Table 11.1) [16].

Premature closure of airways causing VQ mismatch is 
another cause of hypoxia in patients with liver disease [16]. 
In a study of 10 cirrhotic patients, the closing lung capacity 
was higher than normal, and in eight patients it was greater 
than the functional residual capacity, indicating the presence 
of airway closure and gas trapping during resting tidal 
 volume breathing. Both at residual volume and at functional 
residual capacity, gas trapping in the lower lung zones was 
increased [17, 18]. In liver cirrhosis, decreased ventilation 
from airway closure affects the ventilation-perfusion ratio of 
the dependent lung zones. It is suggested that the premature 

Table 11.1 Mechanisms of arterial hypoxemia in patients with hepa-
topulmonary syndrome

Mechanism Causes
Role of supplemental 
oxygen

V/Q mismatch •  Perfusion of poorly 
ventilated alveoli e.g.—
interstitial edema, 
atelectasis

•  Increased perfusion due 
to abnormal dilatation 
and increase in number 
of pulmonary capillary 
and precapillary vessels

•  Impaired hypoxic 
pulmonary 
vasoconstriction

•  Premature closure 
of airways

Arterial hypoxia is 
usually reversible

Shunting • Intrapulmonary shunting
•  Porto pulmonary 

shunting
• Pleural shunting

Shunts should not 
respond significantly 
to 100% supplemental 
oxygen

Diffusion 
impairment

•  Diffusion-perfusion 
mismatch

Supplemental oxygen 
may increase the 
driving pressure of 
alveolar oxygen and 
thus may increase 
oxygen diffusion to 
improve hemoglobin 
saturation
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airway closure may be due to mechanical compression of 
small airways by dilated blood vessels and/or interstitial pul-
monary edema [16–18].

Diffusion impairment is another important cause of 
hypoxia. Due to marked dilatation of precapillary and capil-
lary beds, diffused oxygen ineffectively reaches the mid-
stream deoxygenated hemoglobin molecules. This is further 
aggravated by high cardiac output secondary to intrapulmo-
nary shunting [6]. Shunts should not respond significantly to 
100% supplemental oxygen. However, supplemental oxygen 
may increase the driving pressure of alveolar oxygen and 
thus may increase oxygen diffusion to improve hemoglobin 
saturation.

11.1.1  Role of Liver in Protecting Lungs

Patients with the adult respiratory distress syndrome and 
multiple organ system failure have a high mortality rate. 
Among extrapulmonary organs, the liver plays a central role 
in regulating cytokine kinetics relevant to acute lung injury 
[19]. The hepatic reticuloendothelial system (RES) clears 
vasoactive substances implicated in the development of acute 
lung injury [20]. Hepatocytes and Kupfer cells uptake and 
detoxification of gut derived and blood-borne bacteria, endo-
toxin, activated coagulation factors and endogenous proin-
flammatory mediators is also critical in systemic host defense 
[21, 22]. In patients with hepatic dysfunction, this filtering 
ability of liver is compromised resulting in systemic over-
flow of inflammatory mediators [22, 23]. Nakao et al. dem-
onstrated that intravenous injection of endotoxin in rats with 
drug induced liver failure resulted in significantly higher lev-
els of blood endotoxin compared to rats with normal liver 
function despite normal blood endotoxin concentrations in 
both groups of rats before inducing liver failure [24]. Liver 
failure results in reduced inactivation of endotoxin in plasma 
and also impaired hepatic clearance.

In a rat model of biliary obstruction, authors demonstrated 
impaired hepatic RES bacterial clearance and increased pul-
monary localization of viable organisms [25]. High plasma 
endotoxin levels before liver transplantation and at the end of 
the anhepatic phase was associated with graft failure and a 
high mortality [26]. In a study of patients receiving liver 
transplantation, a strong correlation was also observed 
between endotoxemia and the need for ventilator depen-
dency postoperatively [27].

Severe hepatic dysfunction not only predisposes patients 
to ARDS but also significantly modulates its resolution. 
Besides being at increased risk of developing ARDS, 
patients with chronic liver disease are also at higher risk of 
developing severe ARDS and associated morbidity and 
mortality [28]. Chronic alcohol abuse also depletes the glu-
tathione (GSH) stores in lungs. GSH protects the lung from 

oxidative injury and its depletion in the lung increases the 
risk of oxidative damage due to inability to scavenge oxy-
gen free radicals [29–31]. Both humoral and cellular immu-
nity are impaired in patients with end-stage liver disease 
(ESLD) thus increasing the risk of infection including 
respiratory tract infection. Diffuse fibrosis of hepatocytes 
results in defective opsonization due to decreased synthesis 
of C3 complement [32]. Impaired antibacterial activity of 
alveolar macrophages results in increased risk of respira-
tory tract infections [33]. Alveolar macrophages exposed to 
microorganisms produce the cytokines tumor necrosis fac-
tor-alpha, interleukin (IL)-1 beta, and IL-6 that are impor-
tant to lung defense. This is also impaired in patients with 
ESLD [34].

11.1.2  ARDS and Liver Disease

Several studies have shown a higher incidence of ARDS in 
patients with underlying liver disease. Prior to low tidal vol-
ume ventilation era, ARDS in patients with liver failure had 
a mortality of nearly 100% outside the transplant setting 
[35–38]. However, there has been a decline in overall mortal-
ity rate for patients with ESLD admitted to ICU and it ranges 
from 35% to 70% [39–43].

Using data from National Mortality Followback Study, 
Tenhoor et al. showed the positive association between 
ARDS mortality and the presence of sepsis and cirrhosis. 
Compared to patients without sepsis and cirrhosis, patients 
with these conditions were more likely to die from ARDS 
[44]. In a retrospective study of 29 patients with end-
stage liver disease compared to 44 intensive care patients 
without ESLD, ARDS occurred in 23 of 29 patients 
(79%) with ESLD versus 3 of 44 patients (6.8%) without 
ESLD. Regardless of etiology and ventilatory support, 
ARDS was uniformly irreversible in all 23 ESLD patients. 
They also reported 93% mortality in 29 patients with end- 
stage liver disease who developed ARDS while waiting for 
liver transplantation.

A prospective multicenter study by Doyle et al. showed 
that underlying chronic liver disease was the second most 
significant adverse prognostic factor for survival in patients 
with acute lung injury. In their study, mortality from ALI in 
patients with chronic liver disease was higher (77%) com-
pared to ALI in patients without a diagnosis of chronic liver 
disease [28]. Montgomery and colleagues found that severe 
hepatic dysfunction appeared to be an indirect cause of death 
in patients with ARDS [37]. In a retrospective study of 24 
patients with ARDS, Schwartz and coworkers found that 
acute liver dysfunction was associated with increased mor-
tality [45]. Another study also found that underlying liver 
cirrhosis was independently associated with a very poor out-
come in patients with ARDS [46].

11 Respiratory Complications in Acute and Chronic Liver Disease
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11.2  Cause of Respiratory Failure: 
Hepatopulmonary Syndrome

11.2.1  Definition and Epidemiology

The term Hepatopulmonary syndrome (HPS) was coined by 
Kennedy and Knudson in 1977. It is characterized by the 
triad of impaired oxygenation, underlying liver disease and 
intravascular pulmonary vasodilatation (IPVD) (Table 11.2) 
[47, 48]. The prevalence of HPS ranges from 5% to 32% 
[49]. However, there are no prospective multicenter preva-
lence studies to date. HPS affects patients of all ages and is 
more common in whites than in Hispanics and African 
Americans [50].

11.2.2  Pathophysiology

The hallmark of HPS is increase in the number of pulmo-
nary precapillary and capillary vessels and increase in the 
diameter from a normal range of <8–15 μm to 15–100 μm 
[15, 48]. In addition, pleural and pulmonary arteriovenous 
malformations and portopulmonary venous anastomoses 
may also be seen although less common [15, 48]. The rapid 
or direct passage of mixed venous blood through these 
abnormal communications into the pulmonary veins leads 
to impaired oxygenation. The abnormal dilatation also 
results in true intrapulmonary vascular shunting, resulting 
in right-to-left shunts and diffusion-perfusion defect 
(described above). These abnormal communications which 
worsen VQ mismatch and shunt predominate in lung bases. 
This feature, coupled with impaired pulmonary vasocon-
striction to hypoxia leading to a relatively fixed pulmonary 
vascular tone unable to respond to gravitational changes, 
explains platypnea (dyspnea on standing) and orthodeoxia 
(fall in PaO2 by 5% or more or by 4 mmHg or more on 
standing).

Multiple mechanisms have been proposed to explain 
IPVD. Increased pulmonary production of nitric oxide plays 
an important role [51]. Animal studies have shown increased 
activity of endothelial nitric oxide synthase (eNOS) and 
inducible nitric oxide synthase (iNOS) in the pulmonary 
microcirculation [52]. Consistent with pulmonary 

 overproduction in HPS, nitric oxide levels are increased in 
exhaled air and normalize after liver transplantation [51]. 
Nitric oxide production also seems to be increased by endo-
thelin (ET)-1 mediated activation of eNOS. In HPS, there is 
increased hepatic production of ET-1 and increased expres-
sion of ET-B receptors in pulmonary vasculature [53, 54]. 
Bacterial translocation and endotoxemia also seem to play 
an important role in NO overproduction by causing pulmo-
nary accumulation of macrophages, which express iNOS 
[55, 56]. Experimental studies have also demonstrated a role 
for TNF- alpha in the genesis of HPS. In animal studies, 
pentoxyfylline prevented development of hyperdynamic cir-
culatory state and hepatopulmonary syndrome, probably by 
inhibiting the effects of tumor necrosis factor-alpha on vas-
cular nitric oxide synthase and intravascular macrophages 
[57, 58]. NO-mediated increased expression of heme oxy-
genase- 1 and carbon monoxide production, worsening the 
impaired pulmonary vasoconstriction, has also been 
described in HPS [59, 60]. In experimental models of HPS, 
an increase in pulmonary angiogenesis accompanied by 
activation of VEGF- A- associated angiogenic pathways has 
been described. Pentoxyfylline was shown to downregulate 
VEGF-A mediated pathways and decrease the angiogenesis 
(Box 11.1) [61].

11.2.2.1  Clinical Manifestations
There are no specific symptoms or signs for HPS. Dyspnea 
on exertion or at rest is the most common symptom and it 
usually presents after years of having liver disease. Platypnea 
and orthodeoxia are seen in about 25% of patients with 
HPS. The presence of spider nevi, cyanosis, digital clubbing, 
and severe hypoxia (PaO2 < 60 mmHg) strongly suggests 
HPS.

Patients with HPS may have marked hypoxia during 
sleep despite the presence of only mild to moderate day-
time hypoxia. Chest radiographs may be normal or may 
show bibasilar nodular or reticulonodular opacities to 
reflect pulmonary vascular abnormalities. The only pulmo-
nary  function test that is consistently reduced is diffusion 
capacity for carbon monoxide. However, this is not spe-
cific and may not normalize after liver transplantation 
(LT). HPS is classified based on A-a gradient and PaO2 
(Table 11.3).

Table 11.2 Triad of HPS

Clinical feature Definition

Impaired oxygenation A-a gradient ≥15 mmHg or 
PaO2 < 80 mmHg on room air

Liver disease Portal hypertension with or without cirrhosis
Abnormal pulmonary 
vascular dilatation

Positive findings on contrast-enhanced 
transthoracic echocardiography or abnormal 
uptake in the brain (>6%) with lung 
perfusion scan

Table 11.3 Classification of HPS

Severity
Room air PaO2 (mm Hg) with an A-a gradient 
≥15 mmHg

Mild ≥80
Moderate ≥60 to <80
Severe ≥50 to <60
Very Severe <50

<300 on 100% oxygen

V. Ramalingam et al.
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11.2.2.2  Diagnosing HPS
Diagnosis of HPS requires demonstration of impaired arte-
rial gas exchange and pulmonary vascular dilatation in the 
setting of underlying liver disease. Portal hypertension is not 
a prerequisite for diagnosis of HPS as impaired oxygenation 
due to pulmonary vascular dilatation can be seen in any acute 
or chronic liver disease. In patients with underlying lung dis-
ease, additional tests may be required to attribute the degree 
of hypoxia to HPS.

Contrast-enhanced transthoracic echocardiogram (CTTE) 
is the most sensitive test to detect IPVD. It is performed by 
injecting agitated saline intravenously during routine trans-
thoracic echocardiography. The microbubbles are usually 
absorbed in the alveoli and they do not pass through normal 
capillary diameter. In the presence of IPVD, these bubbles 
pass through abnormally dilated pulmonary vasculature and 
appear in the left atrium 3–6 cardiac cycles after injection. 
Although contrast-enhanced transesophageal echocardiogra-
phy may increase the sensitivity of detecting IPVD by 
directly detecting microbubbles emanating from the pulmo-
nary veins, it is more invasive and expensive and is not rou-
tinely needed.

Another method to demonstrate shunting is radionuclide 
lung perfusion scan with technetium-labeled macroaggre-
gated albumin (MAA) particles in which particles measuring 
20–50 μm in size are injected intravenously. They are caught 
in the pulmonary microvasculature of healthy individuals. In 
patients with HPS, they shunt through the abnormal pulmo-
nary vascular dilatation and are distributed in brain, kidneys, 
and spleen. Based on the quantitative distribution of these 
particles in the brain and lungs, degree of shunting can be 
calculated. Although the MAA scan is less sensitive than 
CTTE as it cannot distinguish between intracardiac and 
intrapulmonary shunting, it is helpful in assessing the contri-
bution of HPS to hypoxia in patients with intrinsic lung dis-
ease with severe hypoxia (PaO2 < 60 mmHg) [62]. An MAA 
shunt greater than 6% points to HPS as the major contributor 
to hypoxia. Another advantage of MAA scan is its utility in 
stratifying patients for postoperative mortality following 
LT. A large MAA shunt (>20%) detected in patients with 
very severe HPS has been associated with high mortality 
after LT [63].

Angiography is a more invasive test for the detection of 
IPVD, but is not clinically useful for diagnosing HPS. It may 
be considered to evaluate for percutaneous embolization of 
pulmonary arteriovenous malformations in the setting of 
severe hypoxia (PaO2 is <60 mmHg) [64].

11.2.3  Treatment

The only effective treatment is liver transplantation (OLTx) 
which can result in resolution of HPS or improvement in 

gas exchange. The 5-year survival rate of patients with 
HPS without OLTx is 23% compared to 76% post OLTx 
[65]. Pretransplantation PaO2 of less than 50 mmHg alone 
or in combination with a greater than 20% MAA shunt 
fraction is associated with 7.5-fold increase in posttrans-
plantion mortality rate compared to patients with less 
severe HPS [66–68]. Hence patients with PaO2 < 50 mmHg 
should be carefully considered for transplantation while 
PaO2 of 50–60 mmHg is a firm indication for transplanta-
tion [48, 69].

11.3  Hepatic Hydrothorax

Case 2
A 62-year gentleman with PMH significant for cirrhosis 
and portal hypertension is admitted with fever and 
abdominal pain for 2 days. Examination is significant for 
decreased breath sounds on right side and ascites. A bed-
side ultrasound of chest revealed a ~ 1000 mL right sided 
pleural effusion.

• What is the most common cause of pleural effusion in 
patients with cirrhosis?

• What are the diagnostic criteria for hepatic 
hydrothorax?

• Does this patient need a diagnostic thoracentesis to 
rule out infection despite a negative paracentesis?

Hepatic hydrothorax (HH) is a transudative pleural effusion, 
usually greater than 500 mL, seen in patients with portal 
hypertension in the absence of underlying pulmonary, car-
diac or pleural diseases.

11.3.1  Pathophysiology

The key mechanism of hepatic hydrothorax is the passage of 
ascitic fluid from peritoneal cavity to pleural space through 
small diaphragmatic defects called pleuroperitoneal commu-
nications. These communications, usually <1 cm in size, are 
predominantly seen on the right hemidiaphragm and is 
attributed to the right hemidiaphragm being more tendinous 
and less muscular than the left hemidiaphragm [70]. The 
right side is more tendinous because of the close anatomic 
relationship of the bare areas of the liver with the diaphragm 
[71–73]. This may explain the predominance of hepatic 
hydrothoraces on the right side. Due to poorly understood 
reasons, up to 20% of the population may have these defects. 
In patients with liver disease, the raised abdominal pressure 
secondary to ascites and the diaphragmatic thinning caused 
by malnutrition may also increase the gaps between dia-
phragmatic muscle fibers. The negative intrathoracic pres-

11 Respiratory Complications in Acute and Chronic Liver Disease
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sure during inspiration also contributes to the one-way flow 
of fluid from peritoneal cavity to the pleural space.

11.3.2  Clinical Manifestations and Diagnosis

Hepatic hydrothorax, the most common cause of pleural 
effusions in cirrhosis, is seen in approximately 5% to 10% of 
patients with cirrhosis [74, 75]. The presenting symptoms 
could be cough, dyspnea, chest discomfort depending on the 
amount of pleural effusion, rapidity of accumulation, and 
underlying pulmonary reserve. Chest x-rays reveal that HH 
is right-sided in 70% of cases, left-sided in 18%, and bilat-
eral in 12% [75]. It should always be suspected in a patient 
with liver disease and pleural effusion, typically right-sided 
effusion. Ascites is not required for diagnosis and up to 20% 
of patients with HH may not have clinically significant asci-
tes. Even in the absence of ascites, pleuroperitoneal commu-
nications can be demonstrated by the intraabdominal 
administration of 99mTc-human albumin or 99mTc-sulphur 
colloid and its detection in the pleural space [76, 77]. 
However, this is rarely used in the clinical setting. Chest 
radiography is used to detect the pleural effusion. 
Thoracentesis is required to identify the cause of pleural 
fluid accumulation, detect any infection and to provide 
symptomatic relief. The characteristic features of HH are 
listed in Box 11.2 [69, 73, 78, 79].

11.3.3  Treatment

The development of HH is a complication of advanced liver 
disease and patients with HH should be evaluated for liver 
transplantation. Dietary sodium restriction and diuretic 
agents are the first line treatment of HH. Fluid mobilization 
from the pleural cavity may be slower than from the perito-
neal cavity resulting in refractory HH in about 20% of 
patients [80].

Therapeutic thoracentesis is indicated in patients with 
symptomatic HH, and refractory HH. However, it is associ-
ated with increased risk of bleeding, infection, and protein 
loss. There is no data-supported limit to volume of fluid 
removal [81]. It has been shown that re-expansion pulmo-
nary edema is rare and independent of the amount of fluid 
removed. Large effusions can be drained safely in the 
absence of chest discomfort or if end-expiratory pleural pres-
sure remains below—20 cm H2O [82]. Alternative treat-
ments should be considered if a patient requires therapeutic 
thoracentesis once every 2–3 weeks despite optimum medi-
cal management. Chest tube placement is associated with 
increased risk of fluid depletion, protein loss, infection, poor 
wound healing, fluid depletion, and renal failure. Hence it 
should be avoided in the absence of empyema [83–85].

Transjugular intrahepatic portosystemic shunt (TIPS) 
is the standard of care treatment for refractory hydro-
thorax with response rates of 70%–80% [80, 86]. 
Contraindications to TIPS in HH include hepatic enceph-
alopathy, severe liver dysfunction, right heart failure, 
pulmonary hypertension, and complete portal vein throm-
bosis. Patients aged >60, with an elevated baseline creati-
nine, a MELD score >15, a Child Pugh score >10, and a 
poor response to TIPS have an increased mortality follow-
ing TIPS [80, 87, 88].

Video assisted thoracoscopic surgery with pleurodesis is 
reserved for patients with poor response to medical therapy 
and have either failed TIPS or are poor candidates for TIPS.

However, due to rapid reaccumulation of pleural fluid, 
pleurodesis is considered inferior to transjugular intrahepatic 
portosystemic shunt. Also, complications such as pleurocu-
taneous fistula, empyema, and death have been reported fol-
lowing VATS. Hence, VATS with pleurodesis is reserved as a 
palliative treatment.

There is a renewed interest about placement of a pleuro-
venous or peritoneovenous shunt in selected patients with 
refractory ascites. Harry H. LeVeen et al. introduced the 
method of performing continuous abdominal paracentesis 
called peritoneovenous shunting [89]. It involves recirculat-
ing the protein-rich ascitic fluid back into the central circu-
lation through a subcutaneous plastic cannula with a 
one-way pressure valve. In 1970, Kirsch et al. introduced 
the Denver shunt for peritoneovenous shunting in patients 
with abdominal and pleural cirrhotic ascites and is currently 
being used to treat both cirrhotic and malignant pleural effu-
sions and peritoneal ascites [90]. When the pressure gradi-
ent between the peritoneal or pleural space and the venous 
system falls below 3–5 cm H2O, the valves close and when 
the pressure gradient increases above 5 cm H2O, they open 
to facilitate continuous flow of fluid. The use of the Denver 
shunt has been limited by adverse events like shunt occlu-
sion, ascitic fluid leak and infection, bleeding, pneumotho-
rax, and pneumoperitoneum [91].

11.4  Spontaneous Bacterial Pleuritis

Spontaneous bacterial pleuritis (SBPL) or spontaneous bac-
terial empyema is an underdiagnosed pleural complication 
of cirrhosis. It is defined as spontaneous infection of hepatic 
hydrothorax in the absence of pneumonia.

11.4.1  Pathophysiology

Two mechanisms have been postulated to explain SBPL: (1) 
Translocation of infected peritoneal fluid to the pleural space 
via diaphragmatic defects. However, SBP is not a prerequi-

V. Ramalingam et al.



143

site for the diagnosis of SBPL as cases of SBPL have been 
reported in the absence of SBP. (2) Translocation of enteric 
microorganisms to the pleural space due to spontaneous bac-
teremia [72, 92, 93].

11.4.2  Clinical Manifestation and Diagnosis

The incidence ranges from 10% to 16% in cirrhotic patients 
with HH [92, 93]. A high level of suspicion is required to 
diagnose SBPL because patients may not always have fever, 
pleuritic chest pain and can present with worsening mental 
status, or renal function. Risk factors for developing SBPL 
include advanced liver disease, higher Child-Pugh score, 
low pleural fluid total protein (<1 mg/dL), and C3 levels 
[94]. The microorganisms most commonly involved are 
similar to SBP and include Enterobacteriaceae (Escherichia 
coli and Klebsiella pneumonia), Streptococcus species, and 
Enterococcus species. Nearly 40% of patients who develop 
SBPL do not have concomitant spontaneous bacterial peri-
tonitis (SBP) and hence it is important to perform thoracen-
tesis in patients with suspected infection and negative 
paracentesis [83].

The diagnosis needs a positive pleural fluid culture and a 
polymorphonuclear cell greater than.

250 cells/mm3 or a negative pleural fluid culture and a 
polymorphonuclear cell greater.

than 500 cells/mm3 in the absence of pneumonia or 
contiguous infection on chest imaging. The presence 
of pus in the pleural space is not required for diagnosis of 
SBPL [93, 94].

11.4.3  Treatment

Antibiotic therapy is similar to management of SBP with a 
third-generation cephalosporin. Prophylactic antibiotic ther-
apy should be initiated after an episode of SBPL. SBPL is 
associated with a mortality of 20% [69]. Chest tube place-
ment is contraindicated in the absence of empyema.

11.5  Mechanisms in Liver Disease 
Including Effect of Ascites, Low 
Thoraco-abdominal Compliance

Case 3
A 70 year old patient who has diagnosed cirrhosis of the 
liver from Hepatitis C, and previously needed weekly 
therapeutic paracentesis, comes to the emergency room 
with a distended abdomen which is tense to palpation, no 
fevers or chills. He has mild hepatic encephalopathy, dys-
pnea at rest, is using his accessory muscles of respiration. 

Has low blood pressure and tachycardia and on further 
evaluation had kidney injury.

• How is his increased abdominal pressure due to tense 
ascites, causing multi-organ failure?

The abdominal and thoracic compartments are connected to 
each other by anatomy and thus also physiology. In a clinical 
setting the thoracic compliance, consisting of the thoracic 
wall and the lungs are easy to interpret, but at times the 
abdominal compliance is overlooked. Understanding how 
intra-abdominal pressure affects abdominal visceral function 
and pulmonary mechanics is important for intensivists tak-
ing care of advanced liver disease patients in the ICU.

In liver disease patients, ascites is often present increasing 
intra-abdominal volume and intra-abdominal pressure [95]. 
This increase in pressure causes outward forces on the 
abdominal wall including the anterior abdominal wall, the 
diaphragm, and also compressive forces on the organs inside 
the abdominal cavity. The hollow organs, such as, the large 
and small intestine are able to absorb some of this pressure as 
they are filled with gas, and thus are more compressible 
when compared to the solid organs and blood vessels.

Accumulation of ascites in these patients is generally a 
gradual process, thus volume accumulated with milder 
increases in intra-abdominal pressure (IAP). However, when 
the volume exceeds the abdomen’s capacity to accommodate 
from either too much volume or a rapid accumulation, 
patients can develop tense ascites with an IAP significant 
enough to lead to abdominal compartment syndrome. In this 
scenario, increased IAP can compress the hollow organs and 
the intestinal blood supply. An IAP above 20 mmHg can 
decrease perfusion of the gut and increase chances of isch-
emic damage and translocation of bacteria [96–98]. Persistent 
increase in IAP can also decrease liver perfusion and thus 
liver function and also increase pressure in esophageal vari-
ces, if present, increasing chances of variceal bleeding [99]. 
Increased IAP can also decrease renal perfusion causing kid-
ney injury, in the patient’s whose kidneys are already at risk 
due to hepatorenal syndrome.

Increased IAP also affects the diaphragm and in return 
transmits pressures to the thoracic compartment [100]. 
Around 50% of the IAP is transmitted across the diaphragm, 
increasing the intra-thoracic pressure [101] as the IAV 
pushes the diaphragm upwards, the lungs cannot expand as 
they usually would and the tidal volume decreases, and if 
the patient would need increased ventilation, the accessory 
muscles of respiration would be activated earlier than in a 
patient who didn’t have ascites. Compressive atelectasis and 
decreased tidal volumes can lead to hypercapnia and 
hypoxia. When these patients are on invasive mechanical 
ventilation due to the IAP transmitted to the thoracic cavity 
they have higher peak and plateau pressures. These increased 
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pressures can be challenging to set ventilator a mode to, to 
keep up with ventilation and oxygenation, particularly if 
this increase in pressures is mistaken for signs of ARDS. If 
mistaken for ARDS when it is not present, this may lead to 
high PEEP strategies, which may prevent ARDS, but the 
higher PEEP may in return increase the IAP, as intra tho-
racic pressure rises are also transmitted to the abdominal 
compartment [102].

When providing respiratory support, NIPPV should be 
used in a closely monitored setting, keeping in mind that 
liver disease patients are prone to developing encephalopa-
thy when critically ill and once indicated, intubation and 
mechanical ventilation should not be delayed. At this time 
there are no guidelines as to which ventilator modes are bet-
ter for liver disease patients with increased IAP, but attention 
should be given to keeping plateau pressures, in a range, 
which will not drastically increase intra-abdominal pres-
sures, while reaching adequate ventilation and oxygenation.

In extreme cases the IVC can be partially compressed 
causes decreased systemic venous return and thus decreased 
RV output. When compounded with high pulmonary artery 
pressures in the case of porto-pulmonary hypertension the 
cardiac output can significantly reduce [101, 103]. In the 
most severe cases of increased IAP, the intra thoracic pres-
sure may raise enough to impede cranial venous drainage via 
the internal jugular veins. In patients with increased intracra-
nial pressure due to cerebral edema, as seen with severe 
hepatic encephalopathy, this reduced drainage may be detri-
mental to the patient [104].

Most surgical methods of measuring intra-abdominal 
pressures are limited to research and the clinically accepted 
gold standard is measurement of bladder pressure. A normal 
bladder pressure is 0–5 mmHg, and in critically ill patients a 
bladder pressure is 5–7 mmHg is common [105]. When the 
bladder pressure increases above 12 mmHg, the pathologic 
effects of IAP, can be seen. One must keep in mind that IAP 
due to ascites is a gradual process, and thus the complica-
tions mentioned above are present in the more advanced 
cases, when compared to other causes like pancreatitis or 
abdominal trauma, in which IAP rises quickly [106].

In ascites the increased IAP due to increased intra- 
abdominal volume from the ascites fluid. There seems to be 
a linear relationship with the ascites volume and IAP as long 
as the abdominal wall compliance remains the same. 
Paracentesis to remove large volumes decreases IAP and 
also can show immediate improvement in dyspnea and lung 
mechanics [107]. Large volume paracentesis should be tar-
geted keeping in mind the risk of hemodynamic compromise 
and replacing intravascular volume with albumin as 
indicated.

Other more basic strategies which could be used are naso-
gastric stomach decompression, and to avoid large volume 
resuscitations to control the rise in IAP. Keeping the head of 

the bed at 30 degrees is standard practice and a higher angle 
such as 45 degrees may compress the abdominal cavity 
increasing the IAP [108]. Prone positioning, compressive 
abdominal dressings should be avoided as they reduce 
abdominal compliance. Sedation and when needed neuro-
muscular blockers can be used if the patient’s respiratory 
efforts, and patient-ventilator desynchrony are contributing 
to the increased IAP [109].

11.5.1  Mechanical Ventilation in Liver Disease

As acute liver failure or chronic liver disease patient’s get 
admitted to the ICU many undergo respiratory failure. Many 
need intubation and mechanical ventilation for airway pro-
tection due to encephalopathy, in this setting up adequate 
ventilation strategies does not seem to be a challenge. Liver 
disease patients who undergo intubation and mechanical 
ventilation have a high one year mortality, reaching up to 
more than 80% according to some reports [110, 111]. It is the 
patients who need mechanical ventilation due to ARDS, 
pneumonias, volume overload or transfusion reactions, 
which are more difficult to oxygenate and ventilate.

The intensivist has many modes to use at his or her dis-
posal, including the conventional AC volume control or 
pressure control modes and many others including the 
APRV and proportional assist modes. Most of the trials 
done in the past excluded advanced liver disease patients 
thus there is a paucity of data specific to the liver disease 
patients. There is no data to help mechanical ventilation 
strategies for hepato- pulmonary syndrome or for porto-
pulmonary hypertension.

Extrapolating from the data available for the general adult 
population, in patients with ARDS and liver disease, low 
tidal volumes below 6 ml/kg should be used to prevent volu-
trauma, along with a cautious increase in PEEP to minimize 
alveolar collapse but at the same time being mindful it may 
increase intra-abdominal pressure [112, 113]. In this patient 
population where liver disease is associated with metabolic 
acidosis from kidney injury and lactic acidosis, permissive 
hypercapnea may be a challenge while keeping the PH in an 
acceptable range [114].

Patients with liver disease, when in a compensated state, 
function at higher respiratory rate and minute ventilation, 
resulting chronic respiratory alkalosis [48]. Tidal breath-
ing may be compromised when large pleural effusions are 
present and restricting lung expansion. This may result in 
respiratory failure or difficulty in mechanical ventilation. 
In these cases, therapeutic thoracentesis should be consid-
ered. At times when intra-abdominal pressure is increased 
and leading to respiratory failure, measures should be 
used to decrease IAV and thus IAP, including therapeutic 
paracentesis.
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Just like in any other intubated patient, sedation should be 
tailored to the patient’s needs. Altered pharmacokinetics and 
pharmacodynamics should be taken into account in liver dis-
ease patients, when choosing analgesic and sedative agents, 
to avoid over sedation and prolonged intubation and thus 
reducing overuse of resources and ventilator associated 
pneumonias [115–118]. Further studies are needed to formu-
late an optimal approach to mechanical ventilation in the 
liver disease patients.

NIPPV has been studied in patients with COPD and CHF, 
but not specifically in liver disease patients. It can be used in 
in post liver transplant patients with mild respiratory failure 
with CHF or COPD, [119, 120] but alerted mental status is 
always a concern in advanced liver disease. If used NIPPV 
should be used with caution and intubation and mechanical 
ventilation should not be delayed, if it is indicated.

11.6  Portopulmonary Hypertension

Case 4
A 45 year old male with a history of autoimmune hepati-
tis related cirrhosis complains of dyspnea and lighthead-
edness at rest. Since he was diagnosed with cirrhosis he 
has been compliant with his medications and also his 
diuretics and never needed paracentesis. Now he gets 
short of breath after walking across the hall, and his wife 
says his face becomes pale when he exerts himself. He 
also has developed pedal edema. He has no wheezing and 
no coughing but sometimes gets dull achy chest pain on 
exertion. His chest X-ray reveals large pulmonary vessels 
without pulmonary edema. He was about to get referred 
to the liver transplant clinic after his last visit with his 
general Hematologist.

• What could be the etiology of his dyspnea, and what 
work up should be initiated? How may this change his 
chances of getting a liver transplant?

Portopulmonary hypertension (POPH)was first described 
by Mantz and Craige in 1951 [121]. Autopsy revealed inti-
mal thickening of medium and large pulmonary arteries 
and endothelial proliferation of terminal pulmonary arteri-
oles. POPH is defined as elevation of pulmonary artery 
pressure due to increased pulmonary vascular resistance in 
the setting of portal hypertension. It is hemodynamically 
described as mean pulmonary artery pressure of >25 mmHg, 
pulmonary artery occlusion pressure of <15 mmHg, and 
pulmonary vascular resistance of >240 dyn/s/cm−5. While 
the patient must have portal hypertension, he/she may or 
may not have advanced liver disease. POPH is included in-
group I of the 2013 Nice classification of pulmonary hyper-
tension [122].

11.6.1  Epidemiology

When evaluating dyspnea or signs of heart failure in a patient 
with portal hypertension pulmonary hypertension should be 
considered. A large autopsy study showed that pulmonary 
hypertension (PH) was 5 times more likely in cirrhotic 
patients than those without liver disease. PH occurred with a 
prevalence of 0.13% in all patients, but with a prevalence of 
0.73% among patients with cirrhosis [123]. In a study of 
1235 patients, 66 patients (5.3%) were found to have POPH 
[124]. In a prospective hemodynamic study of 507 patients 
with portal hypertension, 2% were found to have POPH 
[125]. In another prospective study of 165 patients, POPH 
was diagnosed in 10 patients (6.1%) [126]. POPH was diag-
nosed in 5.3% of the cases (174 of 3525) in The Registry to 
Evaluate Early And Long-term Pulmonary Arterial 
Hypertension Disease Management (REVEAL registry) 
[127]. In a retrospective analysis of all patients referred to a 
French Referral Center for pulmonary arterial hypertension 
with the diagnosis of PoPH between 1984 and 2004, 154 
patients (10.4%) were diagnosed with POPH [128].

11.6.2  Clinical Manifestations

The symptoms and signs of POPH are similar to those in 
other types of pulmonary arterial hypertension and depend 
on the severity of right ventricular failure. Dyspnea on exer-
tion is the most common presenting symptom in more than 
80% of patients [129]. As the disease progresses, patients 
can present with fatigue, chest pain due to right ventricular 
ischemia, and dyspnea at rest. POPH, like PH, when mild 
may be elusive to prompt diagnosis and can be mistaken for 
other processes. Mild POPH may also be difficult to diag-
nose unless there is a high suspicion in this particular patient 
population. A loud pulmonary component of the second 
heart sound, a left parasternal heave, jugular venous 
 distention, along with other signs of right heart failure may 
be noticed as the disease progresses [130, 131].

11.6.3  Pathogenesis

The exact etiology of POPH is unclear and remains to be 
determined. Several processes have been proposed and it is 
possible that the etiology is multifactorial. Persistent high 
vascular pressures with vascular endothelial stress has 
been proposed as an etiology. The systemic vascular resis-
tance is low and to maintain adequate perfusion the cardiac 
output is increased this causing more blood flow through 
the pulmonary vasculature [132–135]. This added stress 
causes damage to the vascular wall and may cause changes 
seen in POPH.
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Increased splanchnic blood flow and porto-systemic 
shunts may result in exposing the pulmonary system to 
blood that has bypassed the liver and its metabolic func-
tions. This exposes the lungs to substances like ET-1, 
Interleukin 1 and 6, VIP, Glucagon, serotonin [136], throm-
boxane 21 and various other substances and toxins for the 
GI flora. Liver specimens obtained from 62 cirrhotic patients 
at the time of liver transplantation showed higher levels of 
ET-1 compared to controls. ET-1, a potent systemic and pul-
monary vasoconstrictor also aggravates portal hypertension 
by increasing the hepatic stellate cell contraction and sinu-
soidal tone. Studies have shown elevated systemic and 
splanchnic ET-1 levels in patients with cirrhosis and POPH 
compared to cirrhotic patients without POPH. Prostacyclin, 
a potent vasodilator and inhibitor of platelet adhesion and 
cell growth, and is also decreased in patients with POPH 
due to deficiency of endothelial prostacyclin synthase in 
lung parenchyma. The role of ET-1 and prostacyclin in 
POPH is also supported by the therapeutic role of ET-1 
antagonists and prostacyclin analogues in POPH. These fac-
tors, and possibly other yet undiscovered mechanisms cause 
characteristic pulmonary vascular pathology indistinguish-
able from other phenotypes of PAH [137, 138].

11.6.4  Diagnosis

Transthoracic echocardiography remains as a good start of a 
work up for suspected POPH, as in other forms of PAH, a 
right ventricular systolic pressure above 30–50 mmHg is con-
cerning for PH. With structural signs of RV pressure overload 
such as a D shaped ventricular septum, RA and RV deliration 
decreased TAPSE; when present increase the likely hood of 
PH being present even at pressures close to 30 mmHg. Data 
is available that a RVSP cut off of 38 mmHg had an accept-
able sensitivity and a specificity of 82%, along with a PPV of 
22%. If RV dilatation was added to this variable, then the 
sensitivity remained acceptable, and the specificity and PPV 
improved to 92% and 41% respectively [139, 140].

An echocardiography cannot report a LVEDP/PCWP or 
PVR thus a right heart catheterization remains important in 
diagnosis POPH and in differentiating POPH, hyper dynamic 
state due to liver disease with a low to normal PVR, and vol-
ume overload. When the mPAP is above 25 mmHg, with a 
low PCWP (below 15 mmHg), and the PVR is above 
240dynes/s/cm5, then in the right clinical setting the diagno-
sis of POPH can be made and it is presumed that the patho-
logical changes of PAH are present in the pulmonary arterial 
system. If the PVR is below 240 dynes/s/cm5, even with a 
low PCWP and an elevated mPAP of above 25 mmHg, it is 
presumed that the PAH pathology is not present, the elevated 
mPAP in this case is related to the hyperdymanic state pres-
ent in the liver disease (causing a higher blood flow though 

the pulmonary vasculature) and not due to pulmonary arte-
rial remodeling typical in PoPH and other PAH patients [48, 
141–143]. If the RHC shows an elevated PCWP along with 
an elevated mPAP (and a normal trans pulmonary gradient) 
then the diagnosis of pulmonary venous congestion can be 
made just as in other forms of WHO Group II PH.

11.6.5  Treatment

The goals of therapy in this patient population include symp-
tomatic relief, improvement in exercise capacity, prolong 
survival and in a select group of patients facilitate liver trans-
plantation. Based on data extrapolated from the general PAH 
population supplemental oxygen is universally used to pre-
vent hypoxia [142], and diuretics are used to manage the 
overall volume status and also off load a dilated RV, specific 
to POPH these patients may already be on diuretics includ-
ing Lasix and aldosterone to treat ascites. Volume status 
management in these patients can be challenging as they are 
also have decreased venous return and are prone to pre-renal 
azotemia along with hepato-renal syndrome.

While calcium channel blockers are reserved for a small 
group of IPAH patients who have a positive vasoreactivity 
test, in POPH they are contraindicated as they may cause 
splanchnic vasodilation worsen portal hypertension [144]. 
Beta blockers are used as prophylaxis for variceal hemor-
rhage, but at times is avoided them as they do have a negative 
chronotropic and inotropic affect, which may further 
decrease cardiac output and make the RV failure worse 
[145]. If atrial fibrillation is present and rate control is war-
ranted digoxin should be considered, although dosing diffi-
culties may arise given the changing renal function in these 
patients. When these patients have identified chronic pulmo-
nary embolisms, it becomes difficult to pin point if the PAH 
is being caused by CTEPH or POPH. If anticoagulation is 
needed for proven chronic PEs then the anticoagulant should 
be chosen based on the patient’s individual’s characteristics 
such as his/her baseline INR.

Identifying the correct patient for treating with PH specific 
therapy is extremely important just like other forms of pulmo-
nary hypertension, if pulmonary vasodilators are given to the 
incorrect patient they may be of no benefit, and along with 
large financial cost to the patient at times may also cause 
worsening of symptoms. In a patient with an elevated mPAP, 
a normal PCWP and also a normal PVR (below 240 dynes/s/
cm5), pulmonary vasodilators should not be used as the PH 
here is related to elevated CO caused by the liver disease and 
not due to pathology of the pulmonary arterial vasculature.

Patients with an elevated mPAP, normal PCWP and an 
elevated PVR (above 240dynes/s/cm5) are candidates for 
PoPH specific therapies. POPH is not a direct indication to 
liver transplantation, pulmonary vasodilators can be used as 
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a definitive therapy to treat the POPH, or also as a bridge to 
transplantation. Prostanoids in the IV form, inhaled form or 
subcutaneous form [146–148] (epoprostanil, inhaled 
Ilioprost), endothelin receptor antagonists [149] (ERAs—
Bosentan, Ambrisentan) and PDE5i [150] (Sildenafil, 
Tadalafil) have all been studied in the past with good out-
comes. Of note ERAs, especially Bosentan can cause liver 
toxicity, and when used patients require close monitoring of 
their LFTs. The newer ERA Macitentnan is reported to result 
in less elevation in LFTs.

These agents along with newer ones approved to treat PH 
are available to be used alone or in combination. The agents 
should be chosen based on the individual’s disease severity, 
and ability to tolerate side effects, with the IV prostanoids 
reserved for the more severe disease. For WHO Functional 
class I–III patients oral or inhaled medications are suggested, 
either starting off with one agent or adding others as symp-
toms progress or they are started in combination. WHO 
Group III–IV patients along with oral and inhaled medica-
tions, IV or Subcutaneous prostanoids should be considered, 
keeping in mind the burden of care the patient has to direct 
towards these continuous treatments. Recently Selexipag 
[151] and oral prostanoid was approved in USA for use in 
WHO group I patients. If was tested mostly in patients with 
WHO functional class II-III patients. Although it is labeled 
to be used for all WHO Gorup I PAH which includes POPH, 
the studies using Selexipag so far have included idiopathic 
PAH and PAH related to connective tissue disease. It has not 
been tested in POPH.

The success rates for liver transplant in patient with mPAP 
between 25 mmHg and 35 mmHg have been excellent. A 
mPAP >45 mmHg and PVR > 400 dynes/s/cm − 5 are abso-
lute contraindications for LT, even with a mPAP >35 mmHg 
the peri-transplant mortality can be up to 50% [152]. In these 
patients, pulmonary vasodilators should be used to bring the 
mPAP below 35 mmHg, ideally even lower, and to bring the 
PVR ideally below 250 dynes/s/cm − 5 before LT is attempted.

To accommodate patients with a mPAP 35 mmHg 
−45 mmHg in the liver transplant list a MELD exception 
was added in to the liver transplant scoring system. The sys-
tem is detailed below [153].

 (a) The post PH specific treatment mean pulmonary artery 
pressure is below 35 mmHg or,

 (b) Pulmonary vascular resistance reduces to below 
400 dynes/s/cm—5 regardless of mPAP and, satisfactory 
RV function by TTE (e.g. improvement in RV dilation 
and function).

If the above mentioned criteria are met then MELD 
exception score of a 22 is allocated to the patient with a 10% 
increase every 3 months, as long as mPAP remains below 
35 mmHg as confirmed by repeat heart catheterization.

All PoPH patients should be referred to an experienced 
high volume center for pulmonary vasodilator therapy, and 
LT should be undertaken where invasive, intra-operative car-
diac monitoring is possible with an experienced multidisci-
plinary team.

When POPH patients decompensate with respiratory or 
hemodynamic failure from processes such as sepsis, GI 
bleeding or with just progression of the disease they should 
be cared for in well-equipped and experienced intensive 
care units. Like in other forms of PAH, hypotension in 
POPH patients does not always mean they will respond to 
intravascular volume expansion, and often IV fluids resus-
citation may even worsen the RV function. Case by case 
assessment at times with the help of invasive monitoring 
like the PA catheters along with other noninvasive evolu-
tion like the echocardiogram are necessary to direct ade-
quate volume, presser and inotrope requirements in these 
patients.

Box 11.1 Mechanisms of IPVD seen in HPS

 1. Pulmonary NO overproduction—mediated by
• Increased activity of eNOS and iNOS.
• Increased expression of ET-B receptors in pul-

monary vasculature.
• Hepatic overproduction of Endothelin-1.
• Pulmonary accumulation of macrophages 

induced by bacterial translocation and 
endotoxemia.

• TNF-alpha.
 2. Increased expression of Hemoxygenase and 

increase CO production
 3. Activation of VEGF-associated signaling pathways 

and increased pulmonary angiogenesis.

Box 11.2 Characteristic features of uncomplicated 

hepatic hydrothorax

• Polymorphonuclear cell count <250 cells/mm3

• Total protein concentration < 2.5 g/dL
• Total protein pleural fluid to serum ratio < 0.5
• Lactate dehydrogenase pleural fluid to serum 

ratio < 0.6
• Serum to pleural fluid albumin gradient >1.1 g/dL
• Pleural fluid amylase concentration < serum amy-

lase concentration
• Pleural fluid bilirubin/serum bilirubin <0.6
• Pleural fluid glucose level similar to that of serum 

level
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11.7  Questions

 1. Which of the following is not a common mechanism of 
hypoxia in patients with liver disease?
 a. Ventilation-perfusion mismatch
 b. Diffusion impairment
 c. Shunting
 d. Alveolar hypoventilation

 2. Which mediator is primarily responsible for intrapulmo-
nary vascular dilatations seen in HPS?

 3. What is the most sensitive test to detect IPVD in HPS?
 4. What is the only effective treatment that result in resolu-

tion of HPS or improvement in gas exchange?
 5. What is the treatment of choice for spontaneous bacterial 

pleuritis?
 6. A patient with underlying cirrhosis and portal hyperten-

sion complains of worsening SOB for about 3 months. 
Patient undergoes right heart catheterization which shows 
the following data. Three different scenarios are listed 
below. Please choose the appropriate diagnosis based on 
the RHC data:

mPAP (normal  
< 25 mmHg)

PVR (normal 
<240dynes/s/
cm5)

PCWP (normal  
< 15 mmHg) Diagnosis

35 300 10
30 180 8
30 220 20

 a. Portpulmonary hypertension
 b. Hyperdynamic state associated with liver disease
 c. Volume overload

 7. An IAP above ___ mmHg can decrease perfusion of the 
gut and increase chances of ischemic damage and translo-
cation of bacteria.
 a. 5
 b. 10
 c. 15
 d. 20
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Abstract

Acute Kidney Injury (AKI) is common complication of acute and chronic liver disease. 
Hepatorenal syndrome is a severe consequence of advanced cirrhosis and occurs due to 
intense renal vasoconstriction causing a reduction in renal perfusion and glomerular 
filtration. The evaluation of renal dysfunction in cirrhosis is challenging because of the poor 
correlation of commonly used indices of kidney function to glomerular filtration rate. Novel 
biomarkers hold promise for the early diagnosis and prognosis of acute kidney injury in 
cirrhosis but are yet in clinical use. Therapies for acute kidney injury include vasoconstrictors, 
albumin and liver transplantation. Renal replacement therapy should be used as a bridge to 
liver transplant.
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12.1  Introduction

Renal failure or acute kidney injury (AKI) is a common 
complication of acute and chronic liver disease, especially 
those with acute on chronic liver failure (ACLF), occurring 
in up to 50% of hospitalized patients with cirrhosis [1–5]. 
The high incidence of AKI is polyfactorial, due to the 
 combination of arterial vasodilation with increased intra-
renal vasoconstriction and impaired renal auto regulation 
which predisposes to renal dysfunction, and a number of 
precipitating factors related to cirrhosis, typically bacterial 
infections and gastrointestinal bleeding [6–8]. There is cur-
rently no specific blood or urine biomarker that can reliably 
identify the cause of AKI in cirrhotic patients. Traditional 
diagnostic criteria focused particular attention to hepatore-
nal syndrome (HRS) and its physiology of renal vasocon-
striction and sphlanchnic vasodilatation [9] with criteria 
based on elevation in serum creatinine (sCr) > 50% over 
baseline with value >133 μmol/L (1.5 mg/dL). Irreversibility 
of HRS has been shown to have a deleterious impact on 
mortality [10]. However, subsequent studies have ques-
tioned these criteria as narrow and require a broader look at 
other causes of AKI in liver disease [5].

12.1.1  Epidemiology

Classification of renal dysfunction in cirrhotic patients can be 
based on acuity of presentation (acute, chronic or acute on 
chronic) however the majority of cirrhotic patients (~70%) 
have AKI without structural changes [11]. Causes of AKI 
include hypovolemia/prerenal azotemia, intrinsic renal/paren-
chymal disorders (acute tubular necrosis/ATN, nephrotoxicity, 
interstitial nephritis, glomerulonephritis/nephropathy), 
obstructive nephropathy and hepatorenal syndrome [12].

12.1.2  Hepatorenal Syndrome

Hepatorenal syndrome (HRS) is a severe complication of 
advanced cirrhosis. Its clinical manifestations are related to 
derangements in renal, hepatic and the systemic circulation. 
HRS is a consequence of intense renal vasoconstriction lead-
ing to a reduction in renal perfusion and glomerular filtration. 
Renal excretion of sodium and free water is also impaired 
without histological changes. HRS has been described in two 
different clinical patterns, according to intensity and timing. 
Traditionally, Type 1 HRS increasingly represents the severe 
end of the spectrum of renal failure in cirrhosis. It is character-
ized by rapidly progressive renal failure with oliguria. It is 
defined as a doubling of the serum creatinine level to >2.5 mg/
dL or a 50% reduction in 24-h creatinine clearance to a level 
<20 mL/min in less than 2 weeks. Type II HRS progresses 
slowly and represents a less severe deterioration in renal func-

tion that may remain stable for extended periods of time. Type 
II HRS is typically associated with refractory ascites. This is 
the result of sodium retention, reduced glomerular filtration 
and marked stimulation of the renin-angiotensin system. 
Recently, the International Ascites Club (ICA) in 2011 revised 
traditional criteria to define HRS type acute kidney injury 
(HRS-AKI) as including diagnosis of cirrhosis with ascites, 
increase in sCr by 50% with final sCr value >133 μmol/L 
(1.5 mg/dL), no response to diuretic withdrawal/plasma 
expansion with albumin 1 g/kg per body weight, absence of 
shock, absence of nephrotoxins (NSAIDS, iodinated contrast) 
and an absence of macroscopic signs of structural kidney dis-
ease [13].

12.1.3  Circulatory Dysfunction and HRS

HRS is derived primarily from circulatory failure. According 
to the peripheral vasodilatation model, in cirrhosis the 
decrease in splanchnic and systemic arterial vascular resis-
tance is likely related to increased expression of endothelial 
nitric oxide synthase and the concentration of nitric oxide and 
its metabolites in the splanchnic as well as systemic circula-
tion [14]. In contrast, the production of nitric oxide in the 
intrahepatic circulation is reduced, exacerbating portal hyper-
tension. The resultant decreased mean arterial pressure (MAP) 
and low total systemic vascular resistance is offset initially in 
compensated cirrhosis by an increase in cardiac output. In 
contrast to splanchnic blood flow, other vascular beds such as 
the cerebral, renal and hepatic beds demonstrate an increase in 
resistance. The kidneys are initially able to compensate by 
increasing production renal prostaglandins, resulting in renal 
vasodilation and preservation of renal perfusion and function. 
When cardiac output can no longer compensate, hypovolemia 
occurs with subsequent activation of the renin-angiotensin, 
vasopressin and sympathetic nervous systems. In particular, 
angiotensin II plays a central role in stimulating renal vaso-
constriction while increasing release of aldosterone, leading to 
increased sodium retention and ascites. As hepatic failure pro-
gresses and splanchnic vasodilation predominates, the height-
ened effects of potent renal vasoconstrictors (angiotensin II, 
endothelin, norepinephrine and arginine-vasopressin) override 
the effect of local renal prostaglandins. This imbalance even-
tually results in HRS [15].

HRS may occur spontaneously with worsening liver func-
tion, or secondary to a precipitating event, such as spontane-
ous bacterial peritonitis (SBP). Approximately one third of 
patients with SBP develop renal impairment in the absence of 
nephrotoxic antibiotics and shock. For some of these patients, 
renal impairment is reversible with appropriate antimicrobial 
therapy but for the majority it is not. Other precipitating 
causes include large volume therapeutic paracentesis without 
albumin replacement, diuretic use in refractory ascites and 
gastrointestinal bleeding (especially with shock) [2].
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12.1.4  Pathophysiology of AKI in Cirrhosis: 
Inflammation?

While several publications have made reference to dysregu-
lation of the renin-angiotensin system, sympathetic nervous 
system and antidiuretic hormone production in the develop-
ment of AKI and cirrhosis, inflammation in the presence or 
absence of infection plays a prominent role. Cirrhotic 
patients are at high risk of bacterial translocation leading to 
increased circulating levels of lipopolysaccharide-binding 
protein, increasing production of tumor-necrosis factor alpha 
which exacerbates splanchnic vasodilation. Other important 
immunological factors triggered by hepatic injury include 
release of damage associated molecular patter (DAMP) com-
pounds including high mobility group box-one (HMGB-1). 
This DAMP interacts through toll-like receptors (TLR) 2 and 
4 causing subsequent renal tubule injury [16, 17].

12.1.5  Assessment of Renal Dysfunction

Evaluation of renal function in patients with cirrhosis 
remains a challenging problem. Serum creatinine (sCr) 
remains the most commonly used clinical index of kidney 
function however it is influenced by a variety of factors 
including age, muscle mass, gender and ethnicity. In liver 
cirrhosis sCr overestimates renal function due to decreased 
creatine production by the liver, protein calorie malnutri-
tion, and muscle wasting, thus, a sCr within the normal 
range does not exclude significant renal impairment. In 
addition, sCr values may vary widely in patients with ascites 
because of dilutional changes in volume status after para-
centesis and with the use of diuretics. High serum bilirubin 
levels may affect the assays used for measurement of sCr 
resulting in falsely low serum creatinine concentrations. 
Glomerular filtration rate (GFR) is considered the best esti-
mate of renal function although there is no universally 
accepted gold standard for measurement of GFR. GFR can 
be measured by creatinine clearance with timed urinary col-
lection and determination of urinary and serum creatinine 
concentration. However, in addition to inherent limitations 
related to inaccurate or incomplete urine collection, 
increased tubular secretions of creatinine may bias creati-
nine clearance as GFR declines in cirrhosis [18, 19]. In 
patients with cirrhosis, creatinine clearance tends to overes-
timate true GFR. The Modified Diet in Renal Disease 
(MDRD) [20] equations are widely used to estimate GFR in 
the general population but MDRD-4 consistently overesti-
mate GFR in cirrhotic patients [21, 22]. Among creatinine-
based equations, it has been shown that MDRD-6 is the 
most accurate in cirrhosis [23]. However, in contrast to 
MDR-4, MDRD-6 may underestimate true GFR, discor-
dances being more pronounced in old patients and patients 
with low serum sodium. Other indirect markers of renal 

function such as Cystatin C are available however; they are 
costly, not widely available and recent studies have shown 
that like SCr, cystatin C is affected by muscle mass and liver 
disease and overestimates renal function in patients with cir-
rhosis [24, 25]. Equations based on cystatin C, with or with-
out creatinine, may be superior to creatinine-based eq. [26, 
27]. Again, the performance of current cystatin C-based 
equations (i.e., CKD-EPI creatinine- cystatin C equation) in 
patients with cirrhosis is in inferior to that observed in the 
general population. In more than 20% of cirrhotic patients, 
a discordance of more than 30% is observed between cys-
tatin C-based equations and true GFR [26].

The clearance of exogenous markers such as iothalamate, 
inulin or radioisotopes, are the most accurate methods of GFR 
assessment (see Table 12.1). However, they are not routinely 
used in clinical practice, for reasons of cost, convenience and 
availability. Despite these limitations, direct measurement of 
GFR with exogenous markers should be an absolute prerequi-
site for making a decision for combined liver and kidney trans-
plantation rather than liver transplantation alone.

12.1.6  AKI in Patients with Liver Disease: 
Definitions

In 2004, the Acute Dialysis Quality Initiative (ADQI) 
Workgroup developed a consensus definition and classifica-
tion for AKI known as the RIFLE criteria, which stratified 
acute renal dysfunction into grades of increasing severity 
based on changes in serum creatinine and/or urine output 
[28]. Subsequently, the Acute Kidney Injury Network 
(AKIN), proposed to broaden the definition of AKI to include 
an absolute increase in serum creatinine of ≥0.3 mg/dL 
(26 μmol/L) when documented to occur within 48 h [29]. 
Once AKI is established, a staging system then defines the 
severity of the AKI. These criteria were then adopted by the 
international multidisciplinary Kidney Disease Improving 
Global Outcomes (KDIGO) in their 2012 clinical practice 
guideline [30] (see Table 12.2). In 2010, the ADQI work-
group along with several members of the International Ascites 
Club (IAC) recommended adaptation of the modified RIFLE 
criteria to define AKI in patients with cirrhosis instead of the 
traditional definition using a fixed serum creatinine (SCr) cut 
off value of greater than 1.5 mg/dL [13, 31]. These criteria are 
irrespective of whether the presumed cause of the acute dete-
rioration in renal function is related to a functional or struc-
tural disorder. As such, hepatorenal syndrome (HRS) type 1 
was categorized as a specific type of AKI while HRS type 2 a 
form of acute on CKD and the term hepatorenal disorders 
(HRD), was proposed to encompass the full range of condi-
tions where liver and kidney disease coexist. Since then, the 
use of AKIN criteria in predicting mortality has been vali-
dated in several studies of hospitalized patients with cirrhosis 
including those in the intensive care units [2, 3, 32, 33].
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12.1.7  AKI in Cirrhosis: Novel Biomarkers

Given the limitations of calculating GFR with current avail-
able laboratory tests and techniques, other novel renal bio-
markers have recently been investigated to not only diagnose 
AKI earlier and more accurately but potentially also to shed 
light on etiology (i.e. differentiating ATN vs. HRS-AKI). 
There are several urinary biomarkers associated with tubular 
damage. Neutrophil gelatinase-associated lipocalin (NGAL), 
interleukin-18, Kidney-injury molecule-1 (KIM-1) and liver 
type fatty acid binding protein (L-FABP) are associated with 
renal tubular injury. In a recent study of 110 cirrhotic patients 
with AKI who were retrospectively identified as having prer-
enal azotemia, HRS or ATN, NGAL, KIM-1, IL-17 and 
L-FABP were significantly higher in patients with ATN than 
HRS/prerenal azotemia [34]. This suggests that these tubular 
biomarkers may identify patients who are less likely to bene-
fit from volume resuscitation and vasopressor therapy, 
although one caveat is urinary tract infection may confound 
NGAL levels [35].

Renal biomarkers predictive of recovery from AKI fol-
lowing liver transplantation could enhance decision algo-
rithms regarding the need for liver-kidney transplantation 

or renal sparing regimens. Levitsky et al. recently pub-
lished a pilot study of 16 patients, which showed that 
plasma proteins osteopontin, NGAL, Cystatin-C, TFF3, 
TIMP-1, β-2- microglobulin were higher in patients with 
reversible AKI post-LT compared in patients without AKI 
(p < 0.05). Furthermore in a validation set of 46 patients, 
osteopontin and TIMP-1 were significantly higher in 
patients with reversible AKI post-LT than in irreversible 
AKI post-LT [36].

12.1.8  Therapies: Hepatorenal Syndrome

While liver transplantation (LT) is the only definitive treat-
ment for HRS, it is clear that patients with renal failure at the 
time of transplant have poorer outcomes than those that do 
not. Furthermore, the longer the duration of renal dysfunc-
tion pre-transplant is associated with poorer post-transplant 
renal recovery. The main purpose of treatments investigated 
for HRS is to provide a bridge to transplant. To date, thera-
pies that have been evaluated include albumin, vasoconstric-
tor therapy, transjugular intrahepatic portosystemic shunt 
(TIPS) and extracorporeal liver support.

Table 12.1 Methods of assessing renal function in liver disease

Advantages Disadvantages

Serum based methods Serum Creatinine • Universally available
• Inexpensive
•  MELD/AKI scores, current 

HRS definitions use this

•  Affected by age, gender, muscle 
mass, steroids, medications

•  Decreased generation in liver 
disease

• Bilirubin effect on assay
•  Lack of standardization 

of creatinine assays
• Slow to rise in AKI

Serum Cystatin C •  Not affected by age, gender, 
muscle mass, sepsis

• Simple blood test
•  Appears to detect early kidney 

dysfunction and AKI earlier 
than serum creatinine

• Underestimates GFR post transplant
• Dilution as with all serum markers
• Variable performance of Cystatin C
• Variable expense
•  Results may not be available on a 

timely fashion
Clearance based methods Urinary creatinine clearance • Inexpensive

•  Avoids dilution issues of serum 
markers

• Difficult to get accurate collections
•  Systematically Overestimates GFR 

in liver disease by 10–15% especially 
in pts. with chronic kidney disease

Inulin • Still considered ‘gold standard •  Systematic plasma clearance 
overestimates GFR

• Cumbersome
Iothalamate •  As good as inulin in most 

studies
• Significant extra-renal clearance
•  Shown to overestimate GFR by 

10–20 ml/min
CrEDTA •  As good as inulin in most 

studies
• Significant extra-renal clearance
•  Shown to overestimate GFR by 

10–20 ml/min
DcDPTA •  As good as inulin in most 

studies
• Significant extra-renal clearance

(Adapted from, Acute Kidney Injury in Cirrhosis. Karvellas CJ, Durand F, Nadim MK. Crit Care Clin. 2015 Oct;31(4):737–50. PMID: 26,410,141, 
with permission from Elsevier (publisher)
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12.1.9  Albumin

Administration of albumin in cirrhotics also has been shown 
to cause arterial vasoconstriction in patients with SBP, pos-
sibly due to the ability of albumin to bind vasodilators such 
as nitric oxide [37]. This forms the basis for the use of extra-
corporeal liver support in HRS (see below). Previous studies 
have shown that albumin prevented type 1 HRS in SBP 
patients with a typical dose of 1 g/kg (20–25%) on day one, 
then 20–60 g/day thereafter [38]. Adding albumin to other 
pharmacological therapies likely provides the most benefit.

12.1.10  Vasoconstrictor Therapy: Vasopressin 
Analogues

Vasoconstrictor therapies have been relatively well studied 
in the treatment of HRS and in particular, vasopressin ana-
logues. The high prevalence of V1 receptors in the splanchnic 
vasculature makes it especially sensitive to the vasoconstric-
tive effect of vasopressin analogues and therefore it is an 
important target for HRS therapy. The net theoretical result 
would be an increase in effective circulating arterial blood 

volume and suppression of the renin-angiotensin system and 
the sympathetic nervous system, resulting in renal afferent 
vasodilatation. Terlipressin has a strong affinity towards the 
V1 receptors with a longer half-life and can be dosed inter-
mittently. In two randomized controlled studies (2008) in 
patients with type 1 HRS comparing albumin vs. terlipressin 
plus albumin, HRS reversal occurred significantly more fre-
quently in the terlipressin group. Furthermore, survival in 
patients responding to treatment was longer than in those 
who did not [1, 39]. Furthermore, a recent meta-analysis of 5 
trials evaluating terlipressin for Type 1 HRS showed mortal-
ity was 48% in patients who received terlipressin alone or 
terlipressin wit albumin, vs. 64% in patients randomized to 
no intervention placebo, or albumin alone; it thus reduce 
mortality with a relative risk (RR) of 0.76 [40]. The assess-
ment of mortality was limited due to small numbers and 
short follow-up (1–6 months). Cardiovascular adverse events 
were higher in terlipressin patients [40]. Finally, a recent 
prospective study that included 18 patients with type 1 HRS 
and sepsis that received terlipressin and albumin showed that 
there was a significant improvement in arterial blood pres-
sure and suppression of high renin levels and norepineph-
rine. Improvement of renal function was observed in 67% of 

Table 12.2 Diagnostic criteria for Acute Kidney Injury (AKI) in cirrhosis

RIFLE Criteria [59] AKIN Criteria [29] KDIGO Criteria [30]
ICA: AKI in 
Cirrhosis [13]

Diagnostic 
Criteria

Increase in SCr to ≥1.5 times 
baseline, within 7 days; or GFR 
decrease >25%; or Urine 
volume < 0.5 ml/kg/h for 6 h

Increase in sCr by ≥0.3 mg/dl 
(26.5 μmol/L) within 48 h; or 
Increase in sCr ≥1.5 times 
baseline within 48 h; or Urine 
volume < 0.5 ml/kg/h
for 6 h

Increase in sCr by ≥0.3 mg/dl 
(26.5 μmol/L) within 48 h; or 
Increase in SCr to ≥1.5 times 
baseline, which is known or 
presumed to have occurred 
within the prior 7 days; or 
Urine volume < 0.5 ml/kg/h for 
6 h

A percentage 
increase in sCr of 
50% or more to a 
final value of sCr 
>1.5 mg/dl 
(133 μmol/L)

Staging Risk:
sCr increase 1.5–1.9 times 
baseline; or GFR decrease 
25–50%; or Urine output 
<0.5 ml/kg/h for 6 h

Stage 1:
sCr increase 1.5–1.9 times 
baseline; or sCr increase 
≥0.3 mg/dl (26.5 μmol/L); or 
Urine output <0.5 ml/kg/h for 
6 h

Stage 1:
sCr increase 1.5–1.9 times 
baseline; or
Cr increase ≥0.3 mg/dl 
(26.5 μmol/L); or Urine output 
<0.5 ml/kg/h for 6–12 h

Injury:
sCr increase 2.0–2.9 times 
baseline; or GFR decrease 
50–75%; or Urine output 
<0.5 ml/kg/h for 12 h

Stage 2:
sCr increase 2.0–2.9 times 
baseline; or
Urine output <0.5 ml/kg/h for 
12 h

Stage 2:
sCr increase 2.0–2.9 times 
baseline; or
Urine output <0.5 ml/kg/h for 
≥12 h

Failure:
sCr increase ≥3.0 times 
baseline; or GFR decrease 
50–75%; or sCr increase 
≥4.0 mg/dl (353.6 μmol/L) 
with an acute increase of at 
least 0.5 mg/dl (44 μmol/L); or 
Urine output <0.3 ml/kg/h for 
≥24 h; or Anuria for ≥12 h

Stage 3:
sCr increase 3.0 times baseline; 
or sCr increase ≥4.0 mg/dl 
(353.6 μmol/L) with an acute 
increase of at least 0.5 mg/dl 
(44 μmol/L); or Urine output 
<0.3 ml/kg/h for ≥24 h; or 
Anuria for ≥12 h

Stage 3:
sCr increase 3.0 times baseline; 
or sCr increase to ≥4.0 mg/dl 
(353.6 μmol/L); or Initiation of 
RRT; or Urine output <0.3 ml/
kg/h for ≥24 h; or
Anuria for ≥12 h

AKIN Acute Kidney Injury Network, GFR glomerular filtration rate, KDIGO Kidney Disease Improving Global Outcome, RIFLE Risk, Injury, 
Failure, Loss, End stage renal disease, sCr serum creatinine
Adapted from (with permission) Angeli et al., Journal of Hepatology 2015 (Publisher Elsevier [60]
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the patients and was associated with an improved 3-month 
survival compared to patients without response. Patients who 
did not respond had a higher MELD and Child–Pugh scores, 
and higher CLIF-SOFA [41].

Terlipressin should be dosed progressively, starting at 
0.5 mg intravenous every four hours. If the serum creatinine 
does not decrease by 30% in 3 days, the dose should be dou-
bled. In general, a patient not responding to 12 mg/day will 
not respond to higher doses. In patients who respond to terli-
pressin, treatment should be continued until normalization of 
serum creatinine (<1.5 mg/dL).

