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Foreword

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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Preface

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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Note Regarding Radiation Dose
Constraints

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:
a users guide. Int. J. Radiat. Oncol. Biol. Phys. 76(3 Suppl), S1–2 (2010)

3. C.C. Pan, B.D. Kavanagh, L.A. Dawson et al., Radiation-associated liver injury. Int.
J. Radiat. Oncol. Biol. Phys. 76(3 Suppl), S94–100 (2010)
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1Liver Anatomy and Function

Jeffrey B. Kaplan, MD, Avash Kalra, MD
and Scott W. Biggins, MD, MAS

List of abbreviations
TIPS Transjugular Intrahepatic Portosystemic Shunt
MELD Model for End-Stage Liver Disease
INR International Normalized Ratio
TACE Transarterial chemoembolization
AST Aspartate aminotransferase
ALT Alanine aminotransferase
CTP Child-Turcotte-Pugh
OPTN Organ Procurement Transplantation Network
UNOS United Network for Organ Sharing

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
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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.

As the liver is involved inmany 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
portionof 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,

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).

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]

4 J.B. Kaplan et al.



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.

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

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

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]

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

1 Liver Anatomy and Function 5



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

Fig. 1.4 Histologic picture
of a cirrhotic liver. Histologic
appearance of a cirrhotic liver
(Masson’s trichrome;
approximately 40�).
Regenerative parenchymal
nodules (red) are demarcated
by fibrous septa (blue) that
bridge from portal tract portal
tract and portal tract to central
vein
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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,
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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.

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

Table 1.1 Classifications
of adult liver disease

Etiology Timeframe Compartmental

Metabolic Acute Hepatocyte

Toxic Chronic Bile Duct

Infectious Vasculature

Circulatory

Neoplastic
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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 mmHg.As a result, 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

(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

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 Hepatocellular carcinoma

Systemic Sarcopenia
Cachexia
Fatigue
Anxiety
Depression

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

Points 1 2 3

Total Bilirubin (mg/dL) <2.0 2–3 >3

Albumin (g/dL) >3.5 2.8–3.5 <2.8

INR <1.7 1.7–2.2 >2.2

Ascites Absent Mild Severe

Encephalopathy Absent Grade I–II Grade III–IV

Class A = 5–6 points
Class B = 7–9 points
Class C = 10–15 points
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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 � (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—elevatedbaseline serumbilirubin, INR, or
creatinine; decreased serum albumin; presence of
ascites or encephalopathy; MELD score above 20
—has been associatedwith 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.
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2Imaging Characteristics of Normal
Liver and Liver Tumors

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

Abbreviations
US Ultrasound
CT Computed tomography
MRI Magnetic resonance imaging
FDG-PET Fluorodeoxyglucose, positron emission tomography
MDCT Multidetector computed tomography
MRCP Magnetic resonance cholangiopancreatography
ERCP Endoscopic retrograde cholangiopancreatography
GRE Gradient recalled echo
DWI Diffusion-weighted imaging
ADC Apparent diffusion coefficient
HCC Hepatocellular carcinoma
IVC Inferior vena cava
RES Reticuloendothelial system
TIPS Transjugular intrahepatic portosystemic shunt
GI Gastrointestinal
AASLD American Association for the Study of Liver Disease
LI-RADS 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

(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/VII. 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

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 onT1- andT2-weighted imaging. The liver–
spleen differencesmay serve as a simple guide to the
efficacy of intrinsic T1 andT2weighting.Generally,
the spleen should be lower signal (darker) than liver
onT1Wimagesandhigher signal (brighter) onT2W
imaging.Theappearanceof vessels varieswidely 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 T1W 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 99mTechnetium-sulfur colloid or albumin
colloid, which are taken up by the

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
nodularity of the surface contour [22].

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
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 atrophy;
lateral left lobe and
caudate lobe
enlargement

– Coarsened echotexture
– Arteriovenous shunts
– Hepatic arteries:
increased or decreased
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 atrophy;
lateral left lobe and
caudate lobe
enlargement

– RN/SN/fibrosis
– Arteriovenous shunts
– Splenomegaly
– Ascites

– Hepatomegaly (early)
– Irregular contour
– Right lobe and medial
left lobe atrophy;
lateral left lobe and
caudate lobe
enlargement

– RN/SN/fibrosis
– Arteriovenous shunts
– Splenomegaly
– Ascites

– Early: mildly stretched hepatic
arteries

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

– Portosystemic collaterals
– Hepatofugal flow

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 locationwith no
visible mass effect [26].

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 T1W and T2W
images, but sometimes contain lipid or iron. The
iron-containing (siderotic) nodules show low
signal on both T1W and T2W images [27].

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)

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.

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)
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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 T1W images and of
increased to heterogeneous signal on T2W ima-
ges, depending on the size [34]. However, some
lesions are of increased signal on T1W 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

Table 2.2 Imaging findings of hepatocellular carcinoma

Ultrasound CT MRI Angiography

• Lesion with
increased or
decreased
reflexivitya

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

• Tumor thrombus
in portal vein

• 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

• Non-enhanced: Low T1W
signalb; heterogeneous
hyperintense T2W signal

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

• Dilated feeding arteries;
abundant abnormal
vessels (‘tumor
stains’)c; arteriovenous
shunting

• Translucent rim (<10%
of cases)

• “Threads and streaks”
appearance in portal
vein invasion

aLarge lesions (�3 cm) may show internal heterogeneity due to hemorrhagic, necrotic, or fatty components
bMay show high T1W signal due to fat or glycogen accumulation
cMay be hypovascular or avascular
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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].

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

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

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

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)

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
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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

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

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,

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

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

arrows). Axial T2W MR image (c) showing the dilated
intrahepatic biliary ducts (dashed red arrows) with no
apparent hilar lesion
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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
features of growth on 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

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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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. Therewas 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

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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3Assessment of Liver Function: Focus
on the ALBI Score

Philip J. Johnson, MD, FRCP, Harun Khan, MBBS
and Sarah Berhane, PhD

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

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 lmol/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

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 ¼ 3:78
� ln serum bilirubin ðmg=dLÞ½ � þ 11:2
� ln INR½ � þ 9:57
� ln serum creatinine ðmg=dLÞ½ � þ 6:43:

The result is presented as a continuous vari-
able ranging from 6 to 40. The higher the MELD
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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

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
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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 ¼ log10 bilirubin� 0:66ð Þ
þ Albumin��0:085ð Þ;

where bilirubin is in µmol/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

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

(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

Fig. 3.3 Survival according
to ALBI score in an
international cohort of 2556
patients undergoing
potentially curative therapy
(mainly resection or
radio-frequency ablation).
Reprinted from [16]. Note the
clarity of discrimination
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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]

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]. With permission from American
Society of Clinical Oncology
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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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4Radiation Sensitivity of the Liver:
Models and Clinical Data
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and Randall K. Ten Haken, PhD

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.

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-b) mediate this process by stimulating
migration offibroblasts 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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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

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

Table 4.1 NCI CTCAE (Common Terminology Criteria for Adverse Events) v4.0 liver toxicity

Adverse event Grade 1 Grade 2 Grade 3 Grade 4 Grade 5

ALP increased >ULN–2.5 � ULN >2.5–5 � ULN >5–20 � ULN >20 � ULN

Total bilirubin
increased

>ULN–1.5 � ULN >1.5–3 � ULN >3–10 � ULN >10 � ULN

GGT increased >ULN–2.5 � ULN >2.5–5 � ULN >5–20 � ULN >20 � ULN

AST increased >ULN–3 � ULN >3–5 � ULN >5–20 � ULN >20 � ULN

ALT increased >ULN–3 � ULN >3–5 � ULN >5–20 � ULN >20 � ULN

Liver failure
(clinical)

Asterixis; mild
encephalopath;
limiting self-care
ADL

Moderate to severe
encephalopathy;
coma;
life-threatening
consequences

Death

Portal hypertension Decreased
portal vein flow

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

Life-threatening
consequences; urgent
operative intervention
needed

Death

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

geographic region of RILD with irregular decreased
attenuation pointed by the arrows [7]. (Reprinted with
permission from the American Journal of Roentgenology)
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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 ¼ f ðx;wÞ, where
w is a set of modeling parameters that need to be
estimated. If the form structure f ð�Þ 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

NTCP ðD;TD50;m; nÞ ¼ 1
ffiffiffiffiffiffi

2p
p

Z

t

�1
exp ð�u2=2Þ du;

ð4:1Þ

where t ¼ D�TD50

mTD50
, D is the dose damage metric;

TD50 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 TD50 is expressed as function of the
liver partial volume (V)

TD50ðVÞ ¼ TD50ð1Þ
Vn

; ð4:2Þ

where TD50ð1Þ is TD50 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 ðEQD2Þ using the
Linear-quadratic (LQ) model [22]:

EQD2 ¼ D
dþ a=b
2þ a=b

; ð4:3Þ

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

4.4.1 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, andwhole 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: TD50 = 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 TD50 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

whether the patients were hepatitis B carriers
(TD50 = 50 Gy) [9] or had C-P class B status
(TD50 = 23 Gy) [26].

4.4.2 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=b � 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 a=b
values in cases of rapidly proliferating and
hypoxic tumors [36, 41] or by developing alter-
nate models such as the modified LQ (MLQ), the

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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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-b, 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 Critical volume constraint

Metastatic <15 Gy/3 fractions >700 cc receives <15 Gy/3–5 fractions

<20 Gy/6 fractions

Primary <13 Gy/3 fractions

<18 Gy/6 fractions

Primary: Child-Pugh B <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 ln ð2ÞðT�TkÞ
aTp

, where

T is scheduled treatment time, Tk is treatment
delayed tumor repopulation time, and Tp 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

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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5Radiation Oncology: Fundamentals
and Controversies

Jeffrey Meyer, MD, MS and Tracey E. Schefter, MD

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,

(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

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].

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-

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

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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Part II

Principles of Surgery, Intra-arterial
Therapies, and Thermal Ablation



6Surgical Considerations

Ana Luiza Mandelli Gleisner, MD, PhD

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.

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
a very 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. Formetastatic 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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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); c a lesion on the right liver encases the
right portal vein (arrow); and d the right hepatic vein
(arrow)

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
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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

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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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

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
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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.

Table 6.2 Nomenclature of major hepatic resections based on the Brisbane 2000 nomenclature of hepatic anatomy
and resections

Major hepatic resection Liver segments resecteda

Right hepatectomy 5, 6, 7, 8

Extended right hepatectomy 4, 5, 6, 7, 8

Left hepatectomy 2, 3, 4

Extended left hepatectomy 2, 3, 4, 5, 8
aAny of these resections may also involve removal of segment 1, which is also referred to as the caudate lobe
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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

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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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.

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

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

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

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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7Principles of Intra-Arterial Therapies

Keshav M. Menon, MD, Ankaj Khosla, MD
and Clayton K. Trimmer, DO

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 90Y microspheres,
respectively, to treat a variety of hepatic lesions
with minimal associated clinical complications.

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
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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

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
Arterial Anatomy

All branches from common hepatic artery 55–65%

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]
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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

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

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

hepatic artery (arrow) from the left gastric artery (*). Left
hepatic artery is visualized
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Fig. 7.3 Imaging findings of HCC: a Arterial phase CT
scan demonstrates arterial enhancement with b charac-
teristic tumor washout on delayed phase. c Corresponding

angiogram demonstrates the typical tumor blush of
HCC
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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 lm
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 lm 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.

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 (*)
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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.

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.
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8Principles of Thermal Ablation

Camille L. Stewart, MD, Barish H. Edil, MD, Robert K. Ryu,
MD, FSIR and M. Reza Rajebi, MD

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

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]. Irreversible
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. c 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

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 ismore 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 <1 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 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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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

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
associatedwith amortality 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].

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. c Axial image one
month post-procedure
demonstrating ablation zone
with no evidence of
enhancement
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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

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

to pulmonary complications. Other complica-
tions that occurred related to MWA included
infarction, liver abscesses (Fig. 8.3), bile duct
injuries with biloma, bleeding requiring
embolization, colonic perforations, and skin
burns. Factors associated with complications
included using non-cooled shafts and a higher
number of treatment sessions [24].

8.5 Interstitial Laser
Photocoagulation (ILP)

Interstitial laser photocoagulation (ILP) of liver
tumors was first described by Bown in 1983 [31],
and is referred by several names in the literature,
including laser thermotherapy, laser-induced
thermotherapy, laser ablation, and interstitial
laser coagulation. Since its introduction, ILP has
been used for ablation of tumors in a variety of
tissues, including liver, lung, brain, thyroid, and
prostate.

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
c Axial image 2 weeks
post-procedure with
wedge-shaped hypodense area
and foci of air in the ablation
zone, consistent with liver
infarction and abscess
formation (arrow)
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8.5.1 Mechanism of Action

The word laser is an acronym for light amplifi-
cation by stimulated emission of radiation.
With ILP, infrared light is delivered via flexible
quartz fibers that are 300–600 lm in diameter.
Parenchymal destruction occurs when absorbed
infrared light is converted into heat. The heat
itself is also conducted further to create a larger
ablation zone [32]. Two wavelengths are used for
ILP, Neodymium-doped yttrium aluminum gar-
net (Nd:YAG) (wavelength 1064 nm) and diode
(800–980 nm). ILP is generally used at low
power (3–15 W) for exposure times ranging
from 3 to 20 min. Like other methods of thermal
ablation, the volume of the ablation zone is
determined by power and duration of exposure.

8.5.2 Technical Considerations

ILP is generally only performed percutaneously,
and can be guided by ultrasound, CT, or MRI
[9]. Real-time MRI provides excellent resolution
for the ablated tissue, and is the preferred method
of image guidance for ILP. The laser fiber tips
can either be bare or light diffusing. Conven-
tional bare tip fibers produce a near-spherical
ablation zone of 1.5 cm, but tend to cause car-
bonization (i.e., charring) of affected tissue. The
resulting black discoloration of the tissue
impedes further light penetration [32]. Interstitial
light diffusing fibers have largely replaced bare
tips and can produce an ablation zone up to
5 cm. Beam-splitting devices can also be applied
to use multiple fibers at once. Similar to MWA, a
synergistic effect occurs with multiple probes,
leading to a four- to sixfold increase in ablation
volume [33]. Ablation volumes are also larger
with increasing power, but this comes with
increasing temperature that can lead to car-
bonization. Water-cooled laser ablation sheathes
have been used to address this issue and enable
higher power output with ablation zones up to
8 cm [32, 34]. It should be noted that ILP is also
susceptible to a heat sink effect when it is applied
adjacent to high flow vessels since laser light is
absorbed by hemoglobin. ILP can be used in

concert with embolization techniques to help
limit hemoglobin laser light absorption [32, 35].

8.5.3 Patient Considerations
and Risks

ILP is most effective for patients with tumors
<3 cm, away from high flow vascular structures
[36]. Like other hyperthermic ablation tech-
niques, the risks for complications with ILP are
low, occurring in 1.5% of treatments. Compli-
cations from this therapy include pleural effu-
sions, intra-abdominal bleeding, liver abscesses,
bile duct injuries, and segmental infarctions [37,
38]. Complications are more likely to occur when
ILP is used for tumors deeper than 5 cm from the
liver capsule, and when energy delivered exceeds
7200 J. It has been suggested, however, that the
risk of complications with ILP may be lower
compared with RFA, since devices are thin and
the exact location of the device and ablation area
are improved with MRI [39]. Deaths have been
attributed to ILP, and generally occur in patients
with large tumors (>5 cm) who also have
decompensated cirrhosis [36].

8.6 High-Intensity Focused
Ultrasound (HIFU)

High-intensity focused ultrasound (HIFU) is the
only noninvasive thermal ablation modality in
use for liver tumors. Ultrasound waves are
transmitted extracorporeally through tissue and
focused on the liver lesion. This technique is the
least well studied of the thermal ablation
modalities, and has mostly been used in Asia and
Europe. It is not approved by the United States
Food and Drug Administration for treatment of
liver malignancies at this time [40].

8.6.1 Mechanism of Action

Similar to diagnostic ultrasound imaging, HIFU
uses ultrasound waves that are targeted to a
desired depth. The waves, however, are
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transmitted at a much higher intensity, up to
10,000 Watts/cm2 for HIFU, compared to a
maximum of 720 mW/cm2 for diagnostic ultra-
sound [41]. Cellular death is via two different
mechanisms, thermal and mechanical. Thermal
damage is caused by absorption of acoustic
energy in tumor tissue creating temperatures up
to 60 °C over a small area. In addition,
mechanical cavitation, microstreaming, and
radiation forces damage the target tissue further
[42]. These effects are caused by alternating
compression and expansion of tissues as ultra-
sound waves propagate through, creating rapidly
oscillating gas cavities [41].

8.6.2 Technical Considerations

HIFU can be performed under ultrasound or
temperature-sensitive MRI guidance (MR ther-
mometry), but requires a wide aperture with a
large angle of convergence of the ultrasound
beams to avoid damage to the skin and adjacent
normal tissue. Several types of transducers are
available depending on the target tissue. Both
percutaneous and extracorporeal methods can be
used for liver tumors, and interstitial devices
have been evaluated for biliary tumors. Acoustic
lenses focus waves on a small area, from
1 � 15 mm to 10 � 16 mm, depending on the
lens type. Similar to diagnostic ultrasound, the
presence of intervening low conductive struc-
tures, such as bones and air, however, produce
echoes. This can significantly limit the penetra-
tion of the waves during the application of HIFU
[40]. Thus, if it cannot be visualized in a diag-
nostic ultrasound, then it is unlikely that treat-
ment with HIFU will be successful [41].
Respiratory motion that causes target motion can
also result in incomplete ablation.

8.6.3 Patient Considerations
and Risks

Proponents of HIFU assert that the procedure is
well tolerated without anesthesia and point to its

noninvasiveness. Drawbacks include the multiple
contraindications to use, difficulty in obtaining a
suitable window without intervening low con-
ductance structures, difficulty in keeping the
target tissue motionless, and the time required
per treatment session, which can last several
hours. Patient-specific contraindications to use
include women who are pregnant or nursing, a
tumor ablation zone <5 mm from vital structures,
tumors with irregular margins, targets >10 cm
from the HIFU transducer, and those with known
significant intra-abdominal adhesions. The site
where HIFU is transduced must also be hair- and
scar-free. Removal of ribs has been reported to
improve the window for intervention [40].
Accidental patient movement can be suppressed
with anxiolytics, and intestinal peristaltic move-
ment can be suppressed using antispasmodics
such as tiemonium methylsulfate [41]. Reported
complications related to HIFU include
diaphragmatic and gastric perforations,
osteonecrosis of intervening bones, and skin
burns. One technique to decrease the frequency
of skin burns is to inject normal saline into the
subcutaneous tissues or into the peritoneal cavity
to increase the depth of superficial liver tumors
from the abdominal wall [40]. It has been rec-
ommended that patients undergo repeat imaging
of the liver, preferably with MRI, one week after
HIFU treatment to evaluate treatment effect [41].

8.7 Cryoablation

The term cryoablation is used to describe all
methods that use hypothermia for tissue
destruction. First described in 1850 using salt
and ice solutions for the treatment of malignan-
cies [43], there are now more sophisticated tools
available to cool target tissues using rapidly
expanding gas.

8.7.1 Mechanism of Action

Cryoablation initiates tissue cooling by rapid
expansion of high-pressure argon gas through the
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lumen of a probe. This causes the tissue tem-
perature to drop as low as −160 °C and forms an
iceball in the targeted tissue at the end of the
probe. Freezing tissue results in the formation of
intra- and extracellular ice crystals, cellular
dehydration, and cell membrane and organelle
damage. Helium gas is then circulated through
the probe causing thawing. This induces addi-
tional cellular damage from ice crystals and cel-
lular re-expansion, causing cellular apoptosis
[44–48]. Repeated freeze–thaw cycles induce
occlusion of blood vessels. The release of cel-
lular antigens during apoptosis can also trigger
an anti-tumor immune response that results in
cellular death beyond the ablation zone [44, 49,
50].

8.7.2 Technical Considerations

Cryoablation can be performed open or percu-
taneously with image guided insertion of the
probe into the tumor. Subsequent iceball for-
mation can be monitored with ultrasound, CT, or
MRI. Laparoscopic cryoablation is rarely per-
formed since the probe and transducer are rarely
truly transverse or longitudinal to the target,
making probe insertion and iceball monitoring a
challenge [51]. Freeze times are 10–20 min
long, and the desired iceball size is 1 cm greater
than the margin of the tumor. Iceball size is
increased with freeze time (until a balance of
temperature exchange has been reached) and
with increasing the number of freeze cycles.
Freeze cycles are typically repeated 2–3 times
[44]. Multiple cryoprobes can also be used
simultaneously and can create large zones of
ablation, up to 10 cm in diameter. Multiple
probes are recommended for tumors >2 cm in
diameter; they should be placed <2 cm apart and
within 1 cm of the tumor edge [51]. The heat
sink (or conversely, cool sink) effect of high
flow vessels also occurs with cryoablation. If
multiple probes are used for a tumor that may be
subject to this effect because of its proximity to
high flow vessels, it is recommended that probes
be placed <1 cm apart, and 5 mm from the edge
of the tissue target [51].

8.7.3 Patient Considerations
and Risks

A benefit to cryoablation is that it is less painful
compared to hyperthermic ablation techniques
due to the anesthetic effect of cooling. It can
usually be performed with conscious sedation, as
opposed to RFA and MWA, both which rou-
tinely require general anesthesia. Complication
rates, however, were reported as high as 40%
[52], when liquid nitrogen was used. More recent
reviews report major complication rates around
6%. Cryoshock, also known as cold shock, is a
rare but feared complication after cryoablation
that is related to cytokine release. Symptoms of
cryoshock can include hypotension, renal failure,
disseminated intravascular coagulation, and acute
respiratory distress syndrome. This occurs in
0.3–2% of patients, with greater risk for larger
ablation zones, especially those >6 cm [44, 53].
Up to a third of patients also experience minor
complications, such as fever and post-procedural
pain [53, 54]. Other complications include liver
abscesses, biliary fistulas, bleeding (which can be
related to iceball fracture), liver failure, renal
insufficiency, and thrombocytopenia. Bleeding
complications tend to be more frequent com-
pared to hyperthermic techniques since tract
ablation cannot be performed with cryoablation
probes. To prevent renal complications, some
have suggested that patients receive diuretics and
mannitol [44]. Some also advocate for overnight
observation of patients to ensure pain control and
for monitoring for post-procedural complications
[51]. Risk of complications and the severity of
potential complications, along with less research
to support its use, has made this technique less
popular compared to hyperthermic ablation
techniques.

8.8 Conclusions

Thermal ablation is a popular method of treat-
ment for patients with liver tumors who are poor
candidates for surgical resection. There are a
number of modalities available to the clinician to
choose from that either burn or freeze the tumor
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tissue, each with their advantages and drawbacks
(Table 8.1). A number of variables must be
considered when selecting a method for tumor
ablation, including the desired size of the abla-
tion, the risks to which a particular patient may
be susceptible, the equipment available, and the
operator’s comfort with the modality.
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9External Beam Radiation Therapy
for Liver Tumors: Simulation,
Treatment Planning, and Advanced
Delivery Techniques

David C. Westerly, PhD and Karyn A. Goodman, MD, MS

9.1 Introduction

Historically, the efficacy of radiation therapy
(RT) in the setting of primary or metastatic liver
disease has been limited by the low liver toler-
ance to whole liver irradiation. Thus, until rela-
tively recently, RT played a minor role in the
management of liver tumors. With the emergence
of more conformal RT techniques and sophisti-
cated treatment planning software, more focal
treatment fields are now possible, allowing for
delivery of higher doses to intrahepatic tumors
while sparing the uninvolved liver. In addition,
the ability of enhanced diagnostic imaging to
identify focal liver lesions allows for more tar-
geted treatments. Finally, prospective collection
of quantitative data on toxicities seen after partial
liver irradiation delivered with three-dimensional
conformal RT techniques (3DCRT) has allowed
a better understanding of partial liver radiation
tolerance, thereby allowing for safe dose escala-
tion to parts of the liver. Stereotactic body radi-
ation therapy (SBRT) is the most recent

advancement in the delivery of a highly confor-
mal, hypofractionated dose and has allowed for
safer delivery of ablative radiotherapy doses with
the potential to achieve enhanced local control of
intrahepatic malignancies.

Dose escalation with fractionated RT has
shown a clear dose response for intrahepatic
tumors including liver metastases [1], and
patients with unresectable focal liver malignan-
cies treated with higher rather than lower doses
of radiation have been found to sustain improved
symptoms, response rates, and survivals [2, 3].
However, accurate delivery of such targeted
treatment is hampered by the significant degree
of abdominal organ motion due to respiration and
variations in luminal filling of the hollow viscera.
The recent emergence of novel imaging and
motion management techniques is allowed for
more targeted therapy of these tumors and new
attempts to escalate RT doses using SBRT. The
parallel arrangement of functional subunits in the
liver allows for the ability to safely use the focal
ablative doses of radiation with SBRT, as long as
an adequate proportion of the normally func-
tioning liver is preserved.

9.2 Patient Selection

Patient selection for SBRT treatment to the liver
should be based on a multidisciplinary evaluation
since surgery remains the gold standard for
resectable tumors in patients who have adequate
hepatic function. Generally, patients considered
for SBRT should typically have 5 or fewer
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lesions. Lesion size restrictions should be based
on whether there is adequate baseline liver
function and whether or not there is sufficient
uninvolved liver volume which can be spared
should be established prior to treatment. Central
liver tumors which are in close proximity to the
liver hilum or in the left lobe of the liver and/or
tumors which are adjacent to radiosensitive
structures can potentially be treated with SBRT,
but the total dose and fractionation scheme may
need to be adjusted to meet the dose constraints
of the adjacent organs.

9.3 Simulation

Simulation establishes the reference conditions
for a patient’s radiation treatment. This includes
generation and collection of all data related to the
patient’s setup including imaging datasets needed
for treatment planning, patient positioning
information, immobilization devices, setup
points, and straightening marks, as well as any
photos, diagrams, and detailed setup instructions.
For liver SBRT, special care must be taken to
ensure that a patient’s setup at the time of sim-
ulation is reproducible to within the accuracy
requirements of the planned treatment (typically
less than 5–10 mm). This in turn requires careful
consideration of various aspects of the patient
setup that contribute to inter- and intra-fractional
setup uncertainties including imaging technique
and respiratory motion.

9.3.1 Patient Setup
and Immobilization

In order to allow for appropriate image guidance
at the time of treatment delivery, implantation of
3–5 fiducial seeds adjacent to the liver tumor(s)
is performed prior to simulation, typically by CT
guidance by an interventional radiologist [4].
Preferably, 100% gold seeds should be employed
as these are radiographically visualized by
kilo-voltage X-rays. Because these seeds can
migrate several mm in the first few days after
implantation, the simulation should be performed

several days after the implantation procedure.
The use of fiducial markers as a surrogate for the
tumor location is particularly important for liver
tumors because they are not well visualized
without intravenous contrast, which is not used
routinely at the time of treatment. While fiducials
allow for better localization and fewer uncer-
tainties at the time of setup, in some cases it is
not feasible to place them and other surrogates,
such as the liver edge or dome of the diaphragm,
can be used.

At simulation, patients are generally placed
supine; the treatment position should be repro-
ducible, ideally through an immobilization
device, with the arms placed at the side of the
head in order to allow for lateral beam angles or
arcs. Immobilization is typically achieved using
either an alpha cradle or vacloc bag placed over a
wing board (see Fig. 9.1), though commercially
available SBRT immobilization systems are also
available [5]. In cases where the patient cannot
hold their arms above their head for an extended
period of time, arms akimbo may be acceptable;
however, this will depend on the patient’s
specific anatomy and the possibility of using arm
blocking techniques during treatment planning.

9.3.2 Motion Management

One of the major concerns with liver SBRT is the
presence of intra-fraction liver motion caused by
the patient’s breathing. Liver motion is complex
due to organ deformation and rotation with res-
piration. With more targeted approaches to
treating liver lesions, such as SBRT, novel
methods of accounting for target motion have
been developed to improve the accuracy of
treatment delivery. There are many approaches to
motion management including respiratory gating
[6–8], abdominal compression [9], active
breathing control (ABC) [10], and tumor tracking
[11]. Motion management strategies seek to
reduce respiratory motion and improve the
accuracy of treatment planning/delivery. These
motion management techniques can be catego-
rized as motion compensating or motion
restricting.

92 D.C. Westerly and K.A. Goodman



9.3.2.1 Motion-Compensating
Techniques

Respiratory gating is a technique in which the
radiation beam is turned on and off depending on
where the tumor is with respect to the respiratory
cycle [8]. The beam is generally turned on during
expiration when there is the least amount of
motion. Respiratory gating is achieved using
software to correlate the motion of the chest wall
to the phase of respiration. The tumor motion can
be assessed at the time of simulation as described
below. Respiratory gating requires the ability to
monitor the motion of the tumor on a daily basis
to evaluate the degree of respiratory motion of
the tumor versus the chest wall motion. Using
fluoroscopy, the fiducials can be followed
throughout the respiratory cycle to confirm that
the treatment beam is turned on at the appropriate
time during the respiratory cycle.

For patients treated on the CyberKnife, the
Synchrony® system is used for real-time target-
ing of tumors. A series of light-emitting diodes
(LEDs) are placed on the chest wall and move-
ment is detected by wall-mounted cameras in the
treatment room. Using motion-tracking software,
the Synchrony system identifies, updates, and
then correlates external body surface movement

with movement of the internal tumor fiducials.
Throughout the procedure, the Synchrony system
monitors the target and modifies the correlation
model as needed to follow changes in tumor
motion [12].

9.3.2.2 Motion-Restricting Techniques
Abdominal compression devices such as com-
pression paddles, bands, and pressurized com-
pression belts seek to restrict diaphragm motion,
thus limiting the degree of respiratory excursion
of the abdominal contents, and have demon-
strated the ability to reduce the target motion
amplitude to less than 10 mm [13–16]. Active
Breathing Control (ABC) is a method to facilitate
reproducible controlled breath-hold (typically in
maximal inspiration) that also limits the ventila-
tory motion while the beam is on.

9.3.3 Imaging Studies

Various imaging modalities are used for staging
and planning liver SBRT patients. In particular,
contrast-enhanced CT is essential for target
localization. A CT scan is also required for 3D
treatment planning as it provides information

Fig. 9.1 Setup photo acquired at simulation for a patient receiving liver SBRT. The patient is positioned in an alpha
cradle with arms raised overhead and an inflatable compression belt placed around the abdomen
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about the electron density of different tissues,
which is necessary for accurate dose calculation.
While some centers choose to perform a separate
non-contrast CT scan for treatment planning,
studies performed in our department have shown
minimal impact on dose calculation accuracy
when using a contrast-enhanced CT scan.

At our institution, we commonly treat patients
with respiratory gating. With patients in the
treatment position, a liver protocol CT scan (1–
2 mm cuts) is first performed for high-resolution
delineation of the tumor and surrounding struc-
tures. CT images should be obtained from at least
2 cm above the dome of the diaphragm to the
bottom of the kidneys. Intravenous contrast is
administered in a rapid bolus such that either the
arterial phase or portal venous phase is obtained
when the patient is being coached to hold his/her
breath while in end expiration.

For most hepatic metastases, lesions are best
seen in the portal venous phase. They appear
hypodense in relation to the liver parenchyma.
Hypervascular tumors, such as hepatocellular
carcinoma (HCC) and metastatic breast, renal
cell, thyroid, and neuroendocrine cancers, may

be better imaged in the arterial phase. Review of
available diagnostic imaging to determine the
best phase for delineating the tumor should be
performed prior to simulation and scan timing
with respect to the contrast administration should
be based on diagnostic radiology algorithms or
on discussion with the diagnostic radiologists.
Oral contrast can be given approximately one
half hour before simulation to allow for visual-
ization of the small bowel and stomach.

An FDG-PET scan can be performed in some
institutions with a PET-CT simulator, so there is
accurate co-registration of the tumor with the
areas of hypermetabolic activity. Otherwise, a
diagnostic PET-CT scan can be registered to the
simulation CT and a fusion overlay can be
visualized in the treatment planning software.
The latter technique can be problematic as
PET-CT is acquired with free breathing and
co-registering with a breath-hold planning CT for
example can be inaccurate. An example of this is
shown in Fig. 9.2.

To evaluate the extent of respiratory-related
liver tumor motion, a four-dimensional (4D)CT
scan is also performed in which CT data are

Fig. 9.2 Fusion overlay of a FDG-PET CT scan for a patient undergoing liver SBRT. The hypermetabolic region is
clearly visible in the liver and is useful for delineating the gross tumor volume (GTV) on the planning CT scan
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acquired during the entire respiratory cycle at
each table position. Binning of this data into 10–
20 datasets based on either respiratory phase or
amplitude as determined by a breathing surrogate
such as a spirometer, chest block, or abdominal
bellows allows for visualization of the breathing
motion and allows one to evaluate temporal
changes of the anatomy as a function of the
respiratory phase during imaging. At our center,
patients are given an audio coaching CD to
review prior to the setup procedure to determine
an individualized comfortable breathing rhythm.
This can increase patient comfort and improved
duty cycle (beam-on time as a function of total
time) while at the same time help to reduce
image artifacts. After binning the 4DCT datasets,
the physician can review the tumor motion, to
correlate fiducial and tumor motion and to gen-
erate an internal target volume (ITV). For
patients being treated with respiratory gating, the
4DCT is used to determine the appropriate gating
window. Typically, this will be during the expi-
ratory phase which is around the end-expiration
phase (phase 50%) and should be a long-enough
interval to allow for a reasonable beam-on time.
We typically use the 30–70% phases out of the
arbitrary 10 binned phases where phase 0% is
end-inspiration and phase 50% is end-expiration.
We compare the 50% phase with an
end-expiration breath-hold CT for concordance.
Occasionally, simulation has to be redone in
cases where erratic breathing is observed on the
reconstructed images that were not detected at
the time of simulation. Treatment delivery can be
phase based or amplitude based, the latter in our
experience is more reproducible. 4D CT scans
are also used for patients being treated with
motion-restricting techniques.

9.4 Treatment Planning

The application of ultra-hypofractionated dose
schedules with SBRT is predicated on the ability
to conform the high-dose region to the target
volume while controlling the dose fall-off into
the surrounding normal tissues. Such conformity
is necessary to avoid adverse late effects

observed with higher dose-per-fraction regimens.
Various planning techniques are used with SBRT
to enhance the dose distribution conformity
including the use of large numbers of radially
distributed treatment beams—either static gantry
fields or arcs, the incorporation of non-coplanar
beam angles, and the allowance of large (>25%
of prescription) hotspots inside the target [17–
20]. Additionally, inverse planning techniques
can be used to determine the optimal beam flu-
ence required to achieve a certain level of target
coverage and normal tissue avoidance. Details of
the various techniques used in planning liver
SBRT are described in the following sections.

9.4.1 Target and Normal Tissue
Delineation

If respiratory gating is used, the gross tumor
volume (GTV) is defined on an end-expiratory
breath-hold CT image ideally with IV contrast.
Additional diagnostic images, such as PET-CT
or MRI, are also used if available (with the
caveat that one has to be cognizant of different
techniques used in diagnostic radiology and
resultant issues with accurate co-registration/
fusion). No additional margin is added to
account for subclinical disease. When respira-
tory gating is used at our institution, an ITV is
created after inspection of the gating window
from the 4DCT (usually an expansion of
3–10 mm). With the use of image guidance,
accounting for internal motion with the 4D-CT,
and intra-fractional motion assessment, usually
little to no additional margin is added to gen-
erate a final planning target volume (PTV) in
our practice. This is in contrast to convention-
ally fractionated radiotherapy, where the GTV,
clinical treatment volume (CTV) including the
areas of subclinical disease, and PTV are sep-
arately defined [21].

Alternatively, if motion restriction techniques
are used, a minimum-intensity-projection
(MINIP) image can be generated from a simu-
lation 4DCT to help define the ITV, which
encompasses the full range of target motion.
A PTV is then defined by adding an expansion of
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typically 5–10 mm [22]. The MINIP is recon-
structed from low attenuation projections of the
4DCT scan at each table position and can be
useful for liver SBRT because it aids in the
identification of lesions which are hypodense
compared to the surrounding normal liver,
especially when IV contrast has been given.
Caution is advised when using a MINIP to
identify lesions located near the dome of the
liver. In such cases, the boundary of the liver and
low-density lung tissue can result in significant
underestimation of the tumor volume. For these
cases, it is advised to assess the extent of the
target motion from a cine view of the 4DCT
directly.

Critical structures to be identified include the
kidneys, liver, stomach, duodenum, and spinal
cord. A free-breathing PET-CT may also be
registered with the exhalation IV contrast CT
scan to confirm the tumor position and aid in the
delineation of normal liver and adjacent tissues.

