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A first-year resident in radiation oncology who opens up Radiation Therapy
for Liver Tumors might reasonably assume that as with any textbook, the
knowledge contained therein is long-established received wisdom, passed
down for generations, just some old stuff we need to know. He or she would
be mistaken.

As recently as one generation ago, let us say in the mid-1990s, a com-
prehensive summary of the full spectrum of noninvasive methods for treating
primary and metastatic liver tumors might have required a few paragraphs
nested within a chapter covering a grab bag of miscellaneous topics that did
not fit in the main chapters. Even just a decade ago, in one major text, the
entire world of radiation for liver and hepatobiliary tumors was addressed in
a single 17-page chapter, and even that was probably generous treatment [1].
But here we are now, in 2017, and a full textbook can barely contain the
burgeoning wealth of information presently available in this area and steadily
growing.

Drs. Schefter, Meyer, and colleagues are to be congratulated for assem-
bling a large team of experts representing the many specialists who are,
ideally, involved in the management of hepatic malignancies. The writing is
clear and offers thorough coverage of radiobiological and clinical data that
inform our modern practice. It takes a village to care for a single cancer
patient nowadays, with so much nuance and sophistication involved in all
of the diagnostic and therapeutic modalities at our disposal, and the value of
multidisciplinary input cannot be overstated.

That same neophyte resident who might not know how much recent
progress has been made in the area of radiotherapy for liver tumors may be
forgiven, of course, for assuming it took maybe a half century for so much
basic and translational science to develop, rather than maybe a decade and a
little bit more. The only unforgivable act on his or her part, or for that matter
on the part of any practicing radiation oncologist, would be to ignore the
important information contained within the pages. There are now safe and
effective ways of using radiotherapy in a variety of forms to offer patients
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with liver malignancies extended disease-free survivorship with high quality
of life, a distinct advance of high value to patients. And so my advice to the
new resident or practicing radiation oncologist who has not yet had a chance
to absorb this knowledge is simple: just read this book ©.

Brian D. Kavanagh MD, MPH
University of Colorado, Denver, USA
Reference

1. E. Halperin et al. (eds.), Perez and Brady’s Principles and Practice of Radiation
Oncology, Chapter 57, 5th edn. (Lippincott Williams & Wilkins, 2007)
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The application of radiation therapy in the treatment of liver neoplasms
presents multiple challenges. Treatment technique and dose prescription, the
risk of normal tissue injury, and motion management represent some of the
challenges for the radiation oncologist. Equally important, however, is
patient selection within the context of the multidisciplinary approach.
Appropriate treatment of liver tumors typically involves a true nexus of
interactions amongst hepatologists, medical, surgical, and radiation oncolo-
gists, transplant surgeons, and diagnostic and interventional radiologists.

The purpose of this book is to address the details of radiation therapy for
primary and secondary tumors of the liver as well as issues related to mul-
tidisciplinary management and the various treatment options offered by other
specialties. To that end, in addition to chapters describing the details of
radiation treatment planning, from external beam to brachytherapy, from
photons to particles, there are also chapters written by expert surgeons,
hepatologists, and radiologists. This approach is intended to familiarize the
practitioner with the unique aspects of liver irradiation and also create a
common understanding and language for fruitful interactions between the
radiation oncologist and other specialists. The contents of this book reflect
the multidisciplinary interactions seen at a liver tumor board.

A special emphasis of this book is the “how-to” or “nuts-and-bolts”
aspects of radiation treatment for liver tumors. The goal is not only to provide
information for the practitioner on the evidence that broadly drives our
practice, but also to discuss practical details that arise in the day-to-day
management. Finally, the authors also address the shortcomings of our
present-day knowledge and look forward to future directions.

Treatment of liver tumors is a complex and dynamic area of oncology, and
radiation therapy is playing an increasingly prominent role. Radiation
oncologists can play an important role in the multidisciplinary care of liver
cancer patients and also expand the frontiers of liver tumor management, and
this book is intended as a foundational guide.

Dallas, TX, USA Jeffrey Meyer
Aurora, CO, USA Tracey E. Schefter
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One of the most important practical considerations in radiation treatment
planning for liver malignancies or other types of tumors is sparing of normal
tissues. To this point, various guidelines are in place to aid the radiation
oncologist, medical dosimetrist, and physicist. The renowned paper by
Emami et al. published in 1991 compiled available information, including
clinician experience, regarding dose—volume relationships for various normal
tissue injuries [1]. The Quantitative Analyses of Normal Tissue Effects in the
Clinic (QUANTEC) effort, published in 2010, reported on and analyzed
updated available literature on normal tissue toxicities and gave recommen-
dations to physicians and the team of planners [2].

There are three tables in this textbook reporting on radiation dose
constraints (Tables 4.2, 9.1 and 12.2), and further discussion of constraints in
these and other chapters. Pathophysiology of radiation-induced injury to the
normal liver is discussed in the text as well. In addition to information culled
from the liver-specific QUANTEC paper, planning constraints from ongoing
cooperative group trials, as well as institutional preferences, are presented
[3]. With specific respect to the liver, the reader will see that both mean dose
constraints as well as critical volume-based constraints, different conceptu-
alizations of normal tissue sparing, are reported.

We emphasize to the reader that much remains to be known about normal
tissue injury, and that the available dose—volume constraints, although
grounded in clinical data and rational consideration, are incomplete, and thus,
dose constraints should be used judiciously in the clinic. It should be noted
that the dose constraints are largely derived from data that are not
personalized for individual patients but rather across a population of patients.
Patient-specific considerations will likely be further integrated in planning
constraints in the future.

References

1. B. Emami, J. Lyman, A. Brown et al., Tolerance of normal tissue to therapeutic
irradiation. Int. J. Radiat. Oncol. Biol. Phys. 21, 109-122 (1991)

2. L.B. Marks, R.K. Ten Haken, M.K. Martel, Guest editor’s introduction to QUANTEC:
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1.1 Introduction

The liver is the central clearing house for most
metabolic functions in the body [1]. These func-
tions include lipid, carbohydrate, and protein
metabolism; coagulation factor production; albu-
min production; detoxification of xenobiotics;
storage of vitamins and glycogen; and bile pro-
cessing and secretion. The liver is situated at the
receiving end, via the portal circulation, of the
intestines, which provide metabolic substrates to
the liver. Blood flows out of the liver, carrying
away the fruits of its metabolic labor, into the
inferior vena cava. Bile flows out of the liver via
the bile ducts to aid in digestion and dispose of
certain waste products. The liver is for the most
part composed of hepatocytes, bile ducts, and
blood vessels. Diseases typically target one of
these principal components. But, as this is a

J. Meyer and T.E. Schefter (eds.), Radiation Therapy for Liver Tumors,
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functional system, injury to one component gen-
erally affects other components of the system.

The liver has an enormous functional reserve:
approximately 80-90% of the liver needs to be
destroyed before its essential functions can no
longer be adequately performed. Fortunately, the
liver is one of the few organs with a high
regenerative capacity; this is seen in the ancient
Greek story of Prometheus, the giver of fire to
humans, who was punished with an endless cycle
of having his newly regenerated liver eaten by a
bird each day.

Astheliverisinvolved in many functions, injury
to the liver disturbs these functions to various
extents, leading to various signs and symptoms.
Thus, when the liver fails, some of the problems
include deranged nutrient metabolism, clotting
defects, toxicities from detoxification abnormali-
ties, bile processing and secretion abnormalities,
and low albumin production, among others.

1.2 Normal Gross Anatomy

The liver is predominately located in the right upper
portion of the abdominal cavity [2]. It normally has a
smooth surface contour, is tan-brown in color, and
has a weight of 1.4-1.6 kg in an adult. Some of the
notable surface landmarks include: from the per-
spective of the anterior/superior surface, the right
lobe and the smaller left lobe of the liver; and from
the perspective of the posterior/inferior surface, the
quadrate lobe, caudate lobe, gallbladder bed, and
porta hepatis (also known as the liver hilum) [3].
Blood flows into the liver through the portal
vein and hepatic artery at the porta hepatis. Blood
flows out of the liver through the three major
hepatic veins, the left, right, and intermediate
(middle), at the superior/inferior surface. Bile
flows out of the liver through the common hep-
atic duct at the liver hilum. Anatomic variants
exist in the branching and location of blood
vessels and bile ducts. The liver can be divided
into eight segments based on first and second
order divisions of the hepatic artery, portal vein,
and bile duct (Fig. 1.1). After approximately
twenty, not necessarily symmetrical, orders of
branching, the portal veins, hepatic arteries,

J.B. Kaplan et al.

Fig. 1.1 Schematic picture of the segments of the liver.
The liver can be divided into eight segments based on first
and second order divisions of the hepatic artery, portal
vein, and bile duct [Reprinted from Compton CC,
Byrd DR, Garcia-Aguilar J, et al. Liver. In: Compton CC,
Byrd DR, Garcia-Aguilar J, et al. (eds). AJCC Cancer
Staging Atlas. New York, NY: Springer Science 2012:
241-249. With permission from Springer Science+
Business Media]

and bile ducts terminate in the hepatocellular
parenchyma.

1.3 Normal Microscopic Anatomy

The liver is composed of three principal com-
ponents: hepatocytes, blood vessels, and bile
ducts. The microscopic anatomy is fairly basic,
especially in light of the liver’s plethora of
functions (Figs. 1.2, 1.3 and 1.4). Hepatocytes
form the bulk of the organ and are arranged in
interconnecting trabeculae. Blood vessels perfuse
the organ. Blood flows into the liver through
ramifications of the hepatic artery and portal
vein, then courses through the sinusoids in
between the hepatocyte trabeculae, and finally
drains into central veins which eventually merge
into the hepatic veins. Bile flows out of the liver
through bile canaliculi between hepatocytes.
These drain into bile ducts which eventually
empty into the duodenum. The hepatic artery,
portal vein, and bile duct branches course
through the liver together in structures called
portal tracts (also known as portal triads).
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Fig. 1.2 Cartoon schematic of liver lobule. Schematic
representation of a portion of a liver lobule. Hepatocytes
(white boxes) radiate in thin trabeculae between the portal
triad (left) and central vein (right). Blood (red) from
branches of the portal vein and hepatic artery flows from
the portal triad through sinusoids between hepatocellular
trabeculae to the central vein. Bile (green) flows in bile

Fig. 1.3 Histologic picture
of liver lobule/acinus.
Histologic appearance of a
liver lobule (H&E;
approximately 200x).
Hepatocytes form the bulk of
the organ and are arranged in
radiating trabeculae between
the portal triad (P) and central
vein (C)

The theoretical microscopic functional unit of
the liver can be viewed as the hexagonal lobule or
the triangular acinus. These smallest units of
blood and bile flow are not rigid anatomic con-
structs in the actual liver but serve as a useful
framework in understanding the liver in health
and disease. In either conception, portal tracts are
at one end and central venules are at the other end.

canaliculi in the middle of hepatoceullar trabeculae from
the perivenular region (right) to the portal triad (left)
[Reprinted from Colnet S, Perret C. Liver Zonation. In:
Monga SPS (ed). Molecular Pathology of Liver Diseases,
Part I. New York, NY: Springer Science 2011: 7-16. With
permission from Springer Science+Business Media]

Variations in blood flow, oxygen and nutrient
tension, and hepatocellular metabolic machinery
exist across the lobule or acinus. These variations
are the basis for many of the microscopic topo-
graphic manifestations of liver disease.

Several specialized cells are present in the
sinusoids or below the sinusoids (also known as
the space of Disse). Kupffer cells are resident
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Fig. 1.4 Histologic picture
of a cirrhotic liver. Histologic
appearance of a cirrhotic liver
(Masson’s trichrome;
approximately 40x).
Regenerative parenchymal
nodules (red) are demarcated
by fibrous septa (blue) that
bridge from portal tract portal
tract and portal tract to central
vein

macrophages within the liver and are part of the
body’s reticulo-endothelial system. Stellate cells
(also known as Ito cells) are resident mesenchy-
mal cells involved in storage of vitamin A and
maintaining the liver’s architectural framework.

1.4 Basic Physiologic Concepts

The liver has a dual blood supply: approximately
25% of the blood is supplied by the hepatic
artery and approximately 75% of the blood is
supplied by the portal vein. These vessels bring
various materials to the liver, such as oxygen,
nutrients, and toxins. Highly oxygenated blood
from the hepatic artery is especially important for
maintaining the integrity of the bile ducts. The
dual blood supply mixes at the level of the
sinusoids in the periportal region.

The sinusoids are a low-pressure system; the
pressure gradient across the sinusoids is gener-
ally 0-5 mm Hg. The sinusoids are lined by
fenestrated endothelium, under which lies the
microvillous surface of the hepatocyte in the
space of Disse. This is the principal metabolic
interface of the liver. Oxygen tension, nutrient
load, and toxin concentration varies across the
hepatic acinus as blood flows from zone 1 (in the

periportal region) to zone 3 (in the pericentral
region).

The major, often interrelated, functions of the
hepatocyte include nutrient metabolism, detoxi-
fication of xenobiotics, and bile processing and
secretion. Not all hepatocytes perform the same
functions to the same extent. The function of
hepatocytes varies from region to region in the
acinus due to variation in some of the hepato-
cyte’s metabolic machinery across the hepatic
acinus, typically along a portal-to-central axis.

1.5 Basic Pathologic Concepts

Injury is usually directed at one of the three
principal structures comprising the liver: hepa-
tocytes, blood vessels, or bile ducts. Because of
the close anatomic and functional proximity to
one another, injury to one of these compartments
often leads to some degree of injury to another of
the compartments. Injury to the liver covers a
spectrum from minimal, subclinical injury to
massive, fulminant liver failure. Liver injury can
occur abruptly over a short course or it can be
sustained over the long term. In general, acute
injury, while it may be severe, leads to resolution
in most cases. That said, in some cases the acute
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injury can be so severe that it leads to liver
failure. Sustained liver injury, on the other hand,
is perhaps the more pernicious problem in liver
disease, as this leads to liver scarring which
erodes liver function and can ultimately lead to
Advanced liver disease.

Liver failure is marked by several signs and
symptoms. Patients are generally jaundiced from
the systemic accumulation of bilirubin. Ascites
and peripheral edema are the accumulation of
body cavity and tissue fluid due to hypoalbu-
minemia. Fetor hepaticus is a musty odor that
results from sulfur-containing substances entering
the systemic circulation. Estrogen metabolism is
disrupted and results in physical examination
findings such as spider angiomata, palmar ery-
thema, and hypogonadism and gynecomastia in
men. A coagulopathy results from the lack of
production and secretion of coagulation factors.
Hepatic encephalopathy, characterized by a spec-
trum of disturbances in consciousness, is partly
caused by hyperammonemia that results from liver
failure. Hepatorenal syndrome is renal failure in
the setting of liver failure due to a number of
vascular perfusion abnormalities.

As previously discussed, the liver has a high
functional reserve in that about 80-90% of the
functional capacity of the liver needs to be ero-
ded before liver failure ensues. There are three
basic morphologic appearances of the failed
liver: massive hepatic necrosis, chronic liver
disease resulting in cirrhosis, and hepatic dys-
function without overt necrosis. Of these, cir-
rhosis is the most common cause of liver related
deaths and is the twelfth leading cause of death in
the United States.

Cirrhosis is the common end point of a variety
of chronic liver diseases. It is essentially a scar-
red liver that cannot perform its functions
optimally. It can be clinically divided into com-
pensated and decompensated forms, depending
on whether or not the cirrhotic liver can still
perform many of its functions. As discussed later
in this chapter, the presence of decompensated
cirrhosis worsens prognosis and increases the
urgency of clinical management.

Cirrhosis is characterized by the presence of
fibrous septations throughout the liver that results

in parenchymal nodularity. The central patho-
physiologic mechanisms that occur in most dis-
eases that lead to cirrhosis are chronic, continued
death and regeneration of hepatocytes that leads
to the deposition of extracellular matrix and a
gradual architectural and vascular reorganization
of the liver. This reorganized liver no longer
functions as well as the original.

One of the consequences of cirrhosis is portal
hypertension. Portal hypertension is increased
blood pressure in the portal circulation. Recall
that the portal circulation drains the intestinal
tract. In cirrhosis, this increased blood pressure is
a result of the vascular reorganization of the
cirrhotic liver—the vascular resistance through the
sinusoids is increased and there are abnormal
connections between the portal and arterial sys-
tems. The principal clinical consequences of
portal hypertension are ascites, the formation of
portosystemic shunts, congestive splenomegaly,
and hepatic encephalopathy.

Jaundice is the yellow discoloration of the
skin that results from disturbances in bilirubin
metabolism. Icterus is the corresponding yellow
color seen in the sclera. Cholestasis describes the
systemic retention of bilirubin and the solutes
normally excreted in bile. This occurs when
bilirubin production exceeds bilirubin clearance.
It commonly results from disturbances in bile
excretion due to mechanical blockages but can
occur via many other mechanisms, such as
excessive bilirubin production as in hemolytic
diseases, reduced hepatocyte uptake or conjuga-
tion as occurs in hepatitides, or decreased hepa-
tocellular excretion as in some genetic metabolic
diseases.

1.6 General Classes of Liver Disease

We can divide liver disease into categories by
etiology. Some of these broad categories include
metabolic, toxic, infectious, circulatory, and
neoplastic diseases. We can also divide liver
disease by time frame into acute and chronic
diseases (or even acute on chronic disease).
And we can divide it by the compartment pri-
marily targeted by the disease, into hepatocyte,



Table 1.1 Classifications

h : Etiology
of adult liver disease

Metabolic
Toxic
Infectious
Circulatory
Neoplastic

bile duct, and vascular diseases (Table 1.1). The
initial goal of the clinicopathologic examination
is to classify the disease process into as few of
these general categories as possible. Our final
goal is to arrive at a single best diagnosis or
narrowed differential diagnosis. Several common
laboratory, procedural, and imaging studies are
used to assess for the presence and degree of
liver injury, as well as the functional status of the
liver.

Clinicians use readily available blood tests to
assess liver injury, and these tests provide prac-
tical information regarding the potential etiology
as well as severity of the injury. Laboratory
markers used in this assessment include liver
enzyme levels (e.g. alkaline phosphatase, gamma
glutamyl transferase, aspartate aminotransferase,
or AST, and alanine aminotransferase, or ALT),
tests of synthetic function (e.g. prothrombin time,
albumin), and the serum bilirubin level. Though
overlapping, or mixed, abnormalities are com-
mon, the pattern of laboratory derangements
helps clinicians classify liver injury as either
hepatocellular or cholestatic in nature.

For example, predominantly elevated amino-
transferases—AST and ALT—reflects hepato-
cyte injury caused by a number of potential
insults, and the magnitude of elevation can help
delineate the cause. Markedly elevated AST and
ALT levels may be seen, for instance, in acute
viral hepatitis or a toxin exposure, while less
elevated levels, classically with an AST to ALT
ratio of 2—1, are often seen in patients with
alcoholic liver disease [4, 5]. In contrast, a pre-
dominantly elevated alkaline phosphatase in the
setting of liver injury is suggestive of cholestatic
disease, i.e. biliary obstruction from either an
intrahepatic (e.g. primary sclerosing cholangitis)
or extrahepatic (e.g. choledocholithiasis) process.

J.B. Kaplan et al.

Timeframe Compartmental

Acute Hepatocyte

Chronic Bile Duct
Vasculature

1.7 Decompensated Cirrhosis,
Portal Hypertension,
and Disease Severity

Just as the distinction between hepatocellular and
cholestatic injury provides meaningful clinical
information, so too does the histologic distinction
between mild fibrotic disease and -cirrhosis.
Progression of liver disease to its most advanced
and irreversible stage, cirrhosis, is clinically
significant and associated with increased mor-
bidity and mortality (Table 1.2). Patients who
develop cirrhosis typically experience a natural
history that includes an initial period of “com-
pensated” disease, during which reported median
survival rates are in the range of 10-12 years [6,
7]. However, cirrhotic patients are prone to
decompensating events—gastrointestinal bleed-
ing, or development of ascites, jaundice, or
hepatic encephalopathy—that increase mortality
dramatically. For example, the development of
esophageal varices alone has been associated
with mortality rates of up to 25% at 5 years [8].