12.1.11  Vasoconstrictor Therapy: 
Norepinephrine

Early uncontrolled pilot data showed that titrating norepi-
nephrine to achieve a MAP increase of 10 mmHg was associ-
ated with improved urine output, sodium excretion and 
creatinine clearance. Two controlled studies have compared 
the efficacy of norepinephrine versus terlipressin. In one 
study of 22 patients with HRS (type I n = 9, type II n = 13), 
patients received albumin plus; norepinephrine 0.1–0.7 μg/
kg/min intravenous infusion or terlipressin 1–2 mg every four 
hours. Reversal of HRS occurred in 70% of patients receiving 
norepinephrine vs. 83% of patients receiving terlipressin 
(P = NS) [42]. A second study compared albumin with nor-
epinephrine (8–50 μg/min intravenous) or terlipressin (0.5–
2.0 mg every six hours) in 20 patients with type 1 HRS. The 
number of patients that responded to therapy did not signifi-
cantly different between the two groups (50% to 40%, p = 0.7) 
and furthermore there was no significant difference in cumu-
lative survival [43]. These results suggest that norepinephrine 
may be a safe and non-inferior alternative to vasopressin ana-
logues in the treatment of HRS. A recent systematic review 
examined the major vasoconstrictors available for HRS, 
focusing on terlipressin and norepinephrine. In this review of 
four studies and a total of 154 patients, it was found that terli-
pressin and norepinephrine appeared to be equivalent in terms 
of HRS reversal, mortality at 30 days, and recurrence of 
HRS. Of note, adverse events were less frequent in patients 
who received norepinephrine [44].

Midodrine is an orally administered alpha-adrenergic 
agonist that appears to be beneficial in HRS. Its oral prepara-
tion makes it a feasible option for patients who are not in 
intensive care but require long-term vasoconstrictor therapy. 
It is often given in combination with octreotide, a long- 
acting somatostatin analogue, which reduces portal hyper-
tension and splanchnic hyperemia. It may cause splanchnic 
vasoconstriction through inhibition of glucagon synthesis or 
a direct effect on vascular smooth muscle. In a recent obser-
vational study, 75 patients received a mean of 8 days of mid-
odrine (7.5–12.5 mg orally three times daily), subcutaneous 

octreotide (100–200 μg subcutaneously three times daily) 
and intravenous albumin (50–100 g intravenous daily). The 
treatment group was compared with a historical control 
group of 87 patients with type 1 or 2 HRS who did not 
receive these therapies. Median survival was significantly 
improved in both type 1 HRS (40 vs. 17 days, p = 0.007) and 
type 2 (>12 months vs. 22 days p = 0.0004) with more type 
2 HRS patients in the treatment group undergoing liver trans-
plant (58 vs. 25%, p = 0.04) [45].

12.1.12  Transjugular Intrahepatic 
Portosystemic Shunt (TIPS)

In theory, the benefit of TIPS is by decreasing portal hyper-
tension with a subsequent decrease in concentration of vaso-
constrictory mediators (vasopressin, norepinephrine, 
endothelin and angiotensin II). The role of TIPS has been 
evaluated in small pilot studies. In seven cirrhotics patients 
with type 1 HRS who underwent TIPS, six of seven patients 
had improvement in serum creatinine and blood urea nitro-
gen at day 30. Reductions in plasma renin and norepineph-
rine levels were also noted [46]. In a prospective controlled 
study of 41 non-transplantable cirrhotics with HRS (type 1 
n = 21, type 2 n = 20), thirty-one patients (type 1 n = 14, type 
2 n = 17) received TIPS while 10 patients with advanced 
liver failure were excluded from a shunt (type I n = 7, type 2 
n = 3). TIPS was associated with improved renal function 
with 2 weeks (creatinine clearance 18 to 48 ml/min, 
p < 0.001) and stabilized thereafter. Following TIPS, at three, 
six, 12, and 18 months survival rates were 81%, 71%, 48%, 
and 35% respectively. These were significantly higher than 
in the non-shunted group (log rank 18.3, p < 0.001) [47]. 
Unfortunately, in the majority of cirrhotic patients with HRS, 
TIPS is contraindicated due to severity of hepatic disfunction 
(e.g. MELD >20) and the risk of further deterioration.

Renal Replacement Therapy.
The role of intermittent or continuous renal replacement 

therapy (RRT) in HRS is primarily as a bridge to 
LT. Observational studies have shown that RRT is not predic-
tive of improved transplant free survival. The use of RRT in 
patients with HRS is likely only appropriate in the setting of 
a patient who is listed for LT or has another indication for 
RRT (i.e. uremia, acidosis, hyperkalemia) [48]. Exact timing 
of initiation of RRT, similar to the general critically ill popu-
lation, is controversial [49].

12.1.13  Extracorporeal Liver Support

Extracorporeal albumin dialysis technologies utilize albumin 
as a binding and scavenging molecule in the treatment of 
HRS. Albumin dialysis is based upon dialyzing blood against 
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an albumin containing solution across a highly permeable 
high-flux membrane. The blood-bound toxins are cleared by 
diffusion and taken up by the binding sites of the albumin 
dialysate.

MARS (molecular adsorbent recirculating system) con-
sists of a blood circuit, an albumin circuit and a classic renal 
circuit. Blood is dialyzed across an albumin impregnated 
high-flux dialysis membrane; 600 mL of 20% human albumin 
in the albumin circuit acts as the dialysate. Albumin bound 
toxins in blood are released to the membrane. In a controlled 
pilot study, Mitzner et al. reported 13 patients with decom-
pensated cirrhosis and type 1 HRS; 8 were treated with 
MARS and 5 received standard medical therapy [50]. They 
showed a 37.5% absolute survival benefit at day 7 vs. 0% in 
controls. A significant decrease in creatinine and bilirubin 
was also noted in the MARS group. A more recent multi-
center study (RELIEF trial) by Banares et al. failed to show a 
mortality benefit in ACLF patients treated with MARS with a 
28-day survival of 60% in both MARS and SMT groups 
despite biochemical improvement. This study may have been 
confounded by indication (transplant and non-transplant can-
didates) [51]. Prometheus (fractionated plasma separation 
and adsorption) differs from the other technologies in that the 
patient’s plasma is separated across a membrane and then is 
run over adsorptive columns. In an uncontrolled study 
reported Prometheus use in 10 patients with HRS who under-
went 2 consecutive Prometheus treatments [52]. A statisti-
cally significant decrease in creatinine and blood urea nitrogen 
levels and improvement in arterial blood pH was observed. 
More recent multicenter study (HELIOS) failed to show a 
mortality benefit in ACLF patients treated with Prometheus 
with a 28-day survival of 65% in both Prometheus and SMT 
groups despite biochemical improvement [53]. Like RELIEF, 
this study also was confounded by indication.

12.1.14  Treatment: Other Causes of AKI

Early treatment of AKI in cirrhosis is important. Multiple 
therapies may be initiated prior to an unequivocal diagnosis 
of the exact cause of AKI. Nephrotoxins such as NSAIDS 
and ACEIs should be discontinued in patients taking them. 
Patients on diuretic therapy who develop AKI should stop 
loop and potassium-sparing diuretics. In patients with large 
volume ascites, paracentesis may still be warranted to reduce 
the risk of an abdominal compartment syndrome and improve 
venous return to the right atrium but intravenous albumin at 
8 g/L is required to maintain intravascular volume. In the 
patient who is hypotensive (mean arterial pressure < 65 mm 
Hg), it may be reasonable to consider vasoconstrictor ther-
apy and volume resuscitation unless there is evidence of vol-
ume overload (e.g. echocardiography). Intravascular 
depletion can be treated with albumin or crystalloid depend-

ing on biochemical factors. In the setting of gastrointestinal 
bleeding, packed red blood cell transfusion below 7 g/dL has 
been shown to be non-inferior and potentially beneficial over 
a more liberal transfusion strategy [54].

12.1.15  Natural History of AKI: Pre and Post 
Transplant

The importance of novel methods of identifying the etiology 
of AKI in cirrhosis is important as the potential for renal 
recovery is etiology dependent [55]. Pre-renal azotemia (i.e., 
diuretics, diarrhea) is usually reversible following discon-
tinuation of the precipitating cause [56]. The severity of AKI 
associated with bacterial infection depends on the resolution 
of the infection [57]. Etiology of AKI also has a significant 
impact on patient and renal outcomes post LT. A recent study 
from Nadim et al. revealed that patient survival and renal 
outcomes 1 and 5 years after LT were significantly worse for 
those with ATN [58].

Intraoperative RRT in critically ill cirrhotic patients 
undergoing LT has been shown to be feasible with good 
patient and renal outcomes [23].

While some centers use duration of RRT (4–8 weeks) and 
GFR have been traditionally used to determine the need for 
simultaneous liver kidney (SLK) transplants, evidence based 
guidelines for SLK are lacking [58]. Further investigations, 
particularly focusing on novel renal plasma protein biomark-
ers may provide further information on prognostication of 
potential post-LT renal recovery (along with etiology of 
AKI) prior to making a decision to proceed with SLK trans-
plantation [36].

 Conclusions

Acute kidney injury causes significant morbidity in cir-
rhotic patients. Evaluation of renal dysfunction in patients 
with cirrhosis remains a critically important and challeng-
ing problem. Current diagnostic criteria are based on serum 
creatinine, which has limitations in extrapolating glomeru-
lar filtration rate in cirrhotics. New diagnostic criteria 
(KDIGO, RIFLE, AKIN) have been integrated with tradi-
tional approaches (ICA/HRS/AKI) to potentially identify 
AKI earlier and improve outcomes. Etiology of AKI has a 
significant impact on potential of renal recovery. Further 
work on urinary tubular biomarkers is required to differen-
tiate structural causes of AKI vs. hepatorenal syndrome 
(HRS-AKI). Conventional therapies for HRS include vaso-
constrictor agents and albumin although in severe cases 
where mortality is high, liver transplant is the only effective 
treatment. Novel renal plasma protein biomarkers may in 
the future provide further information on the potential of 
renal recovery post-LT (along with etiology) and poten-
tially impact the decision to allocate a SLK.
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Hematological Issues in Liver Disease

R. Todd Stravitz

Abstract

Patients with liver disease have long been considered at risk for bleeding complications. 
Although bleeding in patients with cirrhosis occurs frequently on the basis of portal hyper-
tension, evidence accumulated over the last 10 years suggests that the underlying state of 
hemostasis in patients with cirrhosis and acute liver failure appears to be “re-balanced,” 
such that redundant mechanisms exist to compensate for deficient pro-coagulant, liver- 
derived factors. Recent clinical and in vitro research has demonstrated that stable patients 
with acute and chronic liver failure actually exist in a relative hypercoagulable state, which 
may propagate the progression of liver disease itself as well as cause systemic thrombotic 
complications. Surely, treating such patients with blood and blood products has the poten-
tial to exacerbate the hypercoagulable state and cause harm. The following will summarize 
much of the background to the new concept of re-balanced hemostasis in patients with cir-
rhosis and acute liver failure, and suggest therapeutic options other than repleting blood 
products to achieve a “goal,” the often unattainable normalization of standard coagulation 
laboratories.
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Learning Objectives
 1. To review current concepts of the state of global hemosta-

sis in patients with cirrhosis and acute liver failure;
 2. To identify mechanisms of compensation for deficient liver-

derived, pro-coagulant factors and thrombocytopenia;
 3. To examine the state of re-balanced hemostasis, which 

may, in fact, be tipped toward thrombosis;
 4. To offer therapeutic options for administering pro- 

coagulant factor and red blood cell transfusions in patients 
with acute and chronic liver failure; and,

 5. To identify major deficiencies that persist between the 
laboratory science which led to the concept of re-balanced 
hemostasis in liver disease, and the clinical application of 
these new concepts.

13.1  Introduction

Clinicians often regard patients with advanced liver disease 
as prone to bleeding. While accurate when considering por-
tal hypertensive bleeding, this perception has been recently 
challenged as inaccurate. There are 3 potential reasons for 
the misconception of a bleeding diathesis: [1] patients with 
liver disease often have laboratories that suggest insufficient 
hemostasis (low platelet count and high International 
Normalized Ratio [INR] of the prothrombin time), [2] clini-
cians may not appreciate the difference in pathogenesis 
between portal hypertensive and non-portal hypertensive 
bleeding, and, [3] clinicians are wary of causing harm, par-
ticularly after an invasive procedure. The following discus-
sion will explore recent data which redefine the magnitude of 
the bleeding diathesis in patients with advanced cirrhosis and 
acute liver failure (ALF), and will explore mechanisms of 
“re-balanced hemostasis,” a relatively new concept in which 
patients re-establish a neutral state of pro- and anti- hemostatic 
drivers by compensatory mechanisms [1]. Bleeding compli-

cations of portal hypertension will not be considered, since 
they occur as a consequence of hydrostatic pressure and wall 
tension within blood vessels [2] rather than defective 
hemostasis.

The perception of a bleeding diathesis may be fueled by 
different clinical features of patients with cirrhosis or ALF 
(Fig. 13.1). Patients with cirrhosis have varying degrees of 
portal hypertension, which results in platelet sequestration 
within the spleen, and thrombocytopenia, which can be 
severe. In contrast, patients with ALF have modest (if any) 
portal hypertension, and thereby more moderate thrombocy-
topenia due to a different mechanism [3]. Instead, clinicians 
consider patients with ALF at high risk of bleeding compli-
cations because of the often dramatically increased INR, the 
severity of which is relatively modest in cirrhosis. Acute and 
chronic liver failure also differ in the severity of the systemic 
inflammatory response syndrome (SIRS), highly activated in 
patients with ALF, and less so in patients with stable cirrho-
sis. As will be discussed below, the SIRS is a prominent fea-
ture of the ALF syndrome [4] which activates compensatory 
mechanisms to re-balance defects in hemostasis.

The traditional reliance on the INR as a marker of 
increased bleeding risk in patients with liver disease is a mis-
conception [5]. The INR was designed to measure the effi-
cacy of warfarin, not estimate bleeding risk; no correlation 
exists between the INR and post-procedural bleeding in 
patients with liver disease [6]. Simplistically, the INR assays 
measures only a limited portion of overall hemostasis, the 
extrinsic and final common pathways of the coagulation cas-
cade (Fig. 13.2, dotted box), and does not account for the 
contribution of the intrinsic coagulation cascade and acti-
vated platelets, or the anti-hemostatic pathways (mediated 
by protein C/S and antithrombin [AT]), to thrombin genera-
tion. Thus, although the INR detects deficiencies in liver- 
derived, pro-hemostatic factors, it provides insufficient and 
unreliable information to estimate bleeding risk after an 
invasive procedure.

Clinical Feature Cirrhosis
Acute Liver

Failure

Portal
Hypertension +++

Thrombocytopenia +++

Synthetic Failure
(high INR) +/++

Systemic
Inflammation +/++

-/+

+/++

+++

+++

Fig. 13.1 Clinical features of 
cirrhosis and acute liver 
failure contributing to the 
perception of bleeding risk. 
The relative severity of the 
indicated clinical feature of 
cirrhosis and acute liver 
failure is depicted as: +++ 
Major feature; +/++ 
Mild-moderate feature; −/+ 
Insignificant feature
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Some professional societies have made recommenda-
tions regarding correction of the INR and platelet count 
before invasive procedures. The Society of Interventional 
Radiologists has recommended correction of the INR with 
plasma to <1.5 and transfusion of platelets when <50 × 109/L 
before invasive procedures with moderate bleeding risk 
such as trans-jugular liver biopsy [7]. The same guidelines 
do not recommend a goal for transfusion of platelets, how-
ever, and were based upon expert consensus opinion rather 
than evidence that transfusions decrease bleeding compli-
cations. In fact, these guidelines state that there are no data 
to support nor refute their recommendations. In contrast, 
Practice Guidelines of the American Association for the 
Study of Liver Diseases regarding liver biopsy neither 
specify a threshold, nor a goal INR or platelet count, for 
transfusions [8], acknowledging insufficient evidence to 
make such recommendations. There are many reasons to 
avoid transfusions of plasma and platelets, including trans-
fusion-related lung injury, volume overload, expense, 
thrombosis, and the rare transmission of hepatitis or human 
immunodeficiency viruses. In addition, increasing experi-
mental evidence suggests that patients with acute and 
chronic liver disease are actually hypercoagulable [9, 10], 

raising the question of whether such transfusions may 
cause harm by exacerbating the hypercoagulable state. 
Clinicians must also recognize that a goal INR may not be 
achievable with plasma transfusion in patients with ALF, 
and the survival of platelets in patients with cirrhosis and 
hypersplenism is short. Thus, the practice of transfusion to 
correct a high INR or thrombocytopenia in a patient with 
severe acute or chronic liver disease is unproven and poten-
tially harmful.

13.2  Chronic Liver Disease

13.2.1  Cirrhosis as a Re-balanced State 
of Hemostasis

Apart from the effects of portal hypertension on the risk of 
gastrointestinal bleeding, Tripodi et al., have made a persua-
sive argument that patients with advanced cirrhosis may not 
have a bleeding diathesis [1]. The arguments include the 
observation that patients with cirrhosis do not spontaneously 
bleed similar to those with hereditary or acquired coagula-
tion factor deficiencies; for example, they do not present 
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Fig. 13.2 Simplified representation of pathways of thrombin genera-
tion and inhibition, yielding fibrin. Thrombin is generated by the 
sequential activation of liver-derived pro-hemostatic factors in the tradi-
tional coagulation cascades, but also by activated platelets. The excep-
tion to this rule is factor VIII, which is derived from endothelial cells, 
and is increased in both cirrhosis and acute liver failure. Thrombin gen-
eration is limited by liver-derived anticoagulant proteins C, S, and anti-
thrombin (AT). The protein C/S complex serves as an anticoagulant 
factor by inactivating factors Va and VIIIa. Endothelial cells also pro-

duce two anticoagulant factors, thrombomodulin, which is required for 
full activation of protein C, and endogenous heparinoids, which activate 
AT. In the absence of thrombomodulin in vitro, thrombin generation is 
therefore overestimated because protein C is not fully activated. The 
dotted box within the thrombin generation scheme represents the limi-
tation of the INR as a measure of hemostasis, as it includes contribu-
tions only from the factor VII-tissue factor (TF) pathway, and the final 
common pathway of the coagulation cascades
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with hemarthroses. The use of recombinant activated factor 
VII (rFVIIa) to treat esophageal variceal bleeding or prevent 
rebleeding also provide evidence against the contribution of 
abnormal hemostasis to variceal bleeding, as these studies 
showed no apparent benefit [11, 12].

The seminal experimental evidence documenting the 
concept of “rebalanced hemostasis” was provided by 
Tripodi and associates in 2005 [13], who showed that 
thrombin generation in patients with cirrhosis was similar 
to that in normal healthy controls (Fig. 13.3). Although 
thrombin generation in cirrhotics was initially found to be 
lower than controls presumably due to lower levels of pro-
coagulant factors synthesized by liver failure (2 left bars), 
the same experiments in the presence of thrombomodulin 
(TM), an endogenous activator of protein C derived from 
endothelial cells, showed that thrombin generation in cir-
rhotics was not significantly lower than controls (2 right 
bars). These experiments provided the first evidence of 
“re-balanced” hemostasis, in which pro- and anti-coagu-
lant, liver-derived coagulation factors decrease in parallel 
in patients with cirrhosis. Thus, thrombin generation in 
cirrhotics is similar to normal healthy controls, but only if 

the assay conditions account for missing endothelial pro-
teins to activate protein C (i.e., by the addition of TM). In 
addition, other endothelial cell-derived, pro-coagulant 
factors are increased in patients with cirrhosis to 
compensate for deficient liver-derived proteins, such as 
factor VIII [9].

A second critical set of experiments has provided a 
potentially important threshold for the platelet count, below 
which clinicians might be wary of procedure-related bleed-
ing complications in patients with cirrhosis [14]. 
Recognizing the importance of platelets to thrombin gen-
eration, Tripodi et al., performed thrombin generation 
assays in plasma from normal healthy controls containing 
normal platelet counts. Thrombin generation in 90% of 
normal healthy controls (with a median platelet count of 
198 × 109/L) was ≥875 nmol/L. Defining this level of 
thrombin generation as “normal,” the investigators repeated 
the experiments using plasma from patients with cirrhosis 
into which platelets were added back to the reaction mix-
ture in increasing numbers, and found that a platelet count 
of 56 × 109/L was adequate to generate ≥875 nmol/L 
thrombin. These observations suggest that ~60 × 109/L may 
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Fig. 13.3 Thrombin generation in patients with cirrhosis and normal 
healthy controls. The two bars on the left depict thrombin generation in 
patients with cirrhosis and healthy controls, and show that cirrhotics 
generate less thrombin than controls, presumably due to decreased syn-
thesis of pro-hemostatic coagulation factors (most importantly, factors 
V and VII) in the former. The experiments depicted in the two bars on 
the right included thrombomodulin (TM) in the reaction mixture, an 

endogenous endothelial activator of the anticoagulant, protein C. Thus, 
since protein C and pro-hemostatic factors are liver-derived and are pro-
portionally decreased in patients with liver failure, thrombin generation 
remains “re-balanced,” as long as TM is added to the reaction mixture 
to activate protein C. (Adapted from Tripodi, et al. Hepatology. 2005; 
41: 553) [13]
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serve as a guideline for platelet transfusion prior to invasive 
procedures in patients with cirrhosis, and also possibly a 
goal of transfusion. Obviously, clinical correlation is 
urgently needed.

In addition to their function as activators of thrombin, 
platelets also serve to adhere to endothelial defects in pri-
mary hemostasis via the endothelial-derived protein, von 
Willebrand factor (vWF). Although patients with cirrhosis 
and portal hypertension typically have thrombocytopenia, 
they also have high levels of vWF in proportion to the sever-
ity of liver failure, which can increase platelet adherence 
and compensate for numerical deficiency (Fig. 13.4) [15]. 
Regulation of the size of vWF multimers by deficiency of 
the liver-derived protease, ADAMTS-13, may also compen-
sate for thrombocytopenia. ADAMTS-13 cleaves vWF into 
smaller multimers with lower capacity of platelet- endothelial 
binding; thus, deficient ADAMTS-13 may yield larger vWF 
multimers with increased platelet-endothelial binding 
capacity [16].

Fibrinolysis in patients with cirrhosis also exhibits a state 
of partial compensation. Deficiency of liver-derived plas-
minogen is thereby rebalanced by deficiency in anti- 
fibrinolytic proteins α2-antiplasmin and thrombin-activatable 
fibrinolysis inhibitor, and by high levels of tissue plasmino-
gen activator. In summary, the 3 phases of hemostasis exist in 
a state of re-balance in patients with cirrhosis, such that defi-
ciencies of liver-derived pro-coagulant factors are compen-
sated by deficiencies in liver-derived anti-coagulant factors, 

as well as increased levels of pro-coagulant endothelial cell- 
derived factors (e.g., vWF, factor VIII, tPA) (Fig. 13.5).

13.2.2  Management: Blood and Blood Product 
Transfusions in Cirrhosis

Unfortunately, the concept of re-balanced hemostasis in cir-
rhosis has not been rigorously tested in clinical situations; 
there are no randomized, prospective studies which  document 
the safety of not administering plasma or platelet transfu-
sions before invasive procedures. However, clinical correla-
tions exist which support sparing many patients blood 
product transfusions. For example, a series from an intensive 
care liver unit described 658 central venous cannulations in 
283 patients with INR ≥1.5 and/or platelet count 
≤150 × 109/L without routine plasma or platelet transfusions, 
resulting in only 1 serious bleeding complication [17]. Even 
liver transplantation in decompensated cirrhotics is often 
accomplished without the need for blood or blood product 
transfusion in response to improvements in surgical tech-
nique and cell-saver technology [18].

An attempt to systematically explore the rational admin-
istration of blood products before invasive procedures in 
patients with cirrhosis was recently reported in 60 patients 
with “significant coagulopathy,” defined as an INR >1.8 and/
or platelet count <50 × 109/L [19]. Patients randomized to the 
standard of care group received plasma at the dose of 10 mL/
kg of ideal body weight for INR >1.8 and/or platelets in the 
amount of 1 unit if the platelet count were below 
50 × 109/L. Patients randomized to the study group only 
received plasma or platelet transfusions based upon specific 
(and largely arbitrary) abnormal thromboelastography (TEG) 
parameters [20]. As shown in Fig. 13.6, only 17% of patients 
in the TEG group received a blood product transfusion vs. 
100% of the standard-of-care group (by definition), with no 
difference in the rare occurrence of procedure-related bleed-
ing complications.

The transfusion of red blood cells (RBC) in patients with 
cirrhosis has been recommended when the hemoglobin 
<8 g/dl [21] with the caveat that post-transfusion hemoglo-
bin should not exceed 8 g/dl due to rebound portal hyperten-
sion caused by over-transfusion, with increased re-bleeding 
and mortality in experimental models [22]. The same cau-
tion regarding increasing portal pressures with plasma infu-
sion to correct the INR should also be recognized [23]. 
However, RBC’s serve an important function in physically 
occupying space within blood vessels, and profound RBC 
deficiency may thereby decrease platelet-endothelial 
approximation. In a randomized, controlled study of 921 
patients with severe acute upper gastrointestinal hemor-
rhage (31% of whom had cirrhosis and ~25% bleeding from 
varices), half were resuscitated by RBC with a restrictive 
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Fig. 13.4 VonWillebrand antigen levels in plasma from patients with 
cirrhosis and acute liver failure. A major compensatory mechanism is 
likely to exist in both cirrhosis and acute liver failure (ALF) in that 
endothelial secretion of vonWillebrand factor (vWF) increases as a 
function of the severity of liver failure. The increase in vWF was sig-
nificantly higher in patients with cirrhosis and ALF compared to normal 
healthy controls, and each successive Child class. (Adapted from 
Lisman, et al., Hepatology. 2006; 44: 53 and Hugenholtz, et al., 
Hepatology. 2013; 58: 752) [15, 66]
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strategy (hemoglobin threshold for transfusion 7 g/dl with a 
target range for the post-transfusion hemoglobin 7–9 g/dl) 
and the other half were resuscitated with a liberal strategy 
(hemoglobin threshold for transfusion 9 g/dl with a target 

range for the post- transfusion hemoglobin level of 9–11 g/
dl) [24]. As shown in Fig. 13.7, patients managed under the 
restrictive strategy had lower death and re-bleeding rates, 
and shorter hospital stays; in particular, variceal re-bleeding 
was decreased by 50%. Accordingly, RBC transfusion con-
stitutes an important management adjunct to maintain or 
restore re-balanced hemostasis in patients with cirrhosis, 
but should be administered conservatively to avoid exacer-
bating portal hypertension.

13.2.3  Cirrhosis as a Hypercoagulable State

In contrast to the perception of a bleeding tendency, throm-
bosis has become increasingly recognized as a major clinical 
problem in patients with cirrhosis, not only in peripheral vas-
cular beds but also within hepatic vasculature itself. As a 
hypercoagulable state within the liver, thrombosis may con-
tribute to the pathogenesis of cirrhosis and portal hyperten-
sion. Wanless et al. [25] graded portal and hepatic venous 
micro-obliterative lesions in explanted livers and found a 
direct correlation with focal parenchymal extinction within 
the same vascular distribution. These seminal observations 
suggested that thrombosis of portal and hepatic vessels prop-
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Fig. 13.5 The three phases of hemostasis in patients with cirrhosis and 
acute liver failure exist in a state of “re-balance.” Primary hemostasis in 
both conditions is defective due to thrombocytopenia, but is compen-
sated for by platelet microparticle formation (for ALF), and by 
increased vWF synthesis by endothelial cells. Deficiency of 
ADAMTS-13, a liver-derived protease, may also increase vWF multi-
mer size and thus its ability to promote the adherence of platelets to 
endothelial defects. Defects in secondary hemostasis, in which liver- 
derived, pro-hemostatic factors are decreased because of liver failure, 

are compensated for by deficiencies of the liver-derived, anti- hemostatic 
proteins, protein C/S and antithrombin (AT), and by high levels of 
endothelial cell-derived factor VIII. Finally, fibrinolysis is defective 
because of low liver-derived plasminogen, but compensated for by low 
levels of anti-fibrinolytic, liver-derived proteins such as α2-antiplasmin 
and high levels of endothelial cell-derived tissue plasminogen activator 
(tPA). (Adapted from Tripodi and Mannucci. New Engl J Med. 2011; 
365: 147) [1]
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Fig. 13.6 Thromboelastography-guided blood product) use before inva-
sive procedures in cirrhotics with severe coagulopathy: Results of a ran-
domized, controlled trial. Results of a prospective study of 60 patients 
with cirrhosis and “severe coagulopathy,” defined as INR >1.8 and/or 
platelet count <50 × 109/L, randomized to standard-of-care (SOC) admin-
istration of plasma and/or platelets, or to transfusion guided by abnormal 
thromboelastography (TEG) parameters prior to an invasive procedure. 
(Adapted from De Pietri, et al. Hepatology. 2016; 63: 566) [19]
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agated parenchymal collapse, worsened portal hypertension, 
and increased the risk of variceal bleeding.

Several clinical observations also support the presence of 
a hypercoagulable state in patients with cirrhosis. The inci-
dence of venous thromboembolism (VTE) in patients with 
cirrhosis admitted to one tertiary care hospital was 0.5% 
despite a mean INR of approximately 1.5 [26]. Another case- 
control study showed that the incidence of VTE was higher 
in 963 cirrhotics admitted to the hospital compared to 12,405 
non-cirrhotic controls (1.8 vs. 0.9%, respectively; P = 0.007) 
[27]. Although there was no relationship of the INR to the 
increased risk of VTE in study participants, an inverse rela-
tionship of VTE with serum albumin was observed, suggest-
ing a possible relationship with deficiencies of endogenous 
anticoagulant proteins. In a population-based study, unpro-
voked VTE was approximately 2-fold more common in 
patients with cirrhosis than controls [28]. Finally, the throm-
bosis of continuous renal replacement therapy (RRT) circuits 
in patients with liver failure was more rapid and more com-
mon than in controls, and could be delayed by anticoagula-
tion without an obvious increase in bleeding complications 
[29]. Thus, the concept of “autoanticoagulation,” the notion 
that patients with cirrhosis are protected de facto from VTE 
by virtue of elevated INR, has been strongly refuted.

Studies to define the mechanisms by which some patients 
with cirrhosis have a hypercoagulable state are on-going. 
According to the study noted above, Tripodi et al. [13] first 
noted that the addition of TM decreased thrombin generation 
(by activating protein C) less effectively in patients with cir-

rhosis than normal healthy controls (Fig. 13.2), and hypoth-
esized that this difference represented the basis of a 
hypercoagulable state. Further studies by the same labora-
tory noted increased factor VIII levels and reduced protein C 
and AT levels in patients with cirrhosis compared to controls 
as a function of the severity of cirrhosis and liver failure 
(Child-Pugh Score) [9]. Thus, the ratios of pro- and anti- 
coagulants (factor VIII/protein C and factor VIII/AT) 
increased proportionally from compensated to severely 
decompensated cirrhosis, creating an imbalance of hemosta-
sis favoring thrombosis.

Subsequent studies have documented that certain etiolo-
gies of chronic liver disease may be associated with a greater 
risk of thrombosis of splanchnic and peripheral vascular beds 
than others. Using TEG, a test of global hemostasis in whole 
blood [20], Ben-Ari et al. [30] found that patients with pri-
mary biliary cirrhosis and primary sclerosing cholangitis 
were more likely to have a hypercoagulable state than patients 
with other causes of liver diseases. More recent attention has 
attempted to explain the observation that patients with non-
alcoholic steatohepatitis (NASH) appear particularly prone to 
develop portal vein and non-splanchnic thrombosis than other 
liver diseases [31]. Analysis of the United Network for Organ 
Sharing database of liver transplants in the US showed that 
patients that NASH was an independent predictor of portal 
vein thrombosis (PVT) [32]. The mechanisms by which 
NASH increases the risk of PVT are not well established 
[33], but the pro-coagulant imbalance (factor VIII/protein C 
ratio) described above has been shown to increase as a func-
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Fig. 13.7 Outcomes after “restrictive” vs. “liberal” red blood cell 
transfusion strategies in resuscitating patients after severe upper gastro-
intestinal bleeding. A randomized, controlled study of 921 patients with 
severe acute upper gastrointestinal hemorrhage (31% of whom had cir-
rhosis and ~25% bled from varices). Half of patients were resuscitated 
by RBC with a restrictive strategy (hemoglobin threshold for transfu-

sion 7 g/dl with a target range for the post-transfusion hemoglobin 
7–9 g/dl) and the other half were resuscitated with a liberal strategy 
(hemoglobin threshold for transfusion 9 g/dl with a target range for the 
post-transfusion hemoglobin level of 9–11 g/dl). (Adapted from 
Villaneuva., et al. New Engl J Med. 2013; 368: 11) [24]
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tion of the severity of the metabolic syndrome and NASH-
induced liver disease, and was highest in patients with NASH 
cirrhosis [34]. Increased levels of plasminogen activator 
inhibitor-1, an inhibitor of fibrinolysis, have also been 
described in patients with metabolic syndrome and NASH 
[35], and may promote systemic atherogenesis as well as 
fibrogenesis and liver disease progression.

13.2.4  Management of the Hypercoagulable 
State in Patients with Cirrhosis

Non-malignant (non-HCC-related) PVT occurs in up to 25% of 
patients with cirrhosis awaiting liver transplantation, as a result 
of the relative hypercoagulable state discussed above as well as 
pooling and stagnant flow and local endothelial dysfunction 
within the portal vein [36]. Cirrhosis is the most important risk 
factor for PVT [37]. Often, PVT is discovered as an incidental 
finding at the time of ultrasound surveillance for HCC, with a 
5-year cumulative incidence of 10.7% [38]. The risk of PVT 
reflects the severity of underlying cirrhosis and its incidence 
increases with decompensation. Although PVT does not appear 
to be responsible for the progression of cirrhosis per se [38], its 
occurrence is associated with acute decompensation, variceal 
bleeding, and increased mortality [39]. Non-occlusive is much 
more common than occlusive PVT, and the prevalence of the 
former varies with time due to spontaneous recanalization in up 
to 70%. The development of PVT is frequently subacute and 
subclinical, but acute propagation into the superior mesenteric 
vein (SMV) can lead to gut ischemia, gastrointestinal bleeding, 
and bowel infarction. Propagation into the SMV may also ren-
der a patient un-transplantable. Therefore, prevention of PVT is 
generally considered desirable.

A small but seminal study by Villa et al. [40] randomized 
70 patients with Child’s B/C cirrhosis to enoxaparin 

(4000 IU/d) or placebo for 48 weeks to determine whether 
PVT could be safely prevented. Study participants with evi-
dence of PVT on computerized tomography-angiography 
were excluded; high-risk esophageal varices required pro-
phylactic band ligation prior to randomization. The 2-year 
prevention of porto-mesenteric venous thrombosis detected 
by 3-month ultrasound exams (primary end-point) was 0% in 
the enoxaparin-treated group but 27.7% in the control group 
(P = 0.001). Perhaps more impressive were the secondary 
end-points of hepatic decompensation and overall and 
transplant- free survival, all of which occurred with an inci-
dence implying benefit with enoxaparin. Although platelet 
count decreased in the enoxaparin group by nearly 50%, 
there was no relationship of treatment arm to the rare occur-
rence of bleeding complications. Perhaps the most intriguing 
finding of this study was the fact that the benefits of enoxa-
parin on rates of hepatic decompensation and survival 
occurred independently of PVT prevention, supporting the 
hypothesis that thrombosis of the hepatic microcirculation 
contributes to the progression of liver disease [25]. Although 
anticoagulation to prevent PVT and complications of cirrho-
sis requires confirmation before its routine application in 
clinical practice, this pilot study illustrates many of the 
emerging concepts regarding global hemostasis in patients 
with cirrhosis and how they might be managed in the future.

The treatment of existing PVT in patients with cirrhosis 
has been recently summarized by Valla and Rautou [41]. In 
four retrospective studies using enoxaparin, two of which 
included conversion to oral vitamin K antagonists (i.e., war-
farin), complete recanalization occurred in 42–75%, and no 
recanalization occurred in 17–53% of patients. Importantly, 
there were no bleeding-related deaths due to anticoagulation 
in any of these studies. In another large, multicenter natural 
history study of patients with splanchnic vein thrombosis, 
28% of whom had cirrhosis (Fig. 13.8), the incidence of 
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major bleeding was actually lower in patients who received 
at least some anticoagulation compared to those who did 
not, while the incidence of thrombotic complications was 
lower as long as anticoagulants were continued [37]. The 
presence of PVT for fewer than 6 months may be an indica-
tion for anticoagulation, since recanalization rarely occurs 
later [42]. Conversely, recanalization on anticoagulation 
usually occurs within 6 months. Insertion of transjugular 
intrahepatic porto- systemic shunt through a portal thrombus 
has also been tested to re-establish portal flow and lower 
portal pressure in cases where anticoagulation has not 
resulted in recanalization [42, 43], but has not been studied 
in a randomized fashion [44].

A large retrospective study of patients with cirrhosis 
(N = 1581) has shown that anticoagulant prophylaxis against 
VTE can be administered safely, but its efficacy may be 
 limited to patients with mild-to-moderate liver failure [45]. 
As shown in Fig. 13.9, the administration of standard or low 
molecular weight heparin (LMWH) decreased the incidence 
of VTE in patients with Child A/B, but not Child C, class 
cirrhosis. Bleeding complications were observed in 0.3% of 
subjects who received heparin/LMWH, but in 1.1% of those 
who did not (P = 0.13). The absence of benefit in Child C 
class patients is likely due to lower levels of AT.

The dosing and choice of anticoagulants in patients with 
cirrhosis and thrombotic complications has not been studied 
extensively, but raises unique challenges. Levels of vitamin 
K-dependent coagulation factors are decreased; conse-
quently, in cirrhotic patients with elevated INR at baseline, it 
is not clear how to dose warfarin. Thrombin generation in 
patients with cirrhosis appears to be more responsive to 

enoxaparin in proportion to the severity of liver failure com-
pared to controls, despite lower AT levels in plasma [46]. 
Renal failure complicating cirrhosis may also increase the 
potency of enoxaparin. Thus, it is not clear how to dose hep-
arin/LMWH safely in patients with cirrhosis. Direct factor 
Xa inhibitors (apixaban and rivaroxaban) may have a safety 
profile similar to warfarin in a small pilot study of cirrhotics 
[47], but also may be less potent in patients with cirrhosis 
compared to healthy controls [48]. Obviously, additional 
studies are urgently needed to define how to use anticoagu-
lants in patients with cirrhosis, who may be at additional risk 
to bleeding complications from their use.

13.2.5  Destabilizing Re-balanced Hemostasis 
in Patients with Cirrhosis

The discussion above suggests that global hemostasis in 
patients with stable cirrhosis exists in a re-balanced equilib-
rium tipped toward a slightly pro-coagulant state. However, 
patients with cirrhosis often become unstable and develop 
acute-on-chronic liver failure (ACLF), the syndrome of 
acutely decompensated cirrhosis leading to organ failure 
[49]. Hemostasis has not been studied in patients with ACLF 
since formal definition was proposed by Moreau et al. [50], 
but coagulopathy is part of the definition of ACLF by virtue 
of its inclusion in the Sequential Organ Failure Assessment 
Score, from which criteria for ACLF are partly derived. 
Future studies are, therefore, likely to identify ACLF as a 
cause of unbalanced hemostasis in patients with cirrhosis, 
tipped toward bleeding or thrombosis. For example, infection 
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is the most common trigger of ACLF [51, 52] and has delete-
rious effects on global hemostasis as assessed by TEG [53], at 
least partly due to the elaboration of endogenous heparinoids 
from endothelial cells [54]. Other destabilizing factors 
include acute gastrointestinal bleeding per se, which decreases 
maximum clot strength in TEG [55]. Finally, endothelial dys-
function and renal failure, which complicate cirrhosis fre-
quently, impair platelet-endothelial interaction, leading to a 
tipped balance toward bleeding. Destabilized hemostasis in 
patients with cirrhosis may also result in thrombosis [56]. 
Precipitating factors which tip the balance toward thrombosis 
include increased platelet number (for example, after over-
transfusion of platelets or use of thrombopoeitin agonists 
such as eltrombopag) or platelet activation and generation of 
pro-coagulant microparticles (MPs) by infection, endotox-
emia or the development of hepatocellular carcinoma (HCC) 
[57]. These confounders have led to the conclusion that the 
state of hemostasis in stable cirrhotics is “fragile and not as 
stable,” despite re-balance in the unperturbed state.

13.3  Acute Liver Failure

13.3.1  Clinical Features of Hemostasis 
and Bleeding Risk in Patients with ALF

Patients with ALF are perceived to have a bleeding tendency 
primarily on the basis of profoundly elevated INR, which 
can be unmeasurably high. The INR is an important prognos-
tic indicator in ALF [58], but not because it predicts bleeding 
complications. In fact, the INR of patients with and without 
bleeding complications is not significantly different over the 
first week after admission for ALF (Stravitz and the ALF 
Study Group, unpublished data).

Patients with ALF also develop thrombocytopenia, although 
on average, to a less impressive nadir than patients with cirrhosis 
[3]. The mechanisms by which platelet counts decrease in ALF 
differ significantly from those in cirrhosis, since portal hyperten-
sion and hypersplenism are milder in the former [59]. Although 
thrombopoietin levels are low due to massive hepatic necrosis, 
they do not correlate with the platelet count [60], and therefore 
are not considered a major reason for thrombocytopenia in 
ALF. In contrast, platelet activation by the SIRS, often dramatic 
in ALF [4], probably leads to platelet clearance [3]. Production 
of platelet-derived MPs during this activation process provides 
experimental evidence supporting this hypothesis [61].

In an apparent clinical paradox, however, patients with ALF 
seldom bleed. In an analysis of nearly 1800 patients enrolled in 
the ALF Study Group Registry between 1998–2014, spontane-
ous and post-procedural bleeding complications were observed 
in a small minority (~10%) of patients, and were usually not 
clinically significant. Most bleeding complications were due to 
upper gastrointestinal bleeding, probably from gastric mucosal 

injury, and did not require specific intervention or blood trans-
fusion. Post-procedural bleeding was also uncommon, but seri-
ous and often fatal when due to insertion of an intracranial 
pressure (ICP) monitor (Stravitz and the ALF Study Group, 
unpublished data). These recent data are in sharp contrast to 
older series, in which bleeding complications occurred in 
50–70%, and were the proximal cause of death in ≥30%, of 
patients with ALF [62–64]. Improvement in intensive care 
management has led to a marked decline in bleeding complica-
tions in critically ill patients in general, however [65].

13.3.2  ALF as a State of Re-balanced 
Hemostasis

The conundrum of a perceived bleeding tendency in the face 
of infrequent bleeding complications in patients with ALF 
has been recently explored. As shown in Fig. 13.10, global 
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hemostasis as assessed by TEG is usually normal. The repre-
sentative TEG shown was assayed in whole blood from a 
patient with a serious acetaminophen overdose, in whom the 
INR at the same time was 4.2, and the factor VII level was 
4% of normal, and shows a hypercoagulable profile [20]. 
Two obvious contributors to hypercoagulability in this 
patient were a simultaneous factor VIII level of 558% of nor-
mal, high vWF levels, and only mild thrombocytopenia 
(163 × 109/L). Very high factor VIII and vWF levels are a 
consistent finding in ALF (Fig. 13.4) [66, 67], and are prob-
ably caused by activation and injury of vascular endothelium 
[68]. In a series of 51 patients with acute liver injury (a 
milder form of ALF without encephalopathy) and ALF, the 
mean/median TEG parameters were well within normal lim-
its (Fig. 13.10, table). Other laboratories have confirmed 
these findings using TEG [69], and other studies have shown 
thrombin generation in the presence of TM in plasma from 
ALF patients is similar to normal healthy controls, results 
similar to those in patients with cirrhosis (Fig. 13.3) [70, 71].

In the setting of often profoundly decreased pro- 
hemostatic factors, these data suggest that hemostasis 
remains re-balanced in patients with ALF, and therefore, 
compensatory mechanisms must exist. As for cirrhotics, pro- 
and anti-coagulant, liver-derived coagulation factors 
decrease proportionally in the face of liver failure [67]. In 
contrast to the case with cirrhosis, however, profound activa-
tion of the SIRS by the cytokine storm which ensues after the 
primary liver injury appears to be a major driver of compen-
sation. The result can be semi-quantitated in TEG assays, 
which show maximum amplitude of clot formation increases 
commensurate with the number of SIRS components on 
admission to the hospital (Fig. 13.11). The responsible 
mechanisms of this increase probably include increased fac-
tor VIII and vWF levels [66, 67]. The effects of high vWF 
can be observed in perfused chambers mimicking plasma 
flow. As shown in Fig. 13.12, the same number of platelets 
from normal patients were incubated either with plasma 
from normal healthy donors (Panel A), or patients with ALF 
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Fig. 13.11 The relationship 
of maximum blood clot 
strength (amplitude) in 
thromboelastography 
according to the number of 
positive elements of the 
systemic inflammatory 
response syndrome (SIRS) on 
admission to the hospital for 
acute liver failure. (Adapted 
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Fig. 13.12 Platelet 
aggregation in plasma from 
normal healthy controls and 
patients with acute liver failure. 
The same number of platelets 
were added to perfusion 
chambers containing plasma 
from normal healthy control 
subjects (a), or from patients 
with ALF (b). The increased 
platelet aggregation in platelets 
incubated in plasma from ALF 
patients compared to control is 
due to increased vonWillebrand 
factor in the latter. (Adapted 
from Hugenholtz, et al. 
Hepatology. 2013; 58: 752) [66]
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(Panel B). Platelet aggregation is much more dramatic in the 
latter, a demonstration of the effects of increased vWF 
release from endothelial cells.

The SIRS also appears to contribute to re-balanced hemo-
stasis in patients with ALF by activating platelets, yielding 
highly pro-coagulant MPs [61]. MPs are everted fragments 
(<1 μm) of plasma membrane derived from many cell types 
in response to the SIRS [72]. The eversion process exposes 
phosphatidylserine (PS), usually segregated to the inner leaf-
let of the plasma membrane. With exposure to the exterior of 
the MP, PS activates the coagulation cascade synergistically 
with tissue factor (TF) [73], the primary activator of the 
extrinsic coagulation cascade. The source of TF within the 
necrotic liver appears to be hepatocytes, which normally 

express low levels, but are thought to de-encrypt TF in 
response to toxic injury, including acetaminophen overdose 
[74]. In patients with ALF, MPs are primarily platelet- 
derived, increase in proportion to the number of SIRS com-
ponents (Fig. 13.13a), and are highly pro-coagulant as they 
also contain TF) (Fig. 13.14). In fact, MP-associated TF 
activity, a measure of pro-coagulant activity, is higher than in 
other disease states characterized by hypercoagulability 
(HIV, malignancy, sickle cell disease) [61]. MPs may also 
mediate the multiorgan system failure (MOSF) of ALF, the 
primary cause of death, and are associated with death or the 
need for liver transplantation (Fig. 13.13b, c).

Defective fibrinolysis may also serve to re-balance low 
pro-coagulant factors and fibrinogen in patients with 
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(c) Log10 MP/ml on day 3 of hospitalization in patients with ALF 
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2013; 58: 304) [61]
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ALF. Although older studies suggested that patients with 
ALF often develop a condition resembling disseminated 
intravascular coagulation (DIC) [75], ALF patients do not 
have the classical features of consumptive coagulopathy 
because factor VIII levels are markedly elevated, not low. 
Analysis of clot lysis in vitro has shown that fibrinolysis is 
markedly slower in patients with ALF compared to healthy 
controls, with clot lysis in many of the former unmeasurably 
high (Fig. 13.15).

13.3.3  ALF as a Hypercoagulable State

Similar to patients with cirrhosis, the above data suggest that 
hemostasis in patients with ALF exists in a re-balanced state 
slightly biased toward thrombosis. Few clinical studies of 
thrombotic complications in ALF exist, but several observa-
tions strongly suggest the presence of relative hypercoagula-
bility. Hemostasis in whole blood by TEG has implied a 
hypercoagulable state in 25–35% of patients with ALF [67, 
69]. RRT circuits frequently thrombose in patients with ALF 
[29], possibly the result of increased soluble TF and MP pro-
duction [76]. Early studies documented fibrin deposition in 
the liver of patients with acetaminophen overdose [75], and 
subsequent data in animal models of ALF have correlated the 
degree of coagulation activation and extent of necrosis, 
implying that intrahepatic thrombosis may cause a second-
ary ischemic hit after the primary liver injury. Furthermore, 
heparin ameliorates acetaminophen-induced hepatotoxicity 
[77]. Finally, ALF patients with MOSF develop peripheral 
tissue hypoxia leading to lactic acidosis, caused in part by 
microthrombi in peripheral microcirculation [78]. Thus, 
although gross thrombotic complications in ALF may not be 
a prominent feature of the syndrome, thrombosis of the 
hepatic and systemic microvasculature is likely to be a major 
contributor to the pathogenesis of the syndrome and to poor 
outcome.

13.3.4  Management of Hemostatic 
Abnormalities in Patients with ALF

There are few data to guide clinicians in using blood and 
blood products or anticoagulants in patients with ALF, and 
recommendations are primarily based upon personal expe-
rience. As a preamble, several points will be re-empha-
sized. First, spontaneous and post-procedural bleeding 
complications are uncommon in patients with ALF, and 
when they occur, they reflect the severity of the secondary 
SIRS and systemic complications rather than the severity of 
the primary liver injury. Consequently, they can be antici-
pated by a low platelet count, but not a high INR. The 
severity of bleeding complications in patients with ALF is 
usually mild and self-limited, not requiring of RBC trans-
fusion. However, bleeding complications portend poor out-
come, most likely due to their association with MOSF, but 
not bleeding per se. The bleeding complication with high-
est morbidity and mortality in patients with ALF is intra-
cranial bleeding after ICP monitor placement; although 
uncommon (~5%) [79], it has a high mortality (~50%). 
These observations are based upon extensive review of the 
ALF Study Group Registry of nearly 2000 patients, but 
have not yet been published (Stravitz and the ALF Study 
Group, unpublished data).

50

40 P<0.001

0.24 ± 0.14pg/ml 9.05 ± 8.82pg/ml

Con
tro

l
AL

I/A
LF

30

20

M
P

T
F

 A
c

ti
v

it
y

 (
p

g
/m

l)

10

0

Fig. 13.14 Microparticle tissue factor (MPTF) activity in plasma from 
patients with acute liver injury/failure and normal healthy controls. 
MPTF activity is a measure of pro-coagulant activity, as it reflects the 
synergistic effect of phosphatidylserine (on the everted surface of MPs) 
and tissue factor on the production of factor Xa. Means ± SD are shown. 
(Adapted from: Stravitz, et al. Hepatology. 2013; 58: 304) [61]

200

***

No lysis after 180 min

Controls Patients

100

C
lo

t l
ys

is
 ti

m
e 

(m
in

)

0

Fig. 13.15 Whole blood clot lysis time in plasma from patients with 
acute liver injury/failure and normal healthy controls. (Adapted from: 
Lisman, et al. J Thromb Haemost 2012; 10: 1312) [70]

13 Hematological Issues in Liver Disease



176

The decision to transfuse patients with ALF should not be 
taken lightly in the absence of a significant bleeding compli-
cation or before highest-risk procedure, such as ICP monitor 
placement. Primarily, transfusion of plasma removes the 
most important prognostic indicator of spontaneous recovery 
of the liver, as the clinician can no longer rely on the trend in 
INR. It has also been observed in the ALF Study Group 
Registry that transfusion of RBC, platelets, or plasma is 
associated with a nearly 50% increase in death or liver trans-
plantation at day 21 after admission. Most probably, the need 
for transfusion of any blood component selects for the more 
acutely ill patients, but also raises the possibility that transfu-
sions cause harm. As discussed above, patients with ALF 
may be hypercoagulable and systemic and intrahepatic acti-
vation of coagulation increases; it is therefore plausible that 
blood and product transfusions cause harm by exacerbating 
microvascular thrombosis, exacerbating not only the liver 
injury, but also MOSF.

When, therefore, should clinicians consider transfusion in 
patients with ALF? As a treatment for active bleeding, they 
should be reserved for clinically significant bleeding. As 
prophylaxis, they should be reserved for high-risk proce-
dures, such as percutaneous liver biopsy or placement of an 
ICP monitor. A goal INR should probably not be used. 
Rather, ~2 units of plasma transfused within roughly an hour 
before the procedure without repeating the INR might be 
considered since this strategy repletes pro-coagulant factors 
to achieve a minimal level to support thrombin generation. 
Platelet transfusions should be considered when < 
~60 × 109/L, based upon the work in cirrhotics by Tripodi 
et al. [14], which has not yet been reproduced in patients 
with ALF. Fibrinogen repletion as cryoprecipitate should be 
considered when plasma concentrations are <100 mg/dl. The 
use of TEG to guide repletion, similar to methods adopted by 
liver transplant anesthesiologists [80], would be reasonable, 
if available. Treatment of the underlying precipitating factor 
of the bleeding should always accompany transfusions. The 
precipitating factors resemble those described for cirrhosis, 
most importantly, infection and renal failure.

The use of anticoagulants in patients with ALF is equally 
based upon local experience and practice. During RRT, it has 
been recommended that citrate be avoided because of the 
decreased hepatic capacity to metabolize citrate. However, a 
recent report from the King’s College has suggested that 
citrate is, in fact, probably safe [81]. The use of heparin in 
RRT is also probably safe in patients with ALF, although 
may not be as effective as in other critically ill patients with-
out liver failure because of low AT levels in the former. Some 
form of VTE prophylaxis should be strongly considered. 
Pneumatic compression devices may be more appealing to 
clinicians in the setting of renal failure or severe thrombocy-
topenia, but low-dose heparins have been used without com-
plications (RTS, personal observations).

Several studies have advocated the use of rVIIa before 
high risk procedures such as ICP monitor placement [82]. 
Although the strategy temporarily normalizes the INR with-
out the risk of volume overload of plasma infusion, it obfus-
cates the use of the INR for prognosis, any may exacerbate 
the hypercoagulable state of ALF; indeed, serious throm-
botic complications of rFVIIa have been reported in patients 
with ALF [83].

 Conclusions

In conclusion, stable patients with liver disease may be 
considered to have re-balanced hemostasis apart from the 
bleeding risk from complications of portal hypertension, 
the risk of which is determined by the severity of portal 
hypertension, not deficiencies in hemostasis. However, 
hemostasis in patients with severe acute or chronic liver 
disease is in a fragile state of compensation, the balance 
of which may be tipped toward bleeding or thrombosis by 
a number of precipitating factors. Unfortunately, few clin-
ical studies have proved the safety of withholding pro-
coagulant therapies, particularly before high-risk invasive 
procedures. Further studies are urgently needed to deter-
mine whether blood product transfusions cause harm in 
patients with severe acute or chronic liver disease, since a 
tipped balance toward hypercoagulability appears to con-
tribute to the pathogenesis of liver injury and complica-
tions in both syndromes.
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Nutrition Therapy in Acute and Chronic 
Liver Failure

Panna A. Codner, Beth Taylor, and Jayshil J. Patel

Abstract

Nutritional support in the patient with liver disease is a complex challenge. The liver is a 
key organ in many metabolic processes with considerable reserve. Multiple etiologies and 
duration of liver disease factor into the challenge of managing nutritional support in these 
patients. Despite these obstacles, the basic tenants of nutrition therapy including risk assess-
ment, attention to protein and energy requirements, provision of nutrients in compensated 
and decompensated states, and monitoring and treatment of complications enable these 
patients to receive the optimal benefits of nutritional therapy. The use of body composition 
assessment with advanced imaging has expanded our nutritional assessment toolbox and is 
predictive of quality of life, survival, and outcomes after surgery in cirrhosis and possibly 
after organ transplantation.
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14.1  Background

14.1.1  Introduction

Nutritional support for liver disease patients is challenging. 
The pivotal role of the liver in metabolism and the loss of 
normal metabolic reserves during liver failure contributes to 
the complexity of nutritional therapy, as do the wide varia-
tions in the cause and severity of liver disease. Assessing 
nutritional risk in this population can be challenging and 

may yield unreliable results, contributing to a lack of specific 
recommendations in this population.

The unique histology and anatomy of the liver facilitate 
its participation in a wide array of critical functions. Many 
cell types exist in the liver, including hepatocytes, Kupffer 
cells, stellate cells, bile duct epithelium, and sinusoidal 
endothelial cells. Liver cells are responsible for processes 
such as amino acid metabolism, ammonia production, gly-
cogen storage, and cytokine and hormone production. 
Hepatic Kupffer cells are the largest reservoir of fixed mac-
rophages in the body and play a critical role in the entry of 
gut-derived toxins into the portal circulation, which is sup-
plied by both the portal vein and the hepatic arteries. The 
hepatic portal vein supplies 75% of the blood to the liver 
while the hepatic arteries supply the remaining 25%. The 
hepatic oxygen demand is equally satisfied by the portal 
vein and hepatic arteries. The liver receives nutrient-rich 
blood directly from the gastrointestinal tract, facilitating its 
essential role in carbohydrate, protein, and fatty acid metab-
olism and the bile production necessary for intestinal fat 
absorption.
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Liver disease broadly includes any disorder that disrupts 
the normal functions of the liver and may be categorized as 
acute or chronic. Due to the impressive functional reserve 
and regenerative capacity of this organ, it is thought that up 
to 75% of liver tissue must be injured before physiologic 
manifestations occur.

Acute liver failure (ALF) is precipitated by the destruc-
tion of a large proportion of hepatocytes, resulting in deterio-
rating hepatic synthetic function (jaundice, elevated 
prothrombin time/international normalized ratio (INR) ≥ 1.5, 
and hypoalbuminemia) with hepatic encephalopathy (HE) in 
a patient without cirrhosis or preexisting liver disease [1]. 
Acute liver failure (ALF) is also referred to as fulminant 
hepatic failure, acute hepatic necrosis, fulminant hepatic 
necrosis, and fulminant hepatitis. A duration of illness of less 
than 26 weeks is commonly used to differentiate between 
acute and chronic liver failure. Further classification into 
hyperacute (<7 days), acute (7–21 days), or subacute 
(21 days to 26 weeks) failure is associated with prognosis but 
more importantly reflects the underlying cause, which is the 
true determinant of prognosis. For example, patients with 
hyperacute liver failure often due to acetaminophen toxicity 
or ischemic causes have a better prognosis than those with 
subacute liver failure (e.g., Wilson’s disease) [2].

Cirrhosis is a hallmark of chronic liver disease and repre-
sents a late stage of progressive hepatic fibrosis. In a cirrhotic 
liver, hepatic architecture is distorted and regenerative nod-
ules are present. While early cirrhosis due to some etiologies 
may be treated to curtail progression, advanced stages are 
generally considered irreversible with the only option for 
treatment being transplantation. In developed countries, 
common causes of cirrhosis include: chronic viral hepatitis 
(hepatitis B, C), alcoholic liver disease, hemochromatosis, 
and nonalcoholic fatty liver disease (NAFLD) [3].

The increase in prevalence of chronic liver disease can be 
mainly attributed to an epidemic of hepatitis C virus (HCV) 
and NASH. It is reported that 130–150 million people glob-
ally are chronically infected with HCV [4]. A significant 
number of these individuals progress to cirrhosis or hepato-
cellular carcinoma. Although there is currently no vaccine 
for HCV, antiviral medication can successfully cure 90% of 
HCV infections, and vaccine research is ongoing.

It is estimated that 65% of Americans are overweight or 
obese. Obesity continues to increase and future estimates are 
staggering. These patients are at risk for developing meta-
bolic syndrome. Several definitions of this disease exist, all 
of which share the common traits of abdominal obesity, ele-
vated triglycerides (≥150 mg/dL), reduced high-density 
lipoprotein (HDL) levels (<40–50 mg/dL), elevated blood 
pressure (≥130/85 mmHg), elevated fasting plasma glucose 
(≥100 mg/dL), or treatment for any of these (Table 14.1) [5]. 
Typically, the presence of 2–3 of these traits is necessary for 
a diagnosis of metabolic syndrome. NAFLD is the hepatic 

manifestation of metabolic syndrome, and progression to 
advanced fibrosis is more likely in patients with risk factors 
such as older age, diabetes mellitus, body mass index 
(BMI) ≥ 28 kg/m2, higher visceral adiposity, and the pres-
ence of elevated serum aminotransferases (≥2 times upper 
limit of normal) [6].

14.2  Nutritional Aspects of Liver Disease

All patients with liver disease should undergo nutritional 
assessment, but patients with advanced liver disease are at 
greater risk for malnutrition. Severe acute malnutrition 
(SAM) has been described in 50–100% of patients with 
decompensated liver cirrhosis (DLC) and in as many as 20% 
with compensated cirrhosis [7].

14.2.1  Pathogenesis of Malnutrition

The pathogenesis of malnutrition in cirrhosis is multifacto-
rial. Contributing factors include: anorexia due to altered 
taste and smell, nausea and vomiting, diarrhea and malab-
sorption, poor food availability/quality (e.g., sodium- 
restriction), metabolic disturbances, and complications of 
liver disease. Malabsorption and maldigestion can result 
from bile salt deficiency, bacterial overgrowth, altered motil-
ity such as delayed gastric emptying or small bowel dys-
motility, and increased intestinal permeability. Complications 
of cirrhosis such as upper gastrointestinal bleeding and por-
tal systemic encephalopathy may also contribute to 
malabsorption.

The liver plays a key role in protein, carbohydrate, 
and lipid metabolism. Lipid metabolism is affected by 
decreased intraluminal bile salt concentrations, bacterial 
overgrowth, or associated pancreatic or intestinal disease. 
Glycogen stores are impaired in patients with advanced 
liver disease and increased amino acid turnover for gluco-
neogenesis can affect lean muscle mass. This can lead to 
starvation within a few hours of fasting. Yamauchi et al. 
demonstrated that late evening snacks prevented nocturnal 
amino acid breakdown for gluconeogenesis and improved 
nitrogen balance [8, 9].

Table 14.1 Criteria for metabolic syndrome

Trait Value Comments

Abdominal obesity 
(waist circumference)

≥102 cm or ≥88 cm Men and women

Triglycerides ≥150 mg/dL Or drug treatment
HDL <40 mg/dL or <50 mg/

dL
Men and women; 
or drug treatment

Blood pressure ≥130/85 mmHg Or drug treatment
Fasting plasma glucose ≥100 mg/dL Or drug treatment
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Sarcopenia is common in liver disease. In patients listed 
for transplantation, 41% were sarcopenic. One-year survival 
was significantly lower in the sarcopenic versus non- 
sarcopenic group (49.7 vs. 87%). Sarcopenia was the single 
greatest predictor of mortality even when factoring INR and 
bilirubin [10, 11]. Decreased glycogen levels during fasting 
result in increased lipid/muscle oxidation, which contrib-
utes to muscle wasting in patients with liver disease. 
Additional mechanisms responsible for muscle wasting 
include cholestasis and loss of fat-soluble vitamins and 
decreased concentrations of bile salts. Abnormal eating 
habits including irregular feeding (“gorging”) were reported 
in 40% of patients. This in turn leads to an increase in peri-
ods of catabolism [7].

14.3  Nutrition Screening and Assessment

Patients with liver disease are a heterogeneous population 
ranging from ambulatory chronic patients to ALF patients 
within the intensive care unit. One cannot assume that all of 
these patients have SAM, however as previously stated, 
those with SAM have a higher morbidity and mortality, as 
well as a decreased quality of life than their well-nourished 
counterparts [7, 12]. The goal amongst practitioners in all 
settings should be to recognize those patients with existing 
SAM or at high risk of developing SAM so that timely inter-
vention can be undertaken. A nutrition screen is the first step 
toward recognizing patients who require nutrition therapy 
and may be performed by any member of the healthcare 
team. A nutrition assessment is a more comprehensive evalu-
ation of the patient’s current nutrition status and effect of 
disease severity and medical treatments to determine a 
patient specific nutrition care plan, this should be completed 
by a registered dietitian or other nutrition expert.

14.3.1  Nutrition Screening

Numerous general nutrition screening tools exist; however, 
these have not been validated for use specifically in patients 
with liver failure. One of the most common, the Subjective 
Global Assessment (SGA) is easy to use, but relies heavily 
on subjective information. The SGA has been shown to 
detect SAM and predict outcomes in patients post liver trans-
plant but underestimates the presence of SAM in patients 
with cirrhosis or chronic hepatitis B or C [13–15]. A single 
center three-phase validation study of a nutrition-screening 
tool for use in ambulatory patients with cirrhosis was shown 
to have a positive predictive value of 93%, with an approxi-
mate 75% sensitivity and specificity when compared to the 
dietitian’s finding of SAM by assessment. The tool consists 
of six questions focusing on oral intake, weight change, fat 

loss, muscle wasting, peripheral edema and functional status 
[16]. The screening tool was developed to recognize the cri-
teria established by the American Society for Parenteral and 
Enteral Nutrition (A.S.P.E.N.) and the Academy of Nutrition 
and Dietetics to diagnose severe acute or chronic malnutri-
tion [17]. Although this tool shows promise for use in patients 
with chronic liver failure, only 22 patients were included in 
the final phase of the study. Validation with a multi-center 
trial is still needed.

Recent guidelines for nutrition support in critically ill 
patients suggest that level of nutrition risk (a combination of 
baseline nutrition status and assessment of disease severity) 
should be determined for patients in whom volitional intake 
is anticipated to be insufficient [18]. The NRS-2002 and 
NUTRIC scoring systems exist to determine nutrition risk in 
critically ill patients [18–20]. Prospective trials have demon-
strated patients with a high nutrition risk score are more 
likely to gain benefit (reduced nosocomial infection, total 
complications, and mortality) from timely nutrition interven-
tion than patients at low risk [21, 22]. Studies specific to 
patients with acute liver failure need to be completed to 
determine the applicability in this patient population.

14.3.2  Nutrition Assessment

A complete nutrition assessment is made up of several com-
ponents including: medical and social history, patient/family 
interview for diet and weight history, biochemical data, 
anthropometrics and a nutrition focused physical exam 
(NFPE). In patients with compensated liver disease these 
techniques are still applicable, but interpretation may be 
challenging. As stated in the introduction, the role of the 
liver in nutrient metabolism is vast and encompasses both 
macro- (oxidation of amino acids, gluconeogenesis, hydroly-
sis of triglycerides, etc.) and micronutrients (storage and site 
of enzymatic steps in activation), making it difficult to dis-
cern what proportion of the abnormal findings are a result of 
malnutrition versus declining liver function [23]. This is why 
traditional serum protein markers (albumin, prealbumin, 
transferrin, retinol-binding protein) should not be used to 
represent nutrition status when performing a nutrition assess-
ment, as they are reflection of liver function during the acute 
phase response. Although not useful as markers of nutrition 
assessment, since the synthesis of albumin and pre-albumin 
decrease as liver disease worsens, they may be used as prog-
nostic markers of disease severity.

The diet history and patient/family interview provides 
information regarding recent intake of macro- and micronu-
trients, diet understanding and compliance, and frequency 
and chronicity of gastrointestinal symptoms (nausea, vomit-
ing, diarrhea, constipation). A nutrition focused physical 
exam (NFPE) assesses musculature, fat stores, body habitus, 
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presence of edema and ascites, oral cavity, skin, hair, nails 
and temperature. In patients with excessive fluid retention, 
muscle wasting may be most evident in the temporal, cla-
vicular and scapular regions. During the interview, informa-
tion regarding change in weight status should also be 
obtained. In the patient with hepatic failure this may provide 
more information regarding fluid shifts than change in 
 muscle and fat stores. For this reason, the Society of Critical 
Care Medicine (SCCM) and American Society for Parenteral 
and Enteral Nutrition (A.S.P.E.N.) nutrition guidelines for 
critically ill patients suggest that a dry weight or ideal body 
weight be used when determining energy and protein needs 
in liver failure patients [18].

14.3.3  Estimation of Needs

Energy and protein requirements for patients with liver fail-
ure are similar to other chronic and acutely ill patients. In 
stable, compensated patients goal energy requirements are in 
the range of 25–35 kcal/kg/day based on an estimated dry 
weight [24, 25]. Those with SAM may require up to 45 kcal/
kg/day. In critically ill patients with a body mass index 
(BMI) in the 30–50 range 11–14 kcal/kg day should be pro-
vided. If BMI > 50, use 22–25 kcal/kg ideal body weight/day 
[18]. Any patient at risk of refeeding syndrome should be 
progressed to goal over several days. Care should be taken to 
avoid overfeeding, which increases fat synthesis and 
increases risk of steatosis.