9.4.2 Beam Arrangements

Once the target volume and adjacent normal
tissues have been defined in the planning system,
appropriate treatment fields must be chosen. This
requires the selection of both incident beam
angles and the beam ports in cases where static
fields are used for treatment. To achieve the
high-dose conformity required with SBRT,
treatment from a large number of incident beam
angles is required. This is accomplished through
the use of typically 7–13 non-opposed, static
gantry beams or with multiple arcs [23]. While
early implementations relied more on the former,
as technology used to plan and deliver SBRT
treatments has advanced, there has been a grad-
ual shift toward the latter since it is much easier
to plan with a few arcs compared to setting the
angles and ports for a large number treatment
beams. Figure 9.3 illustrates two liver SBRT
plans utilizing nine static treatment fields (A) and
two coplanar arcs (B). The plan conformity is
similar in the two cases; however, the arc plan
was considerably easier to generate.

When selecting beam angles, one is faced
with the decision of using coplanar or
non-coplanar beam arrangements. This choice
represents a tradeoff between further distribution
of the low-dose region to anatomy located infe-
rior and superior to the target volume in
exchange for slightly improved conformity of the
higher iso-dose lines to the target. The
improvements observed with non-coplanar beam
arrangements for SBRT are usually limited by
the machine clearance that can be obtained when
treating lesions in the thorax and abdomen.

9.4.3 Three-Dimensional Conformal
Radiation Therapy

Three-dimensional conformal radiation therapy
(3DCRT) uses multi-leaf collimators (MLCs) or
Cerrobend blocks to define fixed beam apertures
so that they conform to the projection of the
target volume from each static gantry angle. The
conformance of the calculated dose distribution
depends on the resolution of the apertures; for
MLC-defined fields, leaf widths of 2.5–10 mm
are commonly used with the smaller leaf widths
allowing for better conformality [24]. Wedges
are also sometimes used to help compensate for
variations in patient thickness across the target
region. 3DCRT treatments are usually forward
planned, though some software applications
allow for the use of inverse planning methods to
determine beam angles and/or beam weights
[25].

3DCRT is well suited for SBRT; the con-
fluence of multiple beams at the center of a
smaller lesion with 3DCRT results in a high
degree of dose heterogeneity which can result in
steeper dose gradients at the target edge. This is
desirable for SBRT treatments as it allows for
improved normal tissue sparing as well as dose
escalation to the GTV. This effect can be
enhanced by reducing the block margins. Typi-
cally, with 3DCRT, field apertures are expanded
7–12 mm beyond the edge of the target volume
to provide lateral electronic equilibrium at the
target edge. This allows for adequate target
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coverage without exceeding the global maximum
dose by more than 10–20% of prescription.
With SBRT, block margins can be reduced or
eliminated altogether to further increase the dose
gradient at the target edge, simultaneously
increasing the dose within the tumor. At our
institution, a block margin of 0–3 mm is added
for 3DCRT liver SBRT treatments planned using
10 MV photon beams. The margin used depends
on the desired hotspot (which may exceed 30%
of the prescription dose) as well as the patient’s
anatomy and normal tissue dose constraints.

For lesions located close to the liver dome,
intra-fraction motion may be a serious concern.

9.4.4 Intensity-Modulated Radiation
Therapy

With intensity-modulated radiation therapy
(IMRT), the spatial fluence distribution is mod-
ulated so as to produce the desired dose distri-
bution in the patient. IMRT is usually employed
using inverse planning techniques, with plan
objectives and constraints specified by the treat-
ment planner and the subsequent fluence distri-
bution calculated by the planning software [26].
This is not always true; the use of field-in-field
techniques for breast cancer treatments is an
example of forward-planned IMRT. IMRT can
be used with static gantry fields or arcs. In this
section we focus on static gantry techniques and

leave the discussion of arcs to the following
section on rotational therapies.

Because very few scenarios allow for a direct
solution of the fluence required to generate a
desired dose distribution, the fluence maps for
IMRT plans are usually determined from itera-
tive optimization [27]. This involves dividing the
fluence for each beam into a large number of
discrete elements (beamlets). The dose from
these beamlets is calculated and the relative
weights of all beamlets are optimized until the
desired dose distribution (corresponding to the
weighted superposition of all beamlets) is
obtained.

After determining the optimal fluence distri-
bution, a conversion process is used to generate
either a physical compensator or MLC leaf
sequences for each treatment beam. The use of
stationary compensators for IMRT eliminates
MLC/target motion interplay effects; however,
the additional cost and effort associated with
creating separate compensators for each treat-
ment field has resulted in most centers opting to
use MLCs for IMRT delivery. MLC leaf
sequences generated for IMRT can be
step-and-shoot, where the beam is turned off
while the leaves move between static positions,
or dynamic, where the MLC motion occurs while
the beam is on. The main advantage of
fixed-gantry IMRT for liver SBRT treatments is
the improved ability to shape the dose distribu-
tion to improve target coverage and/or avoid

Fig. 9.3 Isodose plan comparison of two liver SBRT
patients treated with nine static 3D conformal treatment
beams (a) and two 360° VMAT arcs (b). Both plans
exhibit similar dose conformity; however, the planning

time required to generate the VMAT plan is considerably
less due to automated nature of the VMAT optimization
process
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critical normal tissues, such as the ipsilateral
kidney, small bowel, or stomach.

Unwanted perturbation of the dose distribu-
tion can arise from interplay between the moving
target and moving MLC leaves with
intensity-modulated treatments. This interplay
effect can result in under- or over-dosing of the
target by more than 15% for a single fraction, as
was shown in the experimental study performed
by Bortfeld et al. [28]. While the magnitude of
dose deviations produced by interplay effects
decreases rapidly with increasing numbers of
fractions, this may still be a concern for SBRT
treatments delivered in 5 or fewer fractions.

As described by Yu et al. [29], the magnitude
of interplay effects depends on the
spatial-temporal characteristics of the patient’s
breathing motion relative to the temporal gradi-
ents in the fluence modulation pattern. In cases
where small beam apertures move parallel to the
target at a frequency and amplitude similar to the
patient’s respiratory cycle, large dose discrepan-
cies can result if the delivery occurs over the
course of only a few respiratory cycles.

With SBRT the large doses per fraction result
in longer treatment delivery times, which helps to
average the dose over more breathing cycles. Use
of collimator angles where the MLC motion is
perpendicular to the primary axis of tumor
motion can also help to reduce the interplay
effect. Ecclestone and Pierce [30] performed a
modeling study to determine the impact of
interplay effects on liver SBRT treatments having
modulation factors (defined as the ratio of mon-
itor units to dose) ranging from 1.5 to 3.5 and
respiratory periods ranging from 3 to 20s, and
found the interplay effect in all cases to be clin-
ically negligible. This agrees with the experi-
mental results found by Stambaugh et al. [31],
who used a motion phantom with real and sim-
ulated motion traces to measure the interplay
effect resulting from lung SBRT plans delivered
with intensity-modulated arcs. Results of their
study showed that interplay effects for realistic
motion amplitudes and breathing periods were
negligible (<0.2%). Even with increased motion
amplitudes of 2–3 cm, dose deviations caused by
interplay effects were <3%.

9.4.5 Rotational Therapies

Another approach to SBRT that is gaining in
popularity is the use of rotational treatment
techniques, including dynamic conformal arc
(DCA) therapy, volumetric-modulated arc ther-
apy (VMAT) [32–34], and helical tomotherapy
[35, 36]. With DCA therapy, the gantry rotates
through a given arc while the MLC dynamically
conforms the radiation field to the projection of
the target volume at each gantry angle. Typically,
the dose rate of the treatment machine is fixed for
a given arc and multiple arcs can be used. Similar
to 3DCRT, DCAs are usually forward planned.

VMAT also rotates the gantry through a given
arc while simultaneously moving the MLC to
shape the treatment field, though with VMAT the
dose rate and gantry speed may also be modu-
lated. In contrast to DCAs, with VMAT the MLC
may not always conform to the projected target
contour from each angle. This is due to the fact
that VMAT treatments are usually inverse plan-
ned so that MLC positions are determined based
on the optimizer rather than the geometric
properties of the target contour.

Helical tomotherapy is another rotational
platform that can be used to plan and deliver liver
SBRT. Tomotherapy combines the features of a
6-MV linear accelerator with a CT scanner.
A binary, pneumatic MLC is used to modulate a
fan beam of radiation that rotates around the
patient as they are translated through the bore of
the machine on the treatment couch. With
tomotherapy, treatments are intensity modulated
and inversely planned. Planning parameters
include the longitudinal size of the treatment field
along with the helical pitch used for the delivery.
While the delivery is continuous in nature,
planning assumes 51 static beam angles per
gantry rotation.

The large number of gantry angles used for
planning tomotherapy allows for highly confor-
mal treatment plans. However, a major drawback
to using tomotherapy for liver SBRT is the lack
of soft tissue contrast with the onboard MVCT
imaging system [37]. Also, the relatively large
extent of the field in the cranial–caudal direction
results in lower dose conformity, though the
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introduction of a dynamic jaw that will open and
close at the beginning and end of the treatment,
respectively, has mitigated this issue to some
extent [38].

Rotational SBRT plans delivered with a con-
ventional linear accelerator typically use 1–7
coplanar or non-coplanar arcs. Arcs may subtend
less than 360° in order to avoid critical structures
adjacent to the target region(s). The main
advantages of rotational therapy compared to
fixed-gantry techniques are improved confor-
mality of the dose distribution in the high-dose
region as well as possible reduction of the
treatment time compared to fixed-gantry IMRT.
The former stems from the use of more treatment
angles, which allows for the dose fall-off at any
point on the edge of the target to be defined more
equally by the field edge (penumbra) as well as
the depth dose. The reduction in treatment time
stems from greater efficiency in the delivery of
arc treatments as well as avoidance of unneces-
sarily complicated leaf sequences with fixed-field
IMRT [39].

When considering rotational vs. fixed-gantry
treatments, one often must choose between giv-
ing low doses to a larger volume of normal tissue
with rotational therapy compared to giving
smaller volumes of normal tissue higher doses
with fixed-gantry techniques. In cases where the
PTV is located far away from high-risk struc-
tures, as is true for many liver SBRT cases, the
improved dose conformality and/or reduced
treatment time is preferable. However, in certain
cases where high-risk critical structures are
located directly adjacent to the PTV, fixed-gantry
IMRT could allow for improved sparing of these
critical structures.

9.5 Daily Image Guidance

Liver tumors are not well visualized on kV
cone-beam CT scans due to limitations in reso-
lution and lack of contrast as well as artifacts
introduced by respiratory motion and gas in
adjacent bowel space. Thus, fiducial markers
have been introduced to help identify the tumor
and allow for better visualization and improved

setup for both conventionally fractionated treat-
ments and more importantly, for SBRT. Gold
fiducial markers can be placed as described
above, or post-operative clips can also be used to
help evaluate the post-operative bed on kV
images. Lipiodol from TACE and intra-hepatic
stents/drains can also be used as fiducials in
selected cases.

For daily treatment, patients are set up on the
machine based on the tattoos from their simula-
tion. For respiratory gating patients, the posi-
tioning of the fiducials is verified using
fluoroscopic images. At our institution, we use
audio coaching for both simulation and treatment
to ensure that patients are breathing regularly
during treatment with respiratory gating. If
patients are being treated using an abdominal
compression belt for motion management, the
fluoroscopy can be used to verify that the motion
with the belt is less the 5–10 mm. A CBCT is
then obtained and the position of the patient is
adjusted to match the position of the fiducials at
the time of simulation.

For respiratory gating, the CBCT is also per-
formed during an end-expiration breath-hold and
compared to the simulation end-expiration
BHCT. As previously mentioned, breath-hold
CT affords significantly better imaging quality by
reducing respiratory motion artifact and this is
especially helpful for CBCT where imaging
quality is more limited.

Intra-fraction motion assessment can be per-
formed using triggered (with each breath cycle
for gating or every 20° for abdominal compres-
sion) KV images taken during treatment delivery.
Importantly, there can be drift in the relationship
between chest wall motions (surrogate for res-
piratory motion) with respect to fiducial (tumor)
motion, requiring periodic treatment breaks
(turning off and on respiratory coaching) in order
to re-establish respiratory cycle stability. When
respiratory gating is used, the overlay of the
contour of the fiducials at the entry of the gating
interval (usually the 30% phase) is used to match
with the position of the fiducials on the
intra-fraction kV image (see Fig. 9.4). This
intra-fractional monitoring is key to verifying
tumor position. Fiducial auto-detection/beam
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hold software is available on some treatment
machines but further discussion is beyond the
scope of this chapter.

9.6 Plan Evaluation Criteria

9.6.1 Liver Dose-Limiting Toxicities
and Dose Constraints

The most concerning and dose-limiting toxicity
of liver radiation is radiation-induced liver dis-
ease (RILD). RILD is a clinical syndrome of
fatigue, elevated liver enzymes (particularly
alkaline phosphatase over liver transaminases),
tender anicteric hepatomegaly, and ascites.
Pathologic changes consist of pronounced
hyperemia acutely, and then veno-occlusive dis-
ease, marked central venous congestion, sparing
of large veins, and atrophy of adjacent

hepatocytes chronically, similar to changes seen
following bone marrow transplant or high-dose
chemotherapy [40].

Pathophysiologically, deposition of fibrin
within the central veins, TGF-beta [41] and
TNF-alpha activation [42], has been observed,
postulating that injury occurs in the endothelial
cells rather than hepatocytes [43]. RILD can be
seen 2 weeks to 8 months following the com-
pletion of radiation, however, usually occurs
within the first 3 months after treatment [44].
The treatment for RILD is largely supportive.
Although most patients can recover with diuretic
and steroid treatment, RILD has the potential to
lead to liver failure and death [43].

Over the last two decades, several models
have been developed to establish dose constraints
to minimize the risk of RILD in patients receiv-
ing hypofractionated radiotherapy. The Quanti-
tative Analyses of Normal Tissue Effects in the

Fig. 9.4 kV projection image acquired during
respiratory-gated delivery of liver SBRT treatment. The
green contours indicate the acceptable location of fiducial
markers that are automatically identified in the image.

Beam delivery commences when breathing trace mea-
sured by chest block surrogate is in appropriate
phase/amplitude and when markers are identified as being
within the acceptable contour region
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Clinic (QUANTEC) publication on “Radiation
associated liver injury” reports dose constraints
for SBRT based on their analyses of the litera-
ture. The most common liver constraint is based
on the surgical literature which required sparing
of at least one-third of the liver after a liver
resection to maintain reasonable liver function.
This translates to approximately 700 cc and thus,
the constraint of maintaining � 700 cc of normal
liver receiving � 15 Gy in three to five fractions
[45]. In addition, mean dose should be <15 Gy
for liver metastases, in three fractions and
<20 Gy for liver metastases, in six fractions.

The effective liver volume (Veff) irradiated is
a model based on the normal liver volume and
the volume irradiated. The Veff is defined as the
normal liver volume minus all GTVs, which if
homogenously irradiated to the maximum dose
would be associated with the same estimated risk
of RILD as the delivered heterogeneous treat-
ment plan [46]. A lower Veff correlated with
significantly lower risks of RILD, demonstrating
in the setting of dose escalation, high doses can
be delivered as long as the mean dose to the liver
is taken into account [46].

Abiding by certain dosimetric guidelines
derived from the studies of high-dose focal
radiation to liver metastases may help minimize
radiation injury to the normal surrounding liver
parenchyma. Strategies include keeping the mean

dose for uninvolved liver <32 Gy in 2 Gy per
fraction equivalent [46] or the total dose to
700 mL of non-tumorous liver to <15 Gy in 3
fractions. Additionally, one can ensure that
<30% of the liver receives 21 Gy in three frac-
tions or 12 Gy in a single fraction [47]. With
careful patient selection and by maintaining the
appropriate dose constraints, RILD after SBRT
occurs in fewer than 5% of cases [45].
The QUANTEC dose constraints for liver SBRT
are summarized in Table 9.1.

It is important to keep in mind that
patient-related factor such as underlying liver
disease that can subsequently compromise nor-
mal liver function is also an important predictor
of RILD. Patients with abnormal liver function
may develop different types of radiation toxicity
[48] and may have a different dose–volume
relationship for RILD than those characterized in
the models by Dawson et al. [46]. Therefore, care
must be taken before extrapolating these descri-
bed tolerances to different patient populations.

Other acute toxicities include transient
increase in liver enzymes, reactivation of hep-
atitis B or a general decline in liver function.
Notably, these toxicities are more commonly
seen in patients with HCC [48] but are rare in
patients with liver metastases, unless a history of
prior liver radiation or underlying liver disease is
present, which can increase the risk of RILD.

Table 9.1 Liver SBRT normal tissue dose constraints

Organ at risk Dose constraints (QUANTEC)
(conventional fractionation unless
otherwise noted)

Dose constraints from [60] (5 fractions)

Liver � 700 cc of normal liver receives
� 15 Gy in 3–5 fractions
Mean normal liver dose: <15 Gy in 3
fractions or <20 Gy in 6 fractions

Liver—GTV mean dose � 13 Gy (based on
Child–Pugh a cirrhosis patients with HCC)

Spinal cord Max dose <50 Gy (0.2% risk myelopathy) Max dose � 25 Gy to 0.5 cc

Stomach D100 <45 Gy (<7% risk ulceration) Max dose � 30 Gy to 0.5 cc

Small bowel V45 <195 cc (<10% risk grade
3 + toxicity) (peritoneal cavity)

Max dose � 30 Gy to 0.5 cc

Large
bowel/Esophagus

Max dose � 32 Gy to 0.5 cc

Bilateral kidneys Mean dose <15–18 Gy (< 5% risk clinical
dysfunction)

Mean dose � 10 Gy

Chest wall Max dose � 50 Gy to 0.5 cc
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Additional potential late toxicities after liver
irradiation include biliary sclerosis, hepatic sub-
capsular injury, gastrointestinal bleeding, small
bowel obstruction, gastric outlet obstruction, and
fistula formation, depending on whether or not
normal tissues such as esophagus, stomach,
duodenum, or large bowel are within the
high-dose regions of the radiation treatment.

9.6.2 Gastrointestinal Toxicities
and Dose Constraints

Due to the radiosensitivity of the stomach, small
bowel, and colon, gastrointestinal (GI) toxicity,
including ulceration, GI bleeding, stricture, and
perforation small bowel obstruction, can be a
potential effect of higher dose-per-fraction used
for SBRT. GI toxicities have been reported in
several studies of liver SBRT, especially when
treating central or hilar liver tumors which are
often adjacent to the duodenum or stomach [22,
49, 50]. Minimal data exist evaluating the
appropriate dose constraints for the esophagus;
however, there is a retrospective analysis of risk
factors for esophageal toxicity among patients
treated with single-fraction spine SBRT at
Memorial Sloan Kettering Cancer Center. There
was a correlation between high esophageal
mucosal dose and esophageal toxicity, in partic-
ular ulceration and stricture, with a sharp increase
in � Grade 3 toxicity at doses above 15 Gy
delivered in a single fraction [51]. More recent
trials using conservative dose constraints have
reported minimal GI toxicity [52]. The dose
constraints for the GI organs from the Radiation
Therapy and Oncology Group (RTOG) 1112
Study, entitled, Randomized Phase III Study of
Sorafenib versus Stereotactic Body Radiation
Therapy followed by Sorafenib in Hepatocellular
Carcinoma, are listed in Table 9.1.

9.6.3 Chest Wall Dose Constraints

Skin ulceration and rib fractures from high-dose
SBRT for lung and liver tumors has been
reported, particularly when doses exceeded

30 Gy to 30 cc of the chest wall [53, 54]. Based
on these findings, the most commonly used
metric is the volume of chest wall receiving
� 30 Gy (V30).

9.7 Practical Considerations

In addition to simulation and treatment planning,
there are a number of practical issues that must be
considered when developing a liver SBRT pro-
gram. First and foremost is the commissioning of
all systems and devices that are used for SBRT
delivery. This includes verifying the mechanical
and dosimetric accuracy of the treatment machi-
nes, as well as verification of the treatment plan-
ning model for treatment fields smaller than
4 � 4 cm2. Field sizes in this regime are com-
monly used for SBRT and small errors in com-
missioning data measurements can have a large
impact on the dose delivered to the patient [55].

Ancillary systems should also be commis-
sioned. This includes verifying the accuracy of
onboard or in-room imaging systems, the stabil-
ity of any abdominal compression devices, and
the functionality and accuracy of any respiratory
gating systems. The American Association of
Physicists in Medicine (AAPM) have published
Task Group Report 101 [56], which contains
useful information about the types of tests that
are typically performed as well as the accuracy
that one can expect for various systems when
developing an SBRT program.

After commissioning is complete, it is also
important to establish a comprehensive quality
assurance program with baseline data obtained
from commissioning measurements to ensure the
constancy of system performance. This will
include daily tests, such as the Winston-Lutz test
to verify the iso-centricity of the treatment
machine [57], as well as more in-depth monthly
and annual testing. Many of these tests are sim-
ilar to those performed regularly for standard
fractionation treatments; however, the accuracy
requirements are usually more stringent for sys-
tems used to deliver SBRT [58].

Another practical consideration for SBRT
treatments is the increased treatment time
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compared to standard fractionation treatments.
This is exacerbated if respiratory gating is used
since only a portion of the respiratory cycle is
utilized for treatment delivery. To mitigate this,
flattening filter free (FFF) X-ray beams can be
used for treatment; FFF beams can achieve up to
four times the dose rate of conventional treatment
beams due to the decreased attenuation that
results when the flattening filter is removed [59].
This comes at the expense of a field profile that is
peaked in the center; however, for SBRT treat-
ments this is typically not a concern (and in fact
is desirable) since plans are usually generated to
give higher doses to the center of the tumor in
order to increase the dose gradient at the target
edge. Also, the benefits of FFF beams will be
reduced somewhat if the treatment fields are
highly modulated; however, this is usually less of
an issue with SBRT since the smaller target size
and large doses per fraction tend to result in
lower modulation factors.

Last but certainly not least, the implementa-
tion of a successful SBRT program requires
proper education and training of all staff involved
in the delivery of SBRT treatments. Given the
reduced margin for error that results from deliv-
ering large doses in only a few fractions, it is
critical for the various team members involved in
the planning and delivery of SBRT to understand
the role of various setup devices, plan parame-
ters, and delivery protocols so that uncertainties
can be minimized at every stage of the process.
This training should be performed whenever a
new staff member is going to participate in the
SBRT program, and also on a continuing basis
(e.g., annually) as a refresher to existing staff and
also to allow for changes and improvements to
the SBRT process.
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10Particle Radiation Therapy for Liver
Tumors: Simulation and Treatment
Planning

Matthew Knecht, MD, Andrew Wroe, PhD
and Gary Y. Yang, MD

10.1 Introduction

After discovery of X-rays in 1895 and their
subsequent therapeutic use in skin lesions shortly
thereafter in 1896, research has been undertaken
to understand and minimize the risks of radiation
therapy to normal tissues, while still maintaining
tumoricidal doses. As a part of the progression
toward improving the therapeutic window, Dr.
Ernest Lawrence developed the ability to accel-
erate ions, and one of his students, Dr. Robert
Wilson, wrote the seminal paper hypothesizing
the medical use of ion beam therapy in 1946 [1].
In that paper, he showed the graph indicating the
Bragg Peak, and discussed the improved
penumbra offered by protons over electrons.

Heavy charged particles (i.e., protons and
heavier ions) deposit energy primarily through
coulombic interactions with orbital electrons and
to a small degree through nuclear collisions. As
described by Wilson, heavy charged particles

deposit significantly more energy in the final
portion of their path length in a region called the
Bragg peak, which for protons is of the order of a
few millimeters at the 90% dose level. This leads
to lower entrance doses than photon-based
techniques, which allows for fewer beams to be
used than with photon techniques, and no pri-
mary proton dose beyond the Bragg peak. Other
advantageous physical properties of charged
particle beams include tighter penumbra at
depths less than 15 cm [2, 3] and uniform dose
delivery across the target volume with the use of
a spread out Bragg peak (SOBP) (Fig. 10.1).

The first clinical use of an ion beam was
undertaken by investigators at Berkeley in 1954.
Further research included pituitary adenoma
treatments at Harvard in 1963, and the first
hospital-based proton facility opened at Loma
Linda in 1990. These proton centers were
developed utilizing passively scattered proton
beams that treat the entire tumor volume with a
uniform dose at a given time. Subsequent
advances in beam delivery techniques have led to
the development of proton pencil beam scanning
systems that utilize a narrow proton beam and
scanning magnets to paint a dose over the desired
target. Beyond protons, other particles, such as
carbon, are in medical use and showing encour-
aging initial clinical outcomes.

External beam radiation therapy for liver
tumors was initially limited by the high risk of
radiation-induced liver disease (RILD) especially
since many primary liver tumors occur in the
setting of an already cirrhotic liver. As techno-
logic improvements allowed for increasingly
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conformal radiation delivery, photon-based
techniques became a viable treatment modality
for liver tumors. Particle therapy allows for
sparing of low and intermediate radiation dose
relative to photon therapy with lower integral
dose, an ability to avoid critical structures alto-
gether through the use of fewer beams, no exit
dose, and potentially tighter penumbra, thus
providing an even wider therapeutic window
when treating liver tumors.

The goal of this chapter will be to familiarize
the reader with the pertinent practical aspects of
ion beam therapy in the treatment of liver patients.
The primary particle discussed will be protons,
with mention of carbon ions, and the issues sur-
rounding clinical deployment of these ions.

10.2 Patient Selection

When considering particle therapy for liver
tumors, many of the selection criteria are disease-
and liver function-specific and are thus similar to
photon techniques; however, the lower integral
dose provided by particle therapy is theorized to
expand the therapeutic window, and thus expand
patient selection. Basic eligibility for local treat-
ment and thus criteria for the reported phase II
trials evaluating particle therapy for hepatocellular

carcinoma (HCC) include histologic or imaging
diagnosis of HCC limited to the liver (including
patients with vessel thrombus), adequate hepatic
function, Child-Turcotte-Pugh (CTP) class A or B
cirrhosis, Eastern Cooperative Oncology Group
(ECOG) performance status 0–2, with three or
fewer lesions, whowere not eligible at that time for
resection or transplant [4–8].

Further considerations which favor selecting
radiation therapy over other treatment modalities
include the tumor size, tumor thrombus, and cen-
tral locationwithin the liver. Othermodalities used
to ablate liver neoplasms, discussed elsewhere in
this text, have difficulty treating tumors for a
number of different technical factors (thermoab-
lation due to heat sink effect of large vessels and
larger tumor size, transarterial chemoembolization
[TACE] due to tumor thrombus and blood flow).
However, ablative radiation can deliver tumorci-
dal treatment in these areas and need only meet the
dose constraints of the normal organs, thusmaking
it a good treatment option in such cases.

The utility of selecting particle therapy over
photon-based techniques comes as particle ther-
apy can allow for further sparing of liver tissue due
to reduced low- and intermediate -dose regions
(see Fig. 10.2). Thus far, these issues have been
explored by retrospective reviews and mathemat-
ical modeling showing that for larger tumors

Fig. 10.1 Depth dose
profiles for 6 and 23 MV
X-rays for comparison with a
90-mm modulated 186 MeV
proton beam and an
unmodulated 250 MeV
proton beam
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(>5 cm) and for tumors in the central locations
larger than 3 cm there is significant sparing of liver
tissue with proton therapy [9]. Furthermore, ret-
rospective reviews treating patients with tumors
larger than 10 cm [10], CTP class C [11], and
portal vein thrombosis [12] provide initial evi-
dence for proton therapy as a treatment modality
for these challenging scenarios.

There are several conditions which led to
patients being excluded from the reported phase
II studies. These included unstable ascites and
proximity to gastrointestinal (GI) structures. As
ascitic fluid volume changes, the proton path
length to the target changes as well which, if
unaccounted for, can lead to proton range errors
and unacceptable dose coverage of the target.

10.3 Immobilization
and Simulation

The goal of immobilization is to provide a stable
system by which the patient can be reproducibly
set up for treatment on a daily basis. For liver

tumors the reproducibility of setup is reflected in
the magnitude of the combination an internal
target volume (ITV) and planning target volume
(PTV) expansions. The ITV expansion reflects
the estimated intrafractional motion and the PTV
accounts for daily patient setup variability [13]
and in the case of protons, beam-specific uncer-
tainties, including range uncertainty.

At Loma Linda University James M. Slater,
MD Proton Treatment and Research Center
(JMSPTRC), a cylindrical whole body immobi-
lizer or pod system was adapted from 1980s
Switzerland’s Paul Scherrer Institute (PSI)
immobilization for pion beam treatments [14]
(see Fig. 10.3). Initially developed as a
patient-specific polyvinyl chloride pod, it has
been upgraded to utilize a generic carbon fiber
pod with a patient-specific insert [14, 15]. During
simulation the patient lies in the patient-specific
insert (which is indexed to the carbon fiber pod)
while self-expanding foam is poured around the
patient to create the external portion of patient
immobilization. This methodology provides a
customized whole body immobilization of the

Fig. 10.2 This figure shows nine beam IMRT plans and
three beam, passively scattered proton plans for an
inferior liver lesion, upper row, and a dome lesion, lower

row. Low and intermediate dose sparing is shown in the
liver dose volume histograms, corresponding to the
treatment plans in each row
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patient allowing for improved stability and
reproducibility of setup. Additionally for proton
and ion therapy, this system also produces a
reproducible external contour of the patient
ensuring a reproducible water equivalent path
length (WPL) for beams that traverse the
immobilization system. Other immobilization
options include alpha cradles, vac-lock bags and
stereotactic vac-lock bags, however, such sys-
tems generally do not ensure a reproducible
patient external contour and WPL.

For targets in the abdomen, it is also important
to consider respiratory motion in treatment plan-
ning and delivery, and thus address this matter
during the simulation process. While motion can
be tracked and gated with the use of implanted
fiducials and external camera systems, the imple-
mentation of this can be difficult in proton and ion
therapy. This is because while tracking can ensure
accurate placement of the target relative to the
beam central axis, respiratory motion can result in
changes to the water equivalent depth of the target,

leading to errors in Bragg peak positioning and
underdosing of the target and/or overdosing of
surrounding structures. Another option is to
reduce target motion using active breathing con-
trol, voluntary breath hold, belt systems and
spirometric devices. At the JMSPTRC target
motion is reduced with a spirometry device
(SDXTM available from Qfix) which ensures a
reproducible breath hold. The SDX unit differs
from active breathing control systems in that while
itmonitors the patient’s inspiration volume, it does
not control it. Rather the patient participates in
their treatment via feedback from a video screen
representation of their level of inspiration. The
patient breathes into a predetermined level of
inspiration and then a countdown timer displayed
to the patient instructs them on the duration of the
breath hold for the given treatment or imaging
cycle.

Following immobilization simulation proceeds
with a non-contrast CT for treatment planning and
a contrast CT for tumor localization, both of which

Fig. 10.3 Patient setup at Loma Linda utilizing pod immobilization and SDX for active breath management for
treatment of liver tumors
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are taken under deep inspiration breath hold.
Fiducials are not employed due to the requirement
for an invasive procedure and the dose shadow
which results from the use of metallic fiducials
[16]. Carbon-coated ceramic and stainless steel
fiducials are under investigation as an option to
address the dose shadow [17], and currently liquid
fiducials are becoming clinically available which
can be placed with minimally invasive techniques
[18]. If a patient cannot tolerate the use of
spirometry device the patient is imaged and treated
under free breathing conditions and a 4DCT is
utilized to define the extent of tumor motion. This
approach is possible for passive scattering
proton/ion beam delivery as the beam dimensions
are static and can be constructed to encompass the
target during all phases of the respiration cycle.

10.4 Treatment Planning
and Dosimetry

After patient immobilization and imaging, the
goal of treatment planning and dosimetry is to
define a target and develop a robust plan to
deliver a tumoricidal dose to that volume. The
target is defined by the gross tumor volume
(GTV), with expansions for the clinical tumor
volume (CTV), ITV (for mobile tumors), and
PTV. A tumoricidal dose then can be planned
with beam number and angle selection, address-
ing proton-specific treatment planning charac-
teristics and patient setup uncertainty.

As mentioned above, target delineation for
proton therapy at JMSPTRC utilizes a planning
CT scan under breath hold if tolerated by the
patient or free breathing conditions if not, with-
out intravenous contrast. A second CT scan
under the same conditions with intravenous
contrast is performed to guide target delineation,
but is not used for dose calculation. The GTV is
then defined as the tumor volume seen on the
contrast study with reference to prior diagnostic
four-phase CT scans or MRIs.

Beyond the GTV, the CTV is added to
encompass subclinical disease. The expansion to
create the CTV varies between 0 and 1 cm in the
reported phase II trials [4–8], and is added at the

discretion of the treating physician. In Radiation
Therapy Oncology Group (RTOG) 1112, the
CTV is defined as being equal to the GTV except
in the following situations where an appropriate
expansion is added: non-tumor thrombi, prior
TACE cavity, or other prior ablation site. Cur-
rently at Loma Linda, trials addressing hepato-
cellular carcinoma include a 1-cm CTV
expansion limited to the liver parenchyma, while
there is no GTV-to-CTV expansion on the liver
metastasis protocol.

The GTV and CTV are assigned based upon
tumor characteristics, while the ITV and PTV are
added to account for physical uncertainties dur-
ing treatment. The concept of an ITV, an addi-
tional margin to account for intrafractional,
physiologic variation (usually relating to
respiration-induced motion), was not widely
implemented in the current protocols [4–8] and
was often included in the overall PTV expansion.
Methods described above are used to quantify or
limit the amount of physiologic variation, and as
recommended by RTOG 1112, breathing motion
management is used if the motion is greater than
5 mm on 4DCT. At Loma Linda, when the SDX
spirometry device is used for immobilization, no
additional margin is added for ITV.

The concept of a PTV in proton therapy is a
combination of the familiar physical setup
uncertainty as well as beam-specific considera-
tions. Physical setup uncertainty includes the
known daily variation of the setup, immobiliza-
tion, and daily imaging. At JMSPTRC the com-
bination of full body pod and daily orthogonal
kV imaging results in a 5 mm daily setup
uncertainty. The second component of the PTV
in proton planning is a beam-specific range
uncertainty (Fig. 10.4). The PTV is related to the
stopping power ratio along the beam path during
dose calculation including uncertainties in the
patient CT image, uncertainty in the parameter-
ized stoichiometric formula to calculate theoret-
ical CT numbers, deviation in human tissue from
ICRU standard tissue, uncertainty in mean exci-
tation energy, and uncertainty due to energy
dependence of the stopping power ratio not
accounted for by the dose calculation algorithm
[19]. Additionally, beam-specific uncertainties
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not related to the dose calculation include:
commissioning measurement uncertainty, error
in compensator design, beam reproducibility, and
patient setup [20] also need to be considered. An
excellent overview table for range uncertainties
and their sources can be found in the Paganetti
article [20]. Beam-specific range uncertainty is
specified as 3.0–3.5% of the proton range applied
to the distal and proximal margins of the target
volume to generate a beam-specific PTV. The
beam-specific PTV governs the planning for that
specific beam with parameters such as beam
energy, modulation, compensator design, spot
pattern, etc., optimized to ensure coverage of the
beam-specific PTV with the prescribed isodose
contour.

With regards to proton specific dose con-
straints there is a significant amount of hetero-
geneity seen on the current phase II trials though
the following constraints can act as a guide:
mean liver dose of 13 GyE with a dose of 50
GyE, in 10 fractions per RTOG 1112, V25 <
33% for a prescription of 70.2 GyE in 15 frac-
tions [4], and a mean liver dose of less than or
equal to 24 GyE with a prescription of 67.5 GyE
in 15 fractions [6]. Currently at Loma Linda, the
following constraints are used: for HCC treat-
ment with 70.2 GyE in 15 fractions, liver V25 <
33%; for HCC treatment with GyE in 5 fractions,
mean liver dose <13 GyE, and for liver metas-
tasis treatment with 60 GyE in 3 fractions, liver
constraints of V27 < 30%, V24 < 50%, and 700

Fig. 10.4 Panels a, b, and
c show the proton
beam-specific PTV as
represented by the 90%
isodose line, and panel
d shows the combined PTV,
arrows indicate beam
direction
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ml receiving <15 GyE. Further evaluation is
underway utilizing the equivalent uniform dose
model to provide more accurate dose constraints.

