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Foreword

CLITs

“Cirrhosis”, “liver failure”, “chronic liver disease” — until recently, mention of these
comorbid medical conditions was often cited as a barrier to treatment for patients
needing elective or urgent surgery for related or unrelated conditions. However,
advances in the understanding of the pathophysiology of liver failure and apprecia-
tion of the full spectrum of complications arising from liver disease, as well as treat-
ment for the underlying liver disease and their associated complications, have
provided patients afflicted with liver disease, an opportunity for thoughtful prepara-
tion and a more realistic understanding of the risks and managing their care after
surgery. In this textbook, the co-editors, Bijan Eghtesad and John Fung, both worlds’
acknowledged experts in liver surgery and liver transplantation, assemble a verita-
ble “Who’s Who” in surgery and liver diseases, to publish a novel, yet extremely
important treatise on approaches to optimizing the condition of patients with liver
disease and to understand what the procedure specific risks are.

This book is a “must-read” for all surgeons and anesthesiologists, as well as
hepatologists and internists that care for these patients before and after their surgery.
This will surely become a classic in medical textbooks.

Thomas E. Starzl, MD, PhD
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Preface

Liver disease is a growing public health problem in the United States and around the
world. It is estimated that 1 in 10 Americans has some form of liver disease, while
estimates of 5-10% of the general population globally have cirrhosis. The preva-
lence of cirrhosis is likely to be underestimated because of the lack of symptoms in
up to one-third of patients with early stages of cirrhosis. Nevertheless, liver disease
is the second leading cause of death among digestive diseases, and primary liver
cancers now rank as the fastest growing cause of cancer deaths in developed coun-
tries. While chronic viral hepatitis accounts for the prevalence of liver disease in
developing countries, alcohol and nonalcoholic fatty liver disease account for the
growth of liver disease in developed countries.

In this light, surgical practitioners are more than likely to face patients with vary-
ing stigmata of chronic liver disease in their practice. The derangements in chronic
liver disease may affect multiple physiological systems, including coagulation, cir-
culatory, neurological, renal, and pulmonary manifestations. Patients can be man-
aged with knowledge of those derangements, if the practitioner can recognize the
signs and symptoms of chronic liver disease and knows how those derangements
impact the organ/tissue that requires surgery and how best to manage such patients
prior to, during, and after a surgical procedure. Consultation with a specialist in
digestive disorders (gastroenterology) or liver specifically (hepatology), to assist in
the management of these patients, should be sought, for those patients with known
moderate or greater liver disease and those with newly detected liver disease. Early
detection offers an opportunity to treat and stabilize and potentially even reverse
chronic liver disease.

We have complied contributions from experts in hepatology and surgical subspe-
cialists to provide evidence-based practices as well as their personal perspectives in
the management of patients with chronic liver disease in need of surgery. It is our
intention to educate the targeted audience (surgeons, intensivists, hospitalists, and
internists) on the risks of surgery, on methods to reduce those risks, and on guide-
lines on perioperative management. This book is intended to frame the physiologic,

ix



X Preface

pharmacologic, and nutritional disorders in chronic liver disease, as it relates to
specific organ systems that are in need of a surgical procedure, as well as to the
patient as a whole.

Bijan Eghtesad, MD
John Fung, MD, PhD
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Chapter 1
Pathophysiology of Cirrhosis and Portal
Hypertension

Bahaa Eldeen Senousy Ismail, John M. Rivas, and Xaralambos B. Zervos

Introduction

The regenerative capability of the liver is one of the many unique characteristics
that distinguish it from the other major organ systems. Its dual blood supply via
the portal vein and hepatic artery further delineate the liver from other organs.
They provide the rich nourishing environment for the hepatocytes to thrive but
also serve as the entry for toxin-mediated inflammation. Insult from either exog-
enous or endogenous sources that lead to persistent liver injury exemplifies the
liver’s natural ability to regenerate toward sustained healing. However, prolonged
exposure to an inflammatory cascade eventually paves the way for abnormal
excessive fibrogenesis, which results in replacement of liver tissue by fibrous
bands and regenerative nodules. As this disease progression occurs, the hepatic
architecture becomes distorted; rings of collagen bands develop indicating the
establishment of cirrhosis. Hepatic vasculature distortion with impairment of
hepatic function signals the progression of cirrhosis and subsequent associated
decompensation [1].

Although cirrhosis histologically is a process that involves the liver tissue, major
systemic manifestations develop due to both impaired function of the hepatocytes
and development of portal hypertension. The resulting hormonal and generalized
circulatory changes impact other organs, such as the kidney and heart. Patients with
cirrhosis undergoing surgery have considerable increased risk for complications
compared to the normal population due to impaired hepatic function and altered
systemic venous flow dynamics. Understanding the basic concepts of cirrhosis
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pathogenesis and development of portal hypertension is essential to clinicians and
surgeons tasked to appropriately risk stratify this patient population prior to any
invasive procedure.

Liver Histology

Hepatocytes

Hepatocytes represent 70-80% of the cell mass in the normal liver [2]. They serve
multiple functions including synthesis of proteins, cholesterol, bile, hormones, and
cytokines, as well as metabolism of carbohydrates [2]. Hepatocytes are the target
for most hepatotoxic agents, and although they have the ability to regenerate, cell
death may result from either direct insult of the hepatotoxin and/or from the immune
response elicited by the affected hepatocytes [3].

The liver architecture consists of rows of hepatocytes arranged in sheets with
intervening vascular spaces that make up the hepatic sinusoids. They are lined by
fenestrated endothelial cells without a true basement membrane but with a sur-
rounding perisinusoidal space (Space of Disse). The Space of Disse contains a per-
meable connective tissue [4] known as the extracellular matrix. It predominately
consists of collagen and glycoproteins, and in the normal liver this matrix is loose
to facilitate exchange of molecules through endothelium fenestrae. This perisinu-
soidal space also serves as the main site of fibrous tissue deposition in a diseased
liver. Hepatic stellate cells, also commonly known as Ito cells, when activated are
responsible for the deposition of collagen in this space with persistent liver injury.
When the production of fibrous material exceeds degradation thus changing the
matrix to dense connective tissue, this change is associated with loss of endothelial
fenestration and formation of a dense basement membrane. This process is known
as capillarization of the hepatic sinusoids [5] and is a well-described hallmark of
liver cirrhosis.

The development of fibrous deposition is a complex process involving interac-
tion between multiple liver cells via a series of enzymes and cytokines [6]. Many
liver cells are involved in this progression but the hepatocyte remains central to the
process. Hepatocytes stimulate hepatic fibrogenesis through production of matrix
metalloproteinases (MMP-2 and MMP-3), while concurrently, there is an imbal-
ance between metalloproteinase and tissue inhibitor of metalloproteinases (TIMP)
that are normally secreted by the hepatocytes (TIMP-1 and TIMP-2) [7].
Hepatocytes release multiple inducers of fibrogenesis including transforming
growth factor-p1 (TGF-f1) and reactive oxygen species that induce activation of
hepatic stellate cells [8].

Other important nonparenchymal cells involved in fibrogenesis are located
mainly around the lining of the hepatic sinusoids. These cells include the sinusoidal
endothelial cells, Kupffer cells, and the Hepatic stellate (Ito) cells.
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Liver Sinusoidal Endothelial Cells

These cells differ from other vascular endothelium to allow filtration and exchange
of fluids and molecules between blood in hepatic sinusoids and the hepatic paren-
chyma. The presence of fenestrae and loose surrounding connective tissue allow the
passage of pathogens and facilitate the scavenger function of these cells and their
ability to present antigen. With excess fibrous tissue deposition, capillarization of
endothelial cells occurs interfering with their exchange process ability [9]. They
secrete cytokines such as IL-33, which activate stellate cells and contribute in the
formation of liver fibrosis [10].

Kupffer Cells

Part of the reticuloendothelial system, they are the second most abundant cells in
the liver after hepatocytes, constituting about 15% of the liver cell mass [11].
They function as the hepatic macrophage lining the sinusoids where they are
exposed to toxins and infectious agents. Once exposed to antigens they act as
antigen presenting cells. In addition, they have a role in detoxification and tumor
surveillance [12]. Following antigen presentation, Kupffer cells produce other
cytokines that attract T-cells, which initiate apoptosis of the hepatocytes [13, 14].
In the diseased liver, Kupffer cells contribute to hepatocyte injury through produc-
tion of reactive oxygen species and lysosomal enzymes that are destructive to the
liver. Finally, their role in fibrosis is via the TGF-f1 production that activates stel-
late cells [15].

Stellate Cells (Ito Cells)

The hepatic stellate cells (HSCs) are located in the space of Disse around the hepatic
sinusoids. They store fat and are the primary site for retinoid storage [16]. Ito cells
are considered the key player in fibrogenesis.

Fibrogenesis takes place through activation of HSCs that can be defined as a
process of proliferation, transformation into myofibroblasts, followed by migration
and formation of large amounts of dense collagen fibers into the extracellular matrix
[17]. Activation follows liver injury and is driven by exposure to cytokines such as
transforming growth factor TGF-f and platelet-derived growth factor (PDGF)
among other gathering stimulants [18].

Stellate cell activation has been commonly divided into two phases: initiation
and perpetuation. Initiation is the early step involving alteration in gene expression
and receptor changes that make cells responsive to cytokines, while perpetuation
indicates a later stage of maintaining activation and ongoing fibrogenesis [19].
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Initiation is driven by several mechanisms: (1) Oxidative stress and release of
free radicals into the extracellular space [20] resulting from infiltration of inflamma-
tory cells that follow liver injury. A similar process occurs via direct oxidative stress
with excess iron presence in disease entities such as hemochromatosis and alcoholic
liver disease [21]. (2) Fas-mediated hepatocyte apoptosis and formation of apop-
totic fragments initiate activation when engulfed by HSCs. This stimulates upregu-
lation of nicotinamide adenine dinucleotide phosphate (NADPH) oxidase, which
further generates oxidative stress [22]. (3) Injury of endothelial cells and release of
cellular fibronectin activate HSCs [23]. (4) Platelet injury during inflammation
stimulates the most potent HSC activation through PDGF and associated epidermal
growth factor (EGF) release [24]. (5) The steatosis present in hepatitis C infection
may directly affect HSC activation in addition to the binding of the HCV envelope
protein (E2) with surface CD81 on the HSC surface. This has been shown to increase
the expression of MMP-2 [25]. During the process of activation there is loss of the
HSC perinuclear retinoid droplets thought to play a role in activation through inter-
action with nuclear retinoid receptors [26].

After activation, the number of HSCs in the injured liver tissue is increased, which
occurs due to both proliferation and migration. There are several identified HSC
mitogens involved in this process, but the most prominent is PDGF that induces pro-
liferation through intracellular calcium signaling. The PDFG receptor upregulation
correlates with liver tissue damage [27]. Additionally, PDGF serves as a HSC che-
motaxic agent, stimulating migration of HSCs to areas of injured liver tissue [28].
Other mitogens for HSCs are endothelin and insulin-like growth factor 1 (IGF-1)
[29]. The notable structural change in activated HSCs is the increase in intracellular
actin fibrils that increases cell contractility. This is stimulated by endothelin-1 and
decreased by nitric oxide, an agent that significantly decreases in the setting of cir-
rhosis [30]. Activated HSCs are found in large numbers in the collagenous bands
found in cirrhosis. Alteration in portal blood flow occurs via remodeling of the sinu-
soid as these bands shorten leading to the overall morphology of the cirrhotic liver.

Once activation occurs, there is a positive feedback loop that maintains this pro-
cess to allow for the second stage of perpetuation. This occurs through interaction
between HSCs and certain extracellular matrix components that have biologic activ-
ity directing cell differentiation, proliferation, chemotaxis, fibrogenesis as collagen
VI, fibronectin, and the noncollagenous glycoprotein laminin-1 [31]. The net result
of HSC activation is fibrogenesis. This is mediated by different cytokines but the
most identified is TGF-B1 and others are summarized in Table 1.1.