The primary pathophysiologic influence
behind the vast majority of complications, or
decompensating events, in cirrhotic patients is
portal hypertension, i.e. the increased resistance
to portal blood flow that creates an increased
gradient of pressure between the portal vein and
the inferior vena cava. When the portal pressure
increases beyond 12 mm Hg, patients develop
ascites, the most common complication of cir-
rhosis that increases susceptibility to infection
and carries with it a 50% independent mor-
tality risk within 2 years [9]. Additional conse-
quences of portal hypertension include the
formation of varices, thereby increasing the risk
for fatal hemorrhage, and the development of
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Table 1.2 Common complications of cirrhosis

Type of Complication Complication
Portal Hypertensive Ascites
Varices

Hepatorenal syndrome
Hepatic hydrothorax
Portopulmonary hypertension
Hepatopulmonary syndrome
Hepatic encephalopathy

Malignant

Systemic

Hepatocellular carcinoma

Sarcopenia

Cachexia
Fatigue
Anxiety
Depression

encephalopathy. In the latter, neurotoxins nor-
mally cleared by healthy livers are shunted into
portal hypertension-induced portosystemic col-
laterals, affecting the central nervous system and
resulting in a spectrum of neuropsychiatric dis-
turbances [10].

Transjugular intrahepatic portosystemic shunts
(TIPS) alleviate portal hypertension, and therefore
its complications, by lowering the portal pressure
below the threshold of 12 mm Hg. As aresult, TIPS
is often utilized for patients experiencing recurrent
variceal hemorrhage, or active hemorrhage despite
endoscopic therapy, as well as for patients with
refractory or diuretic-resistant ascites [11].

Severity of liver disease is commonly esti-
mated by a clinical scoring system utilizing the
Model for End-Stage Liver Disease (MELD)
score. Using a patient’s serum creatinine, total
bilirubin, and international normalized ratio

Table 1.3 Child-Turcotte-Pugh (CTP) scoring calculator

Points 1

Total Bilirubin (mg/dL) <2.0
Albumin (g/dL) >3.5
INR <1.7
Ascites Absent
Encephalopathy Absent

Class A = 5-6 points
Class B = 7-9 points
Class C = 1015 points

(INR), the MELD score—a value ranging from 6
to 40—is predictive of mortality in patients on
the transplant waiting list and independently
predicts survival in patients with a variety of liver
disease [12, 13]. Since 2002, though originally
validated to predict mortality in patients under-
going TIPS for complications of portal hyper-
tension [14], the MELD score has formed the
backbone of the liver transplant allocation system
[15-18]. Prior to this, clinicians utilized the
Child-Turcotte-Pugh (CTP) score—using serum
bilirubin, serum albumin, and INR in addition to
subjective grades of ascites and encephalopathy
(Table 1.3)—as the primary tool to predict
mortality in cirrhotic patients [19]. CTP was
originally designed to predict mortality in
patients with liver disease and bleeding esopha-
geal varices. Its role was subsequently broadened
to predict risk of other operations in cirrhotic

2 3

2-3 >3

2.8-3.5 <2.8

1.7-2.2 >2.2

Mild Severe
Grade -1 Grade III-IV
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patients and to stage patients with hepatocellular
cancer by way of it reflecting the competing risk
of cirrhosis-associated death in patients with this
type of cancer. Further discussion of this topic is
found in Chap. 3.

In 2014, the Organ Procurement Transplan-
tation Network (OPTN) approved a proposal by
the United Network for Organ Sharing (UNOS)
to incorporate a patient’s serum sodium into the
MELD score calculation. This revolutionary
implementation of “MELD-Na,” which formally
began in January 2016, is supported by data that
hyponatremia is predictive of mortality for
patients listed for liver transplantation, particu-
larly among patients with a low MELD score,
and its incorporation into the calculation predicts
waiting list mortality better than MELD alone
[17, 20-23]. The most up-to-date calculator for
the MELD score can be found on the OPTN
website: https://optn.transplant.hrsa.gov/resources/
allocation-calculators/meld-calculator/.

The MELD-Na score is calculated as follows:
MELD-Na = MELD + 1.32 x (137-Na) — [0.033%
MELD*(137-Na)].

Importantly, the MELD score, in addition to the
aforementioned laboratory abnormalities and portal
hypertensive complications, can have important
prognostic information for interventional radiolo-
gists and oncologists tasked with managing
hepatocellular carcinoma, a common malignant
complication of cirrhosis. Transarterial chemoem-
bolization (TACE) in patients with poor hepatic
reserve—elevated baseline serum bilirubin, INR, or
creatinine; decreased serum albumin; presence of
ascites or encephalopathy; MELD score above 20
—has been associated with a statistically significant
risk of irreversible hepatotoxicity resulting in death
or the need for urgent liver transplantation [24].
These findings underscore the importance of
understanding the clinical assessment of patients
with liver disease, as well as the intricacies of the
liver transplant allocation process.

J.B. Kaplan et al.

References

1. Theise ND. Liver and gallbladder. In: Kumar V,
Abbas AK, Aster JC, editors. Robbins and Cotran
pathologic basis of disease. Philadelphia: Elsevier
Saunders; 2015. p. 821-81.

2. Crawford JM, Burt AD. Anatomy, pathophysiology,
and basic mechanisms of disease. In: Burt AD,
Portmann BC, Ferrell LD, editors. MacSween’s
pathology of the liver. Edinburgh: Churchill Living-
stone Elsevier; 2012. p. 1-77.

3. U.S. Department of Health & Human Services.
Organ Procurement and Transplantation Network.
http://optn.transplant.hrsa.gov. Accessed 13 May 2014.

4. Pratt DS, Kaplan MM. Evaluation of abnormal
liver-enzyme results in asymptomatic patients.
N Engl J Med. 2000;342(17):1266-71.

5. Dutta A, Saha C, Johnson CS, Chalasani N. Vari-
ability in the upper limit of normal for serum alanine
aminotransferase levels: a statewide study. Hepatol-
ogy. 2009;50(6):1957-62.

6. D’Amico G, Garcia-Tsao G, Pagliaro L. Natural
history and prognostic indicators of survival in
cirrhosis: a systematic review of 118 studies. J Hepa-
tol. 2006;44(1):217-31.

7. D’Amico G, Pasta L, Morabito A, D’Amico M,
Caltagirone M, Malizia G, et al. Competing risks and
prognostic stages of cirrhosis: a 25-year inception
cohort study of 494 patients. Aliment Pharmacol
Ther. 2014;39(10):1180-93.

8. Zipprich A, Garcia-Tsao G, Rogowski S, Fleig WE,
Seufferlein T, Dollinger MM. Prognostic indicators
of survival in patients with compensated and decom-
pensated cirrhosis. Liver Int: Official J Int Assoc
Study Liver. 2012;32(9):1407-14.

9. Gines P, Fernandez-Esparrach G, Arroyo V. Ascites
and renal functional abnormalities in cirrhosis.
Pathogenesis and treatment. Baillieres Clin Gastroen-
terol. 1997;11(2):365-85.

10. Bustamante J, Rimola A, Ventura PJ, Navasa M,
Cirera I, Reggiardo V, et al. Prognostic significance
of hepatic encephalopathy in patients with cirrhosis.
J Hepatol. 1999;30(5):890-5.

11. Boyer TD, Haskal ZJ. American Association for the
Study of Liver D. The Role of Transjugular
Intrahepatic Portosystemic Shunt (TIPS) in the
Management of Portal Hypertension: update 2009.
Hepatology. 2010;51(1):306.

12. Wiesner R, Edwards E, Freeman R, Harper A,
Kim R, Kamath P, et al. Model for end-stage liver
disease (MELD) and allocation of donor livers.
Gastroenterology. 2003;124(1):91-6.


http://dx.doi.org/10.1007/978-3-319-54531-8_3
https://optn.transplant.hrsa.gov/resources/allocation-calculators/meld-calculator/
https://optn.transplant.hrsa.gov/resources/allocation-calculators/meld-calculator/
http://optn.transplant.hrsa.gov

1

13.

14.

15.

16.

17.

18.

19.

Liver Anatomy and Function

Said A, Williams J, Holden J, Remington P,
Gangnon R, Musat A, et al. Model for end stage liver
disease score predicts mortality across a broad spec-
trum of liver disease. J Hepatol. 2004;40(6):897-903.
Malinchoc M, Kamath PS, Gordon FD, Peine CJ,
Rank J, ter Borg PC. A model to predict poor
survival in patients undergoing transjugular intrahep-
atic portosystemic shunts. Hepatology. 2000;
31(4):864-71.

Kamath PS, Wiesner RH, Malinchoc M, Kremers W,
Therneau TM, Kosberg CL, et al. A model to predict
survival in patients with end-stage liver disease.
Hepatology. 2001;33(2):464—70.

Biggins SW, Bambha K. MELD-based liver alloca-
tion: who is underserved? Semin Liver Dis. 2006;
26(3):211-20.

Kalra A, Wedd JP, Biggins SW. Changing prioriti-
zation for transplantation: MELD-Na, hepatocellular
carcinoma exceptions, and more. Curr Opin Organ
Transplant. 2016;21(2):120-6.

Smith JM, Biggins SW, Haselby DG, Kim WR,
Wedd J, Lamb K, et al. Kidney, pancreas and liver
allocation and distribution in the United States. Am J
Transpl: Official J] Am Soc Transpl Am Soc Trans-
plant Surg. 2012;12(12):3191-212.

Biggins SW. Beyond the numbers: rational and
ethical application of outcome models for organ

20.

21.

22.

23.

24.

1

allocation in liver transplantation. Liver Transpl:
Official Publ Am Assoc Study Liver Dis Int Liver
Transpl Soc. 2007;13(8):1080-3.

Biggins SW, Rodriguez HJ, Bacchetti P, Bass NM,
Roberts JP, Terrault NA. Serum sodium predicts
mortality in patients listed for liver transplantation.
Hepatology. 2005;41(1):32-9.

Biggins SW, Kim WR, Terrault NA, Saab S,
Balan V, Schiano T, et al. Evidence-based incorpo-
ration of serum sodium concentration into MELD.
Gastroenterology. 2006;130(6):1652—-60.

Kim WR, Biggins SW, Kremers WK, Wiesner RH,
Kamath PS, Benson JT, et al. Hyponatremia and
mortality among patients on the liver-transplant
waiting list. N Engl J Med. 2008;359(10):1018-26.
Biggins SW. Use of serum sodium for liver trans-
plant graft allocation: a decade in the making, now is
it ready for primetime? Liver Transpl: Official Publ
Am Assoc Study Liver Dis Int Liver Transpl Soc.
2015;21(3):279-81.

Garwood ER, Fidelman N, Hoch SE, Kerlan RK Jr,
Yao FY. Morbidity and mortality following transar-
terial liver chemoembolization in patients with
hepatocellular carcinoma and synthetic hepatic dys-
function. Liver Transpl: Official Publ Am Assoc
Study Liver Dis Int Liver Transpl Soc. 2013;
19(2):164-73.



Ali A. Haydar, MD, MRCP, FRCR, Layla Antoine Nasr,
MD and Hero K. Hussain, MD, FRCR, FACR

Abbreviations

(SN

CT

MRI
FDG-PET
MDCT
MRCP
ERCP
GRE
DWI
ADC
HCC
IvC

RES
TIPS

GI
AASLD
LI-RADS

A.A. Haydar (D<)

Department of Radiology, American University of

Beirut Medical Centre, Bliss Street,
Beirut 1107 2020, Lebanon
e-mail: ah24@aub.edu.lb

L.A. Nasr

Department of Diagnostic Radiology, American
University of Beirut Medical Center, 2139 Orchard

Lakes P1 E, Apt 31, Toledo, OH 43615, USA
e-mail: lan03 @mail.aub.edu

H.K. Hussain

Department of Radiology, University of Michigan

Health System, Ann Arbor, MI, USA

© Springer International Publishing AG 2017

Ultrasound

Computed tomography

Magnetic resonance imaging

Fluorodeoxyglucose, positron emission tomography
Multidetector computed tomography

Magnetic resonance cholangiopancreatography
Endoscopic retrograde cholangiopancreatography
Gradient recalled echo

Diffusion-weighted imaging

Apparent diffusion coefficient

Hepatocellular carcinoma

Inferior vena cava

Reticuloendothelial system

Transjugular intrahepatic portosystemic shunt
Gastrointestinal

American Association for the Study of Liver Disease
Liver imaging reporting and data system

2.1 Anatomy

2.1.1 Gross Anatomy and Landmarks

The liver lies in the upper abdomen and extends
from the epigastrium medially to fill the right
hypochondrium. Its superior surface is dome-
shaped and follows the contour of the diaphragm
lying approximately at the level of the fifth rib.
Its anterior surface extends down to the right

costal margin.
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The major landmark of the superior surface of
the liver is the sagittal groove, which is the notch
for ligamentum teres (formerly the umbilical
vein), and lies at the free edge of the falciform
ligament. The major landmark of the inferior or
visceral surface is the porta hepatis, which is a
central depression that accommodates the portal
vein, hepatic artery and common bile duct [1, 2].

2.1.2 Liver Size

The weight of a normal liver is approximately
2% that of total adult body weight [3]. CT Liver
volumetric measurements are useful to assess the
functional residue of the liver prior to resection
and the volume of the liver in transplant donors.
Using commercially available software, mea-
surements may be done manually, or by semi-
automated or automated programs, the latter
requiring significantly less time. Individual lobar
and segmental volumes can also be measured.
Enhanced CT in the venous phase is the preferred
phase to measure and segment the liver due to
better delineation of blood vessels [4].

2.1.3 Segments and Vascular Supply

The liver receives approximately 75% of its
blood supply from the portal vein and 25% from
the hepatic artery, while blood drains via three
main hepatic veins into the IVC. The pressure
difference between measurements in the wedged
(occluded) hepatic vein and the IVC (also known
as the corrected sinusoidal pressure) is normally
between 4 and 8 mmHg. This pressure mea-
surement can be used to evaluate liver disease,
namely cirrhosis [5].

The liver is divided into eight functional
segments according to the Couinaud classifica-
tion. Each of these segments receives a branch of
the portal vein, is bounded by a hepatic vein [6],
and has its separate hepatic arterial branch and
bile duct [3]. The major landmarks used to divide
the liver into its functional segments are the
portal and the hepatic veins. The main portal vein
divides the liver axially into two virtual superior
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(segments VII, VIII, IVa, and II) and inferior
parts (VI, V, IVb, and III). The middle hepatic
vein divides the liver into left and right lobes.
The left hepatic vein runs vertically and separates
the left lateral and left medial segments of the
liver. The plane of the left portal vein divides the
lateral segment into superior segment II and
inferior segment III, and the left medial segment
into superior segment IVa and inferior segment
IVb. The right hepatic vein divides the right lobe
into anterior segments V/VIII and posterior seg-
ments VI/VIIL. The plane of the right portal vein
divides the right lobe into superior segments VII
and VIII, and inferior segments V and VI. Seg-
ment I (caudate lobe) receives portal supply from
both lobes and drains directly to the IVC [2, 7].

2.2 Liver Imaging Techniques
and Imaging of the Normal
Liver

2.2.1 Plain Radiography

The complex shape of the liver and limited soft

tissue contrast of plain radiographs makes reli-

able identification of the liver boundaries diffi-
cult. Even though significant findings such as
gross hepatomegaly, hepatic calcification, and

pneumobilia may be detected on plain films [8],

further evaluation with other modalities would

most likely be needed.

2.2.2 Ultrasound

Ultrasound (US) of the liver is performed using a
phased array transducer operating between 3 and
5 MHz Doppler capabilities [9]. The normal
echotexture of the liver parenchyma is homoge-
neous and slightly more reflective than the
adjacent renal cortex. Scanning the liver in all
directions in deep inspiration is essential to cover
its entire span and detect inconspicuous lesions.
In case a lesion is found, intravenous injection of
a microbubble intravascular contrast agent can
improve its characterization by observing the
arterial and portal phases of enhancement.
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The gallbladder, intra- and extrahepatic bile
ducts are also routinely assessed by US for
dilatation and presence of stones. In addition,
Doppler interrogation of the liver vasculature is
routinely performed to visualize the portal flow
phasicity and measure its velocity. Portal vein
branches may be identified by their radiating
pattern from the hilum and the increased reflec-
tivity of their walls. In contrast, hepatic veins
radiate from the inferior vena cava and their
walls are not distinguishable from the adjacent
parenchyma. On Doppler examination, the nor-
mal hepatic vein trace reflects the transmitted
right-heart pressure changes with reversal of flow
during the cardiac cycle. Ultrasound is also used
to assess the patency and flow velocity of the
hepatic artery and its branches [10].

2.2.3 Computed Tomography

The liver appears homogeneous on non-contrast
computed tomography (CT) with attenuation
values of 55-65 HU, approximately 8 HU greater
than the spleen. The vascular structures of the
liver, the common bile, common hepatic, and
right and left hepatic ducts are easily identified
on contrast-enhanced CT, while the peripheral
intrahepatic ducts are not. Multiphasic, multide-
tector CT (MDCT) scan is commonly used to
assess the liver and characterize liver lesions.
This  technique typically includes an
arterial-dominant phase at 10-30 s post contrast
injection, a portal or venous phase at 60-90 s
post contrast injection, and a delayed phase at 5—
10 min post contrast injection. An unenhanced
scan is optional and not routinely performed at
all centers. The minimum requirement is an
arterial phase and a portal/venous phase; how-
ever, the delayed phase is of great value in the
characterization some benign and malignant
lesions (e.g., hemangioma and cholangiocarci-
noma) [2]. Optimizing the protocols and timing
of these phases are important to maximize
lesion-to-liver contrast. For this purpose, a
method known as automatic bolus tracking is
used to time the arterial phase; scanning is trig-
gered when contrast is, for example, detected in
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the celiac axis or hepatic artery. This technique
gives more consistent results and accounts for the
variation in cardiac output and intravascular
volume [11].

Cone beam CT is basically a CT scan per-
formed with catheter injection into the hepatic
artery in the angiography suite to detect subtle
liver lesions or to guide treatment used mainly in
oncology liver directed therapies such as
transarterial chemoembolization [12].

2.2.4 Magnetic Resonance Imaging

Magnetic resonance imaging (MRI) has several
advantages over CT and US for imaging the
liver. First, it lacks ionizing radiation. Second, it
has excellent soft tissue contrast and is therefore
preferred for lesion detection and characteriza-
tion. Third, it clearly delineates the biliary system
and the hepatic vascular anatomy and patency.
MRI has a wider range of tissue contrast and
contrast media compared to other imaging tech-
niques due to a combination of field strength,
pulse sequences, interdependent sequence
parameters, and the availability of liver-specific
contrast agents. All of these factors serve to
strengthen image quality [13, 14].

Multichannel phased array coils are routinely
used for imaging the liver. When performing MR
sequences, there is always a trade-off between
image resolution and scan time. Shortening scan
time can compromise intrinsic contrast and spa-
tial resolution and limit the usefulness of MRI for
lesion detection and characterization. Compre-
hensive liver MR imaging includes breath-hold
T1-weighted (T1W) in-phase and out-of-phase
gradient-recalled echo (GRE) imaging sequences
for lipid detection and lesion characterization,
and breath-hold T2-weighted (T2W) imaging
using a turbo spin-echo sequence, usually single
shot. Higher quality T2W images are acquired
with respiratory-triggered multishot sequences.
Also, quantitative diffusion-weighted imaging
(DWI) and apparent diffusion coefficient
(ADC) calculations are increasingly being stud-
ied for their role in lesion detection and charac-
terization [15]. Multiphasic contrast-enhanced
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T1W GRE imaging is routinely performed in all
MRI studies of the liver.

The intensity of normal liver parenchyma is the
same as, or slightly higher than, that of adjacent
muscle on T1- and T2-weighted imaging. The liver—
spleen differences may serve as a simple guide to the
efficacy of intrinsic T1 and T2 weighting. Generally,
the spleen should be lower signal (darker) than liver
on T1W images and higher signal (brighter) on T2W
imaging. The appearance of vessels varies widely on
MRI depending on pulse sequence and on the use of
artifact suppression techniques or contrast media. In
particular, intravascular signal on conventional spin-
echo sequences may occur normally and should not
be interpreted as thrombus without confirming on
other sequences. Finally, the bile ducts are best
imaged using a dedicated magnetic resonance
cholangiopancreatography (MRCP) technique with
fluid-sensitive, heavily T2-weighted imaging [16].

For contrast-enhanced images, Gadolinium-
based non-specific extracellular contrast agents
are injected intravenously and provide enhance-
ment on T1W images in a similar fashion to iodi-
nated contrast media at CT examination. For
example, breath-hold TIW sequences allow the
acquisition of multiphasic (arterial, portal/venous,
delayed) images. The enhancement characteristics
of many focal lesions are similar to CT. Several
liver-specific contrast agents are increasingly
being used but have not yet made it to the guide-
lines for liver lesion characterization. Hepatocyte-
specific gadolinium-based agents accumulate in
hepatocyte and are excreted in bile via specific
receptors on the hepatocytes. They result in
enhancement of the normal liver parenchyma and
biliary system on T1W imaging and serve as an
indicator of the presence of and the function of
hepatocytes. Liver-specific agents that are taken
up by Kupffer cells, which represent the reticu-
loendothelial system (RES) of the liver, have also
been developed [17].