Beam selection is critical in proton and heavy
ion therapy as one must consider the stability of
the WPL the particle will pass through to reach
the target and distal edge placement. First, when
considering the stability of the WPL, factors such
as the edge of the immobilization device,
abdominal motion, lung excursion, and bowel
gas must be considered. Choosing beams that
enter either entirely through the immobilization
device or enter entirely avoiding the device are
preferable. Beams that traverse the edge of the
immobilization device can incur further range
uncertainty due to daily shifts of the immobi-
lization device relative to the target, placing more
or less of the immobilization device in the beam
path. Anterior beams are also avoided where
possible, as abdominal motion creates an unsta-
ble external contour, and anterior beams tend to
pass through abdominal gas creating WPL
instability. At the JMSPTRC treatment plans are
generated using two to three beams oriented
through approximately a 90° arc between the
right lateral and posterior positions that when
combined with our immobilization techniques
(i.e., POD) minimize variations in WPL, which
minimize these variables (see Fig. 10.2).

Dome lesions also present a challenge in that
respiratory motion can create large differences in
WPL due to varying amount of lung in the field,
however, reports show that this can be addressed
through active breathing management or smear-
ing techniques [22]. Smearing is a technique
used to account for uncertainty in WPL due to
target motion relative to other anatomy by
smoothing out the proton distal edge profile. This
is achieved by applying a smear radius to each
point on the distal edge surface, with the larger
the radius giving a greater level of smoothing.
This method impacts the design of the compen-
sator (or beam spot pattern in IMPT) resulting in
a broadening and smoothing of the proton distal
edge reducing conformity in this region. The
goal of this is to ensure that errors involving
inadequate distal range caused by shifts in WPL
are minimized and target coverage is maintained.

Additionally, when choosing beam angles one
must consider the relative biological effective-
ness (RBE) of the distal edge of the proton beam.
Proton therapy centers employ an RBE correc-
tion factor approximated to be 1.1 to dose
delivered to the patient, however, near the distal
edge of the Bragg peak LET increases markedly
which can lead to increased biological damage in
this region and even shift in the distal edge of the
dose delivery [23]. The extent of biological
enhancement in this region is uncertain as it
depends on a number of factors including inci-
dent energy, LET distribution, cell type, biolog-
ical endpoint, etc. This uncertainty is managed
clinically by using beams that are largely
orthogonal to avoid overlap of the distal portion
of the Bragg peak, or by avoiding beams that
stop on or near critical structures (GI structures in
the case of targets in the liver) as these are most
at risk from biological enhancement.

10.5 Beam Delivery

Proton and carbon ion beam depth dose distri-
butions are characterized by a low entrance dose,
followed by a high-dose peak (Bragg peak) at a
predetermined depth governed by their initial
energy and a sharp distal falloff (see Fig. 10.1)
after which no primary particle dose is deposited.
The superposition on multiple Bragg peaks of
varying energy allows for the creation of a uni-
form dose area known as the spread out Bragg
peak (SOBP) whose width can be customized to
the target. This unique depth dose profile allows
for conformal and homogeneous dose delivery to
the target with fewer treatment beams (typically
2–3) and a lower integral dose to surrounding
normal tissues (Fig. 10.2). The delivery of pro-
tons or carbon ions to the target is achieved
through two distinct methods, passive scattering
and pencil beam scanning.

Passive scattering typically utilizes a
two-stage scattering system to create a wide
proton beam of a given diameter for treatment
[24]. The first stage of the scattering system is
constructed from lead whose thickness is speci-
fied by a set of lead wedges [25] and is
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customizable for varying beam energies/ranges.
After passing through this scatterer the proton
beam is Gaussian in profile with a FWHM of a
few centimeters. The second stage of the scat-
tering system is a contoured Lexan and lead disk
whose profile is designed to be energy/field size
specific and generate a uniform proton beam of
given diameter. The Lexan thickness of the sec-
ond scattering foil is complimentary to that of the
lead component to ensure the proton beam range
uniformity is maintained across the entire beam
area [26]. The SOBP is generated by a rotating
Lexan wheel with varying thickness steps to
superimpose multiple Bragg peaks of varying
range. Using this method SOBPs can be created
with 0.5–1.0 cm resolution. The radiation is
conformed to the target volume laterally by an
aperture, made from brass or Cerrobend, and in
depth through the use of a beam-specific com-
pensator or bolus that is typically made from a
low Z material such as wax or Lexan.

In pencil beam scanning beam delivery
applications [27], the pencil beam from the
accelerator is used directly to deliver dose to the
target with no scattering. Instead the pencil beam
is magnetically scanned over the target volume
[28, 29] similar to airbrushing. The unmodulated
Bragg peak creates a high dose spot at a given
position within the target. These high dose spots
are then moved laterally using magnetic posi-
tioning to deliver dose to a layer of the target at a
given depth. When the planned dose to that
specific layer has been delivered, the energy of
the beam is then changed at the accelerator and
dose is delivered to the next layer. This method
of dose delivery allows for dose to be delivered
homogeneously or inhomogeneously to the target
(often referred to as intensity modulated proton
therapy or IMPT [30]) with it possible to shape
the lateral, distal, and proximal boundaries of the
dose delivery without the need for an aperture or
compensator.

The two methods of proton delivery are
complimentary in their clinical application. Pas-
sive scattering with an aperture allows for proton
beam delivery with improved penumbra over
pencil beam scanning delivery with no aperture.
However, the downside can be creation of the

aperture and the necessity for this in passive
scattered proton delivery can impact deliverable
field size. Pencil beam scanning can allow for the
treatment of larger fields (the size is limited by
the strength of the scanning magnets but is often
40 � 40 cm2) and shaping of both the proximal
and distal sides of the SOBP. The flexibility of
pencil beam scanning to deliver inhomogeneous
and complex dose distributions also has potential
clinical benefit in some cases. However, it must
be noted that care needs to be taken when treat-
ing moving targets with pencil beam scanning.
As pencil beam scanning and IMPT relies on
accurate placement of the high-dose beam spot in
three-dimensional space, as governed by the
treatment plan, it can be susceptible to dose
delivery errors if motion is not minimized
through the use of immobilization or beam
delivery techniques such as gating. Movement of
the target during beam delivery and incorrect
placement of the beam spot can lead to hot/cold
dose spots within the target and potential irradi-
ation of nontarget tissue. Passive scattering is
much less susceptible to such errors as the target
is treated uniformly with time and the lateral,
distal, and proximal dose margins are created
during the treatment planning process to account
for tumor motion that is evaluated using 4DCT
and potentially minimized using immobilization.

10.6 Treatment Facilities

Proton and carbon ion therapy facilities are
characterized by a large central accelerator that
provides high-energy particles to multiple treat-
ment rooms [25]. The central accelerator is typ-
ically either a synchrotron or cyclotron.
Synchrotrons generate a pulsed beam of protons
or heavier ions, the energy of which can be
varied at the accelerator level to meet the needs
of the treatment team. This method produces a
very monoenergetic beam of ions with minimal
energy spread, yet the rate of beam delivery is
typically fixed. Cyclotrons on the other hand
produce a continuous beam of single maximum
ion energy. Lower energies that may be required
for treatment are then generated by passing the
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ion beam through a variable range shifter that is
located in close proximity to the accelerator to
minimize transportation of secondary radiations
to the treatment room. Cyclotron produced ion
beams are characterized by a beam with
increased energy spread, yet the rate of beam
delivery can be increased by varying the beam
current in the accelerator. The treatment rooms
can employ either an isocentric 360° gantry,
limited arc, or gantry fixed beam delivery using
either passive scattering or pencil beam delivery
techniques. The patient is located and immobi-
lized on a positioner with 3–6 degrees of freedom
and is aligned for treatment using digital X-ray
images compared to digitally reconstructed
radiographs generated during the treatment
planning process. Single-room proton therapy
systems are also becoming available which uti-
lize compact gantry mounted cyclotron acceler-
ators. These systems typically use a reduced
gantry arc of rotation and employ a robotic
patient positioner to achieve a wide range of
treatment angles.

10.7 Out-of-Field Dose

As a result of radiation interactions with the
beam delivery system and the patient secondary
radiations such as electrons, photons, and neu-
trons can be produced that go on to deposit
unwanted out-of-field dose to the patient. Of
these radiations, neutrons pose the greatest con-
cern due to their increased relative biological
effectiveness [31]. The amount of out-of-field
dose delivered to the patient is dependent on
many factors including beam delivery technique,
incident proton energy, and incident beam area to
collimated beam area ratio. The extent of
out-of-field dose has been investigated by a
number of groups at various institutions [32–39]
and is typically of the order of mSv/Gy near the
treatment field with an exponential fall off to
lSv/Gy 5–10 cm from the field edge [32]. It is
important to also note that the out-of-field dose
delivered by proton beam delivery is comparable
to or less than that delivered from head scatter,
head leakage, and patient scatter during IMRT or

arc-based photon treatments [40]. An additional
factor that contributes to out-of-field dose in
heavy ion therapy (i.e., carbon therapy) is frag-
mentation of the treatment particle producing
radiations that may go on to deliver dose beyond
the distal edge of the Bragg peak. This will be
discussed further in the next section.

10.8 Carbon Therapy

The rationale behind using heavier ions (such as
Carbon or Oxygen) in clinical treatment is
motivated by multiple factors, many of which are
similar to the ones discussed for protons includ-
ing a narrower Bragg peak with improved
peak-to-entrance dose ratio, sharper penumbra,
and potentially lower integral dose. Heavier ions
have the additional benefits of an increased linear
energy transfer (LET) and subsequent increase in
RBE, currently estimated at 3 [41] for carbon,
over protons (1.1) and x-rays (1). The higher
LET means that increasing amounts of the
damage done by carbon beams is through direct
damage rather than through a secondary free
radical mechanism and thus carbon ions also
have less dependence on oxygenation. The hope
is that higher LET accelerated ions such as car-
bon will increase cell killing in those tumors with
hypoxia and cells with high rates of sublethal
repair and/or high radioresistance to low LET
radiation.

There are, however, a number of factors that
have hampered the clinical deployment of heavy
ion therapy into regular clinical practice. The first
and perhaps biggest hurdle is the facility cost and
complexity. Accelerating and directing heavier
ions require larger diameter accelerators and
larger magnets, resulting in larger/heavier gan-
tries. These considerations not only impact the
footprint of the facility but also the engineering
and design to achieve precision of alignment
which in turn elevates cost. While heavy ions
exhibit advantages in physical dose distribution
due to their size, fragmentation of the primary
ion to lighter fragments can lead to dose delivery
beyond the distal edge of the Bragg peak. This
can negatively impact the dose sparing of a
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heavy ion beam especially beyond the distal
edge. Finally, heavy ions can vary significantly
in their biological effectiveness along the depth
dose profile requiring biologically effective dose
to be the parameter used in planning. The data
used in computing biologically effective dose can
either be experimental based [42] or model based
such as by the local effect model (LEM) [43, 44].
While this enhanced biological effectiveness
increases cell killing in those tumors with
hypoxia and cells with high rates of sublethal
repair and/or high radioresistance to low LET
radiation, additional biological validation and
clinical trials with varying fractionation will
increase clinical confidence in the technique.

10.9 Future Directions

As particle therapy continues to evolve we are
seeing key work being completed in technical
development, phase III clinical trials, and
increased patient access. Technical improve-
ments are focused on widening the therapeutic
window for large tumors and tumors in difficult
locations, while further increasing the conformity
of the dose delivery. Maturing clinical trials will
begin to provide quantitative data on the benefits
of particle therapy in relation to other treatment
modalities. Finally, a wider availability of parti-
cle therapy, including smaller, self-contained,
and less expensive proton centers will provide
increasing patient access to the benefits afforded
by proton and particle therapy.

The technical advances envisaged for particle
therapy focus on expanding the range of tumors
that can be treated. In part, this advancement is
shared with photon therapy, in that reductions in
the ITV and PTV allow for less normal tissue to
be treated. Reductions in the ITV can occur
through improvements to patient immobilization,
gated beam delivery, and tumor tracking. The use
of implanted fiducials aids tumor localization,
however, requires an invasive procedure and
dose perturbation by the implanted material. To
address dose perturbation carbon-coated, stain-
less steel fiducials or water equivalent fiducials
could be employed, however, the problem of an

invasive procedure still exists in patients who
oftentimes have coagulopathies. Advanced fidu-
cial or surface imaging technology could be
employed to track target motion and in con-
junction with beam gating technology ensure that
beam delivery only occurs when the target is
properly located. Cone beam CT (CBCT) also
provides a potential for volumetric analysis of
target placement in the treatment room and can
possibly be employed in adaptive therapy. In
adaptive therapy applications the CBCT images
could be used along with deformable image
registration and pencil beam scanning beam
delivery to replan treatments addressing concerns
which arise with ascites and variation in water
path length that can oftentimes render these
patients unsuitable for proton and particle
therapy.

The treatment of liver tumors with particle
therapy, while growing, is only reaching its
adolescence. Current reports in the literature
encompass retrospective [10–12, 45–50] and
phase II clinical trials [4–8] and the current time
is exciting in that the first phase III data including
protons is set to emerge through several studies.
The first is a phase III trial from JMSPTRC
showing favorable interim results of proton
therapy versus transarterial chemoembolization
[51]. The second, RTOG 1112, is actively
encouraging treatment of patients in the SBRT
and Sorafenib arm with proton therapy. Analysis
from these trials will aid in quantifying the
benefits of proton therapy in the treatment of
liver tumors.

As the physical, biological, and clinical ben-
efits are becoming defined, providing access to
this technology will remain a key issue. Patients
require multiple treatments given on a daily or
frequent basis, necessitating proximity to a
treatment center. Recently, we have seen a sig-
nificant rise in the number of proton therapy
centers worldwide as the benefits of this modality
of treatment are realized and technology
improves. The development of single room pro-
ton centers provides at least part of the answer in
widening the availability of this technology to
the patient population. As the number of proton
centers continues to rise, patients are
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experiencing increased access to this modality
and the physical, biological, and clinical benefits
this provides.

10.10 Conclusion

Particle therapy is an enticing choice in the
treatment of liver tumors, due to its ability to
spare what often is an already poorly functioning
liver through the use of the Bragg peak. How-
ever, as detailed within this chapter, special
consideration must be taken with patient selec-
tion, treatment planning, and delivery so the level
of precision seen on treatment plans can be
translated into a deliverable dose to the patient.
As shown in the phase II trials these challenges
are being successfully met and thus the role of
particle therapy, and in particular proton therapy,
for the treatment of liver tumors will expand. As
more patients are treated, increasing data will
become available from which informed decisions
can be made on when to employ particle therapy
in the treatment of liver tumors.
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11Yttrium-90 Selective Internal
Radiation Therapy

D. Thor Johnson, MD, PhD and Adam Leon Kesner, PhD

11.1 Introduction

Yttrium-90 (Y-90) selective internal radiation
therapy (SIRT), also known as transarterial
radioembolization (TARE), is one of the newer
modalities of radiation therapy available. This
therapy first became accessible in the United
States following the FDA approval of Theras-
pheres (BTG International) in 1999 under a
humanitarian device exemption largely based on
a small observational study showing safety [1]
and a second study showing improved survival in
a cohort of HCC patients treated with Y-90 when
treated with a dose greater than 80 Gy [http://
www.accessdata.fda.gov/scripts/cdrh/cfdocs/cfh
de/hde.cfm?id=H980006]. SIR-spheres (SirTex
Medical) were approved through a different
mechanism by the FDA (approval as a device,
not a drug) in 2002 in the United States on the
basis of an Australian trial involving 74 patients.
This trial compared intra-arterial chemotherapy
alone (floxuridine) with the same intra-arterial
chemotherapy and a single administration of

SIR-spheres in a population of patients with
bi-lobar non-resectable liver metastases. The trial
found improved partial and complete response
rate for patients receiving SIR-Spheres, as
assessed by tumor area on imaging (44% vs.
17.6%, P = 0.01) as well as increased time to
progression for patients receiving SIR-Spheres in
comparison to patients receiving chemotherapy
alone when measured by either tumor areas (9.7
vs. 15.9 months, P = 0.001), tumor volumes
(7.6 vs. 12.0 months, P = 0.04) or CEA levels
(5.7 vs. 6.7 months, P = 0.06) [2]. The use of
these devices has grown over the last two dec-
ades and Y-90 SIRT has become a significant
part of the oncological armamentarium for the
treatment of liver tumors.

11.2 General Principles

Yttrium 90 is a pure beta emitter, which decays
to stable Zirconium-90 with a half-life of 64.1 h.
The beta particles are emitted with a maximum
and average energy of 2.27 and 0.93 meV,
respectively. The average range of the beta par-
ticles in tissue is 2.5 mm with a maximum tissue
penetration of 11 mm. Maximum range in air is
approximately 10 m. With its 2.67-day half-life,
94% of the emissions/radiation dose will be
delivered within 11 days of implantation. As
with all beta emitters, secondary gamma rays are
created via bremsstrahlung interaction of the
principle electron emissions. These gamma rays
are introduced in the vicinity of the isotope and
are emitted with a spectrum of energies. Since a
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portion of these gamma rays will traverse both
shielding and the patient, they can be utilized for
treatment verification, post administration imag-
ing, and must be accounted for when considering
the radiation safety aspect of clinical Y-90 use.

Both the SIR-Spheres and Theraspheres
brands function by incorporating Y-90 isotope
into small beads (microspheres), to deliver
internal targeted radiation therapy. While similar
in design and delivery mechanism, there are
some significant differences between the devices
as demonstrated in Table 11.1.

Use of a particular device is related to local
IRB approval (for Theraspheres given the
humanitarian device exemption status) and the
specific training and preference of the treating
physician. There is presently no clinical evidence
supporting the consistent superiority of one type
of Yttrium-90 over another. There are however
delivery differences that may be useful to clini-
cians in particular circumstances.

Theraspheres have simpler preparation and
delivery mechanisms. SIR-Spheres doses are
prepared onsite before treatment, and readily
allow users the flexibility to adjust doses the day
of treatment and/or split doses for delivery into
multiple arteries.

11.3 Radiation Dose

In distinction to external beam radiation, Y90
delivers Beta irradiation. Similar to gamma irra-
diation, beta radiation toxicity is related to DNA
damage. The primary differences relate to con-
tinuous exposure during decay of Y90 versus

fractionated dosing with external conformational
beam radiation and the very low radius of
activity of beta radiation in which the dose is
strongly dependent on the distance from the
microsphere to the tumor nucleus. This dose
dramatically decreases at distances greater than
2.5 mm. This necessitates the spheres being
directly infused into the tumor for effective dose
delivery. 3D microdosimetry on tumor samples
of a patient receiving SIRT have demonstrated
that at 2 cm the tumor was entirely encompassed
by the 100 Gy isodose line, with some portions
of the tumor receiving doses of greater than
1000 Gy [3]. Given the fundamental differences
in method of radiation dose administration, dose
distribution, time course of radiation delivery,
and even effective dose, comparing dosimetry
between external beam radiation and Y90 pre-
sents many challenges.

Doses of 120 Gy have been consistently
shown to be safe clinically in liver therapy with
Y90, although doses as high as 150 Gy for lobar
therapy are frequently safely prescribed. Doses
as high as 500 Gy for radiation segmentectomy
have also been utilized safely [4]. This is some-
what surprising, given the severe liver injury that
can be induced by significantly smaller doses of
radiation delivered via external beam irradiation
although as previously stated the intrinsic dif-
ferences of the modalities make direct compar-
ison difficult. It is also of note that clinically
effective radiation dose differs significantly
between these modalities. This discrepancy is
also not well delineated by the existing literature.
Dose and dose rate effects are relatively well
understood for Gamma radiation, but much less

Table 11.1 Comparison of the characteristics of the two available Y90 devices, theraspheres and sirspheres

Device Therasphere Sirsphere

Material Glass with Y-90 imbedded Resin with Y-90 bound to surface

Particle size 20–30 micron 20–60 micron

Embolic effect Minimal to mild Mild to moderate

Dose vials provided by manufacturer 3–20 GBq 3 GBq

Average particle radiation 2500 Bq 50 Bq

Specific gravity 3.6 g/mL 1.6 g/mL

Number of spheres per 3 GBq 1.2–8 million 40–80 million
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so for Beta radiation. Similar physical absorbed
doses from the different types of radiation may
have significant differences in biological effect
on hepatocytes. With SIRT treatments, the par-
ticles are delivered via the hepatic artery and, in
both metastatic and primary liver disease there is
significant heterogeneity of the hepatic arterial
supply with asymmetry favoring tumors.
Tumors, in general, derive the vast majority of
their blood supply via the hepatic artery in
addition to vessels induced by tumor angiogen-
esis through VEGF (also derived from the
arteries). The hepatic parenchyma derives the
minority of flow from the hepatic artery
(approximately 25–35% of total blood flow) and
the majority from the portal vein (65–75% of
blood flow). Hepatocytes also derive approxi-
mately 50% of oxygen from the portal vein [5].
In addition vascular tone in the hepatic artery is
controlled by vasoactive factors through con-
tractile cells that are often absent in the disor-
ganized arteries of hepatic malignancies. This
flow asymmetry results in preferential arterial

supply to the tumor relative to the normal par-
enchyma. In fact when evaluating dosimetery in
a segmental delivery, 1214 Gy was delivered to
the tumor and 210 Gy to the normal liver par-
enchyma [4]. In dosimetry assessments relative
perfusion of hepatic tumors has varied between
10:1 and 1:1 clinically [6, 7]. This is likely to
make a significant difference given the small area
of effect of the beta particles released from Y-90.
Embolic spheres are never smaller than 20
microns, and as such they are deposited in the
hepatic arterioles proximal to the hepatic arterial-
portal venous anastomoses (12–15 microns) well
away from the central venules and the sinusoidal
space, as pictured in Fig. 11.1.

This would result in primary deposition of
radiation toward the inflow vessels and away from
the central venule in normal tissue. As the
pathology of RILD is related to central venule
fibrosis and obliteration [8], this asymmetric dis-
tribution of short penetration beta radiation may
explain some differences of RILD with SIRT
compared to whole liver external beam irradiation.

Fig. 11.1 Anatomy of the hepatic sinusoid
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11.4 SIRT: Indications, Workup,
and Treatment

11.4.1 Indications for SIRT

Patients who are considered potential candidates
for SIRT include those with unresectable primary
hepatic or metastatic cancer (liver dominant), and
a life expectancy of at least 3 months. Inmetastatic
colorectal cancer, SIRT has been given both with
chemotherapy and alone primarily in the second
line or salvage settings. There are competing
therapies for the candidate group of patients (in-
cluding SBRT, surgery, percutaneous ablation,
bland embolization, chemotherapy, and transarte-
rial chemoembolization), so the involvement of a
multidisciplinary team is recommended to assure
that only the patients in which SIRT is the most
suitable treatment be offered the therapy.

11.4.2 Contraindications

There are several exclusions for SIRT. Shunting of
spheres to the lungs is calculated pretreatment
using a Tc99m macro-aggregated albumin
(MAA) nuclear scan. These scans can be used to
derive an estimate of the radiation dose to the lungs
that would likely result from a SIRT treatment.
Theraspheres is contraindicated for a patient if
their projected lung dose for is � 30 Gy per
treatment, or 50 Gy aggregate. SIR-Spheres dose
reductions are recommended if lung shunt frac-
tions are between 10 and 20%, and no treatment if
higher than 20%. Additional contraindications
include uncorrectable/unavoidable blood flow to
the gastrointestinal tract from the liver, excessive
tumor burden with limited hepatic reserve, ele-
vated total bilirubin level (>2 mg/dL) in a
non-cirrhotic patient, uncorrectable contrast
allergy, uncorrectable coagulopathy, severe
uncorrectable leukopenia (absolute neutrophil
count less than 1000) [9]. Bevacizumab within
4 weeks of treatment is generally considered a
contraindication due to increase in vascular com-
plications from angiography; including thrombo-
sis, poor wound healing, dissection, spasm, and
pseudoaneurysm formation [10, 11]. Oxaliplatin is

often dose-reduced to 60 mg/m2 during the time
surrounding Y-90 therapy due to decrease in
patient tolerance in combination therapy with
higher doses of Oxaliplatin [12]. Some institutions
also consider history of sphincterotomy or cystic
duct surgery to be a relative contraindication,
however this is highly variable among practices. If
there is significant portal hypertension, or liver
decompensation in particular elevation of INR,
embolization should be considered carefully.
Patients with prior liver SIRT should be reviewed
both for cumulative dose of radiation to the lungs
(which should be less than 50 Gy total), as well as
ability to tolerate more treatment.

11.4.3 Preprocedural Workup

Patients universally require pre-procedural high
quality cross-sectional imaging. Either
triple-phase MRI or CT is suitable as long as the
institution is capable of performing volume
assessment with the chosen modality. Tumor
burden, vascular variants, presence or absence of
portal vein thrombosis, and liver volumes should
be assessed on imaging in preparation for the
procedure. Complete laboratory work-up is nec-
essary including LFTs, bilirubin, albumin, INR,
WBC, and creatinine as close as possible to the
proposed treatment date.

11.4.4 Procedural Detail

Prior to performing the delivery of radiation to
the liver it is standard practice to obtain a TC99m

micro-aggregated albumin (MAA) mapping
study. This is a combination of high quality
angiography as well as the delivery of a diag-
nostic MAA nuclear medicine study. The MAA
is injected in order to determine the proportion of
particles that are likely to shunt through the
tumor and into the lungs.

The patient is brought to the angiography
suite and a 4–6 French sheath is placed in either
the femoral artery (usually right) or the radial
artery (usually left). The most common hepatic
vascular anatomy is only present in only 55–65%
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of patients and as such careful angiography is
vital. Selective angiography is performed in the
superior mesenteric artery, followed by the celiac
artery. This is followed by careful assessment of
the hepatic vessels including: assessment of the
common hepatic, left gastric (to assess for
accessory left hepatic arteries or a gastrohepatic
trunk), the proper hepatic, the left hepatic, right
hepatic, and right gastric arteries. In some cases
subsegmental anatomy is assessed. In our IR
suites, it is routine to perform dynamic contrast
enhanced C-Arm CT of both the left and the right
hepatic arteries to assess for vascular supply to
extra-hepatic tissues. The most common extra-
hepatic tissues include the stomach, duodenum,
or anterior abdominal wall (through a variant
artery called the falciform artery). Any vessel
that supplies extra-hepatic tissue should be coil
embolized in preparation for the procedure. Most
practitioners also coil the right gastric (if present)
and some coil the gastroduodenal artery rou-
tinely. This should be strongly considered if
treatment plan includes whole liver treatment. It
is important to discuss with transplant surgery if
the patient is listed for liver transplant whether
the GDA should be embolized or not, given
differences in surgical technique among trans-
plant surgeons. After the practitioner is com-
fortable that they have evaluated any potential
anatomic obstacles to treatment, a microcatheter
is positioned in the location of likely treatment
with Y-90 and the patient has a small amount of
TC99m MAA infused into the liver. The patient is
then transferred to nuclear medicine and imaged
with a gamma camera. Institutions can do either
planar or SPECT-imaging based on local pref-
erences, with imaging recommended to occur
within 1 h of injection to prevent falsely high
positive shunt fraction related to free TC99m [9].
There is however, greater accuracy in determin-
ing gastrointestinal shunting using SPECT-CT
(96%) compared with planar imaging (72%)
[13]. Furthermore, SPECT-CT has been shown
to provide more accurate lung shunt fraction
determinations, as compared to planar [14].
A shunt fraction is calculated by evaluating the
lungs and liver and calculating the fraction of
spheres that traverse the liver vessels and are

ultimately trapped in the lungs. If a patient’s
shunt fraction is too high (see above), the pro-
cedure is most often canceled and an alternative
therapy pursued.

Representative Celiac arteriogram and corre-
sponding planar TC99m scan are demonstrated in
Figs. 11.2 and 11.3.

In the setting of HCC, it is possible that pre-
treatment with Sorafenib may normalize vascular
supply to tumor enough to decrease shunt frac-
tion and allow treatment [15]. Sorafenib has
multiple molecular targets that affect tumor
angiogenesis, and as such can affect the disor-
ganized vessels of tumors that lead to high shunt
fraction.

After obtaining shunt fraction the dose to be
delivered is calculated on an individualized basis.
Therasphere and SIR-Sphere products have dif-
ferent dose calculation protocols. Most notably,
Therasphere stipulates dose calculations and
prescriptions to be computed in units of absorbed
dose (Gy). Alternatively, SIR-Spheres uses
empirical or partitioned (personalized) models
that provide prescriptions in units of activity
(GBq).

11.4.5 Therasphere Dose Calculation

The recommended dose to the liver by Theras-
phere is between 80 and 150 Gy. The dose cal-
culation for glass microspheres is based on target
dose and the patient’s liver mass (or treatment
volume), which is calculated from volume
assessment of preprocedural CT and MRI. This
equation assumes a homogenous volume of
distribution:

Dose Gyð Þ ¼ 50 InjectionActivity(GBq)½ � 1� F½ � 1� R½ �
LiverMass ðkg) :

In this equation, dose is calculated as a scaled
calibration of activity concentration in the liver.
F represents the lung shunt fraction, and R is the
expected residual waste (i.e. the amount of
spheres expected to be retained within the
delivery device and not delivered to the patient—
generally set at 1%), and the two variables are
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Fig. 11.2 The typical vascular pattern of a celiac angiogram in a patient being prepared for Y-90 treatment

Fig. 11.3 Corresponding TC99m scan from the same patient above during shunt study
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used to scale the dose calculation. Determination
of required activity for specific treatment is made
using by rearranging the variables in the equation
and solving for activity.

For example if we calculate the activity
required to deliver a whole liver dose of 120 Gy
to a patient with a 2 kg liver mass, 5% lung shunt
fraction, and 1% anticipated residual waste, we
find the required administration activity would be
5.1 GBq. If we know the treatment day and time,
then we can use the Therasphere dose calculation
tools to determine the vial that should be ordered
(vials orders characterized by their Sunday
12 pm EST calibration). The manufacturer of
Theraspheres (BTG plc, London, England) pro-
vides an online calculator that allows precise
calculation of dose and order details with input of
specific patient variables (https://www.btg-im.
com/therasphere-idoc). Theraspheres allows for
the possibility of using a dose calibrated within
one or two weeks of the planned treatment date.
This allows the user the option to use more or
less particles to deliver the same absorbed radi-
ation dose. Increasing the number of particles can
be helpful with larger and more hypervascular
tumors. The target dose for any given tumor has
not been precisely defined aside from the early
studies demonstrating that less than 80 Gy was
inadequate therapy in HCC [7]; it is believed
however that doses of 100–120 Gy offer a good
balance between response rates and complica-
tions including hepatic fibrosis for standard
users, although as stated previously, highly
experienced clinicians have safely delivered
segmental doses higher than 500 Gy.

11.4.6 SIR-Sphere Dose Calculation

Dosimetry principles are similar for resin
microsphere dosimetry, but treatment planning
and dose ordering are handled differently across
vendors. The SIR-Sphere user’s manual relies on
the partition model for calculating the desired
administration activity. This model has been
approved by the FDA for SIR-Sphere treatment
protocols, and the dose, as measured in Gy, is not
directly calculated or considered. The partition

model incorporates the body surface area (BSA),
whole liver volume, and target region volume
into its method of calculation (Sirtex user’s
manual, issued March 2002; pp 38–42). Users
are encouraged to use vendor supplied work-
sheets, or their online calculator (http://apps01.
sirtex.com/smac/). It is of note that the online
calculator is not FDA cleared, but gives equiva-
lent calculations as the vendor worksheet. There
is an older empiric method of dose calculation,
however this method demonstrates a worse
side-effect profile than the BSA method and as
such is no longer recommended except in cases
in which BSI is significantly incorrect in esti-
mating liver volume (significant hepatomegaly,
prior hepatectomy).

Activity prepared for injection for a
SIR-Sphere treatment can be calculated using the
following equation:

InjectionActivity GBqð Þ
¼ BSA� 0:2ð ÞþTumor Involvement½ �

�% Liver Treated:

Specific formulas for BSA, Tumor Involve-
ment, and % Liver Treated may be found in the
SIRTEX package insert.

The activity prescribed can be reduced if the
hepatic function is compromised, however
specific guidelines for dose reduction have not
been assessed in clinical trials. Patients with poor
function or those with very small tumor burden
generally have dose reduced by 20–30% (not
below 80 Gy for Theraspheres). SIRTEX also
recommends dose reduction if shunt fraction is
greater than 10% as discussed earlier.

11.5 Treatment Day

The patient is once again brought to the
angiography suite and arterial puncture is repe-
ated. Access to the celiac artery is once again
obtained. Repeat hepatic angiography is per-
formed as vessels that were embolized in
preparation for Y-90 treatment can collateralize
in the interval between planning angiography and
treatment. After planning angiography, the Y-90
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delivery apparatus is assembled and Y-90 is
delivered. Theraspheres have a low enough
number of particles, and smaller diameter of
particles, and are expected to be delivered in full.
For SIR-Spheres, the number of particles is high
enough that stasis is sometime reached, and full
delivery not possible. The NRC considers an
administration outside of a ± 20% window of
the intended prescription dose to be a misad-
ministration classified as a reportable medical
event. However, if stasis is identified during
administration with angiography, it is
acceptable/expected to cease administration, and
a misadministration event does not need to be
reported, regardless of the actual dose
administered.

11.6 Follow-up

11.6.1 Post-Treatment Imaging
and Dosimetry

TC99m-MAA gamma imaging is used during
SIRT treatment planning to calculate the appro-
priate Y-90 administration dose; the MAA is
used as a surrogate for the Y-90 microspheres
and its distribution is assumed to be representa-
tive of the Y-90 microsphere treatment deposi-
tion. This strategy has shown to be effective for
patient specific treatment planning [16]. How-
ever, researchers have shown that there can be
significant differences in the distribution of
microspheres between the two procedures [17].
Accurate and localized dosimetry resulting from
a SIRT treatment may be derived by directly
imaging the Y-90 distributed in the body after the
spheres have been implanted. 3D nuclear emis-
sion images may be obtained using either
bremsstrahlung SPECT/CT, or PET/CT. PET is
possible because the decay properties of Y-90
include a small percentage of positron emissions
(32 positrons per million decays). This is a very
low signal for imaging, but with long acquisition
times and time-of-flight PET technology images
can be generated. PET/CT is favored over
SPECT/CT as it has better resolution and is more
accurate for quantification.

Post-treatment direct radiation imaging allows
for an accurate accounting of implanted sphere
distribution from a SIRT treatment. The 3D Y-90
biodistribution images can be converted to 3D
dose deposition maps using kernel convolution,
and assessed for varying dosimetric characteris-
tics. Ideally this type of analysis may provide
additional insights into the treatment and/or
direct clinicians toward favorable courses of
action. However, present literature is still unde-
veloped in this area and remains an active topic
of research. Post-treatment imaging/dosimetry is
not required in vendor protocols. Initial studies
have shown that using Y-90 imaging to calculate
absorbed dose may be predictive of response
[18]. Biodistribution characteristics like target
volume sphere load and/or homogeneity of
spheres may also be derived from imaging, and
have been shown to correlate with partial or
regional tumor response [18]. It has been sug-
gested that Y-90 post treatment imaging may be
useful for the consideration of secondary
follow-up treatments [14], but the safety of
multiple radioembolization treatments has not yet
been established [19].

11.6.2 Follow-up Cross-Sectional
Imaging

Patients generally return for clinical follow-up in
one to three months, at which time symptoms are
assessed and plans for continued therapy are
discussed. If patients are receiving separate doses
to the left and right (recommended based on
increased safety profile) then the treatments
should be scheduled at least one month
apart. Multiphase CT doesn’t adequately assess
response until 2–3 months following therapy.
MRI with high quality diffusion-weighted imag-
ing can assess response at 1 month in the
majority of cases. At one month the CT or MRI
can actually look worse with increase in size of
lesions and continued enhancement despite
response (Fig. 11.4). In some cases there is
continued improvement of the tumor response
out to several months following completion of
therapy. FDG- PET has been proposed as a
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potential modality to follow treatment of Y-90
earlier than definitive changes by MRI, and is in
fact comparable at 3 months following therapy
[20] as well as predictive of response at 4 weeks
in small series [21]. These results are promising
but presently there is inadequate prospective data
to include early PET as the modality of choice
for monitoring of response to SIRT in any of the
consensus guidelines [22].

General algorithm for patient treatment is
diagramed in Fig. 11.4.

MRI images and corresponding pathological
specimens are demonstrated in Fig. 11.5 for a
patient treated with Theraspheres.