In addition to cytokines, there has been a growing interest in the role of micro
RNA (miRNA), which are noncoding RNA segments that act as posttranscriptional
regulators of many other genes. The miRNA can be divided into profibrogenic and
antifibrogenic [6] (Table 1.2). Both animal and human studies show a significant
role in hepatic fibrogenesis and a potential target for therapy.

As the deposition of excess collagen occurs, matrix degradation ensues through
MMP. However, in the case of chronic liver injury, matrix production occurs at a
higher rate than degradation resulting in turn over, matrix remodeling, and forma-
tion of the acellular dense collagen rich matrix [52]. Moreover, there is a process of
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Table 1.1 Multiple cytokines are involved in hepatic stellate cells activation and in the process of

fibrogenesis
Cytokine Source Role in fibrogenesis
TGF-p1 Main source is HSCs Smad3 signaling to activate HSCs [33]
(autocrine loop). Other Expression of the matrix-producing genes
s.()urce.:dKle,;itvherl. i Promoting TIMP
sinusoidal endothelia
cells, and hepatocytes [32] Downregulates MMPs
Induces apoptosis of hepatocytes [34]
TNF-a Main source is Induces synthesis of extracellular matrix by
macrophage and HSCs
monocyte; other sources Inhibits HSCs apoptosis (downregulation of
HSCs, and KCs [35] p53) [36]
PDGF (mostly KCs [6] Proliferation of HSCs (through mitogen-
PDGF-B and activated protein kinase (MAPK) and protein
PDGF-D) kinase (PK)B/Akt pathways [37]
Interferon Leukocytes [6] IFN-a: antiapoptotic effect on activated HSCs
[38]
IFN-y: [38, 39]
Inhibiting HSC activation through TGFp1
pathways
Proapoptotic effect on HSCs by
downregulating heat-shock protein 70
Decreases production of a-smooth muscle
actin and collagen
Profibrogenic IL | T lymphocytes, KC, in IL1: HSCs activation and stimulate production
addition to endothelial of MMP and TIMP-1 [40]
cells IL-17: particularly in hepatitis B, upregulation
of TNF-a, TGF-f1, and collagen 1o [41]
Leptin Adipose cells Upregulates collagen expression in HSCs [42]

TGF-p1 transforming growth factor beta, TNF-a tumor necrosis factor alpha, PDGF platelet-
derived growth factor, KCs kupffer cells, TIMP tissue inhibitor of metalloproteinases, MMPs
matrix metalloproteinases, HSCs hepatic stellate cells, /FN interferon, /L interleukin

Table 1.2 Profibrogenic and antifibrogenic miRNAs

Profibrogenic miRNA

Antifibrogenic miRNAs

miR-214-5p: increase expression of
fibrosis-related genes (such as MMP-2,
MMP-9, a-SMA, and TGF-p1) [43]
miR-181b and miR-221/222 : promote HSC
proliferation by regulating p27 gene and the
cell cycle [44, 45]

miR-155: increase TNF-a production in
response to gut-derived lipopolysaccharide
in alcoholic hepatitis [46, 47]

In addition to others that are upregulated in
response to TGF-f as miR-571 [48]

miRNA-150 and miRNA-194: inhibit HSC
activation through downregulation of c-myb [49]
miR-21: inhibits HSC activation through
downregulation of TGF-f expression [50]

miR- 133a: decreases expression of collagens
and is inhibited by TGF-f in the setting of
chronic hepatitis [51]

TGF-p1 transforming growth factor beta, MM P matrix metallopeptidase, a-SMA a-smooth muscle

actin, HSC hepatic stellate cell
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matrix stabilization, leading to accumulation of elastic fibers and covalent cross-
linking of collagen. This progression enables the matrix to be more resistant to
enzymatic degradation and is driven by enzymes such as lysyl oxidase, a potential
target for inhibition of fibrogenesis [53].

Outcome of Activated Stellate Cells

Changes in activated HSCs, for example, increase the expression of nerve growth
factor receptor (NGFR) and make them more susceptible to apoptosis [54]. However,
even with such changes, there are other factors associated with ongoing liver tissue
injury that inhibit HSC apoptosis and the net result is prolonged life of activated
cells. This is mediated by factors, such as the antiapoptotic activity of TIMP-1;
which was shown to inhibit MMP-2 activity, and blocks apoptosis [55]. Other
agents as TNF-a and IGF-I inhibit HSC apoptosis through interaction with NF-kB
and phosphatidylinositol-3 kinase (PI3-K) pathways, respectively [54, 56]. Also as
mentioned earlier, some components of the fibrotic matrix (i.e., collagen VI) can
stimulate activated HSC survival [57]. Resolution of injury is associated with stimu-
lation of apoptosis that was inhibited by the abovementioned mechanisms. Reversal
of HSC:s to quiescent form occurs after resolution of inflammation and contributes
to decreased number of activated cells [58]. In the case of unresolved liver injury,
for example, with untreated chronic hepatitis C infection, HSC activation continues,
along with active fibrogenesis, eventually resulting in liver cirrhosis.

Macrophages play a critical regulatory role in wound healing and in the resolu-
tion of fibrogenesis. They can stimulate liver regeneration and scar resolution
through production of fibrinolytic agents such as MMP 13 [59]. Found within areas
of fibrosis, scar-associated macrophages (SAMs) have been identified as potential
targets of therapy to reverse fibrosis [60, 61].

Definition and Classification of Portal Hypertension

Portal hypertension is defined as the rise in portal pressure above the normal hepatic
venous pressure of 1-5 mmHg. The key physiologic feature of portal hypertension is
an increase in resistance to portal blood flow. Portal hypertension can be broadly
classified into three types: (1) prehepatic, (2) intrahepatic, (3) posthepatic depending
on the site of where the resistance develops. Prehepatic portal hypertension involves
any obstruction along the portal vein. Intrahepatic portal hypertension in turn can be
further subclassified into three subcategories, including (i) presinusoidal (e.g., schis-
tosomiasis, granuloma, congenital fibrosis), (ii) sinusoidal (e.g., cirrhosis), and (iii)
postsinusoidal (e.g., sinusoidal obstruction syndrome). In turn, posthepatic portal
hypertension involves inferior vena cava obstruction (e.g., Budd—Chiari syndrome)
or heart disease (e.g., constrictive pericarditis) [62]. The underlying pathophysiology
and the consequences of portal hypertension vary according to the etiology and the
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location of increased resistance. The focus of this section is portal hypertension at the
level of the hepatic sinusoids in the setting of end-stage liver disease [63].

Intrahepatic Changes

Increased Intrahepatic Resistance

Multiple factors contribute to the increase in vascular resistance within the liver.
Decreased intrahepatic vasodilators (nitric oxide, NO) and an increase in vasocon-
strictors (cyclooxygenase-1, COX-1) appear to be the main drivers of intrahepatic
vasoconstriction. Decrease in NO results from a combination of lower concentrations
of the NO producing enzyme, endothelial synthase, as well as, NO depletion via for-
mation of peroxynitrite in the setting of chronic bacterial endotoxemia [64]. This
increase in vasoconstriction occurs as a result of increased activity of COX-1, which
in turn causes an upregulation of thromboxane A2 production, leading to intrahepatic
vasoconstriction. Other additional upregulated intrahepatic vasoconstrictors, include
endothelin-1, angiotensin-1II, and norepinephrine [65]. To a lesser extent, activated
stellate cells, which are present in the perisinusoidal space, also play an important role
in intrahepatic resistance, as a result of endothelin-1 stimulation [66].

Intrahepatic Angiogenesis

Increased numbers of blood vessels are observed in the cirrhotic fibrotic septa and
in the surrounding regenerative nodules. Activated stellate cells stimulate endothe-
lial cells through the release of certain factors, such as, vascular endothelial growth
factor (VEGF) and angiopoietin [67, 68]. In theory, the formation of these new
blood vessels is expected to decrease hepatic vascular resistance. However, the
opposite occurs because these new vessels are abnormal, leading to irregular flow
patterns, known as splitting (or intussusceptive) angiogenesis [69].

Intrahepatic Microthrombosis

Part of the hypercoagulable state associated with cirrhosis is the formation of micro-
thrombi in intrahepatic vasculature. These microthrombi propagate in the progres-
sion of fibrosis and the increase in intrahepatic vascular resistance contributing to
portal hypertension [70]. This can be seen when examining the histology of liver
explants. Obliterative lesions and intimal fibrosis — suggestive of healed micro-
thrombi — were present in hepatic and portal venules and associated with regions of
confluent fibrosis and cirrhotic nodules (focal parenchymal extinction theory) [71].
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This may have clinical application shown through significantly delayed decompen-
sation in cirrhotic patients treated with a 12-month course of enoxaparin [72]. In
summary, increased intrahepatic resistance occurs secondary to both structural and
dynamic changes. Structural changes in the cirrhotic nodule can be seen by the pres-
ence of impaired blood flow, fibrous septa, angiogenesis, and microthrombi.
Dynamic changes occur secondary to intrahepatic cytokine-induced vasoconstric-
tion and stellate cell contraction.

Extrahepatic Changes

Extrahepatic Arteriolar Vasodilation

In the setting of cirrhosis, vasodilation is noted in both splanchnic and systemic cir-
culations that significantly contribute to the development of portal hypertension.
Similar to the intrahepatic environment, NO is the most potent vasodilator molecule.
An increase in portal pressure when sensed by endothelial cells leads to stimulation
of endothelial NO synthase, resulting in an increase NO production [73]. Other vaso-
dilator molecules that have been identified to participate in extrahepatic arteriolar
vasodilation, include carbon monoxide, prostacyclin, and endocannabinoids [65]. In
addition to increased levels of potent vasodilator molecules, there is also a decreased
production of potent vasoconstrictor molecules, such as bradykinin [65].

Aside from the disequilibrium between said vasodilators and vasoconstrictors,
structural changes such as (1) decreased vascular sympathetic tone as a result of
atrophy of sympathetic nerve [74] and (2) thinning of mesenteric arteries may also
contribute to splanchnic vasodilation [75].

The net result of splanchnic and systemic vasodilation is the relative decrease in
the effective blood volume and systemic vascular filling. This eventually causes
stimulation of compensatory mechanism, such as release of antidiuretic hormone
and activation of the renin—angiotensin—aldosterone system. This, in turn, leads to
both sodium and water retention and increase in blood volume. In accordance to
Ohm’s law, such a compensatory mechanism leads to an increase in portal pressure
that is proportionate to both flow resistance and portal inflow [76]. The latter is
increased by both splanchnic vasodilation and the increased blood volume seen
mentioned earlier (Fig. 1.1).

Collateral Blood Vessel Formation

This occurs primarily through opening of preexisting blood vessels. Increased cir-
culating vascular endothelial growth factor and placental growth factor play a major
role leading to significant angiogenesis [73, 77, 78].
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Fig. 1.1 Pathogenesis of portal hypertension (NO nitric oxide, RAS renin—angiotensin system,
ADH antidiuretic hormone)

Splenomegaly and Increased Spleen Stiffness

Splenomegaly is a common sign of portal hypertension. It initially occurs as a result
of congestion of the spleen’s red pulp in the setting of decreased low venous drainage
from the spleen into the now higher portal pressure system. However, as the spleen
enlarges its elasticity decreases and stiffness increases, thus creating higher resis-
tance in the portal system [79]. Additionally, the sheer blood volume acquired reser-
voirs in the now larger spleen, leading to an overall increase in portal blood flow.
Given that the portal system is a fixed circuit, the increasing amount of volume over-
whelms the system leading to drainage through alternate routes (e.g., varices) [80].

Role of Bacterial Translocation

In cirrhosis there is an increase in bacterial translocation and lipopolysaccharides
endotoxemia, as a result of increased (1) intestinal bacterial overgrowth, (2)
increased intestinal permeability [81, 82], (3) decreased endotoxin clearance by
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malfunctioning Kupffer cells and hepatocytes, as well as, low circulating albumin,
which has an endotoxin-binding effect [83]. Endotoxins also cause increases in NO
production, hepatocyte inflammation via activation of tumor necrosis factor-o
(TNF-a) [84], and production of intrahepatic vasoconstrictors, endothelin-1, and
thromboxane A2 [85].