2.2.5 Nuclear Imaging

Radionuclide imaging of the liver is performed
using **™Technetium-sulfur colloid or albumin
colloid, which are taken up by the
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reticuloendothelial system. Liver scintigraphy is
seldom used as a primary diagnostic investigation
but can help characterize focal lesions when MRI
and CT are not available [18]. PET and PET/CT
are not frequently used to identify malignant liver
lesions. Their main role in imaging primary liver
neoplasms, particularly hepatocellular carcinoma,
is for the assessment of extrahepatic metastasis.
For cholangiocarcinoma, PET-CT offers no added
benefit compared to CT and MRI/MRCP in
detecting the primary tumor. In fact, it is inferior to
MRI especially in detecting primaries of the
extrahepatic biliary duct. The only instance where
nuclear imaging would be more reliable is in
detecting distant metastatic disease from cholan-
giocarcinoma [19].

2.2.6 Invasive Liver Imaging
The hepatic arteries are best visualized by
selective catheterization.

The hepatic veins can be routinely seen on
digital subtraction angiography. However, for
direct visualization, they are catheterized retro-
gradely, using a femoral or jugular approach and
venography is obtained with the catheter free in
the veins. Wedged hepatic venous pressure
measurement is performed following impaction
of an end-hole catheter in a small branch of a
hepatic vein. The catheter position is confirmed
by the injection of contrast medium, which pro-
duces parenchymal staining [20].

The portal system is not normally visualized
on a selective hepatic arteriogram unless there
has been flow reversal or an arterioportal shunt.
Therefore, it is accessed directly by a catheter or
needle inserted into a portal vessel percuta-
neously under ultrasound guidance, or indirectly
by selective injections into the celiac, splenic,
superior mesenteric, or inferior mesenteric arter-
ies. Direct methods (including percutaneous
splenic, transhepatic and transjugular approa-
ches) are now used only when therapeutic pro-
cedures [e.g., Transjugular  Intrahepatic
Portosystemic Shunt (TIPS)] or sampling tech-
niques (e.g., direct portal venous pressure mea-
surement) are needed.
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Cholangiography can be performed retro-
gradely via an endoscopic approach [Endoscopic
Retrograde Cholangiopancreatography (ERCP)]
or percutaneously by placing a needle or catheter
through the liver parenchyma into the bile ducts.
Diagnostic MRCP has largely replaced the
invasive diagnostic methods for imaging the
biliary system. These invasive methods are now
performed as part of therapeutic interventions to
drain an obstructed biliary tree [21].

2.3 Imaging of Liver Cirrhosis

(Table 2.1)
2.3.1 General Imaging Features
of Cirrhosis

Regardless of etiology, gross morphologic
changes of advanced cirrhosis are well recog-
nized by any cross-sectional technique such as
US, CT, or MRI. These encompass hep-
atomegaly in the early stages, shrinkage of the
right lobe with enlargement of the lateral seg-
ment of the left lobe and caudate lobe, and

17

On US examination, the liver contour may
appear nodular with coarse echotexture. Flow
dynamics of the hepatic vasculature may also be
altered. These alterations are evaluated with
Doppler sonography. In the hepatic artery, the
resistive index is either increased due to com-
pression by cirrhotic liver parenchyma, or
decreased due to spontaneous arteriovenous
shunt formation. The latter is more specific for
cirrhosis [10]. Changes also occur in the portal
flow in the setting of portal hypertension (see the
next section). The portal flow slows down (ve-
locity less than 15 cm/sec), becomes stagnant, or
is reversed; this reversal is termed ‘“hepatofugal
flow” [23]. Finally, the hepatic venous circula-
tion loses its phasicity and ceases to reflect right
atrial pressure changes [10].

On CT imaging (Fig. 2.1), the cirrhotic liver
appears enlarged in the early stages and shrunken
in severe cirrhosis. As cirrhosis advances, the liver
margins appear nodular, and the organ becomes
diffusely heterogeneous because of the fibrotic
changes in its parenchyma [24]. Regenerative
nodules are difficult to see on non-contrast CT,
unless they contain iron (siderotic nodules) which

nodularity of the surface contour [22]. makes them hyperdense relative to the
Table 2.1 Imaging findings of liver cirrhosis
Ultrasound CT MRI Angiography

— Hepatomegaly (early)

— Irregular contour

— Right lobe and medial
left lobe atrophys;
lateral left lobe and
caudate lobe

— Hepatomegaly (early)

— Irregular contour

— Right lobe and medial
left lobe atrophys;
lateral left lobe and
caudate lobe

enlargement enlargement
— Coarsened echotexture — RN/SN/fibrosis
— Arteriovenous shunts — Arteriovenous shunts
— Hepatic arteries: — Splenomegaly
increased or decreased  — Ascites

resistive index; dilation
and tortuosity

— Portal veins: slow flow,
stagnancy, or
hepatofugal flow

— Hepatic veins: loss of
phasicity

— Splenomegaly

— Ascites

— Portovenous collaterals

— Hepatomegaly (early)

— Irregular contour

— Right lobe and medial
left lobe atrophys;
lateral left lobe and
caudate lobe

— Early: mildly stretched hepatic
arteries

— Advanced: tortuosity and
“corkscrew” appearance of
arteries with sudden loss in
caliber; arteriovenous shunts

enlargement — Portosystemic collaterals
— RN/SN/fibrosis — Hepatofugal flow
— Arteriovenous shunts
— Splenomegaly
— Ascites

Abbreviations: RN Regenerative Nodules; SN Siderotic Nodules
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surrounding parenchyma. Enhanced CT may or
may not reveal RNs since they do not typically
enhance in the arterial phase [25]. Arterioportal
shunts are often seen after contrast administration.
They typically have a linear or wedge-shaped
appearance and are subcapsular in location with no
visible mass effect [26].

(a)

Findings on MRI (Fig. 2.2) are similar to
those of CT. Additionally, fibrosis is of high
signal on T2W imaging [24], and RNs have a
non-specific appearance on TIW and T2W
images, but sometimes contain lipid or iron. The
iron-containing (siderotic) nodules show low
signal on both TIW and T2W images [27].

(b)
]

Fig. 2.1 Gross changes of liver cirrhosis seen on an axial (a) and coronal (b) images from an enhanced CT scan.
The liver is shrunken with an irregular nodular contour (arrows) and surrounding ascitic fluid (asterisks)

(a)

(b)

Fig. 2.2 Gross changes of liver cirrhosis seen on axial (a) and coronal (b) images from MR with gadolinium. The liver
shows an irregular nodular contour (arrows). There is also splenomegaly secondary to portal hypertension (asterisks)
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2.3.2 Imaging of the Effects of Portal
Hypertension

The normal portal pressure measures between 4
and 11 mmHg [5]. PH is responsible for many
extrahepatic manifestations of cirrhosis. It leads
to splenomegaly (Fig. 2.2) with or without small
nodular iron deposits within the spleen (Gamna-
Gandy bodies). These deposits are related to foci
of chronic hemorrhage in longstanding portal
hypertension and are readily seen on MRI as foci
of susceptibility artifact on GRE imaging [28].
The most specific finding of PH is the develop-
ment of collateral portal venous anastomoses
(varices) (Fig. 2.3). These occur in the gastroe-
sophageal, perirectal, and retroperitoneal, with
recanalization of the paraumbilical vein. When
these varices develop, it is usually an indicator
that the portal vein pressure exceeds 12 mm Hg.
They may bleed, and the bleeding can be
life-threatening. Noninvasive diagnostic imaging
methods, such as color flow Doppler US,
contrast-enhanced CT, and MRI can be used to
identify collaterals. The major limitation of all
imaging modalities is the inability to measure
variceal pressure, which correlates directly with
the risk of hemorrhage. Portal vein flow is altered
by PH and may become stagnant. This stagnancy
increases the risk of portal vein thrombosis. It is
important to note that long-standing thrombosis
may be associated with periportal collateral for-
mation which re-establishes flow to the liver.
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This is also known as “cavernous transforma-
tion” and is a strong indication of bland thrombus
in the portal vein [25]. Invasive imaging with
angiography can also show the collateral flow as
well as hepatofugal flow in the portal circulation
[29].

2.4 Imaging of Liver Malignancies

2.4.1 Hepatocellular Carcinoma
(Table 2.2)

2.4.1.1 Overview

Hepatocellular carcinoma (HCC) is the most
common primary malignant neoplasm of the
liver. Liver cirrhosis of any etiology is a major
predisposing factor for development of HCC.
HCC can be solitary, multifocal, or diffuse. The
five-year survival of patients with HCC is
approximately 30% [30].

On ultrasound, small HCC (<3cm) may be of
increased or decreased reflectivity in relation to
the adjacent parenchyma. An outer margin with a
reduced reflectivity is present in some cases and
thought to represent the thin fibrous capsule.
Larger lesions may show internal heterogeneity,
due to hemorrhagic, necrotic, or fatty compo-
nents [9]. HCC may also be associated with
portal vein thrombosis or intravascular tumor.
Doppler examination can help distinguish tumor
thrombus from bland thrombus in the portal vein:

Fig. 2.3 Axial and coronal images from an enhanced CT scan (a, b) showing esophageal varices (white arrow). Axial
image from an enhanced CT scan (c) showing a recanalized umbilical vein (yellow arrow)



20

Table 2.2 Imaging findings of hepatocellular carcinoma
Ultrasound CT

* Non-enhanced: Ill-defined
hypoattenuating; may have
focal internal calcifications

* Enhanced: Arterial
hyperenhancement; portal
venous/delayed washout and
capsular appearance; tumor
thrombus in portal vein

¢ Lesion with
increased or
decreased
reflexivity®

* May show thin
fibrous capsule
with reduced
reflexivity
(target sign)

¢ Tumor thrombus
in portal vein

MRI

* Non-enhanced: Low TIW
signalb; heterogeneous
hyperintense T2W signal

» Enhanced: Arterial

thrombus in portal vein

A.A. Haydar et al.

Angiography

« Dilated feeding arteries;
abundant abnormal
vessels (‘tumor
stains’); arteriovenous

hyperenhancement; portal shunting
venous/delayed washout and | * Translucent rim (<10%
capsular appearance; tumor of cases)

¢ “Threads and streaks”
appearance in portal
vein invasion

Large lesions (>3 cm) may show internal heterogeneity due to hemorrhagic, necrotic, or fatty components
"May show high T1W signal due to fat or glycogen accumulation

“May be hypovascular or avascular

the presence of arterial signal within the
occluding material is indicative of tumor throm-
bus. This distinction is extremely important as
tumor thrombus renders patients ineligible for
liver transplantation [31]. High-velocity Doppler
signals are often seen in HCC and are the result
of arterioportal shunting, which is common in
HCC [9].

On unenhanced CT, focal or multifocal HCC
appears as ill-defined low-attenuation lesion(s).
Focal areas of internal calcification have been
described in up to 7.5% of lesions. Most HCCs
hyperenhance relative to the liver parenchyma in
the arterial phase, because they are supplied by
the hepatic artery (Fig. 2.4). Some lesions
enhance in a peripheral pattern around a central
area of lower attenuation. Enhancement of HCC
is better seen in the late arterial phase (i.e., when
the portal vein becomes visible) than in the early
arterial phase. The arterial phase also distin-
guishes tumor thrombus from bland thrombus
(Fig. 2.5), because tumor thrombus enhances. In
the portal venous or delayed phases, HCCs
usually have lower attenuation than background
liver tissue; this is known as the ‘“washout
appearance” [32]. Portal venous invasion and
expansion is thought to be a specific feature of
HCC. The CT features of portal venous invasion
by HCC include arterioportal fistulae, periportal
streaks of high attenuation, and dilatation of the
main portal vein or its major branches [33].

On non-contrast MRI, HCC is typically of
decreased signal on TIW images and of
increased to heterogeneous signal on T2W ima-
ges, depending on the size [34]. However, some
lesions are of increased signal on TIW probably
due to fat or glycogen accumulation. On
contrast-enhanced T1W images, the enhance-
ment patterns with gadolinium parallel those for
enhanced CT examination, with most lesions
hyperenhancing in the arterial phase, and
becoming hypointense or washing out in the
portal venous and/or delayed phases (Fig. 2.6).
A delayed enhancing rim (capsule or pseudo-
capsule) is often seen around HCCs. Atypical
regenerative and dysplastic nodules can mimic
the pattern of HCC enhancement in the arterial
phase and prompt uncertainty in the diagnosis.

Radionuclide imaging, including FDG-PET,
is relatively non-specific for HCC and is not
recommended for detecting or characterizing
lesions but useful for the detection of metastatic
HCC outside the liver.

Angiography shows dilated feeding arteries to
the HCC, abundant abnormal vessels (“tumor
stains”) (Fig. 2.7), and arteriovenous shunting.
Some HCC may have a surrounding capsule, and
some may appear hypo- or avascular portal vein
invasion produces a “threads and streaks”
appearance highly suggestive of but not specific
for HCC (Fig. 2.5). Angiography is used infre-
quently for the diagnosis of HCC because of its
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Fig. 2.4 Coronal images from a triphasic CT scan
showing a large hepatocellular carcinoma (asterisks) with
heterogeneous hyperenhancement in the arterial phase

(a) and heterogeneous washout appearance in the portal
venous phase (b)

Fig. 2.5 Coronal images from a triphasic CT scan
showing an HCC (arrows) invading the hepatic vein
and extending to the right atrium (dashed arrow). The

invasive nature. However, it can be helpful
for preoperative assessment by defining the
arterial and venous anatomy and by evaluating
the site and extent of portal or caval involvement
when other techniques are unavailable or equiv-
ocal [35].

invading tumor exhibits a classic “threads and streaks”
appearance in the arterial phase (a) and washout appear-
ance in the portal phase (b)

2.4.1.2 Detection of HCC in Cirrhotic
Patients

Several guidelines and recommendations exist

for this purpose. The American Association for

the Study of Liver Diseases (AASLD) [36] rec-

ommends that patients with chronic hepatitis
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Fig. 2.6 Axial images from an MRI with gadolinium showing a large hepatocellular carcinoma (asterisks) and a small
HCC (arrows) with enhancement in the arterial phase (a) and washout appearance in the portal venous phase (b)

(a)

(b)

Fig. 2.7 Digital subtraction angiogram of the hepatic artery in the early (a) and late (b) arterial phases showing “tumor
stains” (arrows) which represent multiple hepatocellular carcinomas

and/or biopsy-documented cirrhosis be screened
for hepatocellular carcinoma (HCC) by ultra-
sound (US) at six-month intervals. CT and MRI,
however, are not recommended for screening and
are reserved for evaluation of certain lesions
already detected on US or if an US study is
equivocal or technically limited. Nodules smaller
than 1 cm detected on US screening should be
followed up with further US at three- to

six-month intervals for two years. If no growth
occurs during that interval, return to routine
surveillance is recommended. However, nod-
ules >1 cm should be investigated further with
either four-phase multidetector CT or dynamic
contrast-enhanced (MRI). Masses with appear-
ances typical of HCC (e.g., hypervascular in the
arterial phase with washout appearance in the
portal venous or delayed phase) should be treated
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as such. However, if they display an atypical
behavior, they should be biopsied or imaged
again with a different modalities for confirma-
tion. If a biopsy with tumor markers proves
inconclusive, they should be followed up by
imaging at three- to six-month intervals until the
nodule disappears, enlarges, or displays diag-
nostic characteristics of HCC. If they enlarge,
they should be biopsied again.

The American College of Radiology
(ACR) has recently supported an initiative that
has helped standardize imaging in end-stage liver
disease. This is known as the Liver Imaging—
Reporting and Data System (LI-RADS) (see
Algorithm, Fig. 2.8). The LI-RADS relies on
objective criteria that are based solely on
enhanced CT and/or MR imaging findings and
classifies lesions in at-high-risk individuals into

-‘.
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categories according to probability of malig-
nancy. The features that are suggestive of HCC
and used in the categorization are the following:
(1) Mass-like appearance, (2) Arterial phase
hyperenhancement (3) Washout of contrast in
later phases after hyperenhancement, (4) Pres-
ence of a capsule, (5) Size of at least one cm
and/or increase in one cm within one year, and
(6) Tumor invasion of the portal vein. At the
extreme ends of the spectrum are LR-1 and LR-5.
LR-1 is a lesion that is benign with 100% cer-
tainty, such as a cyst or a hemangioma. LR-5, on
the other hand, is a lesion that has a 100% chance
of being HCC and satisfies at least four of the
above criteria. For the other categories, LR-2
means the lesion is most probably benign with an
atypical form of lesions otherwise classified in
LR-1. LR-3 and LR-4, respectively, indicate an

Observation in high-risk patient

Treated observation

Definitely Probably
benign benign
R ated LR-2

Untreated observation

Neither definite nor
probable benign

Probable malignancy, R
not specific for HCC

Tumor in vein

Arterial phase Arterial phase
hypo- or iso- hyper-
enhancement enhancement
Diameter(mm): <20 =20 <10 10-19 =20

“Washout" None: | LR-3 LR-3 LR-3 LR-3 LR-4

~'Capsule" One: | LR-3 LR-4 LR-4 [LR-4

“Threshold growth

9 = Two: | LR4 LR-4 LR-4

Apply ancillary features and then tie-breaking rules to adjust category

Fig. 2.8 LI-RADS algorithm [Reprinted from LI-RADS algorithm, atlas, and Lexicon, 2014. © ACR Press]
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intermediate probability of HCC and a high
probability of HCC; they satisfy the stated cri-
teria to different extents. Also to note, LI-RADS
includes a LR-M category which suggests the
presence of a malignancy other than HCC (e.g.,
intrahepatic cholangiocarcinoma) [37, 38].

2.4.2 Cholangiocarcinoma

Cholangiocarcinoma is an uncommon tumor that
arises from the bile duct epithelium and that
tends to spread by local infiltration. Approxi-
mately 80-90% are extrahepatic (in the perihilar
region (Klatskin tumors) or the distal common
duct) and the rest are classified as intrahepatic or
peripheral, arising within the liver and presenting
as a hepatic mass [39]. The majority of tumors
present with malignant hilar biliary obstruction
(Fig. 2.9). Grossly, cholangiocarcinomas are
classified into periductal or “infiltrating stenotic”
(most common), exophytic or intraductal,

(a)
»

Fig. 2.9 Percutaneous Cholangiogram (a) and MRCP
(b) showing a hilar obstructive lesion (solid red arrows)
with resultant proximal biliary tree dilatation (white

or mass-forming [40]. Their appearance on
imaging varies with size and pathological type
[41]. Most of the infiltrating stenotic tumors are
less than one—two cm in diameter, and the exo-
phytic tumors are less than 5 cm.

On US, intrahepatic cholangiocarcinomas
appear as nodules or focal bile duct wall thick-
ening and are usually slightly hyperechoic [9].
However, in the extrahepatic types, US is much
more specific in detecting bile duct dilation, an
indirect imaging finding related to obstruction by
the tumor [42].

On CT, the tumor nodules are usually iso-
dense or slightly hypodense compared with liver
and are more easily seen on dual-phase contrast-
enhanced imaging; the infiltrating stenotic type
tends to enhance in the arterial phase. The exo-
phytic are more conspicuous on portal phase
contrast-enhanced imaging, where they appear
less dense than the liver. Delayed-phase imaging
to 10-20 min may show late tumor enhance-
ment. The mass-forming type shows peripheral

arrows). Axial T2ZW MR image (c¢) showing the dilated
intrahepatic biliary ducts (dashed red arrows) with no
apparent hilar lesion



2 Imaging Characteristics of Normal Liver ...

25

enhancement on arterial phase with gradual fill-
ing in the portal and delayed phases [41].

On MRI, the tumors are hypointense on T1-
and hyperintense on T2-weighted imaging and
show some progressive enhancement on dynamic
imaging. The most specific noninvasive modality
that depicts the proximal extent of the obstruc-
tion, which critically affects treatment options, is
magnetic resonance cholangiopancreatography
(MRCP). In fact, it is comparable in specificity to
direct cholangiography and ERCP [21].

Cholangiocarcinomas are usually hypo- or
avascular, and angiography plays a minimal to
no role in the diagnosis [43].

2.4.3 Metastases

The liver is one of the most common organs to
which many primary malignancies from different
organ systems metastasize. Hepatic metastases
occur hematogenously; gastrointestinal tract

tumors metastasize to the liver via the portal
vein, and tumors elsewhere to the liver via the
hepatic artery.

Metastases have a wide range of appearances
on imaging (Fig. 2.10) but usually share the
of growth on

features serial  imaging,

multiplicity, and variation of size. Although
hepatic metastases generally derive their blood
supply from the hepatic artery, they can either
be hypo- or hypervascular compared to the
surrounding liver parenchyma. Hypervascular
metastatic deposits include those from breast,
kidney, thyroid, neuroendocrine, and melanoma
primaries, while hypovascular deposits most
commonly arise from lung, gastric, breast, and
colorectal carcinoma [14, 22]. Metastatic lesions
with central necrosis may have a partly cystic
appearance. Mucin-secreting metastases from
the GI tract may demonstrate calcifications [13].
On US, metastases appear non-specific. They
may be homogeneous, have a target-sign
appearance, show cystic and/or calcified com-
ponents, and be of increased or decreased
reflectivity [9].