11.7 Complications

Complications are mild and generally
self-limited. In the largest prospective random-
ized trial of SIR-Spheres complications greater
than grade 3 were present in 13% more of CRC
patients treated with both Y-90 and chemother-
apy versus chemotherapy alone. There was a
1.3% increase in grade 5 toxicities over patients
treated with chemotherapy alone. The most
common adverse events attributable to Y-90
were fatigue, neutropenia, thrombocytopenia,
ascites, and gastrointestinal ulcers. Other adverse

Fig. 11.4 General treatment algorithm

Fig. 11.5 Cirrhotic patient presenting with 9 cm HCC
treated with 130 Gy dose to the right lobe of the liver.
First Panel—Tumor at presentation, Second Panel—
Tumor 6 weeks following single treatment, Third Panel

—Tumor at 6 months now 5 cm without residual
enhancement, Lower panel explant photos after patient
underwent liver transplantation demonstrating significant
fibrosis in the treatment site without viable tumor
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events were not statistically significant [23]. In
the largest meta-analysis of therapy with Thera-
spheres, up to 70% patients can be expected to
experience post-radioembolization syndrome
(PRS), which can include nausea, vomiting,
fatigue, abdominal discomfort, and/or cachexia.
PRS is generally less severe than the
post-embolization syndrome of most other solid
organ embolotherapies. Hospitalization is rarely
required [24] and generally resolves within a
month. The incidence of RILD is rare, ranging
from 0 to 4%. RILD is defined in the Y90 liter-
ature the same as in the general radiotherapy
literature as radioembolization literature in the
classical sense- anicteric hepatomegaly and
ascites related to fibrosis surrounding the central
venules leading to outflow obstruction. This is
increased in single session whole liver treatment
(as was performed in the SIRFLOX trial), and in
patients with either bilirubin greater than 2 or
patients in whom the empiric method of dose
calculation was utilized (SIR-Spheres).The inci-
dence of biliary complications following Y-90
therapy was less than 10% by imaging. 1% of
these patients required therapy for these com-
plications [25]. Increased portal pressure (based
on increase in size of spleen and increase in size
of portal vein by imaging) has been demonstrated
with whole liver treatment with Y-90 [26]. This
complication does not occur with unilobar treat-
ment, as there is generally hypertrophy of the
contralateral lobe as the treated lobe develops
fibrosis. Clinically significant findings of portal
hypertension such as reduction of plate-
lets <100,000 or variceal bleed are rare [26].
Preexisting portal hypertension or portal vein
thrombosis from cirrhosis are not contraindica-
tions to treatment, as portal vein thrombosis is for
transarterial chemoembolization. Radiation
pneumonitis is generally only seen in patients
with high lung shunt fractions. In an assessment
of radiation pneumonitis in 403
Therasphere-treated patients 53 patients had a
dose to the lungs greater than 30 Gy and
follow-up imaging available. Ten of these
patients had evidence of grade 1 radiation
pneumonitis, none of which required treatment
[27]. If standard dosimetry models are employed,

the incidence of radiation pneumonitis should be
less than 1% [27, 28]. GI ulceration occurs in less
than 5% of cases related to unrecognized vas-
cular supply to the bowel from the hepatic supply
[24]. Transient lymphopenia is seen in the
majority of cases treated with Theraspheres. No
opportunistic infections have been reported as a
result of lymphopenia [29].

11.8 Conclusion

The use of Y-90 SIRT is growing, and it is
becoming an established treatment option for
oncologic care in the liver for primary and
metastatic liver cancer. In general, literature has
demonstrated improved outcomes with the use of
SIRT treatment and an acceptable complication
profile when performed by experienced practi-
tioners. Effective utilization of Y-90 requires a
multidisciplinary team approach, careful patient
selection, and meticulous angiographic
workup/treatment. Y-90 therapy will continue to
evolve as techniques are refined, and as several
ongoing prospective randomized trials are
completed.
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12Interstitial Brachytherapy for Liver
Tumors: Practical Issues

Michael R. Folkert, MD, PhD and Brian Hrycushko, PhD

12.1 Background

12.1.1 Concept of Interstitial
Brachytherapy for Liver
Lesions

While surgery is considered the standard of care
for primary [1, 2] and metastatic liver lesions [3–
6], the majority of patients are not surgical can-
didates due to medical comorbidities, a limited
liver reserve or other anatomical barriers to
resection. Alternative minimally invasive (e.g.,
radiofrequency and microwave thermal ablation,
cryotherapy, irreversible electroporation, transar-
terial chemoembolization, radioembolization)
and non-invasive (i.e., external beam radiation
therapy) liver-directed therapies exist; however,
efficacy may be limited by tumor size, location,
and/or amount of functional liver reserve. Exter-
nal beam radiation therapies in particular are
limited by functional liver reserve and liver tol-
erance to radiation, and while radioembolization
(generally using 90Y microspheres) has been

proven beneficial for multiple or larger tumors, it
is limited by vascular access, shunting, functional
liver reserve, and often by prior radiation [7–12].

An alternative to these other liver-directed
therapies (discussed in other chapters) is inter-
stitial brachytherapy, generally using an 192Ir
high-dose-rate (HDR) afterloader source. Percu-
taneous interstitial HDR brachytherapy treatment
directly irradiates the target lesion by placing a
radiation source within the lesion under
image-guidance. This therapy may avoid many
anatomical constraints faced by thermal ablation
techniques, as it is not limited by lesion size or
by the presence of vascular/biliary structures.
Unlike external beam radiotherapy, where the
radiation beam must traverse healthy tissue in
order to reach the tumor, brachytherapy tech-
niques deliver the radiation from within the
tumor. As a result, the dose to surrounding
healthy tissues is greatly reduced with
brachytherapy. This distinct characteristic of
brachytherapy dose distributions is useful for the
treatment of primary or metastatic liver lesions.
The liver has been shown to have a significant
dose-volume effect for toxicity; when the volume
of irradiated liver increases, the dose tolerance
for radiation induced liver disease decreases
dramatically to levels where tumor eradication is
unlikely to occur. For select patients with pri-
mary or metastatic liver lesions, HDR
brachytherapy can provide for an aggressive
focal irradiation with an ablative dose to the
tumor and significant sparing of functional liver
tissue.
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12.1.2 Interstitial Brachytherapy
Physics

At its core, brachytherapy is the delivery of
radiation with the source being placed close to or
within the site to be treated. With an under-
standing that larger radiation dose leads to
greater probability of cellular kill and tumor
control, the main advantage of brachytherapy lies
in the physical dose distribution surrounding the
source. A high, ablative dose is concentrated in
the immediate vicinity of the source followed by
a rapid fall-off in dose with increasing distance.
A geometric based inverse-square relationship
with distance dominates the dose fall-off. Photon
attenuation, especially at lower energy emissions,
also contributes. Figure 12.1 shows the
TG43-based radial dose function for different
radionuclide sources [13–15], which accounts for
absorption and scatter only and factors out the
geometric fall-off in dose. These dose charac-
teristics of radionuclide brachytherapy provide
for the ultimate in radiation dose conformity with
a large dose to the target and the ability to spare
surrounding healthy tissues. In fact, with a vari-
ety of radioactive sources characterized by mode,
energy, and half-life of decay, brachytherapy in
theory can provide for the best radiation dose
distribution. We note that this work will focus on
the clinical use of image-guided HDR
brachytherapy for liver cancer, but other
brachytherapy procedures such as 125I seed LDR
brachytherapy [16–18] and microsphere-based
radionuclide therapy using beta particle emitters
[19–24] have been successfully used clinically.

High-dose-rate (HDR) brachytherapy dose
delivery is provided with the assistance of an
“afterloader,” an automated device that handles
the source rather than a human practitioner
(Fig. 12.2). The development of afterloading
technology was driven by the need to reduce the
radiation exposure to staff involved in
brachytherapy procedures. Afterloading involves
the placing of catheters and applicators into or on
the patient without the presence of the radioac-
tive source. This improved brachytherapy treat-
ments because more time could be spent on the
geometric placement of applicators while

considering dose characteristics of the source.
HDR brachytherapy uses remote afterloading
technology where the radioactive source is
introduced with staff safely located outside the
shielded treatment room. Image-guided treatment
planning based on applicator placement along
with a stepping source allows one to optimize the
dose distribution in ways unachievable without
remote afterloading technology. All current
commercially available remote afterloading
technology follow the same general principles of
operation with a few distinct differences [25]. In
general, a single 192Ir or 60Co source at the end of
a cable is moved from a shielded safe to a
planned position for a planned amount of time
using a motor drive. The source drive mechanism
then steps the source to different positions until
all dwellings have been completed. The source is
then retracted to the safe and directed by an
indexer to the next channel. Several key safety
features include operational interlocks to prevent
accidental irradiation, emergency retract buttons,
room door interlocks, and an emergency crank
used to manually return the source in the event
that other source retract mechanisms fail. Vendor
specific applicators and possibly inter-vendor
adapters can be purchased to go along with
remote afterloaders to treat various disease sites.

Fig. 12.1 AAPM TG43-based1 [13] radial dose function
[g(r)] for various represented radionuclide sources based
on a line source approximation (reproduced from tabu-
lated values [14, 15]). This accounts for dose fall-off on
the transverse plane due to photon scattering and atten-
uation only, and factors out the dominant geometry
related dose fall-off
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Future directions for remote afterloading tech-
nology may include the use of multiple sources,
as current models support several drive mecha-
nisms, and possibly radionuclides with different
decay characteristics and energy spectra, such as
169Yb or 170Tm [26, 27].

12.1.3 History of Interstitial
Brachytherapy for Liver
Tumors

Percutaneous HDR brachytherapy for liver
lesions has a long history, having been per-
formed under ultrasound guidance in the USA by
Dritschilo et al. in the 1980’s [28]. In their phase
1 pilot study, radiation dose was escalated from 8
to 50 Gy in a single treatment. Toxicities, con-
sisting of transient elevations in liver chemistries
and self-limited nausea and vomiting, were

minimal. From personal communications with
the corresponding author, challenges with this
delivery technique included difficulties in ultra-
sound visualization of the tumor and in the per-
cutaneous placement of multiple catheters to
adequately cover the entire target region with a
tumoricidal dose. Subsequently, Ricke and col-
leagues CT-guided percutaneous liver HDR
brachytherapy.

12.2 Patient Selection

At our institution, all patients must undergo
formal evaluation by the Liver and/or GI Tumor
Program at UTSW so that they may be fairly
informed of their treatment options including
surgical resection, external beam radiation ther-
apy, interventional ablative therapies, systemic
therapies, and supportive care. Selection of the
optimal interstitial brachytherapy candidate is
similar to that of other focal techniques, such as
thermal ablation or SBRT, with greater flexibility
in terms of location, size, and number of lesions.
The presence of vascular “heat sinks” and lesion
size are less of a concern for interstitial
brachytherapy than for thermal techniques, and
lesion size/liver reserve is less of an issue for
interstitial brachytherapy than for SBRT. It is
possible that patients could have lesions that are
too large or advanced to effectively treat,
although primary lesions as large as 12 cm [29,
30] and metastatic lesions as large as 13.5 cm
[31] in diameter have been successfully implan-
ted in prospective studies. In these cases,
radioembolization could be the preferred treat-
ment. Patients with refractory coagulopathies
would also be difficult to treat and noninvasive
treatments such as stereotactic body radiation
therapy may be the preferred treatment modality.
Certain areas of the liver are of greater concern;
lesions at the periphery of the liver in close
contact with viscera may not be optimal for large
single-fraction interstitial brachytherapy
treatments.

Based on published prospective experiences
by Mohnike et al. in patients with HCC [29],
candidates for interstitial brachytherapy had

Fig. 12.2 Remote afterloader used for 192Ir
high-dose-rate interstitial brachytherapy techniques at
our institution. The frame houses a shielded vault in
which the 192Ir source is stored; when used for treatment,
the source is directed through one of the channels inserted
into the head (green connectors)
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unresectable disease with 4 or fewer nodules, and
the tumor margin had to be clearly defined on CT
or MRI. Patients with Child-Pugh Class C hep-
atic impairment were ineligible; patients required
a platelet count above 50,000, ECOG perfor-
mance status 0–2 or Karnofsky Performance
Status (KPS) >70, prothrombin time of at least
50%, and bilirubin <5 µmol/dL. Patients with
ascites or portal vein occlusion were eligible. For
patients with metastatic disease to the liver,
where hepatic function is generally less com-
promised, Ricke et al. [31] used similar bio-
chemical parameters, and excluded patients with
� 10 tumors, patients with more than 3 tumors
� 5 cm in diameter, or patients with more than 3
lesions with two or more lesions >3 cm in
diameter.

Patient selection criteria for this procedure at
our institution are shown in Table 12.1. For our
purposes, patients should have the following:
histologic or radiographic proof of a liver
malignancy suitable for radiation therapy (i.e., no
germ cell or hematological malignancies); CT,
MR, or contrast-enhanced ultrasound (CEUS)
defined lesions with lesion size � 3 cm in
maximum dimension, or lesion size � 1 cm if
treatment with thermal ablation techniques such
as RFA would be compromised by proximity to
nearby vascular/biliary structures, and predicted
survival of >6 months. Patients who are ineligi-
ble for interstitial brachytherapy include patients
with a history of prior irradiation or other treat-
ment to the liver or abdomen who after
brachytherapy treatment would have a cumula-
tive dose to the liver or other normal tissues
greater than the protocol defined constraints
(Table 12.2); active peptic ulcer disease for
lesions within 5 cm of the stomach; underlying
hepatic cirrhosis with Child-Pugh class B9 or C
hepatic impairment; patients with parahepatic
extension of disease with direct non-liver visceral
involvement, or patients with contraindications
to general anesthesia. Additionally, interstitial
brachytherapy is not recommended for patients
with significant laboratory abnormalities, further
summarized in Table 12.1.

12.3 Needle Placement, Treatment
Planning, Quality Assurance,
and Dose Delivery

12.3.1 Needle/Catheter Placement
Technique

Percutaneous interstitial catheter implantation
can be performed under analgesia/sedation
(Midazolam & Fentanyl) and local anesthesia
(Lidocaine), but general anesthesia is often pre-
ferred to avoid any risk of needle migration
between placement and treatment delivery that
would compromise optimal dose delivery.
Patients undergo deep venous thrombosis pro-
phylaxis and pain management throughout the
course of treatment as per routine.

Based on a pre-planned distribution (see
Sect. 12.3.2.2.3) or physician’s discretion (and
the lesion size, shape, and location), under image
guidance (CT, fluoroscopic, and/or
contrast-enhanced ultrasound), one or more
large bore trochar puncture needles (generally
17-G) are placed at least 5 mm past the desired
target. If using a pre-planned technique, a regis-
tration CT scan is acquired and fused with a
planned needle distribution; pre-planned entry
points and catheter trajectories are marked on the
patient’s skin, with or without a template grid.
Verification of tumor location may be performed
with iodinated intravenous contrast; additionally/
alternatively, contrast-enhanced ultrasound
(CEUS) may also be used to delineate the lesion
and guide needle placement [32, 33]. Catheter
entry locations depend on the geometry of the
tumor and any anatomical limitations such as
pleural space, stomach, or spinal cord restric-
tions. Placing needles past the lesion avoids tar-
get coverage issues resulting from anisotropy in
the dose distribution near the distal end of the
source.

For each planned catheter, the 17-G trochar
puncture needle is exchanged over a stiff angio-
graphic guide wire for a flexible 6-F catheter
sheath using Seldinger’s technique. The angio-
graphic guide wire is removed, and a closed-end
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6-F afterloading catheter is introduced into the
6-F sheath. Upon completion of catheter place-
ment, a post-implant non-enhanced or
contrast-enhanced CT of the liver is acquired to
verify the correct catheter positioning within the
tumor and to acquire images for final
3-dimensional treatment planning. The length of
needles outside the patient is recorded to verify if
there is any movement before treatment.

12.3.2 Treatment Planning Principles

12.3.2.1 Dosimetric Goals
In the studies by Ricke and Mohnike et al.
mentioned above, the dose to 2/3rds of the liver
was limited to no more than 5 Gy to reduce the

risk of hepatotoxicity and radiation-induced liver
damage. The stomach, duodenum, and colon
were limited to a maximum dose of 15 Gy to
1 cc volume while the spinal cord was limited to
a maximum dose of 8 Gy to 1 cc [29, 31]. At our
institution, based in part on our experience with a
single fraction SBRT approach, our adapted
dosimetric treatment goals are summarized in
Table 12.2.

12.3.2.2 Treatment Planning
Technique

Treatment Catheters, Target, and
Organ-at-Risk Delineation
CT-based planning for interstitial HDR
brachytherapy is the brachytherapy planning

Table 12.1 Patient selection

Anatomic criteria

Size

CT, MR, or contrast-enhanced ultrasound (CEUS) defined lesions, with
lesion size � 3 cm in maximum dimension or lesion size � 1 cm if
treatment with thermal ablation techniques would be compromised by a
proximity to vascular/biliary structures (“heat sink”)

Exclusion criteria

Location

Parahepatic extension of disease with direct non-liver visceral involvement
(Absolute contraindication)

Lesions within 5 cm of the stomach for patients with active peptic ulcer
disease (Relative contraindication)

Laboratory criteria Factor Ineligibility Threshold

Serum chemistries

Albumin <2.5

Alkaline Phosphatase >5 X upper limits of normal (ULN)

ALT/AST >5 X ULN

Total bilirubin >5

CBC (complete blood count) Note: only exclusion criteria if refractory to treatment

Platelet count <75,000/ml

Hgb level <8 gm/dl

ANC <500/ml

Coagulation profile Note: only exclusion criteria if refractory to treatment

INR >2

PTT >80

Also includes patients who are on anticoagulation medication that may not be safely held for the procedure (� 5 days
for antiplatelet agents and warfarin; � 24 h for low-molecular weight heparin formulations)
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technique of choice for the treatment of liver
lesions unsuitable for surgery [29–31, 34–38].
Following catheter placement and verification, a
contrast-enhanced CT image of the entire liver
volume with 2 mm slice thickness is acquired.
These images are sent to the treatment planning
system where a 3D-based image plan can be
generated. The treatment catheter is digitized in
the treatment planning system by identifying the
metal needles or a metal wire placed within close
ended catheters at CT from the tip of the catheter
to the exit location of the body. With catheter
reconstruction, the physical tip of the implant
needle is not the location of the first dwell
location. The actual distance from the visualized
tip to the first allowable dwell location must be
determined from the vendor supplied instructions

for use documentation and verified during com-
missioning. The correct measured length of the
needle/transfer guide tube combination is input
to the planning system. A previously acquired
contrast enhanced liver MRI scan may be fused
with the CT data set to help identify the CTV.
The CTV is identified as visible borders and
enhancing rim on the contrast-enhanced CT scan.
All normal organs at risk, depending on target
location, are then contoured (stomach, bowel,
spinal cord, etc.) (Fig. 12.3).

Brachytherapy Dose Calculation and
Optimization
Current HDR brachytherapy dose calculations
are based on the AAPM TG43 formalism [13–
15]. This formalism is based on the factorization

Table 12.2 Dosimetric criteria

Target/organ at risk Goal Special considerations

Clinical target volume
(CTV)

Minimum
peripheral dose of
25 Gy

Liver 67% or 700 cc liver
receives < 5 Gy

Assess both and apply whichever is more conservative

Esophagus D1 cc < 15 Gy
D5 cc < 12 Gy
D10 cc < 9 Gy

Limit of 85 Gy in BED2Gy equivalent including current and prior
treatment to no more than 1 cc; minimum of 6 months between
radiation treatment courses [36–38]

Stomach D1 cc < 15 Gy
D5 cc < 12 Gy
D10 cc < 9 Gy

Proton-pump inhibitors prescribed if >1 cc of
stomach/duodenum receives over 10 Gy
Also limit of 85 Gy in BED2Gy equivalent including current and
prior treatment to no more than 1 cc; minimum of 6 months
between radiation treatment courses [36–38]

Small bowel
(duodenum, jejunum,
ileum)

D1 cc < 15 Gy
D5 cc < 12 Gy
D10 cc < 9 Gy

Proton-pump inhibitors prescribed if >1 cc of
stomach/duodenum receives over 10 Gy
Also limit of 85 Gy in BED2Gy equivalent including current and
prior treatment to no more than 1 cc; minimum of 6 months
between radiation treatment courses [36–38]

Large bowel (colon) D1 cc < 15 Gy
D5 cc < 12 Gy
D10 cc < 9 Gy

Limit of 85 Gy in BED2Gy equivalent including current and prior
treatment to no more than 1 cc; minimum of 6 months between
radiation treatment courses [36–38]

Spinal cord D1 cc < 8 Gy 75 Gy in 2 Gy fractions BED2Gy equivalent including current
and prior treatment; minimum of 6 months between radiation
treatment courses [35]

Kidney D1 cc < 11 Gy
D200 cc < 8.4 Gy

For dosimetric purposes, BED2Gy is the biologically effective dose (BED) in 2 Gy fractions, and is determined by the
calculation: BED2Gy = nd(1 + d/a/b)/(1 + 2/a/b), where n number of fractions and d dose per fraction [35];
1. for spinal cord/cauda equina, a/b is the constant for spinal cord late effect and equals 2;
2. for esophagus/stomach/bowel late effect, a/b = 3 [40–42]
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of measured and Monte Carlo generated tables of
dose rate per unit source strength at distance from
the source in a water medium. The factorization
provides for improved accuracy in interpolation
between table values by filtering out of the large
dose gradients with the use of a geometry func-
tion. When applied correctly, the TG43 equations
accurately reproduce the original dose rate tables.
Dose calculations from the treatment planning
system superpose the pre-calculated TG43 single
source dose distributions for all dwell positions
and dwell times. The TG43 based dose formal-
ism has significantly improved standardization of
dose calculations for brachytherapy and has
allowed for practical intercomparison between
treatment plans.

The TG43 dose calculation algorithm ignores
the influence of tissue heterogeneities, applicator

materials, and the patient geometry. This can
result in incorrect dose calculations for HDR
brachytherapy of liver lesions near lung tissue or
close to the surface of the body. Superficially
located tumors will have reduced scatter dose
contribution compared to that calculated by the
TG43 algorithm [39]. The TG43 algorithm also
does not account for any attenuation from metal
applicators or needles. Low energy brachyther-
apy sources are significantly affected by changes
in atomic number (Z) due to the Z3 dependence
in the photoelectric cross section. For 125I LDR
seed brachytherapy contrast agents can signifi-
cantly attenuate the emitted photons. Interseed
attenuation has been shown to reduce the mini-
mum peripheral dose depending on the seed
distribution [40]. Just as external beam radio-
therapy dose calculations have transitioned from

Fig. 12.3 3-dimensional representation of liver lesion (in
green, with 25 Gy enclosing dose cloud in red) and
organs at risk (OARs), with brachytherapy catheters in
place. Note vascular avoidance structure designed to

avoid adverse needle placement. (OARs: liver, transpar-
ent maroon; right kidney, purple; left kidney, yellow;
stomach, blue-green; heart, brown; spinal cord, green;
esophagus, tan; portal vein, blue; IVC, dun)
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simple hand calculations in a homogeneous
medium to complex heterogeneous medium dose
calculations, brachytherapy is evolving to pro-
vide a more accurate dose assessment. With the
underlying assumption that the true radiation
dose distribution is strongly correlated with
tumor control and normal tissue toxicity a more
accurate and individualized dose calculation with
state of the art dose algorithms will improve
therapy outcomes. Several advanced dose algo-
rithms exist, such as collapsed cone superposi-
tion convolution algorithms [41, 42] and solvers
of the linear Boltzman transport equation (Monte
Carlo-based algorithms [43, 44] and grid-based
Boltzman solvers [45, 46]). The use of such
algorithms, which take into account tissue and
applicator heterogeneities in composition, is
expected to significantly reduce the uncertainty
in dose calculations. Challenges remain in how
to adopt and commission model-based
brachytherapy algorithms into a clinical setting.
AAPM task group #186 [47] provides guidelines
for validating such algorithms for heterogeneity
and scatter effects and recommends reporting of
TG43 and model-based algorithm dose metric
results in a transitioning phase.

With the goal to deliver as high a dose as
possible to the tumor and minimize dose to sur-
rounding tissues, one needs to determine the best
dwell positions and dwell times to obtain this
dose distribution. In general, a dose distribution
must be designed which satisfies the constraints
and objectives determined by the user. Several
optimization strategies exist in treatment plan-
ning to help in achieving these objectives and
constraints in a timely manner. The simplest of
optimization strategies in brachytherapy use
forward-planned geometric or graphical opti-
mization based on the experience of the planner
[48, 49]. Most planners are more comfortable in
designing their dose distributions by manually
dragging isodose lines. More elegant optimiza-
tion strategies use inverse optimization tech-
niques to ideally converge towards a global
optimum solution [50–55]. The planner defines
objectives by determining restrictions on target

volumes and normal tissues before optimization.
(See Sect. 12.3.2.1 Dosimetric Goals and
Table 12.2 for our planning guidelines.)

Prior to delivery, the length of each catheter is
compared with values input into the treatment
planning system. For multiple fraction treat-
ments, CT scans are acquired for each fraction
and fused with the initial planning CT image set
to verify correct applicator position. Each
catheter length is verified again prior to each
treatment to prevent misadministration of the
dose to the target.

Pre-planning Technique
Due to the importance of delivering a tumoricidal
dose of radiation to the target lesion while at the
same time limiting patient trauma, bleeding, and
infection risk from needle placement, we utilize a
pre-planned image-guided technique at our
institution. The excellent local rates of 95% or
more reported in the various German experiences
for liver metastases were predicated on whether
an optimal dose distribution could be achieved;
i.e., 23–25 Gy to the periphery of the tumor for
liver metastases. (Dosimetric analysis performed
by Ricke et al. had demonstrated a dose response
with improved local control at a minimum
peripheral dose of *23 Gy to the target lesion
[29, 31, 56]) An image-guided optimized and
pre-planned catheter placement technique is by
definition designed to facilitate optimal catheter
placement to maximize the likelihood of
achieving therapeutic goals.

Pre-planning determines whether it is possible
to achieve dosimetry goals before the first needle
is placed within the patient. To develop a
pre-plan, an optimized dose distribution is gen-
erated prior to treatment by modeling one or
more “virtual” catheters in the brachytherapy
treatment planning system through a collabora-
tive effort including the radiation oncologist,
interventional radiologist, and medical physicist.
These “virtual” catheters can be adjusted, taking
the patient’s anatomy into account, to achieve an
optimal therapeutic plan. The image containing
the “virtual” catheters (including the entry point
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on the skin, trajectory, and terminal depth) is
fused with the registration scan performed
immediately prior to the patient’s procedure and
then used as a guide for placement of percuta-
neous interstitial treatment catheters. After all
catheters are placed, a verification scan is per-
formed, adjusted and re-optimized if necessary,
and the patient can then be efficiently and accu-
rately treated.

The primary goal of pre-planned and opti-
mized image-guided needle placement is to
ensure that an effective minimum peripheral dose
is achieved for all patients to maximize treatment
efficacy, while limiting radiation dose to healthy
tissue to safe levels. Additionally, review of the
toxicities of percutaneous interstitial brachyther-
apy for liver lesions demonstrates two primary
themes; hemorrhage in the needle track and
catheter track infection/abscess [56]. Both of
these toxicities are a direct result of the
mechanical trauma caused by the percutaneously
placed needle, and are aggravated by the need to
introduce more needles to achieve desired target
coverage, or by adjusting and/or reintroducing
the needle to achieve desired positioning. As
such, a secondary goal for pre-planned opti-
mization is to minimize the number of needles
needed to achieve desired coverage, and to
ensure that needles are initially placed in the
optimal location.

12.3.3 HDR Interstitial Brachytherapy
Quality Assurance (QA)

Quality assurance (QA) must be performed for
every HDR brachytherapy treatment to eliminate
errors as recommended in the AAPM TG-59
report [57]. and required by state and national
regulations Prior to needle implantation, the
positioning accuracy of the afterloader needs to
be verified. Timer accuracy and machine inter-
locks should also be tested for the safety of the
patient and staff. As the treatment plans are
typically developed by a medical physicist under
tight time constraints in a high-pressure

environment they should be scrutinized by a
second (backup) physicist when completed.
A secondary dose calculation should be per-
formed which verifies dose to calculation points.
This checks that the correct source strength is
also use in the plan. Patient specific QA should
be performed before the treatment begins. It is
important to verify the patient identity, the con-
nections and length of catheters, and that the plan
from the treatment planning system matches that
which is to be delivered by the afterloader con-
sole. After completion of the treatment, the
radiation levels of the patient and afterloader are
to be measured with a survey meter and com-
pared to pretreatment levels to verify the source
has returned to the afterloader safe.

12.3.4 Treatment Delivery
and Followup After
the Procedure

Once QA has been performed and the plan has
been reviewed and confirmed by the radiation
oncologist, the percutaneously placed catheters
will be connected to the HDR afterloading
system and treatment will be delivered in a
single fraction. After irradiation, the
brachytherapy catheter(s) is/are removed; the
6-F sheath(s) is/are cautiously withdrawn, and
the puncture channels are sealed with
absorbable/resorbable thrombogenic material.
The patient is then extubated and recovered.
Observation is generally performed for a mini-
mum of 2 h, with continuous ECG and hemo-
dynamic monitoring.

Regular follow up visits will then generally be
scheduled at 2 months (±2 weeks) and then at
3 month (±2 weeks) intervals; at our institution,
patients are followed indefinitely, and all patients
with primary liver tumors are followed in a
centralized clinic. During these follow up visits,
standard evaluations currently performed on all
patients with primary or metastatic hepatic
malignancies (physical examination and abdom-
inal imaging at a minimum) are performed.
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12.4 Advantages
and Disadvantages
of Interstitial Brachytherapy
Relative to External Beam
Radiation Therapy Techniques

HDR brachytherapy is potentially advantageous
compared with external beam radiotherapy due
to the source (a high-activity 192Ir source) being
placed directly within the tumor. Accordingly, a
significantly greater ablative radiation dose is
delivered within the tumor while the dose to
surrounding healthy tissues is greatly reduced.
This advantage is made visually apparent in
Fig. 12.4. While the target lesion (red contour) is
covered by the prescription dose (shown as blue
line), the 50% isodose line (shown as purple line)
covers a significantly lower volume of liver and
other healthy tissues for HDR brachytherapy
(Fig. 12.4, left) compared to that of stereotactic
body external beam radiotherapy (SBRT;
Fig. 12.4, right).

SBRT treatment planning strategies often aim
to resemble the dose distributions characteristic
to brachytherapy procedures. Conformal SBRT
plans prescribe to a low isodose line to achieve a
steep dose gradient outside the target [58, 59].
Prescribing dose in this manner inherently results
in large dose heterogeneities; dose hot spots

within solid tumors should enhance the tumori-
cidal effect and improve tumor control proba-
bility. It has been argued that centrally located
dose hotspots within solid tumors are necessary
in order to sterilize hypoxic and radioresistant
tumor cells, although conclusive evidence is
lacking. Several groups have compared SBRT to
HDR brachytherapy treatment plans for gyneco-
logical [60–63] and prostate cancers [64, 65],
with an overall trend of improved target coverage
with external beam techniques at a cost of
increased dose to surrounding organs at risk.
Brachytherapy does have potential for improve-
ment, and recent technology providing more
freedom in source positioning has shown to
improve target coverage [66, 67]. In the end, one
of the most problematic consequences of extreme
dose heterogeneities from SBRT and
brachytherapy plans is the difficulty in interin-
stitutional comparison of planning practices and
outcomes.

With highly heterogeneous and conformal
dose distributions, brachytherapy seems fitting
for the treatment primary and metastatic liver
malignancies. An advantage of HDR
brachytherapy, especially for liver tumors, is that
the target is fixed to the catheters from which the
source travels through. Any movement will occur
both with the source and the target. One can

Fig. 12.4 HDR brachytherapy (left) and SBRT (right)
plan comparison with the prescription (35 Gy) isodose
line shown in blue and the 50% (17.5 Gy) isodose line
shown in purple. Of note, the target volume (red contour)

for external beam must be increased to account for setup
variations and organ/patient motion. This is unnecessary
for HDR brachytherapy. [Reprinted from [83]. With
permission from Elsevier.]
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effectively reduce or eliminate the PTV margins
use in external beam radiation, which in turn
reduces the radiation burden to surrounding tis-
sues. The excellent normal tissue sparing and
possibility for dose escalation may lead to
improved local control rates. It is possible that
charged particle techniques may serve to reduce
the amount of healthy liver exposure to radiation
relative to photon-based external beam radiation
techniques [68]; this will be further explored in
other sections of this book.

A major disadvantage of interstitial
brachytherapy for liver lesions is the invasive-
ness of the treatment; patients with significant
coagulopathies or issues with anesthesia will not
be eligible for treatment. There is a risk of
catheter displacement with any patient move-
ment; this can be reduced but not eliminated with
single-fraction treatments, and further reduced by
maintaining patients under anesthesia for the
entire procedure including dose delivery; the
latter does increase risk of anesthesia
complications.

12.5 Future Directions

Advances in medical robotics have led to
the design of image-guided robotic-based
brachytherapy systems with automatic needle
insertion [69–73]. The aim is for more accurate
placement of the needle through needle rotations,
force modeling, and needle steering [74–77].
This has been primarily geared towards
ultrasound-guided LDR prostate brachytherapy,
however, it is justifiable to prevent geographic
miss resulting from the large dose gradients
characteristic to any brachytherapy procedure.
Image-guided robotic liver brachytherapy is
feasible based on a pre-plan optimized for ideal
needle trajectories to maximize therapy efficacy
while meeting normal tissue objectives and
minimizing needle trauma. Additional research
likely to impact liver brachytherapy practice
centers on efficiency and speeding up the overall
brachytherapy procedure. Automatic planning
strategies using automatic catheter detection [78,
79] and organ or lesion segmentation [80–82]

will speed up the treatment planning process and
lessen the burden on the OR staff as well as the
patient.
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13Hepatocellular Carcinoma:
Epidemiology, Basic Principles
of Treatment, and Clinical Data

Amit G. Singal, MD, MS, Purva Gopal, MD, MS
and Adam C. Yopp, MD

13.1 Epidemiology

Hepatocellular carcinoma (HCC) is the most
common type of primary liver cancer and is the
5th most common cancer worldwide [1]. It is the
5th most common cancer in men and 7th most
common cancer in women. HCC has a high
mortality rate and is the 3rd leading cause of
cancer-related death worldwide. There is geo-
graphic variation in HCC incidence worldwide,
with the majority of cases occurring in develop-
ing countries (Fig. 13.1). Over 75% of HCC
occur in Southeast Asian and sub-Saharan
Africa, with incidence rates exceeding 20 per
100,000 persons. Hepatitis B virus (HBV) is the
primary etiologic factor for HCC in these areas,
accounting for >70% of HCC patients [2].
Southern European countries have
intermediate-incidence rates, whereas the lowest
incidence rates (<5 per 100,000 persons) are
found in North America, South America, and
Northern Europe. In these countries, hepatitis C

virus (HCV)-associated cirrhosis is the most
common etiologic factor, accounting for
approximately 60% of HCC cases [1].

HCC incidence in several high- and
intermediate-incidence areas appears to be sta-
bilizing or falling [1]. In China and Taiwan, this
decrease is related to implementation of HBV
vaccination programs and higher rates of HBV
treatment. In Japan and Southern Europe, the
decrease may relate to an aging cohort of
HCV-infected patients [3], as the peak incidence
of HCV in these countries preceded that of the
USA by 10–20 years [4]. In contrast, the number
of HCC cases in low-incidence areas, such as the
USA, is rising [5]. Over the ten-year period from
1995 to 2004, HCC had the largest increase in
incidence among solid tumors in the USA [6].
The rising incidence of HCC is largely related to
the high prevalence of advanced HCV infection
and non-alcoholic steatohepatitis (NASH) [1, 7].
Given the 25–30 year lag between acquisition of
HCV and the development of cirrhosis, many
HCV-infected patients in the USA are now pre-
senting with complications of cirrhosis;
HCV-related HCC is anticipated to continue
increasing over the next 20 years [4]. Similarly,
the prevalence of NASH has increased in parallel
with increasing rates of diabetes and obesity;
therefore, NASH-related complications, includ-
ing HCC, are anticipated to increase over the
next several decades.

HCC continues to have a poor prognosis, with
an incidence-to-mortality ratio that approaches
1, accounting for one of the fastest grow-
ing death rates among solid tumors. A large
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population-based study from the USA with
>15,000 patients reported 3- and 5-year survival
rates were 11 and 8%, respectively, in 1992–
1993, compared to 18 and 13% in 1997–1999
[6]. Similarly, 5-year survival rates in Europe
were 0.9–4.9% in the early 1980s, compared to
4.6–7.9% in the mid-1990s [8]. Whereas the
prognosis for most solid cancers improved from
1994 to 2003, the mortality rate for HCC nearly
doubled [1, 9]. The continued poor prognosis for
HCC is largely driven by high rates of late-stage
presentation, when curative options no longer
exist [10–15].