Role of Portal Hypertension in Development of Common
Complications of Cirrhosis (Varices, Ascites, and HRS)

Esophageal Varices

The presence of esophageal varices represent an elevated portal pressure gradient.
Dilated submucosal esophageal veins enlarge when the periesophageal tributary
drain through become incompetent communicating veins. As the portal pressure
increases, more blood is diverted into the submucosa in an attempt to decompress
the portal circulation. The loose submucosal connective tissue and the negative intra
thoracic pressure allow further expansion and increase in size of the varices [86,
87]. Increased neovascularization in splanchnic organs plays a role in formation of
portal collaterals including varices, shown in animal studies to be mediated by
VEGE. When VGEF and PDGF are inhibited, there is a reduction of collateral vein
formation [88, 89].

One of the most serious complications of cirrhosis is when esophageal wall ten-
sion is exceeded and rupture of the varices occurs leading to bleeding. This increased
tension is best described by Laplace’s law [Q x (nl/ T] )] x r/w, where Q refers to
blood flow per unit of time, r and / are radius and length of the blood vessel, and w
is wall thickness. The longer and larger the varices with higher flow rate within a
thin wall the more likely for spontaneous rupture and bleeding to occur [90].

Gastric and Ectopic Varices

Gastric varices develop via the same principle and are identified based on their ana-
tomical relationship to esophageal varices and location in the stomach.
Gastroesophageal varices when in continuity with the esophagus are classified into
two types: type 1 (GOV 1) found along the lesser curvature, whereas type 2 (GOV
2) run along the greater curvature toward the fundus of the stomach. Larger varices
are commonly found in GOV 1 than in GOV 2. This is likely due to their relation-
ship to the left gastric vein [91].

Isolated gastric varices do not communicate with the esophagus and are also
classified into two types: type 1 (IGV 1) are seen as a cluster of isolated varices in
the fundus where type 2 (IGV 2) are isolated varices seen in other parts of the stom-
ach. Splenic vein thrombosis is often associated with presence of IGV 1 where portal
vein thrombosis is associated with IGV2 [92].
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Other ectopic varices can be seen at sites of previous surgery where there is
a cross relationship between portal circulation (gastrointestinal tract) and sys-
temic circulation (abdominal wall). Patients with portal hypertension undergo-
ing bowel surgery and stoma formation are susceptible to peristomal varice
formation [93].

Portal Hypertensive Gastropathy

The presence of portal hypertensive gastropathy (PHG) is a highly prevalent com-
plication of portal hypertension which manifests as chronic versus overt blood loss.
The severity correlates with the progression of liver disease and presence of other
signs of portal hypertension such as large esophageal varices [94]. How PHG devel-
ops is not fully understood; however, available evidence suggests that portal hyper-
tension increases congestion of capillaries and venules in the gastric submucosa
[95], leading to mucosal microcirculation abnormalities causing hypoxia and dys-
regulation of local cytokines which impair healing and increase risk of bleeding
[96]. Patients who suffer from PHG-associated chronic blood loss may requiring
repeat blood transfusion and thus considered for decompression with shunt surgery
or transjugular intrahepatic portosystemic shunt [97].

It is clinically important to understand how the pathogenesis of PHG differs from
gastric antral vascular ectasia (GAVE-watermelon stomach). GAVE is not directly
related to the degree of portal hypertension and may be seen in other disease pro-
cesses like chronic gastritis. Patients with GAVE have an increased concentration of
locally acting vasodilator substances (mainly gastrin and prostaglandin E) along
with altered antral motility, hence, the histologic appearance of mucosal capillary
dilation along with fibrin thrombi and fibromuscular hyperplasia [98]. As the patho-
physiology implies, GAVE does not respond to reduction of portal pressure with
shunting or beta-blocker therapy [99].

Ascites, Refractory Ascites and Hepatorenal Syndrome

The most acceptable theory currently on how cirrhotic ascites develops is the for-
ward theory [100]. The presence of sinusoidal portal hypertension results in splanch-
nic arterial vasodilation leading to a forward increase in filtration across splanchnic
capillaries and lymphatics. As decompensation worsens, filtration increases beyond
the capability of the lymphatic system to complement return to the circulation [101]
This effective intravascular reduction activates the renin—angiotensin—aldosterone
system stimulating sodium and water retention in an attempt to compensate for
underfilling by increasing blood volume. However, because of the increased filtra-
tion and the low plasma oncotic pressure, continuous leakage into the peritoneal
cavity occurs leading to more ascites [102]. In more advanced cirrhosis, renal vaso-
constriction develops along with enhanced sodium reabsorption in the renal tubule.
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This leads to very low urinary excretion of sodium and development of refractory
ascites and eventually hepatorenal syndrome [103].

Diagnosis and Measurement of Portal Hypertension

The diagnosis of portal hypertension is portrayed in patients who have a history of
cirrhosis with clinical signs of ascites, varices, or low platelet count. Imaging find-
ings suggestive of portal hypertension are not sensitive or specific to the diagnosis
[104]. The presence of splenomegaly, dilated portal vein with reversed flow, recanu-
lized umbilical vein or other intra-abdominal collaterals is relative markers for but
do not quantify the degree of portal hypertension.

The measuring of portal pressure is indicated to confirm diagnosis and help
determine etiology and/or stratify the risk of complications. Hepatic venous pres-
sure gradient (HVPG) is the method preferred to measure portal hypertension.
Performed by interventional radiology, a 6 or 7 French balloon catheter is inserted
through the right internal jugular vein and then placed into the hepatic vein to mea-
sure the free hepatic pressure. HVPG is an approximate measure of the gradient
between the systemic circulation (represented by the free hepatic pressure-FHVP)
and portal pressure (represented by the wedge hepatic pressure-WHVP),
HVPG = WHVP — FHVP. The wedge hepatic pressure is measured after inflating
the balloon. A difference of 6 mmHg or more is consistent with portal hypertension
with a gradient > 10-12 mmHg required for clinically significant portal hyperten-
sion and development of complications such as ascites and varices [105].

It is important to note that although there is direct measurement of hepatic vein
pressure, the portal vein pressure is an indirect method, as wedge hepatic venous
pressure is performed with the catheter still in the end tributary of the hepatic vein.
This is a limitation of this technique in cases of postsinusoidal induced portal hyper-
tension, as the gradient will remain normal and will not reflect the actual portal
hypertension. An alternative method that is more accurate but more invasive is to
directly pass the catheter to the portal venous system through a transhepatic cathe-
ter. A new technique using the endoscopic guidance of ultrasound (EUS) has been
described in animal models with adequate correlation with the conventional inter-
ventional radiology method [106].

One noninvasive way to predict HPVG is transient elastography that showed
adequate correlation for detecting clinically significant portal hypertension.
However, there was significant variability in the correlating elastography cutoff
value; ranging from 13.6 to 34.9 kPa, probably due to variability in the etiology of
the underlying liver disease in the different studies [107]. There are several limita-
tions of transient elastography that impact its accuracy detecting liver fibrosis and
eventually predicting the portal pressure. The presence of ascites, increased abdom-
inal wall thickness, conditions with increased liver edema such as passive conges-
tion, acute hepatitis, cholestasis, or the technically difficult patient with narrow rib
space [108]. Promising results are available on the value of magnetic resonance
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elastography in predicting the HPVG [109, 110] and if validated through further
studies it can provide higher technical success rate and better accuracy compared to
transient elastography as magnetic resonance elastography scans the entire liver
rather than a limited segment.
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Chapter 2
Coagulopathy in Cirrhosis

Craig D. Seaman and Margaret V. Ragni

Introduction

Coagulopathy in cirrhosis can be difficult to manage. This chapter will provide a
concise, but detailed, overview of the role of the normal and abnormal liver in
hemostasis and introduce the concept of rebalanced hemostasis in chronic liver dis-
ease. Hepatic production of pro- and antihemostatic proteins in normal and altered
hepatic function will be described. Laboratory testing will be discussed, including
the effects of chronic liver disease on their interpretation. Finally, bleeding and
thrombotic complications, and recommended therapy, will be reviewed.

Physiology of Normal Hemostasis

Appreciating the coagulation abnormalities that occur in liver dysfunction requires
a basic understanding of the physiology of normal hemostasis. The process of
hemostasis is initiated at the site of injured blood vessels where von Willebrand fac-
tor (VWF) binds to subendothelial collagen. Subsequent binding of platelets to
VWEF results in platelet activation and aggregation. This process is termed primary
hemostasis [1]. Concurrently, tissue factor (TF) is released from the endothelium of
the damaged vasculature. TF binds to circulating activated factor VII (FVIIa) form-
ing the intrinsic tenase complex, which converts factor X to factor Xa (FXa). FXa
proteolytically cleaves a small amount of prothrombin to thrombin. The minimal
amount of thrombin generated amplifies the coagulation cascade by activating
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factors VIII (FVIIIa), IX (FIXa), and XI (FXIa), among others. FXIa generates
FIXa, which complexes with FVIIIa to form the extrinsic tenase complex. This
complex produces large amounts of FXa, which generates enough thrombin to con-
vert fibrinogen to fibrin. Polymerized fibrin monomers are cross-linked by factor
XlIa. This process is referred to as secondary hemostasis and involves a complex
interplay among the abovementioned coagulation factors, activated platelets, mem-
brane phospholipids, and calcium for stable clot formation [2].

Unchecked activation of the coagulation cascade may lead to unintended clot
formation; therefore, anticoagulant proteins function to ensure that clot formation is
limited to sites of vascular injury. The major components of the anticoagulant sys-
tem are protein C, protein S, antithrombin III (ATIII), and tissue factor pathway
inhibitor (TFPI). Protein C, following activation by thrombin bound thrombomodu-
lin, along with protein S — a protein C cofactor, inactivates factors Va and VIIIa [3].
ATTII inactivates factors IXa, Xa, XIa, and XIIa. TFPI limits thrombin generation
by inhibiting the TF-FVIIa-FXa complex [4].

Another important component of hemostasis is fibrinolysis. Eventually, fibrinolysis
is necessary to prevent excess clot formation. The chief components of the fibrinolytic
system are plasmin, tissue plasminogen activator (TPA), alpha-2-antiplasmin, and plas-
minogen activator inhibitor (PAI). Fibrin-bound plasminogen is converted to plasmin
by TPA. Plasmin digests fibrin releasing fibrin degradation products. Regulation of this
process is necessary to prevent excess clot breakdown and hemorrhage. Alpha-2-
antiplasmin and PAI function in this role and inhibit plasmin and TPA, respectively [5].

Hemostasis in Liver Disease

The liver plays an integral role in hemostasis. Hepatocytes are responsible for the
synthesis of the majority of procoagulant, anticoagulant, and fibrinolytic proteins.
Liver dysfunction disrupts this process altering the normal hemostatic balance.
Historically, liver disease was felt to represent a bleeding diathesis as suggested by
the presence of thrombocytopenia and prolongation of the prothrombin time (PT)
and activation partial thromboplastin time (aPTT) on routine laboratory tests. More
recently, an increasing amount of evidence supports a model of rebalanced hemo-
stasis where concomitant prohemostatic and antihemostatic changes lead to a rebal-
anced hemostatic system [6-8].