On CT, most metastatic lesions are hypoat-
tenuating on unenhanced images and remain so
on portal phase images. Hypervascular tumors
are often visible as low-attenuation lesions on
unenhanced images, enhance avidly in the arte-
rial phase, then fade to isointensity or wash out to
hypodensity in the portal or delayed phases. CT
is the most sensitive method for detecting the
subtle calcifications that may occur within
mucin-secreting metastases of GI tract origin.

Fig. 2.10 Coronal image from an enhanced CT scan
showing multiple, scattered hypodense metastatic liver
lesions from colon cancer (yellow arrows) (a). Axial

image from an enhanced CT scan showing a hemorrhagic
metastatic lesion with dense blood layering in the lesion
(red arrow) (b)
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Central necrosis and rim enhancement can also
be clearly demonstrated on CT [13].

On MRI, the majority of metastases are of low
signal on T1W and high signal on T2W images.
However, lesions with hemorrage or melanoma
may have a high signal on T1-weighted imaging.
Lesions with a hyperintense viable rim on
T2-weighted imaging and hypointense necrotic
center have a characteristic “target-sign” appear-
ance [14]. Contrast-enhanced MR studies give
similar appearances to CT for the detection and
demonstration of lesions in the unenhanced, arte-
rial, and portal phases. Hepatobiliary-specific con-
trast serves to increase the signal difference between
metastatic lesions and background parenchyma
thereby increasing their detection [14, 44]. On
colloid radionuclide imaging, the majority of
metastases appear as areas of reduced activity due
to a lack of Kupffer cells.

Studies comparing the relative sensitivity and
specificity of cross-sectional imaging techniques
in the detection of hepatic metastases can be
difficult to evaluate because of variations of
technique, methods of validation, and the rapid
evolution of imaging technology. For example,
in one systematic review, the sensitivities of MRI
(after 2004), CT, and PET/CT in detecting col-
orectal cancer (CRC) liver metastasis in patients
without prior chemotherapy treatment were 85,
74, and 66%, respectively [45]. The sensitivities
dropped for MRI and CT to 60 and 47%,
respectively, for lesions less than one cm.

Post neoadjuvant chemotherapy, the sensitiv-
ities were 86, 70, and 52% for MRI, CT, and
PET/CT, respectively [46]. In clinical practice,
the choice of imaging technique is usually
influenced by the likely management implica-
tions and local availability and expertise [13].

2.5 Imaging of Irradiated Liver
and Liver Tumors
2.5.1 Imaging of Irradiated Normal

Liver

Radiographic characterization of irradiated liver
tumors and normal liver parenchyma is

A.A. Haydar et al.

challenging and can require close collaboration
between the diagnostic radiologist and treating
radiation oncologist. Herfarth and colleagues
described three types of focal radiographic
appearances (on CT scan with multiphase con-
trast) in patients with liver tumors irradiated with
high single-fraction radiation doses [47]. In the
type I reaction, the liver parenchyma irradiated
past a threshold dose appeared hypodense in
portal venous phase imaging, and isodense in
late-phase imaging; in the type II reaction, the
liver parenchyma was hypodense in portal
venous phase imaging and hyperdense in
late-phase imaging; in the type III reaction, the
liver parenchyma was isodense or hyperdense in
portal venous phage imaging and hyperdense in
late-phase imaging. The reactions appeared to
follow a temporal pattern, with the type III
reaction following type I and II reactions in
sequence. The authors postulated that the type II
reaction appearance is related to the veno-
occlusive histopathologic findings seen in irra-
diated liver tissue. Obstruction of venous inflow
of contrast to damaged liver tissue would make it
hypodense relative to undamaged liver tissue that
is well perfused during the portal venous phase
of imaging. In late-phase imaging, contrast
would now be presented in the damaged liver
tissue and it would appear hyperdense relative to
the rest of the liver parenchyma. Olsen and col-
leagues provided support for this model in a
study with both radiographic and histopathologic
imaging of high-dose irradiated liver [48]. Fig-
ure 2.11 shows early (3 months) post-imaging
changes consistent with a type II reaction in a
patient with hepatocellular carcinoma treated
with stereotactic radiation therapy.

2.5.2 Imaging of Irradiated Liver

Tumors

Arterial phase contrast enhancement is a hallmark
of hypervascular liver tumors such as hepatocel-
lular carcinoma. Embolization and radiofrequency
ablation can directly affect blood vessels through
occlusion and/or direct ablation. Thus, eradicated
tumors that have been treated with these
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(c)

Fig. 2.11 Axial images of a segment eight hepatocel-
lular carcinoma lesion treated with stereotactic radiation
therapy. a Arterial phase imaging showing contrast
enhancement (red arrow), b portal venous phase
imaging showing continuing enhancement (red arrow)

approaches will lose contrast enhancement, and
this is considered to be associated with induction
of tumor necrosis. The European Association for
the Study of the Liver (EASL) guidelines call for
post-treatment measurement of the enhancing area
of treated tumors, distinct from traditional
RECIST criteria, which measures overall tumor
size. The AASLD adopted the assessment of
tumor necrosis (loss of contrast enhancement), as
opposed to assessment of tumor size, in what is
known as modified RECIST (mRECIST) criteria,
and recommended that this be used in future
studies of novel therapies for the treatment of
hepatocellular cancer [49]. As discussed else-
where in this book, radiation therapy differs from
embolization and thermal ablations with respect to
the manner and kinetics of tumor cell kill, as well
as effects on blood vessels. Thus, changes in
enhancement patterns, and overall tumor size, may
differ post-radiation as compared with interven-
tional approaches. Price et al. reported on the time
course of contrast and tumor size changes fol-
lowing high-dose stereotactic radiation therapy for
hepatocellular carcinoma. There was a gradual and
progressive loss of contrast enhancement which
paralleled a decrease in tumor size (with tumor size
reduction less pronounced), continuing to
12 months following the completion of radiation
[50].

PET and various sequences on MRI may also
be helpful in determining the response of treated
liver tumors to radiation as well. A sustained

with a surrounding rim of injured, hypodense liver
(blue arrows), ¢ delayed-phase imaging with washout
of contrast from the tumor and subtle hyperenhance-
ment of the immediately surrounding liver (blue
arrows)

decrease in the maximum SUV value following
treatment indicates tumor response, whereas an
increase in FDG avidity is suspicious for residual
cancer [51]. On MR imaging, changes in
diffusion-weighted signal intensity as well as T2
signal hyperintensity can be followed to assess
lesion response [51].
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3.1 Introduction

Most patients with hepatocellular carcinoma
(HCC) have two distinct, but related, diseases, a
chronic liver disease (CLD) and the tumour, i.e.
the HCC itself. The former may be attributable to
one of numerous well-recognised aetiologies
ranging from the common, such as chronic viral
hepatitis types B and/or C, alcohol-related and
non-alcoholic fatty liver disease (NAFLD) to the
rarer types such as primary biliary cirrhosis,
hemochromatosis and autoimmune hepatitis. By
the time HCC is diagnosed, the fibrosis associ-
ated with one of these liver diseases has often,
but not always, reached the stage of ‘cirrhosis’,
defined histologically as the presence of regen-
erative nodules of hepatocytes surrounded by
fibrotic connective tissue that bridges between
portal tracts.

This associated liver disease impinges on all
aspects of HCC management. Diagnosis is made
more complicated, since it is easy to confuse
nodular regeneration with HCC, on radiological
examination, both in the primary diagnostic
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setting and whilst undertaking screening/
surveillance. Liver biopsy may be complicated
by haemorrhage. The prognosis is also intimately
related to the underlying liver disease, as death
and morbidity may be associated with all the
complications of CLD including variceal haem-
orrhage and liver failure rather than the actual
HCC. Indeed, the underlying liver disease and the
HCC can be seen as ‘competing’ causes of death
in HCC.

Herein we discuss the various systems that
have been developed to quantify and monitor the
severity of the CLD in patients with HCC.

3.2 The Child-Pugh Score/Class
and Its Limitations

The Child-Pugh classification is the most widely
used system for assessing the severity of chronic
liver disease. It involves five components. These
include two discrete variables: presence or
absence of ascites and encephalopathy; and three
continuous variables: prothrombin time (PT),
serum albumin and bilirubin level. Each com-
ponent is scored individually (1, 2 or 3 points—3
being the most severe) using empirically selected
cut-off values. The total score for each patient
determines their Child-Pugh class (A, B or C—C
having the worst prognosis) and hence the
severity of their chronic liver disease.

Despite its wide use, there are several limita-
tions to the Child-Pugh scoring system. Although
each variable has a statistically significant effect
on the severity of liver disease, there is
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interdependence amongst some of the parame-
ters. For example, albumin levels and PT have a
strong correlation, as both are dependent upon
the hepatic synthesis of proteins (albumin and
coagulation factors, respectively). The inclusion
of both of these variables in one scoring system
may lead to their overemphasis [1].

Second, the cut-off values for the continuous
variables are not based on clear evidence in
relation to the prognosis of chronic liver disease.
Specifically, different cut-off scores do not
clearly correspond to significant changes in dis-
ease prognosis, such as mortality risk [1].
Moreover, the discrete variables suffer from a
‘ceiling effect’, as values that correspond to a
score of 3 may vary significantly. For example,
patients with scores of 3 may have bilirubin
levels just above 51 pmol/l or significantly above
this threshold [1].

Each variable in the CPS is equally weighted
[2]. In practice, the variables may impact disease
prognosis to differing extents. They may not be
equally important when reviewing the prognosis
of chronic liver disease. For example, the newer
scoring system that assesses chronic liver disease
severity, the model for end-stage liver disease
(MELD) score, places differing emphasis on its
constituent variables based on their impact upon
disease prognosis [2] (and see MELD section).

Another commonly criticised feature is the
ambiguity of the formal descriptors of each dis-
crete variable. They may be interpreted differ-
ently by different clinicians. For example, ascites
is classified as mild, moderate or severe, which
may be a subjective score—ultimately leading to
differences in individual scores for the same
patient. The ambiguous language used to
describe the cut-offs has also led to slight alter-
ations in the descriptions across literature sour-
ces. For example, some resources score
“moderate ascites” with 2 points, whilst others
score “moderate ascites” with 3 points.

Moreover, many factors that are regarded very
important in chronic liver disease prognosis have
been excluded by the Child-Pugh system.
A widely cited example includes renal function
assessment [3, 4]. Additional variables include
markers of portal hypertension, such as

P.J. Johnson et al.

oesophageal varices, age and serum creatinine
[2]—the latter of which is included in the MELD
score with twice the emphasis as bilirubin levels
[1]. Finally, the cause of cirrhosis is also not
considered in the Child-Pugh scoring system nor
is co-existent risk factors, which may influence
the morbidity attributable to cirrhosis. These
include viral infections, such as hepatitis B,
high-risk behaviours, such as chronic alcohol
abuse and inflammatory processes as in autoim-
mune hepatitis [5]. Overall, although still widely
used, there are many limitations of the
Child-Pugh score, which are becoming increas-
ingly criticised. Nonetheless, as shown in
Fig. 3.1, AASLD (American Association of the
Study of Liver Disease) Guidelines for staging
and treatment of HCC are in part a function of
the CPS.

3.3 Alternatives to CPS—The Model
for End-Stage Liver Disease
(MELD)

MELD is, like the ALBI score, described below, a
validated statistically based model that predicts
mortality in patients with cirrhosis. It is based on
three variables—serum bilirubin, serum creatinine
and the international normalised ratio (INR).
Although originally developed in the field of
portal hypertension management [4] it has, since
2002, been adopted by the United Network for
Organ Sharing (UNOS) for prioritisation of
patients awaiting liver transplantation in the Uni-
ted States [7]. Subsequent analyses have shown it
to be a reliable prognostic model in many other
forms of chronic liver disease; aetiology appears
to have only a minor influence on its utility [8].
The formula is as follows:

MELD = 3.78
x In[serum bilirubin (mg/dL)] + 11.2
x In[INR] +9.57
x In[serum creatinine (mg/dL)] 4 6.43.

The result is presented as a continuous vari-
able ranging from 6 to 40. The higher the MELD
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Fig. 3.1 The BCLC staging system. Note the central role of CPS in deciding stage and hence therapeutic options.

Reprinted from [6]. With permission from Elsevier

score, the worse the mortality. Approximate fig-
ures for 3-month mortality in patients with
‘end-stage liver disease’ are 71.3, 52.5, 6 and
1.9% at scores of 30-39, 20-29, 10-19 and <9,
respectively.

Although the three variables in MELD are
apparently ‘objective’, it is now recognised that
there is methodology-related inter-laboratory
variation in INR (in the order of 25%) and crea-
tinine (particularly in those undergoing paracen-
tesis or receiving diuretics) and these variations
may have a significant impact on the final score
[9, 10]. Furthermore, serum creatinine is influ-
enced by body mass [11] a particularly important
factor in patients with malignant disease such as
HCC [11]. Finally, the MELD score is, strictly
speaking, like the CPS, designed and developed
to be applied to patients with cirrhosis, rather than
chronic liver disease in general. The MELD-Na
score is discussed in detail in Chap. 1.

3.4 Alternatives to CPS—The
Albumin-Bilirubin (ALBI) Score

Recognising the limitations of the CPS we have
developed a new approach to the estimation of
‘liver function’ specifically for application in the
setting of HCC [12]. We used a large dataset of
patients with HCC from which to identify those
liver-related factors that most closely influence
prognosis. In the event these were identified as
serum albumin and bilirubin. We then used a
rigorous statistical modelling approach to
develop the ‘ALBI score’ which can easily be
characterised by a grade from 1 to 3, 1 being the
best and 3 the worst. In all clinical situations the
ALBI score appears to be at least as good as CPS
in predicting prognosis and in some scenarios,
better. Given that it only involves two of the five
variables within the CPS and excludes the two
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subjective variables of ascites and encephalopa-
thy, it is likely that it can be applied consistently
across a wide spectrum of liver disease.
The ALBI score also has the specific strength
that it is, unlike the CPS, applicable to patients
with chronic liver disease (rather than just
‘cirrhosis’).
The score is calculated from the formula

ALBI score = (log,, bilirubin x 0.66)
+ (Albumin x —0.085),

where bilirubin is in pmol/l and albumin in g/L.

Specific cut-offs are then applied to generate
three prognostic groups, ALBI score < —2.60
(ALBI grade 1), > —2.60 to < —1.39 (ALBI
grade 2) and > —1.39 (ALBI grade 3).

Although superficially it appears complex, it
is simple to derive a grade from a ‘heat map’
(Fig. 3.2).

Below we illustrate the application of the
ALBI score to various clinical scenarios and
comment on its strengths in these particular
situations.

3.5 ALBI in Early, Potentially,
Curative Disease

ALBI predicts post-operative liver failure better
that CPS [13] although many surgeons will use a
specific test of liver function prior to resection,
such as indocyanine green (ICG) [14] clearance
or follow Makuchi criteria [15]. Of particular

BILIRUBIN pmol/L
2 4 6 8 10 12 14 16 18 20 22 24 26 28 30 32 34 36 38 40 42 44 46 48 50 52 54 56 58 60

ALBUMIN g/L

Fig. 3.2 A ‘heat map’ for calculation of the ALBI
score/grade. The score and grade are identified as the
points at which the albumin (vertical axis) and bilirubin

ALBI score

(horizontal axis) cross. Reprinted from [12]. With
permission from American Society of Clinical Oncology
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note, ICG clearance correlates well with the
ALBI score. In patients undergoing ablative
therapies or resection administered with curative
intent, the ALBI score clearly distinguishes three
distinct prognostic groups [16] (Fig. 3.3). The
major clinical implication is that liver function
has a major impact on long-term survival even
when there is no HCC recurrence.

3.6 ALBI in Intermediate HCC

Among patients with intermediate HCC receiv-
ing intra-arterial treatment such as transarterial
chemo-embolisation (TACE) or selective internal
radiation (SIR), ALBI grade appears to outper-
form CPS classification in terms of discriminat-
ing survival [17]. Figure 3.4 shows our own
study comparing ALBI to CPS in patients
receiving TACE [18].

3.7 ALBI in Advanced HCC
and the Palliative Setting

The standard of treatment for patients with
advanced, unresectable HCC is Sorafenib. In
general, such treatment is confined to patients
with CPS grade ‘A’ disease. Figure 3.5a is based
on data from patients receiving Sorafenib in
clinical trials and clearly demonstrates that CPS
grade ‘A’ disease is not homogenous; patients
with CPS ‘A’ disease have quite different prog-
noses when their ALBI score is 1 or 2 versus 3.
The ALBI score is equally discriminatory in the
palliative setting where patients receive no active
treatment (Fig. 3.5b).

The benefits of Sorafenib, as shown in
Fig. 3.5a, are very modest, improving survival
for only around 3 months. It is becoming
apparent that equally significant improvements
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Fig. 3.4 Comparison of ALBI and CPS in an international cohort of 2991 patients undergoing TACE. From a formal

statistical standpoint, both systems are equally discriminatory. Reprinted from [18]

(a) Patients with advanced HCC receiving Sorafenib
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Fig. 3.5 ALBI in

advanced HCC and the palliative
setting. In (a) all patients were receiving sorafenib. In (b)

patients were receiving best supportive therapy only.

Reprinted from [12]
Society of Clinical Oncology

. With permission from American
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Table 3.1 Comparison of prognostic performance among nine staging systems

Staging system

AJCC TNM 466.201
BCLC 996.704
ALBI-BCLC* 995.797
CLIP 1190.446
ALBI-CLIP* 1229.148
JIS 781.938
LCSGJ TNM 471.965
Okuda 908.873
Tokyo 482.069

Based on data from Ref. [19]

Homogeneity likelihood ratio chi-square test

C-index 95% CI AIC

0.675 0.659-0.691 16920.88
0.757 0.741-0.773 16390.38
0.760 0.744-0.777 16391.29
0.786 0.769-0.803 16196.64
0.789 0.772-0.806 16157.94
0.734 0.717-0.750 16605.15
0.686 0.670-0.702 16915.12
0.728 0.714-0.743 16146.39
0.701 0.684-0.718 16905.01

Refers to the system performance when CPS is replaced by ALBI. The higher the homogeneity likelihood ratio and
C-index, the better the discriminatory performance. AICc corrected Akaike information criterion; AJCC American Joint
Committee on Cancer; ALBI Albumin-bilirubin; BCLC Barcelona Clinic Liver Cancer; CI Confidence interval; CLIP
Cancer of the Liver Italian Program; JIS Japan Integrated Staging; LCSGJ Liver Cancer Study Group of Japan; TNM

Tumour—Node—Metastasis

can be obtained by improving underlying liver
function for example by treating chronic viral
hepatitis. ALBI is particularly useful for docu-
menting changes in liver function over time
(being far more ‘granular’ than CPS) such as
occurs in the process of treating viral hepatitis;
this application of ALBI is of considerable cur-
rent research interest. Also, of interest, is that
ALBI seems to be of similar utility in assessing
survival in patients with advanced HCC who
receive best supportive care only (Fig. 3.5b).

3.8 Substituting ALBI for CPS
in Current Staging Systems

It must be emphasised that ALBI is not an HCC
staging system—rather it is a liver function
staging system. However, most current HCC
staging (BCLC, JIS and CLIP) integrate the CPS
to account for liver function. Recent research has
demonstrated that substituting ALBI [18-23] for
CPS either improves or has no detrimental effect
on the system’s performance (Table 3.1). Given
the advantage of ALBI, listed above, it is rea-
sonable to expect that these staging systems
might be amended to involve ALBI rather CPS.