Cirrhotic patients are often glucose intolerant or have 
frank diabetes. Glucose should not be given in doses higher 
than 5–6 g/kg/day, especially when providing parenteral 
nutrition [24]. Blood glucose checks should be monitored as 
necessary. These patients may also have some degree of 
impaired fat metabolism as previously discussed. In patients 
with steatorrhea, fat should be restricted to no more than 
25% of total calories [7].

The European Society of Parenteral and Enteral Nutrition, 
set a target protein intake of 1.2–1.5 g/kg/day in patients with 
cirrhosis [26]. Other guidelines recommend a requirement 
similar to other patients based on diagnosis and current treat-
ments (e.g. renal replacement therapy) for a protein range of 
1.2–2.5 g/kg/day [18]. All current guidelines recommend 
against protein restriction which was used historically to 
decrease hepatic encephalopathy which ironically results in 
increased muscle tissue breakdown and decreased ammonia 
removal [27, 28]. In addition, use of branched-chain amino 
acids (BCAA) in place of aromatic amino acids (AAA) has 
not been found to improve mental status or coma grade in 
patients already receiving first-line therapy (antibiotics and 
lactulose) [29, 30].

A retrospective study of 630 cirrhotic patients awaiting 
liver transplant evaluated the baseline level of protein intake, 

predictors of protein intake and whether or not level of pro-
tein intake was an independent risk factor for clinical out-
comes [31]. Goal intake was >1.2 g/kg/day, utilizing a dry 
weight for calculation. Protein intake was categorized as 
very low <0.8 g/kg/day (N = 162), low 0.8–1.2 g/kg/day 
(N = 317) and adequate >1.2 g/kg/day (N = 151). Very low 
protein intake was an independent predictor of SAM. In 
addition, 12-month mortality stratified by protein ingestion 
was 27.8% in the <0.8 g/kg/day, 15.9% in the 0.8–1.2 g/kg/
day and 17.2% in the >1.2 g/kg/day. Of the 213 patients who 
remained on the transplant waiting list, a very low protein 
intake was associated with a 70% increase in the RR of death 
at 95% CI: 1.8 (1.2–2.7) [31]. It must be highlighted this 
study demonstrated a high prevalence of patients (76%) 
receiving less protein than prescribed with 26% ingesting 
less than recommended for healthy adults. Efforts to over-
come barriers to delivery of energy and protein should be 
incorporated if a problem exists.

14.3.4  Micronutrients

Micronutrient deficiencies may occur in liver failure 
due to decreased oral intake, alcoholism, malabsorption, 
decreased hepatic storage and altered hepatic synthesis of 
carrier proteins. Water-soluble vitamins, specifically pyri-
doxine, thiamine and folic acid and trace elements zinc 
and selenium are most likely to be deficient in individuals 
with chronic alcohol- related liver disease. The most com-
mon deficiencies in non-alcoholic liver failure are often 
associated with fat malabsorption and include the fat-solu-
ble vitamins A, D, E and K.

Deficiencies of water-soluble B vitamins and vitamin C 
may manifest as physical findings in or around the oral cav-
ity as angular stomatitis, cheilosis, glossitis, and/or bleeding 
gums. More severe deficiencies may lead to neurological dis-
orders such as ataxia and confusion. The most common con-
cern related to thiamin deficiency is the potential for 
Wernicke’s encephalopathy, which is most common in alco-
holics, but may be seen in chronic liver failure regardless of 
the cause. Any patient with chronic liver failure who presents 
with altered mental status should receive thiamin supple-
mentation, as it is difficult to distinguish between Wernicke’s 
and hepatic encephalopathy [32]. Treatment for thiamin defi-
ciency includes 1000–1500 mg thiamine within the first 24 h 
of treatment followed by 500 mg per day × 72 h [33].

In a blinded randomized trial a prevalence of 62.4% of 
vitamin A deficiency was found in patients with chronic liver 
disease based on serum retinol levels, plasma retinol-binding 
protein concentration and liver vitamin A stores [34]. The 
authors noted a progressive decline in serum retinol with 
increasing disease severity, which has been reported by other 
investigators as well [35, 36]. NFPE findings of vitamin A 
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deficiency include bitot’s spot, dry eyes and perifollicular 
hyperkeratosis.

Suboptimal vitamin D stores are common in both choles-
tatic and noncholestatic liver disease [37]. In a prospective 
cohort study of 251 patients with cirrhosis, investigators 
found low serum 25(OH)D3 levels were associated with 
advanced liver disease, increased infectious complications 
and mortality [38]. Vitamin D deficiency is associated with 
osteopenia and osteoporosis that may lead to osteomalacia. 
NFPE findings include rickets and muscle weakness.

Less data is available on liver failure associated vitamin E 
and K deficiency. One early study reported nearly 50% of 
cirrhotic patients suffer from vitamin E deficiency [39]. 
Improvement in serum aminotransferase levels and fibrosis 
scores have been shown with vitamin E supplementation in 
NASH [40, 41]. Findings of neuropathy on NFPE may be 
associated with vitamin E deficiency. The most common 
sign of deficiency of vitamin K is bleeding, it may also lead 
to elevated serum alkaline phosphatase and bilirubin levels 
[42]. Abnormal prothrombin time or finding of purpura on 
NFPE in patients with cirrhosis should prompt consideration 
of vitamin K supplementation.

Zinc deficiency may lead to alterations in taste, anorexia, 
skin rash, poor wound healing and altered immune function. 
Deficiency may be a result of fecal and urine losses com-
bined with poor intake. Serum zinc is bound to serum albu-
min, which generally decreases in end-stage liver disease. 
Thus, investigators have proposed the use of serum zinc lev-
els to estimate the severity of liver disease, as well as, the 
need for dietary intervention [43]. However, more work 
needs to be done to confirm the validity of this use.

A multivitamin should be considered in all patients with 
liver failure, given the potential for poor diet quality. Mega- 
doses of nutrients should be reserved for those patients with 
clinical manifestations or biochemical data to support a 
deficiency.

14.4  Nutrition Delivery

14.4.1  Oral Diet

Cirrhotic patients may benefit from 4–6 small frequent meals 
for several reasons. Due to their limited liver glycogen stor-
age capacity, a prolonged fasting time will lead to increased 
use of muscle glycogen, free fatty acid oxidation and produc-
tion of ketones [44]. This milieu of events may accelerate 
loss of muscle mass. Frequent feeding may slow rate of mus-
cle loss, as well as aiding in the prevention of hypoglycemia 
or hyperglycemia. Patients with ascites may complain of 
early satiety and have an overall increased intake with fre-
quent feedings and smaller portion sizes. The feedings 
should be high protein, restricting overall sodium to 

≤2000 mg per day in the presence of ascites or edema. 
Skipping of meals should be avoided. Concentrated oral sup-
plements or protein modular may be needed to meet the 
patient’s estimated energy and protein requirements [45, 46].

14.4.2  Enteral Nutrition

Enteral nutrition (EN) is preferred over parenteral nutrition 
for liver failure patients with a functional GI tract who are 
unable to maintain volitional feeding [18]. A review of EN 
in chronic liver disease discussed the lack of supporting evi-
dence of improved clinical outcomes with the provision of 
EN [47]. The review suggests timing of EN earlier in the 
disease process with active participation of the patient in the 
decision to initiate EN may lead to improved outcomes. As 
discussed earlier, patients identified at “high nutrition risk” 
may demonstrate greater benefit. If the decision is made to 
start EN, some consideration should be given to “how” the 
feeds will be delivered. There continues to be debate regard-
ing the safety of placement of a nasoenteric feeding tube in 
a patient with esophageal varices, especially when non-
banded with a recent history of bleeding. If long-term feed-
ing is needed a percutaneous endoscopic gastrostomy (PEG) 
is considered standard care. However, PEGs are generally 
contraindicated in patients with moderate to severe ascites 
due to the risk of peritonitis or puncture of varices [48, 49]. 
In addition, these patients may have a delay in PEG tract 
closure, leading to potential development of a gastric fistula. 
Patients should be evaluated on a case by case basis for 
potential contraindications prior to placement of an enteral 
feeding device [47].

If EN is initiated a standard polymeric formula should be 
considered as a first choice. These products are available in 
various concentrations when fluid restriction is necessary. In 
those patients with severe malabsorption a semi-elemental or 
partially hydrolyzed formula may be optimal. These are 
available in various concentrations as well. Specialized liver 
disease formulas with an increased concentration of BCAAs 
to AAAs are very costly and should only be considered for 
use in patients with ESLD with hepatic encephalopathy that 
is refractory to baseline treatment with antibiotics and lactu-
lose [18]. Regardless of the formula chosen, if the protein 
content does not provide 1.2 g/kg/day within the prescribed 
amount, protein modulars should be used.

14.4.3  Parenteral Nutrition

In patients with a non-functioning GI tract or inability to 
obtain EN access, initiation of parenteral nutrition (PN) 
should be initiated as soon as possible in those patients found 
to be at high nutrition risk using the NRS 2002 or NUTRIC 
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score. However, start of PN should be delayed in patients 
with septic shock regardless of their nutrition risk level. In 
low risk patients start of PN can be delayed 7–10 days [18]. 
The availability of n-3 fatty acid lipid emulsions worldwide 
offers a product with the potential to provide an anti- 
inflammatory effect. The safety and efficacy of PN  containing 
n-3 fatty acid based lipids on cirrhotic patients with liver 
cancer post-operatively was studied in a RCT [50]. In a trial 
of 312 cirrhotic patients who underwent hepatectomy, a sig-
nificant reduction of infectious complications (p = 0.014), 
hospital stay (p = 0.018) with a decrease in mortality 
(p = 0.21) was realized when compared to PN containing n-6 
fatty acids. Similar findings were noted in a RCT of 66 
patients undergoing liver transplant. Those who received the 
n-3 containing PN versus the n-6 had a decrease in infectious 
complications, hospital length of stay and 1-year mortality. 
A significant improvement in liver injury was noted by a 
decrease of alanine aminotransferase and prothrombin time 
on post-transplant day 9 in the n-3 fatty acid group [51]. 
Repeated efforts should be made to transition the patient to 
EN or an oral diet when the GI tract is once again 
functioning.

14.4.4  Branched Chain Amino Acids

Branched chain amino acids (BCAA) are amino acids which 
contain an aliphatic side-chain and include leucine, isoleu-
cine, and valine. BCAA are essential amino acids, meaning 
they cannot be synthesized de novo and must be supplied via 
diet. As stated earlier, up to 80% of patients with DLC have 
pre-existing SAM and may be deficient in BCAA while 
patients with ALF generally do not have SAM. Dietary 
BCAA supplementation has been tested for prevention and 
management of HE. The pathogenesis of HE is complex and 
multi-factorial. One pathway for HE involves enterocyte oxi-
dation of glutamine (GLN), which yields ammonia (NH3). 
In DLC and ALF, where the liver is unable to detoxify NH3 
due to impaired ureagenesis, NH3 enters systemic circula-
tion where it is able to cross the blood brain barrier and cause 
astrocyte swelling. A second pathway contributing to HE is 
related to the aromatic amino acids (AAA). AAA can only 
be oxidized by the liver. With DLC, AAA oxidation is 
reduced and plasma AAA levels are elevated. The Fischer 
ratio describes the ratio of BCAA to AAA (BCAA/AAA) 
and is normally in the range of 3–3.5. A low Fischer ratio 
suggests reduced BCAA and/or increased AAA. Increased 
AAAs out-compete the low BCAA for entry into the central 
nervous system, where they are metabolized into “false neu-
rotransmitters” such as serotonin, phenylethanolamine, and 
octopamine [52]. BCAAs activate GLN synthesis in skeletal 
muscle by converting glutamate into GLN (and thus remov-
ing NH3 from circulation) and compete with AAA for CNS 

entry, thus limiting HE. There are no randomized controlled 
trials of BCAA in DLC for prevention or treatment of HE. Of 
the available evidence, a meta-analysis of 16 randomized 
controlled trials has not demonstrated benefit of BCAA sup-
plementation in liver cirrhosis for HE treatment [53]. The 16 
studies did not include critically-ill patients, included a mix-
ture of oral and intravenous BCAA supplementation, 
included varying doses of BCAA, and studied patients with 
mild to overt HE [53]. Even though BCAA supplementation 
can enhance skeletal muscle NH3 detoxification, the pro-
duced GLN travels to enterocytes, where it is oxidized to 
alpha-ketoglutarate, liberating two NH3. Thus, for each NH3 
detoxified by the BCAA pathway, two are produced by 
enterocyte GLN oxidation. BCAA may have benefit in DLC 
presenting as variceal hemorrhage. Variceal hemorrhage 
increases the gut protein load. Hemoglobin is a poor source 
of protein, contains valine and leucine, but is devoid of iso-
leucine. The BCAA imbalance that occurs as a consequence 
of hemoglobin degradation leads to BCAA antagonism, 
which enhances skeletal muscle valine and leucine metabo-
lism, further reducing BCAA concentration in DLC. During 
a simulated gastrointestinal bleed in cirrhotic patients, Olde- 
Domink et al. demonstrated the reduced isoleucine defi-
ciency enhanced BCAA metabolism, but when intravenous 
isoleucine was infused during a simulated bleed, BCAA lev-
els increased, suggesting a possible therapeutic role for intra-
venous isoleucine in DLC with variceal bleed [54]. The 
authors did not report a clinical outcome associated with 
intravenous isoleucine and further data are needed before 
widespread implementation.

In ALF, BCAA may be low or high, depending on the 
stage of disease [52]. In early ALF, BCAA may be elevated 
due to hepatic necrosis leading to spill-over into circulation. 
In later stages, BCAA concentration may be low due to con-
sequences of proteolysis and an acquired SAM. Animal 
studies suggest benefit of BCAA in ALF; however, there are 
no human data for use of BCAA in ALF [55–58]. A survey 
conducted from 33 centers across 11 European countries 
suggested BCAA were being used with high frequency for 
ALF (despite lack of literature support) [59]. Twenty-three 
of 33 centers used an AA solution containing BCAA in ALF 
[59]. The 2009 ESPEN Nutrition Support guidelines support 
BCAA use in DLC with grade III–IV HE and the 2016 
ASPEN/SCCM Nutrition Support guideline recommend 
against BCAA use in DLC [26, 60]. The 2015 Canadian 
Critical Care Nutrition Support guideline suggests there is 
insufficient evidence for BCAA.

14.5  Patient Scenario

Question: What protein dose and formulation should be 
used in this patient with acute liver failure?

P.A. Codner et al.
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Scenario: A 50-year old man with acetaminophen over-
dose is admitted to the ICU. He is confused. His blood pres-
sure is 90/50 mmHg, has a heart rate of 120 beats per minute, 
and respiratory rate of 24/min. He is jaundiced, has right 
upper quadrant pain, is confused, and has asterixis. He is 
intubated for airway protection. During rounds, the resident 
asks if we should limit protein intake to branched chain 
amino acids.

Answer: Protein delivered enterally using a standard for-
mula at a dose of 1.2–2.0 g/kg body weight/day is recom-
mended. The use of a specialty (i.e. branched chain amino 
acid formula) is not recommended for routine use in patients 
with acute liver failure.

Rationale: ALF is hallmarked by hepatocellular necrosis, 
which heightens inflammation and induces a catabolic state 
culminating in proteolysis. Therefore, recommendations for 
protein are the same for other ICU patients, at 1.2–2.0 g/kg/
day. BCAA depletion may reduce the Fischer ratio. The 
increase in aromatic amino acids (due to liver failure) out-
competes the depleted BCAA for entry into the central ner-
vous system and contributes to hepatic encephalopathy. 
Trials for BCAA in ALF are lacking. Furthermore, BCAA 
concentrations may be low or high in ALF, depending on the 
stage of disease. 2016 ASPEN/SCCM guideline does not 
endorse routine use in patients with ALF [61].

14.6  Sarcopenia

Sarcopenia is loss of skeletal muscle and is common in liver 
disease. Forty-one percent of cirrhotics listed for transplanta-
tion were sarcopenic. One-year survival was significantly 
lower in the sarcopenic versus non-sarcopenic group (49.7 
vs. 87%). Sarcopenia was the single greatest predictor of 
mortality even when factoring INR and bilirubin [10, 11]. 
Decreased glycogen levels during fasting result in increased 
lipid/muscle oxidation, which contributes to muscle wasting 
in patients with liver disease. Additional mechanisms respon-
sible for muscle wasting include cholestasis and loss of fat- 
soluble vitamins and decreased concentrations of bile salts. 
Abnormal eating habits including irregular feeding (“gorg-
ing”) were reported in 40% of patients. This in turn leads to 
an increase in periods of catabolism [7].

Sarcopenic obesity is also prevalent in these patients and 
is described as a loss of lean muscle mass and simultane-
ous gain of adipose tissue. There are several tools such as 
the D’Amico stage classification, Child-Pugh, and MELD 
scores used to predict mortality; however, they all lack 
nutritional and functional status assessment. Quantifying 
proportion of muscle mass using computed tomography 
(CT) and magnetic resonance imaging (MRI) may be more 
reliable than subjective nutritional assessments to identify 
loss of muscle mass.

Englesbe et al., analyzed measurements of cross-sectional 
area of the psoas muscles on CT scans of 163 liver transplant 
patients. Correcting for donor and recipient characteristics, 
1-year survival for the quartile with the smallest psoas area 
was worse (49.7% vs. 87.0%, p, 0.0001) compared with the 
largest psoas area quartile. This relationship was also true at 
3 years (26.4% and 77.2%, p < 0.0001) [10]. Interestingly, 
the association between psoas area and survival was stronger 
than all other covariates including international normalized 
ration (INR) and serum bilirubin.

Therapeutic options for undernutrition and sarcopenia in 
cirrhotics include increased protein intake which has been 
demonstrated to be safe, well-tolerated, and beneficial. Other 
strategies as further described in the patient scenario include 
late-evening snacks, repeated snacks, and protein supple-
mentation [8, 9, 62]. Some evidence suggests a role for 
leucine- rich supplements in the management of muscle 
wasting in cirrhosis. Leucine is one amino acid essential for 
protein synthesis and activation of anabolic signaling via the 
mammalian target of rapamycin (mTOR) through an unde-
fined mechanism and as an amino acid [63, 64].

Regimented exercise including aerobic and resistance 
activity important for muscle metabolism. Patients with cir-
rhosis have reduced exercise capacity and physical activity. 
The potential risk of even moderate exercise can augment 
portal pressure and lead to variceal bleeding [65]. Therefore, 
patients who are able and willing to enter an exercise pro-
gram may benefit from pharmacologic prophylaxis such as 
propranolol pretreatment [66].

Another interesting approach in cirrhotic sarcopenia is 
the use of transjugular intrahepatic portosystemic shunt 
(TIPS). The effects of TIPS on metabolism and body com-
position are not well defined. Several proposed mechanisms 
include TIPS-induced metabolic changes and increased 
plasma free fatty acids [67]. Additionally, portal hyper-
tension increases enteric mucosal permeability promoting 
bacterial translocation. This leads to diffusion of lipopoly-
saccharide (LPS) and other pro-inflammatory mediators, 
ultimately leading to insulin resistance, a catabolic effect, 
and loss of protein mass. TIPS can help reduce portal 
hypertension and improve insulin resistance and poten-
tially reverse sarcopenia. However, refractory sarcopenia 
after TIPS is associated with higher mortality [68]. Other 
novel treatments which require more rigorous investigation 
include myostatin antagonists; myostatin levels in patients 
undergoing transplant evaluation were significantly higher 
than normal controls and animal studies have shown safe 
myostatin expression reversal without adverse liver conse-
quences [69, 70].

Finally, not all studies have demonstrated that sarcopenia 
increases mortality after liver transplantation [71]. This will 
be further discussed in the organ transplantation section 
below.

14 Nutrition Therapy in Acute and Chronic Liver Failure
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14.7  Patient Scenario

Question: What is the most appropriate meal recommenda-
tion to optimize nutrition for an outpatient with chronic liver 
disease?

Scenario: A 65-year old Caucasian male with chronic 
liver disease is seen in consultation for weight loss, progres-
sive weakness, and confusion in the morning per spouse. The 
patient believes he is eating adequately. He presents for 
advice in maintaining or gaining weight and improving func-
tional status especially in the morning.

Answer: You start the patient on three meals per day with 
three snacks per day including a late evening and early morn-
ing snack. With this regimen, the patient gains weight, feels 
better, and notes improvement in strength and mentation 
over the next 6 months.

Rationale: In patients with cirrhosis and chronic liver 
disease, there is increased protein turnover, impaired protein 
synthesis, and decreased hepatic glycogen stores. A late 
 evening snack is an intervention to reduce the postabsorptive 
(fasting) phase and reverse anabolic resistance and sarcope-
nia in patients with cirrhosis [72].

14.8  Organ Transplant

Patients who undergo an orthotopic liver transplant 
(OLT) are a unique subset of patients. In the immediate 
post- operative phase of care, body cell mass (given in 
pounds and as a percentage of body weight of all the liv-
ing metabolically active tissue in the body-muscle, organ, 
blood cells, intracellular water, proteins, and solids) is 
unchanged. Additionally, total body water decreases, fat 
content increases, and there is increased protein turnover 
that occurs up to 2 weeks postoperatively and beyond. 
There is unchanged basal energy expenditure and no fur-
ther requirements for zinc and vitamin A supplementation 
with a functioning graft. Initiation of EN within 12 h of 
transplant has been shown to be safe and most patients 
who do not suffer an immediate postoperative complica-
tion may be able to transition to an oral diet within 5 days 
[73]. Early EN has been shown to decrease viral infections 
and reduce nitrogen turnover [74]. Immune- enhancing 
diets in this group of patients is controversial. Plank 
et al., assessed the safety of an immune-enhancing diet 
in patients undergoing liver transplant. Fifteen patients 
were given oral specialty Immunonutrition formula for 
a median of 54 days (range 10–168) pre-transplant and 
an enteral special Immunonutrition formula early after 
transplant. The authors suggested that Impact may have 
a role in improving preoperative nutritional status, speed-
ing recovery after transplant, and reducing postoperative 
infections [75]. 

14.8.1  Sarcopenia and Liver Transplant

Sarcopenia is associated with increased mortality in cirrhosis; 
however, its impact after OLT is controversial. Investigators in 
one study found that median survival after liver transplant with 
sarcopenia compared to transplant without sarcopenia (115 ± 25  
months vs. 146 ± 34, p = 0.2) was no different. Some differences 
to explain the controversy include a non-protocol CT performed 
in the post-transplant period likely for sicker patients who 
required diagnostic imaging who then had a higher risk of death 
and different techniques used for muscle assessment including a 
difference in psoas levels used (L4 vs L3) and area of muscle 
used in determining the final cross-sectional area [10, 71, 76]. 
The same authors who showed no increase in mortality in sarco-
penic OLT patients did show longer hospitalizations for the sar-
copenic group. In a subanalysis, they also showed 20% of 
transplanted patients had resolution of sarcopenia.

Sarcopenia affects quality of life, survival, and the develop-
ment of complications in cirrhosis. The physiologic changes 
including the presence of ascites influences other indirect nutri-
tional assessment methods (e.g., bio impedance analysis) mak-
ing them inaccurate. The use of cross-sectional imaging studies 
to quantify skeletal muscle mass is an emerging objective and 
reliable nutritional assessment tool for identification of sarco-
penia and preoperative nutritional/metabolic adequacy.

 Conclusions

Providing nutritional therapy in patients with liver disease 
is a challenging practice that requires consideration of the 
diverse clinical presentation of these patients from acute 
hepatitis to DLC in need of organ transplantation. Despite 
these challenges, principles of nutritional assessment and 
general guidelines regarding energy assessment, protein 
therapy, and micronutrient replacement has been shown 
to improve infectious morbidity, hospital length of stay, 
and decrease mortality even after organ transplant. Special 
protein and immune-enhancing formulations may be ben-
eficial in specific conditions. In addition, the use of body 
composition measurement via CT or MRI to identify sar-
copenia is expanding our nutritional assessment toolbox. 
Therefore, practitioners who address nutrition therapy are 
uniquely positioned to optimize outcomes for patients 
with liver disease.

14.9  Test Your Knowledge Questions

 1. In patients with hepatic encephalopathy (HE), current 
protein guidelines recommend?
 (a) 1.2–1.5 g/kg/day
 (b) Use of branch-chain amino acids in all patients at risk 

for HE
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 (c) 0.8–1.0 g/kg/day
 (d) Provide no protein until HE resolves
 (e) None of the above

 2. Fat-soluble vitamin deficiency (vitamins A, D, E, and K) 
are a result of which mechanism in patients with liver 
disease?
 (a) Bacterial overgrowth
 (b) Gastrointestinal bleeding complications
 (c) Impaired glycogen storage
 (d) Impaired fat absorption
 (e) Diarrhea

 3. Omega-3 fatty acid based lipids in cirrhotic patients who 
undergo surgery has been shown to
 (a) Increase infectious complications
 (b) Have no change on hospital length of stay
 (c) Decrease mortality
 (d) Significantly reduce infectious complications
 (e) None of the above
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Bacterial Infections

Michael G. Ison and Madeleine Heldman

Abstract

Bacterial infections are the most significant infectious source of morbidity and mortality in 
cirrhotic patients. Bacteria infections result is both acute decompensation in chronic liver dis-
ease and mortality in patients with decompensated cirrhosis. Spontaneous bacterial peritonitis 
(SBP), bacteremia, pneumonia, urinary tract infections (UTI) and skin and soft tissue infection 
(SSTI) are the most significant sources of infection in cirrhosis. Bacterial infections can pre-
cipitate renal failure and worsening hepatic encephalopathy, and patients with sepsis and liver 
disease have higher rates of acute respiratory distress syndrome (ARDS) and coagulopathy.

Keywords

Spontaneous bacteria peritonitis • Hepatitis • Urinary tract infection • Influenza

Learning Objectives
• Understand the impact of bacterial infections on 

cirrhosis.
• Discuss the pathophysiologic mechanisms that put 

patients with cirrhosis at risk for bacterial infections.
• Discuss the presentation, diagnosis, management and pre-

vention of spontaneous bacterial peritonitis (SBP).
• Describe the microbiology of bacteria associated with 

blood stream infections, pneumonia, skin and soft tissue 
infection (SSTI), and urinary tract infections in patients 
with chronic liver disease.

Bacterial infections are the most significant infectious source of 
morbidity and mortality in cirrhotic patients. At least  one- third 

of hospitalized patients with cirrhosis will have a bacterial 
infection compared with less than 10% of otherwise healthy 
hospitalized patients [1–3]. Bacterial infections continue to be 
the leading cause of both acute decompensation in chronic liver 
disease and mortality in patients with decompensated cirrhosis, 
accounting for 30–50% of deaths [2, 4, 5]. Spontaneous bacte-
rial peritonitis (SBP), bacteremia, pneumonia, urinary tract 
infections (UTI) and skin and soft tissue infection (SSTI) are 
the most significant sources of infection in cirrhosis. While rec-
ognition and treatment of SBP has decreased mortality from 
80% to 20% in the past 30 years, mortality from infections, 
particularly pneumonia and septicemia, remain quite high [1]. 
Bacterial infections can precipitate renal failure and worsening 
hepatic encephalopathy, and patients with sepsis and liver dis-
ease have higher rates of acute respiratory distress syndrome 
(ARDS) and coagulopathy compared to patients with sepsis 
and no underlying liver disease [6, 7].

15.1  Pathophysiology of Bacterial 
Infection Risk in Cirrhosis

Historically, bacterial infections in patients with liver disease 
are primarily due to translocation of native gut bacteria com-
plicated by immune dysregulation. In healthy persons, low- 
grade bacterial translocation occurs regularly, as bacteria 
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travel to the liver though mesenteric lymph nodes and the 
portal venous system. The reticuloendothelial system of the 
liver, compromised of Kupffer cells, exert a filtering effect, 
inhibiting bacteria from reaching the systemic circulation [1, 
6–9]. Animal models suggest that both damage to Kupffer 
cells as well as septal and sinusoidal fibrosis increase risk of 
bloodstream infections (BSI) and SBP [8]. Small bowel bac-
terial overgrowth and decreased intestinal motility in cirrho-
sis also contribute to bacterial translocation from the gut [7]. 
Proton-pump inhibitors, commonly prescribed for gastroin-
testinal bleeding in cirrhosis, alter the microbiome and 
appear to facilitate bacterial translocation as well [1, 9, 10].

Cirrhosis-associated immunodeficiency (CAID) describes 
the array of immunodeficiency present in cirrhosis that lead to 
the evolution of infections. The healthy liver produces com-
plement proteins and Protein C, which play critical roles in the 
adaptive immune system’s effector response. Production of 
these key proteins are reduced in patients with cirrhosis [2, 7]. 
Splenomegaly leads to sequestration of circulating monocytes, 
neutrophils, and lymphocytes and  further impairs cellular 
immunity [6]. Impaired phagocytosis and chemotaxis also 
contribute to the evolution of infection in cirrhosis [2, 6–8]. 
Malnutrition and alcohol use, which are common in cirrhotic 
patients, further compromise immune function [2, 5].

The systemic response to bacterial infections in cirrhosis 
is profound. Since cirrhotic patients have a baseline hyperdy-
namic circulatory state, infection often facilitates cardiovas-
cular collapse and places patients at high risk of septic shock. 
Nitric oxide, which is a primary driver of systemic vasodila-
tion and circulatory shock, may be overexpressed in cirrhotic 
patients [6, 7]. Upregulation of various cytokines, including 
TNF-α, IL-1, IL-6, and IL-17, also occurs in liver disease 
and contributes to exaggerated responses to infection [2, 6, 
8]. Lastly, since the diseased liver is less efficient at clearing 
bacterial endotoxins, exaggerated systemic response to bac-
terial infections may occur more frequently [2, 6, 7].

15.2  Spontaneous Bacterial Peritonitis

Spontaneous Bacterial Peritonitis (SBP) is defined as infection 
of ascitic fluid in the absence of an intraabdominal source 
[11]. It is the most frequent bacterial infection in cirrhosis and 
accounts for 25–31% of bacterial infections in cirrhosis [7]. 
The mechanism of infection involves translocation of gastro-
intestinal bacteria to the portal vein and mesenteric lymph 
nodes and spillage into ascitic fluid [10–13]. Cirrhotic ascites 
is a primarily transudative fluid, with low opsonic activity 
[12], and, as a result, bacterial growth may proceed unabated. 
Ten percent of cirrhotic patients with ascites will developed 
SBP within 1 year of diagnosis, and SBP is present in 30–50% 
of all hospitalized patients with cirrhosis [7]. The development 
of SBP also predicts mortality—1-year mortality after the first 

episode of SBP is over 30% [7]. While SBP is classically asso-
ciated with cirrhotic ascites, SBP is also present in patients 
with ascites secondary to acute liver failure [10].

15.2.1  Presentation

Although hypothermia is common among cirrhotic patients, 
fever, which may be mild, is one of the most common pre-
senting symptoms in patients with SBP. Other symptoms 
include abdominal pain, increased amount of ascitic fluid, 
failure of diuretic treatment, new or worsening hepatic 
encephalopathy, and diarrhea [1, 7]. Ten to thirty percent of 
patients with SBP are asymptomatic [1]. The International 
Ascites Club recommends that SBP be considered in the fol-
lowing circumstances: all cirrhotic patients with ascites on 
admission to hospital; patients with ascites who develop 
signs of sepsis, hepatic encephalopathy, renal impairment or 
altered gastrointestinal motility; all cirrhotic patients with 
ascites and a gastrointestinal bleed.

15.2.2  Risk Factors

Risk Factors for SBP include:

• Low ascitic fluid protein (<1 g/dL) [6, 7, 10].
• Elevated serum bilirubin [6, 7, 10].
• Advanced cirrhosis: high MELD scores and Child-Pugh 

stage C disease [14].
• Hyponatremia (serum sodium <125 mg/dL) [14].
• Variceal hemorrhage [6, 7, 10, 14].
• Use of proton-pump inhibitor (PPI) [10, 15].
• Genetic polymorphisms in TLR2 and NOD2, receptors 

which recognize bacterial [1, 3, 7, 9, 10].

Use of non-selective beta-blockers may protect against 
SBP, but their use may increase the risk of circulatory collapse 
from SBP and may decrease transplant free survival [10].

15.2.3  Microbiology

Historically, gram-negative bacilli have been the major cause 
of SBP. However, microbial patterns have shifted to include 
more gram-positive cocci with broader use of antibiotics and 
invasive procedures over the past three decades. From 1971 to 
1991, E. coli was the most prevalent source of SBP, present in 
46% of cases. Other common sources included Streptoccocus 
(30%), Klebsiella (9%). Since 1998, E. coli has remained the 
most common organism associated with SBP, but now 
accounts for only one-third of cases [10]. Gram-positive cocci 
now comprise 25% of pathogens  isolated in SBP, with 
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Streptococcus and Enterococcus being the most prevalent. 
Twenty-five to thirty percent of these GPC- associated SBP 
cases occur in patients taking fluoroquinolone prophylaxis [5, 
16]. Multi-drug resistant gram-negative bacilli, including 
extended spectrum β-lactamase (ESBL) producing E. coli, 
carbapenem-resistant Klebsiella pneumonie and Pseudomonas 
aeruginosa have been isolated in cases of health-care acquired 
SBP [16]. Enterococcus faecium and methicillin-resistance 
staphylococcus aereus (MRSA) have also been isolated in 
healthcare associated SBP [5]. Anaerobes remain a rare 
source. Pathogens associated with cases of SBP from 1998–
2015 are summarized in Fig. 15.1 [10].

15.2.4  Diagnosis

Paracentesis is required to diagnose SBP. Diagnosis can be 
made by when either the absolute neautrophil (polymopho-
nuclear cell, PMN) count in the ascitic fluid is >250 cell/mm3 
or ascitic fluid culture is positive, although careful interpreta-
tion of positive cultures with low cell counts in needed. The 

absolute PMN count can be calculated by adjusting for red 
blood cell contaimination (absolute PMN = [total WBC × % 
PMNs] − [RBC/250]).

Although the gold standard for diagnosing SBP is the 
presence of positive ascitic fluid culture and many polymor-
phonuclear cells (>250 cells/mm3), cultures are negative fre-
quently (up to 40%) [10]. This is known as culture-negative 
neutrophilic ascites (CNNA), and is a common varient of 
SBP that should be treated the same as culture-positve 
SBP. The absence of a postive fluid culture in CNNA may 
reflect low pathogen burden [10, 12] and use of PCR demon-
strates that bacterial DNA are present at detectable levels in 
most cases [17]. Blood culture bottles should be inooculated 
at the bedside with at least 10 mL of ascitic fluid to increase 
culture yield [7, 10]. When ascites fluid culture is positive, a 
single pathogen is isolated in 90% of cases [10]. Urinary 
reagent strips that assess leukocyte esterase activity should 
not be used to diagnose SBP due to an unacceptable low 
positive predicitve value and high false negative rate [7, 10].
Assays of lactoferrin in ascitic fluid may be a more accurate 
predictor of infection [3, 7].
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1% Other Gram
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Organisms isolated from ascitic fluid in SBP from 1998-2015 Fig. 15.1 Causative 
organisms of spontaneous 
bacterial peritonitis
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Infrequently, secondary bacterial peritonitis resulting 
from a perforated viscus may be present when spontaneous 
bacterial peritonitis is suspected. Polymicrobial organisms 
on a gram stain are indicative of secondary bacterial perito-
nitis. Additionally, analysis of asctitc fluid chemistry using 
Runyon’s criteria can be used to differentiate SBP from sec-
ondary bacterial peritonitis. The presence of two or more of 
the these criteria are 90% specific for secondary bacterial 
peritonitis [18]:

 1. Total protein >1 g/dL
 2. Glucose <50 mg/dL
 3. LDH > upper limit of normal for serum

15.2.5  Management

Community-acquired SBP should be treated with antibi-
otics that cover Enterobacteriaceae and non-enterococcal 
gram- positve cocci. Intravenous antibiotics, including a 
third- generation cephalosporin or amoxicillin-clavulante 
are recommended; IV amoxacillin-clavulanate is not 
available in the United States. Cefotaxime has been the 
most well studied, and has excellent penetration into 
ascitic fluid [10]. Ceftriaxone is also effective in treating 
SBP, though its high protein-binding activity makes it 
theoretically less effective in cirrhosis, where protein syn-
thesis is impaired [10]. Oral ofloxacin and IV ciprofloxa-
cin may also be used in uncomplicated SBP, but should be 
avoided in patients on fluoroquinalone prophylaxis or in 
geographic areas with high levels of fluoroquinalone 
resistance to Enterobacteriaceae [7, 19]. Levofloxacin 
may be efficacious in patients on fluorquinalone prophy-
alxis who cannot tolerate β-lactams [10]. Treatment 
should be continued for 5 days, as 5 day courses of antibi-
otics are as efficacious but less costly than 10 day courses 
[6, 10, 20]. Nosocomial infections, defined as infections 
occuring after 48 h of hospitalization, are be resistant to 
β-lactam in 33–78% of cases [5]. Meropenam or tigecy-
cline can be used in nosocomial cases of SBP in areas 
with a high prevalence of ESBL-producing pathogens [3, 
5, 7]. Antibiotic therapy should be tailored if culture is 
positive and sensitivies are available. Follow-up paracen-
tesis 48 h after initiaition of treament is recommended in 
patients who do not rapidly improve [10]. A reduction in 
PMN count by >25% suggests appropriate antibiotic cov-
erage; if such a reduction is not observed, antibiotics 
should be broadened or the possibility of secondary bac-
terial peritonitis should be considered [3, 7, 10].

Hepatorenal syndrome (HRS) is a common complication 
of infections in patients with cirrhosis, and occurs in 
30–40% of cases of SBP [7]. The addition of albumin, 
which acts as a plasma expander, to antibiotic treatment sig-

nificantly reduces the rate of HRS [3, 7, 10]. Treatment with 
albumin (1.5 g/kg on day 1 followed by 1 g/kg on day 3), is 
particularly effective and recommended for patients at high 
risk of HRS, identified as having any one of the following 
either bilirubin >4 mg/dL or creatinine >1 mg/dL [3, 7, 10]. 
Albumin is not necessary in patients who are at a low risk 
for HRS [3, 7].

15.2.6  Prevention

Patients who have a primary episode of SBP have a 40–70% 
chance of recurrent SBP within 1 year of initial SBP presen-
tation [10]. Long-term use of norfloxacin has been shown 
to decreased the recurrence of SBP and is recommended 
as secondary prophylaxis for patients who have one epi-
sode of SBP; unfortunately, norfloxacin is not currently 
widely available commercially [6, 7, 19]. Ciprofloxacin 
and trimethorprim- sulfamethoxazole may also be used 
[10]. Daily dosing is recommended to limit growth of 
fluoroquinolone- resistant organisms [10]. Primary pro-
phylaxis is also used in patients with low ascitic albumin 
concentration and GI bleeding, as these patients are at a 
particularly high risk for developing SBP [2, 5–7, 10]. The 
antibiotic used, route of administration, and length of treat-
ment depends upon the indication for prophylaxis as out-
lined in Table 15.1.

Table 15.1 Antibiotic regimens for prophylaxis against SBP

Indication for 
prophylaxis Prophylactic antibiotic regimen

History of SBP Oral trimethoprim-sulfamethoxazole 
(800–160 mg) daily OR ciprofloxacin 
500 mg/day OR norfloxacina 400 mg/day

Inpatients with total 
ascitic fluid protein 
<1 g/dL and 
hospitalized for 
reasons OTHER than 
SBP or GI bleed

Oral trimethoprim-sulfamethoxazole 
(800–160 mg) daily OR oral ciprofloxacin 
500 mg/day OR oral norfloxacina  
400 mg/day while hospitalized

Cirrhosis and GI 
hemorrhage

Child-Pugh Class A: oral trimethoprim- 
sulfamethoxazole (800–160 mg) twice 
daily OR oral norfloxacina 400 mg daily 
OR oral ciprofloxacin 500 mg q12 hours 
OR IV ciprofloxacin 400 mg q12 hours; 
treat for total of 7 days
Child-Pugh Class B or C: IV ceftriaxone 
1 g daily; transition to oral therapy with 
either trimethoprim-sulfamethoxazole 
(800–160 mg) daily OR ciprofloxacin 
500 mg q12 hours OR norfloxacina 400 mg 
daily once patient can tolerate oral 
medication; treat for a total of 7 days

aNorfloxacin is not currently available in the United States
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15.3  Other Bacterial Infections

15.3.1  Bloodstream Infections

Bloodstream infections occur in 4–21% of cirrhotic patients, 
and are ten times more prevalent in patients with cirrhosis 
than in the general population [8]. Gut translocation is the 
primary mechanism of bacteremia in liver disease, and bac-
teria that reside in the gut—gram-negative bacilli, anaer-
obes, and Enterococcus—are the primary pathogens [6–8]. 
In the early 2000s, health-care acquired gram-positive cocci, 
including MRSA, became a common source of blood stream 
infections. Fluoroquinolone prophylaxis and increased 
use of broad-spectrum antibiotics have led to emergence 
of multi-drug resistant (MDR) and extreme-drug resistant 
(XDR) gram-negative bacilli. In a single-center study of 
162 cirrhotic patients with a bloodstream infection, 60% of 
pathogens were resistant to third-generation cephalosporins. 
Of the gram-negative bacilli isolated, 25% were classified as 
MDR and 21% were classified as XDR [21].

15.3.2  Endotipsitis

Endotipsitis, ongoing bacteremia in the presence of an infected 
thrombus or endovascular infection affecting the TIPS, has 
been increasingly reported over the past 10 years, with 
Enterococcus and Staphylococcus as the most common iso-
lated pathogens [8, 22]. Because a TIPS cannot be removed 
outside of liver transplantation, diagnosis and treatment of 
endotipsitis is more complicated than that of infections asso-
ciated with removable indwelling devices. Endotipsitis should 
be suspected in patients with a TIPS and bacteremia when the 
source of bacteremia is unknown despite evaluation for other 
causes. If endotipsitis is suspected, patency of the TIPS should 
be evaluated using Doppler ultrasound—a thrombus or vege-
tation is strongly suggestive of endoptipsitis [22]. Treatment 
relies solely on the use of antibiotics, as source control with 
TIPS removal is not possible. There are no clear guidelines for 
the duration of treatment, though in case series, patients who 
successful cleared their bacteremia were treated for a mean 
duration of 6 weeks [22]. If bacteremia is prolonged or recurs 
after a prolonged period of therapy, chronic suppressive ther-
apy until transplantation should be considered. Though active 
infection is often a contraindication for liver transplantation, 
there are reports of successful clearance of endotipsitis after 
the device is removed during transplant [22].

15.3.3  Pneumonia

Bacterial pneumonia is also a significant source of morbid-
ity and mortality in cirrhotic patients. The epidemiology of 

community-acquired lower respiratory infections is the same 
in patients with and without liver disease with Streptococcus 
pneumoniae being the most common cause. Other com-
mon causes include oropharyngeal bacteria, including 
Haemophilus influenza and anaerobes as well as less common 
bacteria, including Klebsiella, Legionella and Mycoplasma 
[1, 2]. Pseudomonas aeruginosa is one unique bacteria that is 
more commonly identified in patients with liver disease than 
those without [23]. The severity of pneumonia in patients 
with chronic liver disease is enhanced with a higher rate of 
ICU admission, more severe clinical presentations, increased 
prevalence of bacteremia and increased mortality [1, 9, 
23]. Pneumococcal vaccination is recommended for adults 
with chronic liver disease; while the 23-valent polysaccha-
ride pneumococcal (PPSV-23) vaccine is primarily recom-
mended for this patient population, those individuals who are 
being evaluated for transplantation should also receive the 
13-valent pneumococcal conjugated vaccine (PCV13) [24]. 
Ideally, the PCV13 should be given first followed by the 
PPSV-23 6 months or more after the PCV13 vaccine.

15.3.4  Skin and Soft Tissue Infections (SSTIs)

Chronic liver disease also predisposes patients to skin and 
soft tissue infection. Venous insufficiency, lower extremity 
edema and immune dysfunction predispose chronic liver 
disease patients to skin infections of the lower extremity. 
While gram-positive cocci are the most common source of 
SSTIs in liver disease [1, 2], gram-negative bacilli are also 
relatively common in patients with liver disease compared 
to controls. A prospective study in India identified gram-
negative bacilli as the most common isolate in cirrhosis, 
with male sex, alcohol use, and bare-foot walking being 
major risk factors [25]. Vibrio vulnificans, a rare, curved 
gram-negative bacillus found in warm seawater, can invade 
open wounds and cause severe hemorrhagic bullae and 
rapid necrotizing fasciitis. Vibrio vulnificans is also asso-
ciated with bacteremia and septic shock after consumption 
of oysters grown in infected waters. In a study of over 
1000 cases in Japan, 23% of patients with Vibrio vulnifi-
cans had underlying cirrhosis [26]. Cirrhosis due to hemo-
chromatosis is a particularly strong risk factor for Vibrio 
infection [7].

15.3.5  Urinary Tract Infection (UTI)

Urinary Tract Infections are common in cirrhosis, particularly 
in females [2]. Bacteruria is often asymptomatic, and indwell-
ing catheters are a significant risk factor [2]. Recurrent UTI, 
most often with E. coli is often found in patients with primary 
biliary cirrhosis (PBC), and to a lesser extent in autoimmune 
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hepatitis (AIH), even prior to diagnosis [27]. It has been 
hypothesized that molecular mimicry between a human and 
E. coli epitope may account for this phenomenon [27].

15.4  Clostridium Difficile Infection and  
C. difficile Associated Diarrhea (CDAD)

Clostridium Difficile infection resulting in diarrhea is becom-
ing increasingly common and cirrhotic patients are more 
likely to contract CDAD than the general population [7, 28]. 
C. difficile is more common among hospitalized patients 
with liver disease than among those without liver disease; 
alcoholic hepatitis and autoimmune hepatitis are particularly 
strong risk factors for CDAD [28]. Risk factors for CDI in 
cirrhosis are similar to risk factors in the general population 
and include antibiotic use, including outpatient fluoroquino-
lone prophylaxis, and PPI use [7, 28, 29]. Fluoroquinolone 
prophylaxis for SBP use is associated with infection with the 
particularly virulent NAP1 strain [28]. Cirrhotic patients 
with CDAD have longer lengths on hospital stay and 
increased mortality compared with cirrhotic patients without 
CDAD [7, 28, 29].

15.4.1  Management of CDAD

Treatment of C. difficile in patients liver disease is similar to 
treatment in patients without liver disease, and depends on 
disease severity. CDI/CDAD severity can be divided into 
three categories [30]:

 1. Mild to moderate, which involves with diarrhea and 
absence of any features of severe or severe and compli-
cated disease.

 2. Severe, which includes a serum albumin of less than 3 g/dL 
AND either a white blood cell count >15,000 cells/mm3 
OR abdominal tenderness.

 3. Severe and complicated, defined as CDAD/CDI in 
patients with a fever >38.5 °C, WBC >35,000 cells/mm3 
or <2000 cells/mm3, those who require admission to an 
intensive care unit, have evidence of shock, including 
hypotension requiring vasopressors, lactate >2.2 mmol/L, 
altered mental status, or other end organ damage.

The first line treatment for mild to moderate CDI/CDAD 
consists of oral metronidazole (or IV metronidazole in patients 
who are unable to take medication by mouth) for 10–14 days. 
Oral vancomycin is traditionally reserved for cases refractory 
to metronidazole or for severe CDI/CDAD. Patients with 
severe and complicated CDI should be treated with both oral 
vancomycin and intravenous metronidazole [28, 30, 31]. 
Vancomycin can be administrated rectally if ileus is present, 

and surgery should be considered in severe refractory disease. 
Treatment with fidoximicin for recurrent CDI has been proven 
effective in the general population, but there is no data specific 
to patients with liver disease [28].

Summary Learning Points
• Bacterial infections are the leading cause of mortality in 

chronic liver disease.
• Translocation of gut bacteria, particularly gram-negative 

bacilli, occurs frequently in cirrhosis and is the major 
mechanism putting this population at risk for bacterial 
infection.

• Cirrhosis acquired immunodeficiency (CAID) is a collec-
tion of immune system deficiencies in both innate and 
adaptive immunity in cirrhosis.

• Spontaneous bacterial peritonitis (SBP) is the most fre-
quent bacterial infection seen in cirrhosis. Risk factors 
include advanced cirrhosis, GI bleeding, low ascitic pro-
tein count, and PPI use. All patients with cirrhosis admit-
ted to the hospital should undergo diagnostic paracentesis 
regardless of reason for admission.

• SBP should be treated with a third-generation cephalo-
sporin. Secondary prophylaxis should be given after the 
first episode of SBP. Primary prophylaxis should be given 
in patients with GI bleeds and low ascitic protein count.

• Primary bacteremia is also a significant cause of morbid-
ity in cirrhosis. Recently, there has been an increase in 
prevalence of in gram-positive cocci and multi-drug or 
extreme-drug resistant gram-negative bacilli.

• Bacterial pneumonia can be particularly severe in cirrho-
sis. All patients with chronic liver disease should be vac-
cinated with PPSV-23.

• Skin and Soft Tissue infections (SSTIs) in cirrhosis are 
often due to the same gram-positive cocci that cause SSTI 
in healthy persons. However, cirrhosis greatly increases 
the risk of infection with gram-negative bacilli and the 
particularly virulent Vibrio vulnificans pathogen.

• Urinary Tract Infections are common and may be asymp-
tomatic in cirrhosis.

• Clostridium Difficile associated diarrhea is more common 
in cirrhotic patients compared to the general population 
and is associated with poor outcomes in cirrhosis.

15.5  Viral Infections in Chronic Liver 
Disease

15.5.1  Hepatitis A Virus

Hepatitis A virus (HAV) accounts for half of all causes of 
viral hepatitis in the United States [32]. The illness begins 
with a period of nausea and anorexia and progresses to an 
icteric phase with jaundice and a marked elevation in bili-
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rubin [33]. The disease is usually resolves and rarely results 
in acute liver failure or death. However, the disease is sig-
nificantly more severe in chronic liver disease. Patients 
with underlying chronic liver disease have up to a 23-fold 
increase in mortality compared to patients with hepatitis A 
and no underlying liver disease [34]. Those with underly-
ing HCV infected with HAV have higher mortality rates 
and are more likely to develop acute liver failure compared 
with individuals with underlying HBV or no underlying 
viral liver disease at the time of HAV infection [32, 34, 35]. 
The hepatitis A vaccine is both safe and effective in patients 
with chronic liver disease, and it is recommended for all 
patients with chronic liver disease [35]. However, the vac-
cine is less immunogenic in patients with advanced liver 
disease, suggesting vaccination early after the diagnosis of 
liver disease [34].

15.5.2  Hepatitis B Virus

Hepatitis B virus can be the underlying cause of chronic 
liver disease or occur in individuals with underlying liver 
disease due to other causes. Vaccination against hepatitis B 
is of particular importance in patients with liver disease 
listed for liver transplant, as new active infection can occur 
post- transplant in non-immune recipients from donor livers 
from chronic, HBsAg-negative, carriers. Like the HAV vac-
cine, the HBV vaccine has good immunogenicity in mild to 
moderate chronic liver disease, but poor immunogenicity in 
end stage liver disease [34]. The impact of superimposed 
HBV on chronic liver disease has primarily been studied in 
the cohort of patients with HCV and is discussed below. 
However, given the severity of superimposed HBV infec-
tion, HBV vaccination is recommended in all patients with 
ESLD.

15.5.3  Hepatitis B and Hepatitis C Co-infection

Hepatitis B and C share similar risk factors and commonly 
occur in the same individual. Between 2 and 10% of 
patients with hepatitis C virus (HCV) have a detectable 
hepatitis B surface antigen (HBsAg) [36]. However, high 
sensitivity testing for HBV DNA can detect occult hepatitis 
B infection in up to one-third of HCV patients with unde-
tectable HBsAg [37], suggesting the incidence of co-infec-
tion is under- recognized [36]. It is thought that HCV exerts 
a suppressive effect on HBV, because HBV DNA levels are 
relatively low in HBV/HCV coinfection compared to HBV 
monoinfection [36, 38]. The most common scenario in 
which HCV/HBV coinfection occurs is a HCV superinfec-
tion on chronic HBV infection [36]. Fulminant hepatic fail-
ure due to HCV alone is rare; however studies from areas 

of where hepatitis B is endemic suggest that chronic under-
lying HBV at the time of acute HCV infection results in a 
sevenfold increases in the risk of fulminant hepatic failure 
[36, 39]. HBV acquisition in pre-existing hepatitis C is less 
common, but has been reported to result in the develop-
ment of ascites and hepatic encephalopathy [36]. 
Coinfection of HBV/HCV results in substantially higher 
rates of progression to both cirrhosis and hepatocellular 
carcinoma compared with monoinfection with either virus 
[36, 38, 40].

15.5.4  Hepatitis D Virus

Hepatitis D virus (HDV) is an RNA virus with tropism for 
hepatocytes and relies on HBsAg for survival. Therefore, 
infection with HDV occurs only in individuals with HBV 
infection. Two infection patterns are observed:

 1. Co-infection occurs in acute HBV infection when HDV 
infects the same individual at the same time. The course 
mimics acute HBV infection, though HDV co-infection is 
a risk factor for progression to fulminant hepatitis [41]. 
Because the majority of acute hepatitis B episodes are 
self-limited and result in disappearance of HBsAg and 
appearance of anti-HBsAg antibodies, HDV disappears 
once seroconversion occurs.

 2. Superinfection occurs when HDV infects a chronic 
HBsAg-positive carrier, resulting in a particularly viru-
lent acute hepatitis or decompensation [41]. Half of all 
cases of acute liver failure in HBsAg-positive individuals 
occurs in the presence of HDV [41]. HDV persists in 90% 
of cases of superinfection and leads to cirrhosis within 
5–10 years in 70% of cases [41].

15.5.5  Hepatitis E Virus

Hepatitis E virus (HEV) causes an acute hepatitis similar to 
hepatitis A and is primarily found in Asia, Africa and the 
Middle East. Studies from endemic regions of the world sug-
gest that HEV causes rapid decompensation in cirrhosis with 
mortality as high as 70% at 4 weeks post-infection [42].

15.5.6  Human Immunodeficiency Virus (HIV)

In the era of antiretroviral therapy, liver disease is the most 
common cause of death in HIV-infected individuals, account-
ing for 14–18% of all deaths [43]. Coinfection of HIV in 
chronic viral hepatitis is common.

In the United States and Europe, 30% of HIV patients 
are co-infected with HCV [43]. Shared risk factors include 
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injection drugs use and exposure to blood products. 
Hemophiliacs with HIV have a 60–90% risk of coinfection 
with HCV, and HIV positive injection drug users have a 
50–90% HCV coinfection rate [44, 45]. HIV coinfection 
with HCV halves the likelihood of clearing HCV viremia, 
and accelerates the progression to cirrhosis [43, 44]. 
Decompensated cirrhosis is 2–6 times more common in 
HCV cirrhosis when HIV infection is present [43, 44]. 
Treatment of HIV with anti-retroviral therapy (ART) 
reduces, but does not completely eliminate, the impact of 
HIV infection on HCV disease progression [45]. Treatment 
of HCV with interferon/ribavirin is more effective at 
higher CD4 counts, and thus ART for HIV should be initi-
ated prior to treatment of HCV with interferon/ribavirin if 
CD4 count is <500/μL [45]. New direct-acting antivirals 
(DAAs) for the treatment of HCV are expected to elimi-
nate the need to elevate CD4 count prior to HCV treat-
ment, but careful consideration of drug interactions 
between DAAs and ARTs is necessary when treating both 
infections [46].

Approximately 10% of HBV infected individuals are 
co- infected with HIV [43]. HIV increases the risk of devel-
oping chronic HBV infection, with a more profound effect 
at lower CD4 counts [43, 47]. HIV also enhances the pro-
gression to cirrhosis and increases the risk of developing 
hepatocellular carcinoma in HBV infection [47]. Much of 
the hepatocellular toxicity in hepatitis B is due to immune 
response against hepatic cells, which would imply that 
hepatocellular toxicity should be diminished when a virus 
causing immunodeficiency is present. Indeed, HIV/HBV 
coinfection results in lower alanine aminotransferase 
(ALT) levels compared to HBV monoinfection [47]. 
However, ALT levels do not correlate with clinical severity 
and liver biopsy is recommended to determine extent of 
disease [43, 47]. One mechanism of HIV-induced HBV 
exacerbation is that particularly virulent HBV strains are 
more prevalent in HIV-coinfected cases. A strain of HBV 
with a direct cytopathic effect, resulting from a deletion in 
the core/pre-core region of the HBV genome, has been 
shown to be more prevalent in HBV/HIV coinfection com-
pared to HBV monoinfection [47]. HIV also induces 
microbial translocation, which may lead to increased 
immune activation and thus increased HBV-induced hepa-
tocellular injury [47]. In general, when selecting anti-retro-
viral therapy (ART) for HIV treatment, agents that also 
have activity against HBV should be used—tenofovir plus 
emtricitabine or tenofovir plus lamivudine are common 
regimens [43, 47]. Treatment of HIV without appropriately 
treating HBV can rarely cause worsening of hepatitis due 
to immune reconstitution inflammatory syndrome (IRIS) 
[43, 47]. Further, interruption of HBV-active anti-retrovi-
rals may cause an acute hepatitis B reactivation and rapid 
progression of liver disease.

15.5.7  Influenza Infection

Data regarding the effect of influenza virus in cirrhosis is 
largely limited to case reports. Influenza A (H3N2) was asso-
ciated with three cases of decompensated cirrhosis during 
the 1997–1998 epidemic [48]. In a small, single-center case 
series, influenza A/H1N1/09 was associated with lethal 
ARDS and pneumonia in patients with cirrhosis [49]. 
Influenza vaccine has good immunogenicity in cirrhotic 
patients, with trends toward a reduction in influenza infec-
tion and hepatic decompensation in vaccinated cirrhotic 
patients [40]. Patients with cirrhosis who develop influenza 
infection should be treated with active therapy, including one 
of the neuraminidase inhibitors, oseltamivir, peramivir or 
zanamivir, as soon as influenza is suspected without waiting 
for results of testing to confirm infection.

Summary Learning Points
• Hepatitis A and B vaccines should be administered to all 

patients with chronic liver disease.
• HBV and HCV frequently co-exist and are associated 

with increased rates of cirrhosis compared to monoinfec-
tion with either virus.

• HIV is commonly present in individuals infected with 
either HBV or HCV, and increases the severity of liver 
disease in these patients.

• Cirrhosis predisposes to severe pulmonary complications of 
influenza infection. These patients should receive the influ-
enza vaccine to prevent infection and early treatment with 
neuraminidase inhibitors when infection is suspected.

15.6  Infection in Acute Liver Failure

Acute liver failure (ALF) in the absence of known, pre- 
existing liver disease is relatively rare, with about 2000 
cases per year in the United States [50], and thus is not as 
well studied as acute decompensation of cirrhosis. Patients 
with acute liver failure, like those with cirrhosis, are at an 
increased risk of infection due to the impaired innate 
immunity and exposure to indwelling lines, and up to 90% 
of ALF patients will develop an infection while hospital-
ized [50]. However, the role of gut translocation in predis-
position to infection is less defined in ALF [50, 51]. 
Infection most commonly develops early in the hospital 
course, within 2–5 days of admission, but may also 
develop after hospital day 10 and accounts for 25% of late 
mortality in ALF [50]. Because active infection is a con-
traindication to liver transplant, which is the only curative 
option in advanced ALF, infection has a significant indi-
rect effect on mortality. Identifying infection in ALF may 
be difficult, as leukocytosis and fever are absent in 30% of 
cases [50].
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Bacterial infections have been documented in up to 90% 
of patients with ALF. Historically, gram-positive cocci due 
to pneumonia predominated as the leading cause of blood 
stream infections in ALF [50]. More recently, gram negative 
organisms are becoming increasingly common and now 
account for close to half of bacterial infections with 
Klebsiella spp. being the most common gram-negative 
pathogen [50]. Fungal infections, including Candida, 
Aspergillus and Pneumocystis jiroveci may also occur in 
ALF [50, 51], particularly when renal dysfunction is present 
[51], and should be considered when leukocytosis or fever 
persist despite broad spectrum antibiotics. Reactivation of 
CMV infection has also been described in ALF, particularly 
in patients being treated with corticosteroids for the underly-
ing cause of acute liver failure [50].

Retrospective review of over 200 patients in a liver inten-
sive therapy unit showed that high grade hepatic encepha-
lopathy and SIRS criteria on hospital admission were 
predictive of the development of bacteremia, and bacteremia 
was associated with increased need for mechanical ventila-
tion and renal replacement therapy [50, 52, 53]. Oral antibi-
otics with poor absorption to decontaminate the bowel was 
once thought to decrease incidence of bacterial infection 
[50], but initiation of prophylactic antibiotics, including sys-
temic antibiotics, has not been shown to decrease 21-day 
mortality [50, 54]. While antimicrobial prophylaxis has been 
shown to increases the likelihood of transplant in ALF due to 
acetaminophen overdose, it does not increase survival in this 
group [54]. Thus, routine antimicrobial prophylaxis in ALF 
is not recommended [50, 55]. However, routine surveillance 
with chest radiographs, fungal and bacterial cultures of 
blood, sputum and urine is recommended given the high 
incidence of infection in this population [55], and antibiotics 
should be started at the first sign of rapid clinical deteriora-
tion, especially when worsening hepatic encephalopathy 
develops [55].

Summary Learning Points
• Infection occurs in up to 90% of patients with acute liver 

failure.
• While routine prophylactic antibiotics is not recom-

mended in ALF, surveillance for infection should occur 
regularly.

• Antibiotics should be started in the absence of docu-
mented infection in patients with rapid clinical decline 
and severe hepatic encephalopathy.
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The Liver in Systemic Critical Illness

Tessa W. Damm, Gaurav Dagar, and David J. Kramer

Abstract

Liver dysfunction may manifest during systemic illness as a consequence of circulatory 
compromise — inadequate perfusion, passive congestion, intrahepatic redistribution of 
blood flow — or as a consequence of hepatocellular or fixed tissue macrophage (Kupffer 
cell) cytotoxicity. It is probable that hepatic dysfunction exacerbates the hemodynamic 
sequelae and multisystem dysfunction which results from infection. Certainly, underlying 
hepatocellular disease such as that caused by steatosis, viral hepatitis which results in changes 
to the cytoarchitecture will predispose to hepatocellular dysfunction in systemic illness.
Some discrete functions of the liver can be measured. However, several key aspects related 
to immune function are poorly characterized. Liver dysfunction is often inferred from extra-
hepatic organ dysfunction the severity of which can be quantified and used to characterize 
the severity of liver dysfunction.
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16.1  Introduction

Critical illness presents myriad demands on and insults to the 
functioning liver. These include compromised hepatic blood 
flow, hypoxemia, endotoxemia and compromised hepatic out-
flow with congestive hepatopathy. In this brief review we will 
address liver function and reserve in critical illness related to 
sepsis, shock, hypoxemia and circulatory overload. Inference is 

drawn from a growing literature addressing acute on chronic 
liver failure and the course of critical illness in cirrhosis. 
However, we attempt to understand liver dysfunction that results 
from the insult which precipitates critical illness or from the 
response to that insult in the setting of a premorbid normal liver.

The clinical burden for patients with cirrhosis requiring 
ICU care is high—3,127,986 patients with cirrhosis are eval-
uated in the ED annually in the USA of whom 75% are admit-
ted with the leading indication being infection [1]. At least 
26,000 patients with cirrhosis require ICU care annually with 
in-hospital mortality exceeding 50% despite aggressive criti-
cal care management [2]. Such patients represent an extreme 
but these observations support reevaluating liver function in 
critically ill patients without a history of liver disease.

16.2  Background

Standard measures of liver function reflect hepatocellular 
integrity (aminotransferases) as well as the integrity of the 
biliary system (alkaline phosphatase, gamma-glutamyl 
transpeptidase [GGT] and bilirubin). At steady state, 
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 synthetic function is evident in serum protein levels, includ-
ing albumin and liver-derived coagulation proteins. The lat-
ter are reflected in prothrombin time or Factor V levels. 
Elevations in bilirubin reflect increased pigment load, and/or 
impaired cellular elimination or compromised biliary 
drainage.

Liver dysfunction, identified early in the critically ill, por-
tends a poor prognosis [3]. The formation of MEGX from 
lidocaine has been studied in critically ill patients. Survivors 
and non-survivors differed significantly with survivors hav-
ing a significantly higher level of MEGX formed than non-
survivors. These abnormalities were evident in the first 
3 days of ICU care [4].

Unfortunately, there are few measures of hepatic immune 
function that are commercially available. Disruptions of 
these processes are particularly likely in the critically ill but 
severity must often be gauged from convention measures of 
liver function and clinical assessment.

Hepatic elimination of toxins and drugs depends on the 
interplay of hepatic blood flow and hepatocellular extraction. 
Intrahepatic vascular sinusoids with the adjacent space of 
Disse provide a large surface area for contact with the micro-
villi of hepatocytes to facilitate absorption. Increased hepatic 
venous and sinusoidal pressures resulting from increased 
right atrial pressure which might yield higher filtration frac-
tion more probably interstitial edema and compromised por-
tal flow as venous resistance rises—will result in decreased 
clearance.

Blood flow can be estimated at steady state using the Fick 
principle for compounds with high extraction ratios such as 
ICG. Dynamic changes may violate the assumption of steady 
state. After surgery, blood flow can be measured directly 
with vascular flow probes. In other settings, the Doppler flow 
velocity can be integrated over time to yield an estimate of 
flow. Arterial flow velocity waveform analysis allows esti-
mation of tissue compliance from resistive and/or pulsatility 
indices. Hepatic compliance can be assessed with elastogra-
phy (Fibroscan). In critical illness a decrease in compliance 
is correlated with worse outcome [5]. However, passive con-
gestion resulting from volume overload will similarly alter 
transient elastography, compromising specificity.

16.2.1  Functional Liver Studies

Noninvasive measurements of liver function in outpatients 
with known liver disease, at steady state, are under devel-
opment. These measures assess microsomal function (ami-
nopyrine breath test, benzodiazepine metabolism), cytosolic 
function (galactose breath test or galactose elimination 
capacity) and mitochondrial function (arterial ketone body 
ratio, AKBR = acetoacetate/betahydroxybutyrate [6]; 
methionine breath test). However, none have been system-

atically used to assess liver function or hepatic reserve in 
critically ill patients. In the ICU these studies are unlikely 
to distinguish between the critical illness and the underly-
ing liver function. Future refinement might permit the 
intensivist recognition of the patient at risk for hepatic 
decompensation.

Exhaled breath analysis holds more promise for screening 
at risk populations. Exhaled nitric oxide correlates with the 
severity of liver disease and the severity of hepatopulmonary 
syndrome [7, 8]. More recently, exhaled limonene has been 
recognized in exhaled breath and related to the presence of 
liver disease [9]. However, changes were assessed over a 
period of several days.

In contrast, ICG retention at 15 min (ICG-15. Normal 
<14%) has been studied in critically ill patients. The related 
plasma disappearance rates of ICG (PDRICG %/min) were 
higher in survivors of critical illness compared to non- 
survivors for the first 3 days of ICU admission. ICG clearance 
proved more sensitive than conventional liver function tests 
[10]. These observations confirm similar observations by 
Maynard and colleagues which were underpowered to reach 
statistical significance [4].

A novel approach to assess reserve comes from hepatobi-
liary oncologic practice where portal vein embolization 
(PVE) contralateral to the site of hepatocellular carcinoma is 
used to promote hypertrophy prior to resection of the cancer 
with partial hepatectomy. Diseased liver fails to hypertrophy 
as rapidly or completely after PVE. Hepatobiliary scintigra-
phy with 99m-Tc-mebrofenim has been used to gauge the 
liver’s hepatic hypertrophic response to PVE. Such a test 
might uniquely gauge hepatic “reserve” [11].

16.2.2  Scoring Systems

Functional hepatic reserve has been characterized in terms of 
sequelae of dysfunction and attendant mortality. Specific 
scores in common use include Child Turcotte Pugh and model 
for end-stage liver disease (MELD). MELD is dependent upon 
bilirubin, INR and creatinine. However, outcome from critical 
illness even in a patient with cirrhosis is better predicted by 
acute physiology and chronic health evaluation (APACHE) or 
sequential organ failure assessment (SOFA) and its recent 
adaptation for liver disease CLIF-SOFA [12–15].