13.2 Risk Factors

13.2.1 Hepatitis B

HBV infection is the most common risk factor for
HCC worldwide. HCC risk among HBV-infected
patients is related to the mode of HBV acquisition
[16, 17]. People who live in HBV-endemic areas,
such as Southeast Asia or Africa, typically

acquire HBV infection at birth (vertical trans-
mission), and over 90% of these people develop
chronic HBV infection. HBV carriers without
cirrhosis have an annual HCC incidence of
approximately 0.5%, which increases to 1% in
elderly patients [18, 19]. HCC surveillance is
recommended in Asian males over age 40 and
Asian women over age 50 even in the absence of
cirrhosis [20]. Patients from Africa are at partic-
ularly high risk, potentially related to a syner-
gistic effect of aflatoxin exposure, and
surveillance is recommended at an earlier age
[21]. HBV-infected patients who are exposed to
aflatoxin have a relative risk of 59.4 (95% CI
16.6–212.0) for HCC compared to those with
neither exposure [22]. In contrast, most people in
the USA and Europe acquire HBV infection via
intravenous drug use or sexual transmission
(horizontal transmission) and most experience
spontaneous resolution after an acute infection.
Patients with chronic HBV via horizontal trans-
mission are at low risk for HCC in the absence of
cirrhosis. In fact, >90% of HBV-infected patients
who develop HCC in the USA have underlying

Fig. 13.1 Geographic variation in liver cancer incidence
(age-standardized). [Reproduced with permission from
Ferlay J, Soerjomataram I, Ervik M, Dikshit R, Eser S,
Mathers C, Rebelo M, Parkin DM, Forman D, Bray, F.
GLOBOCAN 2012 v1.0, Cancer Incidence and Mortality

Worldwide: IARC CancerBase No. 11 [Internet]. Lyon,
France: International Agency for Research on Cancer;
2013. Available from: http://globocan.iarc.fr, accessed on
29 April 2016.]
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cirrhosis [23]. Risk factors, including older age,
co-infection with HCV, family history of HCC,
HBV genotype, and high viral replication (high
DNA levels and HBV eAg positivity) may iden-
tify subgroups who are at higher risk [24–28].
However, risk models with these variables have
not been externally validated and are not ready for
routine use in clinical practice [25, 26].

13.2.2 Hepatitis C

HCC can be attributed to HCV infection in
approximately 60% of patients in the USA,
Europe and Japan [1, 9]. HCC risk is increased
17-fold in HCV-infected patients compared to
HCV-negative patients (OR 17.2, 95% CI 13.9–
21.6) [29]; however, HCC risk is primarily lim-
ited to those with cirrhosis, with an annual inci-
dence rate of 2–8% [30–32] and patients without
cirrhosis are at a low risk for developing HCC
[33, 34]. Several factors can moderate HCC risk
in HCV-infected patients, including older age,
male gender, alcohol use, and comorbid condi-
tions such as HIV infection or diabetes [35, 36].
Although viral factors, such as genotype or viral
load, do not correlate with HCC risk, successful
treatment significantly reduces HCC risk among
patients with HCV cirrhosis [37–39]. In patients
with cirrhosis who achieve a sustained virologic
response, the relative risk of HCC is only 0.27
(95% CI 0.19–0.39) [40].

13.2.3 Metabolic Syndrome
and Non-alcoholic
Steatohepatitis (NASH)

Several studies have linked HCC to the meta-
bolic syndrome and its components. An analysis
of SEER-Medicare demonstrated patients with
metabolic syndrome have 2.1-fold increased
odds (95% CI 2.0–2.3) of HCC compared to
those without metabolic syndrome [41]. Simi-
larly, a prospective study of >900,000 individu-
als found liver cancer mortality was 4.5-fold
higher in men with BMI >35 and 1.7-fold higher
in women with BMI >35 compared to normal

weight individuals [42]. A meta-analysis found a
pooled risk estimate of 2.4 (95% CI 1.9–2.8)
among 17 case-control studies and 2.2 (95% CI
1.7–3.0) among 25 cohort studies for the asso-
ciation between diabetes and HCC [43]. The
association between metabolic syndrome and
HCC is likely driven by an increased risk of
NASH as well as the direct carcinogenic poten-
tial of obesity [44]. Although it is clear NASH is
a risk factor for HCC, this risk is lower than
HCV-related cirrhosis. The highest HCC risk is
seen among the subset of NASH patients with
cirrhosis, although there are increasing reports of
HCC developing in NASH patients in the
absence of cirrhosis. Patients with NASH cir-
rhosis have cumulative HCC incidence rates of
2.4–12.8%, while NASH patients without cir-
rhosis have cumulative HCC mortality rates
below 1% [45]. NASH cirrhosis is anticipated to
be the major etiologic factor for HCC in the
future as the prevalence of NASH continues
increasing, in parallel with the obesity and dia-
betes epidemics [46].

13.2.4 Alcohol Abuse and Alcoholic
Cirrhosis

Alcoholic cirrhosis is a well-recognized risk
factor for HCC, and alcoholic liver disease has
been reported as a contributing factor in nearly
one-third of HCC cases [47–49]. However, HCC
incidence rates in alcoholic cirrhosis may be
overestimated given early studies predated rou-
tine HCV testing. A recent registry study from
Denmark suggested HCC mortality rates may be
less than 1% in alcoholic cirrhosis [50]; however,
these results require external validation.
Although HCC risk increases with daily alcohol
intake of 40–60 grams/day [51, 52], it is unclear
if lower alcohol levels increase HCC risk. An
Italian case-control study with 464 HCC patients
and 824 patients without liver disease found a
linear increase in the odds of HCC with
increasing alcohol intake, starting at 60
grams/day [53]. This study also suggested a
synergistic effect between alcohol and viral
hepatitis, as patients with both risk factors had a

13 Hepatocellular Carcinoma: Epidemiology, Basic Principles … 151



twofold increased incidence of HCC compared to
those with viral hepatitis alone. Outside of pro-
moting the development of cirrhosis, there is
little evidence for a direct carcinogenic effect of
alcohol [48].

13.2.5 Cirrhosis Due to Other Causes

Regardless of cause, cirrhosis is the most
important risk factor for HCC [20]. The most
common etiologies of cirrhosis associated with
HCC include HBV infection, HCV infection,
alcohol, and NASH. Hemochromatosis, primary
biliary cirrhosis, autoimmune hepatitis, and
alpha-1 antitrypsin deficiency are less common
causes and have prevalence rates of 1–8% among
patients with HCC [54–56]. Of note, patients
with cirrhosis due to genetic hemochromatosis
are at markedly increased risk of HCC, with a
relative risk of *20.

13.2.6 Demographic Risk Factors

In most countries, HCC rarely occurs before age
40 and the highest age-specific rates are seen in
those older than 70 years [24]. Male gender is
also an independent risk factor for HCC, with
2–4 times higher rates in men than women [24].
The higher incidence rates in men may be related
to differential exposure to risk factors, including
viral hepatitis, alcohol, and obesity [1, 57];
however, available data do not fully explain
observed differences in HCC rates and a potential
role for sex hormones has been suggested [58].
There are also racial/ethnic differences in the
distribution of HCC. Age-adjusted incidence
rates are highest in Asians (10.8 per 100,000
person-years), followed by Hispanics (7.0 per
100,000 person-years), Blacks (6.3 per 100,000
person-years), and finally, non-Hispanic Whites
(2.4 per 100,000 person-years) [59]. The largest
increase in HCC incidence is noted among His-
panics, whereas the smallest increase is noted
among Asians.

13.3 Pathogenesis

In the last several years, there have been impor-
tant advances in our understanding of HCC
pathogenesis and the critical oncogenic and
tumor suppressor pathways involved. The dom-
inant paradigm suggests carcinogenesis occurs
through a multistep process resulting in the pro-
gression of normal cells through pre-neoplastic
states into invasive cancers [60]. The key phe-
notypic characteristics of cancer cells are
self-sufficiency in growth signals, insensitivity to
growth-inhibitory signals, evasion of apoptosis,
limitless replicative potential, sustained angio-
genesis, and tissue invasion and metastasis.
Although the acquisition of each characteristic is
thought to be necessary for the development of a
full neoplastic phenotype [61], the predominant
required event is unconstrained cell proliferation.
This “cancer platform” concept suggests the key
events driving carcinogenesis include the simul-
taneous development of deregulated proliferation
and reduced cell death. The subsequent devel-
opment of invasion, angiogenesis, metastasis,
and immune evasion are secondary to the
development of unrestricted proliferation [62].

13.3.1 Receptor Tyrosine Kinase
Pathways

The Ras mitogen-activated protein kinase
(MAPK) and phosphatidylinositol 3-kinase
(PI3K)-Akt kinase signaling pathways are acti-
vated by ligand binding and phosphorylation of
several growth factor tyrosine kinase receptors,
including the EGF receptors, the fibroblast
growth factor (FGF) receptors, the hepatocyte
growth factor (HGF) receptor c-met, the stem cell
growth factor receptor c-kit, the PDGF receptor,
and the vascular endothelial growth factor
(VEGF) receptor [63]. The downstream conse-
quences of activation of these receptors are
multiple and include activation of the
Grb2/Shc/SOS adapter molecule complex and
downstream activation of the Ras/Raf/Erk 1/2
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MAPK pathway, which results in activation of
the AP-1 transcriptional activators c-fos and
c-jun and consequent induction of transcription
of genes that drive cell proliferation. Sorafenib is
an example of an agent that blocks this pathway
[64].

13.3.2 Wnt/β-Catenin Pathway

Wnts are secreted cysteine-rich glycoprotein
ligands that act as ligands for the Frizzled family
of cell surface receptors and activate
receptor-mediated signaling pathways. The
best-studied Wnt pathway activates β-catenin
[65]. Activation of the Wnt pathway occurs in
approximately 30–40% of HCC as a result of
mutations in the β-catenin gene (12–26% of
human HCC) and mutations in AXIN1 or
AXIN2 (8–13% of human HCC) [66]. Wnts are
involved in regulation of liver regeneration and
in the maintenance and self-renewal of pluripo-
tent stem cells and progenitor cells. Thus, they
may play a role in the maintenance of the cancer
stem cell compartment and are attractive targets
for cancer therapy [67].

13.3.3 PI3Kinase/AKT/mTOR Pathway

Multiple cellular growth factors, including insu-
lin, insulin-like growth factors, and cytokines
such as interleukin-2, activate the PI3K family of
enzymes, which produce the lipid second mes-
senger phosphoinositol triphosphate (PIP3) and
related second messengers. PIP3 in turn activates
Akt/protein kinase B (PKB). Activated Akt
phosphorylates several cellular target proteins,
including the proapoptotic protein BAD and the
mammalian target of rapamycin (mTOR) sub-
family of proteins [68]. mTOR proteins in turn
regulate the phosphorylation of p70 S6 kinase, a
serine-threonine kinase, and the translational
repressor protein PHAS-1/4E-BP. These factors
coordinate translation of cell cycle regulatory
proteins and promote cell cycle progression [69].
In one study, overexpression of phospho-mTOR
was found in 15% of HCC tumors. mTOR

phosphorylation was associated with increased
expression of total p70 S6 kinase, which was
found in 45% of HCC. In vitro experiments
showed that rapamycin reduced p70 S6K phos-
phorylation and markedly inhibited proliferation
of both HepG2 and Hep3B HCC cell lines.
Rapamycin and other mTOR kinase inhibitors
show significant activity against cancers with
activated PI3K/Akt pathways [70] and are cur-
rently under investigation.

13.3.4 Angiogenic Pathways

Substances produced by cancer cells in response
to local hypoxia or the interaction of the prolif-
erating mass of cells with surrounding stromal
tissue stimulate the growth of new blood vessels
from the surrounding parenchyma into the tumor.
Signaling pathways critical to the angiogenic
process includes growth factor-mediated path-
ways such as VEGF and FGF receptor signaling
as well as the nitric oxide signaling pathway.
Hypoxia induces expression of hypoxia inducible
factor 1 (HIF1) and insulin-like growth factor 2
(IGF2), both of which stimulate expression of
VEGF and other growth factors [71]. HCCs are
highly vascular and presumably dependent on
active neoangiogenesis for their growth. In par-
allel with the increase in angiogenic stimuli, it
has been shown that the expression of collagen
XVIII, the precursor of the anti-angiogenic
molecule endostatin, is decreased in larger and
more vascular HCC [72].

13.3.5 Telomerase

Telomeres are specialized protein-DNA struc-
tures at the ends of chromosomes that contain
long stretches of TTAGGG hexameric repeats.
Telomeres prevent degradation of chromosome
ends and end-to-end fusion with other chromo-
somes. Aging of somatic cells is associated with
reduction in telomere length because of the
inability of traditional DNA polymerases to
replicate completely the end of the chromosomal
DNA. In contrast, germ line and neoplastic cells
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express telomerase, an enzyme that restores
telomere length. There is progressive shortening
of telomeres during progression from chronic
hepatitis to cirrhosis and eventually to HCC [73,
74]. Hepatocarcinogenesis is characterized by the
evolution of clones of hepatocytes with increased
telomerase expression and an immortalized phe-
notype [75, 76]. Given that it is not expressed in
normal cells, telomerase-targeted therapies will
likely have minimal to no significant side effects
and are an attractive target for drug development.

13.3.6 Stem Cells

The acquisition of stem cell-like properties in
tumors is thought to regulate cellular
self-renewal potential and promote cell prolifer-
ation [77]. The Bmi-1 signaling pathway may
connect this “stemness feature” to tumorigenesis.
Bmi-1 belongs to the Polycomb gene group
(PcG) that is involved in maintaining target
genes in their transcriptional state. The ability of
Bmi-1 to immortalize cells by inducing telom-
erase activity and promote tumorigenesis through
repression of the p16INK4a and p19ARF expres-
sion indicates the involvement of the Bmi-1
“stemness” function in neoplastic proliferation
[78]. Bmi-1 overexpression may cause hepato-
cyte immortalization through suppression of p16
and activation of human telomerase [79]; how-
ever, the exact mechanistic role of Bmi-1 in HCC
tumorigenesis is not clear.

13.4 Clinical Presentation and Early
Detection

The clinical presentation of HCC is driven by the
degree of hepatic reserve. In patients with cir-
rhosis, HCC can present with hepatic decom-
pensation including ascites, hepatic
encephalopathy, or jaundice [80]. Nearly 40% of
patients have HCC as their first presentation of
cirrhosis [15]. In those with adequate hepatic
reserve, HCC is more likely to present with
tumor-related symptoms including pain, weak-
ness, weight loss, or a palpable mass on exam

[80]. Small tumors are often asymptomatic, and
HCC typically becomes symptomatic when it
reaches 5–8 cm in diameter [81, 82]. Outside of
elevated alpha fetoprotein (AFP) levels, labora-
tory findings are non-specific and more related to
the underlying liver disease than HCC. Extra-
hepatic manifestations of HCC can result from
distant metastases or a paraneoplastic syndrome.
Osteoclastic destruction from bone metastases
can present as pain, while other sites of metas-
tases (lung, lymph nodes, adjacent abdominal
viscera) are often asymptomatic [83]. Paraneo-
plastic symptoms, which can occur in advanced
stage tumors and serve as a poor prognostic
marker, include hyperlipidemia, hypoglycemia,
and hypercalcemia [84].

13.4.1 Hepatocellular Carcinoma
Surveillance

Since many patients with HCC are asymptomatic
at an early stage, routine surveillance in patients
with known cirrhosis is important (Table 13.1).
In patients with chronic HBV, HCC surveillance
is supported by a randomized controlled trial

Table 13.1 Populations in whom HCC risk is suffi-
ciently high to warrant surveillance

Surveillance recommended

Asian male hepatitis B carriers over age 40

Asian female hepatitis B carriers over age 50

African Blacks with hepatitis B

Hepatitis B carriers with family history of HCC

Cirrhosis related to hepatitis B

Cirrhosis related to hepatitis C

Stage 4 primary biliary cirrhosis

Cirrhosis related to genetic hemochromatosis

Cirrhosis related to other etiologies

Surveillance benefits uncertain

Hepatitis B carriers younger than 40 (males) or 50
(females)

Hepatitis B carriers who contacted infection via
horizontal transmission

Hepatitis C carriers without cirrhosis

Non-alcoholic fatty liver patients without cirrhosis

154 A.G. Singal et al.



among 18,816 HBV carriers who were random-
ized to surveillance with abdominal ultrasound
and the serum biomarker, AFP, every 6 months
(n = 9,373) or no surveillance (n = 9,443) [85].
Of the 86 patients who developed HCC in the
surveillance group, 45% were early stage, com-
pared to none of the 67 patients who developed
HCC in the no-surveillance group (p < 0.01).
HCC-related mortality was significantly lower in
those undergoing surveillance (83.2 vs. 131.5 per
100,000, p < 0.01), with a hazard ratio of 0.63
(95% CI 0.41–0.98). The potential benefit of
surveillance in patients with cirrhosis has only
been assessed in case-control and cohort studies.
Although these studies have limitations including
unmeasured confounders, possible selection bias,
lead-time bias, and length-time bias, they have
demonstrated a consistent association between
HCC surveillance and higher rates of early tumor
detection, curative treatment, and improved sur-
vival [86]. Surveillance with biannual ultrasound
and AFP has been demonstrated to be
cost-effective in patients with compensated cir-
rhosis in several decision analysis models,
increasing mean life expectancy with

cost-effectiveness ratios between $26,000 and
$55,000 per QALY [87–89].

13.5 Diagnosis

13.5.1 Radiologic Diagnosis

Patients with an abnormal screening test require
diagnostic evaluation to determine the presence
or absence of HCC (Fig. 13.2). Radiological
imaging has priority in the diagnostic evaluation
of patients with suspected HCC since it can
facilitate HCC diagnosis, without a need for
biopsy (see below), and characterizes tumor
burden simultaneously. Lesions <1 cm in diam-
eter on ultrasound are rarely HCC, so follow-up
with a repeat ultrasound in 3 months is sufficient
[90, 91]. For lesions ≥1 cm, triple-phase CT or
dynamic contrast-enhanced MRI should be per-
formed. If the lesion’s appearance is typical for
HCC (“arterial enhancement and delayed wash-
out”), this is sufficient for a diagnosis of HCC
and no further investigation is needed (see dis-
cussion below). If the appearance is not typical

Fig. 13.2 Diagnostic
algorithm (AASLD
guidelines) for hepatocellular
carcinoma. [Reprinted from
Bruix J, Sherman M.
Management of
hepatocellular carcinoma: an
update. Hepatology.
2011;53:1020–2. With
permission from John Wiley
and Sons]
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for HCC, a second contrast-enhanced study or
biopsy should be performed. Patients with a high
suspicion for HCC but negative biopsy should be
followed with serial contrast-enhanced imaging.
If the lesion enlarges but remains atypical
appearing, repeat biopsy can be considered.
A study validating this approach found the first
biopsy was positive in 70% of patients with
HCC; however, up to 3 biopsies were required in
some cases [92].

As noted above, patients with a positive
surveillance test should be evaluated with triple-
phase CT or contrast-enhanced MRI. Established
protocols for CT and MRI define the amount and
method of contrast administration, timing of the
studies after contrast administration, and thickness
of slices required for adequate resolution. Several
studies have compared performance characteris-
tics of CT and MRI as diagnostic modalities for
HCC [100–103]. The sensitivity of MRI is
61–95% compared to 51–86% for triple-phase CT
[104]. The role of other imaging modalities,
including contrast-enhanced ultrasound, remains
debated [105, 106]. Positron emission tomogra-
phy has poor performance for HCC diagnosis and
is not included in the diagnostic algorithm [107].

HCC lesions enhance more than the sur-
rounding liver in the arterial phase and less than
the hepatic parenchyma in the venous and
delayed phases. Arterial enhancement is an
essential characteristic of HCC but is
non-specific, as it can be seen in other hyper-
vascular hepatic lesions, such as hemangioma
and focal nodular hyperplasia as well as some
metastases [108, 109]. Delayed washout is the
strongest predictor of HCC among those with an
arterial-enhancing lesion (OR 61, 95% CI 3.8–
73) [93]. The presence of arterial enhancement
and delayed washout had a sensitivity of 89%
and specificity of 96% for HCC. The phe-
nomenon of “arterial enhancement and delayed
washout” is related to the differential blood
supply of the tumor compared to the surrounding
liver [102, 110]. The liver obtains *75% of its
blood supply from the portal vein and the
remainder from the hepatic artery. As a dys-
plastic nodule transitions to HCC, there is a
gradual reduction in the portal blood supply to

the nodule and an increase in arterial blood flow
from hepatic artery branches through neoangio-
genesis [111, 112]. In the arterial phase, HCC
receive contrast-containing arterial blood, while
arterial blood to the surrounding liver is diluted
by venous blood without contrast. In the portal
venous and delayed phases, HCC tumors do not
receive any contrast given lack of a portal venous
blood supply, while the surrounding liver
receives portal blood with contrast.

Lesions between 1 and 2 cm demonstrate
typical imaging characteristics less often than
larger lesions and can pose the most difficulty for
diagnosis. Many of these lesions are not malig-
nant; however, some small HCC lesions can have
aggressive behavior leading to vascular invasion
and poor survival if not diagnosed early [93–96].
Although requiring one characteristic
contrast-enhanced study to make a diagnosis of
HCC in 1–2 cm lesions has a lower positive
predictive value than requiring two studies, the
positive predictive value still exceeds 90% [92,
97, 98]. Serste and colleagues validated this
approach in a study among 74 patients with
1–2 cm nodules, of whom 47 had HCC [99]. The
sensitivity and specificity of characteristic find-
ings on one imaging study, for the detection of
HCC or high-grade dysplatic nodules, was 96
and 100%, respectively, compared to 57 and
100% if characteristics findings were required on
both studies. Liver biopsy provided an accurate
diagnosis in the 21 (28%) patients with discor-
dant imaging findings on CT and MRI. Chap-
ter 2 describes the Liver Imaging Reporting and
Data System (LI-RADS), which serves as a
guideline for radiographic diagnosis of liver
lesions, in more detail.

Although most HCC exhibit arterial
enhancement and delayed washout, some HCC
have an atypical presentation. For example,
hypovascular HCC enhances less than the sur-
rounding liver in both arterial and venous phase
imaging [113, 114]. This appearance is related to
immature neoangiogenesis and incompletely
established arterial supply. As the lesion matures,
the blood supply becomes more arterialized and
it will usually exhibit characteristic features
[115].
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13.5.2 Histologic Diagnosis

Biopsy should be considered in patients with a
suspicious liver mass whose appearance is not
typical for HCC on contrast-enhanced imaging.
Percutaneous biopsy has a sensitivity of 67–
100% and specificity of 100% for HCC diagnosis
[116–118]. In a study of >2000 biopsies, the
most common complication was post-procedural
bleeding, but this occurred in only 0.4% of
patients [116]. Biopsy of HCC was initially
reported to have a 2.7% incidence of needle tract
tumor seeding [119]; however, use of a coaxial
needle technique significantly reduces this risk
[120].

Large HCC can often be diagnosed through
imaging alone; however, smaller lesions are
more likely to have non-characteristic imaging
and may require biopsy to make a diagnosis. In
the setting of cirrhosis, there is often a stepwise
progression from cirrhotic regenerative nodule to
dysplastic nodule to HCC. Some dysplastic
nodules have concurrent foci of HCC at time of
initial presentation, and one-third of high-grade
dysplastic nodules will progress to HCC over a
two-year follow-up period [121]. Dysplastic
nodules can be classified as low-grade or
high-grade, with the risk of HCC increasing with
the degree of dysplasia. Malignant transforma-
tion rates are 25% in low-grade dysplastic nod-
ules, compared to rates as high as 63% in
high-grade dysplastic nodules; however, the lat-
ter figure may be difficult to interpret given
high-grade dysplastic nodules can be difficult to
distinguish from well-differentiated HCC [122,
123]. Not all dysplastic nodules will progress to
HCC, as 15% of nodules can disappear on
follow-up.

The International Consensus Group for
Hepatocellular Neoplasia developed definitions
for each of these lesions, leading to increased
global standardization of nomenclature among
pathologists [124]. Low-grade dysplastic nodules
appear distinct from the surrounding liver and
can be nodular appearing due to a peripheral
fibrous scar. These nodules are characterized by a
mild increase in cell density without cytologic
atypia or architectural changes. Unpaired arteries

can sometimes be present in small numbers
[125]. High-grade dysplastic nodules are more
likely to demonstrate a nodular appearance,
although they lack a true capsule. High-grade
dysplastic nodules are characterized by the
presence of cytologic atypia and architectural
changes, but the atypia is insufficient for a
diagnosis of HCC. They often exhibit a combi-
nation of increased cell density, irregular tra-
beculae, small cell change, and unpaired arteries
but should not have evidence of stromal invasion
[126]. Immunostaining for keratins 7 or 19 may
be used in difficult cases to differentiate stromal
invasion versus ductular reaction and
pseudo-invasion [127]; if present, the stains
would support a diagnosis of HCC.

Early HCC are vaguely nodular and are
characterized by a combination of histologic
features including: (1) increased cell density
more than two times that of the surrounding tis-
sue, with an increased nuclear to cytoplasm ratio
and irregular thin trabecular pattern, (2) varying
numbers of intratumoral portal tracts, (3) pseu-
doglandular formation, (4) diffuse fatty change,
and (5) unpaired arteries [125, 128, 129]. Fea-
tures of HCC may be present diffusely through-
out the lesion but may be restricted to only a
portion of the nodule. Furthermore, all of these
findings may be found in both early HCC and
high-grade dysplastic nodules. Therefore, stro-
mal invasion remains the most helpful feature to
distinguish early HCC and high-grade dysplastic
nodules. Figure 13.3 shows various histological
features of HCC.

Staining for several biomarkers, including
glypican-3 (GPC3), heat shock protein 70
(HSP70), and glutamine synthetase (GS), has
been proposed to help distinguish HCC from
high-grade dysplastic nodules [130–135]. GPC3
is an oncofetal protein that is expressed in 60–
90% of HCC, although at lower rates around
50% in well-differentiated HCC. HSP70, a potent
anti-apoptotic protein, is expressed in up to 80%
of early HCC in resection specimens but less
than 50% of cases on biopsy. GS, which corre-
lates with beta-catenin mutations, has a stepwise
increase in expression from precancerous to early
and advanced HCC. GS expression has been
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reported in 13–70% of early HCC but only 10–
15% of high-grade dysplastic nodules. The
diagnostic accuracy of a panel of these 3 markers
was assessed among a cohort of 186 patients with
regenerative nodules (n = 13), low-grade dys-
plastic nodules (n = 21), high-grade dysplastic
nodules (n = 50), very well-differentiated HCC
(n = 17), well-differentiated HCC (n = 40), and
poorly differentiated HCC (n = 35) [131]. When
two markers were positive, the accuracy for HCC
detection was 78.4%, with 100% specificity. This
panel was subsequently prospectively validated
among a cohort of 60 patients who underwent
biopsy for liver nodules smaller than 2 cm [136].
When at least two of the markers were positive,
the sensitivity and specificity were 60 and 100%,
respectively; however, the panel only corrected 1
of 3 false positives using conventional pathology
analysis. Although this panel appears promising,

its clinical utility over conventional pathology
has yet to be established.

Recent advances in genomics could provide
novel tools to further improve HCC diagnosis.
Application of real-time reverse transcription
polymerase chain reaction has demonstrated
differential expression of genes in high-grade
dysplastic nodules and early HCC. For example,
a 3-gene set including GPC3, survivin, and
LYVE1 had a discriminatory accuracy of 94%
between dysplastic nodules and early HCC
[137].

13.6 Staging

One of the central factors driving prognosis in
patients with HCC is tumor burden. In most solid
tumors, staging is determined at time of surgery

Fig. 13.3 Histologic characteristics of hepatocellular carcinoma including thickened hepatocyte cords (a), pseudog-
landular formation (b), and stromal invasion (c)
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and by pathologic examination of a resected
specimen, leading to the Tumor Node Metastasis
(TNM) classification [138]. However, the TNM
staging system in HCC fails to account for the
degree of liver dysfunction and patient perfor-
mance status [139]—two important dimensions
that cannot be ignored in patients with HCC.
Several other staging systems have been pro-
posed, including the Barcelona Clinic Liver
Cancer (BCLC), Cancer of the Liver Italian
Program (CLIP), and Japan Integrated Staging
(JIS). Although there is not one universally
accepted staging system, the BCLC (Fig. 13.4)
may offer the most prognostic information
because it includes an assessment of tumor bur-
den, liver function, and patient performance sta-
tus [139, 140] and has been endorsed by the
American Association for the Study of Liver
Diseases (AASLD) [141]. The prognostic ability
of the BCLC has been validated in European,

American, and Asian populations [139, 140,
142]. In a study comparing the prognostic ability
of seven staging systems, the BCLC was found
to have the best predictive power for survival
[139]. Median survival for patients with BCLC
stage D tumors was only *5 months, which was
significantly shorter than the 10-month median
survival for those with BCLC stage C tumors
(p = 0.01). Patients with BCLC stage B tumors
had a median survival of *27 months (p = 0.04
vs. BCLC stage C tumors) and BCLC stage A
patients had a median survival >4 years
(p < 0.001 vs. BCLC stage B). In addition to its
strong prognostic ability, the BCLC is the only
staging system that has been linked to an
evidence-based treatment algorithm (Fig. 13.4).
However, the validity of the BCLC staging sys-
tem will need to be re-evaluated in the future
with progress in both risk stratifications and
treatment options.

Fig. 13.4 Barcelona clinic liver cancer (BCLC) staging
system for hepatocellular carcinoma [Reprinted from
Bruix J, Sherman M. Management of hepatocellular

carcinoma: an update. Hepatology. 2011;53:1020–2. With
permission from John Wiley and Sons]

13 Hepatocellular Carcinoma: Epidemiology, Basic Principles … 159



13.7 Treatment

There have been significant advances in HCC
treatment over the past ten years, with improve-
ments in technology and patient selection.
Curative therapies include surgical resection,
liver transplantation (LT), and locoregional
ablative techniques such as radiofrequency
ablation (RFA), microwave ablation (MWA),
and stereotatic body radiation therapy (SBRT);
each approach offers the chance of complete
response and long-term survival. Palliative ther-
apies, which typically slow tumor progression
and prolong survival, include transarterial
chemoembolization (TACE), transarterial
radioembolization (TARE), and systemic
chemotherapy.

13.7.1 Hepatic Resection

Surgical resection is the treatment of choice for
non-cirrhotic patients with HCC. Despite more
advanced tumor stage at diagnosis, HCC patients
without cirrhosis are more likely to be resection
candidates due to lower risk of liver failure [143].
Whereas >40% of HCC in Southeast Asia occurs
in the absence of cirrhosis, this accounts for less
than 10% of HCC in the USA [23, 144]. Con-
sequently, widespread use of resection is limited
in Western countries.

Patients with limited hepatic reserve are at risk
for hepatic decompensation, so careful patient
selection is crucial. Although perioperative
mortality rates after resection have improved
over time, hepatic decompensation occurs in 4–
5% of patients [145, 146]. It is important to
consider both quality and quantity of the future
liver remnant (FLR) after resection. In patients
with limited fibrosis, the risk of postoperative
morbidity is low if FLR exceeds 30%; however,
an FLR of 40% is typically required in patients
with cirrhosis [147]. In patients with insufficient
FLR, portal vein embolization (PVE) can be a
useful adjunct to promote hypertrophy of the
unaffected hepatic lobe [148, 149]. Quality of
FLR is based on an assessment of hepatic func-
tion and degree of portal hypertension. Patients

with Child Pugh A disease have significantly
better survival after resection than patients with
Child Pugh B or C disease [147, 150]. However,
Child Pugh score alone has a floor effect and is
unable to identify Child Pugh A patients at risk
for postoperative liver failure. Five-year survival
rates are only 25% in patients with portal
hypertension and bilirubin >1 mg/dL, compared
to 74% in patients without portal hypertension
and normal bilirubin levels [151]. Whereas some
studies have used invasive means, such as hep-
atic vein gradient greater than 10 mmHg, to
define portal hypertension, others have used
platelet count <100,000/mm3 as a non-invasive
surrogate marker [152–155].

The efficacy of surgical resection is also
linked to tumor stage. Five-year survival rates are
only 10% in patients with vascular invasion
compared to 41–57% in those without vascular
invasion. Similarly, patients with tumors <2 cm
in diameter have 5-year survival rates of 54–
93%, whereas those with 2–5 cm tumors have
38–53% 5-year survival rates, and those with
tumors >5 cm have 5-year survival rates below
39% [156–159]. Although resection yields 5-year
survival rates of nearly 70% (Table 13.2), it is
limited by high tumor recurrence rates, as high as
50–70% after 5 years [160]. Early recurrences
within 2 years are likely due to dissemination of
the original tumor, whereas late recurrences after
2 years are more likely “de novo” HCC. Early
recurrence risk is associated with tumor factors
(pre-operative tumor stage), whereas viral factors
(e.g., persistent HCV infection) and degree of
liver dysfunction drive late recurrences [161,
162].

A Cochrane review found 12 randomized
controlled trials assessing the role of adjuvant or
neoadjuvant therapy with resection [163]. Lower
recurrence rates were observed across studies,
although only three reported significant reduc-
tions in recurrence. Overall, there is insufficient
evidence for neoadjuvant or adjuvant regimens
with resection. In contrast, several studies,
including 5 randomized controlled trials, have
demonstrated HCV treatment after resection or
ablation (i.e., secondary prevention) significantly
reduces HCC recurrence rates [164]. Patients
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with SVR have HCC recurrence rates of
approximately 35%, which is significantly lower
than the 61% recurrence rate among
non-responders (p = 0.005) [164].

13.7.2 Liver Transplantation (LT)

LT offers the unique ability to not only treat
HCC, but also correct the underlying liver dis-
ease, thus minimizing the risk of tumor recur-
rence. In a landmark study, Mazzaferro and
colleagues demonstrated long-term survival was
possible in patients with limited tumor burden
[165]. Among patients with one tumor <5 cm in
diameter or 2–3 tumors each <3 cm in diameter
and without portal vein invasion or extrahepatic
metastases, 4-year survival rates of 85% were
achieved. These criteria, known as the Milan
criteria, form the basis of priority listing status
for LT in the USA. When these criteria are
applied in clinical practice, several studies show
recurrence rates are less than 15% and 5-year
survival rates approach 60–70% (Table 13.3)
[166].

Strict selection criteria have been maintained
given the need to obtain the maximum benefit
from a limited number of available organs.
However, some believe the Milan criteria may be
too restrictive and have proposed expanding
selection criteria to include patients with larger
tumors [167–169]. For example, the University
of California San Francisco (UCSF) criteria
include patients with a single lesion <6.5 cm or
2–3 lesions, each <4.5 cm with a maximum
tumor burden of 8.0 cm [170]. The benefit to
patients beyond Milan criteria must be weighed
against the harm from delaying transplantation in
others on the waiting list. The harms of
expanding selection criteria typically outweigh
the benefits when 5-year post-transplant survival
rates fall below 61% [171]. Although promising
results have been reported from single-center
cohort studies, patients exceeding Milan criteria
have higher post-transplant mortality (HR 1.68,
95% CI 1.39–2.03) [172], with 5-year
post-transplant survival rates of only 38% [173].

An alternative approach to expanding trans-
plant criteria is downstaging larger tumors to
Milan criteria using TACE, TARE, or local

Table 13.2 Selected cohort studies of surgical resection for hepatocellular carcinoma

Reference Number of patients Proportion of patients with
cirrhosis (%)

Proportion of patients with
child pugh A status (%)

Overall
survival

Itamoto [237] 136 100 77.2 70% at 5 years

Poon [238] 204 100 95.6 68% at 5 years

Taura [239] 293 56.7 87.4 61% at 5 years

Kamiyama
[240]

321 39.3 96.6 74% at 5 years

Park [241] 213 100 100 69% at 5 years

Huang [242] 115 65.2 92.2 76% at 5 years

Sakaguchi [243] 111 70.3 83.8 78% at 5 years

Zhou [244] 1018 100 97.6 67% at 5 years

Table 13.3 Selected cohort studies of liver transplantation for hepatocellular carcinoma

Reference Number of patients Transplant criteria Recurrence rate Overall survival

Mazzaferro [245] 60 Milan 7% at 4 years 75% at 4 years

Herrero [246] 47 Expanded criteria 13% at 5 years 79% at 5 years

Todo [247] 316 Expanded criteria 13% at 3 years 69% at 3 years

Pelletier [248] 2552 Milan Not reported 65% at 5 years
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ablative therapy [174]. In a prospective study
among 61 patients with T3 lesions, downstaging
was successful in 43 (70%) patients [175]. The
4-year survival of the entire cohort was 69 and
92% in the 35 patients who underwent LT. This
process theoretically selects tumors with more
favorable biology that responds to downstaging
treatments and would likely do well after LT
[176]. Although few data compare the effective-
ness of downstaging modalities, a single-center
analysis with 86 patients suggested TARE out-
performs TACE in terms of successful down-
staging (58% vs. 31%, p = 0.02) and overall
survival (35.7 vs. 18.7 months, p = 0.18) [177].
Further large prospective studies are needed to
define the role and optimal technique for suc-
cessful downstaging.