3.9 Conclusion

The CPS is the most widely used system for
grading the severity of chronic liver disease.
MELD is used predominantly for prioritising
liver grafts for patients awaiting liver transplan-
tation. ALBI offers numerous benefits over CPS,
the limitations of which are widely
acknowledged.
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4.1 Introduction

Liver radiation exposure commonly occurs dur-
ing radiotherapy treatment of gastrointestinal
(GI) malignancies. A variety of descriptions of
liver toxicity are in use. Historically, the phe-
nomenon of radiation-induced liver disease
(RILD) was reported as early as the 1920s but its
pathophysiology was not characterized until
1966 in the seminal work by Reed and Cox [1].
RILD is divided into classical and nonclassical
types. In classical RILD, the patients present with
fatigue, weight gain, increased abdominal girth,
hepatomegaly, anicteric ascites, and high eleva-
tion in alkaline phosphatase (ALP) [2]. In non-
classical RILD, patients with underlying chronic
hepatic disease such as cirrhosis and viral hep-
atitis present with jaundice and elevated serum
transaminases (ALT/AST) [3]. Clinically, RILD
typically occurs between 4 and 8 weeks after
irradiation but could happen as early as 2 weeks
and as late as 7 months after completion of
treatment [4]. RILD is a major limiting factor to
dose escalation or re-irradiation for GI cancers.
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Other toxicity metrics are also in use.
The CTCAE version 4.0 [5] defines liver toxicity
of grade >3 clinically as mild to severe
encephalopathy (i.e., loss of brain function due to
increased toxins in the blood) that would interfere
with activities of daily living (ADL), or enzymati-
cally by elevated levels of alkaline phosphatase
(ALP), alanine aminotransferase (ALT), aspartate
aminotransferase (AST), or gamma-glutamyl
transpeptidase (GGT) as summarized in Table 4.1.

4.2 Histopathology of Radiation
Liver Injury

It has been long recognized that the pathological
lesion in classical RILD is veno-occlusive disease
(VOD), which is characterized by congestion in
the central portion of each liver lobule formed by
trapped erythrocytes in a dense network of retic-
ulin and collagen fibers [2]. It is believed that
elevated levels of transforming growth factor beta
(TGF-f) mediate this process by stimulating
migration of fibroblasts that proliferate and deposit
collagen in areas of RILD; likely in a similar
fashion to other liver fibrotic diseases [6]. Radio-
logically, RILD is characterized on computed
tomography (CT) imaging as a hypodense region
in the liver parenchyma within the target volume.
This was first reported by Yamasaki et al. [7] as
shown in Fig. 4.1. Hypodensity in the portal
venous phase likely reflects impaired inflow of
venous blood, and hyperdensity seen in delayed
phase likely is a result of impaired outflow of
contrast related to the venous obstruction.
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Table 4.1 NCI CTCAE (Common Terminology Criteria for Adverse Events) v4.0 liver toxicity

Adverse event Grade 1 Grade 2

ALP increased >ULN-2.5 x ULN  >2.5-5 x ULN
Total bilirubin >ULN-1.5 x ULN | >1.5-3 x ULN
increased

GGT increased >ULN-2.5 x ULN | >2.5-5 x ULN
AST increased >ULN-3 x ULN >3-5 x ULN
ALT increased >ULN-3 x ULN >3-5 x ULN
Liver failure

(clinical)

Portal hypertension Decreased

portal vein flow

Fig. 4.1 Classical RILD on CT images. a Pretreatment
CT scan showing baseline homogeneous hepatic
parenchymal density b Posttreatment CT showing a

In nonclassical RILD, hepatocyte loss and
dysfunction along with hepatic sinusoidal
endothelial death and stellate cell activation are
observed [8]. As noted earlier, these patients
develop elevated ALT/AST indicating severe

Grade 3
>5-20 x ULN
>3-10 x ULN

>5-20 x ULN
>5-20 x ULN
>5-20 x ULN

Asterixis; mild
encephalopath;
limiting self-care
ADL

Reversal/retrograde
portal vein flow
associated with
varices and/or ascites

Grade 4 Grade 5

>20 x ULN
>10 x ULN

>20 x ULN
>20 x ULN
>20 x ULN

Moderate to severe Death
encephalopathy;

coma;

life-threatening

consequences

Life-threatening Death
consequences; urgent
operative intervention

needed

geographic region of RILD with irregular decreased
attenuation pointed by the arrows [7]. (Reprinted with
permission from the American Journal of Roentgenology)

damage to the hepatocytes. It has been shown
that patients who are hepatitis B carriers or had
CP class B cirrhosis are at a higher risk of RILD
[9]. Other clinical risk factors for RILD include
prior transcatheter arterial chemoembolization
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(TACE), concurrent chemotherapy, portal vein
tumor thrombosis, tumor stage, and male sex [3,
8, 10, 11].

4.3 Normal Tissue Complication
Probability (NTCP) Modeling
4.3.1 Overview
Radiation-induced injuries and toxicities involve
a complex cascade of radiobiological processes
that can begin within a few hours after irradiation
and can progress over weeks, months, and years.
According to the onset time of these toxicities,
they are clinically classified into early and late
effects. Early effects are typically transient and
manifest during treatment or within a few weeks
of the completion of a fractionated radiotherapy
schedule [12, 13]. The mathematical modeling of
such effects can be carried out using bottom-up
and/or top-down approaches [14]. Bottom-up
approaches use first principles of physics,
chemistry, and biology to model cellular damage
temporally and spatially in response to treatment
[15, 16]. Top-down approaches are typically
phenomenological models and depend on
parameters available from the collected clinical,
dosimetric, and/or biological data [17]. These
approaches in turn are subdivided into
data-driven or analytical models, which will be
the main subject of this chapter.

4.3.2 NTCP Modeling

In an NTCP model, the relationship between risk
variables (x) and observed toxicity probability
(NTCP) could be generally represented by a
mapping of the form NTCP = f(x;w), where
w is a set of modeling parameters that need to be
estimated. If the form structure f(-) has a finite
number of parameters then the model is consid-
ered parametric (e.g., Probit, Logit, Poisson,
etc.). If the form structure does not have a finite
number of parameters then the model is consid-
ered to be nonparametric (e.g., Logistic regres-
sion, Cox regression, Neural network, etc.); more

specifically, the model in this case is character-
ized as being data-driven.

4.4 NTCP Modeling
of the Irradiated Liver

The most commonly used model for liver NTCP
has been the Lyman model and its variants [18,
19]. The basic Lyman model is Probit-based
(integral of a standard normal Gaussian distri-
bution), which is characterized by a sigmoidal
shape and is mathematically given by

t
1
NTCP (D; TDso,m,n) = —— [ exp (—u?/2)du,
V2r
(4.1)

where ¢ = 251Dx
mTDs,

D, " D is the dose damage metric;

TDs is the position of the 50% probability tol-
erance dose (TD) point; and m is a parameter to
control the slope of the dose-response curve.
Note that TDsq is expressed as function of the
liver partial volume (V)

TDs(1
TDso(V) = ;‘Zf ),

(4.2)

where TDs(1) is TDs for the whole volume and
n is a volume dependence parameter. The
parameters of the model are calculated using
maximum likelihood estimation approaches [20].
To account for inhomogeneous dose distribu-
tions, different power law methods are typically
applied to Eq. (4.2) such as the effective volume
(Veff) and the generalized equivalent uniform
dose (gEUD) [21]. To correct for various
dose-fractionations regimens, physical doses are
typically converted into biologically equivalent

dose in 2 Gy fraction (EQD,) using the
Linear-quadratic (LQ) model [22]:
d+a/p
EQD, = D—1" 4.3
Q 2 2 + Of/ﬁ ( )

where D, d are the total dose and the dose per
fraction, respectively. The parameter o/ with
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values 2-3 has been typically used for RILD
[10, 11].

44,1 Conventionally Fractionated

Radiation Therapy

The Emami paper estimated the liver TD50/5
(50% probability of RILD at 5 years) for one-third
partial liver irradiation, two-thirds partial liver
irradiation, and whole liver irradiation to be 55, 45,
and 40 Gy, respectively, while the TD5/5 (5%
probability of RILD at 5 years) was estimate to be
50, 35, and 30 Gy, respectively for these same
volumes [13]. The corresponding fit to the Lyman
model yielded these values: TDsq = 45 Gy;
m = 0.15, and n = 0.32 [23].

Quantitative efforts to estimate RILD risk
using 3D-CT imaging and dose-volume his-
togram (DVH) have been pioneered by the
University of Michigan group [11, 24, 25]. In a
population of about 200 patients with primary
and metastatic cancers, the Michigan model
estimates for classical RILD suggested a large
volume effect (n ~ 1) and strong correlation with
mean liver dose. The TDsy for primary and
metastatic liver cancers was 35.4 and 40.7 in
EQD2 Gy, respectively. These results were
adopted by the Quantitative Assessment of
Normal Tissue Effects in the Clinic (QUANTEC)
consortium and are summarized in Fig. 4.2 [10].

Other investigators have shown that liver
tolerance dose interestingly varied according to

1.0}
S primary turp__g__ri
o
<)
2 S
JE metastatic
tumors
0.0

0 30 60
mean liver dose, Gy

Fig. 4.2 Classical RILD NTCP for primary and meta-
static liver using the Michigan Lyman model with mean
liver dose expressed in EQD2. The plots suggest higher
tolerance in patients with liver metastases compared to
primary liver cancer (Reprinted from [27] with permission
from © Elsevier)
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whether the patients were hepatitis B carriers
(TDsp = 50 Gy) [9] or had C-P class B status
(TDso = 23 Gy) [26].

442 Stereotactic Body Radiation
Therapy and Critical
Volumes

The utilization of steretotactic body radiotherapy
(SBRT) for liver tumors has recently been widely
adopted due to clinical effectiveness seen in
several studies for early cancer stages (including
primary and metastatic liver) [28-32] and the
socioeconomic benefits of shortened courses
[33]. The local control in these studies with
carefully preselected populations can exceed
90% after 1 year with an RILD event rate <5%
using > 10 Gy per fraction [10]. At first, these
results may seem inconsistent with the classical
understanding of radiobiology wherein tumors
with higher a/f ~ 10 (e.g., liver and lung can-
cer), in which the LQ model would predict that
hyperfractionation would give a therapeutic gain
while hypofractionation would yield a therapeu-
tic loss [34]. However, it should be noted that the
liver is a parallel functioning organ composed of
parenchymal tissues in which subdivisions are
able to perform similar and independent func-
tions. This is coupled with advances in image
guidance and radiation delivery technologies that
would create a wider geometrical window of
opportunity to exploit for dose escalation [35].
Moreover, available clinical data mainly support
LQ application in the range of 1-5 Gy; at higher
doses, its applicability is currently a subject of
intense debate [35-39]. In any case, it is widely
recognized that the LQ model is an approxima-
tion to more sophisticated kinetic reaction mod-
els [40]. Therefore, several modifications have
been introduced to the LQ model to allow better
fit to higher doses per fraction. These modifica-
tions to the LQ model effectively aim to
straighten the survival curve at higher doses. This
could be achieved by simply having higher o/f8
values in cases of rapidly proliferating and
hypoxic tumors [36, 41] or by developing alter-
nate models such as the modified LQ (MLQ), the
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linear—quadratic—linear (LQL) [42-44], linear—
quadratic—cubic (LQC) [45], the universal sur-
vival curve (USC) [46], and the generalized LQ
(gLQ) [47] among others.

QUANTEC recommended mean liver dose
constraints (physical dose) for SBRT are summa-
rized in Table 4.2 [10]. In addition, QUANTEC
recommended that a critical volume of 700 cc,
estimated from partial hepatectomy series, of
uninvolved liver to receive <15 Gy in three frac-
tions following the University of Colorado expe-
rience in metastatic liver cancer [48]. The concept
of critical volume follows from the idea that an
organ is composed of functional subunits [49]. In
case of parallel-arranged organs such as the liver,
this concept entails that a proportion of the organ
can be destroyed without clinically relevant loss of
the organ function as a whole. NTCP modeling
with the input foundations of a parallel arrange-
ment of the liver and thresholds for induction of
clinically evident damage has found utility in
matching clinical results [50].

4.5 Discussion and Future
Directions

NTCP modeling of the liver has been an
important companion for designing clinical trials
and the management of primary and metastatic
liver cancer. However, in some instances clinical
intuition has preceded any modeling prediction
as in the case of SBRT indicating limitations of
our current modeling schemes and the necessity
to adopt approaches that do not only confirm our
current understanding but also allow us to exploit

emerging knowledge and explore new horizons.
Modifications to the classical Lyman model
allow incorporation of clinical [51, 52] and bio-
logical information [53, 54]. However, biological
markers of RILD have not been systematically
investigated, and several studied biomarkers of
VOD have been suggested for RILD including
serum levels of hyaluronic acid, plasminogen
activator inhibitor, thrombomodulin, P- and E-
selectin, TGF-f3, von Willebrand factor-cleaving
protease, and many others [8].

Imaging provides another useful resource of
information not only for assessment [55] but also
for prediction of radiation-induced toxicity. An
approach that has been successfully applied to
studying RILD and liver function is using portal
venous perfusion imaging by dynamic contrast
enhanced CT [56] or MRI [57, 58]. These studies
have shown that mean liver portal venous perfusion
is associated with ICG-R15 retention and further
that mean venous perfusion in the liver is reduced
by about 1%/Gy with hepatic irradiation. In addi-
tion, several single-photon emission computed
tomography (SPECT) tracers have been proposed
to image liver fibrosis. These include using SPECT
with Asialoglycoprotein receptor (ASGPR) [59] or
albumin [60] Technetium-99 m tagged tracers.
However, the incorporation of such valuable
imaging information into NTCP modeling remains
limited.

There are several limitations and pitfalls that can
occur when developing NTCP models for liver
toxicities. A common limitation in applying NTCP
models to toxicity endpoints is the variability in
normal tissue contouring (e.g., whole liver con-
touring, subtraction of the tumor volume, bile duct,

Table 4.2 QUANTEC Recommendations: SBRT mean liver dose (MLD) (for liver volume minus the gross tumor

volume) and volume constraints

Liver tumor type MLD constraints

Metastatic <15 Gy/3 fractions
<20 Gy/6 fractions
Primary <13 Gy/3 fractions

<18 Gy/6 fractions
Primary: Child-Pugh B

Critical volume constraint

>700 cc receives <15 Gy/3-5 fractions

<6 Gy (at 4-6 Gy per fraction)
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etc.) that could result in varying values for
dose-volume metrics. Normal tissue atlases could
aid in alleviating this problem [61]. Another com-
mon pitfall is related to the process of LQ-based
EQD dose conversion to account for varying
fractionation schedules, where the conversion
needs to be done on a voxel-by-voxel basis of 3D
dose distribution, and then DVH reduction and/or
dose-volume metrics estimations could be carried
out because of the inherent nonlinearity in the EQD
transformation. Another problematic issue is over-
looking the impact of the time factor; ironically,
this was one of the earliest criticisms of the basic
LQ model as pointed out by Fowler [62]. This is
particularly important when comparing long and
short treatment durations. This time factor in the

modified LQ model is given by W, where

T is scheduled treatment time, T} is treatment
delayed tumor repopulation time, and 7), is the
tissue doubling time, all given in days. Further
complicating the time issue is the variability in
total elapsed time for delivery, which could vary
from treatments in consecutive days to 1-3
fractions per week. However, a practical chal-
lenge of applying the time factor is the lack of
knowledge of these parameters in a standard
clinical setting. Another less pronounced issue is
that increasing the intra-fraction time as experi-
enced in hypofractionation treatments (e.g., SRS
or SBRT) would allow for sublethal damage
repair in both the tumor and normal tissue, which
would particularly impact the protraction factor
of the LQ model and the resulting therapeutic
gain.

It should be also noted that despite the fact that
there have been several useful modifications to the
LQ model for hypofractionated treatments (e.g.,
SRS or SBRT), trying to account for newly rec-
ognized biological effects such as vascular damage,
effects on stem cells, and immune-mediated effects
remains challenging [39].

Besides incorporating new radiobiological
knowledge into current models, NTCP modeling
could also benefit from recent advances in data
science and the use of advanced computational

I. El Naga et al.

techniques that are able to accommodate com-
plex and potentially nonlinear relationships in the
data and have the potential to generalize better to
unseen data compared to traditional statistical
methods [63, 64].

4.6 Conclusions

NTCP models are necessary to predict treatment
risks and aid in optimizing radiotherapy planning
in the era of personalized/precision medicine.
Liver cancer has been a hotbed for the develop-
ment of NTCP models that have contributed
significantly to our understanding of partial vol-
ume irradiation effects, metastatic versus primary
tolerance doses, and the impact of baseline liver
function on observed RILD limiting its incidence
and in turn allowing for safe escalation of radi-
ation dose. However, the widespread use of
SBRT will require similar efforts in developing
accurate NTCP models to ensure optimized uti-
lization of this new promising modality. More-
over, NTCP modeling can also benefit from
advances in biotechnology and computational
modeling to go beyond simplified dosimetric
models into more advanced top-down or
bottom-up systems-based approaches in radiobi-
ology. These advances may improve the inter-
facing of radiation physics, imaging and
molecular biology in the era of the big ‘-omics’
revolution. Progress in NTCP modeling can only
be achieved via collective efforts among all the
stake holders (clinicians, biologists, physicists,
modelers, etc.) while recognizing what Sir R.A.
Fisher, one of the founding fathers of modern
modeling and statistics, once said “I believe that
no one who is familiar, either with mathematical
advances in other fields, or with the range of
special biological conditions to be considered,
would ever conceive that everything could be
summed up in a single mathematical formula,
however complex” [65]. The caveat here is that
modern developments should be geared towards
systems-based models and not individual
formulae.
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5.1 Introduction

Clinical investigation and basic science research
complement and inspire each other. The intent of
this chapter is not to provide a broad overview of
the practice of radiation oncology but rather to
discuss in brief specific evolving concepts and
ongoing controversies. Some of these contro-
versies have not coincidentally developed in
parallel with the recent burgeoning use of
high-dose, hypofractionated radiation therapy for
liver tumors (as well as tumors in other sites). In
keeping with one of the main themes of this
book, the concepts and controversies will be
framed within the context of integrated multi-
disciplinary care. The following interrelated
topics will be addressed:

(1) fractionation in the history of clinical radia-
tion oncology,

(2) similarities and  differences  between
hypofractionated “ablative” radiation therapy
and other ablation modalities,
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(3) the principles of spatial cooperation and the
oligometastatic disease state, and

(4) the abscopal effect: local therapies and their
systemic manifestations.

5.2 Fractionation in the History
of Clinical Radiation Oncology

Debates about “optimal” fractionation for radia-
tion treatment courses form a significant and
contentious chapter in the history of clinical
radiation oncology [1]. These debates have been
informed over decades by both clinical experi-
ence and laboratory investigation but remain
unresolved for a variety of reasons, not the least
of which are the heterogeneity of cancer in its
locations and intrinsic sensitivity to radiation.
When radiation was used to treat tumors in the
earliest practice of radiation oncology, short
courses of what has been termed “caustic” radi-
ation administration were common [2]. The
normal tissue sparing effects of fractionation
were appreciated through animal studies in the
early 20th century, and steep isoeffect curves
plotting total dose versus decreasing dose per
fraction for various forms of normal tissue injury
are established and understood by students of
radiation biology [3]. In general, the therapeutic
ratio has since long been thought to favor frac-
tionated treatment, allowing for elimination of
tumor cells and concomitant “repair,” and thus
minimized injury, of normal tissues.
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Renewed interest in single-fraction and
high-dose radiation treatments has emerged at
various times in the last several decades. Two
particular examples—radiosurgery and intraop-
erative radiation therapy (IORT)—deserve spe-
cial mention. Classical radiosurgery, pioneered
by the neurosurgeon Leksell and others, entails a
single high-dose administration of radiation to
discrete targeted foci with stereotactic localiza-
tion [4]. Leksell was seeking a means of nonin-
vasively ablating portions of the brain. At face
value, the concept of radiosurgery as applied to
the treatment of malignancies runs counter to
most of the conventional wisdom of classical
radiobiology. IORT similarly treats tumors with
very high single doses as part of a surgical
exposure procedure, which allows for direct
irradiation of a tumor target with shielding of
surrounding normal structures [5].

The application of radiosurgery or any
high-dose single-fraction or hypofractionated
radiation treatment course is in large part predi-
cated on the use of advanced technology to limit
the exposure of normal tissue to the high doses of
radiation, and it is indeed this concept of limited
volumes of high-dose normal tissue irradiation
that is not typically considered in the “4Rs” of
classical radiobiology which serve as the foun-
dation of conventionally fractionated radiation
courses. Gamma knife radiosurgery achieves
high doses in focal volumes, with a steep gradi-
ent of dose outside of the target. Beam arrange-
ments spread a low dose of radiation around a
targeted core of extreme high dose. This same
concept can be applied to extracranial targets and
is complemented by other emerging technologies
such as conformal beam shaping and intensity
modulation, as well as the use of image guidance.
With these principles in mind, the era of
extracranial high-dose hypofractionated radiation
therapy, or stereotactic body radiation therapy
(SBRT), also referred to as stereotactic ablative
radiation therapy (SABR), began in earnest in the
1990s [6, 7]. The adoption of SABR has also
required significant changes in the approach of
the radiation oncologist to treatment planning
issues. Traditional large volume irradiation fields
such as AP/PA or 4-field box treatments are
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generally not compatible with high-dose
hypofractionated radiotherapy. Similarly, pro-
phylactic treatment of regional areas “at risk” for
cancer involvement, such as draining lymph
node regions, common in conventional radiation
treatment courses, is also generally not compat-
ible with SABR.