16.2.3  Blood Flow

Only two organs have dual blood supplies—the lung and the 
liver. The liver is supplied by the hepatic artery and the portal 
vein which arises from the confluence of the splenic and 
superior mesenteric veins. Although portal flow is higher 
than hepatic arterial flow, oxygen saturation is approximately 
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75% in the portal vein; so oxygen supply from each vessel is 
approximately equal. However, the biliary system is supplied 
exclusively by the hepatic artery. This balance of oxygen 
transport changes as hepatic arterial flow varies inversely 
with portal blood flow. Indeed, the liver efficiently increases 
oxygen extraction as blood flow and oxygen transport 
decrease. However, below a critical level of blood flow oxy-
gen extraction plateaus and hepatocellular function is com-
promised [16].

The lobular architecture of the liver results in discreet 
blood flow into sinusoids from hepatic arterial and portal 
venous branches and outflow from the hepatic vein. The liver 
encases the inferior vena cava (IVC) such that hepatic venous 
drainage empties almost directly into the right atrium and 
from there to the pulmonary circulation.

Increases in right atrial pressure—whether from vol-
ume overload, heart failure, pulmonary hypertension or 
pericardial tamponade—result in increases in hepatic 
venous and sinusoidal pressures. Hepatic congestion leads 
to a typical pattern of LFT abnormalities including iso-
lated hyperbilirubinemia and prolonged prothrombin time. 
Conversely, hypoxic and ischemic insults to the liver result 
in dramatic elevation of aminotransferases (>20 × ULN) 
over the first 36–48 h with subsequent hyperbilirubinemia 
and elevation of alkaline phosphatase. The initial conse-
quence is necrosis with mitochondrial damage and DNA 
fragmentation followed later by cytokines released by 
Kupffer cells [17].

The hepatic cellular architecture reveals intimate connec-
tion between hepatocytes and Kupffer cells—a huge popula-
tion of fixed tissue (stellate) macrophages which line the 
walls of the sinusoids and are a key part of the mononuclear 
phagocytic system. These cells are activated in response to 
infection. Hypoxemia produces a similar response. 
Inflammatory mediators are released into the hepatic vein 
with direct impact on both the heart and the lungs which are 
immediately downstream.

Significant compromise of hepatocellular function may 
be subclinical and manifest only when the patient becomes 
critically ill. Hepatic morphology on imaging with MRI or 
computed tomography can define liver size and perfusion 
characteristics which provide insight into underlying liver 
disease such as steatosis or hepatic infiltration due to tumor 
or amyloid. Identification of small, shrunken, cirrhotic liver 
with attendant evidence of portal hypertension is particularly 
valuable will help guide management. However, the impact 
on hepatic architecture can be discerned only from liver 
biopsy. Recently, hepatic compliance has been assessed by 
transient elastography which correlates with fibrosis in sev-
eral disease processes. Unfortunately, imaging is useful to 
define underlying hepatic pathology but not particularly 
helpful in understanding hepatic function or reserve with 
respect to critical illness.

Occult liver disease and dysfunction impact survival from 
critical illness. Clinical history of toxin and/or viral expo-
sure, physical exam with stigmata of chronic liver disease, 
biochemistry and imaging will heighten suspicion. More 
sophisticated analysis of liver function such as by analysis of 
exhaled gas, carbon-labeled breast tests, assessment of 
hepatic blood flow with ICG and analysis of hepatocyte 
enzymatic function such as cytochrome P450 are not yet rou-
tine. Liver dysfunction revealed by such methods is associ-
ated with increased morbidity and mortality in critical illness 
even when standard evaluation of the liver is normal. Even in 
the research setting, calibration is crude and timeframe for 
assessment much longer than is relevant for managing criti-
cal illness.

Hypoxic hepatitis overlaps with ischemic hepatitis and is 
evidenced by severe aminotransferase elevation (20 × upper 
level of normal) which occurs in approximately 10% of the 
critically ill [18]. Liver injury results in release of inflamma-
tory mediators. The hepatic vein drains into the upper infe-
rior vena cava almost directly into the right heart and 
pulmonary circulation with the common sequela of lung 
injury and ARDS. Not only is mortality resulting from infec-
tion higher in the setting of acute liver injury, acute lung 
injury is both more common and more severe [19].

In the absence of sophisticated testing, serum bilirubin is a 
reasonable reflection of liver function in the critically ill. Of 
course, the differential diagnosis for hyperbilirubinemia 
includes biliary obstruction, associated with elevation of the 
alkaline phosphatase and hemolysis which increases indirect, 
unconjugated bilirubin. The incidence of liver dysfunction in 
critically illness varies widely in the literature because of dif-
ferent thresholds. Highly restrictive definitions, such as Angus 
and colleagues use, suggest an incidence of 1.3% [20]. 
However, using the SOFA thresholds of 6 mg/dL and 12 mg/
dL for SOFA 3 (liver dysfunction) and 4 (liver failure) respec-
tively, the Epidemiology of Sepsis Study (EPISEPSIS) 
reported an incidence of 47% and 6% respectively [21]. Similar 
findings are evident from the PROWESS study of Protein C in 
sepsis: 36% for liver dysfunction and 3% for liver failure [22].

Cholestasis that develops with sepsis, is unconjugated, 
intrahepatic (unrelated to bile duct obstruction) and reflects 
disrupted cytoarchitecture and disordered bile excretion and 
transport. Infection is the etiology in approximately 20% of 
jaundice evaluated in the community hospital setting [23]. 
Multiple factors may cause hemolysis (bacterial and fungal 
toxins, medications, etc.) and so increase pigment load. 
Conjugation is not compromised but bile transport into the 
cannaliculi requires energy and is considered the rate- 
limiting step. Consequently, hepatic ischemia and hypoxia 
are likely to impact this step [24]. Furthermore, cytokines 
such as TNF alpha and IL-1 beta are released by the Kupffer 
cell in response to endotoxin (lipopolysaccharide) and fur-
ther depress bile acid transport [25]. A downward spiral may 
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be envisioned in which a paucity of bile acids results in vil-
lous atrophy of the intestine which leads to translocation and 
additional infectious burden to the liver.

16.3  Sepsis and the Liver

16.3.1  Introduction

Sepsis is the leading cause of mortality in intensive care units 
worldwide. By definition, sepsis is a condition of life- 
threatening organ dysfunction caused by a dysregulated host 

response to infection [26]. It is logical that as the largest 
immune organ in the body, there will be a relation between 
liver function and patient outcome in the setting of sepsis. 
Liver dysfunction that occurs as a result of sepsis is an inde-
pendent marker of increased mortality. Moreover, pre- 
existing liver dysfunction is a risk factor for the progression 
of any infection to sepsis. As such, the liver not only serves a 
key function in the host immune response to sepsis, but also 
the presence of pre-existing dysfunction is known to exacer-
bate sepsis severity [27].

Liver dysfunction and failure occurs in 8.5% patients with 
sepsis, a lower frequency than other organ dysfunction (see 
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and failure amongst patients 
with sepsis. Liver dysfunction 
occurs in a minority of 
patients with sepsis. When it 
does occur, however, it is a 
marker of poor prognosis 
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Fig. 16.1) [27]. Although the incidence of liver dysfunction due 
to sepsis (incidence of 34.7%) is less than other organ dysfunc-
tion, it portends a significantly more grave prognosis [28]. 
Hyperbilirubinemia is the most commonly observed laboratory 
abnormality signaling hepatic dysfunction in sepsis. This often 
occurs with only modest concomitant elevations in alkaline 
phosphatase and transaminases [29] (Fig. 16.2).

16.3.2  Pattern of Injury

Hepatic failure has traditionally been considered a late mani-
festation of septic shock. As more information is elucidated 
germane to the classification of sepsis-associated liver injury, 
however, it is clear that a majority of hepatic injury is actu-
ally of onset within the first 24 h of an episode of sepsis [28]. 
Such insults to the liver occur early in the pathogenesis of 
sepsis, likely due to the compounding effects of hypoperfu-
sion and inflammatory change.

Patterns of injury to the liver in sepsis are broadly catego-
rized as hypoxic hepatitis (including shock liver and hepato-
cellular injury) and cholestasis with jaundice. Nitric oxide 
(NO) plays a critical role in microvascular circulatory 
homeostasis of the liver and is up-regulated in hepatocytes 
and Kupffer cells during sepsis augmenting both local and 
systemic vasodilation [29]. Hepatic hypoperfusion results 
from both arterial vasodilation with splanchnic pooling and 
an insufficient cardiac output relative to the degree of vaso-
dilation and afterload reduction. Resultant hepatic mitochon-
drial injury is marked by aminotransferase leak. If the 
physiologic processes causing septic shock are reversed 
(infection controlled and hemodynamics return to normal) 
liver injury will resolve. Despite improvement in LFTs, the 
patient may remain hyperbilirubinemic and have reduced 
lactate clearance and protein synthesis with impaired 
 gluconeogenesis. Rarely, hypoxic hepatitis may progress to 
fulminant hepatic failure [30].

In contrast, jaundice is often a late event in the course of 
sepsis and thought to be a response of supra normal tissue 
perfusion that causes intrahepatic cholestasis. This secondary 
dysfunction occurs when Kupffer cells are activated by patho-
gen-associated molecular patterns (PAMPs) such as endo-
toxin and release reactive oxygen products, tissue necrosis 
factor-α, interleukin (IL)-1, and IL-12 [28]. Increased inflam-
matory cytokines contribute to sinusoidal dilatation, conges-
tion and occlusion that in turn contribute to hepatocellular 
injury in addition to increasing mesenteric venous pressure 
and congestion which creates the appropriate milieu for trans-
location of gut flora [29]. When jaundice is present (defined 
as total bilirubin level > 3.0 mg/dL) as a result of sepsis, the 
proportion of patients with poor outcome is 68.6% which 
compares poorly to 45.5% in patients with no sepsis-associ-
ated liver dysfunction who are without jaundice [28].

Regardless of category, liver dysfunction in sepsis is 
believed to be the sequelae of microcirculatory disturbances, 
a pro-inflammatory state, and immunosuppression. Therefore 
any type of infection in the setting of sepsis may result in 
hepatic impairment. It is the balance of the liver’s natural 
response or lack thereof that regulates systemic response and 
determines patient outcome. Interestingly, autopsy studies of 
patients who succumb to sepsis almost universally show 
hepatitis and liver steatosis, confirming the crucial role of the 
liver in one’s response to sepsis [27].

Intra-abdominal infections leading to gram-negative bac-
teremia are most commonly associated with jaundice, though 
again any infection resulting in sepsis may result in hepatic 
impairment. Histologically, the most common hepatic find-
ings secondary to sepsis are bland intra-hepatic cholestasis 
with Kupffer cell hyperplasia and reactive hepatitis. Ongoing 
research, however, has identified organism-specific patterns 
of histologic hepatic change. Such patterns have been identi-
fied for gram-negative and gram-positive infections both of 
abdominal and extra-abdominal etiology [29].

16.4  Management and Further Research

Currently there are no specific treatments recommended to 
mitigate sepsis-associated hepatic injury other than the over- 
arching recommendations included in the surviving sepsis 
guidelines targeting end-organ support. Such recommenda-
tions include but are not limited to maintenance of hemody-
namic flow to minimize organ hypoperfusion and concurrent 
antimicrobial and other indicated adjunct interventions 
required for infectious source control [31].

Recent clinical studies have prompted renewed interest 
in the role of intravenous ascorbic acid (vitamin C) as a 
treatment for sepsis. Low circulating levels of vitamin C are 
characteristic and nearly universal in patients with acute 
critical illness [32]. As humans are incapable of intrinsic 
ascorbic acid synthesis, intravenous supplementation is nec-
essary in the reversal of this deficiency. Doses of 6 g daily 
(administered in divided doses of 1.5 g every 6 h for 4 days) 
when administered together with intravenous hydrocorti-
sone and thiamine have preliminarily been associated with a 
reduction of duration of vasopressor requirement, organ 
dysfunction, and mortality from severe sepsis and septic 
shock [33].

The antioxidant vitamin C functions as a scavenger of 
free oxygen radicals, which restores other cellular antioxi-
dants which down-regulates hepatic production of inflamma-
tory mediators. This in turn preserves or restores endothelial 
integrity, function and microcirculatory flow [34] such that 
the progression of sepsis to shock and multiple organ dys-
function syndrome (MODS) is attenuated. Unquestionably 
this will represent an ongoing area of research in how to 
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 specifically abate the multifaceted hepatic response and 
injury in sepsis.

The role of adrenal function in sepsis-induced cholestasis 
is also unclear. As noted in Nessler’s review [35] (see 
Table 16.1) an improvement in the hepatic component of the 
SOFA score is evident in the steroid treated arm of 
CORTICUS [36]. Furthermore, corticosteroids may directly 
modulate cytokine-induced bile transport dysfunction [37]. 
Certainly, adrenal insufficiency is often recognized in liver 
failure [38, 39].

Intensive insulin therapy (IIT) has fallen out of favor [40] 
as the risk of harm seems to outweigh any putative benefit. 
However, subsequent analysis of the University of Leuven 
data demonstrates a reduction in biliary sludge, assessed 
sonographically, a reduction in cholestasis and a decreased 
incidence of ischemic hepatitis in the patients randomized to 
IIT [41]. Correlates for cholestasis included acuity (high 
APACHE-II), diagnosis of gastrointestinal or hematologic 
abnormality, requirement for vasopressor support with nor-
epinephrine and parenteral nutrition. The authors speculate 
that IIT exerts an anti-inflammatory effect at the level of the 
biliary epithelium.

N-acetylcysteine modulates ischemic hepatitis [42] and 
modifies ischemia/reperfusion injury to bile ducts in livers 
recovered from non-heart-beating donors (DCD) [43]. 
However, when used in ARDS, acute renal failure, septic 
shock a mortality benefit cannot be demonstrated. It would 
be of interest to see if early administration to critically ill 
patients at risk for liver injury might have selective 
benefit.

Liver support devices such as the molecular adsorbent 
recirculation system (MARS) do not improve survival in 
acute on chronic liver failure, However, MARS consistently 
reduces bilirubin and improves the hemodynamics of acute 

on chronic liver failure [44]. A trial of MARS in cholestasis 
of sepsis or ischemic hepatitis would be welcome.

16.5  The Liver in Cardiac Disease

Heart failure is a clinical syndrome characterized by the 
inability of the systemic perfusion to meet the body’s meta-
bolic demand. It is usually caused by cardiac pump dysfunc-
tion, systolic or diastolic. Dysfunction of either the left or the 
right ventricle can affect the liver. The most common cause 
of right ventricular dysfunction (and pulmonary hyperten-
sion) is cardiac dysfunction of the left side (systolic and dia-
stolic dysfunction of the left ventricle), or left sided valve 
disease (aortic and mitral valve).

Cardiac dysfunction can affect the liver in two ways: Passive 
congestion (congestive hepatopathy) and ischemic hepatitis.

16.5.1  Passive Congestion

Passive congestion of the liver is usually caused by right ven-
tricular (RV) dysfunction through elevated right atrial (RA) 
pressure leading to increased venous pressure and conges-
tion of the liver and its capsule.

In the liver, hepatocytes can be divided into three zones 
based on their proximity to the portal triad, through which 
the blood and oxygen delivery takes place. Periportal hepato-
cytes are closest to the portal triad, followed by mid-zonal 
and then centrilobular hepatocytes which are farthest away 
from the oxygen source. Therefore centrilobular hepatocytes 
are affected earliest in patients with cardiac dysfunction. 
This type of liver injury was classified as Grade A by 
Sherlock et al. In Grade B and Grade C, heart failure persists 
and cell necrosis extends outwards towards the portal triads. 
In Grade A hepatocyte necrosis, the reticulin pattern is essen-
tially normal. In the next stage there is reticulin condensation 
in the centrilobular region due to loss of cells from this 
region. This is followed by centrilobular reticulin prolifera-
tion, with actual production of new reticulin. Collagen is also 
increased in the centrilobular region. Fibrous tissue extends 
outwards but does not reach the periphery of the lobule. This 
leads to reversal of lobular pattern, giving the appearance of 
portal tracts lying centrally, which is classical for cardiac cir-
rhosis. Portal tracts remain unaffected. In long standing cases 
the portal tracts can also become involved, bile ducts prolif-
erate, and fibroblasts are seen. This can lead to a mixed pic-
ture and at this point cardiac cirrhosis may be difficult to 
differentiate from portal cirrhosis [45].

The central vein in the hepatic lobule is always dilated, 
and the associated sinusoids are always engorged. In severe 
cases hemorrhage may also be seen in the sinusoids.

Table 16.1 Hepatocyte toxicity of cytokines (Kupffer cell response to 
sepsis)

TNF-α Pro-inflammatory response and stimulation of IL-6 
production by hepatocytes

IL-6 Pro-inflammatory response, stimulation of acute-phase 
proteins, and activation and release of TGF-β

IL-1β Pro-inflammatory response and synergistic action with 
TNF-α

TGF-β Anti-inflammatory response and counteracting of the 
extension of inflammatory response

IL-18 LPS-induced liver toxicity and secretion of IFN-γ
IFN-γ HC apoptosis, elevation of TNF-α, and upregulation of 

CD14
IL-10 Anti-inflammatory response and downregulation of 

LPS-induced IL-6 release
TNF tumor necrosis factor; IL interleukin; TGF 
transforming growth factor

After Nesseler et al. [35]

T.W. Damm et al.
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Most patients have elevated jugular venous pressure, 
edema and occasionally an enlarged pulsatile liver due to tri-
cuspid regurgitation. 25% of patients also have ascites. 
However, splenomegaly and an elevated hepatic venous por-
tal gradient (HVPG) are classically absent in patients with 
heart failure and cardiac cirrhosis.

Sherlock et al. found greater liver damage in patients with 
longer duration of heart failure [46]. 12 out of 17 patients 
with grade C damage had heart failure for 60 days or more, 
compared to 5 out of 18 patients with Grade A damage.

One would intuitively expect a relationship between the 
right atrial pressure (signifying venous pressure and therefore 
propensity for passive venous congestion) and the extent of 
hepatic necrosis. Sherlock et al. found that 11/12 patients 
with severe hepatocyte necrosis had cardiac output less than 
3.8 lit/min, however many patients with minimal cell necrosis 
also had conspicuously low cardiac outputs. Further, they did 
not find a significant correlation between the RA pressure and 
level of liver necrosis. Conversely, they found that the depth 
of jaundice correlated with the RA pressure. Bilirubin levels 
were higher in Grade B and C necrosis compared to Grade 
A. Patients with a higher RA pressure had a higher bilirubin 
level, but there was no correlation between serum bilirubin 
levels and cardiac output. The cause of jaundice in passive 
congestion due to heart failure was also unclear. Although the 
extent of liver cell necrosis correlates with the degree of jaun-
dice, it is unlikely to be a complete explanation. Normal bili-
ary secretory pressure approximate 20–30 cm water pressure. 
Therefore if the RA pressure exceeds 20 cm water, it can lead 
to mechanical obstruction of the intralobular biliary canalic-
uli. Formation of “bile thrombi” may also cause biliary 
obstruction. However, Sherlock et al. found that alkaline 
phosphatase was normal in most patients, making obstructive 
jaundice less likely to be the dominant factor in cardiac 
jaundice.

Lau et al. evaluated 110 charts for the type of liver dys-
function found in patients admitted to cardiology service for 
congestive heart failure (left or right) [47]. They excluded 
patients with evidence of acute myocardial infarction, and 
hemodynamic instability. All patients had NYHA Class II to 
IV heart failure. Elevation of GGT and reduction in albumin 
level were the most common abnormalities (41% each), fol-
lowed by elevation in ALP (22%) and Bilirubin (19%). This 
suggested that a cholestatic pattern of LFTs (ALP, GGT and 
Bilirubin) was significantly more common than a hepatocel-
lular pattern in patients with Class II to IV heart failure. 
Also, each of the cholestatic LFT elevations was signifi-
cantly associated with the severity of tricuspid regurgitation 
(TR). The severity of TR, Pulmonary hypertension and left 
ventricular dysfunction were also independently associated 
with rise in bilirubin. Conversely none of these cardiac fac-
tors were associated with elevation of transaminases or 
hypoalbuminemia. Lau et al. surmised that backward con-

gestion of hepatic venules and pulsatile injury from TR have 
a greater role than reduced forward cardiac flow in causing 
liver dysfunction in heart failure.

Allen et al. evaluated data from the CHARM trial [48], 
and found that low albumin was the most common liver 
abnormality in patients with chronic systolic heart failure 
(18.2%), followed by elevation of total bilirubin (13%). ALT 
was elevated in only 3% of patients. Total bilirubin was 
strongest LFT predictor of adverse outcomes for composite 
of cardiovascular death or heart failure hospitalization.

Van Deursen et al. performed a retrospective chart review 
of 323 heart failure patients [49]. They found direct bilirubin 
and LDH to be the predominant LFT abnormality. Elevated 
CVP was significantly associated with abnormalities in all 
LFTs (GGT, ALP, Total Bilirubin, Direct Bilirubin, AST, 
ALT, and LDH). However, a low cardiac index (CI) was sig-
nificantly associated with AST, ALT and total bilirubin only. 
Highest abnormalities were observed when both high CVP 
and low CI were present. Also, most LFTs showed an 
increase in percentages of abnormal values with increasing 
CVP and reducing CI. Importantly, in a univariate analysis, 
GGT, ALP, AST and LDH were predictors of all-cause mor-
tality. However, after adjustment for CVP and CI, none of the 
LFTs were associated with impaired survival.

16.5.2  Ischemic Hepatitis

Low cardiac output may be associated with marked elevations 
in serum aminotransferases, caused by hepatocellular necro-
sis. This has been called “Ischemic hepatitis” “Hypoxic hepa-
titis” or “Shock Liver”. The eventual reason for hepatocellular 
necrosis is inadequate oxygen supply to hepatocytes, second-
ary to septic shock, cardiogenic shock, or hypoxemia due to 
respiratory failure. Therefore the term “hypoxic hepatitis” 
introduced by Henrion et al. might be the most appropriate.

Ischemic/hypoxic liver injury leads to necrosis of centri-
lobular (zone 3) hepatocytes since these are the farthest away 
from the portal triad (the oxygen source). Hepatocytes can 
increase oxygen extraction up to 95%. However, if hypoxic 
conditions persist, or the shock is severe, the protective 
mechanisms are overwhelmed and hepatocyte necrosis 
occurs. This leads to a rapid elevation in alanine aminotrans-
ferase (ALT) aspartate aminotransferase (AST) lactate dehy-
drogenase (LDH), bilirubin and prolongation of prothrombin 
time (PT). Laboratory changes peak in 1–3 days after the 
insult, and improve rapidly to normalize within 5–10 days.

Henrion et al. evaluated the liver dysfunction and hemo-
dynamic abnormalities in 142 patients with a reason to have 
“hypoxic hepatitis” [50]. They included patient with decom-
pensated congestive heart failure, acute cardiac failure, exac-
erbated hypoxic respiratory failure and toxic/septic shock. 
Hepatic blood flow was reduced in decompensated heart 
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 failure without hypoxic hepatitis, and was significantly more 
reduced if hypoxic hepatitis was present. CVP was signifi-
cantly more elevated in patients with decompensated CHF 
when hypoxic hepatitis was present. They postulated that the 
liver of patients with CHF is chronically exposed to hypoxia 
due to venous congestion, and the hypoxia is suddenly wors-
ened during an episode of exacerbation leading to liver cell 
necrosis. The liver in patients with acute cardiac failure was 
not in an underlying hypoxic state, and therefore needed a 
more severe fall in hepatic blood flow during the acute event 
to undergo hypoxic hepatitis. Acute cardiac failure and cir-
culatory failure groups had a higher percentage of patients in 
shock (SBP < 90 mmHg) as compared to the decompensated 
CHF group. These two groups also had higher lactate and 
creatinine levels than decompensated CHF group.

With hypoxic/ischemic hepatitis, AST, ALT and LDH 
showed striking elevations and rapid resolution in 7–14 days. 
AST peak was generally higher than ALT peak. Peak AST 
was significantly higher in the circulatory failure group com-
pared to decompensated CHF group. Other transaminase 
levels were not significantly different between the decom-
pensated CHF and acute cardiac failure group. Another bio-
chemical hallmark of hypoxic hepatitis was a rapid drop in 
prothrombin level, with a nadir level observed as early as day 
1, and complete recovery in about 1 week.

16.5.3  Summary of the Liver in Cardiac 
Dysfunction

CHF leading to elevated CVP, causing passive venous con-
gestion of liver. This is manifested by a persistent increase in 
the biochemical markers of cholestatic liver disease, like 
GGT, Bilirubin and ALP. The reason may be an impairment 
of function and engorgement of the biliary canaliculi second-
ary to central vein engorgement due to elevated CVP. Severity 
of elevation of CVP and TR are correlated to the elevation in 
LFT abnormalities. However, after controlling for CVP and 
Cardiac index, none of the liver abnormalities are associated 
with a worse prognosis. Thus prognosis is still governed by 
the extent of the cardiac problem and liver abnormalities are 
a manifestation of the severity of the cardiac disease.

Hypoxic/ischemic hepatitis presents with a triad of dra-
matic rise in transaminases, fall in prothrombin activity, and 
alteration in renal function, in the clinical setting of hypoper-
fusion/shock. Hypotension (SBP < 90 mmHg), is not a pre-
requisite for development of hypoxic hepatitis.

 Conclusion

Liver injury results as a consequence of multiple factors: 
the precipitating event for critical illness, the stress of 
hypoxemia and hypoperfusion related in part to cytokine 
generation from Kupffer cells and hepatocyte synthetic 

focus as well as support measures including drug-induced 
liver injury and inadequate hemodynamic support with 
unremitting hypotension or volume overload. Clearly, 
critically ill patients with and without liver injury fare dif-
ferently. Pre- morbid liver dysfunction even if sub-clinical 
or occult is associated with worse outcome. Earlier recog-
nition to allow targeted implementation of strategies that 
may benefit is the immediate goal.
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Pharmacological Considerations 
in Acute and Chronic Liver Disease

William J. Peppard, Alley J. Killian, and Annie N. Biesboer

Abstract

Acute liver failure (ALF) and acute-on-chronic liver failure (ACLF) have profound effects 
on human physiology that extend well beyond hepatic considerations. Virtually every organ 
system is affected to some degree, as are the medications used to treat both chronic and 
acute conditions for these organ systems. Even a small therapeutic misadventure can pre-
cipitate an acute decompensation in liver failure patients, further emphasizing the impor-
tance of appropriate drug dosing. Liver disease results in significant alteration in the 
pharmacokinetic and pharmacodynamic characteristics of medications. While the magni-
tude of these alterations is dependent upon the extent of liver disease and the physiochemi-
cal characteristics of a given medication, the effect of most medications will be amplified as 
a result of liver disease. This chapter provides a practical overview of drug dosing consid-
erations, with a focus on basic pharmacokinetic and pharmacodynamics principles, in the 
context of ALF and ACLF. This is followed by medication considerations organized by 
organ system, with a focus on neurology, pulmonary, cardiovascular, renal, hematologic, 
gastrointestinal, and endocrine. Infectious disease considerations are also reviewed. The 
use of objective monitoring tools and the establishment of therapeutic goals will help facili-
tate the optimal use of drug therapy for each organ system. In many cases, treatment guide-
lines are lacking for the management of acute and chronic disease observed concurrently in 
patients with liver failure. Avoiding medications that have unpredictable pharmacokinetic 
profiles, or that are prone to drug-drug interactions, will reduce sequela. Employing 
evidence- based pharmacotherapy should yield improved outcomes. Practical consider-
ations for the aforementioned are provided.
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 prophylaxis • VTE • Anticoagulation • Heparin-inducted thrombocytopenia • HIT  
Infectious disease • Antibiotic • Glycemic control • Thyroid • Relative adrenal insufficiency  
RAI • Steroid • Continuous renal replacement therapy • CRRT • Extracorporeal liver 
support • ECLS • Extracorporeal membrane oxygenation • ECMO

Learning Objectives

• Describe the basic pharmacokinetic and pharmacody-
namic alterations that occur in patients with liver 
disease.

• Identify key medications that require dosing adjustments 
in patients with liver failure.

• Given a patient case with liver disease, select the most 
appropriate therapeutic recommendation.

• Discuss the effect of extracorporeal membrane oxygen-
ation (ECMO), continuous renal replacement therapy 
(CRRT) and extracorporeal liver support systems on med-
ications in patients with liver failure.

17.1  Pharmacokinetics/
Pharmacodynamics

Liver disease results in significant alteration in the pharma-
cokinetic and pharmacodynamic characteristics of medica-
tions. Unfortunately there are no endogenous markers of 
hepatic clearance, and the most common scoring tool used 
for characterizing liver disease, the Child-Pugh classifica-
tion, does not correlate well with hepatic clearance or drug 
metabolism in liver disease. While the magnitude of these 
alterations is dependent upon the extent of liver disease and 
the physiochemical characteristics of a given medication, the 
effect of most medications will be amplified as a result of 
liver disease.

17.1.1  Absorption

Delayed gastric emptying in patients with liver dysfunction 
can result in delayed absorption; this is a minor determinant 
in the extent of absorption [1, 2]. More significant is the 
affect that changes in first-pass metabolism have on bioavail-
ability. Drugs absorbed from the gastrointestinal tract are 
exposed to the metabolizing enzymes and bile excretory 
transport system of the liver before reaching systemic circu-
lation [3]. In patients with normal liver function, drugs with 
a moderate to high extraction ratio will undergo significant 
first-pass metabolism, which is a function of mesenteric 
blood flow passing through the liver. Liver dysfunction leads 
to porto-systemic shunting and subsequently decreased 

activity of drug-metabolizing enzymes, resulting in a sub-
stantial increase in systemic bioavailability. This effect is 
further exacerbated in patients with a transjugular intrahe-
patic porto-systemic shunt (TIPS). Orally administered mid-
azolam bioavailability can be increased tenfold in cirrhotic 
patients with TIPS compared to cirrhotic patents without [4]. 
This is largely the result of decreased intestinal cytochrome 
P450 (CYP) 3A activity [5]. It should be noted that first-pass 
metabolism is bypassed altogether when medications are 
administered intravenously and therefore should not affect 
bioavailability.

17.1.2  Distribution

The distribution of medications is predominantly altered by 
changes in volume and protein binding [3]. Patients with 
hepatic cirrhosis are often volume overloaded as a result of 
fluid retention and ascites. This results in an increased vol-
ume of distribution (Vd) which has the greatest effect on 
hydrophilic (water soluble) medications. Beta-lactam drugs 
can have a Vd as much as threefold larger [6]. This neces-
sitates an increased dose, and perhaps a loading dose, in 
order to achieve and maintain therapeutic serum concentra-
tions. Circulating plasma proteins are also low in patients 
with liver disease, especially chronic disease. Highly pro-
tein bound drugs are most affected, resulting in greater cir-
culating free drug in the serum. This is predominantly due 
to decreased binding to albumin and α1-acid glycoprotein as 
a result of decreased protein synthesis, qualitative changes 
in protein blinding sites, and accumulation of endogenous 
compounds, such as bilirubin, that inhibit plasma protein 
binding [7]. This is particularly problematic for medications 
with narrow therapeutic range and necessitates increased 
monitoring.

17.1.3  Metabolism and Elimination

Most data about drug metabolism are derived from patients 
with stable chronic liver disease; studies in patients with 
ALF are largely underrepresented. In general the degree of 
drug metabolism and elimination impairment parallels the 
degree of liver disease, but more specifically it is determined 
by the intrinsic hepatic drug clearance, hepatic blood flow, 
and the extent of plasma protein binding of a given drug.
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Intrinsic hepatic drug clearance represents the metabolism 
of unbound drug by the liver, though not all metabolic path-
ways are affected equally [3, 8]. Phase II conjugative metabo-
lism is relatively less affected than phase I oxidative 
metabolism, which consists of the enzymes CYP and nicotin-
amide adenine dinucleotide phosphate (NADPH)-dependent 
CYP reductase. In general these enzymes are more sensitive 
to changes in liver function because of their dependence on 
oxygen [9]. Further declines in liver blood flow as a result of 
disease progression or placement of a TIPS may compound 
these effects. The Model for End-Stage Liver Disease 
(MELD) score has been correlated with CYP activity.

Hepatic blood flow is another important determinant of 
drug metabolism by the liver, especially for drugs with a 
high extraction ratio. The hepatic extraction ratio of a drug, 
which can be categorized as low (<0.3), intermediate (0.3–
0.6), or high (>0.6), indicates the efficiency with which the 
liver can eliminate a given compound from the circulation, 
and is determined by intrinsic drug clearance and protein 
binding. Drugs with high extraction ratio are highly depen-
dent on liver blood flow and demonstrate increased bioavail-
ability in low-flow states, but are less influenced by changes 
in the activity of drug metabolizing enzymes and protein 
binding. Conversely, the metabolism of drugs with low 
extraction ratio is much more sensitive to changes in hepatic 
enzyme function and protein binding and relatively less 
affected by decreased hepatic blood flow. Drugs with inter-
mediate extraction ratio may have variable bioavailability 
but generally exhibit decreased clearance in the setting of 
reduced liver function.

The changes in protein binding associated with acute and 
chronic liver disease can have variable effects on drug metab-
olism because they can influence both Vd and extraction ratio 
of a drug. Highly protein-bound drugs in the setting of hypo-
albuminemia will distribute more extensively into tissues, 
making less total drug available in the circulation. Increased 

unbound fraction can lead to potentially increased clinical 
effects due to higher free drug concentrations, but can also 
increase hepatic clearance by presenting more unbound drug 
to the liver for metabolism. This would be especially true for 
drugs with low extraction ratio. The ultimate clinical effects 
are therefore difficult to predict, but generally speaking drugs 
with low protein binding and low intrinsic hepatic clearance 
are most likely to demonstrate reduced hepatic clearance in 
liver failure. In addition to decreased metabolism, extrahe-
patic drug elimination may also decrease as liver function 
declines. Cholestasis may result in reduced biliary excretion 
of certain medications. Additionally, the development of 
renal dysfunction, such as hepatorenal syndrome (HRS), is 
common in decompensated liver disease.

17.2  Neurology

Management of neurologic derangements is common and 
challenging in patients with liver disease, and may include 
the chronic management of psychiatric and seizure medica-
tions, and the acute management of analgesia, sedation, and 
delirium. The Society of Critical Care Medicine has pro-
vided evidence-based clinical practice guidelines for the 
management of pain, agitation, and delirium in adult 
patients in the intensive care unit (ICU) [10]. There are no 
specific recommendations made for patients with liver dis-
ease, however the guidelines are largely generalizable and 
it is reasonable to apply basic principles to this population. 
The practice of monitoring for safety and efficacy and 
establishing therapeutic goals is universal, whereas medi-
cation selection requires greater appreciation for disease- 
and patient-specific variables. When selecting drug therapy 
one must consider the altered pharmacokinetic profile 
imposed by end-stage liver disease (ESLD) and dose medi-
cations appropriately to avoid adverse events. Tables 17.1 

Table 17.1 Analgesia summary of recommendations

Medication Place in therapy Considerations

Acetaminophen Preferred agent • Well tolerated in patients with liver disease including cirrhosis.
• Limit daily dose to 2 g/day (up to 3 g/day for short-term use).

Tramadol Use sparingly 
with caution

•  Can precipitate or worsen hepatic encephalopathy, but potentially less than opioids, and may be 
preferred.

• Dose reduction is required.
Opioids Use sparingly 

with caution
• All opioids can precipitate or worsen hepatic encephalopathy.
• Variable effect and response dependent on individual agent.
• Fentanyl preferred (short-acting agents with minimal accumulation).
• Hydromorphone is an alternative.
• Dose reduction is required.

NSAIDs Avoid use • Bioavailability increased in patients with liver impairment.
•  Increased risk of gastrointestinal bleed, variceal hemorrhage, acute kidney injury, and development of 

diuretic-resistant ascites.
Other Patient-specific 

consideration
• Anticonvulsants and antidepressants are generally avoided due to concern for altered mentation.
• Nortriptyline and desipramine appear less sedating and are preferred if absolutely necessary.

17 Pharmacological Considerations in Acute and Chronic Liver Disease
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and 17.2 provide recommendations for the management of 
pain and agitation. The most common, often preventable 
complications include hepatic encephalopathy, acute kid-
ney injury, and gastrointestinal bleeding. Severity of these 
adverse effects range from mild to serious and can some-
times be fatal [11]. Guidelines for the management of psy-
chiatric and seizure medications in the context of liver 
failure are not available, but the same basic principles apply 
when selecting drug therapy. Considerations for drug selec-
tion and monitoring will be discussed further.

17.2.1  Analgesics

17.2.1.1  Monitoring
Patients in the ICU, including those in liver failure, rou-
tinely experience pain [10]. The etiology is multifactorial 
and can include injuries incurred prior to admission, sur-
gery, procedures, line placement, endotracheal tube place-
ment, or other routine ICU cares. As such, pain should be 
routinely monitored in all patients using an objective and 
validated tool. The Numeric Pain Score (NPS) and the 
Visual Analogue Scale (VAS) are most reliable and should 
be used in patients who can assess and communicate their 
own pain [10]. For those patients with altered mentation, 
including encephalopathic patients, the Behavioral Pain 
Scale (BPS) or Critical- Care Pain Observation Tool (CPOT) 
is recommended [10]. Rather than using non-specific symp-
toms and physiologic signs such as vital signs, perspiration, 
or nausea and vomiting, these tools use more specific crite-
ria such as facial expression, body movement, muscle ten-
sion, and vocalization or compliance with mechanical 
ventilation. Regular use of these validated tools can lead to 
optimal use of medications and better pain management, 
thereby facilitating improved clinical outcomes in critically 
ill patients [10, 12, 13].

17.2.1.2  Acetaminophen
Acetaminophen (APAP) is a known hepatotoxin and is the 
leading cause of drug-induced ALF, accounting for nearly 
50% of all cases of ALF in the United States [14]. These 
findings may lead prescribers to avoid APAP use in patients 
with known liver disease [15]. Data suggests that short-term 
therapeutic doses of ≤4 g/day of APAP do not result in drug 
accumulation in patients with nonalcoholic cirrhosis, nor do 
they cause significant changes in liver function tests; rather, 
unintentional APAP intoxication over a long period of time 
is the most common cause of ALF [14, 16–18]. APAP can 
produce dose-related hepatocellular necrosis, particularly in 
the setting of chronic alcohol consumption, in which even 
prescribed doses of APAP are sufficient to produce acute 
hepatitis [19, 20]. Those with alcoholic cirrhosis are particu-
larly vulnerable to APAP-induced hepatotoxicity as they 
experience an increase in N-acetyl p-benzoquinone imine 
(NAPQI, a hepatotoxic metabolite), production via enzy-
matic induction and decreased levels of glutathione which 
neutralizes NAPQI [16, 17, 21]. APAP use in patients with 
alcoholic cirrhosis should be used at the lowest effective 
dose, not to exceed 2 g/day (up to 3 g/day for short-term 
use), and chronic use should be avoided. For moderate to 
severe pain, the short-term use of appropriately-dosed APAP 
is preferred over other analgesics that are associated with 
more serious adverse effects, such as non-steroidal anti- 
inflammatory drugs (NSAIDs) and opioids [15].

17.2.1.3  Opioid
Opioids should be used cautiously in patients with chronic 
liver disease because they can precipitate or contribute to 
worsening hepatic encephalopathy [16, 17, 22–24]. In the set-
ting of acute liver injury, opioids should be used even more 
sparingly. When opioid use is unavoidable, fentanyl is the pre-
ferred opioid as its pharmacokinetic profile, relative to other 
opioids, remains unchanged [22, 23]. Bearing in mind the 

Table 17.2 Sedative summary of recommendations

Medication Place in therapy Considerations

Lorazepam Preferred agent for intermittent sedation •  Metabolic pathway less affected by cirrhosis compared to other 
benzodiazepines.

• No active metabolites.
Propofol Preferred agent for continuous sedation • Well tolerated in patients with cirrhosis.

• Pharmacokinetic profile is minimally altered in liver failure.
• Concern for hypotension and deep sedation.

Dexmedetomidine Relative contraindication - avoid use • Clearance significantly reduced by liver dysfunction.
• Hypotension and bradycardia are common.

Midazolam Relative contraindication - avoid use • Clearance significantly reduced by liver dysfunction.
• Renally-cleared active metabolite with an unpredictable half-life.
• Concern for hypotension and deep sedation.
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quick onset and short duration of action, therapy should be 
initiated at a reduced dose and given less frequently, then 
titrated to effect. Hydromorphone demonstrates increased bio-
availability and a prolonged half-life but is a viable alternative 
to fentanyl at a reduced dose. Codeine requires metabolism via 
CYP to be converted to morphine. Reduced metabolism in 
patients with liver disease makes codeine ineffective as an 
analgesic. Morphine should be avoided in patients with liver 
disease; it is metabolized by the liver to an active metabolite 
which is heavily dependent upon renal function for clearance. 
This, along with increased bioavailability, results in a pro-
longed half-life and exaggerated pharmacologic effect foster-
ing unpredictable kinetics and potentially unsafe use. 
Similarly, oxycodone demonstrates a prolonged half-life in 
liver disease and may accumulate. Meperidine exhibits similar 
pharmacokinetic changes, but accumulation of neurotoxic 
metabolites makes it an especially poor choice for pain man-
agement during liver disease. The clearance of methadone is 
reduced in ESLD, though it is free from active metabolites. 
Because of this, some advocate for its use in moderate liver 
failure despite its difficulty to use in healthy adults because of 
its highly variable and unpredictable pharmacokinetic profile. 
To date a consensus has not been reached on the role of metha-
done in liver disease. Opioid-dependent patients present a 
unique challenge in the context of acute, decompensated liver 
failure. Opioids should be prescribed sparingly in the context 
of encephalopathy but consideration must be paid to the risk of 
withdrawal. The lowest effective dose of opioid, preferably 
fentanyl, should be used and titrated to effect.

17.2.1.4  Other
Several other medications have been evaluated in patients 
with liver disease as opioid alternatives for the management 
of acute and chronic pain, especially neuropathic pain. 
Tramadol, which has both a hepatic metabolic and renal 
elimination component, has been recommended as a treat-
ment option before proceeding to opioids based on its favor-
able safety profile [11]. As with other medications, a dose 
reduction and increased monitoring is warranted. Other med-
ications such as anticonvulsants (carbamazepine, gabapen-
tin, pregabalin) and tricyclic antidepressants (TCA) are 
common for chronic pain management, but are generally 
avoided in liver failure given concern for altered mentation. 
However, if a TCA is deemed necessary, nortriptyline and 
desipramine appear less sedating and are preferred.

17.2.1.5  NSAIDS
The risk of NSAID use in the setting of liver dysfunction is 
often underestimated. Health care professionals frequently 
endorse the use of NSAIDs in this population while recom-
mending the avoidance of APAP use in patients with liver 
disease or cirrhosis [15]. Although occurrences are rare, 

these agents can independently produce idiosyncratic acute 
hepatocellular necrosis or cholestatic damage, which could 
precipitate an episode of ACLF [19, 25, 26]. More concern-
ing is their deleterious effect on renal function. Mediated by 
prostaglandin (PG) synthesis inhibition, NSAIDs impair 
their protective renal vasodilating effect. Though not gener-
ally a concern in normotensive adults, inhibition of PG syn-
thesis leads to renal decompensation in scenarios such as 
cirrhosis where renal and systemic hemodynamics are 
dependent on the availability of PGs [27]. This may result in 
blunting of the natriuretic effect of diuretics, as well as 
decreased sodium and water excretion, creatinine clearance, 
and glomerular filtration rate, both in patients with compen-
sated disease and decompensated cirrhosis [28–34]. NSAIDs 
have also been associated with variceal bleeding in patients 
with liver failure [35]. In summary, these adverse effects are 
generally considered a class effect and NSAIDs should be 
avoided in patients with hepatic cirrhosis.

17.2.2  Sedatives

Critically ill patients are frequently anxious and agitated due 
to procedures and invasive therapies, such as mechanical ven-
tilation and invasive lines. Sedatives reduce agitation and anxi-
ety, thereby keeping patients more comfortable and safe 
during their ICU encounter [10]. There are several therapeutic 
options available to prescribers to establish and maintain safe 
and effective sedation, but selection of therapy must be patient-
specific, taking into consideration how acute and chronic dis-
eases will affect the pharmacokinetic profile of the drug.

17.2.2.1  Therapeutic Goals
Depth of sedation should be routinely monitored in all 
patients using an objective and validated tool. The Sedation 
Agitation Scale (SAS) and the Richmond Agitation Sedation 
Scale (RASS) are validated in critically ill patients, though 
not specifically in patients with liver disease [10]. Light 
sedation (SAS 3–4 or RASS 0 to −1) is preferred to deep 
sedation as it has been associated with decreased duration of 
mechanical ventilation and lower mortality. Once sedation 
goals are established, the least amount of sedative necessary 
to maintain patient comfort and safety should be used.

17.2.2.2  Propofol
Propofol is an intravenous general anesthetic that exerts its 
effect through agonism of gamma-Aminobutyric acid 
(GABA) receptors and perhaps reduced glutamatergic activ-
ity through N-Methyl-d-aspartic acid (NMDA) receptor 
blockade. It is a short-acting medication that is cleared rap-
idly and linear pharmacokinetics have been observed with 
infusion in healthy patients [36–38]. Its pharmacokinetic 
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profile does not appear to significantly change in patients 
with moderate hepatic cirrhosis, defined as those without 
ascites or encephalopathy [37]. Although the recovery time 
was longer in patients with cirrhosis and Vd at steady state 
was larger, total body clearance and terminal elimination 
half-life were unchanged. While the drug undergoes exten-
sive hepatic metabolism, additional extra-hepatic metabo-
lism prevents significant drug accumulation in patients with 
cirrhosis. Short-term propofol use during endoscopic proce-
dures in patients with liver failure has demonstrated an inci-
dence of adverse effects similar to other sedative agents and 
does not precipitate hepatic encephalopathy, but post anes-
thetic recovery following procedural sedation may be 
delayed compared to healthy subjects [39–42]. Cessation of 
propofol infusion results in a more rapid return to baseline 
function compared to midazolam [43–46]. Common but seri-
ous side effects include respiratory depression, hypotension 
(attributed to systemic vasodilation which is more pro-
nounced in hypovolemic patients), hypertriglyceridemia, 
and cardiac dysrhythmias. Hypotension, which can also 
lower intracranial pressure, may theoretically worsen hepatic 
encephalopathy, is generally proportional to dose and rate of 
administration. Propofol infusion syndrome (PRIS) is 
defined as metabolic acidosis and cardiac dysfunction, along 
with one of the following: rhabdomyolysis, hypertriglyceri-
demia, or renal failure [47]. PRIS is a rare but life- threatening 
complication with mortality rates ranging from 18 to 83% 
[48, 49]. Liver disease has not been identified as a risk factor 
for PRIS, but rate and duration of infusion are strong predic-
tors. For this reason it is recommended that infusions greater 
than 65 mcg/kg/min for longer than 48 h be avoided [49]. 
Propofol should immediately be discontinued if PRIS is sus-
pected, although complications and even death may ensue 
after propofol discontinuation, because there is no known 
antidote. All things considered, propofol appears to be safe 
and effective in liver failure and is the preferred agent for 
sedation due to its short half-life, fast onset, and decreased 
recovery time compared to other agents [50–53].

17.2.2.3  Dexmedetomidine
Dexmedetomidine is a centrally-acting alpha-2 receptor ago-
nist that is routinely used in the ICU to provide light sedation 
for patients requiring mechanical ventilation. Data suggests 
that dexmedetomidine is a safe and effective alternative to a 
midazolam infusion and may yield a shorter duration of 
mechanical ventilation and ICU length of stay, and poten-
tially lower incidence of delirium, which together can signifi-
cantly lower total ICU costs in critically ill patients [54–57]. 
Dexmedetomidine is extensively metabolized in the liver by 
CYP and glucuronidation to inactive metabolites. Since it is a 
high-extraction ratio drug, changes in hepatic blood flow can 
significantly affect clearance. Dexmedetomidine use in liver 
dysfunction, marked by increased aspartate aminotransferase 

(AST) and bilirubin, is associated with delayed clearance and 
prolonged half-life, which may lead to significant delays in 
emergence from sedation, and an exaggerated side-effect pro-
file [58–60]. Reduction in sympathetic tone caused by dex-
medetomidine may be particularly problematic in patients 
with vasoplegia caused by hepatic failure, as the compensa-
tory mechanisms are impaired, resulting in profound brady-
cardia and hypotension. Given these risks, dexmedetomidine 
should be judiciously dosed and monitored if used in patients 
with liver dysfunction, or avoided all together.

17.2.2.4  Benzodiazepine
Prior to the introduction of newer sedative agents like propo-
fol and dexmedetomidine, benzodiazepines were the main-
stay of sedative therapy for critically ill patients [10, 61]. 
Lorazepam and midazolam have been the most commonly 
prescribed benzodiazepines for this purpose, where mid-
azolam has traditionally been used for short-term sedation 
and lorazepam for long-term sedation. However, all benzodi-
azepines are metabolized by the liver. This results in reduced 
metabolism and prolonged elimination in patients with liver 
dysfunction, especially when compared to propofol [43–46, 
62–64]. These altered pharmacokinetic parameters are fur-
ther augmented in elderly patients or those concurrently 
administered medications that inhibit CYP enzyme systems 
and/or glucuronide conjugation in the liver. Taken together, 
these characteristics can result in prolonged sedation and 
may precipitate or worsen hepatic encephalopathy [10, 65, 
66]. Hepatorenal syndrome is a common complication in 
acutely ill hepatic cirrhosis patients. Given that midazolam 
has an active metabolite which is renally eliminated, the use 
of midazolam in patients with combined liver and kidney 
impairment can further prolong sedation and should be 
avoided [67–70]. Should a benzodiazepine be necessary, 
lorazepam is generally thought to be the drug of choice 
because its primary mechanism of metabolism, conjugation, 
is a process less affected by liver dysfunction [71–73]. When 
using lorazepam in patients with liver disease, the dose 
should be empirically reduced and given less frequently, thus 
utilizing the lowest effective dose to minimize undesirable 
adverse effects. Midazolam use should be avoided.

17.2.3  Antiepileptics

Antiepileptic drug (AED) therapy warrants detailed clinical 
assessment in the setting of liver failure because some of 
these agents (phenytoin, carbamazepine, oxcarbazepine, 
lamotrigine, valproate, etc.) are known to cause liver failure. 
Even if not the cause of liver failure, most AEDs are hepati-
cally metabolized to some extent and necessitate dose adjust-
ments in the setting of liver failure [74–76]. The ability to 
balance the effects of these agents on the liver while continu-
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ing to ensure safe and effective seizure control can be chal-
lenging. During the initial workup and management of ALF 
all medications, especially AEDs, should be screened as a 
potential etiology [77]. Any drug thought to be associated 
with causing ALF should be immediately discontinued and 
alternative therapy considered. Consideration for alternative 
therapy should primarily include AED outcome data for the 
patient’s specific seizure type. In addition, one must also 
consider mechanism of action, drug interactions, and side 
effect profile with particular attention paid to the potential of 
worsening hepatic encephalopathy [78]. However, this can 
be difficult given that most AEDs are hepatically metabo-
lized to some extent [74–76].

Phenytoin, levetiracetam, and more recently lacosamide, 
are three AEDs commonly used in contemporary practice. 
Phenytoin has a narrow therapeutic window and demon-
strates non-linear kinetics in healthy adults; this is further 
amplified in patients with liver disease due to its high protein 
binding, low extraction ratio, and CYP2C9 and CYP2C19 
metabolic pathways [74, 75, 79]. Lower doses should be 
used during liver failure and therapeutic drug monitoring of 
free phenytoin levels should be employed. Phenytoin also 
has many significant drug-drug interactions which further 
complicate its roles in therapy. In general, newer agents yield 
similar efficacy to older agents but have a more favorable 
adverse drug reaction profile and fewer drug-drug interac-
tions. Levetiracetam exhibits low protein binding and a low 
extraction ratio with approximately 24% metabolized via 
hydrolysis; the remainder is excreted unchanged by the kid-
neys. Dose adjustments are not necessary in liver dysfunc-
tion, but drug accumulation has been observed in renal 
failure and warrants dose reduction. Few drug-drug interac-
tions and a favorable adverse effect profile make levetirace-
tam a first-line agent. Similar to levetiracetam, lacosamide 
exhibits low protein binding and a low extraction ratio, but is 
slightly more dependent upon the liver for metabolism 
through the CYP2C9, CYP2C19, and CYP3A4 pathways 
[74, 75, 79]. Drug accumulation does occur as liver function 
decreases so empiric dose reductions are recommended.

17.3  Cardiovascular

Cirrhosis is a hyperdynamic state and patients frequently 
exhibit low systemic vascular resistance, increased cardiac 
output and heart rate, and low mean arterial pressure (MAP) 
at baseline. The constellation of findings indicative of the 
structural abnormalities as well as functional changes that 
can be found in cirrhotic patients have been termed cirrhotic 
cardiomyopathy. These changes include the previously men-
tioned alterations in hemodynamic parameters as well as 
systolic and diastolic dysfunction and electrophysiological 
changes. The presence of cirrhotic cardiomyopathy can have 

a significant effect on how patients respond in periods of 
increased stress such as critical illness, surgery, and infection 
and can make management of hemodynamics in the critical 
care setting challenging as the hemodynamic manifestations 
are often enhanced. Extensive discussion regarding cardio-
vascular pathophysiology in liver disease is discussed in 
detail elsewhere in this textbook. Many of the parenteral car-
diovascular medications used in the ICU setting have a fast 
onset, short duration, and readily measurable effects and can 
be dosed to a clinical goal such as blood pressure. This 
makes it easier to determine if liver disease is affecting the 
response to these medications and if dosing modifications 
are indicated.

17.3.1  Vasopressors

Vasopressors are frequently required to maintain adequate 
perfusion in critically ill patients with both ALF and 
ACLF. Shock can be the result of a variety of insults includ-
ing, but not limited to, decompensated liver failure resulting 
in a vasodilatory state, septic shock, and hemorrhagic shock. 
Norepinephrine is considered the vasopressor of choice for 
distributive shock in patients with cirrhosis as its stimulation 
of both alpha and beta-receptors increases MAP due to vaso-
constrictive effects while preserving cardiac output with lit-
tle increase in stroke volume compared with dopamine. 
There are no dosing recommendations specific to patients 
with liver disease and vasopressors can be titrated to patient- 
specific hemodynamic goals. Dopamine should generally be 
avoided because it could cause vasodilation of the splanchnic 
circulation thereby worsening portal hypertension [80].

Vasopressin has been used as an adjunct to catechol-
amines for the treatment of shock and has been found to be 
catecholamine-sparing in the setting of septic shock [81]. 
Vasopressin may be of particular benefit in patients who also 
have HRS as it has been shown to improve outcomes related 
to that disease state [82].

17.3.2  Beta-adrenoreceptor Antagonists 
and Calcium Channel Blockers

Beta-adrenoreceptor antagonists (more commonly referred to 
as beta blockers or β-blockers) are used in the critical care 
setting for a variety of indications including hypertension, 
tachycardia, and arrhythmias. Metoprolol is a commonly 
used selective β-blocker which is metabolized by the liver via 
several different metabolic pathways [83]. It is a high extrac-
tion ratio medication so bioavailability is increased in liver 
disease (from 50% in normal subjects to 80% in cirrhosis). In 
addition, the area under the curve (AUC) was markedly 
increased and the elimination half-life was prolonged follow-
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ing both oral and intravenous doses [84]. Dose reduction by a 
factor of two to three has been recommended [83]. Labetalol, 
a nonselective β-blocker commonly used in the ICU setting, 
is also hepatically metabolized and has a high extraction ratio 
[2]. Therefore, similar consideration should be given to a pos-
sible prolonged half- life and need for dose reduction.

17.3.3 Calcium Channel Blockers

Nicardipine is a calcium channel blocker which is primarily 
used in its parenteral form as a continuous infusion for 
hypertensive emergency or urgency in the critical care set-
ting. It undergoes extensive hepatic metabolism and has a 
high extraction ratio [2]. The pharmacokinetics of nicardip-
ine can be described as a three-compartment model. The 
alpha and beta half-lives are both short at under one hour, 
however the terminal half-life is over 12 h which is seen with 
long-term infusions. Due to its hepatic metabolism, this is 
even longer in patients with liver disease. Although, titration 
to specific clinical goals is appropriate, titration should occur 
slowly with close hemodynamic monitoring and dose reduc-
tion may be necessary in patients with liver disease.

17.3.4  Antiarrhythmics

The majority of antiarrhythmics are metabolized by the liver 
and have a narrow therapeutic index making dose adjustments 
clinically significant in this patient population. This section 
will focus on the more commonly used antiarrhythmics in the 
non-cardiac critical care setting such as those used for atrial 
fibrillation. Amiodarone is likely the most commonly used 
antiarrhythmic in non-cardiac ICUs and is available as both 
oral and parenteral formulations. It is extensively metabolized 
by the liver and has a very long half-life in patients without 
liver disease after prolonged oral administration (25–53 days) 
[85, 86]. Although there are no data specific to amiodarone in 
liver disease, it can be assumed that metabolism would be 
impacted resulting in an even longer half-life [83]. Diltiazem, 
a class IV antiarrhythmic used for rate control in atrial fibrilla-
tion, is available in an oral form but is usually used in the ICU 
in its parenteral form as a continuous infusion. It is extensively 
metabolized by the liver resulting in decreased clearance in 
patients with liver dysfunction. A small study of long-term 
oral administration in cirrhosis demonstrated a slightly pro-
longed half-life and increased AUC of diltiazem and one of its 
active metabolites [87]. An empiric dose reduction by a factor 
of two has been suggested [83].

An additional cardiovascular consideration in patients 
with cirrhosis is QT interval prolongation which is frequently 
associated with cirrhotic cardiomyopathy and can worsen as 
severity of cirrhosis worsens. The prevalence of QT prolon-

gation has been reported to be as high as 60% in patients 
with Child-Pugh grade C cirrhosis [88]. Therefore, evalua-
tion of the baseline QT interval and continued monitoring is 
vital as is assessment of medications with risk of QT 
prolongation.

17.4  Pulmonary

Pulmonary complications are common in ESLD [1, 2, 89]. 
Standard supportive care medication therapies for dyspnea 
and hypoxia (e.g. albuterol, inhaled steroids, etc.) can com-
monly be prescribed in this patient population without need 
for dosing adjustments. However, more severe complica-
tions, such as portopulmonary hypertension may require 
treatment with pulmonary vasodilatory therapies such as 
synthetic prostacyclins, phosphodiesterase inhibitors and 
endothelin receptor antagonists [21, 89–94]. These particular 
medications may require more thoughtful monitoring and 
dosing adjustments in the ESLD patient population as 
described below.

17.4.1  Synthetic Prostacyclins

Synthetic prostacyclins such as epoprostenol, treprostinil, 
and iloprost have established efficacy in the treatment of por-
topulmonary hypertension [89]. However, the pharmacoki-
netics of these agents, particularly clearance, may be 
significantly altered in patients with hepatic impairment.

The pharmacokinetics of intravenous iloprost was evalu-
ated in eight hospitalized patients suffering from liver 
 cirrhosis. Pharmacokinetic parameters were collected 
throughout the inpatient treatment course [95]. The study 
demonstrated that iloprost clearance was one-half in patients 
with hepatic impairment. The authors concluded that initial 
starting doses should be reduced by at least one-half the stan-
dard dose and patients should receive dose titrations based 
on individual parameters.

Epoprostenol has the shortest half-life amongst the syn-
thetic prostacyclins, which is estimated to be approximately 
six minutes [96]. However, given the lack of available 
chemical assay to assess the in vivo pharmacokinetics of 
epoprostenol, no specific studies to date exist evaluating 
the impact of hepatic impairment on this medications 
pharmacokinetics.

To date, treprostinil has the most data specifically focused 
on use in hepatic impairment. According to its package 
insert, both intravenous and subcutaneous treprostinil is doc-
umented to have decreased clearance in patients with hepatic 
impairment [97]. It is recommended that for the treatment of 
pulmonary hypertension, that the initial dose be decreased to 
0.625 ng/kg/min ideal body weight in patients with mild to 
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moderate hepatic impairment. However, there are no formal-
ized studies to date that evaluate the use of intravenous or 
subcutaneous treprostinil in patients with severe hepatic 
impairment.

Most recently, oral treprostinil was approved by the United 
States Food and Drug Administration. The availability of an 
oral prostacyclin provides a simplified administration route of 
therapy for patients with pulmonary hypertension. However, 
there are limited data for the use of this particular synthetic 
prostacyclin in portopulmonary hypertension. Regardless, 
there is significant potential that this therapy will be used in 
the future for treatment of this unique subset of patients. 
Fortunately, this agent has the most robust data evaluating its 
pharmacokinetics in the liver disease patient population. 
Peterson and colleagues completed a small evaluation of the 
pharmacokinetics of oral treprostinil, treprostinil diolamine, 
in thirty subjects with various degrees of hepatic impairment 
[98]. With increasing severity of hepatic impairment, the 
mean treprostinil clearance decreased, resulting in increased 
levels of treprostinil. Adverse effects, such as headache, nau-
sea, etc., were more commonly experienced in the patients 
with hepatic impairment. In clinical practice, oral treprostinil 
should be dose cautiously, and patients should be monitored 
closely for adverse effects.

Clinical interpretation of these data indicates the need to 
start synthetic prostacyclins, except epoprostenol, at lower 
doses in patients with hepatic impairment. Similarly, clini-
cians should cautious titrate doses while monitoring closely 
for adverse effects. However, epoprostenol’s uniquely short 
half-life makes it the likely exception to this rule and can 
likely be initiated and titrated regardless of hepatic function.

17.4.2  Phosphodiesterase Inhibitors

There is increasing evidence supporting the use of sildenafil 
and tadalafil in patients with portopulmonary hypertension 
[89, 94].

Sildenafil undergoes metabolism via CYP3A4 and 
CYP2C9 to form an active metabolite [99]. It would be antic-
ipated that this metabolism would be altered in a patient with 
hepatic impairment. Although the manufacturer of Revatio®, 
sildenafil marketed for pulmonary hypertension, provides no 
dose adjustment recommendations, the manufacturer for 
Viagra®, sildenafil marked for erectile dysfunction, suggests 
a lower starting dose in patients with hepatic dysfunction 
[99, 100]. Therefore, it may be pertinent to be cautious with 
aggressive dosing of sildenafil, regardless of indication, in 
patients with hepatic impairment.

Similarly to sildenafil, tadalafil is primarily metabolized 
by CYP3A. According to the tadalfil package insert, initial 
pharmacokinetics studies have shown that mild to moderate 
hepatic impairment did not impact the amount of tadalafil 

exposure the patient experiences [101]. However, in patients 
with Child Pugh Class A or B hepatic impairment, the manu-
facture recommends to consider starting at a dose of 20 mg 
once per day or less. However, they state that due to lack of 
literature evaluating the use of tadalafil in patients with 
severe hepatic impairment, it should be avoided.

Apart from manufacturer recommendations, tadalafil phar-
macokinetics in patients with hepatic impairment was evalu-
ated by Forgue and colleagues [102]. This study evaluated 
tadalafil pharmacokinetics in a total of twenty-five patients 
with some degree of hepatic impairment. However, only one 
patient was classified as having severe impairment. Their eval-
uation found a trend towards lower tadalafil concentrations 
and prolongation in half-life with increasing severity of 
impairment; however, no statistical association was found.

Data regarding the use of both sildenafil and tadalafil in 
patients with hepatic impairment are limited and inconsis-
tent. Error on the side of caution and starting at lower doses 
is likely most appropriate in most patients, but more aggres-
sive dosing is not excluded by the data published to date.

17.4.3  Endothelin Receptor Antagonists

The most robust data supporting pharmacologic therapy for 
the treatment of portopulmonary hypertension appears to be 
with endothelin receptor antagonists. However, these agents 
are hepatically metabolized and are known to cause 
 hepatotoxicity, so caution must be used in a patient with 
hepatic impairment.

Bosentan has been associated with an improvement in 
symptoms in a retrospective study of patients with portopul-
monary hypertension [103]. This study also completed a 
subset pharmacokinetic analysis of five patients with moder-
ate hepatic impairment. The analysis showed an increase in 
bosentan exposure in this specific patient population; how-
ever, this was not related to patient outcomes. One of the 
major concerns associated with the use of bosentan is its 
potential to cause liver toxicity [104]. In line with this, Savale 
et al. did identify a 5.5% risk of elevated liver enzymes in 
their retrospective analysis [103]. Based on these data, it is 
appropriate to use caution when imitating this agent in 
patients with hepatic impairment given the increase risk for 
elevated bosentan levels. Frequent liver function monitor is 
also clinically appropriate in this patient population.

Macitentan has the most robust data supporting its use in 
the pulmonary arterial hypertension patient population in the 
form of a randomized controlled trial showing statistically 
significant improvement in morbidity and mortality [105]. In 
regards to the safety of this agent, this study found that there 
was no variation in liver function abnormalities between 
varying doses in patients with hepatic dysfunction. However, 
it is still recommended to obtain liver function tests at base-
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line and repeated periodically during the first six months and 
then as clinically indicated [106].

Ambrisentan has been evaluated in a small prospective, 
observational, cohort study of portopulmonary hypertension, 
showing positive outcomes in pulmonary hemodynamics 
[107]. In regards to safety outcomes, this study did not iden-
tify any change in liver function tests throughout the twelve 
month study period. This would indicate the likelihood that 
ambrisentan can safely be used in patients with hepatic 
impairment, however, patients should be closely monitored 
for adverse effects.

As a whole, the endothelin-receptor antagonist group 
appears to have decent support for use in the portopulmonary 
hypertension patient population. It is prudent to monitor 
these patients for not only hemodynamic adverse effects, but 
also for direct liver injury indicated by an elevation in liver 
function tests.

17.5  Renal

Renal dosing adjustments are required for many medications; 
however, these adjustments are significantly complicated by 
the pharmacokinetic alterations, particularly fluctuations in 
distribution and metabolism that occur in patients with 
hepatic impairment. Patients with an increased Vd secondary 
to ascites may potentially have a decreased renal clearance of 
medications given the kidney’s decreased access to the medi-
cation to be able to clear it. Also, medications that are usually 
protein bound typically can have a greater renal clearance in 
patients with hepatic impairment secondary to decreased pro-
tein production, and therefore a greater free concentration 
available for elimination by the kidney.

HRS is a potential complication associated with 
ESLD. Agents such as midodrine, octreotide and albumin 
may potentially be used for the treatment of HRS. None of 
these commonly used agents require dose adjustments based 
on pharmacokinetic alterations in patients with hepatic 
impairment.

17.6  Gastrointestinal

Proton pump inhibitors (PPIs) and histamine-2 receptor 
antagonists (H2RAs) are commonly prescribed agents for 
hospitalized ESLD patients. These agents are commonly 
prescribed for one of two indications: stress ulcer prophy-
laxis or treatment of gastro-esophageal variceal hemorrhages 
[9]. Apart from inpatient use, these two classes of medica-
tions are readily available as over-the-counter products that 
patients may be taking without consultation with a pre-
scriber, so it is important to discuss the concerns with these 
medications with all patients with hepatic impairment.

17.6.1  Proton Pump Inhibitors

There is no evidence to date to recommend one PPI over 
another for any indication. However, secondary to the fact that 
most PPIs undergo CYP metabolism, pharmacokinetic altera-
tions caused by hepatic impairment may warrant the selection 
of one agent over the others.

17.6.1.1  Omeprazole
As one of the oldest available PPIs, omeprazole is a com-
monly used agent. However, caution is necessary when pre-
scribing this agent for patients with hepatic impairment. In a 
pharmacokinetic analysis of omeprazole in patients with cir-
rhosis, it was found that omeprazole exposure was increased 
regardless of the severity of hepatic impairment [17]. These 
data would suggest that omeprazole has significantly 
decreased clearance in the ESLD patient and should likely be 
avoided if possible.