The hemostatic changes that occur in chronic liver disease can be divided into
those affecting primary hemostasis (platelet activation), secondary hemostasis
(thrombin generation), and fibrinolysis (Table 2.1). Reduced hepatic synthesis of
thrombopoietin causes thrombocytopenia and a bleeding tendency. Furthermore,
splenic sequestration of platelets in portal hypertension-induced splenomegaly con-
tributes to thrombocytopenia. Alternatively, increased levels of von Willebrand fac-
tor, inresponse to endothelial dysfunction, and decreased production of ADAMTS-13,
a VWF cleaving protease, promote platelet adhesion, and hemostasis [9]. Secondary
hemostasis is affected by deficiencies of the following procoagulants produced by
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Table 2.1 Alterations in hemostasis in chronic liver disease

Phase of hemostasis Promote hemostasis Impair hemostasis
Primary hemostasis Increased VWF Thrombocytopenia
(platelet activation) Decreased ADAMTS-13
Secondary hemostasis Decreased protein C and S Decreased factors 11, V, VII, IX, X,
(thrombin generation) Decreased antithrombin 11T and XI
Increased factor VIII Decreased fibrinogen
Dysfibrinogenemia
Fibrinolysis Decreased plasminogen Increased tPA
Increased PAI Decreased alpha 2-antiplasmian
Decreased factor XIII
Decreased TAFI

VWF von Willebrand antigen, ADAMTS-13 a disintegrin and metalloprotease with thrombospon-
din type 1 motif 13, PAI plasminogen activator inhibitor, fPA tissue plasminogen activator, TAFI
thrombin-activatable fibrinolysis inhibitor

the liver: fibrinogen and factors II, V, VII, IX, X, and XI. Additionally, dysfibrinoge-
mia occurs, which promotes bleeding. There is a concurrent decrease in natural anti-
coagulants, protein C, protein S, and antithrombin III, due to reduced hepatic
production, and a marked increase in factor VIII, secondary to endothelial dysfunc-
tion. These changes act as drivers of hemostasis [10]. Fibrinolysis is affected in a
similar fashion. Decreased plasminogen and elevated PAI promote clot resolution,
while increased TPA and reduced alpha-2-antiplasmin inhibit clot breakdown [8].

While the concept of rebalanced hemostasis argues against a hypocoagulable
state long believed to be present in chronic liver disease, this balance is far more
unstable in comparison to healthy individuals. Multiple factors, such as infection or
renal disease, may precipitate bleeding or thrombosis by altering the hemostatic
balance in either direction [6].

Clinical Features of Coagulopathy in Liver Disease

One of the most common, and feared, bleeding complications in liver disease is
bleeding esophageal varices; however, variceal bleeding is largely related to local
vascular abnormalities, including vessel radius, thickness, and pressure, rather than
hemostatic disturbances. Vessel pressure is predominantly dictated by splanchnic
blood pressure, which is often increased due to hypervolemia, a common problem
in liver disease [11]. Other features of bleeding in liver dysfunction include ecchy-
mosis, epistaxis, oral mucosal bleeding, and gastrointestinal bleeding. Further,
bleeding can be precipitated by invasive procedures.

Previously, it was assumed liver disease provided protection against thrombosis
given the prolonged PT on routine laboratory tests. This now appears to be incor-
rect. The rate of deep venous thrombosis and pulmonary embolism is anywhere
between 0.5 and 8.1% [12]. A more common complication is portal venous
thrombosis (PVT), which has a reported prevalence of 11-36% [13]. Portal venous
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stasis appears to be the major change in liver disease contributing to the increased
risk for PVT [14]. Hypercoagulability (i.e., increased FVIII, decreased protein C,
etc.) likely plays a role in clotting when the hemostatic balance is tipped in the favor
of thrombosis. The prevention and treatment bleeding and thrombotic complica-
tions in chronic liver disease will be discussed later.

Coagulation Tests in Liver Disease

No one test can accurately predict the risk of bleeding in liver disease (Table 2.2).
Two of the most commonly used tests are the PT and aPTT, which measure the time
to formation of a fibrin clot. While inexpensive and widely available, both gauge
just one aspect of coagulation and are not predictive of bleeding in chronic liver
disease [15]. Similarly, obtaining a platelet count is another common test to evaluate
bleeding risk. A platelet count less than 50,000/pL confers an increased risk of
bleeding with invasive procedures in liver disease; however, higher platelet counts

Table 2.2 Diagnostic tests to measure hemostasis in chronic liver disease

Name of test Comments

Platelet count Widely available, timely results, and inexpensive

Predicts risk of bleeding only at extreme levels

Does not indicate platelet function

PT/INR Widely available, timely results, and inexpensive

Correlates with severity of liver disease but does not predict risk of
bleeding in chronic liver disease

Measures narrow aspect of procoagulant system

High interlaboratory variability
aPTT Widely available, timely results, and inexpensive

Often normal in chronic liver disease

Measures narrow aspect of procoagulant system

Coagulation factor Does not correlate with risk of bleeding or thrombosis
activity Not widely available

High interlaboratory variability

Fibrinogen Acute phase reactant

Does not correlate with risk of bleeding in chronic liver disease

Thromboelastography Global measure of hemostasis that can detect multiple perturbations
in coagulation

Rapid results

Requires expertise in interpretation

Not validated for predicting risk of bleeding or thrombosis in
nonsurgical patients

Endogenous thrombin Better representation of pro- and anticoagulant balance
potential Not validated
Experimental
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do not appear to predict bleeding risk [16]. Various other less commonly used labo-
ratory tests are employed. Fibrinogen is a measure of the fibrinolytic system and
decreased levels are indicative of fibrinolysis; however, fibrinogen is not correlated
with bleeding risk in liver disease [16].

A major disadvantage of the above tests is their inability to assess more than a
single aspect of the hemostatic system, which is less than ideal in chronic liver dis-
ease, a disorder with multiple perturbations of hemostasis. Global tests of hemostasis,
such as thromboelastography (TEG), are methods of measuring whole-blood coagu-
lation. TEG is often used perioperatively by surgeons and anesthesiologists. Given
the numerous abnormalities present in liver disease, many acting in opposition to one
another, tests such as TEG, may provide a more accurate assessment of bleeding risk.
Indeed, TEG has been shown to be useful in detecting coagulopathy in liver disease
[17]. Another global measure of hemostasis, the thrombin generation assay measures
thrombin production and may be beneficial when evaluating coagulopathy in liver
dysfunction. Thrombin generation is often normal or increased in liver disease, which
highlights the concept of rebalanced hemostasis previously mentioned [18]. Thrombin
generation assays are still experimental and may provide a more accurate measure of
bleeding and thrombotic risk in chronic liver disease but further study is needed.

Management of Bleeding in Liver Disease

A variety of options are available for the treatment and prevention of bleeding in
chronic liver disease (Table 2.3). Prevention of bleeding is a concern in certain high-
risk patients and prior to invasive procedures.

Table 2.3 Treatment options for chronic liver disease related coagulopathy

Type of product Comment

Red blood cells Transfusions should be administered to maintain minimally
acceptable hemoglobin threshold depending on the clinical situation

Platelets Reserved for severe thrombocytopenia or platelet count less than
50,000/pL with active bleeding

Fresh frozen plasma Reserved for active bleeding

Large volume (20—40 mL/kg) necessary for correction of
coagulation factor deficiencies and may result in volume overload

Not recommend for bleeding prevention prior to invasive procedures

Cryoprecipitate Reserved for active bleeding with hypofibrinogenemia

Transexamic acid Administered in patients with hypofibrinogenemia

Desmopressin May improve platelet function but no data regarding efficacy in
chronic liver disease

Prothrombin complex Reserved for severe and/or refractory bleeding

concentrates and Risk of thrombosis

recombinant factor VIla Expensive

Limited data regarding efficacy in chronic liver disease
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One of the most commonly encountered bleeding complications experienced in
liver disease is esophageal variceal bleeding. As previously mentioned, the etiology
of variceal bleeding is related to local vascular abnormalities, such as splanchnic
blood pressure, rather than abnormalities of hemostasis. Thus, treatment is not nec-
essarily directed at correcting hemostatic abnormalities; however, as is the case with
all potentially life-threatening bleeding events, volume resuscitation with red blood
cells is critical. The goal hemoglobin concentration is 7-8 mg/dL [19]. It is impor-
tant to avoid excessive transfusion since excess volume can increase splanchic por-
tal pressure and further exacerbate bleeding. The key treatment modality in acute
variceal bleeding is endoscopic variceal banding or ligation. While not the mainstay
of treatment, correction of hemostatic defects is frequently attempted prior to inva-
sive procedures, such as endoscopic therapy, to prevent worsened bleeding. Other
potential bleeding complications that may arise in chronic liver disease include por-
tal hypertensive gastropathy or gastric vascular ectasia-related bleeding and bleed-
ing associated with invasive procedures. Commonly performed invasive procedures
in liver dysfunction include percutaneous or transjugular liver biopsy, abdominal
paracentesis, and accessing vascular sites (i.e., central venous catheter placement),
among others.

Various blood products and hemostatic agents are administered for the treatment
and prevention of bleeding in liver disease. Red blood transfusions to replace blood
loss have already been discussed. The others are aimed at improving underlying
hemostatic defects. Fresh frozen plasma (FFP) contains both pro- and anticoagula-
tion factors and can be administered to replace deficiencies of either. FFP is most
commonly administered to correct a prolonged PT. The efficacy of FFP to prevent
bleeding has never been demonstrated [20]. Moreover, the volume of FFP necessary
to correct coagulation factor deficiencies is large — 20—40 mL/kg — and complete
correction is seldom accomplished [21, 22]. Potential adverse effects include pul-
monary edema and increased portal venous blood pressure, among others. Therefore,
in chronic liver disease, FFP is not recommend for the prevention of bleeding in
patients with a prolonged PT prior to invasive procedures, and its use in actively
bleeding patients is questionable. Platelet transfusions are often administered for
thrombocytopenia. Adequate thrombin production occurs with a platelet count
greater than 50,000/pL. Transfusion to obtain this value is warranted in active bleed-
ing and should be considered for prophylaxis prior to invasive procedures [23-25].
In some instances, it may be difficult to achieve a platelet count of 50,000/pL or
greater due to splenic sequestration of platelets in portal hypertension-induced sple-
nomegaly, often present in liver disease. Cryoprecipitate, which contains fibrinogen
and coagulation factors V and VIII, should be administered in bleeding patients with
hypofibrinogenemia until fibrinogen levels normalize [26]. Its use as a prophylactic
agent to prevent hemorrhage is not well studied. Similarly, when hyperfibrinolysis
is a concern, antifibrinolytic agents, such as tranexamic acid, may be used. Last,
recombinant factor VIla (rFVIla) and prothrombin complex concentrates (PCC)
represent low-volume prohemostatic alternatives to FFP. Recombinant FVIIa has
not been shown to be beneficial in bleeding esophageal varices or with prophylactic
use prior to liver transplantation [27]. Therefore, routine use is not recommended
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except during very high-risk procedures, such as intracranial pressure monitor
placement and rescue therapy for refractory, life-threatening bleeding. There are
limited data regarding the use of PCCs in similar situations, so it cannot be recom-
mended for routine use either. Adverse effects of both therapies include thromboge-
nicity, high expense, and need for frequent therapy.

Management of Thrombosis in Liver Disease

Although liver disease was formerly believed to represent a bleeding diathesis, thus
providing protection from thrombotic events, it is now known that this is not true.
The precarious nature of the pendulum in rebalanced hemostasis in chronic liver
disease can swing in the direction of bleeding or clotting. Despite the presence of
thrombocytopenia and an elevated INR, termed autoanticoagulation, a misnomer,
deep venous thrombosis (DVT) and pulmonary embolism (PE) do occur and
affected patients should receive anticoagulation.

Deciding which anticoagulant to recommend can be difficult in chronic liver
disease. Often, the INR is already elevated due to reduced hepatic synthesis of
coagulation factors. Therefore, the addition of oral vitamin K antagonists (VKA) is
problematic because it is challenging to determine if the INR value is due to liver
disease or related to VKA use and it may not be possible to determine the INR
range that represents therapeutic anticoagulation. Furthermore, the interlaboratory
variability in INR is unacceptably high [28]. A more appropriate choice of therapy
may be low molecular weight heparin (LMWH) since it does not require INR mon-
itoring, although it presents potential difficulties too. LMWH functions by enhanc-
ing ATIII activity, which is often reduced in liver disease. This may result in
unpredictable efficacy and necessitate anti-Xa level monitoring to ensure therapeu-
tic dosing; however, anti-Xa levels may not be completely reliable. Despite sub-
therapeutic anti-Xa levels, thrombin generation assays have shown reduced
thrombin generation in patients with chronic liver disease indicative of an increased
responsiveness to LMWH in liver disease [29]. Limited data are available on the
use of direct oral anticoagulants to treat venous thromboembolism in chronic liver
disease; therefore, their efficacy and safety are uncertain for now and cannot be
recommended.