The experiences with intracranial radiosurgery
and IORT can and should inform SABR with
respect to both normal tissue injury/tolerance
doses and tumor response. For example, Abe and
colleagues at Kyoto University reported on their
experience of treating patients with upper
abdominal tumors with single-dose IORT deliv-
ered with electrons [8]. Doses required to eradi-
cate both gross and microscopic deposits of
cancer with single-fraction treatment were elu-
cidated. In the treatment of gastric cancer, a
single-fraction dose of 40 Gy was required to
eradicate macroscopic tumors (unresectable
lymph nodes) of up to 3 cm, whereas doses of
28-35 Gy were sufficient to treat microscopic
tumor deposits. In their experience, 40 Gy was
insufficient to eradicate larger primary gastric
tumors. These results are in keeping with prior
studies of single-fraction intraoperative electron
irradiation of unresectable pancreatic adenocar-
cinomas, in which doses of 25 Gy did not lead to
total sterilization of macroscopic disease [9].
Other studies on normal tissue tolerance to
single-fraction IORT, and combined conven-
tional irradiation plus single-fraction IORT, both
in humans and in animal models, also yielded
information for future use in high-dose
hypofractionated external beam irradiation cour-
ses [10].

Over the past decades, numerous clinical
studies have investigated altered fractionation
schedules for the treatment of human tumors
[11]. For the most part, however, we lack fun-
damental knowledge of dose—fractionation
effects for given tumors in the effort for person-
alized radiation therapy. We lack robust knowl-
edge of oxygenation and reoxygenation kinetics,
tumor growth kinetics, and tumor microenvi-
ronmental effects, and how to best integrate this
information into appropriate dose—fractionation
selection. The importance of these issues in the
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context of high-dose hypofractionated radiation
therapy remains to be determined, especially for
the treatment of bulky tumors. We have the
capabilities with our advanced technologies to
safely deliver high doses of radiation and to
fractionate not only in time but in space as well
[12, 13]. Dose—fractionation studies moving
forward will involve the translational merging of
tumor biology and technology.

5.3 Similarities and Differences
Between Hypofractionated
“Ablative” Radiation Therapy
and Other Ablation Modalities

SABR shares similarities with, but also in some
ways contrasts sharply from, the tumor-ablative
treatments employed by interventional radiolo-
gists (the field of interventional oncology). Most
tumor-ablative treatments used in interventional
oncology make use of extreme temperatures.
Radiofrequency ablation (RFA) is a probe-based
ablation technology which employs an alternat-
ing current in the probe, which leads to charge
agitation within adjacent tissues, causing a rapid
rise in temperature [14]. Cell death is increas-
ingly likely and rapid as the temperature rises. At
the highest temperatures within the heated tumor
(>50-60 °C), there is onset of protein denatura-
tion, mitochondrial damage, and loss of plasma
membrane integrity which leads to coagulative
necrosis of the tumor. Cryoablation is also a
probe-based therapy [14]. Freeze-thaw cycles
injure cells directly through intracellular ice
crystal formation and osmotic dehydration, as
well as indirectly through deleterious effects on
the tumor-supporting vasculature.

The actual mechanism of cell death induced
by radiation, both by protracted/fractionated and
hypofractionated courses, remains incompletely
understood and likely varies as a function of each
individual tumor, its microenvironment, the state
of the tumor cell in the cell cycle (interphase or
cycling), and the radiation dose delivered. Clas-
sically, “cell death” induced by radiation is any
state in which the irradiated and damaged tumor
cell is no longer clonogenically active [15].
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Radiation can yield a variety of clonogenically
inactive states, including apoptosis, (classical)
necrosis, autophagy, and senescence [16]. Stu-
dents of radiobiology learn about the chromo-
somal insults that can arise following
radiation-induced DNA strand breaks, which
may result in the formation of deranged chro-
mosomes, and subsequent mitotic catastrophe
leading to cell inactivation [17]. Mitotic catas-
trophe may lead to cell inactivation by one of the
aforementioned pathways [18].

The effects of radiation on the
tumor-supporting stroma, and direct or indirect
impact of these responses on the tumor, are an
active area of investigation and controversy.
Budach et al. investigated the stromal component
of the tumor radiation response [19]. The authors
used tumors grown in SCID mice, which have
defective DNA repair. These studies showed
minimal impact of the radiosensitive SCID-based
surrounding stroma on the radiosensitivity of the
tumor. However, other macromolecules in a cell,
apart from DNA, may also be affected by radia-
tion with subsequent influence on tumor cell
death. Investigators have shown a link between
the endothelial cell response to radiation and
subsequent tumor cell death, which is mediated
by acid sphingomyelinase within the endothe-
lium in the setting of high-dose, but now
low-dose, radiation therapy [20-22]. Sphin-
gomyelinase activity generates ceramide, a
mediator of apoptosis [22]. In animal models,
endothelial apoptosis has been shown to be
linked to tumor cell death [20-22]. This vascular
component of the tumor cell response to
high-dose irradiation, and ways to further exploit
it, remains an active area of investigation.

Thus, thermal ablations as practiced by radi-
ologists and surgeons can be seen to differ in
their effects on tumor cells and mechanism of cell
kill relative to high-dose hypofractionated radi-
ation therapy, although much remains to be
learned. These differences are important to
understand for several reasons. First, the kinetics
of cell death within treated tumor masses may
differ markedly between thermal ablation and
radiation (see discussion above), and this has
implications for the subsequent radiological
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appearance of treated lesions for patients under-
going follow-up imaging, as well as, potentially,
the risks inherent in treatment of very bulky
tumor masses [23]. Second, the variables that are
associated with successful ablation have some
common ground between the two treatments, but
also many differences. The efficacy of thermal
ablation treatments is limited by the presence of
large-caliber vessels which produce a “heat sink”
effect and decrease the likelihood of reaching
tumoricidal temperatures [24]. Third, as will be
discussed later in this chapter, as local therapies,
thermal ablation and radiation therapy may
induce differing systemic effects to include dif-
ferent interactions with systemic therapies and
the host immune system.

5.4 The Principles of Spatial
Cooperation
and the Oligometastatic
Disease State

Steel and Peckham described multiple ways in
which chemotherapy, a systemic therapy, could
interact with radiation therapy, a local therapy
[25]. In a general sense, the principle of spatial
cooperation holds that different therapies can be
used to complement each other on the local and
systemic levels. For example, a local treatment
may be used to eradicate radiographically evident
disease, with subsequent delivery of chemother-
apy to treat spatially remote and radiographically
occult micrometastatic disease. This paradigm is
commonly used in the treatment of many differ-
ent cancer types, especially for local-regionally
advanced and high-risk tumors. Ideally, the
separate treatments do not have overlapping
toxicities, especially when the treatments are
given concurrently or in close succession to each
other [25].

Local therapies have usually been reserved for
palliation only when solid tumors have already
demonstrated clear evidence for spread of cancer
(distant metastases or M1 disease state). There are
important exceptions to this general rule, how-
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ever. Resection of liver metastases from colorectal
tumors in selected patients is a well-established
practice, with clinical series showing long-term
disease-free survival in a substantial proportion of
patients [26]. Critics of this practice of metasta-
sectomy, or any local therapy used to treat meta-
static disease with curative intent, such as SABR
or thermal ablation, bring attention to possible
selection biases in these series and the lack of
high-level randomized evidence supporting the
practice [27, 28]. Clinical trials evaluating SABR
in the treatment of selected patients with meta-
static cancer are underway and are a topic of
significant scrutiny [29].

Part of the interest in use of local therapies in
patients with M1 disease is the concept of the
oligometastatic disease state. Weichselbaum and
Hellman discussed the notion of patients with
“limited” metastatic disease outside of the pri-
mary tumor, brought about by the inefficiencies
of the metastatic process [30, 31]. In this special
situation, eradication of these limited sites in
addition to the primary tumor by local therapies
would be curative. A second type of oligometa-
static disease state may exist when effective
systemic therapy eliminates the majority of
widespread distant sites of cancer, with remain-
ing bulky sites of disease. Again, in this situa-
tion, successful use of local therapies, including
SABR, would lead to cure. This latter situation is
a good example of the spatial cooperation
principle.

The existence of oligometastatic disease
states, or more properly how to select patients in
these states, is controversial. Nonetheless, the
long-term disease-free survival of selected
patients with liver-only metastases from col-
orectal cancer treated with surgery does indicate
that not all patients with M1 solid tumors have
truly systemically spread disease and cannot
achieve long-term disease-free survival [26, 30].

As mentioned, clinical investigation is indeed
underway to define the role of aggressive SABR
treatments in patients with M1 disease. Two
recent studies in patients with metastatic
non-small cell lung cancer provide optimism for
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this approach. A single-arm phase II study
showed a suggestion of improvement in
progression-free survival to the use of SABR to
sites of metastatic disease compared to expected
results with systemic therapy alone [32]. A recent
randomized phase II studies in patients with
non-small cell lung cancer showed an improve-
ment in progression-free survival with the use of
consolidation radiation therapy to patients with
limited metastatic sites (following initial sys-
temic therapy) compared to systemic therapy
alone [33]. Disease-free survival or “cure” need
not be the only acceptable goal, as prolongation
of overall survival and prolongation of sustained
quality of life are also important outcomes.
Minimally invasive treatments such as SABR
and thermal ablation may be particularly impor-
tant moving forward as they are usually associ-
ated with relatively minimal toxicities, and thus
integrate well with systemic therapies, exempli-
fying spatial cooperation.

5.5 The Abscopal Effect: Local
Therapies and Their Systemic
Manifestations

Throughout this chapter, I have distinguished
between “systemic” treatment approaches, such
as chemotherapy, and “local” treatment approa-
ches such as surgery, radiation therapy, and
thermal ablation treatments. The “local” tumor
and treatments addressing it are classically
thought to be segregated from the distant. How-
ever, there is evidence that locally applied cancer
treatments can yield systemic manifestations,
including anti-tumor effects, challenging this
model. This absocopal effect is a recognized
phenomenon, and regression of untreated distant
sites of cancer have been reported, albeit rarely
and usually as case reports, following surgery,
radiation therapy, and thermal ablation [34-36].
A number of hypotheses have been generated to
explain this phenomenon; among them is the idea
that local cancer treatments can stimulate an
immune response against treated tumors [37].
This hypothesis of an immunologic basis for
abscopal effects following radiation has been
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investigated in the laboratory, with supportive
findings [38, 39]. Radiation has numerous
pleiotropic effects on the innate and adaptive
immune systems. It can modulate antigen pre-
sentation with improved priming of T cells
against tumor antigens, enhance leukocyte traf-
ficking to tumors, and alter the cellular content of
the tumor microenvironment, potentially revers-
ing immunosuppression [39-42]. Lee et al. found
that CD8" T cells played an important role in the
tumor-eradicating effects of high-dose radiation
in an animal model [39].

The abscopal effect is, however, a rare phe-
nomenon in the clinic. This is probably related to
various  overwhelming and multilayered
immunosuppressive effects induced by tumors.
Because of this, there is great interest in com-
bining radiation therapy with immunostimulating
cytokines and drug agents, including interleukin
2, anti-CTLA-4 antibody therapy, and anti-PD-1
and anti-PD-L1 antibody therapies [43]. Such
combination therapies have been shown to syn-
ergize in preclinical tumor models, and there are
encouraging reports of efficacy emerging in
human patients as well [44-46]. The influence of
particular dose—fractionation regimens as well as
treatment volumes on optimized induction of
anti-tumor immune responses needs further
exploration [39, 47, 48].

Of note, thermal ablation therapies can also
synergize with immunostimulating treatments
[49, 50] to amplify systemic anti-tumor immu-
nity. It is possible that the “best” combination
therapies, with respect to the goal of inducing an
abscopal effect, may depend on the tumor type,
its anatomical location(s), and specific ablative
treatments—be they radiation-based or thermally
based.

Special mention should also be made of the
potential toxicities of these treatments. Con-
trolled induction of anti-tumor responses without
the collateral induction of autoimmunity may be
especially challenging. Preclinical work suggests
the safety of combination treatments, but this
will be an important endpoint in human studies
[46, 51]. In some situations, limited autoimmune
phenomenon may be an acceptable toxicity,
especially if the anti-tumor response is strong
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and does not need to be sustained for long
periods of time for life prolongation or cure.
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Therapies, and Thermal Ablation
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6.1 Introduction

Surgery remains the mainstay of treatment for
liver tumors in appropriately selected patients.
Advancements in surgical technique and peri-
operative management have led to a significant
improvement in perioperative outcomes for
patients undergoing liver resection in the last
50 years, resulting in contemporary perioperative
mortality rates of less than 5% in tertiary centers
[1]. Recent advances in imaging technology,
surgical instruments, and surgical techniques
have expanded the application of the laparo-
scopic approach to complex liver resections, with
substantial improvements in the postoperative
course for these patients [2].

6.2 Indications
Liver resections are indicated for the manage-
ment of primary and metastatic liver tumors
(Table 6.1) when: (1) oncologically appropriate;
(2) technically feasible (resectability); (3) the
planned procedure can be performed with
acceptable morbidity and mortality given the
patient’s comorbidities.

The oncologic appropriateness of surgical
resection varies according to the tumor biology.
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The presence of multiple lesions or extrahepatic
disease in patients with hepatocellular carcinoma
(HCC) or cholangiocarcinoma rarely justifies a
liver resection. The presence of major vascular
invasion or grossly positive portal lymph nodes
in these patients are relative contraindications to
resection, as the long-term prognosis is poor [3].
In contrast, favorable outcomes can be achieved
in patients with metastatic colorectal cancer
(mCRC) and multiple liver lesions, including
those with lesions in both the right and left
hemilivers (bilobar disease), or extrahepatic dis-
ease [4]. Nevertheless, the extrahepatic disease
should be limited and resectable [5], and all the
liver lesions should be amenable to treatment
with resection and/or ablation.

The resectability of the lesions is determined
with high-quality imaging. Computed tomography
(CT) scan is usually the method of choice, but
magnetic resonance imaging (MRI) is emerging as
avery useful imaging adjunct, especially in patients
with steatosis or lesions that cannot be visualized
after preoperative chemotherapy [6]. The location
of the hepatic lesions and their relationship to the
main hepatic vessels and the biliary tree will ulti-
mately determine the extent of the hepatic resection
and lesion resectability (Fig. 6.1). The goal of
resection is to obtain negative margins, while
leaving adequate functional liver with an intact
hepatic arterial and portal venous inflow, venous
outflow, and biliary drainage in continuity with the
small bowel. For metastatic disease, the number and
size of the lesions are no longer determinants of
resection as long as the aforementioned require-
ment is met. While large lesions may involve
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Table 6.1 Primary and metastatic tumors that may require a major hepatic resection

Primary liver tumors
Hepatocellular carcinoma
Cholangiocarcinoma

Hilar cholangiocarcinoma

Gallbladder cancer

Metastatic liver disease
Colorectal cancer

Neuroendocrine tumors

Non-colorectal non-neuroendocrine tumors

(b)

(d)

Fig. 6.1 Hepatic lesions and their relationship with
hepatic vessels. a a lesion on the right liver encases the
right hepatic vein (thick arrow) and abuts the middle
hepatic vein (thin arrow); b coronal reconstruction shows

invasion of the tumor into the IVC, extending to the right
atrium (arrow); ¢ a lesion on the right liver encases the
right portal vein (arrow); and d the right hepatic vein
(arrow)
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several segments of the liver, centrally located
lesions, even if small, often cannot be removed
without compromising biliary drainage, vascular
inflow, or the venous outflow of several liver seg-
ments. Consequently, removal of these small, cen-
tral lesions may require resection of a large amount
of functional liver parenchyma, thereby increasing
the risk of postoperative liver failure. The adequate
volume of the remnant liver is dependent on its
function (see Sect. 6.3).

The risk for postoperative liver failure and
death is most pronounced in patients with
chronic liver dysfunction, especially when there
is evidence of cirrhosis. Even minor liver resec-
tions can result in rapid liver decompensation
following surgery in these patients. Therefore,
surgical resection is typically limited to cirrhotic
patients with Child-Turcotte-Pugh (CTP) class A
and no evidence of significant portal hyperten-
sion [7]. The presence of portal hypertension is
based on a history of variceal bleed, the presence
of thrombocytopenia or evidence of esophageal
varices, and splenomegaly on imaging. When in
doubt, the hepatic venous pressure gradient can
be measured. A pressure gradient greater than or
equal to 10 mmHg is associated with an
increased risk of decompensation after surgery
[8]. Patients with HCC and cirrhosis CTP B or C
or with evidence of portal hypertension should be
treated with liver transplantation or other
modalities if transplantation is contraindicated.

6.3 Preoperative Assessment

Patients considered for surgical resection should
have a perioperative risk assessment with clinical
optimization of the patient’s medical comor-
bidities and functional status. Complete staging
should be performed with CT of the chest and
tumor markers as indicated. Positron emission
tomography (PET) should be used selectively in
patients with mCRC at high risk for extrahepatic
metastasis, as higher rates of false negative
findings limit its use in patients undergoing
chemotherapy or when lesions are smaller than
1 cm. In fact, the use of PET prior to liver
resection has been shown to results in changes in
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the surgical management of less than 10% of the
patients and no differences in long-term survival
[9].

The function of the liver is typically estimated
through liver function tests such as total biliru-
bin, prothrombin time, and  albumin.
Imaging-based liver function tests are frequently
used in Europe and Asia to determine the
extension of the liver parenchyma that can be
safely removed [10]. The indocyanine green
(ICG) test is the most commonly used method,
but new techniques such as 99mTc galactosyl
and the 99mTc mebrofenin scintigraphy with
single-photon emission computer tomography
(SEPCT-CT) [11] and the Gd-EOB-enhanced
MRI [12] have been recently introduced and may
have an increasing role in the preoperative
evaluation of these patients, as they add spatial
information [13].

If a major liver resection is planned, the vol-
ume of the postoperative liver, or future liver
remnant (FLR), is estimated. The volume of the
FLR needed to minimize the chances of post-
operative liver insufficiency is dependent on the
liver remnant’s function. Liver dysfunction is
common in patients presenting for resection of
hepatic malignancies. For example, hepatocellu-
lar carcinoma and cholangiocarcinoma are often
associated with chronic liver disease, and pro-
longed modern chemotherapy is associated with
significant injury to the liver, as discussed later.
For patients with no liver dysfunction, the FLR
should be at least 20% of the total liver volume
(i.e., one can remove up to 80% of the liver) [14].
Patients with abnormal background liver (i.e.,
following preoperative chemotherapy) should
have a FLR of at least 30% of the total liver
volume, while those with cirrhosis should have a
FLR of at least 40% [15]. When questionable,
formal calculation of the FLR should be per-
formed. The volume of the expected remnant
liver and the total liver volume are measured
using either CT scan or MRI. The volume of the
non-functional liver (parenchyma, i.e., either
non-perfused or replaced by tumor) is subtracted
from the total liver volume, which is especially
important for patients with large lesions. Alter-
natively, the total liver volume can be estimated
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(b)

Fig. 6.2 Future liver remnant (FLR) before (a) and after portal vein embolization (b). The volume of the FLR (in red)

increased by 30% four weeks after portal vein embolization

with different formulas based on the patient’s
weight or body surface area [16]. Portal vein
embolization should be considered for patients
with insufficient FLR. Portal vein embolization
involves selective occlusion of the branches of
the portal vein feeding the segments planned for
resection, which stimulates contralateral hyper-
trophy (Fig. 6.2). The FLR volume increases
significantly within the first 3—4 weeks after the
procedure. Liver volumetry is then repeated to
assure a minimal FLR volume has been
achieved. Otherwise, imaging is repeated in
another 4 weeks, as liver regeneration may con-
tinue to occur, albeit at a slower rate [17]. The
degree of hypertrophy of the remnant (at least
5% increase in volume or a rate of at least 2%
increase per week) has been associated with
decreased rates of postoperative liver insuffi-
ciency [17, 18].