17.6.1.2  Esomeprazole
A small pharmacokinetic evaluation of esomeprazole in 
patients with hepatic impairment has been described by 
Sjövall and colleagues [108]. This study identified a minimal 
risk of increased esomeprazole exposure in patients with mild 
or moderated hepatic impairment. However, increase drug lev-
els were noted to be significantly elevated in patients with 
severe hepatic dysfunction. This concern has been noted by 
the drug manufacturer, such that in patients with severe hepatic 
impairment, a dose reduction to 20 mg daily is recommended 
[109]. Therefore, dosing recommendations remain unchanged 
for patients with mild to moderate hepatic impairment, but 
caution should be executed when prescribing esomeprazole 
for patients with severe hepatic impairment.

17.6.1.3  Lansoprazole
The pharmacokinetics of lansoprazole was evaluated in a 
single-dose study, which the results are significantly limited 
by the lack of repeat dosing [110]. It was found that there is 
an increase in half-life and drug exposure with increase 
severity of liver disease. Patients with severe hepatic impair-
ment were found to have marked changes in the pharmacoki-
netic profile. These data suggest that lansoprazole should 
likely be avoided in patients with hepatic impairment, par-
ticularly in patients with severe hepatic impairment.

17.6.1.4  Pantoprazole
Although pantoprazole undergoes CYP metabolism, it has 
been shown that the pharmacokinetics and tolerability of 
pantoprazole are similar independent of the severity of 
hepatic impairment [111]. Therefore, it is unnecessary to 
dose adjust pantoprazole regardless of the degree of hepatic 
impairment. This evidence makes pantoprazole the most 
favorable PPI for use in patients with ESLD.
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17.6.2  Histamine-2 Receptor Antagonists

Famotidine appears to have a more favorable pharmacoki-
netic profile in this patient population in comparison to ranit-
idine. In one pharmacokinetic evaluation of famotidine use 
in the ESLD patient population, famotidine clearance was 
unchanged compared to those patients without hepatic 
impairment [112]. However, famotidine does require dose 
adjustments for renal impairment, such that patients with 
HRS should be appropriate dose reduced [113]. Ranitidine 
has documented increased neuropsychiatric complications in 
patients with ESLD and should likely be avoided in this 
patient population [114].

17.6.3  Anti-emetics

Decreased gastrointestinal motility, nausea, and vomiting are 
also common complications associated with ESLD [115].

17.6.3.1  Metoclopramide
Metoclopramide is a commonly used agent given its pro- 
motility and antiemetic effects. However, given the fact that 
metoclopramide is subject to first-pass metabolism, has sig-
nificant plasma protein binding properties and undergoes 
significant hepatic metabolism, dose reductions should be 
considered in the ESLD patient population [116–120]. Also, 
given metoclopramide’s renal clearance property, a dose 
reduction is also crucial in patients with concomitant renal 
dysfunction. A 50% dose reduction is appropriate in patients 
with cirrhosis.

17.6.3.2  Ondansetron
Ondansetron is mainly eliminated via hepatic metabolism 
[121]. Clearance of ondansetron is related to the degree of 
hepatic impairment, such that worsening liver impairment 
leads to significantly decreased ondansetron clearance [122]. 
Caution should be used when prescribing ondansetron in 
patients with hepatic impairment. It can also be recom-
mended that for patients with severe hepatic impairment 
daily doses of ondansetron should be limited to 8 mg.

17.7  Hematology

17.7.1  Venous Thromboembolism Prophylaxis 
and Anticoagulation

Historically, the endogenous coagulopathy in patients with 
ESLD due to decreased production of vitamin K clotting fac-
tors and platelets was thought to be protective against the 
development of venous thromboembolism (VTE) [123]. 
More recent studies have called this theory of “autoantico-

agulation” into question and demonstrated that these patients 
also have decreased production of anticoagulation factors 
and may actually be at an increased or similar risk of VTE 
compared to hospitalized patients without ESLD [124]. 
Literature evaluating the safety of pharmacologic prophy-
laxis in ESLD is limited but does raise concern for an 
increased risk of bleeding complications [125, 126]. In addi-
tion, evidence-based VTE prophylaxis guidelines provide no 
specific recommendations for patients with liver disease but 
advise against the use of pharmacologic prophylaxis in 
patients with significant bleeding risk which includes risk 
factors such as platelet count <50,000/μL, liver failure, and 
international normalized ratio (INR) >1.5 [127]. It should be 
noted that there are limited data in critically ill cirrhotic 
patients. A recent retrospective study of 798 patients found 
that the incidence of VTE in critically ill cirrhotic patients 
was not statistically different from that in noncirrhotic 
patients although rates were relatively low at 2.7% and 7.6%, 
respectively. Cirrhotic patients were less likely to receive 
pharmacologic prophylaxis [128]. ESLD and associated 
coagulopathy (elevation in INR) alone should not be consid-
ered a contraindication to pharmacologic prophylaxis and 
critically ill patients with ESLD should receive pharmaco-
logic prophylaxis as a default unless there are specific con-
traindications. Certainly, careful evaluation of risk versus 
benefit should be done on a patient-by-patient basis.

As a result of the increased risk of VTE, anticoagulation 
therapy is being increasingly utilized in patients with 
ESLD. There are limited data on the safety of therapeutic 
anticoagulation in the hospital setting in patients with ESLD, 
especially in critically ill patients.

If pharmacologic prophylaxis or therapeutic anticoagula-
tion is initiated with unfractionated heparin there are no dos-
ing considerations specific to patients with liver dysfunction. 
Many of these patients will have concomitant renal dysfunc-
tion and given that low molecular weight heparins (with the 
exception of dalteparin) are renally eliminated, they present 
a higher risk for bleeding complications.

Patients with ALF and ACLF frequently have an acute 
coagulopathy and elevated INR from baseline and are at high 
risk of bleeding complications. There are no data evaluating 
the use of VTE prophylaxis or therapeutic anticoagulation in 
this population. Mechanical prophylaxis only should be rec-
ommended during the acute phase of the disease process.

17.7.2  Heparin-Induced Thrombocytopenia

The development of heparin-induced thrombocytopenia 
(HIT) in a patient with liver disease presents a complex situ-
ation because evidence-based guidelines recommend thera-
peutic anticoagulation for four weeks in the setting of 
isolated HIT without thrombosis and for three months if 
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there is associated thrombosis [129]. Of course, the increased 
risk of thrombosis associated with HIT would have to be bal-
anced with the risk of bleeding in order to make a decision 
about therapeutic anticoagulation in individual patients. Of 
the medications that would be used for initial anticoagulation 
in the setting of HIT, argatroban is the only one with pharma-
cologic considerations in liver dysfunction. Argatroban is a 
direct thrombin inhibitor that is hepatically metabolized pri-
marily by CYP3A4/5 to non-active metabolites. The elimi-
nation half-life is approximately 45 min in healthy volunteers 
but is increased by threefold in patients with moderate 
hepatic impairment (Child-Pugh score > 6) along with a 
fourfold decrease in systemic clearance. Furthermore, anti-
coagulant responses returned to baseline in 2–4 h in healthy 
volunteers but took at least six hours (up to 20 h) in patients 
with hepatic impairment [130]. As a result, the recommended 
starting dose of argatroban per the manufacturer is decreased 
from 2 to 0.5 mcg/kg/min in patients with moderate or severe 
hepatic impairment [126]. A retrospective study supporting 
this reduced starting dose also recommended delaying the 
monitoring of the activated partial thromboplastin time 
(aPTT) to at least four to five hours after initiation or dose 
adjustments (compared with the standard of two hours) due 
to the longer time required to achieve steady state concentra-
tions [131]. Retrospective studies of argatroban in critically 
ill patients describe significantly reduced dosing require-
ments [132, 133]. One study found a 57% reduction in dose 
compared with non-critically ill patients and that dose 
requirements were inversely related to Sequential Organ 
Failure Assessment (SOFA) score [132]. The authors of a 
second study in patients with multiple organ dysfunction 
syndrome (MODS) again found markedly reduced dose 
requirements but additionally, found a significantly lower 
mean argatroban dose in patients with hepatic insufficiency 
than in those without [133]. Accordingly, a starting dose of 
one tenth to one eighth of the standard starting dose is rec-
ommended for critically ill patients with MODS. To reduce 
the risk of bleeding complications, consideration should be 
given to the selection of alternative agents in patients with 
significant hepatic dysfunction. However, if argatroban is 
utilized in this patient population, a starting dose at the low 
end of this range is advised (e.g. 0.125 mcg/kg/min).

17.8  Infectious Disease

Infection in ESLD is associated with significant morbidity 
and mortality, including the development of ACLF [134]. In 
fact, patients with cirrhosis who develop infections have been 
found to have a fourfold increase in mortality compared to 
similar patients with cirrhosis without infection [135]. 
Infection either exists on admission or is acquired during hos-
pitalization in approximately 25–30% of patients with ESLD 

which is four to five times higher than the general population 
[136, 137]. Independent risk factors for infection in patients 
with cirrhosis include previous infection in the past 12 months, 
a MELD score of 15 or greater, and protein malnutrition 
[138]. Patients with both ALF and ESLD are at significant 
risk of various types of infections although spontaneous bac-
terial peritonitis (SBP) and urinary tract infections are most 
common [136, 137, 139–141]. As in the general ICU popula-
tion, multi-drug resistant (MDR) pathogens are of increasing 
prevalence in ESLD and should be taken into consideration 
when selecting antibiotics for nosocomial infections [136]. 
As a result of the increased incidence of infection as well as 
the risk of MDR bacteria, utilization of antimicrobials, includ-
ing broad-spectrum agents, in this patient population is sig-
nificant. Hepatic dysfunction affects several pharmacokinetic 
parameters which impacts antimicrobial dosing, including 
decreased protein binding, metabolism, and renal elimina-
tion. As previously mentioned, a significant portion of these 
patients will have concomitant renal dysfunction which will 
impact the dosing of the majority of antimicrobials. In con-
trast to the available literature to guide dosing of antimicrobi-
als in renal dysfunction, there is a shortage of literature on the 
pharmacokinetics of antimicrobials in liver dysfunction. The 
antimicrobials used in the ICU that have specific dosing rec-
ommendations in the package labeling based on Child-Pugh 
score are limited to metronidazole, tigecycline, caspofungin, 
and voriconazole. A recently published review extensively 
evaluated the pharmacokinetic literature for commonly used 
antibiotics that undergo hepatic or mixed renal-hepatobiliary 
clearance [142]. In addition, to noting recommendations that 
exist in product labeling, the authors make additional dose 
adjustment recommendations by Child-Pugh score based on 
the available pharmacokinetic literature. Antibiotics that have 
recommendations for dose adjustments which are pertinent to 
the ICU setting include clindamycin, metronidazole, nafcil-
lin, rifampin, and tigecycline. Clindamycin should have a 
50% dose reduction in Child-Pugh class C. The dosing inter-
val for metronidazole 500 mg dosing should be changed from 
every 8 h to every 12–24 h for all Child-Pugh classes. It’s 
noted that nafcillin likely needs a dose adjustment although 
no specific recommendations are provided. For rifampin, a 
50% dose reduction should be considered in all Child-Pugh 
classes. Finally, a 50% dose reduction should be made for 
tigecycline in Child-Pugh class C.

Recent literature has highlighted the inadequacy of stan-
dard antibiotic dosing regimens in the critically ill. 
Specifically, the ability to achieve desired concentrations is 
decreased which has been associated with adverse patient 
outcomes [143]. It is well known that both ESLD and critical 
illness are associated with increased Vd, therefore hydro-
philic drugs, such as β-lactam antibiotics, are of concern due 
to the risk of decreased plasma concentrations and thus effi-
cacy. Increased loading doses should be considered [144].
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In addition, ESLD has been reported to be a risk factor for 
several antibiotic related toxicities including β-lactam- 
induced neutropenia and aminoglycoside-related nephrotox-
icity [145, 146].

17.9  Endocrine

The incidence of nonalcoholic steatohepatitis (NASH) con-
tinues to grow and is one of the most common etiologies of 
liver cirrhosis [147]. Its growth parallels the global increase 
in diabetes mellitus (DM), obesity, and metabolic syndrome 
[147]. Endocrine abnormalities are common, and often sig-
nificant, in patients with liver disease because the liver is the 
predominant organ responsible for the metabolism and 
catabolism of many proteins, hormones, cytokines, and 
interleukins [148]. In many cases these abnormalities are 
associated with worse outcomes and necessitate pharmaco-
therapeutic intervention for the management of DM, thyroid 
disorder, and relative adrenal insufficiency (RAI).

17.9.1  Glycemic Control

Diabetes mellitus is associated with increased risk of 
hepatic complications, including encephalopathy, portal 
hypertension, ascites, SBP, renal dysfunction, hepatocellu-
lar cancer, and death, in patients with chronic liver disease 
and cirrhosis [149]. It is thought that DM may promote 
inflammation and fibrosis via increased mitochondrial oxi-
dative stress, mediated by adipokines. Effective glycemic 
control may mitigate the development of these adverse 
effects, though outcome data are lacking [149]. Intensive 
glycemic control (serum glucose 80–110 mg/dL) has been 
evaluated during critical illness and was found to signifi-
cantly increase the risk of hypoglycemia and conferred no 
overall mortality benefit [150]. Specific to patients with 
acute decompensated cirrhosis, hypoglycemia is associated 
with increased mortality, and intraoperative hypoglycemia 
may also be indicative of post- hepatectomy liver failure 
[151, 152]. It has not been established whether hypoglyce-
mia is partly responsible for the increased short-term mor-
tality of patients with acute decompensated liver cirrhosis 
or rather merely a consequence of the severity of the dis-
ease or its complications. Nevertheless, conservative man-
agement dictates the avoidance of treatments associated 
with increased hypoglycemia risk. As such, the American 
Diabetes Association recommends that insulin therapy be 
initiated for treatment of persistent hyperglycemia, starting 
at a threshold of 180 mg/dL and titrated to a target glucose 
range of 140–180 mg/dL for the majority of critically ill 
patients [153]. While patients with liver failure are not spe-
cifically addressed by these guidelines, it is reasonable to 

apply these recommendations to that patient population. 
An insulin infusion has been shown to be the best method 
for achieving glycemic targets; therapy should be initiated 
with an intravenous insulin infusion using a validated writ-
ten or computerized protocol that allows for predefined 
adjustments in the infusion rate, followed by a transition to 
“sliding scale” insulin when clinically appropriate. Patients 
with liver disease may initially require higher doses of 
insulin to control serum glucose because of insulin resis-
tance in muscle, liver, and adipose [154]. However, as the 
disease progresses and metabolic function deteriorates, 
insulin requirements may decrease as gluconeogenesis 
slows. Oral agents are not ideal for chronic management 
and are contraindicated in the acute management of DM; 
they are often hepatically metabolized and can therefore 
accumulate in these patients and cause toxicity, including 
hypoglycemia and lactic acidosis [149, 153, 154]. DM is 
difficult to manage in patients with liver disease, given that 
both hyper- and hypo-glycemia are associated with poor 
outcomes and close clinical monitoring is warranted.

17.9.2  Thyroid

The liver is primarily responsible for the peripheral con-
version of tetraiodothyronine (T4) to triiodothyroinine 
(T3), as well as the synthesis of many proteins, including 
thyroid binding proteins. Therefore, dysregulation and 
dysfunction of thyroid hormones are anticipated in patients 
with cirrhosis [148, 155]. The incidence of thyroid abnor-
malities in the setting of liver disease is variable, ranging 
from 13 to 61%. Hypothyroidism is most common and 
presents most frequently as low T3 and low free T3, 
although hyperthyroidism can also occur [155, 156]. In the 
critically ill cirrhotic patient admitted to the ICU, more 
than half had some form of Euthyroid Sick Syndrome 
[157]. While thyroid dysfunction has been associated with 
decreased short- and long-term survival of patients with 
liver cirrhosis, data are not conclusive [158]. A retrospec-
tive study found that liver function in patients with a hypo-
thyroid state tended to be better than in those with a 
euthyroid state [159]. Given that the appropriate treatment 
of Euthyroid Sick Syndrome is unclear in patients with 
normal liver function, the additional layer of complexity 
imposed by liver dysfunction, along with inconclusive out-
come data, makes it difficult to establish a treatment plan. 
Additionally, levothyroxine has been associated with an 
increased risk of hypoglycemia in patients with liver 
impairment [160]. The pharmacokinetic profile of levothy-
roxine is not significantly altered by liver disease, but 
given our understanding of the consequences of hypogly-
cemia in this patient population, conservative thyroid man-
agement is warranted.
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17.9.3  Adrenal Insufficiency

RAI, sometimes referred to as hepatoadrenal syndrome, is 
common in critically ill patients, but it also has been reported 
in patients with uncompensated and stable cirrhosis, includ-
ing those with and without septic shock [148, 161–163]. The 
reported incidence is variable, ranging from 7.2 to 60%, in 
part due to wide variability in laboratory technique and test 
criteria used for diagnosis [148, 164, 165]. Despite this vari-
ability, most studies have demonstrated RAI to be associated 
with poor prognosis in cirrhotic patients. A relationship 
appears to exist between the severity of the liver disease and 
the presence of RAI, though neither the mechanism nor the 
exact prevalence of RAI is fully understood [161, 163]. The 
diagnosis of RAI also remains controversial. Meta-analyses 
have evaluated the role of low- (1 mcg) and standard-dose 
(250 mcg) corticotropin test in the diagnosis of RAI, finding 
that both tests performed well but were not without limita-
tions [166, 167]. Endocrine Society Guidelines recommend 
the use of standard-dose (250 mcg) corticotropin as the “gold 
standard” diagnostic tool to establish the diagnosis, although 
liver disease affects how the test is interpreted. Alterations in 
serum free and total cortisol levels have been observed in 
both chronic and severe acute hepatitis as a result of decreased 
protein binding [168, 169]. Serum free cortisol or free cortisol 
index may be preferred for the evaluation of RAI compared to 
serum total cortisol in these patients [168, 169]. Guidelines 
recommend the use of a low diagnostic (and therapeutic) 
threshold in acutely ill patients, as well as in patients with 
predisposing factors, such as liver disease [170]. A few stud-
ies have evaluated the role of corticosteroids in the treatment 
of RAI in patients with liver cirrhosis, with and without septic 
shock [159, 162, 163, 171, 172]. For all studies the interven-
tion was hydrocortisone dosed at 200–300 mg per day, some-
times referred to “stress-dose”, with outcomes focused on 
vasopressor dose and duration, shock resolution, shock recur-
rence, adverse effects including infection and gastrointestinal 
bleed, and hospital survival. Outcome data are mixed, as are 
expert opinions, similar to the data set and expert opinions 
representative of septic patients without liver cirrhosis. 
Endocrine guidelines recommend fludrocortisone 0.1 mg 
daily and hydrocortisone 15–25 mg given two to three times 
daily in adults with RAI, though this is a broad recommenda-
tion and not specific to patients with liver disease [170]. This 
dose is considerably lower than what has been studied in 
liver cirrhosis, and what is recommended by the Surviving 
Sepsis Guidelines (hydrocortisone 200 mg daily) [173]. The 
dose of hydrocortisone need not be adjusted in patients with 
liver failure. Additional high-quality data are needed to make 
strong recommendations, though the administration of glu-
cocorticoids, and perhaps mineralocorticoids, may improve 
outcomes in patients with liver cirrhosis, including when 
accompanied by septic shock.

17.10  Special Populations

17.10.1  Continuous Renal Replacement 
Therapy

There is a potential for critically ill patients with hepatic 
impairment to require continuous renal replacement therapy 
(CRRT). Dose adjustments are commonly necessary for 
medications with specific pharmacokinetic properties [174] 
(Table 17.3). It is critical to understand that these properties 
may be significantly altered from baseline in patients with 
hepatic impairment. Medication clearance is also signifi-
cantly influence by CRRT modality and effluent rate. In 
order to appropriately dose medications in patient with 
hepatic impairment receiving CRRT, critical evaluation of 
each medication’s pharmacokinetic properties in relation to 
both hepatic clearance and CRRT clearance is essential.

17.10.2  Extracorporeal Liver Support Systems

Accumulation of various toxins that otherwise would be 
metabolized by the liver contribute to many of the complica-
tions seen in ALF and ACLF. Several of these toxins (e.g. 
ammonia and endogenous benzodiazepines) are involved in 
some of the most significant manifestations of ALF and 
ACLF, cerebral edema and hepatic encephalopathy, respec-
tively. Others (e.g. pro-inflammatory cytokines) may play a 
role in cardiovascular and renal dysfunction.

Extracorporeal liver support (ECLS) systems, or liver assist 
devices, can act as a bridge to liver recovery (since the liver 
can maintain the ability to regenerate, especially in ALF) or 
liver transplantation by mimicking the function of the liver and 
assisting with various hepatic functions. There are two types 
of ECLS systems: artificial and bioartificial. Artificial systems 
eliminate albumin-bound and water soluble substances, 
including bilirubin and various toxins, with technologies uti-
lizing exogenous albumin and artificial membranes similar to 
those used in hemodialysis. Examples of artificial systems 
include the Molecular Adsorbent Recirculating System 
(MARS [Teraklin AG, Rostock, Germany]), single-pass 
albumin dialysis (SPAD), Prometheus (Fresenius, Hamburg, 
Germany), and high- volume plasmapheresis (HVP). 
Bioartificial systems differ because they use living hepato-
cytes and therefore provide some synthetic and metabolic 
function in addition to detoxification. Examples of bioartificial 

Table 17.3 Example of some drug attributes to increase likelihood of 
removal via CRRT

Drug attribute

Low percent protein binding
Small volume of distribution
Small molecular weight
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systems include the Extracorporeal Liver Assist Device 
(ELAD, Vital Therapies, Inc., San Diego, USA) and 
HepatAssist (Arbios, USA). MARS is the most frequently 
used ECLS system in the United States as well as the most 
extensively studied, although HVP is the only ECLS system to 
demonstrate an improvement in transplant-free survival in 
ALF thus far [175]. Study outcomes related to the use of 
ECLS systems in both ALF and ACLF have been recently 
extensively reviewed [176].

17.10.2.1  Drug Considerations
Given that artificial ECLS systems eliminate albumin-bound 
and water soluble substances, removal of drugs which have 
these qualities is a special consideration in determining appro-
priate dosing. In addition, timing of the administration of the 
drugs in relation to the timing of ECLS system treatment can 
have a significant impact on drug removal. Since MARS is the 
most commonly used ECLS system in the United States, this 
section will focus on drug dosing considerations during 
MARS and will review the available pharmacokinetic data for 
drugs utilized in the ICU. MARS employs albumin dialysis to 
remove both albumin bound and water soluble substances. It 
should be noted that MARS is used in conjunction with CRRT 
(see the chapter entitled Use of Extra-corporeal Liver Support 
Therapies for detailed information regarding MARS mecha-
nisms and system set-up). Drugs can be removed by the 
MARS system in addition to clearance from CRRT making 
dosing complicated. Also, drugs with both high and low pro-
tein binding can be removed given the two different mecha-
nisms of removal. There is very little literature describing the 
impact of MARS on drug removal and therefore very little 
guidance on appropriate dosing.

One study utilized an in vitro model to examine the effects 
of MARS on the removal of several different drugs with 
varying pharmacokinetic characteristics compared with 
removal via continuous venovenous hemodialysis (CVVHD) 
[177]. Ceftriaxone (low Vd) and teicoplanin (high Vd) are 
both highly albumin bound antibiotics. Ceftriaxone concen-
trations decreased by 71% in 6 h with MARS compared with 
20% with CVVHD. Similarly, teicoplanin concentrations 
decreased by 90% with MARS and 58% with CVVHD 
which demonstrates significant removal via both therapies. 
Both ceftazidime (low Vd) and levofloxacin (high Vd) have 
negligible albumin binding and as a result were shown to 
have similar removal during MARS and CVVHD which was 
primarily driven by CVVHD clearance. Ceftazidime concen-
trations decreased by 98.4% in CVVHD and 99.8% in 
MARS. Likewise, levofloxacin concentrations decreased by 
99.3% in both CVVHD and MARS.

A second study also using an in vitro model described the 
removal of moxifloxacin and meropenem [178]. Moxifloxacin 
is moderately albumin-bound and meropenem demonstrates 
low albumin binding. The concentrations of both moxifloxa-

cin and meropenem decreased by approximately 50% 1 h 
after the initiation of MARS. Both medications were found 
in all portions of the MARS system as well as the dialysate 
demonstrating removal by the MARS component as well as 
the dialysis component.

Piperacillin-tazobactam removal during MARS has also 
been described in two case reports [179, 180]. In one case 
report, a patient receiving MARS for APAP-induced ALF 
received a single dose of piperacillin-tazobactam 4.5 gm 
administered over three hours [180]. Piperacillin-tazobactam 
is known to be cleared via CRRT and is moderately protein 
bound. Piperacillin concentrations decreased by approxi-
mately 32% from one hour after the end of the infusion to 
three hours later. The half-life was calculated to be 1.53 h 
which was 3.7-fold shorter than that reported with CVVHD 
alone demonstrating additional removal via MARS [181]. In 
the second case report, one patient received MARS for 
refractory hepatic encephalopathy and a second patient 
received MARS for hepatic failure (including encephalopa-
thy) after hepatectomy [179]. The first patient had piperacil-
lin concentrations measured after the first dose of 3.375 gm 
administered over four hours. The second patient had piper-
acillin concentrations measured during two different three- 
hour extended infusion piperacillin-tazobactam dosing 
regimen: 4.5 gm every 8 h and 3.375 gm every 8 h. All serum 
concentrations taken from both patients (including at the end 
of MARS therapy and the dosing interval) exceeded that 
which would be desired for treatment of the involved organ-
isms per the MIC breakpoints recommended by the 2014 
Clinical Laboratory Standards Institute guidelines [182].

One case report describes negligible removal of tacroli-
mus during MARS despite the fact that it has a low- molecular 
weight and is highly protein-bound [183]. Finally, MARS 
has been used for the management of acute poisoning from a 
variety of drugs and substances which has been recently 
extensively reviewed [184].

Clinicians should anticipate significant removal of any 
highly protein bound drug during MARS treatment sessions 
and ideally time the administration of those drugs for after 
MARS treatment sessions are complete if using intermittent 
sessions. Using extended or continuous infusion times could 
be considered for certain drugs, especially if MARS is being 
run continuously. Utilizing therapeutic drug monitoring 
when available can provide significant guidance on appropri-
ate dosing given the lack of pharmacokinetic data.

17.10.3  Extracorporeal Membrane 
Oxygenation

The use of extracorporeal membrane oxygenation (ECMO), 
which often requires therapeutic anticoagulation with 
mechanical support, is not common in the context of liver 
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failure due to its association with underlying coagulopathy, 
but when employed it poses an additional layer of complexity 
for drug dosing. Several mechanisms account for alternations 
in pharmacokinetic parameters during ECMO. The larger 
apparent Vd, as a product of larger circulatory volume, dis-
proportionally affects drugs with small Vd (hydrophilic) and 
thereby results in lower maximum concentration (Cmax) and 
increased elimination [185]. Furthermore, this may be com-
plicated by ongoing fluid removal either via forced diuresis or 
CRRT, which results in a dynamic Vd and variable drug con-
centrations. Drug inactivation, sequestration, or adsorption by 
the various components of the ECMO circuit also influences 
pharmacokinetics. The Vd, degree of protein binding, and the 
extent of equilibrium between tissue and plasma concentra-
tion upon initiation of ECMO will dictate the degree of phar-
macologic impact ECMO has on these drugs [185–190].

Patients requiring ECMO often necessitate increased 
analgesic and sedative doses, including morphine, fentanyl, 
and midazolam [185, 190, 191]. This may be in part due to 
the deeper sedation goals to optimize oxygenation and mini-
mize agitation-related sequale such as ECMO circuit com-
plications, but it is also related to pharmacokinetic changes 
during ECMO. While analgesics, sedatives, inotropes, vaso-
pressors, diuretics, and anticoagulants may be titrated to 
measureable endpoints, no real time target exists for antibiot-
ics [192]. Due to the multiple variables that may influence 
the pharmacokinetic profile of drugs in critically ill patients, 
drug regiments should be individualized. Initial does should 
be based on population pharmacokinetics and increased fre-
quency of therapeutic drug monitoring with subsequent 
adjustments should be employed whenever possible [185, 
192, 193].

 Conclusion

The management of a chronic disease complicated by an 
acute exacerbation is challenging enough without having 
to consider potential clinically important changes in the 
pharmacokinetics and pharmacodynamics of drug ther-
apy. In the context of liver disease, the drugs used to treat 
the condition are altered significantly by the disease itself 
and can further complicate drug therapy. Avoidance of 
some drugs and dose adjustments in others are necessary 
to avoid drug misadventures and further deterioration of 
an already fragile disease state. Basic considerations for 
drug therapy have been reviewed, including a deeper 
assessment organized by organ system. Additionally, con-
sideration has been given to devices that will further alter 
the pharmacokinetics and pharmacodynamics in the set-
ting of liver disease. Drug therapy should be based on 
evidence-based outcome data, and guidelines when avail-
able, along with the side effect profile of a given medica-
tion. Dosing of medications in patients with liver disease 
should be based on population kinetics in patients with 

liver disease, and not extrapolated from other patient pop-
ulations. When possible, therapeutic drug monitoring 
should be implemented and therapy should be customized 
to each individual patient.

17.11  Chapter Assessment Questions (Bold 
Emphasis Answers are Correct)

 1. Which of the following best describes the effect of acute 
liver failure (ALF) on drug distribution?

Increased volume of distribution
Decreased volume of distribution
Increase in protein binding
Decrease in the fraction of free drug available

 2. Which of the following sedative agents appears to be the 
safest agent to use in patients with ESLD?

Dexmedetomidine
Lorazepam
Midazolam
Propofol

 3. Based on medication half-life, which synthetic prostacy-
clin does not require cautious dosing or dose adjustments 
for the treatment of portopulmonary hypertension?

Bosentan
Epoprostenol
Iloprost
Treprostinil

 4. Which of the following beta-blockers should be dosed 
cautiously in patients with ALF secondary to increased 
bioavailability, area-under-the-curve, and elimination 
half-life?

Esmolol
Metoprolol
Nadolol
Propranolol

 5. Which proton pump inhibitor does NOT require dose 
adjustments in patients with severe ESLD?

Esomeprazole
Lansoprazole
Omeprazole
Pantoprazole

 6. Which of the following statements is true regarding phar-
macologic venous thromboembolism prophylaxis in 
patients with end-stage liver disease (ESLD)?

Autoanticoagulation in ESLD negates the need for 
pharmacologic prophylaxis.

ESLD and associated coagulopathy alone should 
not be considered a contraindication to pharmacologic 
prophylaxis and critically ill patients with ESLD 
should receive pharmacologic prophylaxis as a default 
unless there are specific contraindications.
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Evidence supports that ESLD patients should only 
receive pharmacologic prophylaxis if the platelet count is 
greater than 100,000/μL and the INR is less than 2.5.

Low-molecular weight heparin prophylaxis is the pre-
ferred agent for pharmacologic prophylaxis in all ELSD 
patients.

 7. Which of the following antimicrobial medications 
requires a 50% dose reduction for all classifications of 
Child Pugh classes?

Clindamycin
Metronidazole
Rifampin
Tobramycin

 8. What pharmacokinetic properties make a medication 
likely to be removed via continuous renal replacement 
therapy (CRRT)?

Large volume of distribution, high protein binding, large 
molecular weight

Large volume of distribution, low protein binding, large 
molecular weight

Small volume of distribution, high protein binding, small 
molecular weight

Small volume of distribution, low protein binding, small 
molecular weight
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Non Transplant Surgical 
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Abstract

Surgery represents one of the main options for the management of liver related conditions, 
including benign or malignant tumors, biliary abnormalities, and trauma. Liver resections are 
major operations and carried a significant mortality risk until recently. Within the last 30 years 
the results have significantly improved, with a post-operative mortality below 3% in special-
ized centers around the world. At the same time, surgery for liver trauma has become quite 
rare and the majority of patients are managed non-operatively. When an operation is neces-
sary, most are treated with peri-hepatic packing and a staged operation. While there are sig-
nificant differences between these two groups with liver disease, the complexity of their 
treatment results in their admission to the intensive care unit (ICU). Caring for postoperative 
liver patients or those with liver trauma requires a thorough understanding of each disease 
process, and almost every intensivist will encounter several of these patients throughout a 
career.

Before a postoperative patient arrives in the ICU, they have undergone an extensive 
evaluation to ensure that surgery is the best treatment option. Patient operability, tumor 
resectability, and adequacy of the future liver remnant are taken into consideration before 
any procedure is performed. Nonetheless, morbidity is still as high as 30–45%, and major 
complications occur in around 20%. Patients with hepatic trauma suffer similarly high mor-
bidity and, in severe liver injury, mortality exceeds 40%. However, non-operative manage-
ment and changes in surgical technique have improved survival. Complications in surgical 
and trauma patients overlap significantly and include typical surgical complications such as 
post- operative infections, as well as, organ system failure, electrolyte abnormalities, cardio-
pulmonary events, and venous thromboembolism. Providers must also be familiar with 
liver-specific complications such as hemorrhage, bile leak/bilomas, liver abscesses, hepatic 
necrosis, and post-operative hepatic insufficiency when caring for this high-risk patient 
population.

The intensive care management of the patient with liver-related surgical disease or 
hepatic trauma may challenge even the most experienced medical practitioner; and, because 
of the complex nature of these patients, care should be provided in conjunction with a mul-
tidisciplinary team capable of providing the diagnostic, endoscopic, medical, and surgical 
treatments necessary for the best patient outcomes.
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Learning Objectives
To familiarize the reader with the main concepts of the man-
agement of non-transplant, hepatic surgery patients with spe-
cific emphasis on the postoperative aspects of their care. The 
reader will also gain an understanding of the principles of 
managing liver trauma, as well as the complications associ-
ated with hepatic injury.

18.1  Introduction to Hepatic Surgery

Since the first planned liver resection by Carl Langenbuch in 
1888, liver surgery has significantly evolved through time 
[1]. Better understanding of hepatic anatomy and physiol-
ogy, advances in the fields of anesthesia, and advanced liver 
transection technologies, have significantly improved out-
comes. Even major liver resections are performed with an 
estimated mortality of less than 3% in specialized centers 
around the world [2–4]. More recently, minimal invasive 
techniques, such as laparoscopic and robotic surgery, have 
advanced to the point that they represent a standard approach 
for non-complicated cases [5, 6].

Surgery is a primary treatment modality for benign or 
malignant liver disease. The most common indication for 
liver resection in the Western world is metastasis, with 
colorectal cancer being the most common source of liver 
metastatic disease [7, 8]. Resection also has a role in the 
management of non-colorectal liver metastases [9], such as 
neuroendocrine tumors, renal cell carcinoma, ovarian cancer, 
breast cancer, and melanoma. Surgery is the mainstay for 
treating primary liver tumors [10–13], such as hepatocellular 
carcinoma and cholangiocarcinoma. Resection of adjacent 
liver parenchyma is also indicated in gallbladder cancer [14] 
and when the liver is directly invaded by tumors of adjacent 
organs, such as colon, stomach, renal, adrenal and retroperi-
toneal sarcoma. Resection treats symptomatic benign tumors 
and cysts (adenoma, hemangioma, focal nodular hyperpla-
sia, cystadenoma), and may be necessary when malignant 
potential or diagnostic uncertainty is present. Surgical man-

agement remains necessary in some cases of benign biliary 
strictures, intrahepatic cholelithiasis, and infective condi-
tions of the liver (recurrent pyogenic abscesses, recurrent 
cholangitis, parasitic cysts), when percutaneous or endo-
scopic treatments have failed [10]. Finally, surgery has a dis-
tinct role in liver trauma and liver transplantation.

Due to the diversity of the indications, as well as of the 
complexity and physiological importance of the organ, the 
decision to proceed with a liver resection is not taken lightly. 
The disease stage and biology, as well as the patient’s physi-
ological status should be taken into consideration and an 
individualized plan should be formed, taking into consider-
ation the role of non-surgical treatment modalities. Therefore, 
the role of a multidisciplinary team and approach in a spe-
cialized tertiary setting is of paramount importance.

18.1.1  Preoperative Planning

When a resection is considered three main questions have to 
be addressed: (1) is the patient’s general physiological status 
appropriate to proceed with the operation, (2) is surgical 
management oncologically appropriate and is the lesion 
resectable with appropriate margins, and (3) is the future 
liver remnant volume sufficient?

18.1.1.1  Patient Operability
Liver resections are major operations with potential life- 
threatening complications; therefore, one must determine 
whether or not the patient can withstand the surgical proce-
dure. This is based off the patient’s functional status and 
comorbidities, which can be evaluated during the pre- 
operative evaluation of the patient through a detailed medi-
cal history, physical exam and basic pre-operative tests. If 
necessary, more specific investigations, such as pulmonary 
function tests or cardiac studies can be performed. In cases 
of poor performance status or significant comorbidities that 
preclude surgery, alternative management strategies can be 
recommended by the multidisciplinary team. The most chal-
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lenging patients are those with “borderline” functional sta-
tus. In these situations, medical and nutritional optimization 
is invaluable in an attempt to achieve operability while 
reducing the risk of post-operative complications [15].

Special consideration during the preoperative evaluation 
should be given to underlying liver dysfunction. A substan-
tial number of patients considered for liver surgery have a 
liver-related condition or disease (ex. hepatitis, alcohol or 
non-alcohol related steatohepatitis, autoimmune or meta-
bolic related disease etc.) that precludes optimal organ 
function. The most challenging patients are those with cir-
rhosis whether or not they have portal hypertension. Various 
scoring systems have been proposed for risk stratification 
in these patients. The two most widely used are the Child-
Pugh (Table 18.1) and the Model of End-Stage Liver 
Disease (MELD) (Table 18.2) scores [16, 17]. The Child-
Pugh score was initially designed to predict the outcome of 
surgical management of portal hypertension in the back-
ground of liver cirrhosis. A patient with Child’s A cirrhosis 
has an estimated 85% 2-year survival. The estimated 2-year 
survival drops to 57% for a Child’s B and to 35% for a 
Child’s C patient. The MELD score was initially developed 
to predict 3-month mortality after transjugular intrahepatic 
portosystemic shunt (TIPS) procedures in chronic liver dis-
ease patients. Subsequently, the MELD score was found to 
be a useful prognostic tool for patients on the liver trans-
plant list and is now used to prioritize these patients. Even 
though neither of these scoring systems were designed to 
predict morbidity or mortality after liver resection, they 
have been found to be reliable surrogates. Numerous stud-
ies have confirmed that Child’s A patients tolerate major 
surgery, including liver surgery, well. Perioperative risk is 
higher in Child’s B patients; therefore, surgery should be 
considered on individual case basis in this group. Child’s C 
patient’s perioperative mortality can be as high as 50% for 
minor surgical procedures performed under general anes-
thesia. Similarly, a MELD score of <9 is generally consid-
ered safe for liver surgery.

18.1.1.2  Lesion Respectability
If the patient is deemed fit for surgery, then the focus turns 
toward assessment of the disease. The patient is comprehen-
sively staged and the oncological behavior of the disease and 
anatomical characteristics of the tumor are considered. 
Modalities such as contrast enhanced Computer Tomography 
(ceCT), Magnetic Resonance Imaging (MRI), Positron 
Emission Tomography-CT (PET-CT) and ultrasound (US) 
(percutaneous, endoscopic, and intra-operative) may all be 
used to both stage and determine anatomy [18–25]. Surgical 
planning depends on the oncologic assessment as the clinical 
and biological behavior of a tumor varies greatly even within 
the same type of cancer. Due to the complexity of cancer 
care, management plans should be developed and individual-
ized within a multidisciplinary team.

An operation should be undertaken only if several crite-
ria are fulfilled: resection with clear histological margins 
(R0), adequate FLR, intact biliary drainage and vascular 
inflow/outflow. Small lesions in the periphery of the organ 
or close to the surface are easily resectable. In situations 
where the above criteria cannot be met, down-staging of the 
tumor with preoperative chemotherapy may be considered. 

Table 18.1 Child—Pugh score

Scoring

Parameter 1 point 2 points 3 points

Total Bilirubin (mg/dL) <2 2–3 >3
Serum Albumin (g/dL) >3.5 2.8–3.5 <2.8
Prothrombin Time (s) <4 4–6 >6
Ascites None Mild or controlled with medication Moderate /severe or refractory
Hepatic Encephalopathy None Grade I-II Grade III-IV
Interpretation
Points Class 1-year survival 2-year survival
5–6 A 100% 85%
7–9 B 81% 57%
10–15 C 45% 35%

Table 18.2 The model for end-stage liver disease (MELD) score)

Scoring

Original calculation formula:
MELD = 3.78 × ln [serum total bilirubin (mg/dL)] + 11.2 × ln 
[INR] + 9.57 × ln [serum Creatinine (mg/dL)] + 6.43
UNOS modifications:
1. If patient had dialysis twice within the last 7 days, then the factor 
used for serum Creatinine should be 4 (instead of 3.78)
2. Any value <1 is given a value of 1 in order to prevent MELD 
scores below 0
Interpretation
Points 3-month mortality
<9 1.9%
10–19 6%
20–29 19.6%
30–39 52.6%
≥40 71.3%
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Chemotherapy has been shown to improve resectability in 
up to 13% [26, 27]. A problem that has arisen from pre- 
operative chemotherapy is that occasionally tumors become 
radiologically undetectable after treatment. Studies have 
shown that the complete radiological response does not 
always correlate with complete pathological response and 
about 60–75% of disappearing colorectal liver metastases 
will recur if left unresected [28–30]. Therefore, the pro-
posed management strategy is resection of these lesions, 
even in cases of complete radiological response. Placement 
of radiological markers at the beginning of treatment can 
facilitate future localization of the lesions [31].

18.1.1.3  Future Liver Remnant (FLR)
Post-operative complications and liver function is closely 
associated with the volume of liver remaining after resection, 
termed Future Liver Remnant (FLR) [32, 33]. Post-operative 
liver function depends upon both the volume of the FLR and 

the functional status of the remaining liver. This means that 
larger patients or those with liver disease may require larger 
FLR to achieve adequate liver function. The functional liver 
volume can be accurately determined by means of CT volum-
etry if the remaining liver is normal or only mildly diseased; 
however, inaccuracies arise in cases of diseased liver, such as 
in cirrhosis, liver atrophy, biliary obstruction or large space 
occupying lesions [34]. Since liver volumetry does not always 
correlate with liver function several alternative tests have been 
proposed to assess the adequacy of the FLR, including indo-
cyanine green clearance and hepatobiliary scintigraphy [35, 
36]. Nonetheless, there are no comparative data to suggest that 
surgical outcomes are improved with the use of these 
methods.

In order to account for the aforementioned potential inac-
curacies, a validated formula has been introduced, which 
takes into account not only the size of the FLR as measure by 
CT volumetry, but also the size of the patient [34].

 
Standardized FLR sFLR measured FLR calculatedTLV( ) = / .

 
Calculated TLV body surface area BSA m= − + × ( )( )794 41 1267 28 2. .

If FLR volumes are deemed inadequate, different man-
agement options may be considered, such as ablation, 
staged resection or two staged hepatectomy, and associated 
liver partition and portal vein ligation (ALPPS). Portal vein 
embolization (PVE) remains the standard approach, in the 
vast majority of liver centers, to facilitate resection by 
increasing the volume of the FLR [37–40]. PVE is most 
commonly performed percutaneously under radiological 
guidance and increases FLR volume in 3–4 weeks. Diseased 
livers, diabetic, or post chemotherapy livers may require 
longer (≥5–6 weeks). Apart from improving the volume of 
FLR, the degree of hypertrophy (DH) post-PVE gives prog-
nostic information. Patients with a FLR DH ≥5% are less 
likely to experience hepatic dysfunction after resection 
when compared to those with ≤5% growth. Finally, another 
parameter to be considered is the kinetic growth rate 
(KGR), which is defined as the DH divided by time in 
weeks [41]. Patients with a KGR of <2%/week have signifi-
cantly higher rates of post-hepatectomy hepatic insuffi-
ciency and 90-day mortality. In cases where PVE does not 
result in the desired FLR volume, hepatic vein emboliza-
tion may facilitate further FLR growth, otherwise surgical 
resection is precluded [42].

In patients with a healthy underlying liver, major liver 
surgery can be safely performed with a FLR volume of >20% 
of TLV [43]. On the contrary, in patients with cirrhosis or 
significant liver disease a FLR volume of >40% is necessary. 
In patients who have received preoperative chemotherapy 

FLR volume of >30% is considered safe. If the status of the 
FLR is in doubt, a liver biopsy may be performed.

18.1.2  Intra-Operative Approach to Liver 
Surgery

A detailed description of liver anatomy is beyond the pur-
pose of this chapter, however a brief description will facili-
tate in the understanding of the different types and 
nomenclature of liver resections. Surgical anatomy of the 
liver is determined by the intrahepatic vascular and biliary 
structures. The intrahepatic arterial anatomy can be used to 
delineate the hepatic lobar, sectional and segmental anatomy 
[44]. The liver is divided into left and right lobes (generally 
40:60 volume ratio) based on the arterial supply of the main 
hepatic arterial branches. Based on branching of the hepatic 
artery the liver is divided in sections and segments (Couinaud 
segments) (Fig. 18.1) [45, 46]. The intrahepatic biliary anat-
omy generally follows the same pattern as the arterial one. In 
the right lobe, the portal anatomy and divisions are similar to 
the hepatic artery, while the left portal vein follows a distinct 
course corresponding to the embryological function of the 
vessel. Venous outflow is provided by the three hepatic 
veins: right, middle and left, which drain into the IVC.

Liver resections can be broadly divided into anatomical 
(following anatomic planes) and non-anatomical. The termi-
nology used for anatomical liver resections (Brisbane 2000 
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Terminology) is based on the intrahepatic arterial anatomy 
[47]. In general, the surgical goals include elimination of all 
malignant tissue, hemostasis at the completion of the proce-
dure, avoidance of bile leak, and prevention of FLR injury. 
Close monitoring and regular clinical assessment are the cor-
nerstones of successful postoperative management.

18.1.3  Postoperative Management of the Liver 
Surgery Patient

Within the past three decades, results following liver surgery 
have significantly improved and is performed with a mortal-
ity of less than 3% [2–4]. Nonetheless, post-operative mor-
bidity is still high. A recent study on the outcomes of 2313 
hepatectomies from the American College of Surgeons 
National Surgical Quality Improvement Program (ACS 
NSQIP) has shown 2.5% 30-day mortality and 19.6% 30-day 
major complication rate [48]. Postoperative complications 
can be divided into those typical after any surgery and those 
specific for liver surgery. Generic postoperative complica-
tions include respiratory and urinary tract infections, surgical 
wound infections, ileus, organ system failure, cardiopulmo-
nary events, and venous thromboembolism. Liver specific 
complications occur: significant hemorrhage, bile leak and 
bilomas, and post-operative hepatic insufficiency. Hepatic 
insufficiency may lead to fulminant liver failure (Table 18.3). 

Furthermore, patients after liver surgery may experience 
some specific electrolyte abnormalities that would need the 
attention of the management team. Special care should be 
considered in the postoperative management of the patient in 
order to suspect, diagnose and treat any complications early. 
Due to the potential for these complications patients are fre-
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Table 18.3 ISGLS definitions and grades of complications after 
hepatectomy

Definition Grades

Hemorrhage >3 g/dl fall in Hb or need 
for any post-operative 
transfusion or 
intervention for bleeding

A: ≤2 units of PRBC
B: > 2 units PRBC
C: requiring any 
intervention

Bile leak Drain bilirubin level 3 
times higher than serum 
level on or after day 3 or 
need for any radiological- 
guided or surgical 
intervention for bile leak/
biloma

A: no need to change 
routine care plan
B: requiring non-surgical 
intervention
C: requiring surgical 
intervention

Hepatic 
insufficiency 
or failure

Impairment of liver 
synthetic, excretory or 
detoxifying functions on 
or after day 5 (elevation 
in INR or bilirubin)

A: no need to change 
routine care plan
B: requiring special 
management
C: requiring any 
intervention

Hb hemoglobin, PRBC packed red blood cells, INR international nor-
malized ratio
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quently admitted to the ICU for postoperative monitoring 
and the critical care provider must have a thorough under-
standing of the expected (and unexpected) issues following 
major hepatectomy.

18.1.4  Electrolyte Abnormalities

Electrolyte abnormalities are common after major hepatec-
tomy especially in cirrhotic patients. Two specific electrolyte 
abnormalities seen in this population are hyperlactemia and 
hypophosphatemia. Hyperlactemia is commonly seen fol-
lowing liver resections. High arterial lactate levels in the 
postoperative period have been correlated with increased 
morbidity and mortality in these patients [49]. In the postop-
erative period, due to hepatocellular stress and damage, lac-
tate is produced by the liver, rather than utilized for the 
purposes of gluconeogenesis, resulting in hyperlactemia 
[50]. Therefore, in order to avoid the additive effect, the use 
of non-lactate containing intravenous solutions is recom-
mended [49].

Another electrolyte abnormality that is encountered in 
almost all patients after major liver surgery is hypophospha-
temia. Evidence suggest that it caused by increased urinary 
loss of phosphate, which is a result of increased levels of the 
phosphaturic mediators phosphatonins [51, 52]. However, it 
remains unclear whether the increased phosphatonins levels 
in post-hepatectomy patients are due to increased production 
or decreased clearance by the liver. Hypophosphatemia may 
result in impaired energy metabolism and cellular dysfunc-
tion affecting every major organ system. Therefore, careful 
monitoring of phosphate levels and adequate replacement is 
required [50].

18.1.5  Postoperative Hemorrhage 
Recognition and Treatment

The liver receives 25% of the cardiac output and hemor-
rhage is common both intra- and post-operatively. From 
NSQIP data, the rate for major intra-operative transfusion 
(defined as administration of more than 4 units of packed 
red blood cells (PRBC)) is 9%, while the rate of major 
post-operative transfusion is 0.8% [53]. On the contrary, 
different retrospective series have reported an incidence of 
post-hepatectomy hemorrhage between 1 and 8% [54–56]. 
The International Study Group on Liver Surgery (ISGLS) 
defines post- hepatectomy hemorrhage as a fall in the hemo-
globin of greater than 3 g/dl after the completion of the 
operation and/or the need for transfusion and/or interven-
tion (interventional radiology or surgery) for any post-
operative hemoglobin drop [57]. The definition is restricted 

to the post-operative period and does not include the need 
for transfusion of up to two units of PRBCs immediately 
after surgery while in the recovery room. Based on severity, 
post-hepatectomy hemorrhage has three grades (A–C), 
which correlate with an increased risk of mortality. Grade 
A hemorrhage is any episode that requires transfusion of 1 
or 2 units of PRBC. Grade B hemorrhage is when more 
than 2 units of PRBC are transfused. Grade B hemorrhage 
carries a 17% risk of mortality. Grade C is defined by the 
need for an intervention to stop the bleeding, either inter-
ventional or surgical, and the associated mortality is as high 
as 50% [57]. For obvious reasons the early diagnosis and 
appropriate management of post- hepatectomy hemorrhage 
is paramount.

The diagnosis of bleeding after liver surgery involves the 
clinical assessment of the patient supplemented by labora-
tory data and radiologic investigations. Tachycardia, hypo-
tension, oliguria and altered mental status are all signs of 
hemorrhage but lack specificity in a post-operative patient. 
Patient factors should be considered as, for example, a 
patient on beta-blockers may not mount a significant tachy-
cardia in response to hypovolemia while the use of epidural 
analgesia frequently causes hypotension. Clinical examina-
tion may reveal signs of bleeding, however, clinical exam is 
not reliable because of post-operative pain or pain medica-
tions. Serial abdominal exams may detect changes in the 
clinical picture but are time consuming and still lack sensi-
tivity to diagnose postoperative hemorrhage. Blood within 
the drain may indicate bleeding, but a misplaced or clogged 
drain may mislead the bedside clinician. In the absence of 
hemodynamic instability when diagnosis of hemorrhage is 
uncertain, radiological imaging is indicated to confirm the 
diagnosis and guide further management.

The management of the patient consists of resuscitation 
and hemorrhage control. Resuscitation with crystalloids can 
be used initially; however, blood products should be 
employed early if the patient does not respond to fluids or if 
there is concern for severe hemorrhage. Correction of an 
underlying coagulopathy should be aggressively corrected in 
an acutely bleeding patient. Evidence suggests that standard 
coagulation tests, such as PT, aPTT and INR, do not accu-
rately reflect the postoperative patient’s ability to clot [53, 
58]. During the first few days after liver surgery thrombo-
elastography (TEG) has demonstrated normal clot formation 
despite an increased INR. When available, post-operative 
TEG may provide more accurate evaluation of the patient’s 
coagulation status [58].

Bleeding that does not stop after correction of coagulopa-
thy requires an intervention either in the radiology suite or in 
the operating room. The method of definitive hemorrhage 
control depends on the situation and resources available. If a 
patient is unstable, then returning to the operating room is 
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usually the safest approach. In certain situations, Interventional 
Radiology may be utilized for both diagnosis and definitive 
management.

18.1.6  Postoperative Bile Leak and Treatment

Bile leak and biloma formation is another complication 
specific to liver surgery, with a reported incidence between 
3.6 and 12% [59]. ISGLS defines a bile leak as any fluid in 
the drain with a bilirubin level three times higher than the 
serum bilirubin level on or after post-operative day three 
and/or the need for any intervention (image-guided or sur-
gical) for a biloma or biliary peritonitis [59]. Bile leaks 
also have three grades (A–C), based on the clinical signifi-
cance. Grade A leaks were defined as those which resolve 
with conservative management, while grades B and C are 
those which required an intervention, non-surgical or sur-
gical, respectively. Associated mortality is related to the 
grade of the bile leak, with reported rates being as high as 
39%.

The diagnosis of a bile leak is relatively straightforward 
when a drain is present. The quality of the fluid in the drain 
can be clinically assessed and also sent for bilirubin levels. 
The diagnosis is made when the fluid is bilious or if the fluid 
bilirubin level is three times higher than the blood bilirubin. 
If there is no drain in place, a bile leak should be suspected if 
the patient is failing to improve, has worsening abdominal 
pain, peritoneal signs, or evidence of an infection. Diagnosis 
is usually made when a fluid collection is identified and 
drained (either by CT scan or ultrasound).

The management of bile leaks is based on the principles 
of adequate drainage and ensuring biliary outflow [60]. If a 
drain is in place, control is maintained by leaving the drain 
until the leak resolves. If a surgical drain is not present, 
drainage can usually be performed percutaneously. Even 
though some bile leaks resolve with drainage alone, further 
investigation identify the source of leak and to rule out 
hepatic biliary obstruction may be necessary. MRCP may 
answer both of these questions and has the advantage of 
being non-invasive. If the MRCP is non-diagnostic, or if a 
stricture or persistent leak (>1 week) is noted, an ERCP 
should be performed [59]. ERCP can localize the bile leak 
and also allows for stent placement, which facilitates flow of 
bile into the duodenum [61]. If ERCP fails (patient intoler-
ance, duodenal diverticulum etc.), the biliary system can be 
accessed by percutaneous transhepatic cholangiography 
(PTC) and an antegrade stent placed. Both ERCP and PTC 
are invasive procedures with inherent morbidity and mortal-
ity so they should not be first line management. Thankfully, 
surgical management of bile leaks after elective liver surgery 
is rarely required.

18.1.7  Hepatic Insufficiency and Failure

Post-operative hepatic insufficiency or failure is the most 
serious complication after liver resection, with reported rates 
of up to 19% [60, 62]. Unfortunately, despite best manage-
ment efforts, post-hepatectomy liver failure related mortality 
has been reported in up to 90% of the cases [62].

The ISGLS has defined post-hepatectomy hepatic insuf-
ficiency as impairment of the liver’s synthetic, excretory, or 
detoxifying functions on or after day five [63], which is 
determined by serum bilirubin and INR. In patients with nor-
mal serum bilirubin and INR pre-operatively, elevated values 
on or after postoperative day (POD) 5 establishes the diagno-
sis. In patients with pre-operative hyperbilirubinemia or 
increased INR levels, the values on POD 5 are compared to 
those of the previous day. The need for fresh frozen plasma 
to maintain normal INR on or after POD 5 in combination 
with hyperbilirubinemia is also diagnostic. Based on a mul-
ticenter international study, a bilirubin level >7 mg/dL had 
sensitivity and specificity higher than 90% and an odds ratio 
of 10.8 for predicting 90-day mortality [64]. Clinically, 
hepatic insufficiency varies between minor disturbance in 
function that requires no special management (grade A), to 
cases where additional measures are necessary, invasive 
(grade C) or not (grade B) [63].

The diagnosis of post-hepatectomy liver insufficiency is 
mainly based on blood biochemistries [63, 64]. In the early 
post-operative period, a rise in the bilirubin, hepatic enzymes, 
PT/INR are common and expected. These tend to return to 
normal levels by POD 7, with the exception of the alkaline 
phosphatase, which can remain elevated for up to 12 weeks 
after resection. If these labs do not normalize rapidly, diag-
nosis of hepatic insufficiency should be considered. 
Furthermore, low C-reactive protein on POD 1 (<32 g/dL) is 
an independent predictor of post hepatectomy liver failure 
[65]. Clinical signs and symptoms, such as jaundice, ascites 
and, in severe cases, encephalopathy, may be present.

The initial diagnostic approach should include imaging with 
a contrast CT and/or a liver ultrasound to exclude bile leak and 
to ensure adequate vascular flow in the FLR. Management is 
mainly supportive in order to facilitate regeneration. The 
patient should be transferred to the ICU if not already there. 
Aggressive supportive care may be necessary as multi-organ 
system may occur [60]. Broad spectrum antibiotics should be 
initiated because sepsis is not uncommon in the setting of acute 
liver failure [60]. Nutritional status should be considered and 
optimized. Fresh-frozen plasma, vitamin K, albumin, and 
diuretics may all be required to treat the underlying coagulopa-
thy, hypoalbuminemia, and volume overload, respectively. 
Liver transplantation may be used as a last resort but is not an 
option in patients who underwent resection because of a malig-
nancy [60].
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18.2  Introduction to Hepatic Trauma

Hepatic trauma occurs through either blunt or penetrating 
mechanisms. While protected by the ribs, the liver’s large 
size makes it particularly vulnerable to penetrating abdomi-
nal injuries [66]. In addition, the thin capsule provides little 
protection from blunt trauma, and the robust vascularity 
makes hepatic lacerations life threatening [66, 67]. A drastic 
shift in the management of blunt liver injuries (BLI) has 
taken place since the 1980’s, and, unless they have obvious 
indications for surgery (i.e., hemodynamic instability or 
peritoneal signs) almost all patients will have a trial of non- 
operative management (NOM) [68]. The management of 
both non-operative and operative hepatic trauma requires 
close hemodynamic monitoring, and these patients are fre-
quently admitted to the intensive care unit (ICU). This sec-
tion discusses the fundamentals of the management, 
outcomes, and complications of hepatic trauma.

18.2.1  Background

Liver injury occurs in up to 5% of all traumas and accounts 
for 25% of intraabdominal injuries [69]. While the rate of 
penetrating injuries varies depending on loco-regional cir-
cumstances, the number of (BLI) has risen over the past sev-
eral decades [67, 70, 71]. During a 5-year period (1975–1980) 
48% of liver injuries were blunt, a number which increased 
to 74% by the 1990’s [70]. While previously a minority of 
patients, women now account for 46% of all BLI [70]. The 
widespread use of computerized tomography (CT) in blunt 
trauma, improved image quality, a higher number of motor 
vehicle collisions (MVC), and an overall increase in the 
number of trauma patients [70] are all responsible for the rise 
in the incidence of BLI [67, 72].

Seventy-five percent of all liver injuries are the result of a 
MVC [73]. Concomitant injuries are common in patients 
with hepatic trauma, and up to 55% have associated abdomi-
nal injuries [74–76]. The spleen, kidney, and bowel are 
involved in 21%, 9%, and 4% of liver traumas, respectively 
[75]. Extra-abdominal injuries also frequently occur, with 
traumatic brain injury in 14–17%, chest trauma in 46%, and 
major fractures in 32–72% [66, 77, 78]. Surprisingly, patients 
with low-grade liver injuries are found to have more splenic 
(21% vs. 11%) and bowel (30% vs. 10%) injuries when com-
pared to those with high-grade liver trauma [79].

Mortality following liver trauma ranges between 0–60% 
depending on the grade of injury, and initial management 
(operative vs. non-operative), and study methodology [80, 81]. 
A National Trauma Data Bank (NTDB) analysis of over 21,000 
patients with liver injury, found an overall mortality of 16.7% 
which increased with severity of injury (Table 18.4) [80]. A 
systematic review of 410 patients from all eight  prospective 

observational studies showed a pooled mortality of only 2.4% 
in those managed non-operatively [82]. Since most liver inju-
ries are minor (grade 1–3) the mortality from pooled studies 
may be skewed. When considering only high grade (grade 4–5) 
BLI, the Consortium of New England Trauma centers found a 
21.4% mortality in their non- operative group [74]. The same 
study showed a 52.7%  mortality in patients requiring an imme-
diate operation, but only 5.7% of NOM patients died (p < 0.001) 
[74]. Independent predictors of mortality are older age, ISS, 
hemodynamic stability, the number of blood transfusions, and 
presence of a head injury [79, 83]. The impact of associated 
injuries (especially head injuries) cannot be overstated and 
there is a substantial decrease in mortality when one considers 
isolated liver injuries (Table 18.5) [80]. Despite the advances in 
trauma and critical care over the past century, liver injury still 
accounts for a significant number of deaths in those with severe 
abdominal trauma [67].

18.2.2  Diagnosis of Hepatic Injury

Historically, liver injuries were diagnosed by laparotomy per-
formed based off physical exam findings or due to a “positive” 
diagnostic peritoneal lavage (DPL). DPL was overly sensitive 
and many patients with a liver injury had no procedure per-
formed on their liver [70]. Beginning in the 1980’s, as CT 

Table 18.4 Outcomes of all hepatic trauma

Liver injury 
grade Patients Mortality (%)

Non-operatively 
managed (%)

I and II 14,403 12.7 90.5
III 4099 15.0 78.3
IV 2250 27.9 70.8
V 702 64.8 64.8
VI 78 94.9 62.8
Total 21,532 16.7 85.2

Adapted from Tinkoff et al. American Association for the Surgery of 
Trauma Organ Injury Scale I: Spleen, Liver, and Kidney, Validation 
Based on the National Trauma Data Bank. J Am Coll Surg 
2008;207(5):646–55

Table 18.5 Outcomes of hepatic trauma excluding head injuries

Liver injury 
grade Patients Mortality (%)

Non-operatively 
managed (%)

I and II 9086 7.0 91
III 2558 9.7 78.5
IV 1310 20.8 72.2
V 379 59.6 61.2
VI 40 92.5 52.5
Total 13,373 10.5 85.9

Adapted from Tinkoff et al. American Association for the Surgery of 
Trauma Organ Injury Scale I: Spleen, Liver, and Kidney, Validation 
Based on the National Trauma Data Bank. J Am Coll Surg 2008;207(5): 
646–55
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scanning became more available, the number of diagnosed 
asymptomatic liver injuries increased significantly [70].

Ultrasound has been used extensively in the evaluation of 
trauma patients and has replaced DPL in the evaluation of 
unstable patients. Unfortunately, the sensitivity of ultrasound 
to detect free fluid ranges from 40 to 80% and is even lower if 
used to detect individual organ injury [84, 85]. Liver function 
tests (LFTs) have been used as a screening instrument for BLI 
in pediatrics, and there has been some interest in the use of 
LFTs in adult patients, as well [86]. LFT abnormalities are 
associated with grade of liver injury [75]. Although varying 
levels have been used as cutoffs, a recent paper found that an 
AST of 109 μ/L (AUC 0.88) and ALT of 97 μ/L (AUC 0.88) 
identified liver injuries [87]. While there has been a call for 
limiting the amount of radiation that trauma patients are 
exposed to [88], CT scanning remains the most sensitive and 
specific modality to diagnose BLI. In any case, almost every 
trauma patient admitted to the ICU will have had a thorough 
evaluation which includes a CT scan of the abdomen.

18.2.3  Liver Injury Grading System

First devised in 1988, the American Association for the 
Surgery of Trauma (AAST) Organ Injury Scale (OIS)  pro-
vided standardized liver injury nomenclature to providers 
caring for trauma patients [80]. Severity of liver trauma is 
graded on a 1–6 scale using the 1994 revision to the OIS 
(Table 18.6) [89]. Grade 1 injuries are minor while grade 5 
represents the most severe injury that is survivable (Fig. 18.2). 
Grade 1 and 2 hepatic injuries account for 67% of all liver 
traumas. The remainder are grade 3 (19%), grade 4 (10%), 
grade 5 (3%), and grade 6 (0.3%) [80]. The OIS has been 
validated using a large trauma database [80] but significant 
inter-rater variation exists [90]. Even among experienced 
trauma surgeons and trauma radiologists, discordance fre-
quently occurs [90]. While providing uniformity for com-
munication, research, and quality improvement initiatives, 
the OIS grade of liver injury does not predict the need for 
operative intervention [67, 90, 91]. Regardless of the radio-
graphic finding, patients with liver injuries are either hemo-
dynamically stable or unstable, and that distinction 
determines further management.

18.2.4  Resuscitation of the Patient with Liver 
Trauma

Initial assessment and treatment of a patient with hepatic 
trauma follows the principles outlined by the Advanced 
Trauma Life Support manual (9th edition). As with any other 
trauma patient, rapid reversal of shock, correction of acido-
sis, and prevention (or treatment) of hypothermia are 

 universal goals. Liver hemorrhage stops spontaneously in 
the majority of patients [92, 93], and many will not require a 
blood transfusion. However, there has been a paradigm shift 
in the past decade toward an earlier use of blood products 
and a lower reliance on crystalloid fluids during the trauma 
resuscitation [94–98]. Several terms including balanced, 
hemostatic, or damage control resuscitation have been used 

Table 18.6 AAST liver organ injury scale (1994 revision)

Grade Injury type Description of injury

I Hematoma
Laceration

Subcapsular, <10% surface area
Capsular tear, <1 cm parenchymal depth

II Hematoma
Laceration

Subcapsular, 10– 50% surface area;
Intraparenchymal <10 cm in diameter
Capsular tear, 1–3 cm parenchymal depth, 
<10 cm in length

III Hematoma
Laceration

Subcapsular, >50% surface area or 
expanding;
Ruptured subcapsular or parenchymal 
hematoma
Intraparenchymal hematoma >10 cm or 
expanding
Capsular tear, <1 cm parenchymal depth

IV Hematoma
Laceration

Ruptured intraparenchymal hematoma with 
active bleeding
Parenchymal disruption involving 25–75% 
hepatic lobe or 1–3 Couinaud’s segments 
within a single lobe

V Laceration
Vascular

Parenchymal disruption involving >75% of 
hepatic lobe or >3 Couinaud’s segments 
within a single lobe
Juxtahepatic venous injury (i.e., 
retrohepatic vena cava, central major 
hepatic veins)

VI Vascular Hepatic avulsion

Advance one grade for multiple injuries up to grade III

Adapted from Moore EE, Shackford SR, Pachter HL, et al.: Organ 
Injury Scaling: Spleen and Liver (1994 Revision). The Journal of 
Trauma: Injury, Infection, and Critical Care. 1995;38(3):323–4

Fig. 18.2 Grade 5 liver injury. Star identifies the liver laceration 
involving central venous structures
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to describe a high plasma ratio transfusion strategy, champi-
oned in Borgman et al.’s landmark paper [99]. The reported 
survival benefit in patients receiving higher ratios of fresh 
frozen plasma (FFP) to red blood cells (RBC) [100] led 
trauma centers across the United States to adopt this practice 
[94, 98, 101]. Massive transfusion protocols (MTP), imple-
mented to provide blood products at higher FFP: RBC ratios, 
have decreased mortality [97, 101], although their effective-
ness has been recently challenged [102]. MTP results in 
fewer overall transfusions, decreased crystalloid volume, 
and improved primary fascial closure rates [97, 101, 103]. 
Optimal transfusion ratios have not been identified and some 
argue that a 1:1:1 ratio of FFP and platelets to RBC may not 
be necessary [104]. The Pragmatic Randomized Optimal 
Platelet and Plasma Ratios (PROPPR) Trial was performed 
to compare two transfusion ratio strategies (1:1:1 vs. 1:1:2). 
Although fewer exsanguinations occurred within the 1:1:1 
ratio group, the study failed to show a survival difference 
between the cohorts [105].