In regions with prolonged waiting times for
LT, intrahepatic tumor growth, vascular inva-
sion, or extrahepatic metastases may lead to
dropout from the waiting list while awaiting an
organ. In regions with waiting times exceeding
12 months, nearly 25% of HCC patients experi-
ence dropout [178, 179]. Accordingly, the pro-
portion of LT recipients receiving “bridging
therapy” while on the waiting list increased from
37.3% in 2003 to 58.1% in 2008 [180]. Although
there is not any proven post-transplant survival
advantage in treating HCC patients while await-
ing LT, “bridging” therapy may reduce the risk
of dropout [180, 181].

13.7.3 Local Ablative Therapies

Local ablation therapy is an alternative for
patients with early HCC who are not eligible for

resection or LT. RFA involves the use of elec-
tromagnetic energy deposition via a percutaneous
probe to induce thermal injury to the tumor,
leading to local coagulation necrosis [182].
Excellent long-term outcomes have been repor-
ted after RFA (Table 13.4) [183–185]. In a study
among 1170 patients with HCC, complete tumor
ablation was achieved in 99.4% after a median
number of 2 RFA sessions [186]. Five- and
ten-year survival rates were 60.2 and 27.3%,
respectively; however, 74.8% of patients had
recurrence within five years of the procedure.

Three RCTs demonstrated similar 3-year
survival rates after percutaneous ablation and
resection in patients with early HCC, although
there was a consistent trend in improved
disease-free survival after resection [187–189].
The choice between the treatments depends on
local expertise and the risk of local recurrence
and perioperative mortality [190]. A Markov
model concluded resection is the best therapeutic
option, except in cases where patients were older
than 70 years, resection perioperative mortality
exceeded 30%, negative margins were achieved
in less than 60% of patients, or RFA could be
performed at least 60% of time for recurrence
[191].

A major limitation of RFA is its poor efficacy
in large tumors, with a lower chance of complete
necrosis in tumors exceeding 3 cm. Tumors
>3 cm require repositioning of the electrode or
multiple treatment sessions to obtain clear abla-
tion margins. Lesions >5 cm only have 50%
chance of complete response even with a more
aggressive approach [192–194]. Accordingly,
RFA yields 3- and 5-year survival rates of 84 and
65% for tumors <3 cm compared to 71 and 47%

Table 13.4 Selected cohort studies of local ablative therapy for hepatocellular carcinoma

Reference Number of patients Rate of local tumor progression Overall survival

Lencioni [249] 206 10% 41% at 5 years

Tateishi [250] 319 9% 54% at 5 years

Chen [251] 256 Not reported 41% at 5 years

Choi [252] 570 12% 58% at 5 years

Livraghi [253] 216 1% 55% at 5 years

N’Kontchou [254] 235 12% 40% at 5 years
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in larger tumors (p < 0.001) [186]. TACE prior
to RFA has been proposed to decrease HCC
blood flow and heat dispersion to increase the
size of RFA necrosis, although well-conducted
randomized trials are still necessary [195].
Another limitation of RFA is an inability to treat
some HCC due to tumor location. Subcapsular
and surface HCC and those adjacent to the
gallbladder are associated with higher rates of
incomplete ablation and may be associated with
higher complications rates [196–198]. Similarly,
tumors adjacent to large vessels can have a 50%
lower chance of complete response to RFA, as
the vessel acts as a “heat sink” for the radiofre-
quency energy [199]. Finally, RFA is associated
with potential adverse events including pleural
effusion, peritoneal bleeding, and a 0.3% risk of
procedure-related mortality [200–202].

MWA is an alternative therapy, involving
ultrasound-guided placement of an electrode and
microwave treatment to induce regional necrosis
surrounding the HCC [203, 204]. MWA can
overcome some limitations of RFA, achieving
wider ablative zones, and avoiding heat sink
effects [205]. A randomized trial comparing RFA
and MWA among 72 patients found similar rates
of complete response (96% vs. 89%, p = 0.26),
residual foci of untreated disease (8.3% vs.
17.4%, p = 0.20), and complications (2.8% vs.
11.1%, p = 0.36); however, the number of
required treatment sessions was significantly
lower in the RFA group (1.1 vs. 2.4, p < 0.001)
[206]. There have been advances in microwave
ablation since this study, so repeat trials com-
paring RFA and MWA are needed. Other novel

therapies, such as irreversible electroporation
(IRE), have also shown promise as alternative
techniques but further data are needed.

13.7.4 Transarterial
Chemoembolization
(TACE)

TACE involves selective delivery of intra-arterial
chemotherapy into the tumor, followed by
embolization with a goal of inducing tissue
necrosis. TACE is a primary treatment for
patients with preserved liver function (Child A or
B) and tumors that are not amenable to surgical
resection, LT, or local ablative therapies, in the
absence of vascular invasion or distant metas-
tases [207–209]. TACE carries a significant risk
of hepatic ischemia in patients with hepatofugal
blood flow and/or main portal vein thrombus.
Although this has traditionally been considered a
contraindication to TACE, subsequent reports
have suggested this may be performed in select
patients with preserved liver function [210, 211].

Objective response rates range between 16
and 60%, and fewer than 2% of patients achieve
a complete response [207–209]. The residual
tumor recovers its blood supply and continues to
grow, necessitating repeated TACE treatments at
regular intervals. TACE results in slower rates of
tumor progression, which translates into lower
rates of vascular invasion and distant metastases.
A meta-analysis of randomized trials demon-
strated a survival benefit for TACE in patients
with intermediate stage tumors (Table 13.5).

Table 13.5 Selected randomized trials of TACE for hepatocellular carcinomaa

Reference Number of patients Proportion child A Objective response rate
(TACE vs. comparison arm)

2-year survival

Pelletier [255] 42 88% 33% vs. 0% Not reported

GETCH [256] 96 91% 16% vs. 5% 38% vs. 26%

Bruix [257] 80 82% 55% vs. 0% 49% vs. 50%

Pelletier [258] 73 76% 9% vs. 2% 24% vs. 26%

Lo [259] 79 Not reported 11% vs. 1% 31% vs. 11%

Llovet [260] 75 70% 14% vs. 0% 63% vs. 27%
aNote Comparison arm was medical/conservative management in all studies except Pelletier et al. (1998), where the
comparison arm was tamoxifen

13 Hepatocellular Carcinoma: Epidemiology, Basic Principles … 163



TACE results in a significantly prolonged
two-year survival of 63% compared to 27% with
supportive care (p < 0.001) [209].

Although attempts are made to be as
selective as possible, there is often injury to
surrounding hepatic parenchyma resulting in
post-embolization syndrome with pain, nausea,
and low-grade fevers [212]. The post-
embolization syndrome is usually self-limited
to 48–72 h, and usually resolves with pain
medications and hydration. The degree of side
effects and risk of hepatic toxicity may be
determined by the type and frequency of the
TACE regimen, with high variability in proce-
dural technique between centers. There is also
variability in the choice of chemotherapeutic
agent (doxorubicin alone vs. combination with
mitomycin-C or 5-fluorouracil vs. bland
embolization), embolizing agent (gel foam vs.
microparticles), TACE re-treatment schedule
(ranging from every 2 months to 6 months),
and degree of selectivity (ranging from
super-selective to lobar TACE).

The introduction of drug-eluting beads
(DEB-TACE), which can be more embolic and
maintain higher intratumor doxorubicin levels,
may help reduce some heterogeneity between
centers [213]. DEB-TACE involves embolic
microspheres that sequester chemotherapeutic
drugs, such as doxorubicin, and release them in a
controlled and sustained fashion. A RCT among
212 patients with intermediate stage HCC found
DEB-TACE had similar response rates to con-
ventional TACE (27% vs. 22% complete
response, 25% vs. 21% partial response) and
similar treatment-related serious adverse effects
rates (24% vs. 30%) [214]. However, the
DEB-TACE group had lower rates of
post-embolization liver toxicity and systemic
doxyrubicin effects, such as alopecia.

DEB-TACE was superior to bland embolization
in an RCT among 84 patients, with higher
complete response rates at 6 months (27% vs.
14%), lower recurrence rates at 12 months (46%
vs. 78%), and significantly longer time-to-
progression (42 weeks vs. 36 weeks, p = 0.008)
[215]. A study of 104 patients treated with
DEB-TACE validated its safety (9.6% major
complication rate) and efficacy (median survival
48.6 months) [216].

13.7.5 Systemic Therapy

Several chemotherapeutic agents have been
investigated as potential therapies for patients
with advanced HCC who are not candidates for
local therapy [217]. Studied agents included but
are not limited to doxorubicin, tamoxifen, cis-
platin, seocalcitol, and nolatrexed. However,
these agents failed to demonstrate notable
response rates or improvement in survival over
best supportive care. In 2008, sorafenib, a mul-
tikinase inhibitor, was the first and only agent to
date that has been shown to significantly improve
survival benefit in patients with advanced HCC
[218].

There have been two large randomized trials
demonstrating a survival benefit with sorafenib
(Table 13.6). The SHARP (Sorafenib Hepato-
cellular Carcinoma Assessment Randomized
Protocol) trial was terminated early, after finding
median survival improved from 7.9 months with
placebo to 10.7 months with sorafenib (HR 0.58,
95% CI 0.45–0.74) [218]. Time-to-progression
was significantly prolonged from 2.8 months in
the placebo group to 5.5 months among those
receiving sorafenib (p < 0.001). The majority of
patients included in this trial had Child A cir-
rhosis (95%) and good performance status (92%)

Table 13.6 Selected randomized trials of sorafenib for hepatocellular carcinoma

Reference Number of
patients

Proportion
child A (%)

Comparison arm Objective response rate
(sorafenib vs.
comparison arm)

Median survival

Llovet [218] 602 97 Placebo 2% vs. 1% 10.7 vs. 7.9 months

Cheng [219] 226 97 Placebo 3% vs. 1% 6.5 vs. 4.2 months
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with advanced tumors (53% extrahepatic spread
and 70% vascular invasion). Another randomized
trial with sorafenib in patients with advanced
HCC was performed in Asia, in which there were
significantly higher rates of patients with HBV
infection [219]. Median survival was 6.5 months
in the patients treated with sorafenib, compared
to 4.2 months in those who received placebo
(HR 0.68, 95% CI 0.50–0.93).

Sorafenib was well tolerated, with most
adverse events being mild to moderate in nature.
The most common grade 3–4 adverse events in
both trials were hand-foot skin reaction (8–11%),
diarrhea (6–8%), and fatigue (3–4%). Its tolera-
bility has been confirmed in an interim analysis
of GIDEON (Global Investigation of therapeutic
Decisions in hepatocellular carcinoma and of its
treatment with sorafeNib), a post-marketing
study assessing the tolerability and outcomes of
sorafenib in clinical practice. Although patients
with Child B cirrhosis experience higher rates of
serious adverse events (60% vs. 33%), the

incidence of drug-related serious adverse events
appears similar (16% vs. 10%) [220]. Patients
with Child C cirrhosis or poor performance status
are unlikely to significantly benefit from or
tolerate systemic targeted therapy [221].

There have been several trials evaluating other
targeted therapies for advanced HCC
(Table 13.7). The anti-angiogenic agent sunitinib
did not demonstrate superiority or non-inferiority
compared to sorafenib as a first-line agent in a
phase III study of 1,073 patients [222]. Similarly,
brivanib showed promise in phase II studies;
however, phase III trials failed to demonstrate
improved survival compared to placebo [223,
224]. Although promising results have been seen
for other agents in phase II studies, none have
been confirmed to date in large phase III studies
[225–231].

Recently, tumor markers are being incorpo-
rated into treatment selection for patients with
advanced HCC who progressed or were intoler-
ant to sorafenib. In a phase II study, tivantinib, a

Table 13.7 Potential novel agents for patients with advanced hepatocellular carcinoma

Agents Phase study Mechanism of action

First line

Brivanib III Anti-angiogenic

Linifanib II–III Anti-angiogenic

Sorafenib + Erlotinib III Multikinase inhibitor and anti-angiogenic

Second line

Ramucirumab II–III Anti-angiogenic

Bevacizumab II Anti-angiogenic

Cediranib
Pazopanib
Lenvatinib
Lenalidomide
Axitinib

I–II Anti-angiogenic

Gefitinib
Lapatinib
Cetuximab

I–II EGFR inhibitor

Everolimus III mTOR inhibitor

Sirolimus
Temsirolimus

I–II mTOR inhibitor

Tivatinib cabozantinib II Hepatocyte growth factor/c-MET inhibitor

Belinostat I–II Histone deacetylase inhibitor

STA-9090 I–II HSP-90 inhibitor

Nivolumab I–II Immunotherapy
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selective oral MET inhibitor, was not associated
with improved overall survival among all-comers
(HR 0.90, 95% CI 0.57–1.40); however, a sur-
vival benefit was noted in those with high MET
expression (HR 0.38, 95% CI 0.18–0.82) [232].
A randomized phase III study evaluating tivan-
tinib as a second-line agent among patients with
high MET expression is now ongoing.

There is also increasing interest in
immunotherapy for patients with advanced HCC.
In a phase I/II study, nivolumab, a fully human
IgG4 monoclonal antibody PD-L1 inhibitor, was
evaluated as a second-line agent among 41
patients with advanced HCC who were intolerant
or refusing sorafenib [233]. Among the 39
patients in whom response was assessed, 2 (5%)
had a complete response and 7 (18%) had partial
response; overall survival at 6 months was 72%.

13.7.6 Multidisciplinary Management
of Hepatocellular
Carcinoma

Treatment decisions for HCC have become
increasingly complex with the availability of
novel therapies and the growing use of multi-
modal and multiprovider treatments. Studies
have shown high rates of treatment underuse,
inappropriate treatment, and treatment delays in
clinical practice [234, 235]. Appropriate treat-
ment decisions, individualized for each patient,
require the complementary expertise of multiple
specialties. A multidisciplinary approach
involving a team of hepatologists, surgeons,
interventional radiologists, radiation oncologists,
medical oncologists, and radiologists allow
delivery of optimal treatment and have been
associated with improved outcomes including
rates of curative treatment, time-to-treatment, and
overall survival [236].

13.8 Summary

HCC is the 3rd most common cause of
cancer-related death worldwide and one of the
most common causes of death in patients with

cirrhosis. The highest HCC incidence rates are in
Southeast Asia and Africa, related to HBV
infection; however, these rates are declining with
more widespread vaccination and treatment pro-
grams. Its incidence in the USA and Europe is
rising due to hepatitis C infection and
non-alcoholic fatty liver disease. HCC surveil-
lance is recommended in high-risk populations to
detect HCC at an early stage, when curative
options exist. Radiologic imaging is the most
important aspect in the diagnostic evaluation of
patients with suspected HCC, as it can facilitate
HCC diagnosis without a need for biopsy and
provides determination of tumor burden.
Although there is not one universally accepted
staging system, the BCLC system is the most
widely accepted and has been linked to a treat-
ment algorithm. There are treatment options for
most patients with any stage of HCC; however,
treatment decisions must be individualized after
accounting for factors such as degree of liver
dysfunction and patient performance status.
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TARE Transarterial radioembolization
RBE Relative biological effectiveness
REILD TARE-induced liver disease
RFA Radiofrequency ablation
RILD Radiation induced liver disease
RT Radiotherapy
SBRT Stereotactic body radiotherapy
SABR Stereotactic ablative radiotherapy
TACE Transarterial chemoembolization
TTP Time to progression

14.1 Introduction

The burden of liver cancer is growing, with liver
cancer deaths increasing at the highest rate of all
cancers among both men and women [1].
Hepatocellular carcinoma (HCC), the most
common primary liver cancer, represents a dis-
tinct clinical challenge because of its unique
etiology, natural history, sensitivity to local
therapies, and specific disease management
guidelines and algorithms [2]. Historically, the
role of radiation therapy in the treatment of
unresectable HCC was limited due to low radi-
ation tolerance of the whole liver and perceived
radioresistance of HCC. However, better under-
standing of liver tolerance and recent advances in
radiation planning and delivery technology have
facilitated the safe delivery of higher and more
effective doses. As a noninvasive treatment
modality, radiation can target lesions that may
not be amenable to other local-regional therapies
due to tumor size, number, location, or the
presence of vascular invasion. The promising
results with early experiences of fractionated,
conformal radiotherapy have led to the develop-
ment of more dose-escalated regimens through
stereotactic body radiotherapy (SBRT) and
charged particle therapy. Radiation can also be
delivered to HCC lesions using brachytherapy
and trans-arterial radioembolization techniques.
Finally, there are exciting possibilities with
combining these various radiation approaches
with other regional and systemic treatment
modalities for improved efficacy.

14.2 Clinical Applications

The general treatment strategy for HCC is based
on overall size of the tumor, number of tumor
nodules, underlying liver function, and general
health of the patient. Surgery, either through
resection or liver transplantation, is curative; yet
less than a third of patients with HCC are eligible
candidates [3]. Therefore, a number of
liver-directed therapies are available for
organ-confined disease. Inoperable patients are
typically managed with local-regional therapies
including radiofrequency ablation (RFA) and
transarterial chemoembolization (TACE). How-
ever, these modalities may not be appropriate
under certain scenarios that may represent
opportunities for radiation therapy to establish a
role. For instance, larger tumors are associated
with high rates of local recurrence after RFA [4,
5]. In addition, RFA may not be suitable for
tumors adjacent to the liver edge or visceral
organs, due to the risk of diaphragmatic injury
[6] and intraperitoneal seeding [7], and is asso-
ciated with high recurrence rates for lesions near
large blood vessels due to the heat sink effect [8].
In addition to tumor size, the presence of portal
vein thrombus can be a relative contraindication
for TACE.

Figure 13.4 shows the Barcelona Clinic Liver
Cancer staging system, which provides a guide-
line for various therapies [9]. Though radiother-
apy is not included, there is growing literature
that it may play an important role in the man-
agement of this disease. For early stage disease,
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radiotherapy could be used as bridge therapy for
patients awaiting liver transplant. For
intermediate-stage disease, radiation can have an
ablative role in definitive treatment or for possi-
ble tumor downstaging for transplant or resection
eligibility. In the advanced setting, radiation can
be an important treatment option for palliation.
This chapter provides a summary of the clinical
data for radiation therapy, including fractionated
external beam radiation therapy (EBRT), stereo-
tactic body radiotherapy (SBRT), particle ther-
apy, brachytherapy, and radioembolization, and
discusses results of radiation in various clinical
scenarios.

14.3 Radiation Modalities

14.3.1 Fractionated External Beam
Radiotherapy

Historically, external beam radiation did not play
a major role for definitive treatment of intrahep-
atic tumors because of concerns for
radiation-associated liver disease (RILD). How-
ever, advances in imaging techniques,
three-dimensional radiation planning, respiratory
motion management, and image-guided radio-
therapy, as well as improved understanding of
radiation-associated liver toxicity through the
development of the normal tissue complication
probability (NTCP) model have led to renewed
interest in radiotherapy in HCC. Table 14.1
summarizes select EBRT clinical series.

The University of Michigan demonstrated in a
series of prospective studies [10–13] that high
dose, fractionated conformal radiation could be
delivered to focal liver lesions using an NTCP
model to maximize dose on an individual basis
[14]. Patients were treated with 60–90 Gy in
1.5 Gy fractions twice daily with concurrent
hepatic artery floxuridine, with the radiation dose
based on the amount of normal liver that could
be spared without exceeding a 5–20% risk of
RILD. The median survival of patients treated on
this study was 15.2 months, which was superior
compared to historical controls. At a median
follow-up of 26 months in living patients, there

was 21% grade 3 toxicity, 9% grade 4 toxicity,
and one treatment-related death due to RILD
associated with this intense regimen. Total dose
was the only predictor of survival, as patients
receiving � 75 Gy (upper quartile) had a better
median survival of 23.9 months compared to
those receiving <75 Gy (median survival 14.9
months). In addition, the pattern of failure
observed in the trial was primarily local, which,
along with the finding that survival was
dose-dependent, suggested that there was poten-
tial for improved outcomes through further
intensification of local therapy.

A phase II trial from France subsequently
reported promising results with high-dose
three-dimensional radiotherapy (66 Gy in 33
fractions) in Child–Pugh A/B cirrhotic patients
with small HCCs who were not eligible for sur-
gical treatment [15]. Twenty patients (80%) had
a complete response, three patients (12%) had a
partial response, and two patients (8%) had stable
disease after treatment. At a median follow-up of
29 months, local control was 78%, with the
majority of recurrences occurring outside of the
irradiated volume. While Child–Pugh A patients
tolerated treatment well, with 19% developing
asymptomatic grade 3 toxicities, Child–Pugh B
patients experienced more toxicity, with 22%
developing grade 4 toxicities.

Numerous studies have also been published
from Asia, where the incidence of HCC is higher,
demonstrating the feasibility and efficacy of radi-
ation dose-escalation in the treatment of HCC. In a
large multicenter, retrospective series from Korea,
398 patients were treated with a median biological
effective dose (BED), assuming a/b ratio of
10 Gy, of 53.1 Gy (range 4.2–124.8 Gy). The
majority of patients had Child–Pugh A cirrhosis
(73.9%) while 22.1% of patients had Child–
Pugh B cirrhosis. The median survival time of all
patients was 12 months. There was no grade 3 or
higher toxicity. Higher doses were also associated
with improved 2-year survival rate in this series:
31% for patients who received � 53.1 Gy versus
22% for those who received lower doses [16]. In a
retrospective series from China, 128 patients with
unresectable HCC were treated with hypofrac-
tionated 3D-conformal radiotherapy to 40–60 Gy
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with 3–5 Gy per fraction. The majority of patients
had Child–Pugh A cirrhosis (84.4%) while 15.6%
of patients had Child–Pugh B cirrhosis. Median
overall survival was 20 months, and overall sur-
vival was 65% at 1 year, 43% at 2 years, and 33%
at 3 years. Late gastrointestinal (GI) toxicity grade
3 or above occurred in 3% of patients, and 15% of
patients experienced RILD [17]. Tumor size and
Child–Pugh Class were independent predictors of
survival.

14.3.2 Stereotactic Body
Radiotherapy

The promising results of fractionated conformal
radiotherapy renewed interest in further

dose-escalation, which was enabled by the
development of SBRT, also known as stereo-
tactic ablative radiotherapy (SABR). SBRT
allows the delivery of ablative doses of radiation,
with rapid dose fall-off at the periphery of the
target. Early experience with this highly confor-
mal technique demonstrated excellent local con-
trol and toxicity rates as well as acceptable
impact on quality of life.

SBRT for the treatment of intrahepatic
malignancies was first reported in 1995 by
Blomgren et al. [18]. at the Karolinska Institute,
Stockholm, where the stereotactic radiosurgery
experience for treating brain tumors was adapted
to treat extracranial targets. There has since been
accumulating clinical experience with SBRT

Table 14.1 Select clinical series for fractionated external beam radiotherapy for hepatocellular carcinoma and other
liver malignancies

Authors Patients Tumor
diameter/volume
(tumor number)

Dose/fraction size Objective
response
rate (%)

Overall survival Toxicity
�G3
(%)

Ben-Josef
et al. [11]

128 /Liver
Malignancies

– Median 60.75 Gy /
1.5 Gy BID (40–
90 Gy)

52 Median 15.8
months; 3 year
17%

35

Mornex
et al. [15]

27 (16
CP-A/11
CP-B) /HCC
only

Single tumor
� 5cm (22); 2
tumors � 3 cm
(5)

66 Gy /2 Gy 92 41% at 29 months 41

Liu et al.
[103]

44 (32
CP-A/12
CP-B) /HCC
only

<5 cm (16); 5–
10 cm (16);
>10 cm (12)

Median 50.4 Gy
(39.6–60) Gy /
1.8 Gy

61.4 Median
15.2 month; 1
year 61%; 2 year
40%

0

Liang
et al. [17]

128(108
CP-A/20
CP-B) /HCC
only

<125 mL (29),
125–1000 (87),
>1000 (12)

Median 53.6 Gy
(40 + 60 Gy)/
Median 4.88 Gy (3–
5 Gy)

55 Median 20
months, 1 year
65%, 2 year 43%

3

Kim et al.
[104]

70 /HCC
only

<8 cm (37),
� 8 cm (33)

Median 54 Gy (44–
54 Gy) /2–3 Gy

54.3 Median 10.8
months, 1 year
43.1%, 2 year
17.6%

12.9

Oh et al.
[105]

40 (36
CP-A/4
CP-B) /HCC
only

<5 cm (18),
� 5 cm (22)

Median 54 Gy (30–
54 Gy) /Median
3 Gy (2.5–5) Gy

62.8 1 year 72%, 2
year 45.6%

0

Seong
et al. [16]

398 (294
CP-A/88
CP-B)/HCC
only

Median 6.2 cm Median
45 Gy/Median
1.5 Gy

– Median 12
months, 2 year
27.9%

–

Abbreviations: CP Child–Pugh, HCC Hepatocellular carcinoma, G3 Grade 3

182 E.L. Pollom et al.



demonstrating sustained response in the majority
of treated patients, even for large tumors. Several
prospective and retrospective studies have shown
excellent 1-year and 2-year local control in the
70–90% range with low toxicity (Table 14.2).
A phase I dose-escalation study from Indiana
University to determine the maximum tolerated
dose of SBRT in selected patients with primary
HCC showed that SBRT to doses up to 48 Gy in
three fractions is safe in select Child–Pugh class
A patients with HCC [19]. They reported their
updated experience in 2011 [20] with treating
Child–Pugh class A patients to a median of
48 Gy in three fractions and Child–Pugh class B
patients to 40 Gy in five fractions, based on the
results from their phase I dose-escalation trial.
They reported 2-year local control, progression-
free survival, and overall survival of 90, 48, and
67%, respectively. Eventually, 23 patients
underwent transplant, with a median time to
transplant of 7 months. There were no grade 3 or
higher non-hematologic toxicities.

The Princess Margaret Hospital (PMH) de-
veloped a protocol using an individualized
six-fraction SBRT dose–allocation approach
similar to that from the University of Michigan,
in which the prescribed tumor dose was deter-
mined based on the effective volume of normal
liver irradiated, with encouraging phase I results
[21, 22]. In an updated analysis of the completed
phase I and II PMH studies, Bujold et al. reported
a total of 102 Child–Pugh A HCC patients who
were ineligible for local-regional therapies and
treated with SBRT to a median dose 36 Gy in six
fractions [23] Despite the fact that 55% of
patients had portal vein thrombosis, 12% of
patients had extrahepatic disease, and 52% of
patients had received prior therapies, clinical
outcomes were impressive with one-year local
control of 87% and median overall survival of 17
months. Also of note, despite the large tumor
sizes included in this study (median gross tumor
volume of 117 cc and median diameter of the
largest lesion of 7.2 cm), tumor size and volume
did not correlate with local control or overall
survival. Minimum dose to the planning target
volume correlated with local control on

univariate analysis only (p = 0.02). Grade 3 and
higher toxicity was seen in 36% of patients.

14.3.2.1 Comparison with Other
Modalities

Given these promising results, SBRT has rapidly
become an accepted local therapy for treating
patients with HCC. Until recently, there has not
been any evidence directly comparing SBRT
with other local treatment options for inoperable
HCC, such as RFA. Local ablation is considered
first-line treatment for localized HCC not suitable
for surgery [2]. RFA induces coagulative necro-
sis of tumor through thermal ablation and is the
preferred technique for treating small HCC
lesions [24–26]. However, RFA is an invasive
procedure, often requiring general anesthesia,
and control rates for larger lesions are suboptimal
[27, 28]. A recent retrospective study from the
University of Michigan demonstrated improved
local control for SBRT relative to RFA, partic-
ularly for larger lesions. In this series, 224
patients with inoperable HCC were treated with
either RFA (161 patients, 249 tumors) or SBRT
(63 patients, 83 tumors). SBRT dose used ranged
from 27–60 Gy in 3–5 fractions. Freedom from
local progression (FFLP) was defined as absence
of progressive of disease within or at PTV mar-
gin or ablation zone. Repeat RFA was allowed,
and tumors requiring multiple RFAs for residual
disease were not counted as failure until after all
tumors were successfully treated. One and 2-year
FFLP for tumors treated for RFA were 83.6 and
80.2%, respectively, while 1- and 2-year FFLP
for tumors treated with SBRT were 97.4 and
83.8%, respectively. For tumors that were 2 cm
in diameter or larger, RFA was associated with
significantly worse local control compared to
RFA (hazard ratio for local progression 3.35,
p = 0.025). Acute grade 3 and higher complica-
tions occurred after 11 and 5% of RFA and
SBRT treatments, respectively (p = 0.31). There
was no difference in overall survival between
patients treated with SBRT or RFA. Based on
these results, the authors recommended that
SBRT be the preferred treatment for larger
lesions.
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Table 14.2 Select SBRT series

Authors Patients No. lesions
(No. of
patients)

Dose/fractions Median
diameter
or volume

Local
control

Overall
survival

Toxicity �G3

Andolino
et al. [20]

60 (36 CP-A/24
CP-B)

1(51), 2(7),
3(2)

30–48 Gy/3 –

CP-A
40 Gy/5 –

CP-B

3.1 cm 2 year 90% 2 year
67%

35%

Bibault
et al. [106]

75 (67 CP-A/8
CP-B)

– 40–45 Gy/3 3.7 cm 1 year
89.8%

1 year
78.5%, 2
year
50.4%

6.6% had
decompensated
cirrhosis

Bujold
et al. [23]

102 (all CP-A) 1(40), >1
(62)

Median
36 Gy/6 (24–
54 Gy)

7.2 cm 1 year 87% Median 17
months

36%

Cardenes
et al. [19]

17 (6 CP-A/11
CP-B)

1(12), 2(2),
3(3)

36–48 Gy/3 4 cm 100% 1 year
75%, 2
year 60%

18%

Huertas
et al. [107]

77 (66 CP-A/11
CP-B)

1(67), 2(10) 45 Gy/3 2.4 cm 1 year 99% 1 year
81.8%, 2
year
56.6%

4% RILD, 1
grade 5 toxicity
from hematemesis

Jang et al.
[108]

82 (74 CP-A/8
CP-B)

1(71), 2(9),
3(2)

33–60 Gy/3 3.0 cm 2 year 87% 2 year
63%

9.8%

Kang et al.
[109]

47 (41 CP-A/6
CP-B)

1(39), 2(7),
3(1)

42–60 Gy/3 2.9 cm 2 year
94.6%

2 year
68.7%

10%

Kwon
et al. [110]

42 (38 CP-A/4
CP-B)

1(27), >1
(15)

30–39 Gy/3 15.4 cc 1 year 72% 1 year
93%

2%

Sanuki
et al. [111]

185 (158
CP-A/27 CP-B)

1(185) 35–40 Gy/5 2.7 cm
(35 Gy
group)
2.4 cm
(40 Gy
group)

3 year 91% 3 year
70%

13%

Seo et al.
[112]

38 (34 CP-A/4
CP-B)

– 30–57 Gy/3 40.5 cc 1 year 78% 1 year
69%

0%

Tse et al.
[21]

31 (all CP-A) – Median
30.6 Gy
(24–54 Gy)/6

173 cc
(9–
1913 cc)

1 year 65% 1 year
85%

29%

Wahl et al.
[113]

63 57 CP-A/24
CP-B/2 CP-Ca)

83 lesions
among 63
patients

27–60
Gy/3–5

2.2 cm 1 year
97.5%

1 year
74%

5%

Yamashita
et al. [114]

79 (67 CP-A/9
CP-B/1 CP-C/2
unknown)

1(79) 40–60
Gy/4–10

2.7 cm 18% had
local
progression

2 year
53%

4.6%

Yoon et al.
[115]

93 (69 CP-A/24
CP-B)

1(83), 2(10) 30–60
Gy/3–4

2.0 cm 3 year 92% 1 year
86%

6.5% hepatic
toxicity

Abbreviations: CP Child–Pugh, No. Number, and G3 Grade 3
aBreakdown per lesion as reported in the paper
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These same investigators also conducted a
similar retrospective study comparing 125
patients receiving SBRT with 85 patients who
received TACE [29]. The 1- and 2-year LC with
SBRT was 96.5 and 91% compared to 47 and
23% for TACE (p < 0.001). In addition, the 1-
and 2-year freedom from hepatic progression for
SBRT was 56.5 and 27% compared to 36 and
11% for TACE (p < 0.001).

14.3.2.2 Toxicity
Through precisely targeting tumors and mini-
mizing dose to normal liver, SBRT has not been
associated with increased rates of
radiation-induced liver disease compared to
fractionated, conformal radiotherapy despites its
high doses. Patient selection is important, how-
ever, as a recent phase I/II study demonstrated
increased grade III/IV liver toxicity in Child–
Pugh class B patients [30]. In this study, 38
Child–Pugh class A patients and 21 Child–Pugh
class B patients were treated with SBRT to
24–48 Gy in three fractions. While only 11% of
the Child–Pugh class A patients experienced
� grade III liver toxicity, 38% of the Child–Pugh
class B patients experienced � grade III liver
toxicity. The investigators found that the volume
of liver receiving doses as low as 2.5 Gy to be
correlated with developing toxicity in Child–
Pugh class B patients. Additionally, there are
additional toxicity concerns unique to SBRT
given that its safety is predicated on avoiding
organs at risk in the delivery of ablative doses of
radiation. Gastrointestinal ulceration and perfo-
ration as well as hepatobiliary toxicity, including
biliary obstruction and stricture, have been
reported in patients treated with SBRT for liver
lesions [31–34]. Bae et al. found V25 > 20 cc
and maximum point dose of 35 and 38 Gy (over
three fractions) predicted for severe gastroduo-
denal toxicity. Similarly, Osmundson et al. found
a dose-dependent relationship between hepato-
biliary toxicity and the volume of the central
hepatobiliary tract treated with SBRT, and rec-
ommended dose constraints for the central hep-
atobiliary tract of V40 (in five
fractions) < 21 cm and V37 < 24 cm. Extra
caution is warranted when SBRT is combined

with new biologic and anti-angiogenic agents.
Multiple reports have reported unanticipated
toxicities arising after the combination of SBRT
and angiogenesis-targeting agents, particularly of
late luminal gastrointestinal toxicities [35]. Sig-
nificant toxicity including grade 3 and grade 4
bowel toxicities and tumor rupture was recently
reported in a phase I trial from Princess Margaret
Hospital with the use of concurrent sorafenib and
SBRT among patients with Child–Pugh Class A
HCC [36]. Additionally, half of the patients in
the high effective irradiated liver volume group
had worsening of Child–Pugh liver function
class. Based on these results, the authors rec-
ommended against concurrent SBRT with sor-
afenib outside a clinical trial.

Although the majority of the clinical reports of
SBRT have highlighted its excellent local control
and toxicity rates, SBRT can also offer potential
favorable impact on the dimension of quality of
life as well. SBRT is a noninvasive outpatient
therapy, requires minimal pre-medication, and
involves a limited number of treatments that may
be more convenient and appealing for patients.

In 2008, Mendez Romero et al. prospectively
assessed the impact of SBRT on the quality of
life of 28 patients with liver tumors (19 had liver
metastases, 9 had HCC) using the EQ-5D index,
EQ-5D VAS and European Organization for
Research and Treatment of Cancer Quality of
Life Questionnaire Core-30 (QLQ C-30) global
health status instruments at time points of
directly before and 1, 3, and 6 months after
treatment, with high response rates (70–100%
across all time points) [37]. They found that
quality of life was not significantly influenced by
treatment with SBRT, and that patients main-
tained pretreatment level quality of life in the six
months period after treatment.

Klein et al. subsequently published their
quality of life outcomes that were collected
prospectively over a ten-year period from 222
patients treated with SBRT for liver cancer, about
half of whom had HCC [38]. The majority of
HCC patients had Child–Pugh A liver function
and received 24–60 Gy in six fractions. Quality
of life was assessed using the QLQ-C30 and/or
Functional Assessment of Cancer Therapy—
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Hepatobiliary Cancer (FACT-Hep, version 4)
questionnaires at baseline and 1, 3, 6, and 12
months after treatment. They found that liver
SBRT temporarily worsened appetite and fatigue
at one month but that this recovered by three
months. Patients with small tumors 6 cm or less
in diameter did not experience a clinically sig-
nificant decline in QOL at any time point. Overall
quality of life was unchanged for all patients.

Although these quality of life results compare
favorably to other treatment approaches, includ-
ing resection, RFA and TACE, for HCC, [39–42]
no direct comparisons have yet been published.
Health-related quality of life in HCC is under-
studied, but is increasingly recognized as an
important endpoint, and should be an important
factor in the treatment decision for patients and
their physicians.