6.4 Effect of Chemotherapy
and Radiation

Preoperative chemotherapy is typically adminis-
tered to patients with mCRC and, at times,
cholangiocarcinoma to assess tumor response,
convert unresectable tumors to resectable and to
address micrometastatic disease that is not seen
on imaging. Nevertheless, preoperative

chemotherapy has not been shown to improve
survival in patients for hepatic resection for
mCRC [19]. Moreover, prolonged modern
chemotherapy for colorectal cancer may be
associated with significant injury to the liver,
with increased risk of postoperative complica-
tions following liver resection. Specifically,
irinotecan-based treatment is associated with
steatohepatitis, while oxaliplatin-based
chemotherapy is associated with sinusoidal con-
gestion [20]. Also, small (<2 cm) lesions may
disappear on imaging with chemotherapy. If not
surgically resected, these lesions will recur in up
to 80% of the patients [21]. Surgeons and the
medical oncologists need to work closely to
determine optimal duration of preoperative
chemotherapy and the timing for liver resection.
In general, if preoperative chemotherapy is used,
the duration should be limited to 2-3 months.
Selective internal radiation therapy (SIRT)
with Yttrium-90 has been increasingly used in
the treatment of liver primary and secondary
malignancies, mostly in the palliative setting.
Recent studies have been shown that SIRT to one
hemiliver often results in significant hypertrophy
of the contralateral side [22]. Such findings
motivated the use of SIRT as a substitute to
portal vein embolization prior to liver resection,
with the advantage of providing tumor control in
the involved segments while the uninvolved liver
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Table 6.2 Nomenclature of major hepatic resections based on the Brisbane 2000 nomenclature of hepatic anatomy

and resections

Major hepatic resection
Right hepatectomy
Extended right hepatectomy
Left hepatectomy

Extended left hepatectomy

Liver segments resected®
5,6,7,8

4,5,6,7,8

2,3,4

2,3,4,5,8

4Any of these resections may also involve removal of segment 1, which is also referred to as the caudate lobe

grows. Clinical experience is limited with this
approach, with some reports describing increases
in the technical complexity of the operation, as
the liver parenchyma becomes fibrotic and
inflexible [23]. There are inconsistent data on the
impact of these findings in terms of perioperative
outcomes [24, 25].

6.5 Types of Liver Resection

Liver resections can be categorized into anatomic
and nonanatomic (wedge resections). Anatomic
resections involve the resection of portal territo-
ries and include segmentectomies, sectionec-
tomies, hemihepatectomies, and extended
hepatectomies. If feasible, anatomic resections
should be performed for the treatment of HCC, as
HCC tends to spread via portal venous tribu-
taries. In fact, anatomic resections have been
associated with improved survival in patients
with HCC in observational studies [26]. In con-
trast, when treating mCRC, superficial resection
can be performed nonanatomically, with the goal
of achieving microscopically negative margins.
The width of the negative surgical margins has
not been shown to be associated with increased
risk of local recurrence. This strategy, referred to
as parenchyma-sparing hepatectomies, is pre-
ferred over major hepatectomies for mCRC,
when applicable, as these procedures are asso-
ciated with decreased morbidity and increased
rates of salvage ability in cases of recurrence—
with no increase in recurrence rate or decrease in
overall survival [27].

Liver resections are also defined based on the
extension of the resection into minor and major
resections. Major hepatic resection involves three

or more liver segments based on Couinaud’s
classification. According to the Brisbane 2000
Nomenclature of Hepatic Anatomy and Resec-
tions, proposed by the International
Hepato-Pancreato-Biliary Association in an effort
to standardize the terminology in the field, the
anatomic division of the liver is based on the
vascular watershed—the plane intersecting the
gallbladder fossa and the inferior vena cava (IVC),
described by Cantlie in 1897 and not seen from the
surface of the liver [28]. This nomenclature ren-
dered use of the term liver lobe obsolete, as this
implies the presence of a visible anatomic
demarcation (i.e., the umbilical fissure). Such
principles were used to define the current termi-
nology for liver resections (Table 6.2), which
should no longer be referred to as lobectomies.
Minimally invasive (laparoscopic or robotic)
liver resection can be performed in selected
patients. Observational data suggest that laparo-
scopic liver resection is associated with decreased
wound complications, intraoperative blood loss,
postoperative pain, and length of stay while being
associated with similar mortality, positive margin
rates, and long-term outcomes in patients with
mCRC or HCC [29-31]. Because laparoscopic
liver resections are often applied to small, periph-
eral tumors, there is certainly potential for selection
bias. Randomized trials comparing laparoscopic
versus open liver resection are currently ongoing.

6.6 Combined Procedures

Liver resection can be done in combination with
other procedures such as ablation of liver lesions
or resection of the primary tumor in metastatic
disease.
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Liver resection can be combined with intra-
operative ablation of lesions, consistent with the
goal of sparing of liver parenchyma. For bilobar
metastases, a major liver resection can be per-
formed on the side with the highest disease
burden, while ablation is performed on the con-
tralateral side. These procedures may be per-
formed at the same time if the anticipated volume
of the FLR is adequate. Otherwise, separate,
staged operations should be considered. Ablation
can also be used intraoperatively to treat centrally
located lesions that would otherwise require a
major liver resection in combination with wedge
or segmental resection of more superficial lesions
in patients with multiple metastases. Ablation is
typically thermal, using heat (radiofrequency and
microwave ablation) or cold (cryoablation), with
the latter rarely used nowadays. Irreversible
electroporation, a newer technology based on the
short-duration, high-voltage pulses that result in
defects in the lipid bilayer—and, ultimately, cell
necrosis—is emerging as an attractive substitute
to thermal ablation, especially near major ves-
sels, as it is not associated with deflection in the
ablation zone due to heat loss near adjacent
vascular structures.

In patients with synchronous hepatic metas-
tases, the primary tumor and the liver disease can
be addressed at the same time or separately.
Concomitant resection of the liver and the pri-
mary tumor should be strongly considered when
only a minor liver resection is required or when
the resection of the primary is straightforward,
such as in patients requiring a distal pancreatec-
tomy or a right hemicolectomy. Major liver
resections should, however, be avoided when
complex procedures are performed for the treat-
ment of the primary tumor, such as extensive
pelvic dissections, a low rectal anastomosis, or a
duodenopancreatectomy. In these situations, the
hepatic metastases can be addressed first or after
resection of the primary tumor. Because the liver
is often the determinant factor for complete dis-
ease resection, the “liver first” approach (or
reversed approach) is an attractive option since
resectability of the liver metastases will influence
the need or extent of the resection of the primary
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tumor. Besides, the liver disease can progress to
unresectable if the primary tumor is addressed
first. Occasionally, however, the primary tumor
is symptomatic and needs to be resected first.
Despite the potential advantages of the reversed
approach, retrospective studies have shown no
difference in outcomes when this approach is
compared to the traditional approaches (com-
bined resection and resection of the primary first)
[32, 33].

For primary tumor in the mid and distal rec-
tum, radiation can be given prior to the liver
resection, immediately afterward or after the
completion of the systemic chemotherapy.
Patients can then fully recover from the liver
procedure while awaiting for the mandated 6—
10 week interval between radiation and rectal
resection. Short course radiation should be con-
sidered if radiation is to be given prior to liver
resection to avoid an extended period when the
liver lesion is not being addressed [34]. Selective
exclusion of radiotherapy can be considered
when the primary tumor has an adequate
response to the systemic chemotherapy, as dis-
tant recurrence is overwhelmingly more common
than local recurrence in patients with syn-
chronous disease [35].

6.7 Surgical Technique

In the open technique, a right subcostal incision
with an upper midline extension provides ade-
quate exposure for most tumors. The xyphoid
should be removed to facilitate visualization of
the suprahepatic IVC. An upper midline incision
is usually adequate for resections of the left liver
and may suffice for resection of the right liver in
a thin patient. Intraoperative ultrasound is per-
formed to identify all known lesions—as well as
any new lesions—and their relationship with
vascular and biliary structures, as well as the
position of the main hepatic vessels relative to
the transection plane.

For major hepatic resections, arterial and
portal vein inflow vessels can be dissected and
controlled in the hilum of the liver or
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Fig. 6.3 Vascular demarcation line between the right
and left hemilivers after ligation of the left hepatic artery
and the left branch of the portal vein during a laparoscopic

intraparenchimally, through small hepatotomies.
Selective inflow control prior to the transection
will result in a vascular demarcation line that will
guide the correct transection plane (Fig. 6.3).
After inflow has been controlled, control of the
hepatic venous outflow is performed. This can
also be done outside the liver or within the par-
enchyma, during the transection.

Occlusion of the portal triad (Pringle maneu-
ver) can be performed in major and minor liver
resections during the transection of the par-
enchyma to decrease blood loss. The liver can
tolerate up to 1 h of ischemia, but intermittent
vascular occlusion with cycles of 15-20 min on
and 5 min off will decrease the ischemia/
reperfusion injury, which is especially impor-
tant in cirrhotic livers. Total ischemic time
should always be limited as much as possible. If
proper transection planes are selected, a Pringle
maneuver is often unnecessary, especially if
inflow vascular control has been obtained.

left hepatectomy (thick arrows). The transection plane
was shifted laterally to assure negative margins for the
lesion seen in segment 4 (thin arrow)

6.8 Parenchymal Transection

Transection of the liver parenchyma can be per-
formed with multiple techniques—most often a
combination of techniques—according to the
surgeon’s experience and preference. Finger
fracture (digitoclasy), clamp crushing, water jet
devices, and ultrasound energy devices (i.e.,
CUSA or Cavitron Ultrasonic Surgical Aspirator)
gently fracture the parenchyma while preserving
vessels and bile ducts crossing the transection
plane. These structures are then controlled with
ties, clips, energy devices, or staplers for larger
structures. Bipolar (i.e., LigaSure) and ultrasonic
(Harmonic Scalpel) vessel-sealing devices can be
used for control of vessels up to 7-8 mm—de-
creasing the need for ties and clips and, thereby,
resulting in faster transection. Hemostatic devi-
ces such as the argon beam coagulator and the
radiofrequency sealer devices (i.e., TissueLink
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and Aquamantis) are very useful to control
bleeding from the cut edge of the liver. Finally,
staple devices can be employed for the division
of large vessels.

Mobilization of the liver starts with transec-
tion of the falciform ligament to the anterior
surface of the hepatic veins. For a right liver
resection, the right coronary and triangular liga-
ments are then divided, exposing the bare area of
the liver as the right liver is mobilized and
rotated to the left and the short hepatic veins
draining directly to the IVC are ligated until the
right hepatic vein is identify and encircled.
Attention is turned to the hilum, where the right
hepatic artery and right portal vein are dissected
and ligated. The parenchyma is transected at
vascular demarcation, and the right hepatic duct
is identified and ligated near the left base of the
gallbladder fossa. When indicated, segment 4 can
be resected along with the right liver. The initial
steps are the same, but the transection plane is
along the right side of the falciform ligament
toward the medial aspect of the right hilar plate.
Inflow control to segment 4 and identification
and ligation of the middle hepatic vein are per-
formed as the parenchyma is transected.

For a left hepatectomy, the left triangular
ligament is divided, exposing the IVC and the
left hepatic vein. The round ligament is elevated
and the parenchymal bridge between segments 3
and 4B is divided exposing the left hilum at the
base of the umbilical fissure. The left hepatic
artery, portal vein, and hepatic duct are individ-
ually identified and ligated. The common trunk
of the middle and the left hepatic veins is
encircled as a clamp is passed between the left
hepatic vein and the IVC, emerging between the
right and middle hepatic veins or ligated intra-
parenchymally, during transection, which fol-
lows the demarcated line. When indicated, the
right anterior section (segments 5 and 8) can be
resected along with the left hemiliver. The initial
steps are the same as those for a left hepatec-
tomy. The main challenge is to define the tran-
section plane, which is horizontal—extending
from the right of the gallbladder fossa and
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anterior to the right hepatic vein toward the base
of segment 4—without injuring the inflow to the
posterior sector (segments 6 and 7). The pedicle
to the right anterior sector will be identified and
ligated as transection of the parenchyma
approaches the hilum.

6.9 Complications

Although mortality with modern liver resection is
low in tertiary centers, morbidity is still signifi-
cant. While overall morbidity is 40-60%, com-
plications requiring interventions or resulting in
death are around 20% [2, 36, 37]. Pulmonary
complications are the most common complica-
tions in open surgery, occurring in approximately
20% of the patients. Ascites develops in 10-20%
of the patients and in up to a third of the patients
operated for HCC [37]. Ascites can result in the
disruption of the incision and major fluid and
electrolyte losses.

Intra-abdominal collections at the transected
edge of the liver are common after major liver
resections. These collections should be percuta-
neously drained if the patient becomes symp-
tomatic or if there are clinical signs of infection.
Biliary leaks from the transected liver edge are
seen in 7% of the cases [36, 37]. If persistent
bilious drainage exists, ERCP with sphinctero-
tomy can be performed to diagnose the site of the
biliary leakage and decrease the output.

Posthepatectomy liver failure is a rare com-
plication (2%), but it is associated with high
mortality (up to 50% of the patients) [38]. Liver
insufficiency may present in the early postoper-
ative period with hypotension refractory to
vasopressors, respiratory failure, acute renal
insufficiency, hypoglycemia, and coagulopathy.
Other patients may develop a more protracted
course with progressive hyperbilirubinemia,
encephalopathy, massive ascites, anasarca, and
renal insufficiency. While some of these patients
will never recover their liver function and even-
tually succumb to infection, others will regener-
ate to sufficient size with appropriate support.
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Factors associated with increased risk of post-
operative liver failure include the size and func-
tion of the liver remnant (especially in cirrhotic
patients), intraoperative blood loss, and postop-
erative complications, most commonly infectious
[39, 40]. Treatment is supportive while the liver
regenerates, regaining both volume and function.
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7.1 Introduction

Embolization represents selective intra-arterial
delivery of micron-sized embolic particles that
can be combined with radioisotopes or
chemotherapeutic agents for the treatment of
primary or metastatic hepatic malignancies.
Bland embolization involves the restriction of
vascular supply to the tumor without radioiso-
tope or chemotherapeutic agents. Transarterial
chemoembolization (TACE) and radioemboliza-
tion (TARE) combine embolic particles with
cytotoxic agents or with °°Y microspheres,
respectively, to treat a variety of hepatic lesions
with minimal associated clinical complications.
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7.2 Hepatic Vasculature
and the Anatomic Basis
of Intra-Arterial Therapies

The unique dual vascular supply of the liver
allows for selective tumor-based therapy. Hepatic
tumors greater than 3 mm in size are estimated to
derive 80-100% of vascular supply from the
arterial system while normal hepatic parenchyma
is predominantly supplied by the portal venous
system [1]. The common hepatic artery arises
from the celiac trunk and terminates in the gas-
troduodenal artery (GDA) and the proper hepatic
artery. The proper hepatic artery is estimated to
supply the entire liver in approximately 55% of
patients. Terminal branches may include the right
gastric artery in addition to the right and left
hepatic arteries. Figure 7.1 demonstrates typical
hepatic anatomy.

Approximately 45% of patients demonstrate
altered hepatic anatomy (Table 7.1). The com-
mon hepatic artery may arise from the aorta or
SMA in <5% of cases. The right hepatic artery
may commonly originate from the SMA in 15%
of cases, and may rarely arise from the celiac
trunk. An accessory right hepatic artery may
arise from the SMA in approximately 6% of
cases and is typically seen to supply Couinaud
segments 6 and 7. Both replaced and accessory
left hepatic arteries have an estimated incidence
of 10-15% and almost exclusively arise from the
left gastric artery. Although not considered
altered hepatic anatomy, the arterial supply to
segment 4 is variable and may be derived from

69

J. Meyer and T.E. Schefter (eds.), Radiation Therapy for Liver Tumors,

DOI 10.1007/978-3-319-54531-8_7



70

K.M. Menon et al.

Fig. 7.1 Normal hepatic
arterial supply. Digital
subtracted angiogram of the
common hepatic artery.

1. Common Hepatic Artery.
2. Left Gastric Artery.

3. Gastroduodenal Artery.
4. Right gastroepiploic artery.
5. Superior
pancreaticoduodenal.

6. Common Hepatic Artery.
7. Right Hepatic Artery.

8. Left Hepatic Artery

Table 7.1 Hepatic All branches from common hepatic artery 55-65%

Arterial Anatomy
Right hepatic artery from SMA 10-12%
Left hepatic from left gastric artery 4-11%
Accessory left hepatic from left gastric artery 8-11%
Right hepatic from SMA and left hepatic from left gastric artery 2-3%
Right hepatic artery from right phrenic 4-5%
Accessory right hepatic artery 2-3%
Common hepatic artery from aorta 2%
Right hepatic artery from celiac trunk <1%

Based on data from Refs. [2, 3]

the either the right or left hepatic arteries [2, 3].
Figure 7.2 demonstrates common hepatic arterial
variants. The term used to denote aberrant arterial
anatomy is “replaced”. For instance, if the right
hepatic artery arises from the SMA, it is called a
replaced right hepatic artery.

7.3 Patient Selection

Pretreatment assessment is based on initial
imaging assessment, burden of disease, labora-
tory markers, patient performance status, hep-
atopulmonary shunt assessment, and
pre-procedure angiography. Diagnosis of HCC

can be made through noninvasive findings
including an elevated serum alpha-fetoprotein
level or characteristic imaging findings on dedi-
cated multiphase CT or MRI (Fig. 7.3). Patients
with liver metastases may require biopsy sam-
pling for pathological confirmation. Imaging
should evaluate disease burden and assess for
portal vein patency, biliary obstruction, and
malignant ascites. For TACE, absolute exclusion
criteria include greater than 50% involvement of
the liver by tumor, extrahepatic metastases, as
well as reduced main portal vein flow (from
thrombus or stenosis) and renal insufficiency.
Patients with poor clinical prognosis including
hepatic encephalopathy and jaundice should be
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(a)

Fig. 7.2 Hepatic Arterial Anatomy Variants: a Digital
subtracted SMA angiogram demonstrates a replaced right
hepatic artery (arrow) from the SMA (*). b Accessory left

excluded from either treatment [4]. A relative
threshold of a bilirubin of <= 2—3 mg/dL has
been suggested. In the setting of secondary
hepatic malignancy, TACE or TARE should only
be considered if patient clinical outcome is
dependent on the hepatic metastatic burden
[5-8].

7.3.1 Pretreatment Angiographic

Assessment

Assessment of the vascular anatomy for TACE
procedures can be performed at the time of pro-
cedure. Angiographic identification of arteries
that may lead to inadvertent injury to nontargeted
parenchyma is of critical importance. The hepatic
arterial supply is highly variable, as previously
discussed, and HCC may co-opt adjacent vas-
culature including parasitized phrenic and
omental arteries (Fig. 7.4). Thorough investiga-
tion of the celiac axis and SMA is required for
appropriate evaluation of all relevant feeding
hepatic arteries. Reflux of embolic particles into
the feeding vessels of the gastrointestinal system
may lead to injury of the stomach, small bowel,
and esophagus [4]. The GDA, right gastric, and
left gastric arteries in addition to prominent

(b)

hepatic artery (arrow) from the left gastric artery (*). Left
hepatic artery is visualized

esophageal and duodenal branch arteries should
be clearly identified. Prophylactic coil
embolization of these arteries should be per-
formed if the origins of the arteries are close to
the site of expected infusion, but prophylactic
coil embolization is no longer considered an
absolute requirement prior to treatment [9].

The cystic artery should be clearly identified
given the variability of origin. Either the infusion
catheter must be placed distal to the cystic artery
at the time of embolization or the artery should
be prophylactically coil embolized during plan-
ning angiography to minimize risk of cystitis.
Multiple small feeding vessels perfuse the gall-
bladder and prophylactic coil embolization to the
gallbladder is typically well tolerated. There is a
theoretical risk of damage to the anterior
abdominal wall and a patent falciform artery
should be prophylactically embolized to avoid
undue patient pain.

7.4 TACE Preparation
and Procedure

TACE involves the delivery of cytotoxic agents
in conjunction with embolic materials to induce
necrosis in the tumor. Microspheres are the most
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Fig. 7.3 Imaging findings of HCC: a Arterial phase CT ~ angiogram demonstrates the typical tumor blush of
scan demonstrates arterial enhancement with b charac- HCC
teristic tumor washout on delayed phase. ¢ Corresponding
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Fig. 7.4 Parasitization of the
vasculature by hepatocellular
carcinoma: Digital subtracted
angiogram of the celiac trunk
demonstrates a left inferior
phrenic artery (arrow)
characteristically tracking
along the diaphragm and
supplying the tumor (*)

common embolic agent in TACE. Microspheres
may be made from a multitude of compounds
including glass, acrylics, and resins to name a
few and may vary in size, shape, and the mech-
anism by which they bind to additional com-
pounds including chemotherapeutics. No
consensus exists in the choice of chemothera-
peutic agent; however, doxorubicin is the most
commonly used chemotherapeutic agent [10, 11].
Alternative chemotherapeutic regimens may uti-
lize irinotecan or combination of doxorubicin,
mitomycin-C, and cisplatin. Doxorubicin is
usually mixed with lipiodiol in a variety of for-
mulations depending on tumor location and
burden to optimize dose to the targeted tumors.
The emulsion of lipiodiol and the chemotherapy
agent also has a small amount of iodinated con-
trast added to allow for visualization of the
agents on radiographic equipment. This entire
mixture is then suspended with 100-300 pm
beads and injected to the target site of
embolization. Alternatively, the emulsion can be

injected and followed by embolization with
beads or Gelfoam particles. Injection is usually
performed with a microcatheter in subselected
arterial segment to prevent nontarget emboliza-
tion. The emulsion is injected slowly to ensure
embolization is as targeted as possible and stasis
occurs in the target site [4, 12]. TACE method-
ologies vary widely between practitioners and
institutions. Bland embolization utilizes the same
technique with ischemic inducing embolic parti-
cles in order to treat conditions including bleed-
ing tumors.