More recently, there has been a call for more selective use 
of blood products, as blind adherence to transfusion ratios 
may not adequately treat the patient’s underlying abnormal-
ity [104]. A review of the complex interactions necessary for 
hemostasis is beyond the scope of this chapter, but it is well 
known that the traditional tests of coagulopathy (PTT/PT/
INR, platelet count, fibrinogen level) all fail to accurately 
evaluate the hemostatic process [96, 98]. On the other hand, 
thromboelastography (TEG) or rotational thromboelastome-
try (ROTEM) both provide graphic representation of clot 
formation and reliably identify coagulation abnormalities 
(Fig. 18.3) [95, 104, 106]. The presence of fibrinolysis  
on TEG has been correlated with an increase in mortality 
[107, 108]; however, targeted therapy using TEG-guided 
information has only been shown to improve mortality in 
one study [109]. TEG-guided resuscitation is correlated with 

a  reduction in blood product transfusion which may ulti-
mately benefit the patient by decreasing overall costs and 
limiting exposure to transfusion risks [109].

The Transfusion Requirements in Critical Care (TRICC) 
trial demonstrated that after resuscitation, trauma patient 
outcomes were equivalent when a restrictive transfusion 
strategy was used [110]. Despite this evidence, a survey of 
members of the American Association for Surgery of Trauma 
(AAST) showed that ~40% of respondents would transfuse a 
hemodynamically stable trauma patient whose hemoglobin 
was >7 g/dl [110]. A restrictive strategy holds particular 
importance since transfusion within 24 h of admission is an 
independent risk factor for development of a post-traumatic 
complication (OR 6.4) [111]. Specific to liver injury is the 
fact that each unit transfused elevates the risk of complica-
tion in a dose-dependent manner, even in those with a lower 
grade of injury [111]. The results of Sim et al.’s survey show 
that there is still a significant amount of education necessary 
regarding the role of transfusion in otherwise stable trauma 
patients [110].

Despite the risks associated with blood transfusions, an 
actively bleeding patient should be given blood products and 
not crystalloid. Damage control resuscitation is a proactive 
strategy theorized to control hemorrhage with earlier trans-
fusion of FFP and platelets before coagulopathy develops 
[99]. Although uncertainty surrounding transfusion ratios 
exists, the treatment of hemorrhaging patients has been fun-
damentally altered and outcomes have improved. In the 
1970’s, patients requiring a massive transfusion had a mor-
tality rate of 90%, a figure that now ranges between 30 and 
70% [104]. Thankfully, massive crystalloid resuscitation, 
and the consequences of that strategy such as abdominal 
compartment syndrome, acute respiratory distress syndrome, 
open abdomens, and dilutional coagulopathy are rarely seen 
anymore.

18.2.5  Non-Operative Management of Liver 
Trauma

Non-operative management (NOM) of solid organ injury 
was first described in patients with splenic trauma in 1892 
[112], and was described by Hinton in 1926 [113]. The high 
mortality associated with the initial experiences of NOM 
prevented further attempts until reports of splenectomized 
children developing overwhelming sepsis renewed interest 
in this treatment strategy [73, 112]. Despite evidence that 
minor liver injuries were often hemostatic at the time of 
operation, the prevailing view for decades was that spontane-
ous cessation of bleeding in severe hepatic trauma was 
unlikely [91]. Reports from the 1970’s confirm this belief as 
both Ledgerwood and Richardson reported 0% rates of NOM 
[71]. As surgeons gained experience with splenic NOM, the 
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Fig. 18.3 Thromboelastography: analysis and interpretation of results. 
R, reaction time/ CT, clotting time. K, kinetics. CFT, clot formation 
time. α, alpha-angle. MA, maximum amplitude. MCF, maximum clot 
firmness. Ly, lysis. CL, clot lysis. Reproduced with permission from 
Johansson PI et al. Thrombelastography (TEG) in Trauma. Scand J 
Trauma Resusc Emerg Med 2009;17:45
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use of NOM in liver trauma also expanded [67], becoming 
common by the 1980’s [113]. Croce and colleagues pub-
lished a prospective study of liver trauma NOM in 1995 and 
showed that vast majority of patients (89%) could safely 
avoid an operation [91]. In retrospect, this fact seems obvi-
ous but this landmark paper helped show that severe liver 
injuries (grade 3–5) could be managed non-operatively [91]. 
An analysis of over 35,000 patients with hepatic trauma 
showed an increase in NOM from 74.6% to 87.1% between 
1994 and 2003, respectively, and demonstrated the quick 
adoption of NOM within the field of trauma surgery [73]. 
The advantages of NOM have been reported in multiple 
studies and include lower hospital costs, reduced length of 
stay, fewer non-therapeutic laparotomies, fewer transfusions, 
decreased infections, and lower mortality [68, 76, 114]. Even 
low volume centers have been shown to successfully per-
form NOM, with failure rates of 11% [115].

Established criteria for NOM management include hemo-
dynamic stability and lack of other intraabdominal injuries 
requiring surgery [81, 116]. Initially, altered mental status 
was considered a contraindication for NOM due to the con-
cern that an unreliable physical exam would result in missed 
bowel injuries [112]. Archer et al. reviewed their experience 
in 87 liver trauma patients, 30 (34%) of whom were neuro-
logically impaired. The two cohorts had similar morbidity 
and mortality. Additionally, no NOM failures occurred in the 
altered mental status group which provided evidence of the 
feasibility of NOM even in this subset of patients [112]. A 
growing body of literature exists regarding NOM of pene-
trating liver injury [114, 117, 118]. Ten trials have shown a 
69–100% rate of NOM success [114]. Selective NOM of 
penetrating injuries is appropriate using strict criteria within 
a center that is familiar with the management of liver trauma 
[117]. Liver related complications are common (50–52%), 
but NOM demonstrates the potential to decrease non- 
therapeutic laparotomy rates [114, 117].

While the definition of “stability” is somewhat subjective, 
the Resuscitation Outcomes Consortium defines shock using 
the following criteria: systolic blood pressure ≤70 mm Hg or 
systolic blood pressure 71–90 mm Hg with heart rate ≥108 
beats per minute [119]. According to the Advanced Trauma 
Life Support manual an “unstable” patient has a blood pres-
sure <90 mmHg or a heart rate >120 bpm, with evidence of 
skin vasoconstriction or altered mental status [120]. Many 
“unstable” patients will have improvement in their blood 
pressure after one or two units of RBCs and should be con-
sidered for NOM. Although not validated, several feel that 
transfusing more than four units of blood due to persistent, 
liver-related hypotension constitutes failure of NOM [81, 83, 
114]. One of the early criticisms of NOM was that this man-
agement strategy would lead to an increase in the number of 
transfusions [121] and, in one study, 45% of patients required 
a transfusion [83]. Despite this fact, the literature  consistently 

shows that NOM leads to fewer blood transfusions when 
compared to the operative strategy [121]. In the presence of 
combined liver and spleen injuries the total number of trans-
fusions increases significantly, averaging 8.5 units in patients 
who have successful NOM [121]. While an essential part of 
liver trauma management, blood transfusions should be lim-
ited when physiologically appropriate, especially in light of 
the dose-related increase in infection and other complica-
tions [83].

18.2.6  Outcomes of Non-Operative 
Management

NOM failure rates vary widely in the literature but ranges 
between 0 and 24%. A study using the NTDB showed that, 
from 2000 to 2004, NOM was successful in 85.2% of all 
liver injuries (Table 18.4) [80]. Boese et al.’s systematic 
review of prospective studies found a NOM failure rate of 
9.5% (range 0–24%). This rate is lower than the 20–50% 
failure rate reported by Carrillo in 1998 [82]. On univariate 
analysis, only six predictive factors for failure were noted: 
hypotension on admission, higher volume of crystalloids, 
need for blood transfusion, peritoneal signs, Injury Severity 
Score, and other intra-abdominal injuries [82]. Additionally, 
other intra-abdominal injuries may play a particularly impor-
tant role in failure of NOM. Velmahos found a 9% NOM 
failure rate, but none of the operations were performed for 
liver-specific reasons [71]. Prospective studies show that 
age, gender, and grade of injury do not correlate with failure 
of NOM [82].

Since minor liver trauma almost never fails NOM, a sepa-
rate NTDB study focused on the outcomes of 3627 patients 
with severe liver injury (AIS >4) [122]. NOM was attempted 
in 72.5% of these patients with a 93.5% success rate. Van der 
Wilden et al. found a similarly high (91.5%) NOM success 
rate in high-grade injuries [74]. Failed NOM was associated 
with an increased mortality (21.2 vs. 7.1) and an increased 
LOS (6 vs. 21 days). In another study, significant predictive 
factors for failure of NOM included age (OR 1.02), male 
gender (OR 1.73), hypotension (OR 2.07), hepatic artery 
embolization (HAE) (OR 6.96) and hypotension (8.4% vs. 
16%). Again severity of liver injury did not impact success 
rates [113].

Development of hemodynamic instability is the cause of 
75% of NOM failures but only ~50% of failures are due spe-
cifically to the liver injury [71, 75, 91, 123]. Polanco et al., 
noted an increase in failure of NOM in patients with hypoten-
sion on arrival [113], leading them to the conclusion that NOM 
is being offered too liberally. Conversely, Hommes found that 
hypotension on admission was not related to failure of NOM 
in severe liver injuries and argues that those who respond to 
resuscitation can be managed non- operatively [76]. These 
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diverse factors must be considered in context as the only con-
sistently reliable predictor of failure of NOM is the develop-
ment of hemodynamic instability, which usually occurs within 
48 h of admission [91]. Liver injuries tend to bleed early and, 
if not, the vast majority of NOM patients will succeed [74].

18.2.7  Liver Injury in Cirrhosis

A particularly interesting group of patients are those with 
underlying liver disease who suffer liver injury. Talving et al. 
prospectively evaluated 92 cirrhotic patients and compared 
them to a non-cirrhotic matched cohort [124]. They found a 
significantly higher complication rate of 31.5% vs. 7.1% and 
mortality of 20.7% vs. 6.5%. The mortality in those with a 
Model for End-Stage Liver Disease (MELD) score >10 was 
30% vs. 9.5% if the MELD was <10 (p = 0.016). Additionally, 
longer hospital LOS and higher rates of renal failure (5.4 vs. 
0.5%) and sepsis (8.7% vs. 2.2%) were also found [124]. 
Using the NTDB, Barmparas et al. explored the outcomes of 
cirrhotics following liver injury [125]. NOM was attempted 
in 83% and failed in 14%, the same failure rate as the control 
group. Although no significant differences in liver related 
complications were demonstrated, mortality in the cirrhotic 
group was 28% vs. 7% in the controls and cirrhotics also 
required significantly more laparotomies, 58% vs. 17% 
[125]. While failure of NOM was due to other intraabdomi-
nal injuries, the need for trauma laparotomy in a cirrhotic 
patient is associated with a >50% mortality vs. 4% in the 
controls [125].

18.2.8  Specific Management of NOM Patients

Early in the NOM experience, routine CT scanning was 
performed, around day 3–7 after injury, and then at inter-
vals throughout the ensuing 12 months until healing was 
confirmed [91]. Croce showed that the liver injuries had 
never worsened at the time of the early repeat scan and, in 
fact, 15% had healed by the time of discharge. When 
 followed long term, the majority of livers had healed by 
3–4 months [91]. One study of routine CT scans in liver 
trauma showed that only three of 503 patients had radio-
logic findings that mandated treatment. Since these three 
patients had symptoms related to these findings the authors 
of that study do not recommend follow-up scans unless 
clinically indicated [126].

Prolonged bed rest or lengthy ICU admissions are also 
unnecessary in hepatic trauma unless required by other inju-
ries [114]. The timing of mobilization does not seem to influ-
ence failure rates, but no prospective studies exist to support 
or refute this statement [68]. Since most patients will fail 
NOM within 24 h, ICU admissions beyond 48 h are probably 
unnecessary [75, 127]. Following serial hematocrits is also 

unnecessary, since as mentioned above, the decision to trans-
fuse blood must be driven by hemodynamic changes and not 
by a single measured number [127]. In children, the majority 
of blood transfusions administered after 24 h are done 
because of anemia and not hemodynamic instability [127]. 
Using hemodynamic changes to guide the necessity of labs 
instead of set protocols decreased the number of blood draws 
from 5 to 1.5 blood draws/patient and had no negative impact 
on patient outcomes [127].

18.2.9  Venous Thromboembolism (VTE) 
Prophylaxis in Liver Trauma

Few conditions are as synonymous with hypercoagulability 
as severe trauma. Deep venous thrombosis (DVT) rates 
exceed 50% in trauma patients not receiving chemical pro-
phylaxis [69, 128]. Even with appropriate prophylaxis, DVT 
rates are ~15% and the incidence of pulmonary embolism 
(PE) is 0.13–0.55% [85]. While seemingly insignificant, the 
mortality after a PE in trauma can be as high as 50% and PE 
is the third leading cause of death in trauma patients who 
survive 24 h [69, 85, 129]. Despite this knowledge, the con-
cern for hemorrhage after starting VTE prophylaxis often 
leads to delayed initiation of prophylaxis [130].

Multiple retrospective studies have assessed the use of 
DVT prophylaxis in liver trauma [69, 128–131]. Datta et al. 
published a 4-year retrospective study from Canada of 106 
patients with hepatic trauma. While 25% had prophylaxis 
administered within 48 h, 43% were started >48 h after 
admission (mean 6 days) and 32% received no prophylaxis at 
all [69]. Eight (7.5%) DVTs and one (0.9%) PE were diag-
nosed, all in the delayed group. In a subgroup that included 
only severe (grades 3–5) liver injuries, no patients receiving 
prophylaxis within 48 h developed a DVT while 23% in the 
>48-h group were diagnosed with a DVT. Additionally, no 
NOM failures were demonstrated in either group despite sim-
ilar Injury Severity Scores, ICU, or hospital LOS [69]. Eberle 
et al. showed similar results in a group of patients receiving 
low molecular weight heparin (LMWH) [128]. Eighteen of 
54 (33%) patients started LMWH within three days of injury 
and the rest were started more than 3 days after injury. Three 
patients failed NOM, but all of the failures actually occurred 
before LMWH was administered. Eberle found a 1.3% VTE 
rate for all solid organ injuries, and only one liver patient 
developed a DVT [128]. Because no difference was shown in 
VTE or NOM failure rate the authors concluded that LMWH 
could safely be used in patients with solid organ injury [128]. 
Joseph et al. also showed a low VTE rate (1.7%) and no dif-
ference in NOM failure rate or in the number of blood trans-
fusions needed after prophylaxis was administered. In fact, 
only one paper [129] found any significant differences in 
patient outcomes in patients with solid organ injuries receiv-
ing VTE prophylaxis. Despite no significant difference in 
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NOM failure, VTE rate (1.3%), or in overall need for transfu-
sion, Murphy et al. noted that the group receiving LMWH 
within 48 h had a higher transfusion rate after starting LMWH 
when compared to those whose prophylaxis was initiated 
after 48 h (55% vs. 21% p = 0.005) [129].

The paucity of high quality data has prevented the Eastern 
Association for the Surgery of Trauma from issuing recom-
mendations regarding when to initiate VTE prophylaxis [68] 
but the American College of Chest Physicians states that pro-
phylaxis should be initiated in most trauma patients within 
36 h, provided that there is no evidence of ongoing bleeding 
[132]. Recent TEG data shows that the hypercoagulability of 
trauma begins around 48 h after injury [85]. Since no signifi-
cant differences exist between early and late VTE prophy-
laxis groups, initiating VTE prophylaxis within 48 h of 
injury is recommended, provided there are no other contrain-
dications. As noted by Knudson “death from PE is more 
likely than failure of NOM attributed to prophylactic antico-
agulation. If bleeding occurs in this setting, the patient was 
probably heading for failure anyway [128]”.

18.2.10  Operative Management of Liver Injury

Surgery for hepatic trauma has become a rare occurrence, 
with most surgery residents only performing one operation 
to control liver hemorrhage during their training [133]. 
While NOM is standard of care, 13.7% of hepatic traumas 
will require surgical management [133]. In fact, up to 2/3rds 
of grade 4–5 livers require laparotomy [114], and the inten-
sive care provider must be familiar with the surgical tech-
niques employed during these operations.

The operative management of liver trauma has under-
gone extensive evolution over the past 100 years [94]. While 
packing had been used in the early 1900’s, the practice was 
abandoned because of the significant associated mortality 
[94]. During World War I, mortality following liver trauma 
was 66%. With medical and surgical advances, by the 
1970’s, mortality had improved to as low as 10% [134]. 
During this time of aggressive surgical management, sur-
geons used several techniques to control liver hemorrhage 
including ligation or direct suture control of the vessel, elec-
trocautery, resection, omental packing, and hepatic artery 
ligation. Unfortunately, these procedures were associated 
with significant blood loss and mortality [70, 134]. While 
basically abandoned for decades, in the 1970’s case reports 
of patients surviving after having perihepatic packs placed 
[134] were published, including a series of four patients 
who all survived being transferred to a trauma center after 
liver packing [135]. The resurgence of perihepatic packing 
as a surgical option came about, in part, because of the real-
ization that coagulopathy was responsible for hepatic trauma 
deaths [94, 114]. In the 1980’s the Denver General group 
recognized that exsanguinating hemorrhage initiated the 

lethal triad (hypothermia, coagulopathy, and acidosis) and 
recommended the transfusion of platelets and FFP during 
massive transfusions [94]. A decade later, surgeons reported 
a large series of patients who were managed with abbrevi-
ated surgery, ultimately known as “damage control surgery” 
(DCS). In this technique, patients undergo an initial opera-
tion to control hemorrhage and contamination, and then are 
transferred to the ICU for correction of their physiologic 
derangements [94]. Once the acidosis, coagulopathy, and 
hypothermia are corrected, patients return to the OR for 
completion of the surgery. Patients with liver trauma usually 
return to the OR in 48–72 h at which time the packs are 
removed and definitive hepatic surgery, or repeat packing, 
performed if necessary. Fortunately, the majority of liver 
hemorrhages (80%) will stop by simply approximating the 
parenchyma with packs [136, 137]. When compared with 
definitive hepatic surgery, perihepatic packing is associated 
with less blood loss and a significantly lower mortality 
(34.5% vs. 68%) [70].

In their retrospective analysis of 731 patients with liver 
trauma over a 14-year period (1999–2013) Suen et al. dem-
onstrated a clear shift toward damage control surgery and 
increased use of perihepatic packing In the cohort with high 
grade injuries (90/731) 31.1% underwent packing, 24.4% 
local hemorrhage control, 11.1% resection, and 33% had no 
intervention performed [79]. From 1999 to 2013 damage 
control laparotomies increased from 6.4% to 23.2% and 
operative mortality significantly decreased during this period 
(57.9% to 21.6%) [79].

18.2.11  The Impact of Contrast Extravasation, 
Angiography, and Embolization 
in Liver Trauma

Advances in CT technology have led to an increased number of 
patients with identifiable contrast extravasation (blushes) [138, 
139] and a grading system has been developed to describe the 
different patterns of contrast extravasation on enhanced CT 
scans [139]. In patients with Type 1 extravasation, contrast 
pools into the peritoneum. Patients with Type 2 extravasation 
have hemoperitoneum and a blush, but the contrast stays within 
the liver parenchyma. Patients with Type 3 extravasation have 
an intraparenchymal blush but no hemoperitoneum [139]. In 
one study, all patients with a Type 1 blush required an operation 
to control bleeding within two hours of the CT scan and none 
of the patients with a Type 3 extravasation required an interven-
tion. Sixty-seven percent of the Type 2 patients became unsta-
ble, but the average time to the OR was ~8 h [139]. The 
sensitivity of contrast pooling to predict need for surgery was 
63% [139]. Two other studies have confirmed the finding that 
intraperitoneal pooling of contrast is associated with the need 
for surgery, and in both studies, 100% of those patients went on 
to require a laparotomy [126, 140].
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The significance of a contrast blush has been questioned 
especially since these CT findings may not correlate with 
angiography. A systematic review of 998 patients who under-
went angiography for liver trauma showed that 347 (34.8%) 
were embolized [72] and retrospective reviews have shown 
that CT evidence of extravasation predicts an arterial bleed at 
the time of angiography with a sensitivity of only 56% and a 
specificity of 83% [141]. Alarheyem et al. reviewed their 
experience with 788 BLI patients, 72 (9.1%) of whom had a 
blush on CT scan. Only 67% were found to have extravasa-
tion at angiography but the 22 patients without angiographic 
evidence of ongoing hemorrhage had a significantly higher 
rate of rebleeding (32% vs. 11%) when compared to the 
group that was embolized [138]. Based on this finding, the 
authors recommend empirically performing embolization on 
patients with a blush on CT scan despite the fact that there 
were no mortalities in the cohort that rebled [138]. Gaarder 
et al. implemented a protocol in which all patients with evi-
dence of extravasation on CT underwent angiography, then 
compared the protocol group to a cohort before routine angi-
ography [142]. Nineteen of 59 patients underwent angiogra-
phy but only six were found to have active bleeding [142]. 
The group undergoing angiography as part of a protocol 
showed a significant reduction in need for laparotomy (34% 
vs. 58% p = 0.009) without impacting NOM failure rates (18 
vs. 13%) [142]. Some patients with a contrast blush on CT 
will benefit from angioembolization; however, given the 
high percent of negative angiograms reported in the litera-
ture, that patient population has not been clearly identified.

Another consideration is the role of angiography in patients 
who have undergone surgery for hepatic trauma. Several 
authors have recommended either postoperative angiography 
[133, 137, 142, 143] or CT scanning [126], citing active arte-
rial bleeding rates of >50% in patients managed with perihe-
patic packing [133]. Unfortunately, immediate postoperative 
angiography is only 50% sensitive and 33% specific for find-
ing hepatic bleeding [126]. Postoperative CT scanning that 
identifies a blush increases the sensitivity and specificity of 
subsequent angiography to 83% and 75%, respectively [126]. 
Identifying and treating ongoing hemorrhage with angioem-
bolization may be beneficial. Asensio and colleagues demon-
strated a significant mortality reduction in postoperative 
trauma patients who underwent angioembolization versus 
those that did not (30% vs. 65% p = 0.02) [143].

18.2.12  Complications Following 
Angioembolization

Complications from angioembolization occur in up to 50% of 
patients in single center studies [93, 137, 144, 145], with 
hepatic necrosis (14.9%), abscess (6.6%), biloma/bile leak 
(10.6%), and gallbladder necrosis (4.9%) being the most 

common complications [72]. Hepatic necrosis is infrequent 
because of the dual blood supply of the liver, but when trau-
matic ischemia is combined with embolization, a large num-
ber of hepatocytes can die [72]. Selective embolization results 
in fewer episodes of hepatic necrosis than when a main branch 
of the hepatic artery is either ligated or embolized, but if 
hepatic necrosis does occur, the mortality is ~7% [144]. It is 
important to note that up to 30% of patients undergoing 
embolization still require surgery either for bleeding or for 
another complication [113]. Additionally, even though embo-
lization succeeds 93% of the time (77–100%) delayed bleed-
ing still occurs in 5–12% of patients [72].

18.2.13  Complications of Liver Trauma

Complications can be broken into either early or late groups 
[111]. Within the early group are bleeding and abdominal com-
partment syndrome (ACS), usually occurring within two days 
of injury. Biliary and infectious complications, conversely, tend 
to occur more than three days after injury [111]. As previously 
noted, morbidity following hepatic trauma is common regard-
less of operative or non-operative management. With the 
exception of missed injuries, the risk of complications increases 
with injury severity, occurring in 1% of grade 3 and in up to 
63% of grade 5 injuries (Table 18.7) [68].

Bleeding following NOM of hepatic trauma occurs in 
only ~8% of severe liver injuries (grade 3–5) but accounts 
for the majority of hepatic related mortality [111]. This com-
plication can be separated by time from injury (<24 h or 
>24 h). Of the 35 NOM patients who bled, 20 (57%) were 
within 24 h. While 15 patients were classified into the “late” 
bleeding group, all but five of these patients (14%) bled 

Table 18.7 Complications of non-operatively managed liver trauma

Complication Grade 3 Grade 4 Grade 5 Total (%)

Hemorrhage 6 18 14 38 (43.7)
<24 h 5 9 4
>24 h 1 8 8
Rebleeding 0 1 2
Biliary 6 22 1 29 (33.3)
Biloma 0 11 0
Bile Leak 2 6 1
Peritonitis 3 4 0
Biliary-venous fistula 0 1 0
Bile duct injury 1 0 0
Infection 2 11 0 13 (14.9)
Abdominal Sepsis 0 6 0
Abscess 2 5 0
Hepatic Necrosis 1 0 1 2 (2.3)
ACS 2 1 2 5 (5.8)

Adapted from Kozar et al. Risk Factors for Hepatic Morbidity Following 
Non-Operative Management. Arch Surg. 2006;141:451–9
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within 48 h from injury [111]. Causes of late bleeding 
include hepatic pseudoaneurysms and hemobilia, which 
occur in only 1.2% and 3% of hepatic traumas, respectively 
[114, 117]. Bleeding that occurs more than 72 h after injury 
is rare and, post-traumatic bleeding (either early or late) can 
be managed non-operatively ~69% of the time [114].

Abdominal compartment syndrome (ACS), while not 
unique to hepatic trauma, deserves mention as a complication 
associated with blunt trauma. ACS develops when elevated 
intraabdominal pressure occurs as a result of intraperitoneal 
blood, bowel wall edema, retroperitoneal hematomas, or even 
packing [116]. Shock (OR 4.51) and blunt trauma (OR 2.38) 
are the main risk factors and both are commonly seen in 
patients with severe hepatic trauma [146]. A patient with a 
firm abdomen who develops difficulty with mechanical venti-
lation (high peak pressures, hypercapnia, hypoxia), renal fail-
ure, or hypotension in the setting of a blunt trauma should 
have a bladder pressure measured [116]. Development of 
ACS is associated with a 26% mortality, so any measurement 
above 25 mmHg should prompt discussion with a surgeon 
regarding the need for decompressive laparotomy [146].

Biliary complications account for ~1/3rd of all liver- 
specific complications [81] and manifest by post-injury day 
12, on average [111]. The spectrum ranges from small 
asymptomatic bilomas (a contained collection of bile) to 
biliary fistulas/leaks and bile peritonitis [81]. When NOM 
was first being studied HIDA scans were routinely obtained 
due to the nearly 100% sensitivity/specificity for detecting a 
bile leak [68]. While ~20% of NOM patients developed 
bilomas, over 90% of bilomas resolve spontaneously [91]. 
Bile leaks occur in 4–23% of liver injuries [147] and also 
usually have a benign course but may require additional 
treatment. Bile leaks were traditionally diagnosed based on 
persistent drain output [81] but, in the era of NOM, most bile 
leaks are diagnosed following image guided drainage of an 
intraabdominal fluid collection [147]. Leaks are classified 
into minor (<300 cc/day or >50 cc/day for <2 weeks) or 
major (>300–400 cc/day or >50 cc for >2 weeks) [147]. The 
majority of minor bile leaks resolve spontaneously within 
three weeks as long as adequately drained [81, 114, 147]. 
Sphincterotomy and stenting are recommended once a major 
leak is diagnosed because decreasing the pressure gradient 
may allow for faster leak resolution [81, 148, 149]. In two 
studies, bile leaks resolved at 6.7 days [148] and 9 days [147] 
following sphincterotomy and stenting.

Bile peritonitis is another complication following liver 
trauma and has several overlapping signs that can be con-
fused for sepsis or a missed bowel injury [150]. Bile and 
blood lead to chemical peritonitis which drives a systemic 
inflammatory response. Accordingly, patients may develop 
fevers (>38.5 °C), leukocytosis, tachycardia, abdominal 
pain, and/or elevated C-reactive protein [151]. When retro-
spectively evaluated, 5% of patients (10/186) met diagnostic 

criteria for “peritoneal inflammatory syndrome,” which 
developed between 2 and 10 days after injury [151]. 
Following laparoscopic evacuation of this fluid, a statisti-
cally significant decrease in heart rate and maximum tem-
perature were noted [150]. As a result of these findings 
Franklin, and colleagues have adopted routine, delayed lapa-
roscopic evacuation of fluid collections in patients with high 
grade liver injuries [150].

On average, hepatic abscesses are not identified until post-
injury day 14 [111]. Although rare, intrahepatic abscesses 
have been associated with a mortality of ~10% in one series 
[68]. Abscesses and liver necrosis are generally symptomatic 
and imaging should be obtained in any liver- trauma patient 
with persistent fever, leukocytosis, or abdominal pain [81, 
114]. While the majority of abscesses can be treated with 
antibiotics and percutaneous drainage, hepatic necrosis is 
probably best treated with resection as advocated by the 
group from Shock Trauma [144].

Missed injuries may present in either the early or late 
period after hepatic trauma. Before NOM management was 
standard, associated intra-abdominal injuries were noted at 
laparotomy in 3–13% of patients [78]. Small bowel injuries 
in patients managed with NOM thankfully occurs in only 1% 
of patients [71, 111]. Over a three-year period, Miller and 
colleagues found that 2.3% of their patients had missed inju-
ries, including only two small bowel and three diaphragm 
injuries [49]. The consequences of missing an injury included 
a longer length of stay (18 vs. 10 days) and a much higher 
mortality (43% vs. 5%). These findings emphasize the need 
to remain vigilant when caring for any patient with liver 
trauma, especially because all of these missed injuries 
occurred in patients with low grade liver trauma who were 
managed non-operatively [49].

Complications following liver trauma are common, occur-
ring in 20–90% of all patients [123, 147], but these complica-
tions rarely require any operative intervention [75, 123]. While 
liver-specific complications were discussed typical ICU-
related issues such as pneumonia, bacteremia, multi-organ 
system failure, etc. also occur with significant frequency, and 
their effect on mortality cannot be discounted [92, 152]. The 
fact that patients with severe hepatic injuries survive and 
develop complications is a testament to the great strides that 
have been made in the overall care of the traumatized patient.

 Conclusion

The evolution of both hepatic surgery and the manage-
ment of liver trauma have resulted in dramatically 
improved outcomes when compared with the shockingly 
high mortalities noted even within the last 30 years. 
Complex hepatic resections have become seemingly rou-
tine operations in specialized centers and patients con-
sidered “unresectable” a few years ago are now being 
cured through advances in medical and surgical technol-
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ogies. Meanwhile, the advances in hepatic trauma have 
come through a more minimalistic philosophy. The vast 
majority of blunt liver injury is managed non-operatively 
and, when a patient requires a laparotomy, the liver is 
packed in lieu of the complicated hemostatic maneuvers 
that dominated hepatic trauma surgery for the majority of 
the past century. Thankfully, when a complication does 
occur, the variety of endoscopic, endovascular, and per-
cutaneous treatments available have all but eliminated 
the need for reoperation. In spite of this fact, liver sur-
gery still carries significant risks, and the intensivist 
should never underestimate the potential for life-threat-
ening bleeding or infection. The complexity of these 
patients necessitates a team approach between the sur-
geon and the intensivist to ensure that the patient receives 
the best care possible.

18.3  Hepatic Surgery and Trauma Multiple 
Choice Questions

 1. What is the MELD score that is generally considered safe 
to perform liver surgery?
 a. <15
 b. <12
 c. <9
 d. <6

Answer c. The MELD score was initially developed to 
predict 3-month mortality after transjugular intrahepatic por-
tosystemic shunt (TIPS) procedure in chronic liver disease 
patients. Subsequently, the MELD score was found to be a 
useful prognostic tool for patients on the liver transplant list 
and is now used to prioritize these patients. Even though nei-
ther of these scoring systems (MELD and Child-Pugh scores) 
were designed to predict morbidity or mortality after liver 
resection, in the absence of a better predictor model, they 
both provide and have been used as reliable substitutes for 
this purpose. A MELD score of <9 is generally considered 
safe for liver surgery.

 2. Based on current evidence what is the optimal standard-
ized FLR for patients with cirrhosis?
 a. 20%
 b. 30%
 c. 40%
 d. 50%

Answer c. After analysis of surgical outcomes, it is 
accepted that in patients with a healthy underlying liver, 
major liver surgery can be safely performed with a sFLR 

volume of >20% of TLV [43]. On the contrary, in patients 
with cirrhosis or significant liver disease a sFLR volume of 
>40% is necessary. In patients who have received preopera-
tive chemotherapy sFLR volume of >30% is considered 
safe.

 3. What is the level of drain bilirubin that is used to define a 
biliary leak after hepatic resection based on the ISGLS?
 a. >3 mg/dl on or after postop day 3.
 b. 3 times higher than the upper limit of normal on or 

after postop day 3.
 c. >3 mg/dl on or after postop day 5.
 d. 3 times higher than serum bilirubin level on or after 

postop day 3.

Answer d. ISGLS defined bile leak as any fluid in the 
drain with a bilirubin level 3 times higher than the serum 
bilirubin level on or after post-operative day 3 and/or the 
need for any intervention (image-guided or surgical) for a 
biloma or biliary peritonitis.

 4. Which one of the following blood tests may remain high 
in the post-operative period for even up to 12 weeks?
 a. Alkaline phosphatase
 b. ALT (alanine aminotransferase)
 c. AST (aspartate aminotransferase)
 d. Bilirubin

Answer a. In the early post-operative period, a rise in the 
bilirubin, hepatic enzymes (ALT and ALP), PT and INR are 
common and expected [65]. However, these tend to return to 
normal levels by post-operative day 7, with the exception of 
the ALP which can remain persistently high for up to 
12 weeks post-resection.

 5. A patient with hepatitis C cirrhosis underwent a major 
hepatic resection for hepatocellular carcinoma. The pre-
dicted FLR was ~35%. Her INR is elevated to 2 and her 
bilirubin is 5 mg/dl. Her mental status altered and she is 
becoming more tachycardic. Regarding hepatic insuffi-
ciency following a liver resection which is not true?
 a. This patient should be transferred to the ICU for moni-

toring immediately as the mortality associated with 
liver failure is up to 90%.

 b. A rapid elevation in ALT and AST are clearly associ-
ated with hepatic insufficiency and are used to confirm 
the diagnosis of liver insufficiency.

 c. A patient with underlying liver disease will require a 
larger functional liver remnant when compared to a 
patient with a normal liver.

 d. Hepatic ultrasound should be obtained to evaluate the 
vasculature as either arterial or venous thrombosis can 
lead to liver insufficiency.
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Answer b. This patient should be monitored in an ICU 
setting as they are susceptible to acute decompensation 
including mental status changes that would require intuba-
tion. A larger remnant liver is necessary in patients with 
underlying liver disease. Hepatic artery thrombosis or portal 
vein thrombosis both occur following major resection and 
can lead to liver failure. While ALT and AST can rise acutely 
following liver surgery the bilirubin and INR are the chemis-
tries used to confirm the diagnosis of postoperative liver 
insufficiency.

 6. Following an automobile crash, a 30-year-old woman is 
discovered to have a grade 3 liver laceration, a severe pel-
vis fracture, and a pulmonary contusion. Her hypotension 
and tachycardia respond transiently to volume replace-
ment. Which of the following statements regarding this 
patient is true?
 a. Angioembolization of the liver will result in an 

improvement in her hypotension.
 b. Her hypotension is most likely not related to ongoing 

liver bleeding.
 c. FFP transfusion should be avoided in this patient 

because of the risk of transfusion reaction.
 d. Standard coagulation testing accurately assesses this 

patient’s ability to form clot.

Answer b. Only 30% of patients who undergo liver 
angiogram have embolization performed and, in light of the 
pelvis fracture, the liver is unlikely to be the source of her 
shock. FFP should be administered in at least a 1:2 ratio of 
FFP to RBC. Standard coagulation tests do not accurately 
assess coagulopathy in either trauma patients or liver surgery 
patients.

 7. A 25-year-old man suffers multiple intraabdominal inju-
ries after a gunshot wound. He had a complex grade 4 
liver injury that required packing for hemostasis. His 
abdomen was closed on postoperative day #2 but he con-
tinues to have more than 500 cc of bilious output from his 
drains on postoperative day #8. The next step in manag-
ing this problem is to:
 a. Continue with conservative management as the bile 

leak should resolve within 1 week.
 b. Consult gastroenterology to perform sphincterotomy 

and stenting.
 c. Have the surgeon return to the operating room to con-

trol the bile leak.
 d. Obtain an MRCP to define the location of the bile  

leak.

Answer b. while most bile leaks will resolve spontane-
ously, when a major bile leak is identified sphincterotomy 
and stenting should be performed as this has been shown to 

decrease the duration of the bile leak. Returning to the oper-
ating room to control the leak may be necessary but is not the 
first step in management. An MRCP will confirm a bile leak 
but does not add prognostic information and is unnecessary 
in this situation as the drain output is enough to diagnose a 
bile leak.

 8. An 18-year-old man is admitted to the emergency depart-
ment shortly after being involved in an automobile crash. 
He is in a coma (Glasgow coma scale score 7). There are 
closed fractures of the right forearm and the left lower 
leg. A CT scan of the abdomen revealed a grade 4 liver 
laceration, a splenic laceration, and a moderate amount of 
free fluid in the abdomen. All of the following are true 
EXCEPT:
 a. The presence of a splenic injury decreases the chance 

for successful non-operative management of his liver 
injury.

 b. If contrast extravasation is noted on abdominal CT but 
is contained within the liver, he has a higher risk for 
needing surgery.

 c. He is not a candidate for non-operative management 
because his head injury limits the ability to detect 
changes in the abdominal exam.

 d. If he requires 6 units of PRBCs within 2 h of arrival 
because of persistent hypotension, he has failed non- 
operative management of his liver injury and should 
be taken to the OR.

Answer c. the presence of a head injury does not preclude 
a trial of non-operative management. Combined intra- 
abdominal injuries increase the risk for failure of NOM of a 
liver injury. Contrast extravasation and hemoperitoneum is 
almost always associated with failure of NOM. Requiring 
more than 4 units of blood because of hemodynamic instabil-
ity is a definition of NOM failure.

 9. A 17-year-old boy is admitted to the hospital after and 
automobile crash. His pulse rate is 90 beats per minute 
and blood pressure 110/70 mmHg. He has minimal 
abdominal tenderness on exam. An abdominal CT scan 
reveals a laceration of the left lobe of the liver extending 
from the dome more than halfway through the paren-
chyma. Appropriate management includes all of the fol-
lowing EXCEPT:
 a. 12–24 h of bed rest then progressive amounts of ambu-

lation if he is stable.
 b. Abdominal exploration if he develops signs of 

peritonitis.
 c. Checking hemoglobin levels only if the patient’s 

hemodynamics change.
 d. Not administering DVT prophylaxis within 48 h in a 

stable patient because of the liver laceration.
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Answer d. Although not prospectively studied, there is no 
evidence that prolonged bed rest >24 h improved NOM rates. 
Peritonitis is a reason to proceed to the OR. Following hemo-
globin levels does not improve outcomes in a patient who is 
hemodynamically normal. DVT prophylaxis does not 
increase the risk of NOM failure and should be started within 
48 h unless otherwise contraindicated.

 10. True statements pertaining to blunt hepatic trauma 
include which of the following?
 a. The grade of injury does not predict failure of non- 

operative management.
 b. The use of perihepatic packing during surgery is 

associated with a higher mortality.
 c. A negative FAST excludes the diagnosis of liver 

injury.
 d. The most common complication following NOM of 

liver injury is hepatic abscess.

Answer a. Although several factors are associated with 
NOM failure, grade of injury is not one of them. Perihepatic 
packing has led to decreased mortality when compared with 
definitive liver surgery at the time of initial trauma. FAST 
lacks the specificity to exclude hepatic injury. Bleeding is 
the most common early complication of NOM and biliary 
issues are the most common late complications.
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Anesthetic and Perioperative 
Considerations in Liver Disease  
(Non- Transplant)

Randolph Steadman and Cinnamon Sullivan

Abstract

The global prevalence of liver disease continues to increase and is currently the second 
leading cause of mortality in digestive disease in the U.S. The World Health Organization 
autopsy data shows that 4.5–9.5% of the general population has cirrhosis and the number of 
surgeries performed in the U.S. and worldwide is continuing to rise. Given the significant 
impact of anesthetic technique and intraoperative management on morbidity and mortality 
in this population, this chapter discusses the preoperative workup and optimization of end- 
stage liver disease (ESLD) patients. Procedures that are specific to ESLD and those com-
monly performed in ESLD are highlighted.

Keywords
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Learning Objectives
After reading this chapter the reader should be able to:

Identify and describe the two commonly used risk stratifica-
tion methods for patients with chronic liver disease (CLD)

Specify the common pathophysiological derangements seen 
in end-stage liver disease

List the contraindications to elective surgery in patients with 
end-stage liver disease

Recognize the management strategies for preoperative 
optimization

Choose intraoperative monitoring based upon the procedure 
and severity of liver disease

Evaluate the indications for red cell, plasma, cryoprecipitate 
and platelet transfusion

Distinguish the advantages and disadvantages of concen-
trates (prothrombin complex concentrate and fibrinogen 
concentrate) from those of conventional factor replace-
ment products

Appraise anesthetic options for patients with end-stage liver 
disease

List contraindications for transjugular intrahepatic portosys-
temic shunt

Recognize the difference in anesthetic management for 
ESLD patients during endoscopy, cholecystectomy, and 
hernia repair
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19.1  Preoperative Evaluation 
and Optimization

19.1.1  Preoperative Risk Stratification

Patients with chronic liver disease (CLD) require frequent 
surgical interventions. Ascites-induced abdominal disten-
sion, coupled with loss of muscle tone due to poor nutrition, 
lead to umbilical and incisional hernias [1]. Umbilical her-
nias are four times more common in patients with ascites [2]. 
Peptic ulcer disease is five-fold more prevalent in CLD, 
affecting 8–20% of patients [3]. The prevalence of gallstones 
is as high as 25%, elevated in comparison to the general pop-
ulation [4]. Surgical series of cirrhotic patients include ortho-
pedic, cardiac and vascular procedures in addition to 
gastrointestinal surgery [5]. In an analysis that compared 
22,000 patients with cirrhosis to 2.7 million non-cirrhotic 
patients undergoing one of four index operations—cholecys-
tectomy, colectomy, abdominal aorta repair and coronary 
artery revascularization—the adjusted hazard ratio for in- 
hospital mortality was threefold or more higher [6]. This 
underscores the significant perioperative risk of CLD, and 
the importance of preoperative evaluation and risk 
stratification.

Multiple studies have investigated the risk of surgery in 
patients with cirrhosis [7–9]. These analyses identified vari-
ous components of the Child–Turcotte–Pugh score, and the 
composite score, as important prognostic factors for periop-
erative mortality. In 1964 Child and Turcotte identified five 
factors—albumin, bilirubin, ascites, encephalopathy, and 
nutritional status—as important prognostic factors for 
patients with cirrhosis. Each factor was categorized accord-
ing to three levels of severity and combined to generate a 
composite score of one of three classes of severity (class A, 
B, or C, with C representing the most severe hepatic dys-
function). In 1972 Pugh replacing nutritional status with PT 
(Table 19.1). The score was originally designed for CLD 
patients undergoing portosystemic shunt procedures, but 
subsequently has been applied to CLD patients undergoing 
other surgeries. In studies conducted over more than 30 years, 
the modified Child score performed similarly in predicting 
postoperative mortality: 10% in Child A, 17–30% in Child 
B, and 60–80% in Child C [8–10]. The 3-month mortality for 
hospitalized patients not undergoing surgery was 4% for 
Child A, 14% for Child B, and 51% for Child C [9].

The Model for Endstage Liver Disease (MELD) score 
was originally designed to predict mortality for patients 
undergoing transjugular intrahepatic portocaval shunt (TIPS) 
procedures [11]. Subsequently it was shown to be an 
improvement to the Child score for the allocation of liver 
grafts because of its ability to predict 90-day wait list mortal-
ity in liver transplant candidates [12]. It replaces the subjec-
tive elements of the Child score (ascites, encephalopathy) 

with more objective ones, INR and creatinine. The MELD 
score weighs the continuous variables linearly or logarithmi-
cally instead of assigning arbitrary categories, as is the case 
with the Child score: MELD score = 9.57 × loge (creatinine 
mg/dL) + 3.78 × loge (bilirubin mg/dL) + 11.2 × loge 
(INR) + 6.43. In January 2016, serum sodium was added to 
the MELD score to account for the impact of hyponatremia 
on waitlist mortality, particularly at lower MELD scores 
[13]. The resulting formula is: MELD-Na = MELD + 1.32 
× (137 − Na) − [0.033 × MELD × (137 − Na)] [14]. Online 
calculators are convenient and commonly used to ascertain 
the MELD score. [https://optn.transplant.hrsa.gov/resources/
allocation-calculators/meld-calculator/].

The MELD score has been evaluated as a predictor of 
perioperative mortality of cirrhotic patients. In a single- 
center study of 140 surgical procedures, the c-statistic for the 
MELD score’s ability to predict 30-day mortality was 0.72. 
In the cohort of patients undergoing abdominal surgery, the 
c-statistic improved to 0.80. In this study a MELD score 
between 25 and 30 was associated with a 30-day mortality of 
50% after abdominal surgery [15]. Each point in the MELD, 
up to a score of 20, was associated with to an additional 1% 
mortality; each MELD point over 20 was associated with an 
additional 2% mortality. A study of 772 cirrhotics found 
similar results; a MELD score of 25 was associated with 
30-day mortality of 50%. Other predictors of perioperative 
mortality were age (age >70 equated to 3 MELD points) and 
coexisting disease (ASA physical status > IV equated to 5 
MELD points) [5]. Perioperative complications included 
liver failure, bleeding, infection, and renal failure. In inter-
preting their results, these authors concluded that patients 
with a MELD score of less than 11 have a low postoperative 
mortality and represent an acceptable risk for elective sur-

Table 19.1 Modified Child–Pugh Score

Pointsa

Presentation 1 2 3
Albumin (g/dL) >3.5 2.8–3.5 <2.8
Prothrombin time
Seconds prolonged <4 4–6 >6
International normalized 
ratio

<1.7 1.7–2.3 >2.3

Bilirubin (mg/dL)b <2 2–3 >3
Ascites Absent Slight–

moderate
Tense

Encephalopathy None Grade I–II Grade 
III–IV

aClass A = 5–6 points; B = 7–9 points; C = 10–15 points
bCholestatic diseases (e.g., primary biliary cirrhosis) produce bilirubin 
elevations that are disproportionate to the hepatic dysfunction. Thus, 
the following adjustments should be made: Assign 1 point for a biliru-
bin level of 4 mg/dL; 2 points for bilirubin concentrations between 4 
and 10 mg/dL; and 3 points for bilirubin >10 mg/dL
Kamath PS. Clinical approach to the patient with abnormal liver rest 
results. Mayo Clin Proc. 1996;71:1089
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gery. In patients with a MELD score of 20 or higher, the high 
mortality risk contraindicates elective procedures until after 
liver transplantation. For MELD scores between 11 and 20, 
the authors recommend surgery at institutions with a liver 
transplant center so that the transplant evaluation can be 
undertaken prior to elective surgery [5].

In a retrospective study of 733 cirrhotic patients mortality 
was associated with a number of factors in addition to the 
Child score: male gender, the presence of ascites, cryptogenic 
cirrhosis (vs. other etiologies), elevated creatinine, preopera-
tive infection, higher ASA physical status, and surgery on the 
respiratory system [16]. The presence of each additional fac-
tor conferred additional risk. For instance, 1-year mortality in 
patients with 6 risk factors was over 80%; mortality with 2 
risk factors was approximately 30%.

In patients who present for surgery with elevated liver 
enzymes, jaundice or unexpected elevation of the prothrom-
bin time, but without a pre-existing diagnosis of liver dis-
ease, the etiology of hepatic dysfunction should be 
determined. Based on case series from the 1960s and 1970s, 
acute hepatitis confers a prohibitive risk for elective surgery. 
In a series of 36 patients with undiagnosed hepatitis who 
underwent laparotomy nearly one-third died. All patients 
with acute viral or alcoholic hepatitis died. Complications 
included bacterial peritonitis, wound dehiscence, and hepatic 
failure [17].

With modern diagnostic testing (serologic testing for hep-
atitis C, ultrasound testing for gallstones, and improved 
imaging techniques for hepatic cancer), it is far more likely 
today that accurate diagnoses can be made preoperatively, 
avoiding laparotomies in patients with unsuspected hepatitis. 
In patients diagnosed with acute hepatitis (viral or alcoholic), 
elective surgery should be postponed until the patient 
improves clinically and serologically [18, 19]. Acute liver 
failure (ALF), defined as jaundice, coagulopathy and enceph-
alopathy occurring within a 26 week period in a patient with-
out preexisting liver disease, is a life-threatening condition. 
Elective surgery should be postponed in this population until 
after spontaneous recovery or liver transplantation (Steadman 
2013) [20].

19.1.2  Preoperative Evaluation

The evaluation of hepatic function begins with an inquiry 
into risk factors and the presence of symptoms attributable to 
CLD. Prior episodes of jaundice, particularly in relationship 
to surgical procedures and anesthesia, should be investi-
gated. Alcohol consumption, use of recreational or illicit 
drugs, medications (including herbal products), presence of 
tattoos, sexual promiscuity, consumption of raw seafood, 
and a history of travel to areas in which hepatitis is endemic 
should be sought. Symptoms of fatigue, anorexia, weight 

loss, nausea, vomiting, easy bruising, pruritus, dark-colored 
urine, biliary colic, abdominal distention, and gastrointesti-
nal bleeding warrant further investigation for the presence of 
liver disease.

Physical examination findings suggestive of active liver 
disease include icterus, palmar erythema, spider angiomas, 
gynecomastia, hepatosplenomegaly, ascites, testicular atro-
phy, petechiae, ecchymoses, and asterixis. In the absence of 
findings suggestive of liver disease, routine laboratory tests 
to assess hepatocellular integrity and hepatic synthetic func-
tion are not warranted as false-positive results may be more 
common than true-positive results in asymptomatic patients. 
In a study of over 7600 surgical patients who underwent rou-
tine preoperative screening, liver enzyme tests were abnor-
mal in roughly 1 of 700 (0.1%) asymptomatic patients. Of 
the 11 patients with elevations, 3 (1 in 2500 or 0.04%) devel-
oped jaundice [21]. Because the normal range for laboratory 
test is defined as the mean plus or minus two standard devia-
tions, 5% of normal patients can be expected to fall outside 
the normal range, with 2.5% following above the upper limit 
of normal. As a result, minor elevations of liver-enzyme 
results—those less than twice the normal range—may be of 
no clinical importance [22]. In the presence of abnormal 
results in an asymptomatic patient the safest approach is to 
repeat the results; and in the absence of elevations greater 
than twice the upper limits of normal it is reasonable to pro-
ceed with surgery.

In patients with more substantial elevations of liver 
enzymes, causes include alcohol abuse, medications, chronic 
hepatitis B and C, NASH, autoimmune hepatitis, hemochro-
matosis, Wilson’s disease, and α-1 antitrypsin deficiency. 
Nonhepatic causes include celiac sprue and muscle diseases. 
Medications include selected antibiotics, antiepileptic drugs, 
lipid lowering agents, nonsteroidal anti-inflammatory agents, 
and sulfonylureas.

In patients with known liver disease, a thorough review of 
systems should be undertaken with an emphasis on the 
symptoms and signs of encephalopathy, dyspnea (hydrotho-
rax, hepatopulmonary syndrome, portopulmonary hyperten-
sion), limited exercise tolerance (infection, electrolyte 
imbalance, portopulmonary hypertension, coronary artery 
disease, deconditioning), ascites, gastrointestinal bleeding, 
and changes in urine output. Hospitalizations should be 
reviewed along with recent changes in functional status or 
lab values, and any symptoms or signs of infection. 
Laboratory evaluation should include determinations of 
hemoglobin, electrolytes for hyponatremia and acidosis, cre-
atinine, prothrombin time/international normalized ratio, 
platelet count, fibrinogen level and bilirubin. Room air SaO2 
is an acceptable test to screen for asymptomatic hepatopul-
monary syndrome. In patients undergoing extensive surgery 
or procedures associated with large fluid volume shifts, 
transthoracic echocardiography is indicated to screen for 
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altered systolic or diastolic function, and to rule out asymp-
tomatic portopulmonary hypertension.

19.1.3  Preoperative Optimization

Medical management designed to prepare cirrhotic patients 
for surgery should be directed toward treating active infec-
tion, optimizing central blood volume and renal status while 
minimizing ascites, improving encephalopathy and prepar-
ing for possible intraoperative transfusion of red cells and 
procoagulants. In patients undergoing minimally invasive 
and percutaneous procedures, platelets and cryoprecipitate 
can be administered to target platelet count and fibrinogen 
levels above 50 × 109/L and 1.5 g/L respectively [23]. In 
patients undergoing open procedures, preoperative prophy-
lactic administration of plasma, cryoprecipitate and plate-
lets are rarely indicated in the absence of active bleeding. 
Platelets, if indicated, are best administered in the operating 
room as circulating levels of platelets respond only tran-
siently because of sequestration in the spleen in CLD 
patients with portal hypertension. Viscoelastic tests such as 
thromboelastography and thromboelastometry reflect the 
overall effects of simultaneously decreased levels of endog-
enous pro- and anticoagulant (protein S, protein C and anti-
thrombin III) factors. If available, viscoelastic testing may 
be a useful guide for coagulation management [24]. The 
clinical significance of an abnormal prothrombin time as a 
predictor of bleeding risk has been questioned because this 
test reflects only procoagulant factor levels rather than the 
re-balanced hemostatic system, which may be capable of 
normal thrombin generation [25]. See the intraoperative 
management section below for more on coagulation 
management.

There is little evidence to support specific goal-directed 
targets for laboratory values or other aspects of preoperative 
care. The perioperative risk depends more on the operative 
site and the degree of liver impairment than the anesthetic 
technique. Upper abdominal surgery (cholecystectomy), 
when compared to hysterectomy, was associated with liver- 
enzyme abnormalities, while the anesthetic technique (halo-
thane, enflurane, or fentanyl) was not [26].

In addition to preoperative medical management, efforts 
should be made to minimize surgical risk through the con-
sideration of less invasive surgery. Laparoscopic cholecys-
tectomy has been shown to be safe in patients with 
Child–Pugh A and B cirrhosis. In retrospective studies the 
advantages included low mortality and shorter hospital stay 
[27, 28]. Child’s C patients may benefit from percutaneous 
drainage of the gallbladder rather than a laparoscopic 
approach [28]. In a Taiwanese series of over 4000 laparo-
scopic cholecystectomies, the group with cirrhosis 

(n = 226) had a mortality of approximately 1:100, while 
mortality was 1:2000 for those without cirrhosis [29]. 
Meta-analyses of randomized trials in cirrhotic patients 
showed the laparoscopic approach to cholecystectomy was 
associated with less blood loss, shorter operative time, and 
shorter hospitalization compared to an open approach [30, 
31]. Preoperative decompression of portal hypertension by 
TIPS may improve outcomes in patients with severe portal 
hypertension [32]. However, TIPS is associated with 
increases in pulmonary artery pressure and can worsen 
encephalopathy [33, 34].

19.2  Intraoperative Management

19.2.1  Choice of Monitors

In addition to standard noninvasive monitors, arterial pres-
sure monitoring should be considered for patients with liver 
disease. The decision is based on the presence of preopera-
tive hypotension, the severity of liver disease, patient age, 
coexisting diseases of other organ systems, the type and 
duration of surgery, anticipated intraoperative blood loss, 
and the need for intraoperative laboratory studies. In patients 
undergoing liver resection or surgery in the area of the porta 
hepatis, mobilization of the liver can obstruct the vena cava. 
Arterial pressure monitoring is very useful under these 
circumstances.

The usefulness of CVP monitoring is controversial [35]. 
Many have abandoned CVP monitoring in the setting of 
liver resection [36]. In our practice, we do not place a cen-
tral venous catheter exclusively for pressure monitoring. 
Pulmonary artery catheterization (PAC) is used for patients 
with known or suspected pulmonary artery hypertension 
and/or low cardiac ejection fraction. Transesophageal 
echocardiography (TEE) is the definitive monitor for the 
assessment of preload, contractility (including regional 
wall motion), ejection fraction, static and dynamic valvular 
abnormalities, emboli and pericardial fluid. TEE use may 
obviate the need for PAC; however, PAC is a better choice 
for post-operative monitoring, and intraoperatively pro-
vides continuous, rather than intermittent, assessment of 
preload. Preload assessment via TEE is performed using 
short axis, intragastric views, which may not be technically 
feasible during mobilization of the liver. Despite these 
caveats, TEE is a valuable, sensitive intraoperative monitor. 
In a small series of patients with esophageal varices, TEE 
universally aided in diagnosis and was not associated with 
bleeding complications, although transgastric views were 
avoided to minimize esophageal manipulation [37]. Other 
authors have confirmed the safety of TEE in this population 
[38, 39].
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19.2.2  Coagulation Management

As noted above, viscoelastic testing may be a useful guide 
for coagulation management because of its ability to reflect 
the overall balance of clotting and clot lysis. Coagulopathy 
due to vitamin K deficiency can be corrected by intravenous 
vitamin K. Some recommend correction of thrombocytope-
nia (<50 × 109/L) prior to minimally invasive procedures 
[23], while others distinguish between moderate and high 
risk surgery, recommending platelet counts of 100 × 109/L 
prior to high risk surgery [40]. Recent data emphasize the 
central role of fibrinogen in clot stabilization [41]. This has 
resulted in recommendations to maintain fibrinogen levels 
above 1.5–2.0 g/L in the presence of hemorrhage [42, 43]. A 
guideline published in 2016 that focused on the management 
of critically ill patients with cirrhosis recommended main-
taining levels of fibrinogen greater than 1.5 g/L in patients 
during invasive procedures [23]. These levels align with lev-
els of fibrinogen required for optimal clot formation on vis-
coelastic testing [42].

Prophylactic administration of FFP to correct INR is con-
troversial in the absence of bleeding. The prophylactic trans-
fusion of FFP to correct a prolonged prothrombin time has 
limited effectiveness [44] and may be counterproductive by 
potentiating volume overload (transfusion-associated vol-
ume overload, TACO) and exacerbating portal hypertension, 
leading to an increased risk of variceal bleeding and 
transfusion- related acute lung injury (TRALI) [45]. 
Nonetheless, in closed cavity surgeries such as craniotomies, 
preoperative efforts to normalize the INR are common [46].

Abnormalities in platelet number and function are in part 
compensated for by increased levels of von Willebrand fac-
tor (VWF), a platelet adhesive protein, and by decreased lev-
els of ADAMTS13, the VWF cleaving protease. Thrombin 
generation is preserved with platelet counts exceeding 
50 × 109/L, making this value a practical target in the setting 
of active bleeding [24].

Prothrombin complex concentrates (PCC), originally 
developed as a source of FIX for hemophilia B, are available 
as 3-factor (FII, IX, X) and 4-factor (same plus FVII) prod-
ucts. Some formulations contain endogenous anticoagulants 
(protein C, protein S, protein Z, antithrombin III) with or 
without heparin to minimize the thrombotic risk [47]. The 
majority of PCC safety data has been accumulated in patients 
requiring rapid reversal of warfarin; these patients’ underly-
ing bias toward thrombosis clouds the evaluation of the 
intrinsic thrombotic risk of PCC. Because of the prolonged 
half-life of FII and X (60 and 30 h, respectively), repeated 
dosing of PCC is not recommended [47]. More experience is 
needed with PCC and its various formulations—currently 
only one 4-factor PCC is available in the U.S.—to fully 
understand their role and thrombotic risk in the management 
of CLD patients.

Fibrinogen concentrates (FC), commonly used in Europe, 
have not been as widely used in the U.S., where cryoprecipi-
tate remains available. Cryoprecipitate is associated with 
infectious risk, TRALI (transfusion-related acute lung 
injury) and TACO (transfusion-related circulatory overload), 
and has a wide variation in fibrinogen concentration. 
Fibrinogen concentrates minimize these issues. In two stud-
ies comparing efficacy, FC appears to be at least as effica-
cious as cryoprecipitate [48, 49].

A hemoglobin transfusion trigger of 7 g/dL is reasonable 
in stable patients; however, in unstable patients with signifi-
cant bleeding, and in patients with coronary or cerebrovas-
cular disease higher levels may be desirable. Erythropoietin 
to stimulate red cell production is not recommended in the 
absence of renal disease [23].

19.2.3  Effects of Liver Disease on Anesthetic 
Drugs

Liver disease affects anesthetic drugs by changing metabolic 
rate, protein binding, and volume of distribution. Patients 
with liver disease have a decreased rate of metabolism sec-
ondary to reduced liver mass and hepatocyte dysfunction. 
Factors that affect hepatic clearance include blood flow to the 
liver, the fraction of the drug unbound to plasma proteins, and 
intrinsic clearance. Drugs with low extraction ratios, less than 
0.3, have restrictive hepatic clearance. Clearance of drugs in 
this class, such as benzodiazepines, are affected by protein 
binding, the induction or inhibition of hepatic enzymes, age, 
and hepatic pathology, but clearance is not significantly 
affected by hepatic blood flow. Drugs with a high extraction 
ratio (greater than 0.7) undergo extensive first-pass metabo-
lism, which alters their bioavailability after oral administra-
tion. Regardless of the route of administration, drugs with 
high extraction ratios are significantly affected by alteration 
in hepatic blood flow, which can occur with hemodynamic 
changes or hepatic inflow clamping during liver resection. 
High extraction ratio drugs tend to have short elimination 
half-lives (e.g., propranolol t1/2 = 3.9 h). Most induction 
agents, including ketamine, etomidate, propofol, and thiopen-
tal, are highly lipophilic and have high extraction ratios [50]. 
Benzodiazepines administered to patients with liver disease 
have a prolonged elimination half-life. Although metabolism 
of benzodiazepines is reduced in these patients, free drugs 
may be increased due to less protein binding [51, 52]. Overall, 
patient with liver disease display an increased sensitivity to 
sedatives and analgesics. Metabolism of opioids is reduced in 
patients with liver disease. The elimination of a single IV opi-
oid bolus is less affected than a continuous infusion through 
redistribution to storage sites. Dosing intervals of opioids 
should be increased to avoid drug accumulation. Chronic use 
of meperidine should be avoided because of accumulation of 
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the metabolite normeperidine, which can lead to seizure and 
neurotoxicity [53].

The intermediate duration neuromuscular blocking agents 
vecuronium and rocuronium are metabolized by the liver and 
exhibit a prolonged duration of action [54, 55]. Despite this, a 
resistance to the initial dose of neuromuscular blocker typi-
cally occurs due to elevated γ-globulin concentrations and an 
increase in the volume of distribution (due to edema and/or 
ascites). Atracurium and cisatracurium undergo organ- 
independent elimination and their durations of action are not 
affected by liver disease. Succinylcholine metabolism is 
altered due to reduced plasma cholinesterase activity in patient 
with liver disease, but the clinical impact is rarely significant.

19.2.4  Vasopressors and Volume 
Resuscitation

In contrast to sedatives, patients with liver disease exhibit a 
reduced responsiveness to endogenous vasoconstrictors 
including angiotensin II, vasopressin, and norepinephrine 
[56]. Hyporesponsiveness to catecholamines may be con-
trolled by the release of nitric oxide, prostacyclin, and other 
endothelial-derived factors in response to humoral and 
mechanical stimuli [57]. Many patients present with hyper-
dynamic circulation characterized by low systemic vascular 
resistance, borderline hypotension and elevated cardiac out-
put. Such patients may not tolerate induction or maintenance 
of anesthesia without vasopressor support. Evidence sug-
gests that patients with severe liver disease are depleted in 
endogenous vasopressin [58]. In addition to vasopressin, 
norepinephrine is a good choice to support systemic vascular 
resistance fluctuations during the perioperative period.

In patients undergoing abdominal surgery, fluids should be 
restricted, with or without CVP monitoring, in order to lower 
portal pressures. When volume resuscitation is needed, the 
fluid and blood products administered are similar in patients 
with and without liver disease with several notable exceptions. 
In chronic liver disease, serum albumin function is quantita-
tively and qualitatively decreased [59]. Albumin may be cho-
sen over crystalloids for perioperative volume expansion due 
to its ability to sustain oncotic pressure and minimize postop-
erative edema. Specific indications for albumin include vol-
ume expansion after large volume (4–5 L) paracentesis, in the 
presence of spontaneous bacterial peritonitis to prevent wors-
ening renal impairment, and in conjunction with splanchnic 
vasoconstrictors for type I hepatorenal syndrome [60–62].

19.2.5  Effect of Anesthetics on the Liver

Anesthetics affect the liver by altering hepatic blood flow 
and by undergoing metabolism to hepatotoxic byproducts. 
Drugs with high extraction ratios are significantly affected 

by alteration in hepatic blood flow, which can occur with 
hemodynamic changes or hepatic inflow clamping during 
liver resection.

All volatile anesthetics decrease hepatic blood flow to a 
certain degree. Halothane causes the greatest reduction due 
to cardiovascular depression. Desflurane can decrease 
hepatic blood flow by 30% at one MAC [63]. Isoflurane and 
sevoflurane cause very little hepatic blood reduction at one 
MAC [64]. At higher concentrations, isoflurane reduces 
hepatic blood flow in a dose-dependent fashion.

Volatile anesthetics undergo metabolism in the liver and 
produce reactive trifluoroacetylated (TFA) intermediates. 
These intermediates can bind to hepatic proteins, causing an 
immunologic reaction leading to liver injury. The amount of 
TFA production is highly correlated to the extent of oxida-
tive metabolism of the anesthetic (halothane 20%, isoflurane 
0.2% and desflurane 0.02%). Sevoflurane metabolism does 
not produce TFA intermediates [65]. There is little evidence 
that volatile anesthetics other than halothane cause severe 
hepatic injury; however, isolated case reports exist. 
Sevoflurane undergoes metabolism and produces fluoride 
and hexafluoroisopropanol (HFIP), which are conjugated by 
the liver and excreted by the kidney. There is no evidence 
that these metabolites, or compound A, another metabolite 
produced in a reaction with carbon dioxide absorbents, cause 
hepatic injury [66]. Nitrous oxide decreases hepatic blood 
flow mostly by stimulation of the sympathetic nervous sys-
tem [67]. In addition, nitrous oxide can inhibit methionine 
synthase even after brief exposure. The clinical significance 
of these effects is not clear; however, prolonged exposure 
could lead to vitamin B12 deficiency [68].

Intravenous anesthetics (propofol, etomidate, opioids and 
midazolam) do not appear to affect liver function when given 
as a single bolus for induction. Prolonged administration of 
propofol can cause propofol infusion syndrome, which is 
characterized by lactic acidosis, lipidemia, rhabdomyolysis, 
hyperkalemia, and myocardial failure [69]. Patients with liver 
disease may be predisposed to propofol infusion syndrome 
since alterations of lipid metabolism occur in these patients 
[70]. Patients on prolonged propofol infusions should be 
monitored for lactic acidosis and hemodynamic changes.

19.2.6  Neuraxial Anesthesia

The effect of neuraxial anesthesia on hepatic blood flow cor-
relates with changes in systemic blood pressure [71], with 
epidural anesthesia reducing hepatic blood flow [72]. 
Whether vasopressors improve or worsen hepatic blood 
flow is the subject of debate [73, 74], so avoidance of high 
neuraxial block and hypotension seems prudent in patients 
with significant CLD. Additionally, patients with severe 
CLD may present with coagulopathy and thrombocytopenia 
that contraindicates neuraxial block. A recent study evaluat-

R. Steadman and C. Sullivan



261

ing the effects of major hepatic resection found that visco-
elastic testing remained normal post resection despite 
increases in prothrombin time and decreases in fibrinogen 
and platelet count [75]. Two of 16 patients in this series had 
pulmonary embolism despite conventional lab results sug-
gesting coagulopathy. Whether decisions regarding neurax-
ial anesthesia can be made on the basis of viscoelastic 
testing, in the face of contradictory conventional testing, 
seems premature.

In the absence of specific contraindications, regional 
anesthesia can be performed in patient with liver disease 
with the potential benefits of improved pain control, reduc-
tion of pulmonary, cardiovascular, and thromboembolic 
complications, and hastening the recovery of gut function 
after abdominal surgery. Patients with advanced hepatic dis-
ease who are not eligible for neuraxial techniques may ben-
efit from peripheral nerve blockade. Transversus abdominal 
plane (TAP) block has been successfully used for abdominal 
surgery in patients with liver disease, even though abdominal 
wall hematoma has been reported [76].