PVT is the most common thrombotic complication experienced in chronic liver
disease and is more often related to portal venous stasis rather than hypercoagulabil-
ity. Clinical data from randomized clinical trials regarding the optimal treatment of
PVT in cirrhosis are lacking; thus, the American Association for the Study of Liver
Disease neither recommends for or against anticoagulation. Despite this shortcom-
ing, there are a limited number of nonrandomized clinical studies demonstrating the
efficacy and safety of VKA and LMWH. The goal of anticoagulation in PVT is
recanalization of the obstructed blood vessel and decreasing the risk of extension to
the superior mesenteric vein (SMV) to prevent intestinal ischemia and reduce portal
hypertension. Exactly who should receive treatment is uncertain. Generally,
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anticoagulation is recommended for liver transplantation candidates since PVT is
associated with decreased survival in patients undergoing liver transplantation.
Patients not eligible for liver transplantation should receive anticoagulation on an
individualized basis. The presence of PVT extension into the SMV or a coexisting
thrombophilia usually warrants anticoagulation [30]. Successful recanalization
occurs anywhere from one-third to nearly one-half of the time in patients receiving
LMWH and VKA, respectively [31]. Initiation of anticoagulation within 6 months
of PVT diagnosis is associated with a higher rate of recanalization [32]. Importantly,
since bleeding in liver disease is most commonly related to portal hypertension,
esophageal varices should be treated prior to beginning anticoagulation. Patients
with prior variceal bleeding, large varices, and no history of bleeding, or small vari-
ces and a high risk of bleeding should undergo endoscopic therapy or begin treat-
ment with a nonselective beta blocker [33]. The optimal duration of anticoagulation
in PVT and cirrhosis is uncertain. Most studies treated the subjects for 6 months. If
complete recanalization is not present at 6 months, a more prolonged duration of
anticoagulation may still result in successful resolution of thrombosis [34]. Given
the high rate of recurrent PVT following anticoagulation cessation, a longer dura-
tion of therapy to prevent recurrent thrombosis may be warranted in liver transplan-
tation candidates and individuals with underlying thrombophilia. Other therapeutic
options for PVT include thrombolysis and transjugular intrahepatic portosystemic
shunt (TIPS). Limited evidence is available regarding the use of thrombolysis in
PVT, but it may be advantageous in intestinal ischemia or anticoagulation failure. A
considerable more amount of evidence is available for the use of TIPS in PVT, and
it may serve a role in failure or contraindication of anticoagulation [35].

Several studies have shown the risk of VTE in hospitalized patients with chronic
liver disease is no lower than hospitalized noncirrhotic patients, and in fact, may be
greater [36-38]. Despite the risk of thrombosis in chronic liver disease, patients
often do not receive thromboprophylaxis during hospitalization [39, 40]. This is
likely related to a fear of bleeding and the inappropriate assumption that a pro-
longed INR in liver disease is protective against clotting. While not specifically
addressed in the most recent consensus guidelines, accumulating data are leading to
an increasing amount of evidence to support thromboprophylaxis in hospitalized
patients with chronic liver disease [41].
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Chapter 3
The Impact of Liver Disease
on Drug Metabolism

Jessica E. Bollinger

Abbreviations

ACE Angiotensin converting enzyme
AUC Area under the concentration-time curve
CLy Hepatic clearance

CLy Intrinsic clearance

CL, Total plasma clearance

Cnax Maximum serum concentration
CYP Cytochrome P450

Ey Hepatic extraction ratio

FDA Food and Drug Administration

fu Fraction of unbound drug in blood
GFR Glomerular filtration rate

v Intravenous

NAPQI  N-acetyl-p-benzoquinone imine
Qu Hepatic blood flow

Any drug that is introduced to the body must be eliminated by either metabolism or
excretion via the urine, bile, or feces. The liver is the primary site of drug metabo-
lism. End stage liver disease, or liver cirrhosis, can alter drug pharmacokinetics
significantly — mainly through decreased clearance, which may lead to drug accu-
mulation and increased risk of adverse drug reactions. In addition to being the pri-
mary site of drug metabolism, variables that contribute to drug pharmacokinetics
such as liver blood flow, plasma protein binding, intrinsic clearance, and biliary
excretion can change with the progression of hepatic disease. Difficulty lies within
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the fact that there are no direct biomarkers that represent the rate or extent of drug
metabolism. Unlike renal dysfunction, where a glomerular filtration rate (GFR) can
be calculated to estimate renal function, there is no test to predict the effect of
hepatic dysfunction on drug metabolism. Patients with liver cirrhosis are a unique
population in which dosage adjustment is troublesome but necessary to achieve
therapeutic efficacy and avoid serious adverse drug reactions.

Hepatic Drug Clearance

Hepatic clearance (CLy) is defined as the volume of blood from which a drug is
irreversibly removed by the liver per unit of time and is represented by the following
equation where Qy represents hepatic blood flow and Ejy; represents the hepatic
extraction ratio of the drug:

Because Ey depends on liver blood flow, the intrinsic clearance (enzymatic
metabolism) of unbound drug (CL,,), and the fraction of unbound drug in blood
(fu), the following expanded equation is used:

CLy=0y x((fux CL;y)/(Qn+fux CLiy))

Drugs can be categorized according to the hepatic extraction ratio into three cate-
gories: highly extracted drugs (Ey > 0.7), drugs of intermediate extraction (Ey 0.3—
0.7), and drugs of low extraction (Ey < 0.3). Drugs with a high hepatic extraction ratio
are highly lipid-soluble molecules whose clearance depends primarily on blood flow.
For a drug with high hepatic extraction ratio, the hepatic clearance is independent of
the unbound fraction in the blood. For a drug with intermediate hepatic extraction, the
hepatic clearance depends on liver blood flow, the unbound fraction, and intrinsic
clearance of unbound drug. For a drug with low hepatic extraction, the hepatic clear-
ance depends on the unbound fraction in the blood. Poorly extracted drugs are influ-
enced by both changes in plasma protein binding and enzymatic activity, which makes
predicting effects of liver disease challenging. This is particularly important consider-
ing an increase in volume of distribution is found with drugs bound to albumin in
patients with cirrhosis. Decreased synthesis of albumin and other plasma proteins
occurs as liver function declines. The resultant fall in albumin is responsible for a
decreased plasma binding of a drug, which leads to the increase in volume of distribu-
tion and an associated increase in clearance for a drug of low extraction [1].

Drug Metabolism

Hepatocytes, which make up >90% of the cells in the liver, carry out most drug
metabolism. Drugs are subjected to one or multiple enzymatic pathways that metab-
olize through Phase I reactions (oxidation, reduction, hydrolysis) or Phase II reac-
tions (glucuronidation, sulfation, acetylation, methylation). Phase I enzymes lead to
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the introduction of functional groups such as -OH, —COOH, —SH, —O—, or —NH2,
and typically cause inactivation of the drug. The cytochrome P450 (CYP450) family
of enzymes carry out the majority of phase I metabolism of drugs. CYP3A is the
predominant subfamily, which is responsible for the metabolism of approximately
50% of drugs commonly used. Occasionally, metabolism results in activation of a
drug. Inactive drugs that undergo metabolism (usually via hydrolysis) to an active
compound are called prodrugs. Phase II enzymes facilitate the elimination of drugs
and the inactivation of toxic metabolites produced by oxidation. Phase II reactions
produce a metabolite with improved water solubility, a change that facilitates the
elimination of the drug from the tissue, normally via efflux pumps [2].

Pharmacokinetic Alterations in Cirrhosis

Chronic liver diseases without cirrhosis usually result in minimal changes to drug
pharmacokinetics. Disease states such as chronic active hepatitis and liver cancer are
not associated with significantly impaired hepatic elimination unless cirrhosis is
present [3]. Patients with cirrhosis show a decrease in liver mass and hepatic enzyme
activity, a reduction in liver blood flow, and portosystemic shunting. As such, the
extent of oral bioavailability of drugs with a high first-pass metabolism increases due
to the reduction of intrinsic clearance and the existence of portosystemic shunting.
Drugs with a high first-pass metabolism such as morphine, meperidine, verapamil,
metoprolol, labetalol, carvedilol, or midazolam may double their bioavailability in
cirrhosis [4]. In contrast, the oral administration of prodrugs is associated with
increased inactive drug concentrations and decreased active metabolite levels.
CYP450 activity may be increased or decreased, depending on the stage of progres-
sion of hepatic dysfunction. Phase II reactions do not appear to be altered in most
liver diseases and only decrease when liver mass is significantly reduced [5].

In 2008, Frye and colleagues proposed a ‘“‘sequential progressive model of
hepatic dysfunction.” This concept reveals specific CYP450 enzyme families are
affected at different stages of liver disease. In the study, the authors used a validated
cocktail of four drugs (caffeine, mephenytoin, debrisoquine, and chlorzoxazone) to
determine the effect of liver disease on these enzymes. They found that in early
stages of liver disease, the enzyme activity of CYP2C19 would be reduced, while
the activity of CYP1A2, CYP2D6, and CYP2E1 will be retained. At an intermediate
stage of liver disease, the activity of CYP2C19 and CYP1A2 will exhibit reduced
clearance while CYP2D6 and CYP2E1 will be normal. In advanced end-stage liver
disease all of the aforementioned enzymes will have decreased activity [6].

Prodrug Metabolism

The successful use of a prodrug relies on its conversion to the active form, usually
in the liver. The angiotensin converting enzyme (ACE) inhibitors are an example of
a common group of prodrugs that require conversion to an active metabolite. Most
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ACE inhibitors are prodrugs because the active drug has poor oral absorption,
whereas their ester prodrugs are readily absorbed. Conversion of enalapril, cilaza-
pril, quinalapril, and perindopril to their respective active metabolite is decreased in
cirrhosis, reflecting impaired hydrolysis. However, with the exception of cilazapril,
this seems to be of no clinical significance because ACE inhibition and the antihy-
pertensive effect of these drugs are not altered in cirrhosis. This is likely due to the
fact that reduced clearance of the active metabolite may make up for decreased
conversion of the prodrug to the active form [3, 7].

Liver Function Assessment and Dosage Adjustment

Chronic liver disease follows a gradual progression, and theoretically, a correlation
should exist between changes in pharmacokinetics of drugs, especially intrinsic
clearance (metabolism) and appropriate measure of hepatic function. Attempts to
establish such relationships have been generally unsuccessful. This failure probably
arises because, unlike drug excretion, there are numerous pathways of drug metabo-
lism, each affected to a different degree in hepatic disorders. The contribution of each
pathway to total drug elimination also varies with the drug. Drug metabolism is often
decreased in severe cirrhosis, signified by the combination of a low albumin (<2.8 g/
dL), an elevated INR (>2.2), refractory ascites, and the presence of Grade III or IV
hepatic encephalopathy, which would warrant reducing the dose and monitoring the
patient for adverse reactions. One needs to consider if an extensively metabolized
drug is truly needed or if an alternative is available. Conversely, drug dosage adjust-
ment is typically not warranted unless cirrhosis is present [1]. Currently, the Child-
Pugh score (Table 3.1) is the most widely used tool (also recommended by the Food
and Drug Administration [FDA]) to guide a prescriber by the functional capacity of
the liver [8]. Originally designed to stratify perioperative risk in patients with cir-
rhosis, the Child-Pugh score has been shown to correlate with survival and the devel-
opment of complications of cirrhosis. This classification scheme is useful in following
an individual patient’s disease course and may offer some guidance for dose adjust-
ment. However, unlike in renal disease, where estimates of GFR correlate with
kinetic parameters of drug elimination such as renal clearance, the Child-Pugh score
lacks the sensitivity to measure the specific ability of the liver to metabolize

Table 3.1 Child-Pugh classification and scoring of the severity of liver disease

Clinical/biochemical indicator 1 point 2 points 3 points
Serum bilirubin (mg/dL) <2 2-3 >3
Serum albumin (g/dL) >3.5 2.8-3.5 <2.8
Prothrombin time (s > control) <4 4-6 >6
Encephalopathy (grade) None lor2 3or4
Ascites Absent Slight Moderate

Points are summed, and the total score is classified according to severity as follows: 5-6 points =
group A (mild), 7-9 points = group B (moderate), 10—15 points = group C (severe)
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individual drugs. According to a recent survey, there are few medications with pre-
scribing information that outlines specific recommendations for dosage adjustment
based on hepatic function as determined by Child-Pugh [9].