Drug-eluting beads (DEB) are embolic
particles impregnated with a chemotherapeutic,
typically doxorubicin, that provide higher
chemotherapeutic doses with prolonged admin-
istration at the targeted tumor. Particles range
from 100-700 pm and are administered similar
to conventional TACE without the need for lip-
iodol intermixing. Studies have demonstrated
DEB TACE administration to be more repro-
ducible with fewer post-therapeutic side effects.
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Superiority of DEB-TACE to conventional
TACE remains a matter of investigation. TARE
preparation and treatment is discussed in detail in
Chap. 11.

7.5 Posttreatment Follow-up

TACE is performed as an outpatient procedure
with discharge on the same day. Patients should
be monitored for complications associated with
any arterial procedure including entry site injury,
iatrogenic arterial injuries (including dissection),
and nontarget embolization. These complications
are usually evident either intraprocedurally or
immediately in the post-procedure setting.

For TACE, no risks exist for those in contact
with treated patients. Materials that come in
contact with chemotherapy should be treated as
contaminated and disposed of in a safe manner to
avoid risking exposure.

Clinic follow-up one month after therapy
should include a full evaluation of liver functional
markers and multiphase imaging to assess for
tumor necrosis and treatment success. Subsequent
imaging 2-3 months after TACE or TARE may
be necessary for evaluation for residual tumor or
mass growth [13]. Treatment success in TACE or
TARE can usually be assessed using modified
Response Evaluation Criteria in Solid Tumors
(mRECIST). Multiple studies have demonstrated
that these criteria correspond to survival out-
comes. The clearest determinant of residual or
recurrent tumor is usually arterial enhancement of
any kind in the tumor bed. Repeat therapy can be
performed on demand when residual or recurrent
tumor is visualized on follow-up imaging or ris-
ing alpha-fetoprotein levels are noted.

7.6 Side Effects and Complications

TACE is a fairly well-tolerated procedure.
Postembolization syndrome is frequently seen
after TACE and represents a constellation of
symptoms that include abdominal pain, nausea,
fever, and cachexia. The symptoms are thought
to be in proportion to increased embolic effects.

K.M. Menon et al.

Symptomatic management with antiemetics and
steroids may be needed, but hospitalization is
exceedingly rare [14].

Complications of biliary tree damage typically
present as incidental findings of focal dilation or
biloma formation [9, 12]. Hepatic abscesses
rarely develop but drainage is required if present.
Of note, colonization of the biliary system may
require prophylactic antibiotics prior to treatment
[7]. Finally patients should be monitored for
development of hepatic failure, variceal bleeding
or renal failure, as these are rare but noted
complications of TACE.

References

1. Kennedy A, Nag S, Salem R, Murthy R,
McEwan AJ, Nutting C, Benson A 3rd, Espat J,
Bilbao JI, Sharma RA, Thomas JP, Coldwell D.
Recommendations for radioembolization of hepatic
malignancies  using  yttrium-90  microsphere
brachytherapy: a consensus panel report from the
radioembolization brachytherapy oncology consor-
tium. Int J Radiat Oncol Biol Phys. 2007;68(1):
13-23. doi:10.1016/j.ijrobp.2006.11.060.

2. Michels NA, editor. Blood supply and anatomy of
the upper abdominal organs with a descriptive atlas.
Philadelphia, PA: Lippincott; 1955.

3. Covey AM, Brody LA, Maluccio MA, Getrajd-
man GI, Brown KT. Variant hepatic arterial anatomy
revisited: digital subtraction angiography performed
in 600 patients. Radiology. 2002;224(2):542-7.
doi:10.1148/radiol.2242011283.

4. Lencioni R, Petruzzi P, Crocetti L. Chemoembolization
of Hepatocellular Carcinoma. Semin Intervent Radiol.
2013;30(1):3-11. doi:10.1055/s-0033-13336438.

5. El-Serag HB. Hepatocellular carcinoma. New Engl J
Med. 2011;365(12):1118-27. doi:10.1056/NEJMra
1001683.

6. Mahnken AH, Pereira PL, de Baere T. Interventional
oncologic approaches to liver metastases. Radiology.
2013;266(2):407-30. doi:10.1148/radiol.12112544.

7. Kaufman JA, Lee MIJ editors. Vascular and Inter-
ventional Radiology. The Requisites, 2 ed. Philadel-
phia, PA:Elsevier, Saunders; 2014.

8. Habib A, Desai K, Hickey R, Thorburg B,
Lewandowski R, Salem R. Transarterial approaches
to primary and secondary hepatic malignancies. Nat
Rev Clin Oncol. 2015;12(8):481-9. doi:10.1038/
nrclinonc.2015.78.

9. Riaz A, Lewandowski RJ, Kulik LM, Mulcahy MF,
Sato KT, Ryu RK, Omary RA, Salem R. Complica-
tions following radioembolization with yttrium-90


http://dx.doi.org/10.1007/978-3-319-54531-8_11
http://dx.doi.org/10.1016/j.ijrobp.2006.11.060
http://dx.doi.org/10.1148/radiol.2242011283
http://dx.doi.org/10.1055/s-0033-1333648
http://dx.doi.org/10.1056/NEJMra1001683
http://dx.doi.org/10.1056/NEJMra1001683
http://dx.doi.org/10.1148/radiol.12112544
http://dx.doi.org/10.1038/nrclinonc.2015.78
http://dx.doi.org/10.1038/nrclinonc.2015.78

7 Principles of Intra-Arterial Therapies

10.

11.

microspheres: a comprehensive literature review.
Journal of vascular and interventional radiology:
JVIR. 2009;20 (9):1121-1130; quiz 1131. doi:10.
1016/j.jvir.2009.05.030.

Lammer J, Malagari K, Vogl T, Pilleul F, Denys A,
Watkinson A, Pitton M, Sergent G, Pfammatter T,
Terraz S, Benhamou Y, Avajon Y, Gruenberger T,
Pomoni M, Langenberger H, Schuchmann M,
Dumortier J, Mueller C, Chevallier P, Lencioni R,
Investigators PV. Prospective randomized study of
doxorubicin-eluting-bead embolization in the treat-
ment of hepatocellular carcinoma: results of the
PRECISION V study. Cardiovasc Intervent Radiol.
2010;33(1):41-52. doi:10.1007/s00270-009-9711-7.
Pinter M, Hucke F, Graziadei I, Vogel W,
Maieron A, Konigsberg R, Stauber R, Grunberger B,

12.

14.

75

Muller C, Kolblinger C, Peck-Radosavljevic M,
Sieghart W. Advanced-stage hepatocellular carci-
noma: transarterial chemoembolization versus sor-
afenib. Radiology. 2012;263(2):590-9. doi:10.1148/
radiol.12111550.

Shah RP, Brown KT, Sofocleous CT. Arterially
directed therapies for hepatocellular carcinoma. AJR
Am J Roentgenol. 2011;197(4):W590-602. doi:10.
2214/AJR.11.7554.

. Minocha J, Lewandowski RJ. Assessing Imaging

Response to Therapy. Radiol Clin North Am.
2015;53(5):1077-88. doi:10.1016/j.rc.2015.05.010.
Clark TWI. Complications of Hepatic Chemoem-
bolization. Semin Intervent Radiol. 2006;23(2):
119-25. doi:10.1055/s-2006-941442.


http://dx.doi.org/10.1016/j.jvir.2009.05.030
http://dx.doi.org/10.1016/j.jvir.2009.05.030
http://dx.doi.org/10.1007/s00270-009-9711-7
http://dx.doi.org/10.1148/radiol.12111550
http://dx.doi.org/10.1148/radiol.12111550
http://dx.doi.org/10.2214/AJR.11.7554
http://dx.doi.org/10.2214/AJR.11.7554
http://dx.doi.org/10.1016/j.rcl.2015.05.010
http://dx.doi.org/10.1055/s-2006-941442
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8.1 Introduction

Within the field of local-regional hepatic thera-
pies, the area of thermal ablation plays an
important role. First conceptualized in the 1840s,
thermal ablation greatly expanded after the
advent of cross-sectional imaging. Techniques
are generally used for patients with unresectable
and borderline resectable disease, which may be
due to the size, number, or location of the liver
tumors, or for patients judged inoperable due to
the patient’s poor health. These methods have
thus become an integral part of the treatment
armamentarium for liver-directed therapy. All
techniques presented in this chapter can be used
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for either primary or metastatic hepatic malig-
nancies, and can also be used in combination
with other therapies to maximize effectiveness.

Thermal ablation methods are divided into
hyper- and hypothermic techniques, depending
on the temperature delivered (Fig. 8.1). In this
chapter, we discuss each of thermal ablation
methods, mechanisms of tumor ablation, and
review of the technical and clinical considera-
tions that must be made when deciding to
employ one of these modalities.

8.2 Hyperthermic Techniques

Hyperthermic ablation techniques function
by applying supraphysiological temperatures
(>40 °C) to tissues, causing changes at the cellular
and molecular levels that ultimately result in
coagulative necrosis and cell death [1]. Trreversible
tissue damage occurs at temperatures in the 45 °C
range when applied uniformly for 30-60 min.
When temperatures rise above 50-60 °C, protein
denaturation, enzyme dysfunction, and membrane
cell collapse all rapidly occur, leading to irre-
versible damage and cell death in seconds [2]. At
100 °C, cell death is instantaneous with evapora-
tion. Coagulative necrosis occurs in the zone of
tissue closest to the focus of energy delivery, which
is the hottest. Surrounding this necrotic core,
energy conduction outward results in a cooler zone
of sub-lethal hyperthermic tissue damage [2].
Data primarily from animal studies suggest that
tumors have a decreased ability to augment
blood flow in response to hyperthermic insults,
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Fig. 8.1 Device images.

a Philips high-intensity
ultrasound transducer.

b LaVeen radiofrequency
ablation probe. ¢ Visualase
diode laser ablation system.
d NuWave Certus140
microwave ablation device.
e Endocare right angle
cryoprobe with approximate
ablation zone
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thus permitting heat to linger longer and promote
tissue injury more specifically in these abnormal
tissues [1]. Conversely, the peripheral, cooler zone
becomes hyperemic. This phenomenon can be used
advantageously, by promoting the accumulation of
liposomally delivered chemotherapeutic agents,
which can be given concurrently to improve effect
[2]. All hyperthermic ablation modalities are asso-
ciated with low but real risks for complications,
necessitating routine post-operative observation. If
lesions are adjacent to other critical organs or
structures, patients can be observed overnight to
monitor for hemodynamic changes and ensure pain
control.

8.3 Radiofrequency Ablation (RFA)

The application of radiofrequency (RF) energy
for parenchymal destruction was first described
by d’Arsonval in 1891 [3], and was subsequently
broadly introduced into the modern medical
world with the advent of electrocautery in the
operating room. In 1990, McGahan et al. [4] and
Rossi et al. [5] independently reported the use of
RF energy for liver tumor ablation. Despite the
introduction of multiple new ablative techniques,
RFA remains the most investigated modality to
date.

8.3.1 Mechanism of Action

Radiofrequency ablation (RFA) utilizes an alter-
nating 500 kHz radiowave current that can be
delivered either through a monopolar or bipolar
device probe, causing frictional heat up to 100 °C
[2]. When these waves are conducted through the
liver parenchyma, intrinsically dipolar molecules
such as water adjacent to the RFA probe vibrate as
they attempt to remain aligned with current. Fric-
tion between adjacent molecules causes hyper-
thermia, leading to coagulative necrosis [6, 7].
Tissue/cell death with RFA is a function of both
power (which increases parenchymal temperature)
and time. If the generator power is increased too
high too fast, it can cause tissue desiccation and

79

charring. This can produce an insulating sleeve
around the probe that limits the conduction of
energy [6]. A slower increase in temperature
avoids charring and is more desirable for creating a
larger ablation zone [8].

8.3.2 Technical Considerations

RFA can be performed percutaneously, laparo-
scopically, or via laparotomy [9]. The percuta-
neous approach can be guided by ultrasound, CT,
or MRI, while the operative approach is gener-
ally guided by intra-operative ultrasound [9].
Monopolar probes deliver energy circumferen-
tially around the probe. They penetrate <l cm
around the active electrode [2], and require
grounding dispersing pads elsewhere on the
patient’s body to complete the electrical circuit.
A known issue with monopolar RFA is heat loss
through adjacent high flow blood vessels (gen-
erally >3 mm) through convective heat transfer
[1]. This “heat sink” effect decreases energy
delivered, lowers the maximum heat applied to
the tumor [10], and thus decreases the efficacy of
RFA, increasing the chance of residual tumor in
the ablation zone. To address this issue, bipolar
devices have been created that deliver energy
between two probes, allowing for improved,
faster energy concentration along a specific line
of tissue (Fig. 8.2) [10]. Since bipolar RFA does
not require grounding pads, it also eliminates the
risk of burn at the site of grounding.

There are multiple RFA systems available
with different generators and probe configura-
tions; however, no data exists proving superiority
of one system over another. Most variations exist
in an attempt to increase the size and homo-
geneity of the ablation zone, using either multiple
electrodes or modifications in technique. Placing
up to three probes 1 cm apart has shown to be
effective in increasing ablation size. Increased
distance >1 c¢cm, however, can lead to dumbbell
shaped or entirely separate ablation zones
potentially leading to incomplete ablation and
thus residual viable tumor. Multi-tined expand-
able arrays were introduced by LeVeen [11] in
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Fig. 8.2 Successful
treatment of a hepatocellular
carcinoma with
radiofrequency ablation under
CT guidance. a Axial image
of the mass with internal
enhancement (arrow) in
portal venous phase. b Axial
image during radiofrequency
ablation with two probes in
the lesion. ¢ Axial image one
month post-procedure
demonstrating ablation zone
with no evidence of
enhancement

(a)

order to increase the ablation size. Each tine
produces a separate zone of coagulative necrosis
that coalesces with the other tine zones at the
center of the probe. This leads to a larger and
more predictable ablation zone. Goldberg [12]
also described internally cooled probes using
chilled saline pumped through the shaft to
decrease charring.

8.3.3 Patient Considerations
and Risks

RFA is most effective for treating tumors that are
<3 cm [13] that are located away from major
hepatic vessels, because of the heat sink effect
referenced above [14, 15]. A 1 cm margin
between the zone of ablation and adjacent bowel
is also recommended. There are reports of RFA
used to treat hepatocellular carcinoma
(HCC) with tumor sizes up to 5 cm [16].

Risks for liver RFA are low, with an associated
morbidity rate of 2—-6% [17]. Most complications
are vascular in nature, including bleeding, arteri-
ovenous fistulas, pseudoaneurysms, thrombosis,
and infarctions. These complications are more

C.L. Stewart et al.

(b)

common in cirrhotic patients who already have
compromised hemostasis and often have ascites
preventing tamponade of blood in the abdominal
cavity. As such, some recommend peri-procedural
paracentesis [18]. Vascular complications are also
more common in patients with superficial, sub-
capsular tumors and in patients with HCC, since
these tumors are hypervascular. Biloma, hepatic
abscess, injury to associated organs, and seeding
of the needle tract have also been reported. Needle
track seeding may be more common in cholan-
giocarcinoma; as such, some specifically cauterize
the needle track for this particular patient popula-
tion [18]. Percutaneous treatments may preclude
subsequent liver transplantation and therefore
multidisciplinary evaluation is of utmost impor-
tance. A “post-ablation syndrome” has also been
described, consisting of a flu-like illness
post-procedurally that is self-resolving. For large
or multiple ablations, separate sessions can reduce
the severity of the post-ablation syndrome. RFA is
associated with a mortality rate of 0-2%. Causes of
death related to RFA include intestinal perfora-
tion, sequelae from portal vein thrombosis, hepatic
insufficiency, septic shock from peritonitis, and
massive hepatic hemorrhage [17].



8 Principles of Thermal Ablation
8.4 Microwave Ablation (MWA)

Microwaves were initially investigated in the
treatment of myocardial arrhythmias in early
1990s [19]. Unpredictable ablation zones, over-
heating problems, and skin burns hampered the
initial experience with microwave ablation of
liver tumors. Recent advances in devices and
technique, however, have now made MWA a
popular ablation modality.

8.4.1 Mechanism of Action

MWA utilizes an alternating 915 MHz to
2.45 GHz microwave current that causes oscil-
lation of intrinsically dipolar molecules such as
water. The continuous realignment of the water
molecules with the oscillating current results in
frictional heat, and subsequent coagulative
necrosis [7, 13]. Unlike RFA, which requires
conductive tissue to create an ablation zone,
MWA only requires polar molecules to create
frictional heat, and thus can be used in low
conductive tissues, and without grounding pads,
to achieve very high temperatures, often in
excess of 100 °C [20, 21]. The heat sink effect
that occurs adjacent to high flow blood vessels
with RFA does also occur with MWA but to a
much smaller extent. MWA can therefore be
used adjacent to hepatic vessels as large as
10 mm [22]. Charring of adjacent tissue does not
occur with MWA, permitting ablation of larger
tumors (>3 cm) [23]. MWA is also faster, with
ablation times often as low as 2-5 min [21].

8.4.2 Technical Considerations

Like RFA, MWA can be performed percuta-
neously or with an open technique, using an
antenna to deliver microwaves that propagate
through the tissue. Percutaneous methods can be
guided by ultrasound, CT, or MRI, and open
techniques are usually guided by intra-operative
ultrasound [9]. The MWA system consists of a
generator, a power distribution system, and one
or multiple antennae. The antenna becomes
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heated during ablation and thus most systems
require cooling, often with chilled water, saline,
or compressed carbon dioxide gas around the
antenna shaft [21]. Non-cooled systems do exist,
but take longer (25 min) for ablation, and create
a “tail” of hyperthermia along the shaft [20, 21].
Some have reported intentionally creating this
tail by gradually withdrawing the antenna to
cauterize the needle tract and prevent tumor
seeding [24].

Different systems deliver various wavelengths
of microwaves and power produced by the gen-
erator. Lower frequencies (915 MHz) may create
larger ablative zones compared to higher fre-
quencies (2.45 GHz), but this has more recently
been questioned [25]. Higher power systems (up
to 180 W) also create larger and more spherical
ablative zones [20]. Multiple antennae can be
used during MWA. The use of up to three
antennae in an array creates thermally synergistic
interactions, which increase the ablative zone
more than the total of the individual ablative
zones, up to 5-6 cm [20, 26, 27]. Multiple
antennae, however, are generally more expen-
sive, require more pre-procedural planning, and
have a theoretically higher bleeding risk [20].
Antennas are also available straight or looped
(generally using multiple antennae), without a
significant difference in the size of ablative zone
[26].

8.4.3 Patient Considerations
and Risks

This technology can be used on patients with
tumors up to 6 cm if a multi-antenna MWA
delivery system is used. One study specifically
looking at use of MWA in patients with
tumors >6 cm showed complete ablation in 3 out
of 4 patients, in 2-3 applications [28]. Disad-
vantages of MWA are generally related to the
fact that microwaves are inherently more difficult
to generate and deliver safely. MWA requires
coaxial cables to prevent power loss and over-
heating, which are thicker and less flexible
compared to the thinner wires used to deliver
RFA. Compared to RFA, probes are also larger
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diameter and the shape of the ablative zone is
less predictable. Ablative zones can be long (up
to 6 cm) and oblong in shape, risking burns to
the body wall or adjacent structures [25]. Ther-
mocouplers and temperature monitoring can be
used in scenarios where MWA is used adjacent
to susceptible areas, such as the liver hilum and
at the interface of the liver edge and bowel, to
reduce heat. Hydrodissection can also be per-
formed with sterile water or 5% dextrose with
dilute contrast to create more space between the
ablation zone and critical structures [29].
Hydrodissection with saline is avoided to mini-
mize the possibility of ionic interactions with the
induced electrical current [30].

Complications from MWA occur rarely. In a
series of more than 1100 patients, the frequency
of major complications was reported at 2.6%
[24]. The most common complication was pleu-
ral effusion requiring thoracentesis, all in patients
with tumors near the diaphragm. There were two
deaths attributed to MWA in this series, both due

Fig. 8.3 Treatment of
hepatocellular carcinoma with
microwave ablation under CT
guidance, complicated by
liver infarction and abscess.
a Axial image of the mass
with enhancement (arrow).

b Sagittal image during
ablation with three antennae
¢ Axial image 2 weeks
post-procedure with
w