19.3  Common Procedures for ESLD 
Patients

The global burden of chronic liver disease continues to 
increase and with that comes the increased need for invasive 
procedures. Beyond the risk stratification of CTP class and 
MELD, the variation in anesthetic and surgical expertise 
along with the knowledge of the critical care team contribute 
to the wide distribution in intra- and postoperative morbidity 
and mortality. For end-stage liver disease (ESLD) patients 
with little hepatic reserve and multiple comorbidities a trans-
fer to a liver transplant center should be considered in order 
to facilitate the transition to an expedited liver transplant 
evaluation. ESLD patients have an exaggerated response to 
surgical and anesthetic stress which can cause a rapid decom-
pensation. While most patients with a low MELD (<8) or 
Child’s class A can be routinely managed at any institution, 
higher MELD, Child’s class B and C, and patient’s requiring 
more complex procedures benefit from clinicians with exper-
tise in treating ESLD.

19.4  Transjugular Intrahepatic 
Portosystemic Shunt (TIPS)

Certain sequelae of liver disease are directly attributable to 
portal hypertension. The efficacy of TIPS in the treatment of 
refractory ascites and secondary prevention of variceal 
bleeding has been well studied in controlled trials [77]. 
Uncontrolled studies of varying size show TIPS to be an 
effective treatment for the indications below as well.

• Refractory acutely bleeding varices
• Budd-Chiari syndrome
• Refractory hepatic hydrothorax
• Portal hypertensive gastropathy
• Hepatorenal syndrome

When not being performed for direct therapeutic purposes, 
TIPS can also be used to decrease preoperative risk for other 
procedures, such as hepatic resection, coronary artery bypass 
graft, etc. A large part of the morbidity and mortality of sur-
gery performed in cirrhotic patients is due to the degree of 
portal hypertension present. TIPS reduces the risk of bleeding 
and amount of ascites, thereby lowering Child’s class. 
Lowering a preoperative MELD-Na score or Child’s class by 
decreasing portal hypertension at least one month before the 
staged procedure decreases the perioperative mortality risk 
for that planned surgery [1]. TIPS is less invasive than a surgi-
cal shunt for portal decompression and can be performed as 
either a treatment or as a preoperative intervention. It is a per-
cutaneous method for reducing portal hypertension by creat-
ing a channel between a hepatic vein and an intrahepatic 
branch of the portal vein and is successful >90% of the time 
[77]. Even with the complexity of severe liver disease major 
complications after TIPS occurs in less than 5% of patients 
[78]. Bypassing the fibrotic parenchyma of a cirrhotic liver 
and creating direct flow from the portal to systemic venous 
system both alleviates some problems and causes others. 
Therefore a systematic workup is required and includes a 
risk/benefit analysis comparing the possible complications of 
the procedure versus the severity of the reason for needing 
TIPS. Child’s class A and early Child’s class B with a score 
5–7 with moderately preserved hepatic function are consid-
ered low risk for TIPS. The MELD score was initially devel-
oped to predict short term mortality in patient undergoing 
TIPS, but is also a reliable to estimate one year survival. A 
MELD <14 has the best outcomes, while MELD >18 predicts 
poor outcome. In a patient with MELD >24 TIPS should be 
avoided unless it is used as a last resort to control active vari-
ceal bleeding. In a high risk patient a transplant center should 
be consulted prior to proceeding as decompensation may 
occur. The workup ideally uncovers any absolute contraindi-
cations and promotes discussion around relative contraindica-
tions, which are listed in Table 19.2.

Table 19.2 Contraindications to TIPS

Absolute Relative

Severe and progressive liver 
failure

Portal and hepatic vein thrombosis

Severe encephalopathy Moderate pulmonary hypertension
Polycystic liver disease Hepatopulmonary syndrome
Severe right-heart failure Active infection
Severe pulmonary hypertension Tumor in the shunt path
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19.5  Preprocedure Evaluation

Grading the degree of hepatic encephalopathy (HE), assess-
ment of the heart with transthoracic echocardiography (TTE) 
plus bubble study with an emphasis on right heart function 
and right ventricular systolic pressure, and studies of coagu-
lation are all needed prior to deciding on TIPS candidacy. 
(Table 19.3).

19.5.1  Cardiac Considerations

The high cardiac output state is worsened by TIPS second-
ary to a drop in systemic vascular resistance (SVR) and 
pulmonary hypertension is worsened as pulmonary vascu-
lar resistance (PVR) increases from both mechanical and 
neurohumoral reasons [33]. Even after shunt occlusion 
from thrombosis or planned reversal PVR remains high 
though all other hemodynamic parameters return to normal. 
Anticipation of this significant change in pulmonary artery 
pressure and increased right end diastolic volume is why 
TTE is so important. The assessment of the right ventricle 
is difficult since the morphology is not cylindrical and the 
systolic motion is both a spiral “towel wringing” motion 
along with a vertical compression. Therefore right ventricle 
function is assessed qualitatively. Diastolic function of both 
the right and left heart is required as the hemodynamic 
changes that occur with TIPS can exacerbate the conse-
quences of baseline diastolic dysfunction or underlying cir-
rhotic cardiomyopathy. The ability of the chambers to fill 
during diastole is impaired when the heart rate increases 
and the extra volume adds to the pressure transmitted to the 
pulmonary veins, worsening both pulmonary hypertension 
and, initially, hepatopulmonary syndrome. Cirrhotic car-
diomyopathy is usually silent in stable conditions as the 
reduction in afterload suppresses manifestations of heart 
failure, but publications showing post-TIPS complications 
of overt heart failure and pulmonary edema suggest its 
presence as a risk factor [79, 80].

19.5.2  Hemostasis Considerations

The coagulation studies and their clinical importance prior to 
TIPS is somewhat controversial. As stated elsewhere in this 
chapter traditional markers of surgical bleeding are not as pre-
dictive in patients with end-stage liver disease. 
Thromboelastography (TEG) has been shown to be more accu-
rate in guiding transfusion in cirrhotic patients as it provides a 
more global picture and can even uncover those patients who 
are hypercoagulable in the presence of a prolonged prothrombin 
time. A dedicated liver transplant anesthesiology team also low-
ers the transfusion rates second to an increased fund of knowl-
edge of end-stage liver disease physiology and an increased 
comfort in management of intraoperative hemostasis [81]. 
Interventional radiologists who will be assuming the procedural 
risk are often loathe to performing TIPS without a corrected 
INR and platelets higher than severe cirrhotic patients usually 
have. Their hesitation is understandable since the bleeding is 
hidden within the black box of the abdomen. However fresh 
frozen plasma and platelet transfusion is not a panacea and 
could cause unintended harm. Drs. Wu and Nguyen showed in 
2010 that hospitalized patients, age 45 or younger, with liver 
disease had an increased prevalence of venous thromboembo-
lism compared with controls [82]. This translated into an 
increase in-hospital mortality from 9.8% in patients with no 
liver disease and VTE to 18.6% in patients with liver disease 
and VTE. In patients less than 45 years old going for TIPS a 
lower extremity duplex scan for DVTs should be considered 
prior to correction of INR and platelets. Especially given that 
even in end-stage liver disease patients with significant coagu-
lopathy, post invasive procedure bleeding is rare [83].

19.6  Perioperative Management

19.6.1  Intravascular Volume Management

There have been several studies in cirrhotic patients under-
going TIPS looking at the effect of both volume expansion 

Table 19.3 TTE findings in pathophysiology relevant to pre-TIPS evaluation

Pathophysiology TTE Findings

RV Systolic Dysfunction Tricuspid annular plane systolic excursion (TAPSE) < 2
Tricuspid annular systolic velocity (TASV) < 15 cm/s

RV Diastolic Dysfunction Tricuspid E/A ratio < 0.8—impaired relaxation
0.8–2.1—pseudonormal filling
>2.1—restrictive filling

Cirrhotic Cardiomyopathy Blunted response to pharmacologic or exercise stress test
Resting ejection fraction <55%
Diastolic dysfunction: E/A <1.0, prolonged deceleration >200 ms, or prolonged isovolumetric relaxation 
time >80 ms

Pulmonary Hypertension Mean pulmonary artery pressure >25 mmHg
Hepatopulmonary Syndrome Positive “late” (after 5–6 beats) bubble study
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and volume restriction on postprocedure hemodynamics and 
complications. Given that TIPS acutely increases the circu-
lating volume it has been proposed that fluid restriction 
might reduce the degree of sudden hemodynamic shifts. On 
balance the literature shows no difference in immediate epi-
sodes of heart failure, even with acute volume expansion 
before TIPS in patients with diastolic dysfunction [84].

19.6.2  Postoperative Care

TIPS patients are routinely cared for in the intensive care 
unit or a step-down unit overnight to monitor for signs of 
heart failure or, more commonly, worsening HE. Typically 
patients will respond to increased therapies for HE, but 
refractory HE or a decline to Grade 4 HE may necessitate a 
reversal of the TIPS.

19.7  Cholecystectomy

Gallstone disease is the most common extrahepatic surgery 
performed in patients with cirrhotic liver disease, accounting 
for approximately 60% of non-transplant operations in this 
population [6]. Up to 29% of patients with a long history of 
cirrhosis have gallstone disease, which is twice that of the 
general population [85, 86]. Child’s class B and C is associ-
ated with a greater risk of developing cholelithiasis second-
ary to a host of factors – increased change in bile composition, 
worsening gallbladder hypomobility, and increased plasma 
concentrations of intestinal relaxing peptides [87]. 
Fortunately, the majority of gallstones are “silent” or asymp-
tomatic and are discovered during ultrasonography (US) for 
other abdominal indications. Historically there has been a 
higher incidence of cholecystectomies performed in cirrhotic 
patients [88, 89]. Whether it is secondary to an increased 
detection from frequent surveillance, cholecystectomy rec-
ommended at a higher rate in altered liver function tests, or a 
new finding of latent cirrhosis during surgery, cholecystec-
tomy in a cirrhotic patient carries an odds ratio for periopera-
tive mortality of 8.47 [90]. Open cholecystectomy (OC) is 
rarely performed as the complication rate, even in the gen-
eral population, is higher and carries a longer length of stay 
and recovery than laparoscopic cholecystectomy (LC).

19.7.1  Preoperative Assessment

Whether CTP class or MELD score is used to predict periop-
erative risk, an assessment must be done to decide whether 
definitive treatment or temporization is appropriate. Child 
class A and B patients have no increase in mortality over the 
general population (0–1%) but a sharp increase in morbidity 

(5–10% versus 1.9%) [29, 91]. Patients with a MELD score 
<8 have the same mortality risk as the general population, 
but that increases to 6% at a MELD of ≥8. As seen in the 
earlier part of this chapter any one point increase in MELD 
correlates with a 1% increase in mortality up to a MELD of 
20. Therefore a risk-benefit analysis should be done with 
ever increasing MELD scores. The mortality for laparo-
scopic cholecystectomy in Child’s class C is anywhere from 
23–50%, which is typically seen as too high a risk and medi-
cal treatment and/or percutaneous cholecystostomy is 
advised. Lastly, the presence of common bile duct (CBD) 
stones alters the morbidity and mortality to 29% and 9.6% 
respectively for laparoscopic cholecystectomy in Child’s 
A/B patients. Endoscopic sphincterotomy (ES) is recom-
mended to decrease the morbidity and mortality prior to sur-
gery, but even then the mortality risk remains elevated at 7% 
[1]. In Child’s class C the risk of bleeding with ES is still 
unacceptably high and therefore balloon endoscopic sphin-
teroplasty should be considered.

19.7.2  Perioperative Management

The effect of liver disease on anesthetic agents and vice versa 
has been discussed elsewhere in this chapter. The choice of 
whether to use anxiolysis, type of induction agents, amount 
of narcotics, etc. should be placed in the context of severity 
of each patient’s liver disease. However, even with the best 
management 15% of patients will have a deterioration of 
their liver disease after LC, which has been shown to return 
to baseline by one month [92]. In the immediate postopera-
tive period possible increased ascites, bleeding at the umbili-
cal port site, and port site infection should be assessed daily. 
Due to the increased risk of bleeding in patients with portal 
hypertension a subhepatic drain should be placed to facilitate 
recognition of intraabdominal bleeding in the immediate 
postoperative period.

19.8  Endoscopic Procedures

Upper and lower endoscopy is performed repeatedly in end- 
stage liver disease to monitor for and treat sequelae of portal 
hypertension. To reduce discomfort these procedures are 
often done under sedation. In the general population either 
propofol or midazolam, with or without narcotics, is rou-
tinely used. Midazolam’s rapid onset and anterograde amnes-
tic effects make it superior to older benzodiazepines. 
However, the decreased hepatic blood flow and altered 
hepatic function and the presence of hepatic encephalopathy 
alter its utility in the ESLD population. Patients with sub-
clinical HE diagnosed by neurocognitive testing (NCT) did 
not have worse NCT scores after having propofol for their 
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endoscopy procedure as compared to worsening NCT scores 
and increased length of recovery in ESLD patients given 
midazolam. Midazolam has been shown to increase time to 
discharge by 80 min on average and by as much as 120 min 
in comparison to propofol [93]. During esophagogastroduo-
denoscopy (EGD) and endoscopic retrograde cholangiopan-
creatography (ERCP) the endoscopist is able to suction any 
residual gastric fluid and help prevent aspiration. However, 
each patient’s aspiration risk and the positioning of the 
patient for the procedure should be taken into consideration 
when deciding on intubation for airway protection. ERCP is 
often performed with the patient in the prone position which 
makes airway management difficult and puts any ESLD 
patient at risk if they have ascites. Patients with ascites have 
delayed gastric emptying even after paracentesis [94]. This is 
regardless of Child’s class and may be 1½ times longer than 
control groups.

19.8.1  Perioperative Management

The preoperative assessment for endoscopic procedures in 
ESLD patients differs from non-ESLD patients in regards to 
preprocedure fasting, planning for increased airway protec-
tion during ERCP, and consideration of increased bleeding 
risk in procedures where incisions and mucosal invasion may 
occur. In decompensated cirrhotic patients avoidance of ben-
zodiazepines is recommended and propofol with or without 
low doses of fentanyl is considered preferable. There is no 
difference in fluid management from controls.

19.9  Summary and Recommendations

• In patients with acute liver disease, elective surgery should 
be postponed until the cause of the disease is identified.

• In patients with chronic liver disease, the perioperative 
risk is related to the severity of the liver disease and the 
site of the surgical procedure.

• Elective high-risk procedures in patients with Child’s C 
cirrhosis or MELD scores of 20 or higher should be 
deferred until after liver transplantation.

• When patients with severe disease require emergency sur-
gery they should be evaluated for minimally invasive and 
less extensive surgical alternatives.

• Transfer to a liver transplant center should be considered 
for patients with moderate or severe liver disease in order 
to facilitate transplant listing in the event of 
decompensation.

• Preoperative medical management should focus on treat-
ing infection, optimizing blood volume and renal status, 
and minimizing ascites and encephalopathy.

• Routine administration of prophylactic plasma in an 
attempt to correct INR abnormalities should be avoided, 
as volume loading is associated with increases in portal 
pressure that may worsen bleeding.

• While no anesthetic technique is universally preferred, 
the presence of coagulopathy may contraindicate neurax-
ial regional techniques. The chosen technique should be 
designed to maintain splanchnic, hepatic, and renal 
perfusion.

• Patients undergoing TIPS should have a pre-procedure 
TTE specifically looking at right heart function.

• Avoid unnecessary platelet and plasma transfusion prior 
to percutaneous interventions.

• In patients with ascites delayed gastric emptying should 
be presumed and airway protection maximized.

• Estimation of MELD or Child’s Class prior to surgery 
should occur and be used in deciding on definitive versus 
temporizing procedures.

19.10  Questions and Answers

A 62 year old man with alcoholic hepatitis presents for cho-
lecystectomy. He undergoes paracentesis once a month and 
has grade 1 hepatic encephalopathy at baseline. His other 
sequelae of ESLD include hepatorenal syndrome, esopha-
geal varices, and GERD. TTE with bubble study reveals 
moderate diastolic dysfunction, a TAPSE of 2.0, and hepato-
pulmonary syndrome. Preoperative labs are as follows: 
sodium 132, potassium 2.8, bicarb 20, creatinine 2.3, biliru-
bin 3.5, hemoglobin 9.8, platelets 46, INR 2.2.

 1. What is this patient’s 30-day mortality risk after 
surgery?
Risk for this patient must take into account both the ASA 
status and the MELD-Na. The ASA status for this patient 
is IV as he has severe systemic disease which is a constant 
threat to life. An ASA of IV has a MELD equivalent of 5 
points, which is then added to the MELD-Na. The 
MELD- Na = MELD − Na − [0.025 × MELD × (140- 
Na)) + 140. For this patient MELD-Na is 30, so total 
MELD is 35. This imparts a 50% mortality risk to this 
patient.

 2. What is the risk of performing this surgery at an institu-
tion without a liver transplant program?
Patients with a high MELD have an increased risk of 
acute hepatic failure after surgery. This may necessitate 
an expedited evaluation for transplant. Acute on chronic 
liver failure has an increased risk for multiple complica-
tions including infection, respiratory failure, bleeding, 
and death. Surgery in patients with high MELD should 
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be performed at a transplant center to have access to 
specialized postoperative care and possible 
transplantation.

 3. The general surgeon would like to transfuse platelets and 
fresh frozen plasma to increase platelets >50 and normal-
ize the INR prior to surgery. They ask for your opinion on 
managing the patient’s presumed coagulopathy. What 
would you advise?
The balance of coagulation and thrombolysis in ESLD 
patients is skewed and standard tests are not as reflective 
of surgical hemostasis. Since INR does not measure 
Protein C and S, which is also decreased in ESLD, it is 
less useful in decisions to transfuse. Viscoelastic testing 
would help see the balance of clotting versus thromboly-
sis. If transfusion was needed the overall volume status of 
the patient should be evaluated and prothrombin complex 
concentrate considered to prevent overload. In addition a 
fibrinogen level should be checked and either cryopre-
cipitate or fibrinogen concentrate should be given to 
maintain levels greater than 1.5 g/L.
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Liver Transplantation: Perioperative 
Considerations

Mark T. Keegan

Abstract

For a liver transplant (LT) program to be successful, the support of a high-quality critical 
care service is essential. LT recipients, candidates, and potential candidates, are frequent 
consumers of intensive care unit (ICU) resources. Among multiple specialists caring for 
patients who require LT, intensivists play a unique role by providing continuous bedside 
presence to deliver evidence—based therapeutic interventions that provide support for mul-
tiple organs, while taking an holistic view of the patient [1–3]. Many factors will determine 
a patient’s ultimate outcome after LT. Whether an ICU stay is brief (after a “routine” LT, for 
example) or prolonged (because of the need for critical care support pre-operatively in addi-
tion to postoperatively, for example), delivery of high-quality ICU care is a key element of 
the hospital infrastructure required to deliver excellent outcomes.
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20.1  Introduction

For a liver transplant (LT) program to be successful, the sup-
port of a high-quality critical care service is essential. LT 
recipients, candidates, and potential candidates, are frequent 
consumers of intensive care unit (ICU) resources. Among 
multiple specialists caring for patients who require LT, inten-
sivists play a unique role by providing continuous bedside 
presence to deliver evidence—based therapeutic interven-
tions that provide support for multiple organs, while taking 
an holistic view of the patient [1–3]. Many factors will deter-
mine a patient’s ultimate outcome after LT. Whether an ICU 
stay is brief (after a “routine” LT, for example) or prolonged 
(because of the need for critical care support pre-operatively 
in addition to postoperatively, for example), delivery of 
high- quality ICU care is a key element of the hospital infra-
structure required to deliver excellent outcomes.

The intensity and duration of ICU-level support varies 
according to the severity of pre-transplant illness and the nature 
of the intraoperative course. The character of the ICU stay for 
LT candidates and recipients has evolved over the past three 
decades. At the dawn of the LT era the operative procedure 
lasted many, many hours and was associated with requirements 
for huge volumes of blood and blood products. This translated 
into a prolonged and difficult post-transplant ICU course. 
Advances in surgical and anesthetic techniques, however, have 
streamlined the intraoperative course, to the point that—
although it is still a major undertaking that  challenges the surgi-
cal and anesthetic teams—the intraoperative portion of the LT 
experience is now “routine”, allowing modifications of practice 
to decrease perioperative complications and costs. Living 
donor liver transplantation (LDLT) has allowed more time for 
optimization of recipients prior to transplantation and the “fast 
tracking” movement has shortened the duration of postopera-
tive ICU care. These factors have led to a decrease in the dura-
tion of postoperative mechanical ventilation and a limitation of 
the number and intensity of postoperative ICU interventions 
required in LT recipients. At some LT centers, selected recipi-
ents who have had an unremarkable intraoperative course are 
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extubated at the end of the procedure and are managed in an 
intermediate care area rather than the ICU. Of course, some 
patients still provide very difficult intellectual and physical 
challenges for the operating room (OR) team and these chal-
lenges continue into the ICU, but, in general, the immediate 
postoperative care has become easier over time.

This may be changing again. In the era of the use of the 
Model for End-Stage Liver Disease (MELD) for donor 
organ allocation and an increased acceptance of expanded 
criteria donors, the acuity of transplant candidates and 
recipients have increased [4, 5]. Fewer outpatients come to 
the hospital on the day of their transplant, but rather are 
taken to the OR from the general ward or the ICU [5–7]. LT 
recipients in the MELD era have a higher severity of illness, 
are more acutely ill, have a greater number of pre-transplant 
comorbidities, more deranged baseline laboratory test val-
ues, and a tendency for greater requirements for intraopera-
tive vasoactive and transfusion support. Such patients are 
also more likely to have required the services of the ICU 
preoperatively because of respiratory failure, hemodynamic 
instability, or higher degrees of porto-systemic encephalop-
athy. These factors may result in a prolongation of ICU stay. 
Thus “the OR experience of future LT recipients may sim-
ply be a brief period between two prolonged ICU stays” [8]. 
The role of postoperative ICU care in some cases may be 
one of rehabilitation and chronic ventilation in patients who 
are extremely debilitated prior to transplantation.

LT recipients are usually cared for in general ICUs, 
although in larger institutions transplant-specific (not neces-
sarily liver transplant specific) ICUs are common [9]. The 
level of intensivist engagement in the care of ICU patients is 
country-, institution- and unit-specific. Critical care is very 
expensive, resources are under strain and concern has been 
expressed regarding long-term ICU workforce issues [10]. 
Transplant programs may seek to decrease the time their 
patients spend in the ICU to decrease costs while at the same 
time transplanting sicker patients. Collaboration between the 
transplant and critical care communities is essential.

This chapter will focus on the intraoperative management 
and early postoperative ICU care of adult patients undergo-
ing LT, to include both those undergoing a “straightforward” 
LT and those for whom a preoperative requirement for ICU 
support complicates perioperative management.

Although this chapter will take, in part, an organ-based 
approach to the management of a patient, one must not forget 
that a recipient of a LT is more than simply the sum of individ-
ual organ systems and that patient and family psychological and 
social aspects need to be considered in patient management.

20.2  Intraoperative Management

Although the specifics vary by institution the key LT intraop-
erative personnel include the surgical team, the anesthesia 
team, and the “support” team. A principal surgeon, at least one 

assistant surgeon, a scrub nurse, and a circulating nurse make 
up the surgical team. The anesthesia team is comprised of an 
anesthesiologist, typically aided by a nurse anesthetist and/or 
anesthesia fellow and/or resident. It is common for institutions 
with large LT programs to have a dedicated LT call team or to 
be part of a larger “transplant” team. The “support” team 
includes essential personnel such as those who staff the trans-
fusion medicine service (including the “blood bank” and intra-
operative autotransfusion), clinical laboratory staff, and OR 
pharmacy personnel. Other perioperative staff may include 
personnel with responsibilities for radiology, respiratory ther-
apy, clinical monitoring and dialysis [11]. While providing 
perioperative critical care, intensivists work in collaboration 
with the anesthesia and surgical teams. In addition, they often 
participate in candidate evaluation, especially for those who are 
critically ill at the time of the proposed transplant.

20.2.1  Phases of the LT Procedure

Intraoperatively, LT is divided into three phases, as described 
in Table 20.1 [12–14]. Reperfusion of the allograft liver is a 
relatively brief period that distinguishes the anhepatic phase 
from the neohepatic phase (aka post-anhepatic phase) and 
tends to be the time during which most instability occurs.

20.2.2  Anesthesia Technique

The LT procedure is performed under general anesthesia. 
Induction and maintenance are achieved using agents that 
provide anesthesia, amnesia, analgesia and optimal surgical 
operating conditions, being cognizant of the metabolic 
derangements that occur in patients with liver disease, and 
while attempting to minimize end-organ compromise [12–
14]. Although patients are usually not extubated at the end of 
the procedure (see below), anesthetic drugs and doses are 
chosen to allow relatively rapid emergence at the completion 
of surgery, either in the OR or, more commonly, in the ICU 
[15]. Midazolam and fentanyl are typically administered 
intravenously followed by induction with propofol or 
 etomidate or ketamine. In patients who come to the OR from 
the ICU already intubated inhalation induction using a vola-
tile agent through the endotracheal tube (ETT) is the pre-
ferred method. The desire to maintain hemodynamic stability 
must be balanced against the risk of aspiration when consid-
ering whether or not a rapid sequence induction and intuba-
tion should be employed. For maintenance during the 
procedure, a “balanced” anesthesia technique is typically 
used, employing a combination of intravenous opiates (usu-
ally fentanyl at a dose of up to 20 mcg/kg for the case), vola-
tile agent (typically isoflurane or sevoflurane) and 
non-depolarizing muscle relaxants. Cisatracurium or atracu-
rium are the neuromuscular blocking agents of choice because 
they are metabolized independently of the liver and kidneys. 
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In patients with acute liver failure (ALF) in whom intracra-
nial hypertension is a concern (and in the rare circumstances 
of a patient with a predisposition to malignant hyperthermia) 
a total intravenous anesthetic (TIVA) technique is used [16–
19]. For TIVA, typically a propofol infusion is used in place 
of the volatile anesthetic. Many anesthesiologists use a mea-
sure of cerebral function such as processed electroencephalo-
gram when TIVA is being employed.

20.2.3  Vascular Access, Monitors, and Other 
Considerations

Adequate vascular access is essential for the LT procedure, 
which may be associated with major blood loss and hemody-
namic derangements. For similar reasons, monitoring in 
excess of standard American Society of Anesthesiologists 
(ASA) monitors is placed. Depending on the condition of the 
patient and institutional practice, vascular access may be 
placed before or after induction of anesthesia. One or more 
large bore peripheral venous catheters (e.g. “trauma catheter”) 
should be placed and connected to a rapid infusion device. 
Multiple units of packed red blood cells and blood products 
may be placed into the reservoir of a typical rapid infusion 
device and administered simultaneously at high flow rates. 
Such devices usually allow high flow infusion of fluids and 
blood products with concomitant warming and debris/air fil-
tering. The facility for fluid bolus administration is also avail-
able in such devices. Platelets and cryoprecipitate are usually 
administered by a different route as they can cause coagula-
tion and malfunction of rapid infusion device systems.

Arterial catheters are usually placed at both radial and bra-
chial (occasionally femoral) sites to allow for both continu-
ous blood pressure monitoring and arterial blood sampling 
for laboratory analyses. Large bore central venous access is 
obtained, typically by cannulation of the internal jugular vein 

and placement of an introducer and pulmonary artery catheter 
(PAC). Oximetric PACs are often used. A continuous cardiac 
output monitor may be used instead of, or in addition to a 
PAC. If peripheral access is suboptimal or if veno-veno 
bypass (less commonly used now) is planned, additional large 
bore central venous access is placed. Transesophageal echo-
cardiography is used routinely in some centers and on occa-
sions in others. Intraoperatively, maintenance of patient 
temperature is important for multiple reasons, so upper and 
lower warming blankets are usually placed.

To counteract volatile-anesthetic-induced vasodilation in 
patients who already have decreased systemic vascular resis-
tance due to their liver disease, norepinephrine (NE) is com-
monly administered. (Dopamine was used for similar 
purposes in the past, but is less commonly administered 
now). Maintenance fluid is usually a non-lactate buffered 
balanced electrolyte crystalloid (e.g. Plasmalyte®) 
Crystalloids are supplemented with colloids, such as 5% or 
25% albumin solutions which allows resuscitation with less 
total volume and replaces ascitic fluid lost during surgery, 
albeit at the expense of a relatively high sodium load.

Transfusion requirements during LT surgery have decreased 
over time so the standard surgical blood order (the number of 
units routinely prepared for a given surgery) has also decreased 
[20]. Nonetheless, the need for massive transfusion is still 
common and LT programs could not be successful without 
reliable and efficient transfusion medicine support. Except for 
cases in which malignancy or infection is present, autotransfu-
sion is used. Also known as “cell saver” autotransfusion is a 
process whereby blood suctioned from the surgical field is 
removed of debris and non-erythrocyte matter in the OR and 
packaged similarly to banked red blood cell units ready to be 
infused back into the patient. Massive transfusion may be 
required. Consequences of such large volume transfusion 
include dilutional coagulopathy, citrate intoxication leading to 
hypocalcemia, hyperkalemia, and hypothermia.

Table 20.1 Phases of the liver transplant procedure with associated features. From Keegan MT, Kramer DJ. Perioperative care of the liver trans-
plant patient. Crit Care Clin 32 (2016) 453–473

Phase Pre-anhepatic Anhepatic Reperfusion Neohepatic

Timing From incision to isolation 
of native liver from 
circulation

From isolation of native liver from 
circulation to reperfusion

A brief event at which the 
new liver is introduced into 
the patient’s circulation

From reperfusion to the end of 
the procedure

Features •  Anesthesia induction
•  Line placement Skin 

incision
•  Dissection to allow 

removal of diseased liver
•  Obvious and insidious 

blood losses
•  Fluid shifts
•  Potential compression of 

native vessels during 
dissection

•  Worsening of pre-
existing coagulopathy

•  Isolation of native liver from 
circulation

•  Removal of diseased liver
•  Implantation of new liver
•  Decrease in venous return 

(degree dependent on technique. 
Modern “piggyback technique” 
affects venous return less than 
complete IVC occlusion 
technique)

•  Progressive coagulopathy
•  Progressive metabolic acidosis
•  Hypocalcemia

•  Introduction of new liver 
into the circulation

•  Time of most instability
•  Potassium load, cytokine 

load, emboli, cold fluid
•  Hypotension common
•  Intracranial pressure may 

rise
•  Pulmonary hypertension 

may worsen
•  Arrhythmias
•  Coagulopathy may worsen

•  From reperfusion to end of 
procedure

•  Reconstruction of hepatic 
artery

•  Construction of biliary 
anastomoses

•  New liver begins to function
•  Hemostasis
•  Continuing correction of 

coagulopathy, metabolic and 
acid base disorders

•  Optimization of cardiovascular 
parameters

•  Preparation for emergence
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Intraoperatively, multiple measurements of electrolytes 
(watching especially for hyperkalemia, hypocalcemia and 
the trend in serum sodium), glucose, complete blood count, 
coagulation parameters and arterial blood gases are per-
formed. This requires the availability of a clinical chemistry 
laboratory, in proximity to the OR, with a short processing 
and reporting time.

20.3  Immediate Postoperative Care

At the completion of the LT procedure the patient usually 
remains intubated and ventilated and is sedated (typically 
with propofol) and transferred directly to the ICU [21]. As 
discussed below, however, this is not always the case, and in 
some centers, selected patients are managed immediately 
postoperatively in the post-anesthesia recovery unit (PACU) 
and subsequently a progressive care unit (PCU), thus bypass-
ing the ICU. Unless specifically addressed, the remainder of 
this chapter assumes transfer to the ICU immediately 
postoperatively.

Once admitted to the ICU the initial assessment is similar 
to that performed after any major abdominal surgical proce-
dure, with some additional considerations. The following 
aspects of care—some of which are discussed on more detail 
later—should be considered:

• Respiratory status: Initial assessment of the adequacy of 
oxygenation and ventilation is made by physical exami-
nation and by review of ventilator mechanics. The posi-
tion of the tracheal tube should be assessed clinically and 
radiologically. Inadvertent extubation during transfer 
from the OR is very uncommon; advancement of the tube 
into the right mainstem during transfer is more likely. 
Both should be out-ruled. In addition to assessment of the 
position of the tracheal tube, a chest radiograph is used to 
evaluate the lung parenchyma and pleural cavities and 
assess the position of vascular access devices, the naso-
gastric tube, and chest tube if present. Intraoperatively a 
lung protective strategy should be used, with tidal volume 
adjusted for ideal body weight, and this strategy should be 
continued postoperatively. A high respiratory rate may be 
required to achieve adequate minute ventilation. It is 
important that, at least initially, the minute ventilation set 
on the ICU ventilator matches that delivered in the OR 
(assuming the most recent OR blood gases were satisfac-
tory). A high minute ventilation may be required to com-
pensate for a metabolic acidosis that commonly develops 
intraoperatively. Failure to recognize this and use of a 
“normal” minute ventilation in the early postoperative 
period may result in a rapidly-developing acidemia. 
Positive end-expiratory pressure (PEEP) is routinely used 
because LT recipients are prone to atelectasis and 

hypoxemia. PEEP should be titrated to improve oxygen-
ation and prevent atelectrauma, while seeking to mini-
mize increases in right atrial pressure that might 
compromise hepatic venous outflow (see below). Arterial 
blood gas analysis should be performed soon after the 
patient’s arrival in the ICU and mechanical ventilator sup-
port adjusted according to the results.

• Neuromuscular blockade: Non-depolarizing muscle 
relaxants are administered intraoperatively and neuro-
muscular blockade is usually still present on arrival in the 
ICU. The degree of residual neuromuscular blockade can 
be assessed with a peripheral nerve stimulator. Once an 
adequate train-of-four has been documented, reversal of 
neuromuscular blockade can be achieved by administra-
tion of neostigmine (with glycopyrrolate). Some intensiv-
ists wait for the drugs—typically atracurium or 
cisatracurium—to be metabolized and do not administer 
reversal agents. An adequate depth of sedation should be 
maintained while pharmacological paralysis is present.

• Hemodynamics: On transfer to the ICU, most recipients 
are relatively stable, albeit often on a low dose infusion of 
a vasoactive such as NE. Systolic blood pressures in the 
early post-operative period after an uncomplicated LT 
will be similar to pre-operative pressures, typically 
90–120 mmHg, and reflective of the relatively low blood 
pressures seen in patients with end-stage liver disease. 
Soon after arrival to the ICU, as the patient warms, vaso-
dilation and redistribution of intravascular volume 
(including sequestration of fluid into the operative field) 
occur and hypotension may ensue. This is typically 
treated with a mixture of crystalloid and colloid (usually 
albumin), and potentially with boluses of phenylephrine 
or ephedrine (depending on heart rate) and/or by titration 
of a vasopressor infusion. The PAC, if present, should be 
left in situ in the early postoperative period and—once 
temperature is adequate—should be used to measure car-
diac index (CI) and pulmonary capillary wedge pressure 
(PCWP). These measurements should be used to calcu-
late a full set of hemodynamic parameters. Thereafter, 
continuous display of central venous pressure (CVP) and 
pulmonary artery pressures (PAPs), coupled with assess-
ment of CI and PCWP as required, may be used to follow 
the patient’s volume status and hemodynamic state. CVP 
is reflective of the outflow pressure for the liver and eleva-
tion may be associated with hepatic congestion. 
Intravascular volume depletion (which may, of course, 
represent ongoing bleeding) will tend to cause hypoten-
sion and tachycardia. This may be distinguished from 
vasodilation by measurement of systemic vascular resis-
tance index (SVRI), which will be high in a volume-
depleted state and low in vasodilation. The patient’s 
hemodynamics may fluctuate over the first few hours in 
the ICU and fluids and/or vasopressors may be required to 
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ensure adequate perfusion pressure. Left ventricular func-
tion may be compromised in patients with cirrhotic car-
diomyopathy and NE is a good choice as it offers balanced 
alpha- and beta-adrenergic support and may be titrated 
with the goal of preservation of cardiac output and main-
tenance of afterload. Vasopressin may be added to 
decrease NE dose requirements. Mean arterial pressure of 
65–70 mmHg is a reasonable target. If the liver allograft 
is very congested—indicated by high restive indices on 
postoperative Doppler ultrasound—a higher pressure tar-
get may be chosen.

• Electrocardiogram (ECG): A postoperative ECG should 
be performed routinely and compared with a preoperative 
ECG to evaluate for evidence of ischemia or electrolyte 
disturbance. It may be useful in the future as a postopera-
tive baseline for comparison with subsequent ECGs 
should they be required.

• Neurologic assessment: Standard assessment of neuro-
logic function may be supplemented by intracranial pres-
sure (ICP) monitoring if an ICP monitor was placed 
pre-operatively.

• Sedation: Propofol is the agent typically used in the early 
postoperative period. The infusion initiated at the end of 
the procedure in the OR can be continued in the first hour 
postoperatively to allow for a quiescent period as the 
patient is assessed and routine postoperative cares and 
tests are performed. Doses of approx. 20–100 mcg/kg/
min are typical and the dose is titrated to a Richmond 
Agitation Sedation Scale (RASS) score of −1 to −2, ini-
tially [22, 23]. Subsequently, propofol may be quickly 
weaned to allow for rapid emergence and extubation, 
assuming the patient is otherwise suitable. 
Dexmedetomidine is an alternative and the choice of 
agent may be clinician- and institution-dependent. 
Benzodiazepines should be avoided if possible, especially 
in patients with marginal graft function, in whom their 
metabolism may be delayed.

• Analgesia: Patients will have received a moderate dose of 
opiate intraoperatively, though often require additional 
analgesia early in the postoperative course. Bolus doses of 
fentanyl (nurse-controlled or patient-controlled) or a fen-
tanyl infusion (0.25–2 mcg/kg/h) are good options. Longer 
acting agents such as hydromorphone may be chosen or 
required, though are not usually first choice. An adult 
behavioral pain scale, used to titrate sedative and analgesic 
medications based on hemodynamics and physical mani-
festations may also be used [24]. Many patients, especially 
if they have had preoperative encephalopathy, are sensi-
tive to opiates and will require minimal or no additional 
analgesic medication postoperatively. Intravenous opiates, 
if used, are typically transitioned to oral weak opiates (e.g. 
oxycodone, tramadol), sometimes in combination with 
non-opiate analgesics such as acetaminophen, although 

the acetaminophen component should be omitted if graft 
function is questionable. Although LT recipients may have 
significant pain, their analgesic requirements are often less 
than the analgesic requirements for other upper abdominal 
procedures [25]. Ketamine is occasionally used in patients 
whose pain is difficult to treat, or in whom there is a pain-
sedation mismatch. Although ketorolac is a very useful 
analgesic in the general surgical population, its use should 
be carefully considered in the LT recipient, especially with 
regard to its potential nephrotoxicity and effect on platelet 
function.

• Abdominal evaluation: The patient’s abdomen should be 
clinically assessed for signs that might suggest ongoing 
bleeding. Physical examination, a subjective assessment, 
may be supplemented by measurement of abdominal 
girth, which will provide a potentially useful objective 
measure that may be compared serially. The volume, rate, 
and nature of abdominal deep drain output will help guide 
the need for transfusion of blood products or return to the 
OR for bleeding. Brisk drain output—sometimes at an 
alarmingly high rate—may indicate ongoing surgical 
bleeding, or a coagulopathy that requires urgent correc-
tion. If drain output stops, the drain may need to be 
manipulated or “stripped” to ensure that they have not 
clotted off. An external biliary drainage tube may be in 
situ; the production of golden-brown bile is a sign of 
allograft function.

• Urine output: Patients will have had an indwelling blad-
der catheter placed pre- or intra-operatively and hourly 
measurement of urine output should be recorded. 
Acceptable urine output is approximately 0.5 ml/kg/h, 
although in a well-resuscitated, hemodynamically stable 
patient it is often much greater. Oliguria is often of pre-
renal origin, of which intravascular volume depletion is 
the most likely cause, although cardiac dysfunction 
should be considered. Pre-transplant renal dysfunction 
(see below) is relatively common, and urine output is one 
of a number of parameters used to decide upon initiation, 
continuation or cessation of dialysis. Polyuria is usually 
reflective of volume overload in a patient with intact renal 
function, the administration of furosemide, or may be sec-
ondary to cold-induced diuresis. Diabetes insipidus is an 
unlikely cause, though has been reported in the past in 
patients with acute liver failure who have suffered peri-
transplant brain death.

• Temperature management: Perioperative hypothermia is 
well-recognized to be associated with adverse effects 
including coagulopathy, impaired wound healing, and 
myocardial dysfunction [26, 27]. Once neuromuscular 
blockade wears off, shivering may occur, with concomi-
tant increase in oxygen consumption. Redistribution and 
evaporative heat loss induced by anesthesia and surgery 
and the use of ice and cold organ preservation solution 
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will tend to lower the patient’s body temperature. 
Intraoperative hypothermia is common, despite use of 
forced-air warming blankets, airway gas humidifiers, and 
fluid warmers. Active warming is usually required on 
admission to the ICU. Methods of temperature optimiza-
tion, with a goal of normothemia, include pre-warming 
of the ICU room, application of warm blankets and a 
forced-air warming device, and the use of fluid 
warmers.

• Laboratory analyses: Important laboratory analyses that 
should be performed early in the patient’s ICU course 
include complete blood count, electrolytes, BUN and 
creatinine, INR, APTT, fibrinogen, thromboelastogram 
(TEG), and arterial blood gas analysis. These are usually 
performed as part of an institutional protocol (see 
below).

• Interdisciplinary discussion: Although the patient’s med-
ical record will provide much information regarding the 
patient’s preoperative status, operative team members can 
provide further insight regarding the patient’s condition 
on presentation to the OR. The ICU team should discuss 
the intraoperative events with the anesthesiologist and 
surgeon. Any difficulties with intubation or placement of 
vascular access should be noted. Details of the anesthetic 
management should include a discussion of the hemody-
namic response to fluids or drugs and a description of the 
events around the time of allograft reperfusion. The sur-
geons can provide insight into the age of and nature of the 
donor (donation after brain death, DBD, or donation after 
cardiac death, DCD), the nature of the surgical dissection 
and anastomoses, organ ischemia time, and the appear-
ance and initial function of the allograft.

• Family discussion: The perioperative period is a time of 
great stress for the patient’s family and loved ones. The 
surgical team should discuss the intraoperative events 
with them. The critical care team may have already met 
family members because the recipient was in the ICU pre-
operatively. If not, in the early postoperative period, it is 
useful to have at least a brief introductory discussion to 
establish rapport, lessen anxiety and manage 
expectations.

20.3.1  Clinical Pathways and Protocols

The introduction of clinical pathways, protocols and “bun-
dles” has occurred in an effort to standardize care, increase 
the adherence to evidence-based practices, and decrease 
errors of omission [28, 29]. The early postoperative care of 
the LT recipient is suitable for use of such care models. 
Ventilator management, ventilator weaning, and postopera-
tive laboratory testing and imaging studies are but some 

aspects of patient care that may be protocolized. Others 
include electrolyte replacement and glycemic control.

20.3.2  Function of the Liver Allograft

Of major influence on the postoperative course is the condi-
tion of the liver allograft. Adequate graft function will con-
tribute significantly to stabilization of hemodynamics, 
resolution of metabolic acidosis, improvement in coagulopa-
thy, and recovery of encephalopathy. High serum transami-
nase concentrations in the immediate postoperative period 
are typically due to reperfusion injury. (AST peaks first, usu-
ally within 24–48 h). Transaminases should fall during the 
first postoperative week. A cholestatic phase ensues and a 
bilirubin peak by 7–10 days is associated with a rise in alka-
line phosphatase that can persist. If cholestasis is associated 
with worsening encephalopathy and coagulopathy this raises 
concern for graft failure. Bedside ultrasound of the hepatic 
allograft with Doppler examination of the hepatic artery and 
portal vein is usually performed immediately postoperatively 
and on the first postoperative day. In transplant centers, ultra- 
sonographers and radiologists usually develop significant 
expertise in the performance and interpretation of postopera-
tive hepatic ultrasound. They are thus able to differentiate 
expected postoperative findings from evidence of issues 
related to surgical technique and graft dysfunction. It may be 
possible to intervene and save the allograft if certain abnor-
malities are detected (e.g. portal vein or hepatic artery 
thrombosis).

The allograft suffers ischemic insults during procure-
ment, preservation and implantation and these insults may 
cause “initial poor function”. With appropriate cardiorespi-
ratory and hemodynamic support this usually resolves over 
time, although treatment of coagulopathy and metabolic aci-
dosis may be required during this period. The use of expanded 
criteria donors to increase the number of livers available for 
transplant has probably increased the incidence of initial 
poor function due to the transplantation of “marginal” 
allografts. Of greater concern is “primary non-function” an 
immunologic insult that is rare but extremely serious. The 
immunologic process begins in the OR after implantation of 
the graft and leads to graft failure requiring emergent re- 
trasnplantation [30]. A non-functioning graft causes the 
development or persistence of metabolic acidosis, elevated 
lactate, increase in transaminases, worsening renal function, 
hyperkalemia, and hypoglycemia. Persistence or develop-
ment of hepatic encephalopathy and signs of elevated intra-
cranial pressure may also occur.

Acute cellular rejection may occur, although the routine 
use of tacrolimus for immunosuppression has decreased the 
risk. It is also less common in the elderly and the critically ill 
recipient [31]. Rejection should be considered if there is a 
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reversal in the trend of falling bilirubin or a sudden increase 
in serum transaminases at 5–10 days after LT.

It may be difficult to distinguish clinically or biochemi-
cally between vascular compromise, biliary disruption and 
rejection, and a further evaluation with Doppler ultrasonog-
raphy, cholangiography or liver biopsy may be required.

20.4  System Based Considerations 
for Postoperative Management

20.4.1  Respiratory Considerations

Chapter 11 is dedicated to the pulmonary complications of 
liver disease. There are many reasons for hypoxemia in such 
patients and oxygenation may worsen in the perioperative 
period because of the induction of general anesthesia which 
causes atelectasis, and alterations in the mechanics of respi-
ration caused by the upper abdominal surgical procedure.

Pleural effusions—hepatic hydrothoraces occur in up to 
5% of patients with significant liver disease—may impair a 
patient’s ability to wean from ventilatory support. If not 
drained intraoperatively, postoperative thoracocentesis may 
be required [32]. Large volume ascites can also impair venti-
lation, although this is usually drained intraoperatively. Vital 
capacity may also be reduced by implantation of a new liver 
into the cavity previously occupied by a shrunken, cirrhotic 
liver. LT also results in disruption of diaphragmatic 
function.

20.4.1.1  Liberation from Mechanical 
Ventilatory Support After “Routine” 
Liver Transplantation

The timing of extubation after LT has been debated [33, 34]. 
In “routine” cases LT recipients do not need prolonged 
mechanical ventilation and patients may be extubated within 
6 h—often within 2 h. “Fast-tracking”, pioneered by the car-
diac surgical community, is a process in which (among other 
things) short-acting medications are used intraoperatively to 
allow for rapid emergence from anesthesia and rapid wean-
ing of ventilatory support [35, 36]. In appropriately selected 
patients a “fast track” or “rapid recovery” pathway has been 
demonstrated to be safe and to decrease costs. This concept 
has been embraced by the LT community and most trans-
plant programs have developed protocols with prompt extu-
bation as a goal. At Mayo Clinic the intraoperative use of 
midazolam, propofol, less than 20 mcg/kg of fentanyl, and 
intermediate –duration non-depolarizing muscle relaxants 
has been demonstrated to facilitate early ventilator weaning 
[15]. Early ventilator liberation may not decrease ICU length 
of stay, depending on ICU workflow and established proto-
cols [15]. The definition of “prompt extubation” differs 
according to institution. (At the author’s institution we aim 

for extubation within two hours of the surgical procedure in 
suitable patients). Ventilator weaning protocols allow respi-
ratory therapists and nurses to decrease sedation and ventila-
tor support to the point of readiness for extubation (Fig. 20.1).

Immediate post-operative extubation has been advocated, 
based on a suggestion that early extubation might reduce the 
risk of ventilator associated pneumonia and provide benefi-
cial effects on splanchnic and liver blood flow, might avoid 
ICU admission, and might decrease hospital length of stay 
and costs [37, 38]. Arguments against immediate postopera-
tive extubation include the belief that a period of postopera-
tive ventilation decreases the risks of aspiration, atelectasis, 
or reintubation for surgical exploration if necessary, and 
allows consolidation of graft function in a situation of 
decreased sympathetic stimulation [5, 34, 37]. Opponents 
argue that delaying extubation by a small number of hours 
allows assurance of hemodynamic stability, hemostasis and 
the presence of a functioning graft, and facilitates titration of 
narcotic analgesics for post-operative pain without compro-
mising the patient’s airway and respiratory status. At some 
centers, suitable patients are extubated in the OR and recov-
ered in the post-anesthesia care unit (PACU) before transfer 
to a specialized surgical floor, thus “bypassing” the ICU 
[37–39]. The costs of PACU versus ICU stay intersect at 
about 6 h of PACU care and the level of nursing support in 
the PACU or the surgical floor is crucial [2]. Mandell et al. 
describe a cohort of 391 patients who received LTs at one of 
7 centers (5 in the United States, 2 in Europe) who were 
extubated within one hour of completion of surgery [40]. 
Adverse events occurred in 7.7% of them within 72 h of sur-
gery, although most of these adverse events were relatively 
minor. In some centers early extubation is performed in 
60–70% of cases with avoidance of ICU admission in many 
of those cases, and reduction in costs [38, 41, 42]. A random-
ized trial of immediate versus early versus delayed extuba-
tion after LT has not yet been published.

20.4.1.2  Patients in Whom Early Ventilator 
Liberation Is Not Possible

Many patients will not be suitable for early extubation after 
LT. As mentioned earlier, in the era of donor organ allocation 
according to MELD score, the acuity of LT recipients has 
increased and such patients may be unsuitable for “fast track-
ing”. Some may have required preoperative ventilation 
because of lung disease (e.g. alpha-1-antitrypsin deficiency, 
hepatopulmonary syndrome), severe malnourishment or pre-
operative sepsis. Diaphragmatic injury during the surgical 
procedure compounds the problem. Intraoperative difficul-
ties leading to large volume transfusions, severe and persis-
tent metabolic acidosis, ongoing bleeding and airway issues 
may delay extubation. Diuresis may be required prior to 
extubation in some patients. Inflammatory lung injury (see 
below) may develop in patients with liver failure, in those 
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Adjust ventilation to maintain

pH:7.35–7.45
PaCO2: 35–50 mm Hg
PaO2: 90–120 mm Hg
SpO2>92%

Assess weaning criteria

Patient weaning criteria section
Hemodynamic status

• Systolic blood pressure >80mm Hg
• Heart rate is between 50–110 bpm
• Cardiac rhythm unchanged from pre-operative ECG recording
• Temperature is between 36 and 38*c

Recovery from surgery

• Documented recovery from neuromuscular blockade
(4 twitches in the train of 4 monitoning)

• Active bleeding is <100 ml/h
• Hemoglobin is > 8.0 g/dl

Chest X-ray (if no x-ray within the last 24h notify the 
primary service)

• Endotracheal tube above canna
• Lung expanded (some atelectasis may be present).

pneumothorax not present 
if all criteria met, proced to weaning track

 if any criteria not met, reevaluate on an hourly basis or PRN
until patient meets criteria

Weaning track
• Initiate 30-min trial with patient

on PSV 5/5 cmH2O

Weaning criteria
• Patient is awake
• Patient follows commands
• FiO2<0.5
• Spontaneous respiratory rate

between 6 and 20bpm
• Minute ventilazition (VE)>50 mL/kg/min

and <150mL/kg/min
• Can achive voluntary breath of 
>12 mL/kg

Does  patient
meet above 

criteria?

Yes Yes

No No

No

Is respiratory
rate between

6 and 20 bpm?

Return to previous 
SIMV settings

• Notify physician
• Proceed with extubation
• Oxygen by continuous facemask to
• Maintain spO2>92%

PSV 5/5 cmH2O Re-evaluate for
another trial in 1 h

Yes

Is VE
>50 mL/kg/min?

Re-evaluate for another 
trial in 1 h

Adjustment ranges

Note: notify primary service if unable
to achieve above parameters

FIO2:0.4–1.0
SIMV: 8–15 bpm
PEEP: 5–10 cm H2O

• Increase PS by 5 cm
H2O until VE is 
> 50mL/kg/min
Note: maximum PS is 
15cmH2O

• If the VE goal of 
50 mL/kg/min is not 
achived at PS 15cm
H2O then the patients is 
returned o SIMV 
settings as prior to 
weaning attempt then 
reassess in 14 h            

Initial ventilator settings

• Synchronized intermittent Mandatory Ventilation (SIMV)
8–10 breaths per minute (bpm)

• Fraction of Inspired Oxygen (FIO2) to keep oxygen
saturations (SpO2)> 92% as needed

• Tidal Volume (VT) at 8–10 mL/kg Ideal Body Weight (IBW)
• Positive End Expiratory Pressure (PEEP) at 5 cmH2O
• Inspiratory to Expiratory ratio (1:E) at 1:2-1:3
• Obtain Arterial Blood Gas (ABG) in 30 min 

Fig. 20.1 Post-Liver 
transplant ventilator weaning 
protocol used at the author’s 
institution. From Findlay JY, 
Keegan MT. Respiratory 
Failure and ARDS in Wagener 
G. Liver Anesthesiology and 
Critical Care. Springer, 
New York, 2012
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who undergo complex abdominal surgery, and as a conse-
quence of blood transfusion [43, 44]. Faenza and colleagues 
have identified the presence of early post-operative impair-
ment of PaO2/FiO2 as a predictor of prolonged post-operative 
ventilation [45]. In other patients, metabolism of citrate from 
administered packed red blood cells may lead to metabolic 
alkalosis and consequent hypoventilation, delaying extuba-
tion. Acetazolamide is occasionally required in such cases 
[46]. Pre-operative encephalopathy may result in delayed 
postoperative awakening, compromising the ability to 
extubate.

Yuan et al. reported data on 10,517 LT recipients trans-
planted between 2002 and 2008. Prolonged mechanical ven-
tilation was associated with recipients who were older (age 
>50 years), female, who required pretransplant dialysis, or 
who had ascites [47]. When acute liver failure was the reason 
for LT, the presence of severe intraoperative hemodynamic 
derangements, advanced pre-operative encephalopathy, and 
renal dysfunction were predictors of prolonged postopera-
tive ventilation [48].

LT recipients who require a longer duration of mechanical 
ventilation should be weaned according to published guide-
lines and recommendations [49, 50]. Recommendations 
include early consideration of weaning, use of spontaneous 
breathing trials to assess suitability for weaning, initial use 
of a 30-minute T-piece or low pressure support trial, pressure 
support or assist control mode for weaning, and use of non- 
invasive ventilation in selected patients [49, 51–56].

The need for tracheostomy is unusual in LT recipients 
[57]. If performed, it is usually delayed until two or three 
weeks of mechanical ventilation have been required. 
Percutaneous tracheostomy is increasingly used by the ICU 
community and there is some experience in transplant recipi-
ents [58, 59].

20.4.1.3  Postoperative Pulmonary Edema
Pulmonary edema is common after LT. It has been reported 
by Golfieri et al. to occur in 45% of recipients, based on 
X-ray findings [60]. In the majority of cases the pulmonary 
edema was interstitial and associated with other signs of 
fluid overload and resolved with fluid restriction and 
diuretic use. Aduen et al. reported a prevalence of 52% in a 
series of 100 consecutive LTs [61]. Those patients in whom 
pulmonary edema was present immediately postoperatively 
and resolved within 24 h had outcomes similar to patients 
without pulmonary edema. In the patients with persistent 
pulmonary edema (18%) or in whom pulmonary edema 
developed in the postoperative period (9%) the duration of 
mechanical ventilation and ICU length of stay were 
increased. Persistent or late-onset pulmonary edema was 
associated with higher MELD score and was more likely to 
be related to altered capillary permeability rather than a 
hydrostatic mechanism.

20.4.1.4  Acute Respiratory Distress Syndrome 
(ARDS) After LT

The surgical insult, reperfusion cytokine release, 
transfusion- related acute lung injury, sepsis, pre-operative 
(or less likely pre-induction) aspiration and treatment with 
monoclonal antibody therapy may cause acute respiratory 
distress syndrome (ARDS) in patients after LT [61–64]. 
Zhao et al. reported an incidence of ARDS (defined by the 
Berlin critera) of 4.1% in 1726 adult patients who received 
LTs at a single center between 2004 and 2013 [65]. ARDS 
was associated with preoperative encephalopathy, the 
requirement for preoperative intubation, an elevation in 
serum bilirubin, and high intraoperative pressor require-
ments. The condition was associated with increases in the 
duration of mechanical ventilation, the duration of hospital 
stay, and mortality.

Patients with severe liver disease were excluded from the 
NIH-sponsored ARDSNet ARMA trial, the results of which 
demonstrated the advantage of a low tidal volume, lung- 
protective strategy [66]. It seems reasonable, however, to 
advocate for such a strategy in LT recipients who develop 
ARDS. The use of positive end expiratory pressure (PEEP), 
titrated to a level that exceeds pleural pressure, is an estab-
lished method to improve oxygenation in mechanically venti-
lated patients and is especially useful in patients with ARDS 
[67, 68]. Although theoretically the application of PEEP may 
increase hepatic engorgement and compromise function of a 
new allograft, hepatic inflow and outflow are not impaired by 
PEEP levels up to about 15 cm H2O [69–71]. The effects of 
higher PEEP levels are uncertain. There is minimal published 
experience with the use of permissive hypercapnia and high 
frequency oscillation in patients after LT. Reports of the use 
of prone positioning provide conflicting messages [72, 73]. 
Extra-corporeal membrane oxygenation (ECMO) is increas-
ingly used as salvage therapy for patients with a variety of 
cardiac and respiratory conditions, including ARDS [74]. 
Park et al. described the use of venovenous ECMO in 18 adult 
LT recipients who developed postoperative respiratory failure 
(12 with pneumonia, 6 with ARDS) that was refractory to 
mechanical ventilation and concurrent inhaled nitric oxide. 
Eight of the patients survived [75].

20.4.1.5  Use of Non-Invasive Ventilation 
in the Postoperative Period

Non-invasive ventilatory support (continuous positive airway 
pressure [CPAP] or biphasic positive airway pressure 
[BiPAP]) may be employed in the difficult-to wean LT recipi-
ent who is not yet ready for complete withdrawal of mechani-
cal ventilation but in whom extubation is desired [76]. It is 
also useful to avoid reintubation while a reversible problem 
(e.g. pulmonary edema due to volume overload, or opiate- 
induced hypoventilation) is treated [77]. The most common 
use of non-invasive ventilation in the postoperative LT 
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recipient, however, is probably the use of CPAP for the 
increasingly- recognized condition of obstructive sleep apnea.

20.4.1.6  Ventilator-Associated Pneumonia 
(VAP)

Although it is a major nosocomial problem and cause of ICU 
morbidity and mortality, VAP is unlikely to develop in the 
immediate postoperative period in LT recipients who are 
weaned quickly from the ventilator [78, 79]. In those who 
require longer durations of ventilator support the risk of VAP 
increases. Prevention, investigation and treatment should 
follow published guidelines [78, 80, 81]. Bronchoscopy and 
bronchoalveolar lavage (BAL) may be required to guide 
antimicrobial therapy. Consultation with a transplant infec-
tious disease specialist should be considered if VAP 
develops.

20.4.1.7  Hepatopulmonary Syndrome (HPS) 
in the Postoperative Period

HPS is discussed in detail in Chap. 11. In the post-LT period, 
a failure of the PaO2 to adequately increase with administra-
tion of 100% oxygen may result in critical hypoxemia [82–
84]. Weaning from mechanical ventilatory support may be 
challenging and, post-extubation, patients may require high- 
flow oxygen or non-invasive ventilator support that requires 
continued ICU care. Gupta et al. reported a median duration 
of post-LT ventilation of 1 day, but 23% of patients devel-
oped hypoxemic respiratory failure requiring ventilator sup-
port of up to 60 days [85]. Oxygen dependence may persist 
for weeks to months after extubation [86, 87]. Severe post-
operative HPS-related hypoxemia may respond to 
Trendelenburg positioning or administration of intravenous 
methylene blue or inhaled N(G)-nitro-l-arginine methyl 
ester [88–90].

20.4.1.8  Portopulmonary Hypertension (PPH) 
in the Postoperative Period

As described in Chap. 9 patients with portopulmonary 
hypertension (PPH) are carefully screened and managed 
before LT is attempted [91–103]. Even with careful manage-
ment, however, this group of patients represents a high peri-
operative risk cohort, because of the potential development 
of volume overload, metabolic or respiratory acidosis or 
hypoxemia, each of which will increase pulmonary artery 
pressures and potentially cause right ventricular failure at 
the time of reperfusion or early in the postoperative period. 
Patients are intolerant of large fluid shifts and massive 
hepatic and mesenteric congestion may occur. If low cardiac 
output develops graft ischemia and multiple organ failure 
may occur.

Pre-transplant therapy for PPH should be continued peri-
operatively and attempts to wean such therapies are best left 
until weeks after transplantation. It is imperative that in 
patients receiving continuous infusions of epoprostenol that 
the infusions continue without interruption as even a brief 
interruption may lead to rebound pulmonary hypertension. 
New onset or worsening right ventricular dysfunction and 
pulmonary hypertension may be treated with administration 
of inhaled nitric oxide, sildenafil or bosentan, or intravenous 
epoprostenol. In extreme circumstances, placement of a right 
ventricular assist device or performance of an atrial septos-
tomy may be required [104–109].

20.4.2  Cardiac Considerations

When patients are being assessed for suitability for LT 
screening for cardiac disease is an important element. The 
guidelines developed by the American College of Cardiology 
and the American Heart Association are widely used, but 
additional testing may also occur [110]. Resting and stress 
echocardiography are typically performed. The former pro-
vides information on baseline ventricular and valvular func-
tion and an estimate of the right ventricular systolic pressure 
to screen for pulmonary hypertension. Although some doubt 
has been cast on its utility in LT candidates, dobutamine 
stress echocardiography (DSE) is widely used for preopera-
tive screening and seeks the presence of inducible ischemia 
that may warrant additional evaluation by a cardiologist 
[111–114].

Although this screening process means that only patients 
who have satisfactory cardiac function will be accepted as 
LT candidates, recipients may still have significant cardiac 
dysfunction that needs to be considered and managed peri-
operatively. As discussed in Chap. 9, patients with end- stage 
liver disease develop a vasodilation-associated hyperdy-
namic circulation. Atrial and right ventricular enlargement 
may be accompanied by diastolic dysfunction especially in 
patients with ascites, because of the increased effects of 
nitric oxide or endothelin-1 [115, 116]. The hyperdynamic 
circulation persists in the postoperative period and failure to 
see it might indicate hypovolemia, myocardial dysfunction, 
or a sinister cause [117]. After LT the vasodilated state will 
resolve over time. Restrictive cardiomyopathy may be pres-
ent in patients who have undergone LT for hemochromato-
sis and this may blunt the usual hyperdynamic state.

Cardiac disease severity in the period after LT may be 
classified according to a system that assigns patients to one 
of four groups, depending on the presence and degree of 
hyperdynamic circulation, hyponatremia, portpulmonary 
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hypertension, cardiac dysfunction and malnutrition [116, 
118]. Despite the apparently vigorous myocardium and the 
requirements for perioperative volume administration, 
patients with cirrhotic cardiomyopathy may develop intra-
vascular overload relatively easily. Cautious administration 
of fluid is required in an effort to ensure adequate perfusion 
of the hepatic graft and other vital organs, but inotropic or 
vasoconstrictor support may also be required post- 
operatively. NE or epinephrine may be used, the former 
being more popular because of its powerful vasoconstrictor 
effect and concomitant inotropic properties, coupled with the 
fact that its associated tachycardia is usually not excessive. 
Dobutamine is occasionally used, but because of its “inodila-
tor” properties, simultaneous use of a vasoconstrictor is often 
required. Vasopressin, a second line drug for restoration of 
blood pressure may be used as adjunctive therapy or as a 
catecholamine-sparing agent, though cost limits its use in 
some institutions. Vasopressin probably also decreases por-
tal flow, however, with subsequent decrease in hepatic perfu-
sion. Further details may be found in Chap. 9.

In a small number of patients, a decrease in left ventricu-
lar ejection fraction may occur, presenting a few days after 
the transplant procedure. This post-transplant dilated cardio-
myopathy leads to pulmonary edema and respiratory failure, 
typically requiring readmission to ICU and initiation of inva-
sive or non-invasive ventilatory support [119]. The condition 
is usually reversible with supportive treatment including 
diuresis and inotropic support. On occasion, apical balloon-
ing suggests Takotsubo or stress-induced cardiomyopathy 
[120, 121].

Rarely, persistent postoperative hypotension may be 
caused by pericardial tamponade due to hemopericardium. 
This can occur because of injury to the parietal pericardium 
during placement of the superior aspect of the LT “Mercedes 
incision”, injury to the right atrium during performance of 
the superior vena cava anastomosis, or perforation of the 
superior vena cava or heart as a result of central venous cath-
eter placement. Decreased cardiac output, high filling pres-
sures, and a tendency to equalization of cardiac chamber 
pressures are typically seen, but profound vasodilation or 
hypovolemia may alter the hemodynamic profile. Diagnosis 
is made on clinical and echocardiographic grounds and treat-
ment is by pericardiocentesis and/or surgical intervention.

In many LT programs serial troponin measurements are 
made postoperatively. Elevated levels were seen in 14 of 119 
patients studied by Findlay et al., and may reflect intraopera-
tive demand ischemia rather than significant coronary artery 
disease [113]. Ongoing postoperative myocardial ischemia is 
relatively unusual. Although heparin, anti-platelet agents, 
thrombolysis, and percutaneous coronary intervention are 

less than ideal options in the postoperative period they 
should not immediately be ruled out. Discussions involving 
the surgeon, cardiologist, intensivist and the patient will usu-
ally lead to a satisfactory compromise.

20.4.2.1  Postoperative Hypertension
In the postoperative period hypertension may be due to intol-
erance of the tracheal tube, incisional pain, anxiety, hypogly-
cemia, hypercapnia, volume overload and/or pre-existing 
chronic hypertension. If the systolic blood pressure is greater 
than 160 mmHg, intervention is probably required [122]. 
Intravenous agents such as labetalol or hydralazine are most 
useful early in the postoperative course. Once the period of 
“fluid-seeking” has resolved, longer-acting enteral agents 
may be used. Cyclosporine and tacrolimus activate the renin- 
angiotensin- aldosterone system and can lead to hyperten-
sion, although if it develops it usually occurs after ICU 
discharge. Postoperative pulmonary hypertension is covered 
in an earlier section.

20.4.2.2  Postoperative Arrhythmias
Electrolyte imbalances (especially disorders of potassium, 
calcium, and magnesium), metabolic acidosis, hypoxemia 
and hypercapnia, volume overload or depletion, malposi-
tioned central venous catheters, and myocardial ischemia 
may cause cardiac arrhythmias in the post-LT period. Atrial 
arrhythmias, especially atrial fibrillation, are relatively 
common as large fluid shifts and atrial distension occur 
[123]. Treatment of atrial fibrillation involves addressing 
the precipitating cause and achieving rate control with 
beta- blockers or calcium antagonists, measures that will 
often result in conversion to sinus rhythm. Amiodarone is 
not the ideal choice in patients after LT because of its 
potential hepatotoxicity, although it is usually effective in 
controlling rate and often effective in restoring sinus 
rhythm.

20.4.3  The Nervous System

As many as 25% of recipients have neurologic dysfunction 
in the perioperative period, the most common manifestations 
of which are encephalopathy and seizures [124–128].

The speed at which a patient awakens after LT is related 
to the rate of redistribution and metabolism of anesthetic and 
sedative agents and to the pre-operative mental status. The 
presence of pre-operative encephalopathy is associated with 
delayed postoperative awakening. Postoperative delirium is 
associated with worse outcomes in LT recipients [129]. As 
mentioned, the use of on short-acting agents and 
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low- moderate doses of analgesics as part of “fast-track” pro-
tocols allows awakening within 6 h in most cases—often 
much sooner.