A static model to predict the relative change of drug exposure in cirrhotic patients
has been developed. Although further evaluation of the model needs to be made, the
Child-Pugh based tool may help clinicians in adjusting drug dose regimens in this
problematic patient population. The model is based on ratios of the altered drug area
under the concentration-time curve (AUC¥) in a typical cirrhotic patient to the AUC
measured in a typical healthy subject, predicted as a function of the Child-Pugh
classes A, B, or C. A web-based version can be found at www.ddi-predictor.org [10].

Drug-Drug Interactions

Patients with cirrhosis have many risk factors that may predispose them to drug-drug
interactions and subsequent adverse drug reactions [11]. The magnitude of drug-drug
interactions is expected to vary with the severity of liver impairment, however, there
are very few studies documenting the impact of drug interactions on drug exposure in
patients with cirrhosis. A limited amount of data suggests minimally decreased irre-
versible CYP3A enzyme inhibition and significantly increased free fraction (from
decreased plasma protein binding) in patients with liver disease [12]. Cirrhosis also
results in blood shunting around hepatocytes which may reduce drug delivery to
metabolizing enzymes. In addition to alterations in drug metabolism through the CYP
system, these patients are often times prescribed multiple medications to manage
complications of their cirrhosis which would only increase their odds for a drug-drug
interaction. A sound knowledge of the principles of dose adjustment in cirrhosis and
an awareness of the most important potential drug-drug interactions of the therapeutic
agents used to treat the complications of liver disease in this population is essential.

Recommendations for Select Medications in Surgical Patients

Analgesics

Acetaminophen is commonly recommended as a first-line analgesic due to its over-
all tolerability. However, the use of acetaminophen in patients with liver dysfunc-
tion is often avoided due to the established relationship between acetaminophen
overdose and hepatotoxicity. Acetaminophen is primarily metabolized in the liver
by three separate pathways: conjugation with glucuronide, conjugation with sulfate,
and oxidation via the cytochrome P450 enzyme pathway, primarily CYP2EIL, to
form a reactive and hepatotoxic metabolite N-acetyl-p-benzoquinone imine
(NAPQI). With therapeutic doses, NAPQI undergoes rapid conjugation with gluta-
thione. Acetaminophen metabolites are mainly excreted in the urine.
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In acute or chronic overdose, the glucuronidation and sulfation pathways become
saturated. When this occurs, more of the toxic metabolite NAPQI is formed by
CYP450-mediated N-hydroxylation. When glutathione stores are depleted with
increased exposure to acetaminophen, NAPQI accumulates resulting in liver
damage [13].

Pharmacokinetic studies in patients with severe liver disease have shown an
increase in half-life, an increase in the AUC, and decreased plasma clearance [14—
16]. With an increased acetaminophen exposure, patients are at higher risk of over-
dose and subsequent toxicity. Acetaminophen is contraindicated in patients with
severe hepatic impairment or severe active liver disease and should be used with
caution by limiting the total daily dose to no more than 2 g/day in patients with mild
to moderate hepatic impairment or active liver disease.

Opioid Analgesics

The metabolism of oxycodone depends on oxidation by CYP3A4 and CYP2D6,
which transform oxycodone to noroxycodone and the active metabolite oxymor-
phone. An impairment in oxycodone metabolism might occur as a result of decreased
liver blood flow and/or decreased liver metabolism. Data from a study involving 12
patients with hepatic impairment following a single dose of controlled release oxy-
codone 20 mg, the oxycodone AUC was increased by 90% and the half-life was
prolonged by 2 h. Oxymorphone AUC values were lowered by 50%. These data
suggest that oral oxycodone should be initiated at lower doses in patients with
hepatic impairment and/or the dosing interval should be increased in patients with
severe liver cirrhosis [17].

Morphine undergoes first-pass metabolism after oral administration and is
approximately 30—40% bioavailable. It is also a moderate to highly extracted drug
with a hepatic extraction ratio of ~0.7. Decreased total clearance is mostly due to a
decrease in liver blood flow and a small decrease in intrinsic clearance. Several
studies have shown impairment in the metabolism of morphine in patients with
liver disease. In a study by Mazoit et al., morphine’s half-life doubled (201 vs.
111 min) and the clearance decreased by 37% in patients with cirrhosis (hypoalbu-
minemia, hyperbilirubinemia, and prolonged prothrombin time) as compared to
normal subjects after a single dose of intravenous morphine was given [18]. The
authors recommend that the dosing interval of morphine may need to be increased
by 1.5-2 times in patients with cirrhosis to avoid accumulation and untoward
effects. A study by Hasselstrom et al. reiterates that the metabolism of morphine is
impaired significantly in patients with severe cirrhosis (Child-Pugh B or C). In
addition to finding an increased half-life (4.2 vs. 1.7 h) and decreased clearance
(11.4 vs. 28.0 ml/min/kg), the investigators found the oral bioavailability of mor-
phine in patients with hepatic impairment is likely to be increased (100% vs. 47%)
due to decreased first-pass metabolism [19]. These studies suggest that if morphine
is given intravenously to patients with cirrhosis, the dosing interval should be
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increased. For oral administration, a consideration should be made to decrease the
dose in addition to increasing the dosing interval.

Hydromorphone is a semisynthetic opioid that also undergoes first-pass metabo-
lism, resulting in low (~24%) bioavailability. Hydromorphone is extensively metab-
olized via glucuronidation in the liver, with greater than 95% of the dose metabolized
to hydromorphone-3-glucuronide along with minor amounts of 6-hydroxy reduc-
tion metabolites. After oral administration of hydromorphone at a single 4 mg dose,
Chax and AUC were increased fourfold in patients with moderate (Child-Pugh B)
hepatic impairment compared with subjects with normal hepatic function [20]. This
increase in overall bioavailability was likely a consequence of reduced first-pass
metabolism. The half-life of the drug in patients with hepatic impairment was the
same as that in controls. The authors concluded that a reduction of hydromorphone
dose is necessary in patients with moderate liver disease. The pharmacokinetics of
hydromorphone in patients with severe hepatic impairment have not been studied.
A further increase in C,,,x and AUC of hydromorphone in this group is expected. As
such, the starting dose should be even more conservative.

Antiemetics

The pharmacokinetics of metoclopramide were studied in eight patients with severe
alcoholic cirrhosis (Child-Pugh class C) as compared to eight healthy volunteers
[21]. A single 20 mg dose of intravenous (IV) and oral metoclopramide was given.
A 50% reduction in clearance (0.34 + 0.09 vs. 0.16 = 0.07 L/kg/h, p < 0.05) was
observed following both routes of drug administration. The authors concluded the
adverse effects of metoclopramide observed in marked hepatic impairment are
likely to be due to accumulation of the drug as a result of lowered clearance. A 50%
dose reduction should be recommended in patients with cirrhosis. Considering that
20% of metoclopramide is also excreted unchanged in the urine, metoclopramide is
best avoided if severe hepatic impairment is accompanied by severe renal
dysfunction.

Ondansetron is well absorbed from the gastrointestinal tract and undergoes some
first-pass metabolism. Mean bioavailability is approximately 60% and ondansetron
is extensively metabolized in humans. In vitro metabolism studies have shown that
ondansetron is a substrate for CYP450 enzymes, including CYP1A2, CYP2D6, and
CYP3A4 (predominant). In patients with hepatic impairment, clearance is reduced
twofold (28.3 L/h. vs. 14.7 L/h) and the mean half-life is increased to 14.3 h com-
pared with 5.7 h in healthy individuals. Specifically, in patients with severe hepatic
impairment (Child-Pugh C), half-life is increased to 20 h. In these patients, a total
daily dose of 8 mg should not be exceeded [22].

A subsequent study analyzed 19 patients with varying degrees of hepatic impair-
ment from chronic liver disease and compared them to six healthy volunteers after
a single intravenous dose of ondansetron (8 mg) [23]. The patients with mild to
moderate hepatic impairment had similar pharmacokinetic changes: decreased total
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plasma clearance (CL, 211-299 vs. 478 ml/min), increase in area under the curve
(AUC 446-633 vs. 279 ng/L/h), and a longer half-life (t;, 9.1-9.2 vs. 3.6 h). The
changes were even more apparent in patients with severe hepatic impairment
(CL, 96 mL/min, AUC 1383 ng/L/h, t;;, 20.6 h).

Antimicrobials

Cirrhosis has multiple effects on the pharmacokinetic parameters of many antimi-
crobials. Appropriate antibiotic therapy selection and individualized dosing can
contribute to optimal clinical outcomes while decreasing the risk of side effects.
When individualizing dosing regimens, one should consider the indication, the site
and severity of infection, and the duration of therapy. For example, shorter courses
of therapy (<7 days), may not require dose adjustments. In general, dose adjust-
ments should be considered in the setting of decompensated cirrhosis for antibiotics
that undergo phase I metabolism, have high protein binding, or are associated with
high rates of hepatotoxicity [24]. A review of commonly used antimicrobials in
surgical patients that undergo hepatic metabolism is included below.

The majority of penicillins are eliminated renally, with a minor component of
biliary excretion. The exception to this rule is nafcillin, which is primarily hepati-
cally metabolized. One study that analyzed the effects of cirrhosis and biliary
obstruction demonstrated that the plasma clearance of nafcillin was significantly
decreased in patients with hepatic dysfunction (nearly twofold). In patients with
cirrhosis, nafcillin excretion in the urine was significantly increased from about
30-50% of the administered dose, suggesting that renal disease superimposed on
hepatic disease could further decrease nafcillin clearance [25].

Fluoroquinolones demonstrate low protein binding and a combination of hepatic
and renal clearance. Levofloxacin in largely excreted by the kidneys and undergoes
minimal hepatic metabolism. Ciprofloxacin is excreted by a combination of renal
and hepatic metabolism. Moxifloxacin undergoes the most extensive metabolism in
the liver where approximately half of a dose is changed to inactive metabolites. One
study that evaluated the pharmacokinetics of moxifloxacin in patients with liver
insufficiency found no significant differences in pharmacokinetic parameters as
compared to healthy controls [26]. Therefore, fluoroquinolone dosage adjustment is
not likely to be necessary in patients with cirrhosis.

Macrolides that are primarily metabolized by the liver include erythromycin and
azithromycin. Clarithromcyin undergoes both hepatic and renal clearance. Studies
have demonstrated prolonged half-life, decreased clearance, and increased concen-
tration of free erythromycin in patients with cirrhosis [27, 28]. Dose adjustment and
cautious use are recommended in light of erythromycin’s adverse effect profile and
potential for drug interactions via the CYP3A4 enzymes.

Metronidazole is metabolized by the liver to several metabolites, including an
active hydroxyl metabolite, which maintains 30-65% activity of the primary com-
pound. Studies in patients with cirrhosis have shown a prolonged half-life, decreased
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total plasma clearance, and an increased AUC [29, 30]. Due to these pharmacoki-
netic changes, a 50% dose reduction of metronidazole is recommended in patients
with severe hepatic impairment (Child-Pugh C).

Proton Pump Inhibitors

Patients with impaired hepatic function usually require gastric acid suppression
therapy but are at increased risk for adverse drug reactions and may require dosage
adjustments. Lansoprazole, omeprazole, and pantoprazole all have similar bioavail-
ability (85%, 60%, and 77%, respectively). They are completely metabolized by
CYP2CI19 and exhibit high plasma protein binding (>95%).

The pharmacokinetics of lansoprazole after a single oral dose of 30 mg were
studied in 18 healthy volunteers and 24 patients with hepatic failure (8 hepatitis, 16
with cirrhosis) [31]. The patients with cirrhosis showed a decreased clearance
(0.04-0.07 vs. 0.26 L/h/kg), higher AUC (10.7-11.7 vs. 2.67 pg-h/mL), and longer
half-life (6.1-7.2 vs. 1.4 h) of lansoprazole when compared with healthy patients. It
is recommended that a lansoprazole dosage of 30 mg/day should not be exceeded in
patients with liver dysfunction.