14.3.3 Particle Therapy

Given the need to limit radiation dose to the liver
in patients with HCC due to underlying liver
disease and decreased functional reserve, the
dosimetric characteristics of heavy particle
radiotherapy, such as protons, are appealing. The
Bragg peak phenomenon results in decreased
integral dose to the uninvolved portion of the

liver. Thus, proton therapy is ideal for safe
dose-escalation to tumors in located in critical,
radiosensitive organs.

Most of the published clinical experiences of
proton therapy are retrospective series predomi-
nantly from Asia. One of the first clinical series
of proton therapy for treating HCC was reported
from the University of Tsukuba in Japan [43]. In
this series, 162 patients with 192 HCCs lesions
were treated from 1985–1998 with proton
radiotherapy to a median dose of 72 Cobalt Gray
Equivalent (CGE) in 16 fractions (50–88 in
10–24 fractions). The median tumor size was
3.8 cm (ranging from 1.5–14.5 cm), 25 patients
(15%) had portal vein tumor thrombus, and 72
patients (44%) had Child–Pugh Class B and C
cirrhosis. Overall survival and local control at
five years were 23.5 and 86.9%, respectively.
Only 3% of the patients experienced grade 2 or
higher late toxicity. There was no treatment dis-
continuation due to liver toxicity and no
treatment-related deaths.

Several prospective single-institution proton
series have also reported five year local control of
81–88% and five year overall survival of 25–39%
[44–47] (Table 14.3). In a phase II trial at Loma
Linda, 76 patients (22 patients had Child–
Pugh A, 36 patients had Child–Pugh B, 18
patients had Child–Pugh C cirrhosis) were treated

Table 14.3 Select prospective studies of charged particle therapy for hepatocellular carcinoma

Authors Patients Particle Dose/fractions PVT
(%)

Local control Survival Toxicity
�G3 (%)

Bush et al.
[46, 47]

76 (47% CP-B, 24%
CP-C)

P 63 GyE/15 5 2 year 75% 18.4
months
(median)

0

Fukumitsu
et al. [45]

51 (20% CP-B, 0%
CP-C)

P 66 GyE/10 0 3 year 94.5% 5 year 39% 2

Kawashima
et al. [44]

30 (33% CP-B, 0%
CP-C)

P 76 GyE/20 40 2 year 96% 3 year 62% 40

Kato et al.
[116]

24 (33% CP-B, 0%
CP-C)

C 49.5–79.
GyE/15

58 1 year 92%,
5 year 81%

5 year 25% 26

Hong et al.
[52]

44 (32 CP-A, 9
CP-B, 3 no cirrhosis)

P 58.0 GyE/15 29.5 2 year 94.8% 1 year
76.5%

2.3

Abbreviations: P Proton, C Carbon, CP Child–Pugh Class, PVT portal vein thrombosis, G3 Grade 3, GyE Gray
equivalent
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to 63 Gy in 15 fractions. Of these patients, 18
eventually underwent a liver transplant; 6 (33%)
of these patients had a complete response and 7
(39%) had microscopic residual disease. Median
progression-free and overall survival was 36 and
18 months, respectively. No grade 3 or higher
toxicity was reported. Because of these promising
results, Loma Linda conducted a randomized trial
comparing transarterial chemoembolization and
proton beam radiotherapy with the primary end-
point of progression-free survival [48]. Interim
analysis results showed a trend toward improved
2-year progression-free survival (48 vs. 31%,
p = 0.06) with proton beam. There were also
significantly fewer hospitalization days after
proton treatment compared to TACE (166 vs.
24 days, p < 0.001). The 2-year overall survival
for all patients was 59%, and was not significantly
different between treatment groups.

Other particles including carbon ions have
also been explored in the treatment of HCC.
Carbon ion therapy has the additional advantage
over proton therapy of a narrower penumbra,
increased relative biological effectiveness (RBE),
and lower oxygen enhancement ratio (OER).
Thus, carbon ion beams are expected to provide a
beneficial dose distribution that leads to
improved therapeutic ratio, more so than with
proton beam. A phase I–II trial from Japan
delivered 49.5–79.6 GyE in 15 fractions using
carbon ions to 24 patients (16 had Child–Pugh A
and 8 had Child–Pugh B cirrhosis), and reported
5-year local control of 81% and 5 year overall
survival of 25%. One patient had a grade 3 early
skin reaction while five patients experienced
grade 3 early hematological toxicity and three
patients experienced late grade 3 hematological
toxicity. Others have also reported the safety and
effectiveness of hypofractionated carbon treat-
ment (52.8 GyE in four fractions) [49]. However,
longer follow-up is required to ensure that these
large doses per fraction do not result in increased
late toxicity.

The excellent conformality of particle therapy
is particularly advantageous in situations where
there is high risk of developing toxicity with
radiation. For example, many patients with portal
venous thrombosis have poor functional liver

reserve but need large volumes of their liver
irradiated. Hata et al. reported treating 12 patients
who had tumor thrombus in the main trunk or
major branches of the portal vein with a total of
50–72 Gy in 10–22 fractions using protons [50].
They reported 2-year progression-free survival of
67%, and no grade 3 or higher toxicity. Two
patients were alive with no evidence of disease at
4.3 and 6.4 years after therapy. Another proton
series of 35 patients with HCC portal venous
thrombosis were treated with 50–72 CGE with
local control rates of over 45% at 2 years. Only
three patients developed severe acute toxicity
[51]. Recently, a multi-institutional phase II trial
of proton therapy for unresectable HCC and
intrahepatic cholangiocarcinoma treated tumors
to a mean dose of 58 GyE in 15 fractions [52].
With this regimen, the results showed a very
promising 2-year local control of 94.8% for HCC
despite nearly 30% of patients having vascular
thrombus.

The Tsukuba proton radiotherapy group has
also reported on the efficacy and safety of HCC
retreatment for either progressive or synchronous
HCC lesions in a series of 27 patients with 68
total lesions [53]. The median interval was 24
months between the first and second course of
treatment and median dose delivered was 72 Gy
in 16 fractions and 66 Gy in 16 fractions for the
first course and rest of the courses, respectively.
The 5-year local control rate and overall survival
were 87.8 and 56%, respectively. One patient
with Child–Pugh Class B and another patient
with Child–Pugh Class C cirrhosis experienced
acute hepatic failure.

While the reported clinical experience with
proton and carbon ion therapy have been asso-
ciated with some of the best outcomes so far,
particularly for patients who are at high risk of
hepatic insufficiency with radiation, particle
therapy is an expensive technology available at
few facilities worldwide. Additionally, there is
increasing evidence demonstrating comparable
clinical efficacy and safety with photon SBRT.
Further comparative evaluation of particle ther-
apy is needed to determine whether its theoretical
advantage translates into a clinically significant
advantage over other less expensive and more

14 Radiation Therapy for Hepatocellular Carcinoma: Clinical Data 187



accessible therapies, and if so, which patient
subgroups could benefit most from this treatment
modality.

14.3.4 Radioembolization

Trans-arterial radioembolization [TARE, also
known as selective internal radiation therapy
(SIRT)], involves injection of radioactive
microspheres for delivery of internal radiation.
The microspheres are loaded with a radioactive
compound, such as Yttrium-90 (Y-90), which is
a beta-emitter with a short half-life (2.67 days)
and limited tissue penetration (average 2.5 mm,
maximum 11 mm). Selective catheter-based
administration of Y-90 microspheres via the
hepatic artery preferentially delivers high-dose
radiation to the tumor-associated capillary bed
while sparing normal liver tissue, allowing for
delivery of doses up to 50–150 Gy [54, 55]
without developing the clinical complications of
conventional external beam radiotherapy [56]. In
contrast to TACE, the dominant mechanism of
occlusion is microvascular rather than
macrovascular occlusion, and tumor necrosis is
believed to be predominantly a result of radiation
rather than ischemia [57]. Two common com-
mercial microspheres available are Thera-
Sphere®, made of glass, and SIR-Spheres, made
of resin; although they differ in several charac-
teristics including the activity per microsphere
and number of microspheres typically injected in
a treatment, clinical outcomes are similar
between the two [58]. In the United States, FDA
has approved the use of Sir-Spheres for treatment
of unresectable colorectal cancer metastases to
the liver, and the use of TheraSphere® for treat-
ment of unresectable HCC under a Humanitarian
Device Exemption provision.

TARE has traditionally been used in clinical
practice for patients with advanced-stage HCC,
patients felt to be poor candidates for TACE, early
stage patients as a bridge to liver transplantation,
or for palliation of non-ablatable tumors.
Long-term survival outcomes support the safety
and efficacy of TARE for patients with HCC,
including those with advanced disease and limited

treatment options. Salem et al. analyzed outcomes
of 291 patients (526 treatments) treated with Y-90
as part of a single-center prospective longitudinal
cohort study, and reported response rates of 42 and
57% based on WHO and EASL criteria, respec-
tively [59]. The overall time to tumor progression
(TTP) was 7.9 months, with median survival of
17.2 months for Child–Pugh class A, and 7.7
months for Child–Pugh class B disease. In 108
consecutive patients (159 treatments) with
advanced HCC and liver cirrhosis treated with
Y-90 microspheres, Hilgard et al. reported a 40%
response rate by EASL criteria,
time-to-progression of 10.0 months, and median
survival of 16.4 months [60]. The most common
side effect was a grade 1/2 transient fatigue syn-
drome. Sangro et al. conducted a European mul-
ticenter retrospective analysis on prognostic
factors driving survival in patients treated with
TARE using Y-90 microspheres [61]. The
majority of patients were Child–Pugh class A
(82.5%), had underlying cirrhosis (78.5%), but
many had multinodular disease (75.9%) and/or
portal vein occlusion (13.5% branch, 9.8% main).
Median overall survival of all patients was 12.8
months, which varied by Barcelona Clinic Liver
Cancer (BCLC) staging—(BCLCA, 24.4months;
BCLC B, 16.9 months; BCLC C, 10.0 months).
Tumor burden and liver function were predictive
of survival within the context of BCLC staging.
Treatment was well tolerated with the majority of
adverse events (fatigue, nausea/vomiting, and
abdominal pain) being mild.

While two randomized controlled trials
established TACE as the standard of care in
BCLC intermediate-stage disease [62, 63],
demonstrating a survival benefit for TACE com-
pared with conservative management with best
supportive care, there has been few published
randomized evidence comparing TARE and
TACE. A phase II randomized trial comparing
TACE and TARE showing improved time to
progression with TARE compared to TACE
(median >26 vs 6.8 months, p = 0.007), but no
difference in overall survival (18.6 vs. 17.7
months, p = 0.99) [64]. Nonrandomized, retro-
spective analyses have attempted to compare
outcomes of patients with HCC treated with
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TACE or TARE [65–67]. Salem et al. reported
less toxicity and longer time to tumor progression
(13.3 months vs. 8.4 months) with TARE com-
pared with TACE [66]. El Fouly et al. conducted
a prospective non-randomized controlled trial
comparing TARE with TACE for patients
intermediate-stage HCC, and found no differ-
ences in median survival and time-to-progression
despite higher tumor burden in the TARE cohort,
as well as significantly higher rate of adverse
event and hospitalization time in the TACE
cohort [68]. The pilot study SIRTACE was the
first to compare single session TARE with
multi-session TACE for unresectable HCC. Both
modalities were well tolerated without any sig-
nificant differences in health-related quality of
life. Local control was similar with best overall
response rate for target lesions of 13.3 and 30.8%,
and disease control rates of 73.3 and 76.9% for
TACE and TARE, respectively [69],
suggesting that TARE may be an appropriate
alternative option for patients who are eligible for
TACE. Three ongoing randomized
controlled trials are further evaluating TARE
versus TACE for patients with intermediate-
stage HCC (NCT00956930, NCT01381211,
NCT02004210).

A particular setting where TARE may have an
advantage over TACE is in the presence of main
portal vein thrombus, which is a relative con-
traindication for the latter. Because TARE’s
effect is mainly through radiation damage and
not through embolic ischemia, the risk of liver
damage is decreased. A study by Mazzaferro
et al. showed that overall survival (13 vs.
18 months) and time to progression (7 vs.
13 months) was not significantly different
between patients with portal vein thrombus and
without portal vein thrombus treated with TARE
[70]. In the study by Salem et al., the median
overall survival of patients with portal vein
thrombus and Child–Pugh A cirrhosis treated
with TARE was 10.7 months, which compares
favorably to the 8.9 months median overall sur-
vival reported in the SHARP trial for patients
with portal vein thrombus and/or extrahepatic
disease treated with sorafenib alone [59, 71].

TARE is generally well tolerated with a
favorable safety profile. Large series have
reported mild procedure related symptoms
including fatigue, abdominal pain, nausea, vom-
iting, and low grade fever that occur in about
20–60% of patients [59–62], and rates of grade
3/4 biliary toxicity are under 10% [72]. Sangro
et al. have reported on TARE-induced liver dis-
ease (REILD), a hepatic sinusoidal obstruction
syndrome appearing 4–8 weeks after TARE,
characterized by jaundice, mild ascites, and
moderate increase in gamma-glutamyl transpep-
tidase and alkaline phosphatase in the absence of
tumor progression or bile duct occlusion [73].
Gil-Alzugaray et al. have shown that use of a
comprehensive treatment protocol that includes
an algorithm for individualized activity calcula-
tions reduces the incidence of severe REILD
from 13.3 to 2.2% [74].

While the majority of evidence supporting the
use of TARE in HCC has been based on retro-
spective or non-randomized prospective studies,
the favorable outcomes in local control and tox-
icity profiles have generated renewed interest
into the use of TARE upfront in
intermediate-stage HCC patients whom tradi-
tionally would have been treated with TACE.

14.3.5 Interstitial Brachytherapy

Interstitial high-dose-rate (HDR) brachytherapy
(iBT) is a technique that currently remains
investigational for HCC. iBT uses an iridium-92
(Ir-92) source which is temporarily inserted
through a needle catheter placed under CT
guidance in order to deliver a locally ablative
dose of radiation [75]. Dritschilo et al. studied
the feasibility of and safety of ultrasonography
directed interstitial brachytherapy for treatment
of hepatic metastases. In the six patients who
were treated, treatment was well tolerated, and a
partial response or stable disease was observed in
all six patients. The authors determined that
doses of 50 Gy, with potential to ablate meta-
static tumor deposits, could be safely delivered in
a single fraction to tumors up to 25 mL without
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clinically significant toxicity in follow-up eval-
uations at 2–6 months [76]. The authors also
reported feasibility results of a separate pilot
study where 11 patients with multiple liver
metastases (2–11 separate tumors, with median
diameter 6 cm) were treated with sonographi-
cally guided iBT with doses of 20 Gy to the
periphery of the target volume in a single treat-
ment. Treatment was well tolerated, with median
hospitalization of eight days, with no radiation
related complications on follow-up at 18 months
[77]. Ricke et al. studied CT-guided iBT to treat
liver metastases in combination with thermal
ablation or as standalone treatment [78]. In this
Phase I–II study, 37 patients with 38 liver lesions
with mean tumor size 4.6 cm were treated with
either brachytherapy alone or in combination,
with 6-month local control rates of 73 and 87%
for combined modality treatment and
brachytherapy alone, respectively. The rate of
severe complications was 5% [78].

Mohnike et al. prospectively analyzed out-
comes in 83 patients with 140 HCC lesions who
underwent CT-guided iBT with Ir-192. The
average diameter of a patient’s largest lesion was
5.8 cm, and 52% of patients had multiple lesions.
Median time-to-progression and overall survival
were 10.4 and 19.4 months, respectively. Peri-
operative and 30-day mortality were 1.2 and
4.9%, respectively [79]. These results compared
favorably to historical controls. In another anal-
ysis from the same authors, 192 patients with 296
lesions of primary and secondary liver malig-
nancies were treated with iBT, and the rate of
major complications was below 5%, with the
most common being grade 3/4 bleeding (1.46%),
formation of liver abscess (1.17%), and GI ulcer
formation (0.87%) [80].

iBT has also been evaluated as an alternative
to TACE to bridge patients with HCC to liver
transplantation. Denecke et al. retrospectively
analyzed 20 patients who received CT-guided
brachytherapy prior to transplantation, and
compared their outcomes to matched patients
who received TACE before transplantation.
Recurrence rates for iBT and TACE at 1 year
(10% vs. 14%) and 3 years (10% vs. 30%)
favored iBT, and iBT was found to have higher

rates of tumor necrosis [81], suggesting that this
modality may be an alternative bridging modal-
ity, especially for patients unsuitable for TACE.

iBT for HCC is an emerging modality for
patients with lesions that are large or in close
proximity to large vessels. Local control and
survival outcomes compare favorably with his-
torical controls, with low incidence of serious
adverse events. There is also early evidence that
iBT may be an alternative to TACE to bridge
patients to transplantation. Further randomized
prospective investigation is warranted to estab-
lish iBT as a local treatment modality in such
clinical

14.3.6 Radiation Treatment
for Patients
with Vascular Invasion

Portal vein or inferior vena cava tumor thrombus
is a common finding in patients with advanced
HCC, with 44–62.8% of patients with HCC
found to have vascular invasion at autopsy [82,
83]. Vascular invasion can result in tumor dis-
semination and portal vein hypertension, result-
ing in ascites, hematemesis, and encephalopathy,
and is associated with a poor prognosis, with a
median survival of 2–4 months with best sup-
portive care [84]. These patients are often
unsuitable for TACE, due to concern for
ischemic liver damage, and have few treatment
options. Charged particle and photon therapy has
been shown to be effective for treating HCC
associated with vascular invasion, and eventual
recanalization of the portal vein has been repor-
ted. Kim et al. reported an objective response rate
of the portal vein thrombus (PVT) of 45.8% in 59
patients with HCC and PVT treated with 30–
54 Gy at 2–3 Gy per fraction [85]. They found a
dose-response relationship, with doses � 58 Gy
associated with a response rate of 54.6% versus a
response rate of 20.7% in those treated with
lower doses. Responders had a median survival
of 10.7 months while non-responders had a
response rate of 5.3 months (p = 0.05). Another
study of conformal, fractionated radiotherapy
reported a PVT response rate of 44.7% and also
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found that doses 58 Gy or higher as well as PVT
size (<30 mm) were significant factors for tumor
response [86]. In a retrospective review of 97
patients, Nakazawa et al. showed that fraction-
ated conformal radiation was associated with
improved survival compared to sorafenib in
patients who have unresectable HCC with PVT,
and recommended that radiation be first-line
therapy in these patients [87]. Heavy particle
therapy and SBRT have similarly been associ-
ated with improved local control and survival in
these patients [50, 51, 88]. Radiation can be also
be used in combination with TACE, with the
objective of shrinking portal vein and inferior
vena cava tumor thrombus and improving portal
blood flow, allowing for subsequent treatment
with TACE and potentially even allowing for
consideration for liver transplant. Table 14.4
summarizes select clinical series of TACE used
in combination with radiation. As such, radiation

has an important role in the subset of HCC
patients with PVT. Figure 14.1 shows an exam-
ple of a tumor with portal vein invasion that was
successfully treated with SBRT, allowing
reconsidering of liver transplant.

14.3.7 Bridge to Transplant

Although liver transplantation is a curative
treatment option for patients with unresectable
HCC, up to 20% of patients on the waitlist will
drop out due to tumor progression [89].
Local-regional therapy, such as TACE, RFA, and
ethanol injection, is often used as a bridge
treatment for patients with HCC waiting for liver
transplantation in order to try to downstage
tumors or prevent tumor progression and
improve post-transplant survival. Particle ther-
apy, SBRT and interstitial brachytherapy, as

Table 14.4 Select clinical series of combination therapy with transarterial chemobolization and radiation

Authors Patients Tumor
diameter/volume

Dose/Fraction
size

Portal vein
thrombosis
(%)

Objective
response
rate (%)

Overall
survival

Toxicity �G3

Seong
et al.
[117]

30 (no
CP-C)

Mean 8.95 cm Mean
44 Gy/1.8 Gy

37 63.3 1 year
67%

0%

Guo
et al.
[118]

50 (48
CP-A, 2
CP-B)

Median 144 cm3 Mean
43 Gy/2 Gy

22 18 1 year
60%

20% (2 cases
of RILD that
led to death)

Yamada
et al.
[119]

19 (13
CP-A, 5
CP-B, 1
CP-C)

Mean 5.2 cm 60 Gy/2 Gy 37 58 1 year
41%

37% patients
had
deterioration
of CP score

Koo
et al.

42 (26
CP-A, 16
CP-B)

Mean 10 cm 40–48
Gy/2.5–4 Gy

45 43 1 year
48%

0%

Yoon
et al.
[120]

412 (264
CP-A, 148
CP-B)

Median 9.5 cm Median
40 Gy/2–5 Gy

100 39.6 1 year
43%

10.4%

Xu et al.
[121]

140 (137
CP-A, 3
CP-B)

Median 7.8 cm Median
44 Gy/2 Gy

19 19.2 1 year
66%

3 cases of
RILD (2 led to
death)

Tazawa
et al.
[121]

24 (12
CP-A, 8
CP-B, 4
CP-C)

Mean 63.3 cm3 50 Gy/2 Gy 100 50 1 year
73%

13%

Abbreviations: CP Child–Pugh, G3 Grade 3
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discussed above, have also been shown to be
advantageous in select patients who are not eli-
gible for TACE or RFA due to treatment intol-
erance or tumor location in order to bridge the
gap between HCC diagnosis and curative liver
transplantation. O’Connor et al. reported using
SBRT in 10 patients with 11 lesions
(2.5–5.5 cm) who either failed or were ineligible
for other local therapies [90]. Median dose used
was 51 Gy (range 33–54 Gy) in three fractions.
SBRT was well tolerated, and all 10 patients
ultimately underwent successful orthotopic liver
transplant with a median time from SBRT to
transplant of 3.7 months. Explant pathology
revealed a complete pathological response in 3
(27%) of the 11 tumors and only small, milli-
metric foci of viable HCC with otherwise
extensive necrosis in three of the remaining
lesions. At last reported follow-up, all patients
were alive and disease-free, with no
post-transplant recurrences. Facciuto et al. also
reported 27 patients with 39 lesions who were
treated with SBRT using 24–36 Gy in 2–4 frac-
tions [91]. Seventeen patients went on to achieve

liver transplantation, with a mean wait time from
SBRT to liver transplant of four months. Of the
22 pathologically evaluated lesions, 14% had a
complete response (100% tumor necrosis), 23%
had a partial response (30–99% tumor necrosis),
and 63% had no response (0–29% tumor necro-
sis). The use of conformal radiation has not been
reported to increase operative complications, and
may prove to be a useful treatment option for
well-selected patients with HCC who on are the
transplant waitlist and are not candidates for
other local therapies.

14.3.8 Palliation

Although best supportive care is generally rec-
ommended for patients with terminal stage HCC,
many of these patients develop discomfort due to
metastatic lesions or disease burden in the liver.
Radiotherapy can play an important role in pro-
viding effective palliation these patients. Radia-
tion with doses from 12.5 to 50 Gy has been
shown to achieve pain relief in 73% of treated

Fig. 14.1 A patient with central hepatocellular carci-
noma and portal vein invasion who was treated with
stereotactic body radiotherapy (SBRT). Panel a and
b show the enhancing tumor with portal vein invasion
(thin arrow). Panel c shows the treatment plan. Panel

d shows a normalized portal vein with no residual portal
vein invasion (thick arrow). Patient underwent a liver
transplant 3 years after SBRT and is currently disease-free
2 years after transplant
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lesions [92]. Low-dose whole liver radiotherapy
(8 Gy in one fraction) has been shown to
improve symptoms from diffuse liver involve-
ment in 50% of patients at 1 month after treat-
ment with minimal toxicity [93].

14.4 Combination Therapy
and Future Directions

Despite high rates of local control achieved with
radiotherapy, patients with HCC are at high risk
of regional and systemic progression. Thus, there
is motivation to combine radiation with regional
and systemic therapy to improve outcomes.

TACE is a hepatic artery directed therapy that
has some tumor specificity, as hepatic tumors
derive most of their blood supply from the hep-
atic artery while the majority of blood supply to
the liver parenchyma comes from the portal vein.
TACE has demonstrated a positive survival
impact in large, multifocal tumors unsuitable for
surgery and ablation [62, 63, 94, 95], and has
become standard of care for unresectable disease.
However, the ablative effect of TACE is limited,
and combining radiation with TACE has been
explored as a means of improving local control.
Radiation can be delivered first, to improve the
effectiveness of subsequent TACE in the setting
of portal vein thrombosis, as described above, or
alternatively, it can be delivered after TACE as
consolidation to target residual disease. Multiple
retrospective studies have shown that the com-
bination of TACE and radiation improves
response rate and survival over TACE alone in
patients with large HCC and/or PVT, as sum-
marized in Table 14.4. A meta-analysis of 17
trials and 1476 patients with unresectable HCC
showed that the combination of TACE and
radiation was better than TACE alone in terms of
survival and tumor response, without any
increase in toxicity [96].

Sorafenib is an oral multikinase inhibitor with
antiproliferative and antiangiogenic effects, and
has been shown to improve survival in patients

with advanced HCC compared to placebo in two
randomized controlled trials [71, 97]. Neverthe-
less, the majority of these patients eventually
experience progression of disease and die of liver
failure, prompting further investigations to
improve clinical outcomes by combining sor-
afenib with local therapy. Preclinical studies
have suggested improved outcome with com-
bining a variety of anti-angiogenic agents with
radiation. Dawson et al. conducted a phase I
study of patients with advanced HCC with SBRT
and concurrent sorafenib [98]. Sorafenib was
delivered 7 days before SBRT, during SBRT,
and after SBRT. Two of three patients with an
effective irradiated liver volume of 30–60%
treated to 30 and 33 Gy in six fractions with
concurrent sorafenib (400 mg daily) developed
GI toxicity. Thus, sorafenib was de-escalated to
200 mg po daily. In the three patients who had a
low effective liver volume irradiated (<30%) and
received concurrent sorafenib (400 mg daily),
none experienced dose limiting toxicity. This
regimen is currently being compared to SBRT
alone in RTOG 1112 (https://www.rtog.org/
ClinicalTrials/ProtocolTable/StudyDetails.aspx?
study=1112).

Similarly, SORAMIC is a prospective ran-
domized phase 2 study comparing combined
modality treatment of Y-90 TARE and sorafenib
versus sorafenib alone for unresectable interme-
diate or advanced HCC. An interim safety anal-
ysis demonstrated the combined modality arm
was as well tolerated as sorafenib alone, with no
significant differences found in the number of
total and grade 3 and above adverse events [99].
Further study of overall survival of advanced
HCC patients treated with TARE plus sorafenib
versus sorafenib alone is being investigated by
ongoing phase III clinical trial “Efficacy Evalu-
ation of TheraSphere in Patients With Inoperable
Liver Cancer (STOP-HCC)” [NCT01556490]. It
is worth noting that three randomized trials
testing adjuvant sorafenib following resection,
ablation, or TACE, showed no improvement in
survival [100–102]. Thus, further investigation,
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such as RTOG 1112, is needed to clarify the
benefit of combining radiation therapy with
sorafenib.

14.5 Conclusion

There has been increased interest and experience
with using radiation for the treatment of HCC,
and published studies have shown excellent
outcome with acceptable toxicity profile. Local
control rates for SBRT and charged particle in
particular approach and even exceed 90% in
multiple series. Although refinements in radia-
tion delivery techniques have enabled tumorici-
dal doses to be delivered safely, better
understanding of normal tissue tolerance and
proper patient selection is crucial. Further
prospective and randomized comparative effec-
tiveness studies as well as quality-of-life studies
are needed to inform the integration of radio-
therapy into treatment guidelines.
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15Intrahepatic and Hilar
Cholangiocarcinomas: Epidemiology,
Basic Principles of Treatment,
and Clinical Data

S. Lindsey Davis, MD

15.1 Background

The general term cholangiocarcinoma refers to
any cancer arising from bile duct epithelium,
though is further defined by anatomic location.
Those cholangiocarcinomas that occur in the bile
ducts within the hepatic parenchyma are con-
sidered intrahepatic tumors, while those that
occur from the junction of the left and right
hepatic ducts to the common bile duct are con-
sidered extrahepatic. Extrahepatic cholangiocar-
cinomas are further categorized, with those
cancers occurring at or near the junction of the
left and right hepatic ducts considered hilar
cholangiocarcinomas or Klatskin tumors, and
those distal to the confluence to just above the
ampulla of Vater considered distal cholangio-
carcinomas (Fig. 15.1). Gallbladder and ampul-
lary cancers are considered separate entities [1].
It is thought that the hilar tumors make up the
largest proportion of cholangiocarcinomas, fol-
lowed by extrahepatic and then intrahepatic
tumors [2]. The following Chap. 16 will review
the epidemiology, risk factors, diagnosis,
molecular pathogenesis, staging, and treatment of
intrahepatic and hilar cholangiocarcinomas.

15.2 Epidemiology

The most recent assessment of cholangiocarci-
noma in the USA according to SEER data reports
that there were 11,296 patients (6036 men and
5260 women) with intrahepatic cholangiocarci-
noma between the years 2000 and 2011.
According to this data, the incidence of intra-
hepatic cholangiocarcinoma in the USA is 1.6
cases per 100,000 per year, with a prevalence of
15.88 per million persons. This incidence clearly
increases with age and is highest in patients
80 years of age and older. When evaluated
according to race/ethnic group, the incidence is
higher in Asian and Hispanic populations as
compared to non-Hispanic white and black
populations [3].

Interestingly, the most recent estimates of
intrahepatic cholangiocarcinoma incidence have
significantly increased as compared to past SEER
data, which demonstrated an incidence of 0.32
cases per 100,000 between 1975 and 1979, and
0.85 per 100,000 between 1995 and 1999 [4].
Given improvements in the diagnosis of
cholangiocarcinoma in the USA since the 1970s,
it is possible that some of this increase is related
to increased detection of intrahepatic cholangio-
carcinoma rather than a true increase in inci-
dence. However, data evaluating this possibility
has shown no trend toward a diagnosis of smaller
tumors or earlier stage disease, and no increase in
the degree of microscopic confirmation of dis-
ease, as may be expected in the case of improved
diagnosis [4]. Furthermore, an increase related to
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increased detection of disease would be expected
to plateau over time [3], which has not been seen
according to most recent SEER data.

The true incidence of hilar cholangiocarci-
noma is more difficult to assess, as it has been
categorized as both intrahepatic and extrahepatic
cholangiocarcinoma according to varied Inter-
national Classification of Diseases for Oncology
(ICD-O) coding schemes [5]. In addition, since
hilar cholangiocarcinoma should be categorized
as extrahepatic based on its anatomic involve-
ment of the hepatic duct bifurcation, the inci-
dence and prevalence data for intrahepatic
cholangiocarcinoma may be falsely elevated by
the inclusion of this subset, explaining some of
the increase in its incidence described above.
One study evaluating SEER registry data from
1973 to 2002 estimated that the misclassification
of hilar cholangiocarcinomas led to overreporting
of intrahepatic cholangiocarcinoma by 13% and
underreporting of extrahepatic cholangiocarci-
noma by 15%. However, even after the exclusion
of hilar cholangiocarcinoma from the intrahep-
atic subset, the incidence of intrahepatic cholan-
giocarcinoma in the USA still increased between
the years 1992 and 2000 [5].

A similar evaluation was undertaken in Eng-
land and Wales, yielding comparable results. In

addition, the latter study noted that there is no
ICD code available for the term “hilar cholan-
giocarcinoma,” only for Klatskin tumors, leading
to further confusion as the two terms are gener-
ally not used interchangeably for tumor regis-
tration purposes. Furthermore, the study
identified that tumors that are not specifically
classified beyond the term “cholangiocarcinoma”
are most often categorized as intrahepatic
cholangiocarcinoma by tumor registries [6].
According to this data, it is clearly very difficult
to identify the true incidence of hilar
cholangiocarcinoma.

Worldwide, cholangiocarcinoma as a whole
represents about 10–25% of primary liver can-
cers, with incidence rates estimated between 0.3
and 1.5 per 100,000 in most Western countries as
well as many Eastern Asian nations. However,
cholangiocarcinoma represents the most common
cause of cancer in men in Thailand, and the third
most common cause in women, with incidence
rates of 33.4 per 100,000 and 12.3 per 100,000,
respectively, between 1998 and 2000 [7].
Though the same caveats of classification apply,
the trend of increasing incidence of intrahepatic
cholangiocarcinoma in the USA has also been
seen in various European and Asian countries
[8–10].

Fig. 15.1 Cholangiocarcinoma classification: a Intrahep-
atic cholangiocarcinoma: tumors in the bile ducts within
the hepatic parenchyma b Extrahepatic cholangiocarci-
noma: tumors from the junction of the left and right
hepatic ducts to the common bile duct. c Hilar cholan-
giocarcinoma: at or near the junction of the left and right

hepatic ducts. d Distal cholangiocarcinoma: distal to the
confluence to just above the ampulla of Vater [Figure cre-
ated using graphics from http://www.servier.com/
Powerpoint-image-bank and PowerPoint. With permis-
sion from Creative Commons (https://creativecommons.
org/licenses/by/3.0/)]
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15.3 Risk Factors

A variety of risk factors have been found to
contribute to the development of cholangiocar-
cinoma. Of these, liver fluke infection and biliary
tract disorders associated with chronic inflam-
mation are the best established.

Liver fluke infections have been most closely
linked to cholangiocarcinoma risk in endemic
areas of Asia, specifically Thailand, which
explains at least a portion of the significant dis-
ease burden in this country. The liver fluke
Opisthorchis viverrini is most closely associated
with cholangiocarcinoma risk, though Clo-
norchis sinensis has also been implicated.
Infection in humans occurs through ingestion of
raw or undercooked fish serving as hosts. After
ingestion, the parasites move from the duodenum
to the biliary tree where they mature and can
survive for over 10 years. The link between liver
fluke infection and cholangiocarcinoma is
thought to be chronic inflammation and associ-
ated tissue and DNA damage induced in the
setting of this chronic infection, though addi-
tional host and environmental factors likely
contribute [11]. Efforts to reduce the burden of
liver fluke infections in endemic areas such as
northeast Thailand are ongoing, with a significant
decrease in such infections documented in an
approximately 20-year period of attempted par-
asite control through education and treatment
with the anti-helminthic agent praziquantel. An
associated decrease in cholangiocarcinoma inci-
dence has yet to be observed in these areas,
though work to strengthen prevention programs
is ongoing [12].

Another well-defined risk factor for cholan-
giocarcinoma is primary sclerosing cholangitis
(PSC), which is associated with an estimated
7–9% incidence of cholangiocarcinoma. Various
studies evaluating the risk of cholangiocarcinoma
in PSC have determined that approximately half
of cholangiocarcinomas diagnosed in this patient
population are found within the first year of PSC
diagnosis [13]. Chronic inflammation is thought
to be the primary pathogenic feature leading to
increased risk of cholangiocarcinoma in PSC,

and as of yet, no additional factors have been
identified as reliable predictors of cholangiocar-
cinoma in this population. There are no clear
guidelines for screening for cholangiocarcinoma
in PSC, though a combination of imaging,
ERCP, and Ca 19-9 monitoring is generally
accepted [14].

Bile duct cysts have also been identified as an
underlying risk factor for the development of
cholangiocarcinoma, with an incidence of 10–
30% documented in adult patients. Highest risk
has been associated with type I and type IV cysts,
with an ongoing risk of developing cholangio-
carcinoma remaining even after cyst excision.
Higher concentrations and stasis of bile acids due
to cysts, as well as reflux of pancreatic enzymes
and amylase in the bile ducts, are thought to
contribute to malignant transformation in these
patients [15]. Given the association of malig-
nancy with bile duct cysts, surgical resection is
generally recommended for these lesions [16].

Through similar processes of biliary obstruc-
tion and bile stasis leading to chronic inflam-
mation, hepatolithiasis has also been identified as
a risk factor for cholangiocarcinoma. Though
rare in Western countries, the prevalence of
hepatolithiasis has been documented at up to
47% in parts of Asia [17], with cholangiocarci-
noma identified in up to 10% of patients with
intrahepatic stones [18].

In addition to these well-documented risk
factors for cholangiocarcinoma, recent studies
have suggested that cirrhosis and viral hepatitis B
and C may also be associated with an increased
risk of developing intrahepatic cholangiocarci-
noma. Three meta-analyses have evaluated the
risk of hepatitis B and cholangiocarcinoma, all
focusing on intrahepatic disease. All three
demonstrated an increased risk of intrahepatic
cholangiocarcinoma, with documented relative
risk of 3.42 (95% CI, 2.46–43.74) [19] and odds
ratio of 5.45 (95% CI, 3.19–9.63) [20] and 3.17
(95% CI, 1.88–5.34) [21], respectively. One
study also evaluated overall risk of cholangio-
carcinoma in patients with hepatitis B infection
and found a relative risk of 2.66 (95% CI, 1.97–
3.60) [19]. A greater association with Asian
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versus Western populations was not consistently
demonstrated across these three meta-analyses.