Patients with acute liver failure (ALF) and cerebral edema 
should be managed differently to patients without this condi-
tion. Therapies initiated pre-operatively should be continued 
in the early postoperative period. Such interventions include 
minimization of noxious stimuli, avoidance of mechanical 
obstruction to cerebral venous outflow, mild hyperventila-
tion, mannitol or hypertonic saline administration, use of the 
reverse Trendelenburg position, and potentially, moderate 
hypothermia [130–137]. Sedative weaning and awakening 
should be performed cautiously, guided by an intracranial 
pressure (ICP) monitor if there is one in situ, as the adminis-
tration of sedative agents is one of the key management tech-
niques for the treatment of cerebral edema. A functional liver 
allograft will eventually lead to a decrease in ICP, but there 
are rare reports of cerebral herniation intraoperatively and 
early postoperatively, leading to loss of the patient and the 
liver allograft.

Postoperative seizures are unusual. If they occur, intracra-
nial hemorrhage or infarction, central nervous system infec-
tion, severe hyponatremia or hypocalcemia, and calcineurin 
inhibitor toxicity are the likely causes. Calcineurin inhibitors 
may also cause restlessness, tremor, and an acute confusional 
state.

Rapid increase in serum sodium in a patient with pre- 
exiting hyponatremia may cause central pontine myelinolysis 
(CPM) because of changes in osmolality [126, 138]. Lee 
et al. documented CPM (or the similar condition, extra- 
pontine myelinolysis) in 11 of 1247 patients (0.88%) who 
underwent LT between 1992 and 2005 [139]. A greater sever-
ity of preoperative liver dysfunction and larger changes in 
perioperative sodium concentration were associated with the 
condition. Awareness of the condition and a decrease in the 
use of sodium bicarbonate, coupled with an increase in the 
availability of non-sodium buffers such as tromethamine, has 
probably decreased the incidence of CPM [126, 138–141].

Psychological strain is common in patients after LT. The 
ICU Environmental Stressor Scale was used by Biancofiore 
and colleagues to evaluate recipients and they noted that 
insomnia, pain, the presence of tubes and drains, and limita-
tions of family interaction were major stressors [142].

20.4.4  Renal Considerations

Pre-LT renal dysfunction is common (as described in Chap. 
20) but may also occur postoperatively. Hepatorenal syn-
drome (HRS) is only one of many potential causes, and is a 
diagnosis of exclusion, usually made pre-operatively. HRS 
generally recovers after LT unless irreversible damage has 
occurred. More common causes include intravascular vol-
ume depletion, acute tubular necrosis due to sepsis, and 

nephrotoxins, as well as many primary renal etiologies [143–
148]. If the renal dysfunction is long-enough established and 
deemed to be irreversible, a combined liver-kidney trans-
plant may be performed.

Intraoperative hyperkalemia may be especially prob-
lematic in patients with renal dysfunction. Reperfusion of 
the hepatic allograft delivers a large potassium load to the 
systemic circulation and transfusion of multiple units of 
packed red blood cells is also associated with a potassium 
load. The presence of an acidemia will worsen the hyper-
kalemia. Potassium-depleted red cells may be available 
from the transfusion-medicine service and should be used 
in patients with severe renal dysfunction. Intraoperative 
hyperkalemia may persist into the postoperative period. If 
present, it may be treated with conventional measures to 
protect the heart, shift potassium from the plasma to the 
intracellular space, and decrease total body potassium. In 
mechanically ventilated patients, hyperventilation can be 
used in conjunction with administration of intravenous 
calcium (given until ECG abnormalities resolve) as initial 
measures to decrease serum potassium and preserve myo-
cardial function. Administration of insulin with dextrose, 
beta-2 agonists, and sodium bicarbonate will also decrease 
potassium. Beta-2 agonists may improve or worsen car-
diac arrhythmias that have developed in the setting of 
hyperkalemia. The severity of hyperkalemia must be con-
sidered in association with the presence or absence of 
hyponatremia when administration of sodium bicarbonate 
(which is usually readily available in the ICU) is being 
contemplated. Decreasing total body stores of potassium 
requires administration of furosemide (if the patient makes 
urine) or initiation of dialysis. Sodium polystyrene sulfo-
nate may not be effective and has multiple associated 
complications.

In patients on intermittent hemodialysis, attempts should 
be made to optimize fluid and electrolyte status prior to LT, 
often by performing a hemodialysis run in the immediate 
pre-operative period. Some patients will have been in the 
ICU pre-operatively, and because of renal failure in the set-
ting of hemodynamic instability, need continuous renal 
replacement therapy (CRRT) prior to LT. CRRT is usually 
not continued intraoperatively, though it is possible to do so 
to treat severe metabolic acidosis and hyperkalemia and to 
allow volume removal and decrease liver engorgement 
when a patient is anuric [149, 150]. Theoretically CRRT 
has advantages over intermittent HD for patients with ele-
vated ICP and for those with portopulmonary 
hypertension.

Postoperatively, the need for re-initiation of dialysis 
should be assessed according to the usual criteria. One third 
of patients with pre-operative renal failure will require post- 
operative renal replacement therapy and 5% of those with 
pre-operative renal failure will need chronic dialysis.
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New requirements for renal replacement therapy may 
develop postoperatively. Perioperative hypovolemia, hypo-
tension, or cardiac dysfunction may cause azotemia, and 
renal injury may also result from acute tubular necrosis sec-
ondary to sepsis or an inflammatory state caused by the sur-
gical procedure [151]. Post-operative hepatic allograft 
dysfunction may precipitate new post-operative renal dys-
function and nephrotoxic drugs especially immunosuppres-
sants (e.g. tacrolimus) and antimicrobials (e.g. amphotericin) 
may also be responsible. Further, administration of large vol-
umes of chloride-containing fluids may be associated with 
renal damage [152]. Optimization of hemodynamics and 
treatment of the underlying cause may allow renal recovery, 
with or without the need for renal replacement therapy. The 
absence of structural abnormality on renal biopsy correlates 
with recovery after liver-alone transplantation [153]. Biopsy 
is associated with potential morbidity, however, which limits 
its widespread application, especially in the early postopera-
tive period.

20.4.5  Metabolic Considerations

20.4.5.1  Glycemic Control
There is a tendency to hyperglycemia in the LT recipient 
because of the surgical stress response, administration of ste-
roids and exogenous catecholamines, and the insulin resis-
tance associated with liver failure. Perioperative glycemic 
control and glycemic management in the critically ill have 
been subjects of much investigation [154–157]. Intraoperative 
glycemic control may affect graft function and post- operative 
complications in both liver and kidney transplant recipients, 
but the data are incomplete [158]. Hypoglycemia is a con-
cern in patients with liver dysfunction and altered glycogen 
stores preoperatively, and in patients with marginal graft 
function postoperatively. The role of postoperative glycemic 
control in LT recipients is still uncertain, although there are 
some retrospective data [158–161].

Blood sugars between 100 and 139 mg/dl were targeted 
by Marvin and colleagues using a computer-based algorithm 
in the perioperative period in 32 LT recipients, though the 
study did not evaluate the implications of glycemic control 
[161]. A blood glucose target of 80–110 mg/dl was retro-
spectively compared with a target of less than 180 mg/dl 
[160]. Patients in the group with a lower target—despite 
achieving a target concentration only 24% of the time—
demonstrated reduced infection and rejection rates, need for 
mechanical ventilation and requirement for blood transfu-
sion. Whether these outcomes were causative or co- incidental 
is unclear. Ammori et al. retrospectively divided a cohort of 
184 adult patients transplanted between 2004 and 2006 into 
those who achieved “strict” (mean intraoperative blood glu-
cose <150 mg/dl) or “poor” (mean intraoperative glucose 
≥150 mg/dl) [159]. The incidences of most post-operative 

complications were similar, but poor glycemic control was 
associated with a significantly increased infection rate at 
30 days post-transplantation and an increased 1-year mortal-
ity. In a large study of 680 LT recipients Park et al. demon-
strated that an intraoperative glucose level > 200 mg/dl was 
associated, on multivariate analysis, with an increased risk 
of post-operative surgical site infection [162].

At Mayo Clinic, an insulin infusion is often initiated in 
the OR and continued into the postoperative period. ICU 
nurse-initiated and glycemic control protocols are also used. 
We have demonstrated adequate glycemic management 
with an excellent safety profile [163]. Sugars should be 
checked every hour when insulin infusions are being used 
and one needs to be especially careful to avoid hypoglyce-
mia in patients with preoperative ALF and those with mar-
ginal graft function. Hypoglycemia should be treated with 
boluses of 50% dextrose, continuous infusions of 5% or 
10% dextrose and adjustment of the insulin algorithms that 
may be in use.

20.4.5.2  Nutrition
Protein calorie malnutrition is common in advanced liver 
disease and is likely to worsen perioperatively because of the 
catabolic changes of the surgical stress response and the dif-
ficulty in achieving a positive protein balance in the immedi-
ate post-transplant period [164, 165]. Gastrointestinal 
function usually recovers quickly after an uncomplicated LT, 
so re-initiation of oral intake can occur within 24–48 h of 
surgery. At some centers, nasogastric or nasojejunal feeding 
is initiated postoperatively to preserve gut mucosal integrity 
and to provide caloric intake, though this is not the norm. 
Total parenteral nutrition is usually unnecessary and is less 
desirable than enteral feeding as it may be associated with 
steatotic hepatitis and central line associated blood stream 
infection.

20.4.5.3  Other Electrolyte and Metabolic Issues
In circumstances of large volume transfusion, citrate preser-
vative in packed red blood cells may chelate enough calcium 
to cause hypocalcemia, which may impact hemodynamics 
and coagulation. Replacement should be by the intravenous 
route. Phosphate is required for liver parenchyma regenera-
tion and hypophosphatemia should be anticipated and treated 
in patients who have undergone living donor liver transplan-
tation (LDLT) or implantation of a split liver [166].

The concept of relative adrenal insufficiency in patients 
with sepsis has been the subject of research interest over the 
past decade [167, 168]. Given the finding of vasodilation in 
both sepsis and liver disease, Marik and colleagues evaluated 
adrenal function in patients with liver disease [169]. The large 
steroid bolus administered intraoperatively to patients under-
going LT provides adequate exogenous glucocorticoid levels, 
even if endogenous levels are insufficient. Relative adrenal 
insufficiency, may, however, occur months after LT [170].
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20.4.6  Coagulation Management

Derangements in the coagulation cascade that occur in 
patients with liver disease are detailed in Chap. 20 [171]. In 
the perioperative period the risk of bleeding must be weighed 
against the risk of hepatic artery or portal vein thrombosis. 
As the liver allograft starts to function, coagulation parame-
ters will tend towards normalization. In the meantime, how-
ever, intra- and post-operative bleeding must be prevented 
and/or stopped. Thrombocytopenia is seen in virtually all 
recipients after transplantation, with lowest levels seen on 
the third and fourth postoperative days. In addition to con-
ventional measures of coagulation such as INR, APTT, and 
platelet count, the TEG has been used extensively in the peri-
operative management of patients undergoing LT. Pioneered 
by liver transplant anesthesiologists for intraoperative man-
agement, the TEG is a whole blood coagulation test [172]. It 
is displayed as a graph that indicates coagulation over time. 
The TEG provides information regarding fibrin formation, 
fibrin-platelet plug construction and clot lysis by evaluating 
R time (from start of test to beginning of clot formation and 
corrected by administering fresh frozen plasma), K time 
(from start of clot until an amplitude of 20 mm, and impacted 
by fibrinogen), angle alpha (which measures the speed of 
fibrin build-up and is also impacted by fibrinogen), MA 
(maximum amplitude, which represents the ultimate strength 
of the fibrin clot, impacted by platelets) and MA + 30 and 

MA + 60 which measure clot lysis at 30 and 60 min and are 
correctable by administration of aminocaproic acid. In the 
absence of worrisome bleeding, reasonable targets for coag-
ulation tests include INR 1.5–2, fibrinogen > 50 mg/dl, and 
platelets > 50 × 109/L. A scheme for perioperative coagula-
tion management is provided in Fig. 20.2.

20.4.7  Immunosuppression

The transplanted liver is less immunogenic than other solid 
organ allografts, but careful use of immunosuppression is 
key to graft and patient survival, and the development of 
more powerful immunosuppressive agents allowed the prac-
tice of LT to flourish. The first dose of immunosuppressant 
medication is usually administered in the OR. Different LT 
programs have specific recommendations, but a typical regi-
men includes corticosteroids, mycophenolate mofetil and a 
calcineurin inhibitor, either tacrolimus or cyclosporine. The 
large multi-person, multi-disciplinary team required to suc-
cessfully care for a patient after LT, makes it essential to have 
clearly defined responsibilities for the prescription and 
administration of immunosuppressants. An ICU or trans-
plant pharmacist is a valuable addition to the team. Dose 
omission and inappropriate dosing may compromise graft 
survival or cause toxicity to other organs. Both cyclosporine 
and tacrolimus can cause nephrotoxicity and neurotoxicity 

INR Platelet count Fibrinogen

<2

See TEG See TEG See TEG6 U Platelets 10 U CryoFFP

R

normal

See TEG MA FFP

FFP 6 U Platelets 10 U Cryo

no Tx no Tx

>MA*0.5

A60

>MA*0.5

EACA
Platelets
<100,000 ?

N Y N

high >50 <35

MA

TEG Parameters

35-50

>2 >50,000 <50,000 >100 <100

Fig. 20.2 Algorithm for the perioperative assessment and treatment 
of coagulation abnormalities in patients undergoing orthotopic liver 
transplantation. FFP Fresh frozen plasma, Cryo Cryoprecipitate, 
TEG Thromboelsatogram, R TEG reaction time, MA TEG maximal 
amplitude, A60 TEG amplitude 60 min after the time of MA,  

Tx Treatment, EACA ε-aminocaproic acid. From Stapelfeldt W. Liver, 
Kidney, Pancreas Transplantation. In Critical Care Medicine: 
Perioperative Management, 2nd edition. Murray MJ, Coursin DB, 
Pearl RG, Prough DS eds. Lippincott Williams and Wilkins, 
Philadelphia, 2002. Page 728
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[173–176]. Sirolimus has been associated with delayed 
wound healing and hepatic artery thrombosis in the periop-
erative period, but may be introduced later as a calcineurin- 
sparing agent. In patients with renal impairment, for whom 
use of a calcineurin inhibitor is suboptimal because of renal 
toxicity, thymoglobulin and IL-2 receptor antagonists may 
be used for induction of immunosuppression. Cytokine 
release caused by these agents may result in pulmonary 
edema and hemodynamic instability.

Unless primary non-function occurs, rejection is usually 
not seen during the first week after LT, so is usually not an 
ICU issue [173, 174, 176]. Early rejection, if it occurs, is 
more common in patients with pre-existing antibodies who 
have received an ABO incompatible donor graft or who have 
exhibited a strongly positive crossmatch. Rejection is 
 uncommon in the elderly [31, 177]. The presenting features 
of rejection include increasing bilirubin, transaminases, and 
amylase, and, potentially, change in the character of the bili-
ary output. Fever may or may not be present. Rejection may 
be confirmed by liver biopsy. Treatment is with high dose 
intravenous corticosteroids as a first line, with anti- 
lymphocyte therapy an option in non-responders.

20.4.8  Infectious Disease Issues

Prior to transplantation, LT candidates are prone to infection, 
including spontaneous bacterial peritonitis. Interaction with 
the healthcare system increases the risk for colonization with 
resistant organisms, including methicillin-resistant 
Staphylococcus aureus and vancomycin-resistant 
Enterococcus. Although infection is the leading cause of death 
in LT recipients, it is not the commonest cause in the immedi-
ate post-transplant period. Post-transplant infections may 
occur, however, given the frequency of pre-transplant patient 
debility, and such infections principally affect the lungs or 
abdominal cavity. Prophylaxis against surgical site infections 
is administered intraoperatively, usually with a third genera-
tion cephalosporin, but although bacterial infections predomi-
nate in the postoperative period, fungi such as Candida species 
or Aspergillus may cause early respiratory infections [178]. 
VAP is discussed earlier in this chapter. For a more detailed 
discussion of infectious disease considerations in patients with 
liver disease, the reader is referred to Chap. 15.

20.4.9  Postoperative Complications

20.4.9.1  Postoperative Hemorrhage
Approximately 10% of patients require reoperation within 
the first 24–48 h because of ongoing intra-abdominal bleed-
ing [122, 179, 180]. Hypotension, abdominal distension, oli-
guria, elevated bladder (>20 cmH2O) and airway 

(>40 cmH2O) pressures and failure of the hemoglobin to rise 
after transfusion are indicative signs. Intra-abdominal bleed-
ing will usually manifest with brisk sanguinous deep abdom-
inal drain output, but malfunctioning or clotted drains may 
hide the magnitude of bleeding. If there is a concern about 
significant intra-abdominal bleeding, coagulopathy should 
be fully corrected to decrease “medical” bleeding. There 
should be an ongoing dialog between members of the critical 
care and surgical teams to ensure that the patient is trans-
ferred back to the OR quickly when warranted. Re-exploration 
does not always identify a definite source of bleeding. Often, 
intra-abdominal clot is removed, the abdomen is washed out 
and the patient returned to the ICU. Identifiable sources of 
surgical bleeding include vascular anastomoses, the cystic 
bed, liver lacerations, and abdominal wall vessels. The pres-
ence of large, raw surfaces in recipients of LDLTs or split- 
liver grafts increases their risk of bleeding. Exploratory 
laparotomy in a patient who has abdominal bleeding has 
hemodynamic consequences. On the negative side, induction 
of anesthesia and release of the tamponading effect of intra- 
abdominal clot may cause hypotension and further bleeding. 
Often, however, difficulties with ventilation and hemody-
namic compromise due to abdominal compartment syn-
drome will be ameliorated by opening the abdomen and 
addressing ongoing bleeding. Endovascular intervention to 
control post-transplant bleeding has been described but is not 
typical [181].

20.4.9.2  Vascular, Biliary, and Wound 
Complications

Between 6 and 12% of recipients develop vascular complica-
tions, though many of these will not manifest during the 
patient’s ICU stay [182]. Thrombosis is the most common 
complication, but arterial stenosis, pseudoaneurysm and dis-
section may occur. In the early postoperative period the risk 
of vessel thrombosis must be balanced against the risk of 
surgical site bleeding. The hepatic artery is a relatively small 
vessel. Postoperative hepatic artery thrombosis may present 
with marked elevation of transaminases and a rapid clinical 
deterioration. Ischemia of the bile duct, causing biliary leaks, 
may also occur because the biliary system obtains its blood 
supply from the hepatic artery. Retransplantation is required 
if hepatic necrosis develops. On occasion, an infusion of 
prostaglandin E1 (“alprostadil”), may be initiated if the sur-
gical team are concerned about the quality and patency of the 
hepatic artery intraoperatively [183]. The drug is started at 
40 mcg/kg/min increasing to a maximum of 160 mcg/kg/
min, as tolerated by systemic blood pressure.

Thrombosis of the portal vein occurs less commonly. The 
clinical manifestations are variable, and include ascites, vari-
ceal bleeding and severe liver dysfunction. The critical care 
and surgical teams should be vigilant for the development of 
a vascular complication that compromises graft function, as 
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prompt return to the operating room for intervention may 
salvage the new liver.

Biliary complications occur in 6–34% of LT recipients. 
Patients who have received partial grafts are at higher risk. 
Bile leaks present with fever, abdominal pain, peritonitis, 
and bile in the drains. Surgical repair is often required. 
Biliary obstruction is usually not seen in the ICU in the early 
postoperative course. Although wound complications includ-
ing infection and dehiscence are relatively common in LT 
recipients, they are not usually ICU problems.

20.4.10  Special Considerations

20.4.10.1  Acute Liver Failure
The management of a patient with acute liver failure (ALF) 
presents one of the greatest challenges to the intensivist. 
Chapters 8 and 21 provides a detailed discussion of the asso-
ciated considerations. Consensus recommendations have 
been published to guide management [18, 184]. The periop-
erative care is fraught with difficulty. Multiple organ failure 
must be carefully managed by the anesthesiologist and inten-
sivist, with particular attention paid to the control of intracra-
nial pressure. LT recipients in the setting of ALF will remain 
extremely ill in the first postoperative days and, at least ini-
tially, will require continuation of therapies initiated preop-
eratively such as renal replacement therapy, vasoactive 
support, and intracranial pressure management.

20.4.10.2  Living Donor Liver Transplantation
In general, the ICU care of a recipient of a living donor LT is 
similar to that of a recipient who has received a cadaveric 
liver graft. The perioperative course may actually be 
smoother in the LDT recipient as the procedure—unless the 
recipient has ALF—is usually performed on an elective 
basis, allowing medical optimization of the recipient prior to 
transplant. Disadvantages also exist. The large raw liver sur-
face present in LDLT recipients increases the risk of postop-
erative bleeding. Biliary complications are more common 
and the relatively small arterial anastomosis may lead to a 
higher incidence of thrombosis [185, 186].

In many programs the ICU team will also care for the 
liver donor on the night after surgery. A desire to minimize 
donor morbidity and to have zero donor mortality leads to 
routine ICU admission as an additional “safety margin” to 
ensure expertise is available for the immediate recognition 
and treatment of complications. Neuraxial techniques (epi-
dural catheter or single injection spinal) are often used to 
provide postoperative analgesia in these patients who have 
usually undergone an extended right hepatectomy. Epidural 
analgesia has raised concerns because of post-operative 
coagulopathy in such patients and the risk, albeit very small, 
of epidural hematoma. Administration of intrathecal opiates 

via a “single shot” technique is an attractive alternative, 
though this may lead to pruritus and/or delayed respiratory 
depression [187].

20.4.10.3  Use of Extended Criteria Donors 
and Donation After Cardiac Death

The need to increase the number of organs available for 
transplantation has led to the use of “marginal” or extended 
criteria donors. Furthermore, an initiative by the United 
Network for Organ Sharing in the United States, has led to 
the an increase in the number of organs procured after car-
diac death [188]. Recipients of such organs may have a more 
difficult postoperative course because of initial poor func-
tion. It is essential—although it may be logistically difficult 
in certain circumstances—that the potential donor and poten-
tial recipient are cared for by different ICU teams.

20.5  Discharge from, and Readmission to, 
the ICU

Many LT recipients leave the ICU within 24 h of surgery. As 
discussed earlier, some may have not been admitted in the 
first place. Large bore central venous catheters are usually 
not required once the patient is ready for ICU discharge. 
They may be changed over a wire to a smaller bore central 
venous catheter or removed altogether. Peripherally inserted 
central catheters may be placed in recipients with inadequate 
peripheral venous access.

ICU readmission was required in 19% of 1200 LT recipi-
ents transplanted between 1984 and 1996 [189]. Readmission 
was associated with poorer graft outcome, increased morbid-
ity, and increased costs. Cardiopulmonary deterioration led 
to most ICU readmissions in the Levy study and the reasons 
are similar today. Hypervolemia and decreased inspiratory 
capacity at the time of ICU discharge are associated with 
readmission [190]. Neurologic issues may also be responsi-
ble for a significant number of ICU readmissions after 
LT. Unsurprisingly, those who have had a prolonged ICU 
course or who were in the ICU pre-transplant have a higher 
risk of ICU readmission.

 Conclusion

LT is a major surgical procedure performed in patients 
who often have multiple organ system derangements. The 
perioperative care of the LT recipient has become “rou-
tine”. That does not mean that management of such 
patients is easy. A multidisciplinary approach and collabo-
ration between the surgical and anesthesia teams and the 
critical care service is required to ensure a smooth transi-
tion from the OR to the ICU and subsequently to the surgi-
cal ward. The postoperative course is made smoother by 
the presence of a functioning liver allograft. Nonetheless, 
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careful management of cardiorespiratory support is 
required, coupled with the need for optimization of meta-
bolic status and coagulopathy. The critical care team must 
be vigilant for the development of postoperative complica-
tions directly or indirectly related to the surgical procedure 
and be prepared to intervene quickly if required. New 
challenges are posed by the desire to decrease resource 
utilization while “pushing the envelope” in terms of patient 
acuity and organ suitability without losing focus on the 
maintenance of high quality outcomes.
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Use of Extra-Corporeal Liver Support 
Therapies in Acute and Acute 
on Chronic Liver Failure
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Abstract

Artificial (non-biological) extracorporeal liver support (ECLS) devices aim to remove 
albumin- bound and water soluble toxins in order to restore and preserve hepatic function 
and mitigate or limit the progression of multiorgan failure while either hepatic recovery or 
liver transplant occurs. Current artificial ECLS devices differ primarily in selectivity of the 
membrane utilized; dialysis based techniques such as the molecular adsorbent recirculating 
system (MARS®) combine renal replacement therapy with albumin dialysis and a highly 
selective (<50 kDa) filter in contrast to plasmapheresis (HVP)/plasma separation and filtra-
tion (Prometheus) techniques which are less selective (~250 kDa). Artificial ECLS devices 
have been used to support patients with acute liver failure (ALF) and acute-on-chronic liver 
failure (ACLF). These devices have been shown to be safe. The following beneficial effects 
have been documented: improvement of jaundice, amelioration of haemodynamic instabil-
ity, reduction of portal hypertension, and improvement of hepatic encephalopathy. However, 
the only randomized prospective multicenter controlled trial to show an improvement in 
transplant-free survival was for HVP. Biological (cell based) extracorporeal liver support 
systems (B-ECLS) aim to support the failing liver both through detoxification and synthetic 
function and warrant further study for safety and benefit.
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Abbreviations

ACLF Acute on chronic liver failure
ALF Acute liver failure
ECLS Extracorporeal liver support
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HE Hepatic encephalopathy
HRS Hepatorenal syndrome
INR International normalised ratio
LT Liver transplantation
MAP Mean arterial pressure
MARS® Molecular adsorbent recirculation system
SBP Spontaneous bacterial peritonitis
SMT Standard medical therapy
SOFA Sequential organ failure assessment score
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SPAD Single pass albumin dialysis
SVRI Systemic vascular resistance index
TNF Tumor necrosis factor

Key Points

• Supporting detoxification and synthetic functions of the 
failing liver is the rationale for the use of extracorporeal 
liver support (ECLS) systems.

• Bioartificial ECLS systems incorporate a bioreactor con-
taining various forms of hepatocytes to provide synthetic 
functions.

• Artificial and bioartificial liver support devices have 
shown certain detoxification capabilities and biochemical 
improvement in patients with acute and acute-on-chronic 
liver failure, but their effects have failed to correlate with 
survival benefit.

• High Volume Plasmapheresis (HVP) is the only therapy 
that has demonstrated a statistically significant benefit in 
transplant-free survival in ALF patients.

• Further refinement of target populations and adequate end-
points, optimization of therapy delivery, and avoidance of 
futile therapy appear to be essential steps for future ECLS 
devices to become integrated in standard medical therapy 
for specific subpopulations of ALF and ACLF patients.

21.1  Introduction: The Two Syndromes 
of Liver Failure

21.1.1  Acute Liver Failure (ALF)

Acute liver failure (ALF) is defined by hepatic encephalopa-
thy (HE) and coagulopathy within 26 weeks of the first symp-
toms of liver disease [1] occurring in patients without 
underlying chronic liver disease. The most common cause of 
ALF in North America and Europe is acetaminophen (APAP) 
[2, 3]. Particularly in APAP-induced ALF, cerebral edema 
and intracranial hypertension (ICH) continue to be major 
causes of morbidity and mortality along with multiorgan fail-
ure due to the systemic inflammatory response syndrome 
(SIRS) [4, 5]. Current management strategies for ALF (par-
ticularly hyperacute ALF) are directed at reducing ICH, these 
include osmotic agents (mannitol or hypertonic saline) [6], 
control of blood pressure, ammonia-lowering therapies (e.g., 
hemofiltration [7]) and therapeutic hypothermia (TH) [8].

21.1.2  Acute on Chronic Liver Failure (ACLF)

In contrast to acute liver failure, acute on chronic liver failure 
(ACLF) is defined as patients with cirrhosis hospitalized for an 
acute decompensation (AD) with associated organ failure(s) 
and a significantly increased risk of short term mortality [9]. 

ACLF usually presents as an acute deterioration in liver 
function over a 2–4 week period in a patient with pre-exist-
ing chronic liver disease. Similar to ALF, the lack of the 
metabolic and regulatory functions of the liver results in life-
threatening complications that may include variceal bleed-
ing, acute kidney injury (AKI), hepatic encephalopathy 
(HE), cardiovascular failure and susceptibility to infections 
culminating in multi-organ failure [10]. Recently the CLIF- 
SOFA score has demonstrated that accumulating organ fail-
ures in ACLF patients in the absence of transplant is 
associated with increased mortality [9].

21.2  Rationale for Use of ECLS in ALF 
and ACLF

In both ALF and ACLF, toxins accumulate as a result of 
impaired hepatic function and clearance. Ammonia, inflam-
matory cytokines, aromatic amino acids and endogenous 
benzodiazepines have been implicated in the development 
of HE and cerebral edema (ALF). Other systemic factors 
such as nitric oxide and cytokines have been linked with 
circulatory and renal dysfunction in liver failure. Pro-
inflammatory cytokines and damage associated molecular 
patterns (DAMPs) have broad effects ranging from increased 
capillary permeability to modulating cell-death and immune 
dysregulation.

Currently, liver transplantation (LT) is the only definitive 
treatment for ALF and ACLF patients when poor prognostic 
criteria are met. Unfortunately many patients die before a 
suitable graft becomes available; and for those who progress 
to multi-organ failure, LT is not an option. For patients with 
APAP-ALF, the liver often maintains some regenerative 
capacity allowing supportive therapies and extracorporeal 
systems to be utilized to create or prolong a window of oppor-
tunity for LT. Ideally, these interventions would promote 
native liver recovery in APAP-ALF without cerebral edema/
multi-organ failure, and in cases of ACLF, to establish a 
period of stability until an organ becomes available [11].

From a theoretic perspective, an effective extracorporeal 
liver support system (ECLS) should assist three major hepatic 
functions: detoxification, biosynthesis, and regulation.

In both ALF and ACLF, aims of ECLS would be to 
remove putative toxins preventing further aggravation of 
liver failure, to stimulate liver regeneration, and to improve 
the pathophysiologic features of liver failure [12]. None of 
the devices currently available, however, fulfil these require-
ments completely.

21.3  Extracorporeal Liver Support 
Systems: Artificial and Bioartificial

ECLS systems that have been tested clinically belong to one 
of the following two categories:
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Artificial ECLS systems: These are based on the princi-
ples of adsorption and filtration and are aimed at removing 
circulating toxins by using membranes with different pore 
sizes and adsorbent columns.

Bioartificial ECLS (B-ECLS) systems are hybrid 
devices that incorporate hepatocytes in a bioactive platform 
to improve the detoxification capacity and to support syn-
thetic hepatic function [13]. Cells origins include human 
(including hepatoblastoma) and porcine (Table 21.1).

21.4  Artificial ECLS: Detoxification 
and the “Albumin Hypothesis”

Albumin administration has been shown to be beneficial in 
spontaneous bacterial peritonitis and hepatorenal syndrome 
partly due to its ability to bind toxins [14]. Artificial ECLS 
technologies utilize albumin as a binding and scavenging 
molecule. Different albumin-based ECLS devices vary based 
on the following characteristics:

membrane types/porosity/selectivity
types of columns/filters
modality of renal replacement therapy utilized
need to have an albumin enriched dialysate
extracorporeal volume needed

Dialysis-related techniques include MARS (Molecular 
Adsorbent Recirculation System) and SPAD (Single Pass 
Albumin Dialysis) [15]. These techniques involve dialyzing 
blood against an albumin-containing solution across a highly 
selective/small porosity (<50 kilodaltons—kDa) high-flux 
membrane. The blood-bound toxins are cleared by diffusion 
and taken up by the binding sites of the albumin dialysate. In 
contrast, plasma adsorption techniques such as Prometheus 

(Fractionated Plasma Separation and Adsorption) and High 
Volume Plasmapheresis (HVP) employ more non-selective 
membranes (~250 kDa) and do not employ a parallel dialy-
sate circuit.

21.5  Molecular Adsorbents Recirculation 
System (MARS)

MARS was originally developed by Stange and Mitzner [16] 
(Teraklin AG, Germany) in 1993. The system consists of a 
blood circuit, an albumin circuit and a classic “renal” circuit. 
Blood is dialysed across an albumin impregnated high-flux 
dialysis membrane; 600 mL of 20% human albumin in the 
albumin circuit acts as the dialysate. The albumin dialysate is 
subsequently cleansed via passage across two sequential 
adsorbent columns containing activated charcoal and anion 
exchange resin. These columns remove most of the albumin 
bound toxins. Substances with a molecular weight of more 
than 50 kDa, such as essential hormones and growth factors 
bound to albumin, are not removed because of the small pore 
size of the membrane [17].

21.6  MARS and ACLF: Clinical Studies

In 2000, Mitzner et al. reported 13 patients with ACLF and 
Type 1 HRS treated with MARS [18]. Patients received a 
mean of five treatments and did not receive vasopressors nor 
were any transplanted. He showed a 37.5% absolute survival 
benefit at day 7 vs. 0% in controls). A significant decrease in 
creatinine and bilirubin was also noted in the MARS group.

Subsequently, Heemann and colleagues randomized 23 
patients with ACLF (19 were alcoholics) to MARS or standard 
medical therapy (SMT; including dialysis if necessary) [19]. 

Table 21.1 Artificial extracorporeal liver support in ALF/ACLF

Study N Device Biochemical CVS CNS Survival

ACLF
Mitzner [18]  13 MARS Yes Yes No Yes (37.5% vs. 0% at 7 days)
Heemann [19]  24 MARS Yes Yes Yes Yes (90% vs. 55% at 30 days)
Sen [43]  18 MARS Yes No Yes No (45% in both)
Laleman [27]  18 MARS/Prometheus Yes No N/A N/A
Hassinien [20]  70 MARS Yes N/A Yes N/A
Kribben [28] 143 Prometheus Yes N/A No effect on 28/90 day survival
Banares [21] 189 MARS Yes N/A Yes No effect on 28 day survival
ALF
Schmidt [22]  13 MARS Yes Yes N/A No
El Banayosi [23]  27 MARS No N/A N/A Yes (50vs. 32%)a

Saliba [24] 102 MARS Yes N/A N/A No effect on survival
Larsen [33] 182 HVP Yes Yes Yes Yes

Biochemical improvements: Statistically significant reduction in bilirubin, bile acids, creatinine, ammonia
N/A not assessed
aPatients may have had acute liver injury (ischemic hepatitis) and not acute liver failure
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Inclusion criteria included bilirubin > 340 μmol/L, HE > Grade 
2 and AKI. At day 30, 11/12 patients in the MARS group were 
still alive, compared to only 6/11 in the control group (p < 0.05). 
There were also statistically significant decreases in bilirubin 
(43%) and bile acids (29%) in the MARS group but not in the 
control group. A statistically significant increase in mean arte-
rial pressure (MAP) (p < 0.05) as well as reductions in creati-
nine and HE grade (p < 0.06) were noted in the MARS group.

In 2007, Hassanein and colleagues published a random-
ized controlled study of 70 ACLF patients with grade 3 or 4 
HE who received either MARS (n = 39) or SMT (n = 31) 
[20]. The need for ventilation and the use of sedation were 
equal in both groups. Patients in the MARS group received 
therapy for 6 h daily for 5 days or until a 2-grade improve-
ment in HE was achieved. In the MARS group, 34% achieved 
a 2-grade improvement in HE vs 19% in the SMT group 
(p = 0.044). This study was not powered to assess mortality.

The results of the largest randomized trial of the use of 
MARS in ACLF (RELIEF study) were reported by Banares 
and colleagues in 2013 [21]. In this study, 189 patients with 
ACLF from 19 European centers were randomly assigned to 
receive either MARS plus SMT (n = 95) or SMT alone 
(n = 94). The primary endpoint of the study was 28-day sur-
vival. Patients randomly assigned to the MARS arm received 
up to ten 6- to 8-h sessions of MARS. Improvement of HE 
was also more frequent in the MARS arm (from grade II–IV 
to grade 0–I; 63% vs. 38%; p = 0.07). However there was no 
difference in 28-day survival between the MARS and SMT 
groups either by intention-to-treat or per-protocol analysis 
(60.7% vs 58.9%; 60% vs 59.2% respectively). Adverse 
events were similar in both groups, a fact that has been 
observed across the different studies.

21.7  MARS and ALF

In 2003, Schmidt and colleagues conducted a study to assess 
the effects of a single 6-h MARS treatment on hemodynam-
ics, oxygen consumption and biochemical profile in 13 ALF 
patients (APAP n = 10) with HE grade III/IV [22]. Eight 
received MARS therapy and 5 received SMT with cooling to 
match hypothermia induced by MARS. Systemic vascular 
resistance index (SVRI) increased by 46% in the MARS 

group during the 6-h run treatment versus a 6% increase in 
the controls (p < 0.0001). MAP also increased in the MARS 
group (p < 0.001), while pressure was unchanged in controls. 
Compared to baseline, there were significant reductions in 
bilirubin, creatinine, and urea (p < 0.05) but not in ammonia 
in the MARS group. Survival was similar between groups. In 
a controlled study of 27 patients treated for ALF due to car-
diogenic shock [23], El Banayosy demonstrated non- 
significant reductions in conjugated and total bilirubin and 
mortality (Table 21.2). However, it is unclear whether this 
population truly met criteria for ALF, as there is no mention 
of grade of HE.

The most robust study of MARS in ALF was a recently 
published randomized, controlled trial performed in 16 
French transplant centers (FULMAR study) by Saliba and 
colleagues [24]. This study compared the impact of MARS 
plus SMT versus SMT alone in patients with ALF fulfilling 
transplant criteria. Fifty-three patients were randomized to 
receive MARS therapy whereas 49 had SMT. Overall there 
were no significant differences in 6-month survival between 
the MARS (85%) vs SMT (76%) groups (p = 0.28). However, 
a major confounder was that the median listing-to-transplant 
time was only 16.2 h, and 75% of enrolled patients under-
went transplant within 24 h. In the MARS group, 14/53 
patients did not complete at least 5 h of MARS therapy prior 
to LT or death. Hence while overall negative, this study may 
have been underpowered to show a potential benefit in 
6-month transplant-free survival in APAP-ALF patients 
(MARS 85% vs. SMT 68%, p = 0.40), a group with greater 
potential for hepatic recovery.

21.8  MARS and Inflammatory Profile

Stadlbauer et al. assessed cytokine levels in eight patients 
with ACLF of diverse etiologies undergoing alternating 
treatments with MARS and Prometheus in a random cross- 
over design [25]. Thirty-four treatments (17 MARS, 17 
Prometheus) were available for analysis. While measurable 
plasma clearances were detected for IL-6, IL-8, Il-10 and 
TNF-α, none were significant for MARS or Prometheus. 
Based on these studies, MARS does not appear to have a 
significant impact on the inflammatory profile in ACLF.

Table 21.2 Evidence for bioartificial ECLS in ALF/ACLF

Study N Device Cell type Survival

ACLF

VTI-208 2015 203 ELAD Human (Cultured C3A) No (90 day 59 vs. 62%, p = 0.74)
ALF
Ellis [38]  24 ELAD Human (Cultured C3A) No difference in survival
Demetriou [39] 171 HepatAssist Porcine (Cryopreserved) No (30 day 71%vs. 62%, p = 0.26)

Biochemical improvements: Statistically significant reduction in bilirubin, bile acids, creatinine and ammonia
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21.9  SPAD: Single Pass Albumin Dialysis

Single Pass Albumin Dialysis or SPAD differs from 
MARS in that it utilizes a standard continuous renal 
replacement therapy system without any additional col-
umns or circuits. Blood is dialysed against a standard 
dialysis solution with the addition of 4.4% albumin in the 
dialysate. SPAD has been evaluated in a case-controlled 
fashion in APAP-ALF but failed to show biochemical or 
mortality improvements [26].

21.10  Prometheus: Fractionated Plasma 
Separation and Adsorption

Prometheus (Fresenius, Hamburg) or fractionated plasma 
separation and adsorption (FPSA) was initially introduced in 
1999. In this circuit, patient plasma is fractionated through 
an albumin-permeable filter with a cut-off of 250 kDa. 
Albumin and other plasma proteins crosses the membrane 
and pass across two columns in series; one an anion-exchange 
column, another a neutral resin adsorber. The cleansed albu-
min/plasma is returned to the standard blood pool circuit 
where it is then treated by conventional high-flux 
haemodialysis.

To date there have been few significant controlled studies 
examining the impact of Prometheus, both examined ACLF 
patients only. Laleman and colleagues compared the hemo-
dynamic effects of Prometheus with MARS in 18 patients 
with ACLF secondary to severe alcoholic hepatitis (Maddrey 
score > 60) [27]. Six patients received MARS, six received 
Prometheus and six received SMT (including renal replace-
ment therapy). After 3 consecutive days of therapy 
(mean ~ 6 h), both MARS and Prometheus reduced serum 
bilirubin (p < 0.005), MARS increased MAP (Δ +9 mm Hg, 
p < 0.05) and SVRI (Δ +220 dyne.s/cm5/m2, p < 0.05) com-
pared with Prometheus. No difference in hemodynamics was 
noted between Prometheus and SMT. Levels of endogenous 
norepinephrine, aldosterone and vasopressin were reduced 
(p < 0.05) in the MARS group while there was no statisti-
cally significant change in the Prometheus or SMT arms.

In 2012, Kribben and colleagues reported the HELIOS 
trial; a prospective study of 145 ACLF patients who were 
randomly assigned to receive Prometheus plus SMT versus 
SMT alone [28]. Primary endpoints of the study were the 
probability of survival at days 28 and 90, irrespective of 
LT. Both groups were similar at the baseline. Serum bilirubin 
level decreased significantly in patients randomly assigned 
to receive FPSA compared with the group receiving SMT 
alone. In an intention-to-treat analysis, the 28-day survival 
was similar between Prometheus (66%) and the SMT (63%) 
groups (p = 0.70) as was 90-day survival (Prometheus 47% 
vs. SMT38%, p = 0.35). Baseline factors independently 

associated with poor prognosis were a high Sequential Organ 
Failure Assessment (SOFA) score, gastrointestinal bleeding, 
spontaneous bacterial peritonitis, AKI, and the combination 
of alcoholic and viral etiologies of liver disease. Similar to 
RELIEF (MARS), HELIOS may have suffered from con-
founding by indication; ACLF patients who were candidates 
for LT have a potential different natural history than ACLF 
patients who were not LT candidates.

21.11  High Volume Plasmapheresis

High volume Plasmapheresis (HVP) with fresh frozen 
plasma is an established therapy used for immunologically- 
driven disorders. Case series of HVP in patients with ALF 
have been shown to be safe [29, 30], to decrease the severity 
of hepatic encephalopathy, decrease vasopressor require-
ments [31, 32]. Recently, Larsen and colleagues published 
the first artificial ECLS study in ALF patients to demonstrate 
a statistically significant benefit in transplant-free survival 
using HVP [33]. They prospectively randomized 183 ALF 
patients (1998–2010) in three European centres, of which 91 
patients received SMT and 92 received HVP above and 
beyond SMT. HVP was defined as 15% of ideal body weight 
(8–12 L of fresh frozen plasma) with individual runs lasting 
approximately 9 h per treatment. Patients received a mean of 
2.4 therapies with only one patient in the HVP arm not 
receiving the therapy due to early LT. In an intention-to-treat 
analysis, survival to hospital discharge was 58.7% for 
patients treated with HVP versus 47.8% for the patients who 
received SMT alone (Hazard Ratio for HVP vs. SMT with 
stratification for LT 0.56; [95% CI 0.36 to 0.86; p = 0.0083]). 
Biochemical markers (INR, bilirubin, ammonia) improved 
significantly in the HVP group compared with controls. 
Furthermore, in a nested cohort study of a subset of 30 ALF 
patients, patients undergoing HVP had significantly reduced 
circulating levels of damage-associated molecular patterns 
(DAMPs; including circulating histone-associated DNA), 
TNF-α, and IL-6. Furthermore, phenotypic markers of 
monocyte activation neutrophil activation (IL-8 expression) 
were down-modulated; suggesting that HVP suppresses the 
systemic inflammatory response associated with ALF.

21.12  Artificial ECLS: Adverse Effect Profile

Hemostasis is the result of a complex interaction between 
procoagulant, anticoagulant and fibrinolytic proteins, many 
of which may be affected by liver failure and furthermore by 
ECLS [34]. Theoretically, less selective systems such as 
Prometheus could potentially be at a higher risk than MARS 
due to the larger pore size of filters employed. Some artificial 
ECLS circuits require heparin [35] or citrate for  anticoagulation 
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which may further exacerbate coagulation abnormalities [36]. 
Faybik and colleagues described 33 patients undergoing 61 
MARS treatments [37] (15 with ALF, 15 with ACLF, three 
with allograft dysfunction post-transplant). Although there 
was a statistically significant decrease in platelets and fibrino-
gen, platelet function as measured by thromboelastography 
was unaffected. Nonetheless, larger randomized controlled 
studies of MARS, Prometheus and HVP in ALF and ACLF 
have not shown a significant increase in adverse events 
including bleeding over SMT [21, 24, 28, 33].

21.13  Bioartificial ECLS: Design

In theory, bioartificial ECLS platforms could have advan-
tages over artificial ECLS by providing synthetic replace-
ment as well as detoxification functionality, particularly in 
APAP-ALF where this is significant potential for hepatic 
recovery. They require a cell source which have been tradi-
tionally been derived from human or porcine hepatocytes. 
What has limited their widespread evaluation and adoption 
has been their complex nature; necessity for a critical bioac-
tive mass, more complex cumbersome technology, cost and 
in cases where porcine hepatocytes cell lines have been 
employed, the risk of xenotransmission. To date, the vast 
majority of studies that have assessed the applicability and 
efficacy of bioartificial ECLS in ALF and ACLF have 
included small numbers of patients and been uncontrolled. 
To date two devices have been evaluated in detail; 
Extracorporeal Liver Assist Device (ELAD) and HepatAssist.

21.14  Bioartificial ECLS in ALF

ELAD is based on a platform of human-derived hepatoblas-
toma cells. It has been evaluated in ALF by Ellis and col-
leagues in 24 patients, of whom seven met poor prognostic 
criteria. Patients were evenly randomized to ELAD plus 
SMT vs. SMT [38]. Patients were stratified by the absence 
(group I, n = 17 patients) or presence (group II, n = 7 patients) 
of meeting poor prognostic criteria. However, there were no 
differences in survival in the low risk (78% vs 75% in group 
I) or high risk (33% vs 25% in group II) groups [38].More 
recently, a randomized controlled trial of ELAD therapy in 
the treatment of severe alcoholic hepatitis has been con-
cluded, and the results have been published in abstract form 
[39]. In this study (VTI-208), 203 patients with severe alco-
holic hepatitis (defined as a Maddrey’s discriminant func-
tion > 32) and a MELD ≤ 35 were randomized to 3–5 days 
of ELAD therapy (n = 96) or SMT (n = 107). The primary 
endpoint of the study was overall survival up to 91 days. In 
an intention-to-treat (ITT) analysis, there was no significant 
difference in survival (52.1% vs. 52.3%, HR 1.027, p = 0.9). 

However, in a pre-defined subgroup of patients with a MELD 
<28 (n = 120), ELAD was associated with a trend towards 
higher overall survival to 91 days (71% vs. 57%, p = 0.077). 
Based on this subgroup analysis that is hypothesis generat-
ing, a subsequent study is planned that is designed to assess 
the efficacy of ELAD in a less sick population of alcoholic 
hepatitis patients. HepatAssist incorporates porcine-purified 
hepatocytes in a bioreactor and has been evaluated in a large- 
scale, randomized, multicenter clinical trial [40]. Dimitriou 
and colleagues randomly assigned 171 patients with ALF or 
with primary nonfunction after LT that were randomly 
assigned to receive SMT or SMT plus support with the 
HepatAssist system. The primary endpoint of the study was 
30-day survival (with or without LT) and adjusted by con-
founding factors in a multivariate model. The number of 
HepatAssist treatments ranged from 1 to 9 (mean, 2.9) per 
patient. Overall, 30-day survival was similar in groups in the 
entire cohort (HepatAssist 71% vs. SMT 62%, p = 0.26) as 
well as after excluding primary non-function patients 
(p = 0.12). The trial was prematurely stopped because of 
futility in the predetermined safety interim analysis. Is it 
wise to pool ECLS data in meta-analysis for ALF or 
ACLF patients?

Due to the volume of underpowered studies, theoretically 
metaanalysis/metaregression could aid in determining if 
ECLS has added merit not defined in individual studies. 
However several systematic reviews and meta-analyses have 
been published in recent years with heterogeneous results. 
Kjaergard and colleagues pooled data for ECLS (both artifi-
cial and bioartificial) separately for ALF and ACLF from 12 
randomized trials [41]. Compared with SMT, ECLS had a 
significant beneficial effect on HE (risk ratio [RR], 0.67; 
95% CI, 0.52–0.86), but they had no significant effects on 
mortality (RR, 0.86; 95% CI, 0.65–1.12). Meta-regression 
analysis indicated that the effect of liver support systems 
depended on the type of liver failure; ECLS appeared to 
reduce mortality by 33% in ACLF (RR, 0.67; 95% CI, 0.51–
0.90) but not in ALF (RR, 0.95; 95% CI, 0.71–1.29). In con-
trast, the meta-analysis by Stutchfield and colleagues 
concluded that ECLS (both artificial and bioartificial) sig-
nificantly improved survival in ALF (RR, 0.70; p = 0.05) but 
not in ACLF (RR, 0.87; p = 5.37) [42]. Finally, the most 
recent meta-analysis, which included studies from 1973 to 
2012, found a decrease in mortality in patients with ACLF 
patients treated with artificial ECLS (RR, 0.80; 95% CI, 
0.66–0.96, p = 5.018) and in patients with ALF treated with 
bioartificial ECLS (RR, 0.69; 95% CI, 0.50–0.94; p = 0.018) 
[43]. These conflicting results from these meta-analyses sug-
gest significant confounding/bias from observational studies 
included. Given the heterogeneity in these trials in follow-up 
period, etiology of ALF/ACLF and severity of illness/organ 
failure, divergent results/conclusions are hardly surprising. 
Given that none of these studies included recent large MARS 
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(RELIEF, FULMAR) or HVP studies, none of these studies 
likely answer questions raised from individual trials.

21.15  Discussion: Future directions

There continues to be great interest and potential for 
ECLS. At present it is difficult to make an evidence-based 
recommendation supporting artificial ECLS. Of this group, 
MARS is the best-studied albumin dialysis technology in 
ALF and ACLF. While studies have consistently demon-
strated biochemical improvement and improvement in 
hepatic encephalopathy with MARS [20], recent large ran-
domized studies in ACLF (RELIEF) [21] and ALF 
(FULMAR) [24] showed no survival benefit. The HELIOS 
study examining Prometheus in ACLF was also disappoint-
ing [28]. These studies shared some common methodologi-
cal limitations in study design. Within studies in ALF and 
ACLF, heterogeneous groups of patients with varying etiolo-
gies with different natural histories were often lumped 
together. Several studies did not stratify patients based on 
severity of illness (e.g. ACLF ~ MELD, CLIF-SOFA) and 
hence it is difficult to assess patient matching and further-
more the impact of underlying disease on patient mortality 
with or without treatment. Furthermore due to co- 
interventions such as LT, not all patients received pre- 
specified durations of ECLS therapy. When examining the 
RELIEF and HELIOS trials, it may have been more parsimo-
nious to examine only ACLF patients who were candidates 
for LT as ACLF patients with multiorgan failure portends 
poor outcomes [9]. Successfully bridging patients to LT may 
warrant further consideration as the primary endpoint over 
30–90 day survival.

In ALF, it may be wise to focus future studies on 
acetaminophen- induced ALF patients as they have the high-
est chance of spontaneous recovery of hepatic function and 
ECLS could potentially have a role even in patients who 
are not candidates for LT due topsychosocial or medical 
contraindications as a bridge to recovery. The FULMAR 
study was underpowered to evaluate this subgroup, though 
this was the only subgroup with a potential mortality differ-
ence [24]. One explanation for this is that the predominant 
mechanism responsible for the development of cerebral 
edema/multiorgan failure in hyperacute ALF is activation 
of and release of pro-inflammatory cytokines DAMPs as 
a result of massive hepatocyte necrosis [43]. In the only 
artificial ECLS study to show a benefit in transplant free 
survival, Larsen and colleagues demonstrated in ALF 
patients undergoing HVP that patients in the HVP group 
had significantly reduced circulating levels of DAMPs and 
proinflammatory cytokines with concomitant decrease in 
neutrophil activation [33]. Dampening of the SIRS cas-
cade was also consistent with the observed improvement in 

evidence of multiorgan failure as measured by SOFA and 
CLIF-SOFA. Given that APAP-ALF patients present early 
with multiorgan failure and upregulated SIRS response, 
studies of future artificial and bioartificial ECLS devices 
should consider their impact on the proinflammatory cas-
cade, especially in APAP-ALF.

While it is clear that current artificial and bioartificial 
ECLS devices have limitations, potentially the greatest area 
for future research is in the improvement/refinement of bio-
artificial platforms. To date studies of ELAD (human derived 
hepatocytes) and HepatAssist (porcine hepatocytes) have 
been disappointing [38, 40]. Further research into other 
functional cell sources (genetically modified liver cell lines, 
humanized pig cells, hepatocyte spheroids) is ongoing [44]. 
Future studies will likely have to weigh the added levels of 
complexity and expense compared with purely detoxifying 
systems such as HVP.

Irrespective of advances in technologies, future studies will 
need to avoid the methodological pitfalls of the past. Target 
patient populations should be homogenous with respect to eti-
ologies (e.g. APAP-ALF) or natural history (e.g. only ACLF 
patients listed for LT). Patients enrolled into future trials 
should be comparable with respect to severity of illness (e.g. 
number of organ failures, CLIF-SOFA) are target subpopula-
tions need to be delineated further to avoid futile therapy. 
Other concomitant therapies (mechanical ventilation, antibiot-
ics, and renal replacement therapy) will need to be consistent 
so that outcomes are not impacted by co-interventions.
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Assessing Liver Function in Critically Ill 
Patients

Mihir Shah and Rahul Nanchal

Abstract

Liver function can be assessed by two broad categories of tests – static and dynamic. 
Traditionally static tests such as bilirubin, transaminases, albumin and coagulation factors 
amongst others have been used to assess liver function. Static tests are used to determine 
extent of hepatocellular injury, type of jaundice, monitor function in liver disease or as part 
of scoring systems such as the Model for End Stage Liver Disease (MELD). Dynamic tests 
are perhaps appropriate for critically ill patients because of their ability to detect changes in 
liver function quickly. Dynamic tests assess liver function by determining hepatic ability to 
eliminate or metabolize defined substances over time. They can be repeated and provide a 
more global assessment of liver function.

Keywords
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22.1  Introduction

Assessing liver function in a critically ill patient is very 
important, as the liver is a discrete organ, which performs 
many different inter-relating functions.

The liver is the largest organ of the body, contributing 
about 2% of the total body weight, or about 3–4 lbs in an 
average human. The liver receives dual blood supply from 
the portal vein and hepatic arteries. The liver receives about 
1050 ml/min of blood flow from the portal vein and around 
300 ml/min of blood flow from the hepatic artery making it a 
total of 1350 ml/min of blood flow through the liver, com-
prising approximately 27% of resting cardiac output [1].

22.2  Physiology

The basic functional unit of the liver is called liver lobule. It 
is constructed around the central vein that empties into to 
hepatic vein and subsequently into the inferior vena cava. 
The lobule is primarily composed of hepatic cells, which 
radiates from the central veins like spokes in a wheel. In 
addition to the hepatic cells the venous sinusoids are lined 
by: [1] typical endothelial cells and [2] Kupffer cells (liver 
macrophages).

Liver is an expandable organ and stores large quantities of 
blood in its blood vessels. It stores around 450 ml of blood in 
hepatic sinuses which comprises of almost 10% of the body’s 
total blood volume [1]. It can store up to 1–1.5 L if the right 
atrial pressure  is high causing significant back pressure and 
venous congestion.

The pores of the hepatic sinusoids are highly permeable 
compared to the capillaries and hence allow ready passage of 
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the proteins and fluids into the space of Disse. The protein 
concentration of the lymph draining from the liver is around 
6 g/dl, which is slightly less than the plasma concentration.

The hepatic macrophage system serves as a blood cleansing 
system. The blood flowing through intestinal capillaries gath-
ers many bacteria from the intestine. The blood sample taken 
from the portal vein almost always grows colonic bacteria 
whereas growth of colonic bacteria in the systemic blood is 
extremely rare. Kupffer cells (liver macrophages) engulf the 
bacteria within 0.01 s of contact. Probably less than 1% of the 
bacteria entering the portal blood from the intestines succeed 
in passing through the liver into the systemic circulation.

Metabolic Function of Liver [1] are enumerated below:

 1. Carbohydrate Metabolism:
• Storage of Large amount of Glycogen.
• Conversion of galactose and fructose to glucose.
• Gluconeogenesis from fat and proteins.
• Formation of many chemical compounds from inter-

mediate products of carbohydrate metabolism.
 2. Fat Metabolism:

• Oxidation of Fatty acids to supply energy for other 
body functions.

• Synthesis of large quantities of cholesterol, phospho-
lipids and lipoproteins.

• Synthesis of fat from proteins and carbohydrates.
 3. Protein Metabolism:

• Deamination of amino acids.

• Formation of urea for removal of ammonia from the 
body.

• Formation of plasma proteins (essentially all plasma 
proteins with exception of gamma globulins are 
formed in liver).

• Inter-conversion of various amino acids and synthesis 
of other compounds from amino acids.

 4. Storage site for Vitamins.
 5. Liver is a site for production of various factors used in coagu-

lation cascade, like prothrombin, fibrinogen, accelerator glob-
ulin, factor VII and several other factors. Vitamin K is required 
for the formation of prothrombin, Factors VII, IX and X.

22.3  Static and Dynamic Tests

Traditionally liver function has been assessed in a critically 
ill patient by static tests, such as serum activity of liver 
enzymes, protein synthesis by the liver (coagulation factors, 
albumin) and bilirubin.

On the other hand dynamic assessment of the complex 
liver functions, like clearance of substances (Indocyanine 
Green; ICG) or formation of metabolites (lidocaine to mono-
ethylglycinxylidide {MEGX} or 14C-aminopyrine), has been 
shown to reveal otherwise hidden hepatocellular functions 
(Fig. 22.1) [2].

Assessing liver function
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22.3.1  Static Tests

Static Test merely allows spot check and a very restricted 
description of the liver function.

Pros of Static Testing:

 – Easy to perform.
 – Easily available in every institute.
 – Not very labor intensive.

Cons of Static Testing:

 – Limited by the fact that they do not enable tracking 
changes in the liver function very quickly.

 – These tests may be affected by non-hepatic causes.
 – Less sensitive in predicting outcomes compared to dynamic 

testing [3].

Bilirubin:

 – Physiologically, bilirubin (product of heme metabolism) 
undergoes uptake by hepatocellular cells and undergoes 
conjugation with glucuronic acid to form direct bilirubin 
which is water soluble and gets excreted in bile.

 – Hyperbilirubinaemia can be divided into three different 
pathologies:
Pre-hepatic (e.g. hemolysis).
Intra-hepatic (e.g. Hepatitis, liver cell injury due to vari-

ous toxins).
Post-hepatic (e.g. Cholestasis).

 – The quantification of direct and indirect bilirubin in com-
bination with liver enzymes can help differentiate between 
the different types of pathologies.

 – It is one of the most widely used markers for liver dys-
function in ICU and different scoring systems.

Liver Specific Enzymes:

 – Transaminases (AST/ALT) activity in the serum has been 
clinically used for the assessment of liver function and 
liver injury.

 – Enzymes may reflect the extent of hepatocellular necrosis 
(Transaminases) or cholestasis (alkaline phosphatase or 
ϒ-glutamyl transferase).

 – Serum activity of the transaminases are increased in vari-
ous liver diseases, however are only limited to prognostic 
values and do not reflect the extent of the liver cell necro-
sis appropriately [4].

 – Alkaline Phosphate helps in hydrolysis of organic phos-
phate esters and though not exclusively present in the 
liver, is used as a marker of cholestasis.

 – ϒ-Glutamyl transferase enzyme is responsible for trans-
fer of ϒ-glutamyl group between peptides. It is increased 
in cholestasis, chronic alcohol use and anti-convulsive 
treatment.

Hepatocellular synthetic function:

 – It can be assessed by different parameters of the coagula-
tion system (e.g. PT/INR, activated thromboplastin time) 
or albumin concentration.

 – Characterizes the extent of functional liver mass loss and 
liver synthetic function.

22.3.2  Dynamic Testing

The dynamic tests assess the liver function by determining 
the livers ability to eliminate or metabolize defined sub-
stances in time.

Pros of Dynamic Testing: [5, 6]

 – Gives an instant idea of the function at the moment of 
measurement and can be repeated shortly thereafter.

 – Gives a more global measure of liver function.
 – Can be used to detect rapid changes in liver function asso-

ciated with critical illness.

Cons of Dynamic Testing:

 – Not readily available.
 – Time consuming and technically cumbersome.
 – Vary considerably with respect to different hepatic partial 

functions and its utility is questionable in those clinical 
scenarios.

Dynamic tests commonly used are listed and described  
below [5]

 1. Indocyanine Green (ICG) clearance Test,
 2. Caffeine Test,
 3. Bromosulfophthalein (BSP) clearance,
 4. Amino Acid clearance,
 5. Monoethylglycinxylidide (MEGX) test and
 6. Aminopyrine test.

22.3.2.1  Indocyanine Green (ICG) Clearance 
Test

Indocyanine Green (ICG) is a water-soluble fluorescent dye, 
with a spectral absorption at 800 nm in blood plasma [7]. 
When it administered intravenously, it binds to plasma pro-
teins like albumin and lipoproteins and is selectively taken 
up by hepatocytes. It is eliminated into the bile unchanged 
and does not undergo enterohepatic recirculation.

Removal of ICG depends on [7, 8]:

 – Hepatic Blood flow,
 – Function of hepatocytes,
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 – Biliary excretion.

ICG is a safe substance, as side effects are very rare 
(1:40,000). Over dosage has not been described [9]. ICG 
should be used with caution in patients with iodide allergy or 
thyrotoxicosis as it is an iodine-based dye [10].

Due to the above features, ICG elimination is considered 
to correlate with hepatic function and thereby useful as 
dynamic liver function test. ICG elimination may be 
expressed as half-life time, blood clearance or plasma disap-
pearance rate (ICG-PDR). For ICG-PDR, initial concentra-
tion at time 0 is considered 100% and ICG-PDR is percentage 
change over time (percent per minute). Today, ICG-PDR can 
be measured at bedside with a non-invasive transcutaneous 
system and the result can be obtained in 6–8 min [11]. 
Normal values for ICG-PDR is over 18%/min. ICG-PDR can 
be assessed: using various techniques. The gold standard is 
serial blood sampling after injection of ICG and spectropho-
tometric analysis to obtain the concentration. A non- invasive 
technique has also been developed, using transcutaneous 
pulse spectrophotometry. This measures the arterial concen-
tration based on the difference in absorbance between oxy-
hemoglobin and ICG.

Limitations of ICG-PDR test:

 1. Factors that compromise hepatic hemodynamics, i.e. 
thrombosis or intrahepatic shunting, will result in changes 
in the hepatic blood flow and thereby change the clear-
ance rate of ICG. The result is ‘global’ view of liver func-
tion and does not explain local changes.

 2. In steatosis and hepatitis, some of the transport polypep-
tides can be downregulated, thus affecting the uptake of 
ICG, making all the measurements lower [12].

 3. Hyperbilirubinemia (>51 μmol/l) can reduce the ICG- 
PDR probably because ICG and bilirubin use the same 
transport carrier and competitively inhibit each other’s 
uptake.

 4. It measures global liver function and does not measure 
local variations.

Utility in ICU Setting
Traditionally ICG-PDR has been used to assess liver 

function in patients undergoing hepatectomy or liver trans-
plantation as a supplement to other tests.

Kortgen et al. prospectively investigated the development 
of liver dysfunction in patients with severe sepsis who were 
admitted to ICU. They calculated APCHE II score, MOD 
(Multiple Organ Dysfunction) Score and SOFA (Sepsis- 
related Organ Failure Assessment) score daily. ICG-PDR 
was measured via a catheter in the femoral artery and they 
followed routine laboratory tests for liver function. Non- 
survivors had higher APACHE II:, MOD :and SOFA scores 
at inclusion. ICG-PDR :was significantly higher in survivors 

at day 1 and 3, whereas conventional markers for liver dam-
age did not predict any difference in the two groups. ICG-
PDR less than 8%/min predicted death with sensitivity of 
81% and specificity of 70%. They conclude that ICG-PDR is 
superior to conventional liver markers in prognosis [13].

Similarly, Sakka et al. also analyzed the prognostic value 
of ICG-PDR in critically ill patients. They used the lowest 
value of ICG-PDR and found that ICG-PDR was signifi-
cantly lower in non-survivors independent of diagnosis in 
patients with sepsis. The mortality was 80% in patients with 
ICG-PDR <8%/min and survival was 80% in patients with 
ICG-PDR >16%/min.

22.3.2.2  Caffeine Test
Caffeine is  physiologically metabolized in the liver to parax-
anthine, theobromine and theophylline. The metabolite/caf-
feine ratio calculated from blood samples after 4, 8 and 12 h 
after 300 mg of oral caffeine has been suggested for evalua-
tion of hepatic dysfunction.

Elimination of caffeine takes significantly longer and 
hence the metabolite to caffeine ratios are lower in cirrhotic 
patients compared to healthy volunteers.

In critically ill patients there is limited data available for 
the validity of the test and this test requires complex labora-
tory equipment (high performance liquid chromatography, 
HPLC). Thus caffeine test is limited and is not commonly 
used in critically ill patients.

22.3.2.3  Bromosulfophthalein Clearance
BSP when injected intravenously is extracted rapidly and 
exclusively by the liver. %mg/kg of BSP is administered and 
serum determinations are made at 30 and 45 min. In healthy 
individuals, less than 10% is left in 30 min and less than 5% 
is left in 45 min.

This test which may be associated with severe systemic 
reactions (possibly fatal) and requires special laboratory 
equipment has been largely abandoned from clinical use [14].

22.3.2.4  Monoethylglycinxylidide (MEGX) Test
The MEGX test is based on hepatic conversion of lido-
caine to MEGX which is related to cytochrome P450 
(CYP450) system. MEGX test like all the other dynamic 
tests, depends on hepatic blood flow and hepatic metabolic 
capacity.

In practice, blood samples for determination of MEGX 
prior to and 15 min after intravenous injection of lidocaine 
(1 mg/kg) have been suggested [15]. Quantification of 
MEGX serum concentration requires immunoassay, HPLC 
or gas chromatography.

In critically ill patients, Schroter et al. showed that MEGX 
concentration at fourth day in ICU amongst survivors was 
53 ng/ml, significantly higher than non-survivors (23 ng/ml) 
[16]. In another study, MEGX concentration on third ICU 
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day had highest prognostic value compared to all liver func-
tion test including ICG-PDR [17].

In contrast to ICG-PDR, the MEGX test does not allow 
the bedside evaluation of liver function. MEGX test is related 
to metabolism of lidocaine by CYP450 system and various 
drug interactions makes the interpretation of this test in criti-
cally ill patients challenging. For instance, antibiotic and 
antidepressants may inhibit MEGX formation due to depres-
sion of CYP450 isoenzyme while other drugs may enhance 
MEGX production.

22.4  Conclusion for Static and Dynamic 
Testing

Monitoring ‘liver function’ poses significant problems regard-
ing the diverse parenchymal metabolites. As such, quick and 
accurate assessment of global liver function in the critically ill 
patients is difficult, and the conventional static measures (i.e. 
bilirubin and transaminases) are too sluggish to meet this 
demand.

In the end, excretory function of the liver is the essence of 
monitoring impairments in liver function in critically ill 
patients, in the absence or presence of pre-existing liver dis-
ease. Currently its assessment is best measured by MELD 
and bilirubin in the cirrhotic patient and by quantitative test 
of ICG-PDR or MEGX, in absence of liver disease. Both 
ICG-PDR and MEGX tests are clinically most accurate and 
reproducible, however, ICG-PDR has advantage of being 
measurable noninvasively at bedside and providing result 
within minutes.
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