Cirrhosis causes marked changes in the pharmacokinetics of omeprazole. In
patients with chronic hepatic disease, the bioavailability increased to approximately
100% compared approximately 50% in young healthy volunteers, reflecting
decreased first-pass effect, and the plasma half-life of the drug increased to nearly 3 h
compared with the half-life in healthy patients of 0.5—1 h. Plasma clearance decreased
to 70 mL/min, compared with a value of 500-600 mL/min in normal subjects. Dose
reduction in patients with hepatic dysfunction should be considered [32].

In patients with moderate to severe hepatic impairment (Child-Pugh B and C),
maximum pantoprazole concentrations increased only slightly relative to healthy
subjects. Although serum half-life values increased from 3.5 to 7-9 h and AUC
values increased by five- to sevenfold in moderate to severe cirrhosis, these increases
were no greater than those observed in CYP2C19 poor metabolizers, where no dos-
age adjustment is necessary. These pharmacokinetic changes in hepatic-impaired
patients result in minimal drug accumulation following once-daily, multiple-dose
administration. No dosage adjustment is needed in patients with mild to severe
hepatic impairment [33].

Conclusions

The pharmacokinetics of many types of drugs metabolized by the liver are changed
in patients with cirrhosis. Liver disease can affect drug clearance by reducing drug-
metabolizing capacity, reducing the synthesis of plasma proteins, and altering liver
blood flow. These pharmacokinetic modifications can vary based on the chemical
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characteristics of the drug and the severity of liver disease. Delineating the impact
these changes have on drug metabolism is quite difficult because at present, there is
no single satisfactory test that gives a quantitative measure of liver function. Safe and
effective drug use in patients with liver disease requires an awareness of the possibil-
ity of interactions between changes in hepatic function and pharmacodynamics. In
patients with cirrhosis, dosage reduction and/or dosage interval modification should
be considered, particularly those with severe liver disease (Child-Pugh C).
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Chapter 4
Imaging in Cirrhotic Patients Undergoing
Surgical Procedures

Christopher P. Coppa and Samuel Eleazar Ruskin

Abbreviations

CT Computed tomography

MV Inferior mesenteric vein

IvC Inferior vena cava

MR (or MRI) Magnetic resonance (or magnetic resonance imaging)
MRE Magnetic resonance elastography

SvVC Superior vena cava

TIPS Transjugular intrahepatic portosystemic shunt

[N Ultrasound

Introduction

Preoperative imaging plays an important role in cirrhotic patients undergoing surgery.
The imaging may make an initial diagnosis of cirrhosis in a patient with no known
history of liver disease and demonstrate findings of advanced liver disease, such as
ascites, splenomegaly, and portosystemic collateral pathways. In both scenarios, the
identification of cirrhosis and complications is important in the preoperative setting,
since cirrhotic patients have increased risk of surgical complications [1]. In this chap-
ter, we will discuss the imaging findings used to make the radiographic diagnosis of
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cirrhosis. Extrahepatic manifestations of cirrhosis will also be reviewed with an
emphasis on portal hypertension and portosystemic collaterals. Further, the clinical
implication of some of these findings will be touched upon.

Radiographic Diagnosis of Cirrhosis

While the diagnosis of cirrhosis is traditionally based on clinical and histologic
findings, it is often suggested at imaging [2]. Many imaging findings of cirrhosis
have been described and most commonly involve cirrhosis-induced changes in
hepatic morphology that can be detected with computed tomography (CT), mag-
netic resonance (MR) imaging, or ultrasound (US) [3]. While these features are
specific, they lack sensitivity [4]. Some modalities potentially offer diagnostic
information not afforded by others.

Changes in liver morphology include contour nodularity and classic lobar find-
ings, including atrophy of the right lobe and medial segment of the left lobe, and
hypertrophy of the caudate and the lateral segment of the left lobe [5].

Generalized widening of the interlobar fissures is another feature of cirrhosis.
Examples of such widening include the “expanded gallbladder fossa” sign, which is
98% specific (but only 68% sensitive) for the diagnosis of cirrhosis and is mani-
fested by a widened, fat-filled pericholecystic space, most commonly on the basis of
anterior and medial segment liver atrophy [3, 5]. Enlargement of the hilar periportal
space is a similar example [5, 6] and this space is considered widened when the
distance between the anterior wall of the right portal vein and the posterior edge of
the medial segment of the left hepatic lobe is greater than 10 mm (Fig. 4.1).

Fig. 4.1 Spectrum of morphologic changes in the cirrhotic liver. (a) Nodular liver contour and
fissural widening, in this case the fissure for the ligamentum venosum (*). Ascites is also present.
(b) Classic lobar findings of cirrhosis, including atrophy of the right lobe and medial segment of
the left lobe, and hypertrophy of the caudate and the lateral segment of the left lobe. There is also
widening of the hilar periportal space (arrow)



4 Imaging in Cirrhotic Patients Undergoing Surgical Procedures 43

Additionally, the ratio of caudate lobe width to right lobe width can also be used
to assist in the diagnosis of cirrhosis. As the caudate lobe enlarges and the right lobe
becomes atrophic, this ratio increases and several researches have used this ratio as
a quantifiable measure of cirrhosis [2, 7].

Confluent hepatic fibrosis can also be seen as wedge-shaped areas along the
periphery of the liver, classically in segments IV, V, or VIII, with associated capsular
retraction and delayed enhancement on contrast enhanced CT and MRI [5, 8].

In a few instances, the etiology of cirrhosis can be suggested by the imaging find-
ings. The classic example is primary sclerosing cholangitis-induced cirrhosis, which
is manifested by atrophy of the peripheral hepatic segments, and mass-like caudate
enlargement, as well as multifocal regions of intrahepatic ductal prominence cre-
ated by irregular bile ducts stricture (Fig. 4.2) [5].

Of note, there are several entities that induce morphologic changes in the liver
that resemble cirrhosis radiographically but are not cirrhosis histologically.
Examples would include “pseudocirrhosis,” which is the name given to the scarred
and fibrotic appearance of the liver that occasionally occurs after treating hepatic
metastases with chemotherapy, and the “atrophy-hypertrophy complex,” which
refers to the changes in hepatic morphology induced by portal vein thrombosis and
cavernous transformation in patients without cirrhosis (Fig. 4.3). Therefore, it is
important to keep these potential mimickers of cirrhosis in mind when evaluating
any liver with altered morphology [9, 10].

In addition to the anatomic/morphologic information described thus far, MRI
provides additional diagnostic information in the evaluation of cirrhosis. For exam-
ple, MRI has improved contrast resolution and is superior to CT and US in the
visualization of cirrhotic nodules and intervening bands of fibrosis (Fig. 4.4). It can
also be used to assess and quantify fat and iron deposition [2, 11].

MR elastography (MRE) is a relatively new MR imaging technique that can
quantify liver stiffness by analyzing propagation of mechanical waves through the
liver parenchyma. These stiffness measurements are used as a marker for liver fibro-
sis, that is, liver stiffness measured by elastography increases with increased stages

Fig. 4.2 Primary
sclerosing cholangitis-
related cirrhosis. Mass-like
caudate enlargement and
central regeneration, lateral
segment atrophy (*) and
multiple mildly dilated
right lobe intrahepatic bile
ducts (arrow) created by
irregular ductal strictures
(Note the splenomegaly
due to portal hypertension)
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Fig. 4.3 Mimickers of cirrhosis. Pseudocirrhosis in a woman with breast cancer metastatic to liver
before (a) and after chemotherapy (b) The nodular liver contour on the later image (b) developed
in a 9-month timeframe and is a treatment affect unrelated to cirrhosis. Atrophy-hypertrophy com-
plex (c, d) in a noncirrhotic patient with hypercoagulable state. The caudate lobe (*) and right lobe
are enlarged and the left lobe is atrophic (a different pattern than what is classically observed in
cirrhosis). The portal vein is thrombosed (*) and there is cavernous transformation, evidenced by
numerous tortuous collaterals in the porta hepatis (arrow). While cirrhosis is often the cause of
these venous changes, it was not the etiology in this case

Fig. 4.4 MRI in cirrhosis.
Dark lines throughout the
liver in a somewhat
lace-like pattern are
created by bands of fibrosis
surrounding regenerative
nodules in a patient with
primary biliary cirrhosis.
The superior contrast
resolution of MRI enables
visualization of cirrhotic
nodules, which are not
routinely apparent on CT
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Fig. 4.5 MR elastography (Courtesy of Dr. Ajit Goenka, Mayo Clinic). (a) MR elastogram images
demonstrate normal liver stiffness (<2.5 kPa). (b) MR elastogram images demonstrate signifi-
cantly elevated liver stiffness, which was consistent with patient’s known biopsy-proven stage 3—4
liver fibrosis

of fibrosis (Fig. 4.5) [4]. MRE is emerging as a reliable and noninvasive alternative
to biopsy for grading liver fibrosis [12].

In addition to assessing for parenchymal and morphologic changes of cirrhosis
with grayscale US, Doppler ultrasound has proven to be a valuable tool in the cir-
rhotic population. Most commonly, it is used to detect alterations in portal venous
flow. While normal portal flow is hepatopetal (or directed towards the liver), cir-
rhosis and portal hypertension can result in slower portal venous flow, hepatofugal
(or retrograde) flow (Fig. 4.6), or absent flow due to stagnation or thrombosis.

Altered hepatic venous and hepatic arterial flow can also be detected in the set-
ting of cirrhosis. For example, altered hepatic vein waveforms can be seen in up
to 50% of patients with cirrhosis and may correlate with the severity of the dis-
ease. Usually this manifests as a monophasic, or flat, hepatic vein flow pattern
since the stiff or fibrotic liver does not permit transmission of cardiac pulsation,
which is responsible for the tri-phasic waveform in normal individuals. The
hepatic arteries may show increased caliber and flow to compensate for the rela-
tively decreased portal flow that develops in the setting of cirrhosis and portal
hypertension [13-15].

Additionally, Doppler interrogation is the study of choice for initial and follow-
up evaluation of transjugular intrahepatic portosystemic shunts (TIPS) [14-16].

US elastography is an additional sonographic tool used as a noninvasive tech-
nique for quantifying liver fibrosis, sometimes in lieu of liver biopsy. Although spe-
cific details are beyond the scope of this discussion, elastography attempts to
correlate liver stiffness with the different pathologic stages of liver fibrosis in
patients with chronic hepatitis, similar to MRE [17].
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Fig. 4.6 Ultrasound in cirrhosis. Doppler evaluation of the main portal vein demonstrates hepatofugal
flow. The blue color within the vein indicates flow away from the ultrasound transducer and away from
the liver; the corresponding spectral venous waveform is below the baseline, also consistent with ret-
rograde flow. Incidentally, note the nodular liver contour, the perihepatic ascites, and the gallbladder
wall thickening (arrow), commonly present in the setting of cirrhosis and portal hypertension

Extrahepatic Imaging Manifestations

Portal Hypertension and Portosystemic Collaterals

Portal hypertension is the major clinical manifestation of cirrhosis. In addition to
being a major risk factor for postoperative mortality [18], portal hypertension is as
associated with increased incidence of intraoperative complications, especially in
abdominal surgery, largely related to bleeding. This is especially true in patients with
prior abdominal surgery and adhesions [19]. Not unexpectedly, extreme care must be
taken during surgical procedures when handling varices as they have thin walls and
high pressure, which can result in massive bleeding if injured [1]. As such, collateral
venous pathways should be described on preoperative imaging studies.

Interestingly, some advocate the placement of a TIPS in cirrhotic patients with
portal hypertension before abdominal surgery in order to reduce the likelihood of
intraoperative bleeding. However, there is currently insufficient evidence to support
the routine use of TIPS preoperatively [20, 21].

Classically, collateral pathways are believed to develop due to passive opening of
preexisting portosystemic channels or anastomoses in the setting of increased portal
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pressure. More recently some research suggests that portosystemic circulation may
also be due to endothelial growth factor-induced angiogenesis [22].

While conventional angiography was historically the procedure of choice for detec-
tion of varices [23], CT and MRI are less intrusive alternatives now commonly used in the
delineation of portosystemic collaterals that develop secondary to portal hypertension.

As described previously, Doppler ultrasound is an additional technique to evalu-
ate portal hypertension, especially in situations where contrast enhanced CT and
MRI are contraindicated (e.g., acute kidney injury). Ultrasound features of portal
hypertension include increased diameter of the main portal vein, hepatofugal portal
vein flow, and identification of collateral vessels.

As portal hypertension progresses, there is gradual slowdown in the portal vein veloc-
ity secondary to elevated intrahepatic resistance. As reversal of portal venous flow pro-
gresses, splanchnic blood is shunted via portosystemic collateral vessels to the systemic
circulation [24]. For simplicity, collateral vessels can be subdivided into those that drain
into the superior vena cava (SVC) and those that drain into the inferior vena cava IVC).

Collaterals draining into the SVC include:

» Left gastric (or coronary) vein
* Posterior and short gastric veins
* Esophageal and paraesophageal varices

Collaterals draining to the IVC include:

* Gastrorenal and splenorenal shunts

e Paraumbilical vein and abdominal wall veins (including caput medusae)
* Retroperitoneal shunts

e Mesenteric varices (e.g., rectal varices) [22, 25]

The left gastric (coronary) vein is the most commonly visible varix in portal
hypertension and is considered abnormal and indicative of portal hypertension
when it measures larger than 5-6 mm in diameter. It originates from the splenic vein
or portal vein and courses between the medial wall of the stomach and posterior
surface of the left hepatic lobe. As may be expected, left gastric varices are often
associated with esophageal and/or paraesophageal varices (Fig. 4.7) [26].

Short gastric veins are normal veins that drain the gastric fundus and left side of
the greater curvature and empty into the splenic vein. With portal hypertension,
they form gastric varices, mostly near the fundus. The posterior gastric vein repre-
sents a potential venous drainage system between the left and short gastric veins
and can connect to the SVC via esophageal varices or the IVC via the left renal
vein [22].

Esophageal varices refer to those within the wall of the lower esophagus, while
paraesophageal varices refer to those outside the wall (Fig. 4.8). These varices are
mostly supplied by the left gastric vein, which splits into the anterior branch supply-
ing esophageal varices, and posterior branch supplying paraesophageal varices.
Along with gastric varices, these are the most common portosystemic pathways
detected on cross-sectional imaging. Esophageal varices are clinically important, as
they are the most common cause of upper gastrointestinal bleeding. Although
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Fig. 4.7 Varix of the left
gastric (coronary) vein.
Dilated coronary vein
(arrows) courses between
the stomach and /left
hepatic lobe. There are
associated (para)
esophageal varices more
cranially

Fig. 4.8 Paraesophageal
varices. Multiple tortuous
veins surround the distal
esophagus secondary to
portal hypertension.
Splenomegaly is also
present
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endoscopy is important for diagnosis and often treatment of esophageal and gastric
varices, CT and MR better depict the extent of collateralization [26].

Gastrorenal shunts form between the gastric and perigastric varices and drain into
the left renal vein via the left inferior phrenic vein and adrenal vein. Splenorenal
shunts can be separated into direct and indirect shunts. A direct splenorenal shunt is
a direct communication between the splenic vein and left renal vein (Fig. 4.9). These
can be large shunts that take a circuitous path and can cause significant enlargement
of the left renal vein. Indirect splenorenal shunts represent communication of the
splenic vein and left renal vein via the short and posterior gastric veins [22].
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Fig. 4.9 Spontaneous
splenorenal shunt. A
prominent venous
collateral (*) extends
between the splenic vein
(S) and the left renal vein
(R), which is segmentally
dilated to the level of the
IvC

The paraumbilical veins are small veins within the ligamentum teres and falci-
fom ligament, adjacent to the closed off umbilical vein. Although it was initially
postulated that the umbilical vein recanalizes, Lafortune et al. demonstrated that
in fact the paraumbilical veins collateralize with the SVC (via the superior epi-
gastric or internal thoracic veins) or with the IVC (via the inferior epigastric and
external iliac veins) in the setting of portal hypertension [27]. Although a recana-
lized paraumbilical vein increases the predisposition to hepatic encephalopathy, it
also tends to correlate with smaller esophageal and gastric varices, therefore, indi-
cating a decreased risk for significant variceal gastrointestinal bleeding [28].

Sometimes the paraumbilical veins connect with subcutaneous abdominal wall
veins creating the “caput medusae” pattern (Fig. 4.10) [29, 22]. Such abdominal
wall collaterals are a potential source of bleeding during laparoscopic surgeries and
their presence (discovered on physical examination or with imaging) will prompt
surgeons to modify umbilical trocar placement [30].

Retroperitoneal shunts are one of the most common collateral pathways in portal
hypertension and develop from mesenteric veins draining into the renal veins or
directly in to the IVC via the veins of Retzius. Although not associated with
gastrointestinal bleeding, they can rarely rupture into the retroperitoneum causing
massive blood loss [22, 29].

Mesenteric collateral vessels usually appear as dilated and tortuous branches of
the superior and/or inferior mesenteric veins within the mesenteric fat. Due to the
complex collateral pathways of the mesenteric vessels, there are a wide variety of
potential mesenteric varices [26]. Mesenteric-gonadal varices represent anastomo-
ses between the ileocolic veins and the right gonadal vein, or rarely the inferior
mesenteric vein (IMV) and the left gonadal vein. Rectal varices are secondary to
retrograde flow of blood from the IMV into the rectal veins (Fig. 4.11), which then
drain into the IVC via the internal iliac and pudendal veins. Rectal varices have been
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Fig. 4.10 Recanalized paraumbilical vein. (a) Large recanalized paraumbilical vein collateralizes
with the left external iliac vein. (b) The paraumbilical vein also connects with subcutaneous
abdominal wall veins creating a caput medusae (arrow)

Fig. 4.11 Rectal varices. (a) Multiple tortuous venous collaterals surround the rectum (*). (b)
Volume rendered image demonstrates the communication between the rectal varices and the infe-
rior mesenteric vein (arrow). Incidentally, gallstones are present

reported in 10-20% of patients with cirrhosis and cause bleeding in up to 5% of
cases. Distinguishing between anorectal varices and hemorrhoids is of great impor-
tance to avoid surgical procedures that can result in massive hemorrhage [31].
Collateralization can occur in the setting of prior abdominal surgery. For exam-
ple, patients with portal hypertension and prior stoma formation (e.g., ileostomy
and colostomy) may develop stomal varices, which result from the communication
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created between high-pressure mesenteric veins and low-pressure abdominal wall
veins [22, 32]. Another example is the jejunoileal varices that collateralize to the
abdominal wall through postoperative adhesions [22, 33].

Cavernous Transformation

In addition to portosystemic collaterals that can develop in the setting of portal
hypertension, slow portal venous flow or thrombosis can result in cavernous trans-
formation of the portal vein. CT findings include a tangle of veins with a beaded
appearance in the porta hepatitis, and often the absence of a normal-appearing por-
tal vein (Fig. 4.3d) [26].

Splenomegaly

In the United States, splenomegaly is most commonly caused by portal hyperten-
sion. Splenomegaly is easily detected by CT (Figs. 4.2 and 4.9), MRI, or US. In
addition to generalized splenic enlargement due to backpressure and reversal of
flow from the portal venous system into the splenic vein, hemosiderin is sometimes
deposited within the spleen (approximately 10% of patients with portal hyperten-
sion). On MR imaging, such deposits appear as multiple tiny foci of decreased sig-
nal intensity called Gamna-Gandy bodies and can demonstrate susceptibility artifact
due to iron deposition (Fig. 4.12) [34]. Platelet sequestration in the setting spleno-
megaly can result in thrombocytopenia, which poses a bleeding risk operatively and
postoperatively [35].

Fig. 4.12 Gamna-Gandy
bodies. Multiple punctate
dark spots, known as
Gamna-Gandy bodies, are
present in the spleen and
result from hemosiderin
deposition in about 10% of
patients with portal
hypertension
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Fig. 4.13 Umbilical hernia and ascites. (a) A large volume of ascites throughout the peritoneal
cavity also extends into a moderate-sized umbilical hernia (*). (b) Volume rendered image of the
same patient illustrates the degree of abdominal distention before therapeutic paracentesis

Ascites

The etiology of ascites (Fig. 4.13) in cirrhosis is multifactorial, but portal hyperten-
sion is certainly a contributing factor. The development of ascites in cirrhotic
patients is not inconsequential, since ascites is associated with 50% mortality over
2 years [36]. In cirrhotic patients being considered for surgery, the presence of asci-
tes is associated with worse outcomes, including increased incidence of infection
and renal failure [18, 21]. Further ascites can aggravate pulmonary function [20]
and impair wound healing [1]. As such, cirrhotic patients being considered for sur-
gery should undergo ultrasound to assess for ascites, assuming other current, preop-
erative imaging (e.g., CT or MR) is not available. Depending on the volume of fluid,
preoperative paracentesis, diuresis, and/or sodium restriction may be warranted. If
ascites is refractory to medical management, TIPS may be used to control ascites in
eligible patients [1, 21].

Abdominal Wall Hernia

Cirrhotic patients are at a greater risk for developing umbilical, inguinal, and
incisional hernias compared to the general population. This is secondary to
abdominal distention from ascites and atrophy of the abdominal wall musculature
(Fig. 4.13) [1, 18].
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Cholelithiasis

Cholelithiasis occurs about two times more frequently in cirrhotic patients than in
the general population (Fig. 4.11) [19]. While gallstones are easily identified with
ultrasound, the sonographic diagnosis of acute cholecystitis can be difficult in the
setting of cirrhosis. Gallbladder wall thickening is often observed in cirrhotic
patients (Fig. 4.6), probably due to portal hypertension and hypoproteinemia [25].
Gallstones, pericholecystic fluid, and right upper quadrant pain can also be present.
As such, the potential overlap in the imaging appearance of acute calculous chole-
cystitis and asymptomatic cholelithiasis with cirrhosis can create a diagnostic
dilemma [37].

While many Child-Pugh A and B cirrhotic patients with acute calculous chole-
cystitis can be managed with laparoscopic cholecystectomy, surgery is usually not
performed in Child-Pugh C patients due to the prohibitive death rate [19]. In the
high-risk group, alternative treatments are recommended including antibiotics and
percutaneous drainage [1, 38]. Percutaneous cholecystostomy is considered
equally safe in cirrhotic patients and other high-risk patients (e.g., patients with
heart failure, end-stage renal disease) and is used as temporizing measure until
more definitive surgical procedures can be performed (e.g., cholecystectomy or
liver transplant) [39].

Bowel Wall Thickening

Bowel wall thickening in cirrhotic patients is usually the result of submucosal
edema related to portal hypertension and/or hypoalbuminemia. The ascending colon
(Fig. 4.14) and jejunum are the most commonly affected bowel segments [25, 40].
Such bowel wall thickening can mimic pathologic processes such as ischemia and
infection, but further evaluation is not warranted unless clinically indicated.

Hydrothorax

Hepatic hydrothorax is defined as a pleural effusion of greater than 500 ml in a
patient with cirrhosis but no evidence of cardiopulmonary disease. It likely relates
to leakage of ascites through a diaphragmatic defect with a pressure gradient mov-
ing fluid from the peritoneal cavity into the pleural space (Fig. 4.15). It is most often
right sided (85%), but may be left sided, or rarely bilateral. CT can demonstrate a
focal defect in the diaphragm as well as the pleural effusion with or without ascites
[41]. In a cirrhotic patient with a pleural effusion, scintigraphic imaging can be used
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Fig. 4.14 Colonic wall
thickening. Wall thickening
of the ascending colon
(arrows) results from
submucosal edema in the
setting of portal
hypertension

Fig. 4.15 Hepatic hydrothorax. (a) There is a moderate-sized right pleural effusion and a small
left pleural effusion in a patient with cirrhosis and no cardiopulmonary disease. (b) Coronal image
of the same patient shows ascites and a right pleural effusion (*) with an intervening slip of dia-
phragm (arrow), without a visible diaphragmatic defect

to prove the presence of hepatic hydrothorax. Technetium-99 m sulfur colloid is
injected into the peritoneal cavity and serial imaging of the thorax is performed to
detect radiotracer activity above the diaphragm, the presence of which confirms a
hepatic hydrothorax [42].
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