An increased risk of cholangiocarcinoma in
patients with hepatitis C has also been docu-
mented in a recent meta-analysis, with an odds
ratio of 5.44 (95% CI, 2.72–10.89). In a pooled
risk assessment of intrahepatic and extrahepatic
diseases, the risk was greater in the intrahepatic
subset (OR-3.38, 95% CI, 2.72–4.21) as com-
pared to extrahepatic (OR = 1.75, 95% CI, 1.00–
3.05). In addition, this risk seemed to be more
pronounced in North America than Asia (pooled
OR = 6.48 vs. 2.01) [22].

Other potential risk factors for the develop-
ment of cholangiocarcinoma include diabetes,
obesity, and alcohol use, though these associa-
tions have not been as widely studied and asso-
ciations are less strong [23]. In addition, there are
some hereditary cancer syndromes with which
cholangiocarcinoma is thought to be associated,
including hereditary non-polyposis colorectal
cancer (HNPCC) syndrome [24] and BAP1
hereditary cancer predisposition syndrome [25].

15.4 Diagnosis

Due to its anatomic location, cholangiocarci-
noma can be difficult to clearly appreciate by
imaging and access by biopsy, making diagnosis
challenging, especially in the early stages of the
disease. In addition, presenting symptoms are
often non-specific, including such complaints as
fatigue, weight loss, and generalized abdominal
pain, without features isolating to the biliary tree.
Painless jaundice can be associated with hilar
cholangiocarcinoma, though is uncommon in
patients with primary intrahepatic disease [26].
Multiple modalities are often required to make
the diagnosis of cholangiocarcinoma, as will be
detailed below.

15.4.1 Laboratory Testing

Though the CA 19-9 tumor biomarker is often
used to trend disease activity in patients with
known cholangiocarcinoma, its use as a

diagnostic tool is limited. This is largely due to
elevations of CA 19-9 in the setting of biliary
obstruction and inflammation from any cause, as
well as the fact that CA 19-9 may also be ele-
vated in a variety of other malignancies, includ-
ing primary pancreatic cancer. The sensitivity
and specificity of CA 19-9 for the diagnosis of
cholangiocarcinoma range widely between stud-
ies, though in one assessment of 322 patients
with biliary tract disease, the sensitivity and
specificity of CA 19-9 were 77.6% and 83% in
patients without cholangitis or cholestasis, while
in patients with either of these conditions, sen-
sitivity and specificity decreased to 74% and
41.5%, respectively [27]. Also of note, approxi-
mately 10% of individuals are not capable of
producing CA 19-9 due to lack of Lewis antigen
[28].

Various studies have attempted to combine
serum biomarkers in hopes of improving test
specificity. One such trial identified the combi-
nation of an elevated CA 19-9 and elevated
alkaline phosphatase level as most specific out of
a panel of serum makers, with diagnostic accu-
racy reaching 95% in their study set of approxi-
mately 170 patients [29]. Additional potential
biomarkers to aid in cholangiocarcinoma are
under investigation, though none are yet vali-
dated for clinical use [26].

15.4.2 Imaging

Various imaging studies are often utilized in the
workup of cholangiocarcinoma, including mul-
tiphasic contrast-enhanced computed tomogra-
phy (CT) and magnetic resonance imaging
(MRI). Unlike hepatocellular carcinoma, such
studies are not generally considered to be diag-
nostic of cholangiocarcinoma, though they can
help to guide further testing. Though
positron-emission tomography (PET) may be
helpful for the assessment of the nodal and
metastatic involvement of disease in some sce-
narios [30], it is rarely useful in the diagnosis of
cholangiocarcinoma, especially in early-stage
disease. Magnetic resonance cholangiopancre-
atography (MRCP) can be helpful in the

204 S. Lindsey Davis



diagnosis of hilar lesions, with sensitivity and
specificity similar to those of more invasive
methods such as endoscopic retrograde cholan-
giography (ERCP) [31].

The limitations of using imaging to diagnose
cholangiocarcinoma are largely related to diffi-
culties in distinguishing bile duct cancers from
other intrahepatic and biliary processes, both
malignant and benign. Small intrahepatic
cholangiocarcinoma lesions can be difficult to
differentiate from hepatocellular carcinoma in the
setting of underlying cirrhosis. A study of
gadolinium-based contrast-enhanced MRI was
performed in 71 patients with intrahepatic
cholangiocarcinoma and 612 patients with hep-
atocellular carcinoma, all with underlying cir-
rhosis. When pathologic specimens were
compared to imaging findings, stable and pro-
gressive contrast enhancement was demonstrated
in significantly more intrahepatic cholangiocar-
cinomas, while classic contrast washout in
delayed phases was demonstrated in a greater
proportion of hepatocellular carcinomas. How-
ever, given some overlap in imaging findings
between the two malignancies, these imaging
characteristics are not considered diagnostic of
intrahepatic cholangiocarcinoma [32].

The utility of the Liver Imaging Reporting
and Data System (LI-RADS) v2014—developed
to assist in the classification of hepatic lesions in
patients at risk of hepatocellular carcinoma—has
been assessed for utility in the diagnosis of
intrahepatic mass-forming cholangiocarcinomas
by gadoxetic acid-enhanced MRI. In a retro-
spective review of 35 pathologically confirmed
intrahepatic cholangiocarcinomas in patients
with cirrhosis or chronic hepatitis B, approxi-
mately 80% were correctly assigned according to
the LI-RADS algorithm, though up to 11% were
incorrectly diagnosed as HCC [33]. This again
suggests that current imaging protocols are not
sufficient for the diagnosis of
cholangiocarcinoma.

Hilar cholangiocarcinoma can be difficult to
distinguish from the benign autoimmune condi-
tion known as immunoglobulin G4 (IgG4)-

associated cholangitis by imaging. Specific
characteristics have been identified to help dif-
ferentiate these two processes, with cholangio-
carcinoma more commonly associated with
strictures longer than 12 mm, asymmetric areas
of narrowing, indistinct margins, and venous
hyperenhancement. In contrast, multifocal biliary
strictures, significant thickening of the bile duct
wall, smooth margins, visible lumen, late arterial
hyperenhancement, and homogeneous delayed
phase hyperenhancement are more commonly
associated with IgG4-associated cholangitis [34].
However, additional testing including IgG4
levels [35], ratios to total IgG or IgG1 [34], and
histologic evaluation are necessary to rule out
IgG4-associated cholangitis in most cases.

15.4.3 Endoscopy

While of minimal utility in the diagnosis of
intrahepatic cholangiocarcinoma, ERCP and
endoscopic ultrasound (EUS) can be very useful
in the diagnosis of hilar cholangiocarcinoma,
especially in settings where a tumor mass or
stricture is not clearly visible on standard imag-
ing. In this setting, ERCP and EUS can be both
diagnostic and therapeutic, providing an oppor-
tunity for visual assessment and biopsy as well as
dilation and stent placement for strictures.

If tissue sampling by ERCP is performed,
there is a significant chance that pathologic
assessment of brushing and biopsy results will be
inconclusive, with the sensitivity of such testing
ranging from 20 to 60% [36]. New endoscopic
technology has emerged that may help improve
diagnostic accuracy. Probe-based confocal laser
endomicroscopy (pCLE) is a technique that uti-
lizes a specialized probe and fluorescein contrast
to provide real-time visualization of the epithelial
and subepithelial tissue of suspicious biliary
strictures to assist in making the diagnosis of
malignancy [37]. A prospective study of pCLE
with ERCP applied to indeterminate biliary
strictures in 112 patients demonstrated a sensi-
tivity of 89% and specificity of 82%, as
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compared to tissue sampling alone with a sensi-
tivity of 56% and specificity of 100% [38].

15.4.4 Percutaneous Biopsy

There are concerns that percutaneous biopsy of a
mass suspicious for cholangiocarcinoma increa-
ses the risk of tumor seeding and ultimately
tumor spread. This concern is based on retro-
spective data demonstrating a significant increase
in peritoneal metastasis in patients with hilar
cholangiocarcinoma who underwent diagnostic
percutaneous FNA biopsy prior to liver trans-
plant. Of note, only six of 191 patients had a
diagnostic FNA biopsy pre-transplant, although
five of these six patients (83%) later developed
peritoneal metastasis. None of nine patients with
FNA biopsies that were negative for adenocar-
cinoma developed peritoneal disease, and only
8% of the patients who did not undergo biopsy
were found to have peritoneal spread [39].
A second retrospective analysis of 67 patients
with extrahepatic cholangiocarcinoma treated
with percutaneous transhepatic biliary drainage
(PTBD) prior to resection demonstrated a 6%
incidence of catheter tract metastasis [40].

Concerns of seeding based on these data are
primarily relevant to patients with localized dis-
ease being considered for a curative treatment.
Given these patients will ultimately undergo
surgical resection or transplantation, biopsy for
tissue diagnosis is often deferred in this setting in
hopes of mitigating the potential risk of seeding.
However, biopsy should still be pursued in those
patients who will be treated upfront with
chemotherapy or radiation.

15.4.5 Pathologic Assessment

Though pathologic assessment is required to
make the diagnosis of cholangiocarcinoma
(Fig. 15.2), as noted above, obtaining sufficient
biopsy tissue for histologic diagnosis is often
limited by tumor location and paucicellular
character [41]. The sensitivity of cytologic

diagnosis for cholangiocarcinoma has been
improved upon with the integration of fluores-
cence in situ hybridization (FISH) testing of
biliary duct brushings (Fig. 15.3) [42]. The
combination of cytology and polysomy per FISH
further increases the diagnostic sensitivity (58%)
above and beyond either modality alone (cytol-
ogy, 21%; FISH 47%) [43]. Testing for polys-
omy by FISH is now considered a standard
diagnostic tool, especially in cases where cytol-
ogy alone is inconclusive for diagnosis.

15.5 Molecular Pathogenesis

As may be assumed from the risk factors asso-
ciated with the development of cholangiocarci-
noma, inflammation is thought to be the key
driver of pathogenesis in this malignancy. In
addition, activation of signaling pathways related
to these inflammatory processes is considered an
associated contributor.

Oxidative stress has been identified as a likely
mediator of inflammatory carcinogenesis in
cholangiocarcinoma, as evidenced by the identi-
fication of oxidized biomolecules in cholangio-
carcinoma tissues [44], and activation of
anti-apoptosis pathways in cholangiocyte cells
exposed to such molecules [45]. Generation of
such molecules has been related to activation by
pro-inflammatory cytokines in chronic inflam-
matory states and is thought to cause direct
damage to DNA and proteins [46]. In addition,
inflammatory activation of cyclooxygenase-2
(COX-2) expression has been linked to activa-
tion of the epidermal growth factor receptor
(EGFR) and downstream pathways associated
with cancer cell growth and invasion [47].

It is thought that clonal expansion of those cells
that are able to survive under oxidative stress con-
ditions ultimately leads tomalignant transformation
to cholangiocarcinoma. Studies of cholangiocyte
cell lines resistant to hydrogen peroxide demon-
strated a higher proliferation rate, pseudopodia
formation, loss of cell-to-cell adhesion, and
increased expression of DNA methyltransferase-1,
supporting this hypothesis [44].
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Fig. 15.2 Histologic diagnosis of cholangiocarcinoma:
a Cytologic specimen consistent with adenocarcinoma by
pap stain at 20�. b. H&E tissue specimen demonstrating
high-grade dysplasia at the bile duct surface (right edge)

with infiltrating adenocarcinoma (center) at 4�. c Classic
finding of perineural invasion on H&E tissue specimen at
10�. [Courtesy of Dr. Kalpana Devaraj, University of
Colorado, Anschutz Medical Campus]

Fig. 15.3 Bile duct brushing fluorescence in situ
hybridization: Each color corresponds to a probe specific
for the centromere of a particular chromosome. A normal
cell compared to malignant cholangiocarcinoma cells

demonstrating polysomy; three or more copies of at least
two of four probes. [Courtesy of Colorado Genetics
Laboratory, University of Colorado, Anschutz Medical
Campus]
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Interestingly, it has recently been determined
that in the setting of intrahepatic disease, these
processes of cholangiocarcinoma development
may affect not only cholangiocytes as precursor
cells, but also mature hepatocytes. This concept
is supported by the malignant transformation of
mature hepatocytes into intrahepatic cholangio-
carcinoma cells in the setting of overexpression
of activated Notch1 and AKT in preclinical
models [48, 49]. Similar studies have confirmed
biliary epithelial cells as a progenitor of intra-
hepatic cholangiocarcinoma as well [50], indi-
cating this subset of cholangiocarcinoma may
originate from various cell types, and that Notch
pathway activation plays an important role in
cholangiocarcinoma pathogenesis.

Somatic mutations associated with aberrant
cell signaling have also been associated with
cholangiocarcinoma pathogenesis. Recent
advances in molecular profiling through
next-generation sequencing have led to the
identification of distinct profiles for intrahepatic
and extrahepatic diseases [51–53]. While muta-
tions in KRAS, CDKN2B (responsible for cell
cycle regulation), and ARID1A (associated with
chromatin remodeling) are documented with
some frequency in both intrahepatic and extra-
hepatic cholangiocarcinomas, IDH1/2 mutations
and FGFR1-3 fusions and amplifications are
most often found in intrahepatic disease [53]. In
addition, extrahepatic cholangiocarcinoma is
associated with a higher frequency of TP53 and
ERBB2 mutation [52]. As these studies did not
distinguish hilar disease in their analyses, the
genetic profile of this cholangiocarcinoma sub-
type remains unclear at this time.

In addition to these molecular alterations,
ROS kinase fusions have been documented in
9% of resected cholangiocarcinomas [54].
Though reported in a small study limited to 23
Chinese patients, this finding remains of interest
given the targetable nature of this mutation with
existing therapies. Targeting of this and other
molecular aberrations identified in both intra-
hepatic and extrahepatic diseases is currently
being evaluated in clinical trials.

15.6 Basic Principles of Staging

15.6.1 Intrahepatic
Cholangiocarcinoma

The staging of intrahepatic cholangiocarcinoma
has evolved in recent years, moving away from
staging systems based on hepatocellular carcinoma
toward a unique system designed to provide amore
specific prognostic assessment. This transition has
resulted in the development of four proposed sys-
tems: Okabayashi et al. [55], Liver Cancer Study
Group of Japan (LCSGJ) [56], Nathan et al. [57],
and AJCC/UICC 7th Edition (Table 15.1) [58].
Though generally similar, the four systems differ
on the specific prognostic factors used to determine
tumor stage. While all four include tumor number,
vascular invasion, and lymph node metastases as
key determinants, the LCSGJ system also incor-
porates tumor size and serosal invasion, theNathan
et al. [59] system includes extrahepatic extension,
and the AJCC classification system involves
periductal and visceral peritoneal invasion.
A comparison of these four systems has been
performed in 163 patients with intrahepatic
cholangiocarcinoma, with only the AJCC system
found to significantly correlate stage with clinical
outcome in this study [60]. Still, none of the staging
systems addresses resectability, which signifi-
cantly affects outcome and prognosis as the only
curative treatment for this malignancy.

15.6.2 Hilar Cholangiocarcinoma

The Bismuth–Corlette classification (Fig. 15.4)
has long been used to categorize hilar cholan-
giocarcinoma based on the extent of hepatic
ductal involvement in order to better guide sur-
gical management. Hilar cholangiocarcinomas
are divided into four types according to this
system: Type I, tumor below the confluence of
the left and right hepatic ducts; Type II, tumor
reaching the confluence; Type III, tumor
occluding the common hepatic and either the
right hepatic ducts (Type IIIa) or left hepatic
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ducts (Type IIIb); Type IV, tumor that involves
the confluence and both right and left hepatic
ducts or tumors that are multicentric [61]. As this
classification does not take prognostic factors
into consideration, it is not truly a staging sys-
tem, but rather a descriptive tool useful in
determining management.

A separate AJCC/UICC staging system has
been developed for hilar cholangiocarcinoma in
the 7th Edition (Table 15.1) [58]. This is a sig-
nificant change from prior AJCC systems in which

hilar cholangiocarcinoma was staged as distal
cholangiocarcinoma. The current staging system
takes into account depth of bile duct invasion,
hepatic extension, portal vein and hepatic artery
involvement, and nodal and distant metastasis,
though does not assess factors important in
determining resectability, which are closely tied to
disease stratification and outcomes.

Since the current AJCC system does not
assess these determinants of resection, additional
staging systems for hilar cholangiocarcinoma

Table 15.1 AJCC/UICC staging for intrahepatic and hilar cholangiocarcinomas

Intrahepatic cholangiocarcinoma Hilar cholangiocarcinoma

Primary tumor

T1 Solitary tumor without vascular invasion Tumor confined to the bile duct, extension up to the
muscle layer or fibrous tissue

T2a Solitary tumor with vascular invasion Tumor invades beyond the wall of the bile duct to
surrounding adipose tissue

T2b Multiple tumors, with or without vascular
invasion

Tumor invades adjacent hepatic parenchyma

T3 Tumor perforating the visceral peritoneum or
involving extrahepatic structures through direct
invasion

Tumor invades unilateral branches of the portal vein or
hepatic artery

T4 Tumor with periductal invasion Tumor invades main portal vein or its branches
bilaterally; or the common hepatic artery; or the
second-order biliary radicals bilaterally; or unilateral
second-order biliary radicals with contralateral portal
vein or hepatic artery involvement

Regional lymph nodes

N0 No regional lymph node metastasis No regional lymph node metastasis

N1 Regional lymph node metastasis Regional lymph node metastasis (including nodes along
the cystic duct, common bile duct, hepatic artery, and
portal vein)

N2 – Metastasis to periaortic, pericaval, superior mesenteric
artery, and/or celiac artery lymph nodes

Distant metastasis

M0 No distant metastasis No distant metastasis

M1 Distant metastasis Distant metastasis

Stage

I T1N0M0 T1N0M0

II T2N0M0 T2N0M0

III T3N0M0 –

IIIA – T3N0M0

IIIB – T1–3N1M0

IVA T4N0M0, T1–4N1M0 T4N0–1M0

IVB T1–4N0–1M1 T1–4N2M0, T1–4N0–2M1
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that incorporate such have been proposed. The
Memorial Sloan Kettering Cancer Center
(MSKCC) system was the first of this type. This
system assigns patients with hilar cholangiocar-
cinoma to one of the three T-stages according to
the extent of ductal involvement by tumor,
presence or absence of portal vein involvement,
and presence or absence of hepatic lobar atrophy.
Though in the original study the resectability rate
(p < 0.00001, odds ratio = 0.21 [0.13–0.35]) and
R0 resection rate (p < 0.00001, odds ratio = 0.3
[0.18–0.5]) were shown to decrease with
increasing T-stage, and T-stage correlated with
overall survival [62], later assessment of overall
survival according to MSKCC stage in a unique
patient data set did not confirm these findings
[63]. Limiting factors of this system include lack
of assessment of arterial involvement as well as
nodal or distant metastatic disease.

A new classification system that takes into
account features from each of these previously
developed systems has been proposed by the
International Cholangiocarcinoma Group for the
Staging of Perihilar Cholangiocarcinoma. This
system uses the extent of bile duct involvement,
tumor size and growth type, portal vein and
hepatic artery involvement, liver remnant vol-
ume, underlying hepatic disease, and lymph node
and distant metastases as factors for determining
the stage. The new system remains to be vali-
dated, though the group has created an online
registry to help achieve this goal [64].

Overall, there have been significant improve-
ments in the systems designed to stage cholan-
giocarcinoma in recent years, namely creating
staging systems specific to the clearly unique
entities of intrahepatic and hilar disease. How-
ever, there is still a need for a staging system that

Fig. 15.4 Bismuth–Corlette classification: a Type I,
tumor below the confluence of the left and right hepatic
ducts; b Type II, tumor reaching the confluence; c Type
IIIa, tumor occluding the common hepatic and the right
hepatic ducts; d Type IIIb tumor occluding the common
hepatic and the left hepatic ducts; e Type IV, tumor that

involves the confluence and both right and left hepatic
ducts; or f. Type IV, multicentric tumors [Figure created
using graphics from http://www.servier.com/Powerpoint-
image-bank and PowerPoint. With permission from
Creative Commons (https://creativecommons.org/
licenses/by/3.0/)]
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can accurately provide a pre-surgical assessment
of prognosis. Such a system has been proposed
for hilar cholangiocarcinoma, though validation
is ongoing.

15.7 Treatment of Localized
Disease

As the only confirmed curative intervention for
the treatment of cholangiocarcinoma, surgical
intervention in the form of resection, or in select
cases liver transplant, should be considered in all
patients with localized disease. Unfortunately,
many patients are not candidates for such ther-
apy. Locoregional therapies may provide some
benefit in this setting, as will be described.

15.7.1 Surgery

Achieving the goal of complete resection with
negative microscopic margins (R0) for intrahep-
atic cholangiocarcinoma often requires a very
extensive surgery, frequently with extended
hepatectomy and extrahepatic bile duct recon-
struction [65, 66]. Even in patients in whom
complete resection is achieved, the risk of
recurrence is high, reported in 45–60% of
patients [66–68]. Similarly, overall survival rates
following resection of intrahepatic cholangio-
carcinoma are low, with most documented at or
below 50% at 5 years [67–71].

Similarly, complex surgical resection, often
with biliary and/or vascular reconstruction, is
generally required for the surgical management
of hilar cholangiocarcinoma. Recent studies have
estimated postoperative mortality associated with
resection of hilar cholangiocarcinoma at 1.4–
10.7%, with variability according to geographic
location [72–74]. These rates have significantly
improved over the last number of years, along
with survival rates following surgical resection.
Unfortunately, these still remain low for a cura-
tive intent surgery, with five-year survival esti-
mates ranging from 25.5–38.1% [72, 74, 75].
This is largely related to high rates of recurrent
disease despite aggressive surgical intervention,

with rates documented around 55% according to
recent assessments [72, 75].

Studies of adjuvant chemotherapy following
surgical resection have been performed in hopes
of decreasing recurrence rates and improving
overall survival. Unfortunately, such an advan-
tage has not been clearly demonstrated in clinical
trials, with the largest study evaluating peri-
ampullary cancers, including 96 patients with
cholangiocarcinoma, showing no statistically
significant survival benefit with either
5-fluorouracil (5-FU) or gemcitabine
chemotherapy as compared with observation
alone following surgery [76]. Ongoing clinical
trials are evaluating the use of alternative
chemotherapy regimens in the adjuvant setting,
including gemcitabine and cisplatin in the inter-
national ACTICCA-1 trial (ClinicalTrials.gov,
NCT02170090), gemcitabine and oxaliplatin in
the French PRODIGE-12 trial (ClinicalTrials.gov,
NCT01313377), and capecitabine in the
British BILCAP trial (ClinicalTrials.gov,
NCT00363584). The use of radiation therapy in
the adjuvant setting will be discussed elsewhere.

15.7.2 Liver Transplant

Unfortunately, many patients with intrahepatic
cholangiocarcinoma have unresectable disease
due to size or location of tumor, or due to
underlying cirrhotic liver disease. As such, liver
transplantation has been considered as a potential
treatment modality, though such practice is not
widely accepted due to lack of supporting evi-
dence. Retrospective studies have evaluated
small cohorts of patients with unresectable
intrahepatic cholangiocarcinoma treated with
liver transplantation, with overall survival rang-
ing from 26 to 50% at 4–5 years post-transplant
[77–80]. Given the variability in patient selection
procedures and neoadjuvant and adjuvant thera-
pies included in these studies, no reliable con-
clusions regarding the benefit of liver
transplantation in this setting can be drawn.
A recent retrospective study of liver transplan-
tation for intrahepatic cholangiocarcinoma in
Spain identified a subset of patients with single
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tumors <2 cm who may benefit from this
approach, with a five-year overall survival of
73% in a small cohort of eight patients. This data
suggests that transplant may still be appropriate
for the treatment of unresectable intrahepatic
cholangiocarcinoma in a subpopulation of
patients [81], though this remains to be proven in
prospective clinical trials.

For many patients with hilar cholangiocarci-
noma, tumor resection is not possible due to the
anatomic location of the lesion. A protocol of liver
transplantation in combination with neoadjuvant
chemoradiation in such patients with stage I/II
disease has been implemented at the Mayo Clinic
and has been associated with improved survival as
well as lower recurrence rates as compared to
patients treated with resection. The neoadjuvant
therapy utilized in this protocol is multifaceted,
consisting of, first, chemoradiation (4500 cGy in
30 fractions) with 5-FU chemotherapy, followed
by a 2000–3000 cGy endoluminal intracavitary
brachytherapy boost with iridium-192, and finally
a course of 5-FU therapy continued as tolerated
until the time of transplantation. Of the 38 patients
treated according to this protocol in the original
Mayo Clinic study, one-, three-, and 5-year sur-
vival rates were 92, 82, and 82%, as compared to
82, 48, and 21% in the 26 patients who underwent
resection. The recurrence ratewas also lower in the
transplant group at 13% as compared to 27% in the
resection group [82]. This approach has been fur-
ther evaluated at 12 US liver transplant centers,
with a recurrence-free survival rate of 65% at 5
years in patients meeting United Network for
Organ Sharing (UNOS) criteria of tumor mass
<3 cm, no prior transperitoneal tumor biopsy, and
no metastatic disease [83]. Based on these results,
liver transplantation should be considered in all
patients with localized hilar cholangiocarcinoma
that is not amenable to surgical resection.AFrench
study is currently underway to compare trans-
plantation to resection in the setting of resectable
hilar cholangiocarcinoma (clinicaltrials.gov;
NCT02232932).

15.7.3 Locoregional Therapies

Unfortunately, for many patients with localized
cholangiocarcinoma, neither surgical resection
nor transplantation is an option. In this subset of
patients, locoregional therapies may be consid-
ered, though randomized trials to provide infor-
mation on the benefit of such are lacking.
Included amongst these therapies are radiofre-
quency ablation (RFA), transarterial emboliza-
tion (bland embolization, chemoembolization,
and radioembolization), transarterial chemoinfu-
sion, and radiation therapy. Radioembolization
and radiation therapy for the treatment of
cholangiocarcinoma will be addressed elsewhere.

15.7.3.1 Ablation
Radiofrequency ablation for the treatment of intra-
hepatic cholangiocarcinoma has been evaluated in
small series of patients with effective ablation
documented in over 90% of tumors <3 cm in size
[84–90]. Associated overall survival ranges from
27.4 to38.5 months in these studies,manyofwhich
include patients with recurrent disease following
primary surgical intervention [77, 84, 85, 90].

The use of traditional percutaneous or intraop-
erative RFA for the treatment of hilar cholangio-
carcinoma is often limited by tumor location and
anatomy. In such patients, ERCP-directed RFA has
recently been established as a feasible therapy [91–
93]. This approach is similar to that utilized for
photodynamic therapy (PDT), an ablation technique
utilizing a specificwavelength of light emitted by an
ERCP probe to locally activate a systemically
administered photosensitizer, with the goal of
inducing cell apoptosis. Various studies of this
method have demonstrated a significant improve-
ment in overall survival when PDT was combined
with stenting as compared to stenting alone [94–96].
In a small population of patients with mostly hilar
cholangiocarcinoma, ERCP-directed RFA was
compared to PDT, with overall survival of 9.6 ver-
sus 7.5 months, which was not statistically signifi-
cantly different (p = 0.799) [97].
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15.7.3.2 Chemoembolization
Chemoembolization, due to the nature of the
procedure, is only applicable to the treatment of
intrahepatic cholangiocarcinoma lesions. One
retrospective study in patients with intrahepatic
disease compared 72 patients who underwent
transarterial chemoembolization (TACE) with
cisplatin to 83 patients who received supportive
care. Overall survival was significantly longer in
the treatment group at 12.2 months as compared
to 3.3 months in the supportive care group
(p < 0.001), and 23% of patients treated with
TACE had documented tumor regression [98].
A meta-analysis of 14 studies of transarterial
therapies for the treatment of unresectable
cholangiocarcinoma documented a median sur-
vival from the time of diagnosis of 15.6 months,
with stable disease as the most common treat-
ment outcome. These studies were varied in
agents utilized for both chemotherapy and
embolization, with two studies evaluating
intra-arterial chemotherapy alone, which limits
the comparison [99]. A subsequent study evalu-
ated 115 patients treated with four different
TACE regimens: (1) mitomycin C, (2) gemc-
itabine, (3) mitomycin C and gemcitabine, and
(4) mitomycin C, gemcitabine, and cisplatin. No
statistically significant difference in survival was
noted according to chemotherapy protocol in this
study, with median overall survival of 13 months
documented [100].

Combining chemoembolization with systemic
chemotherapy seems to provide a more profound
benefit. In one study, the combination of sys-
temic chemotherapy with chemoembolization
was associated with a significantly longer overall
survival of 28 months versus 16 months in
patients who were treated with chemoemboliza-
tion alone (hazard ratio (HR), 1.94; 95% confi-
dence interval (CI), 1.13–3.33; p = 0.02) [101].

Chemoembolization utilizing drug-eluting
beads (DEB-TACE) has also been evaluated in
the treatment of intrahepatic cholangiocarci-
noma. In a small study, nine patients with unre-
sectable intrahepatic cholangiocarcinoma were

treated with TACE using oxaliplatin-eluting
microspheres in addition to systemic
chemotherapy with gemcitabine and oxaliplatin,
with outcomes compared with 11 patients treated
with chemotherapy alone. The overall survival of
the patients treated with DEB-TACE in addition
to chemotherapy was significantly longer at
30 months, as compared to 12.7 months in those
patients treated with systemic chemotherapy
alone (p = 0.004). Another small study has ret-
rospectively compared DEB-TACE with
irinotecan-eluting beads to both standard TACE
using mitomycin C and lipiodol with gelfoam
embolization and systemic chemotherapy with
gemcitabine and oxaliplatin. Overall survival in
the DEB-TACE group was 11.7 months, which
was similar to that of 11.0 months in the sys-
temic chemotherapy group, but superior to that of
5.7 months in patients treated with standard
TACE [102]. However, a retrospective review of
198 patients with intrahepatic cholangiocarci-
noma treated with TACE, DEB-TACE, bland
embolization, or radioembolization identified no
difference in median overall survival according
to the type of liver-directed therapy [103].

15.7.3.3 Transarterial Chemoinfusion
Transarterial chemoinfusion, or intra-arterial
administration of chemotherapy to intrahepatic
lesions without associated embolization, has also
been evaluated in small studies of intrahepatic
cholangiocarcinoma. Intra-arterial infusion of
gemcitabine, mitomycin C, and 5-fluorouracil
alone and in combination with adriamycin, epiru-
bicin, mitomycin C, cisplatin, and interferon have
been determined feasible with reasonable side
effect profile. Response rates and overall survival
in these small studies of varied agents ranged from
7.7 to 64% and 11.3–22.8 months, respectively
[104–108]. In a recent meta-analysis comparing
outcomes from studies of transarterial chemoin-
fusion, TACE, DEB-TACE, and radioemboliza-
tion, transarterial chemoinfusion had the highest
median overall survival and response rate, though
also the highest rate of grade III–IV toxicity [109].
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15.8 Systemic Therapy
for Cholangiocarcinoma

Unfortunately, many patients with cholangio-
carcinoma are not candidates for local therapies.
In those patients for whom hepatic disease extent
or metastatic spread preclude such treatment,
systemic therapy is considered. The recom-
mended chemotherapy regimen for such patients
is based on data from the Advanced Biliary
Cancer (ABC)-02 study. In this trial, 410 patients
with locally advanced or metastatic intrahepatic
or extrahepatic cholangiocarcinoma, gallbladder
cancer, or ampullary cancer were randomized to
treatment with gemcitabine 1000 mg/m2 and
cisplatin 25 mg/m2 days 1 and 8 of a 21-day
cycle, or gemcitabine 1000 mg/m2 days 1, 8,
and 15 of a 28-day cycle. Patients in the
gemcitabine/cisplatin group had a median overall
survival of 11.7 months, as compared to
8.1 months in the single-agent gemcitabine
group (HR, 0.64; 95% CI, 0.52–0.80; p < 0.001).
Progression-free survival was similarly improved
in the combination chemotherapy arm at
8.0 months as compared to 5.0 months in the
gemcitabine group (HR, 0.63; 95% CI, 0.51–
0.77; p < 0.001). Though the majority of patients
in this study had a diagnosis of cholangiocarci-
noma (58.8%), only 80 patients (20%) had
intrahepatic disease and 57 (14%) had hilar
cholangiocarcinoma. There was no difference in
treatment effect according to tumor type in subset
analysis [110].

There is no standard therapy for the treatment
of advanced or metastatic cholangiocarcinoma in
the second-line setting and beyond [111], though
many ongoing studies evaluating systemic ther-
apy for cholangiocarcinoma are hoping to change
this. The majority of these studies are focused on
biologically targeted agents. One area of partic-
ular interest for the treatment of intrahepatic
cholangiocarcinoma is in drugs targeting mutated
isocitrate dehydrogenase (IDH) proteins. In can-
cers with mutations in IDH1 or 2, cells produce
D-2-hydroxyglutarate (2-HG), which has been
shown to prevent hepatocyte differentiation and

promote cell proliferation and survival, ulti-
mately leading to the development of intrahepatic
cholangiocarcinoma [112].

Based on this data, as well as the identification
of IDH mutations in 15–29% of intrahepatic
cholangiocarcinomas [113–116], clinical studies
of IDH1 inhibitors are currently underway to
assess potential activity in human patients. In a
phase 1 clinical trial of novel IDH1 inhibitor
AG-120 in patients with advanced, IDH1-mutant
solid tumors (NCT02073994), preliminary effi-
cacy results are significant for a clinical benefit
rate of 43% in patients with cholangiocarcinoma
[117]. Additional studies are planned to further
assess the clinical activity of AG-120 in this
disease. Other IDH inhibitors are also being
evaluated in IDH-mutant patients, including
those with cholangiocarcinoma, in early phase
clinical trials; IDH1 inhibitor IDH305
(NCT02381886) and pan-IDH inhibitor AG-881
(NCT02481154).

Fibroblast growth factor receptor (FGFR) 2
fusions are also a target of interest for the treat-
ment of intrahepatic cholangiocarcinoma. Such
translocations have been identified in 6–45% of
patients with intrahepatic cholangiocarcinoma
according to varied detection methods including
FISH, exome sequencing, and whole transcrip-
tome sequencing [118–122]. The fusion of
FGFR2 to respective partners leads to the acti-
vation of intracellular signaling pathways that
ultimately lead to cellular growth and prolifera-
tion [123]. Targeting FGFR in cholangiocarci-
noma is being further investigated in a phase 2
study of the pan-FGFR inhibitor BGJ398.
Interim data is significant for a response rate of
14% and disease control rate of 82% in 22
evaluable patients with FGFR-altered cholan-
giocarcinoma [124].

15.9 Conclusion

In summary, cholangiocarcinoma is a relatively
rare malignancy worldwide, with the exception
of a few Asian countries, most notably Thailand.
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Identifying the true incidence and prevalence of
intrahepatic and hilar cholangiocarcinomas is
difficult due to variable classification systems,
though the incidence of intrahepatic cholangio-
carcinoma does seem to be increasing in the USA
and many other countries. Risk factors associated
with the development of cholangiocarcinoma are
related to chronic inflammation of the biliary tree
through processes such as liver fluke infection
and primary sclerosing cholangitis. On the
molecular level, oxidative stress is a likely
mediator of inflammatory carcinogenesis.
Advances in molecular profiling have better
defined the molecular landscape of cholangio-
carcinoma and further distinguished intrahepatic
disease and extrahepatic disease as unique pro-
cesses. Diagnosis of both intrahepatic and hilar
cholangiocarcinoma generally requires multiple
modalities including laboratory tests, imaging
studies, and often endoscopic procedures and
biopsy, though in the case of localized disease,
biopsy may be deferred until after surgical
intervention to decrease the risk of tumor seed-
ing. The staging systems for cholangiocarcinoma
have recently been improved through the cre-
ation of unique systems specific to intrahepatic,
hilar, and extrahepatic disease, though there is
still a need for a validated staging system that can
accurately provide a pre-surgical assessment of
prognosis. As the only confirmed curative inter-
vention for the treatment of cholangiocarcinoma,
the feasibility of resection should be determined
for all patients, and liver transplantation should
be considered for patients with hilar disease in
whom resection is not an option. Locoregional
therapies may provide some benefit to patients
with localized disease who are not surgical can-
didates. Patients with metastatic cholangiocarci-
noma may benefit from combination
chemotherapy with gemcitabine and cisplatin,
though prognosis remains poor. Studies of ther-
apies targeting IDH1 mutations and FGFR
fusions are underway in hopes of improving
outcomes in this patient population.
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16Radiation Therapy for Intrahepatic
and Hilar Cholangiocarcinoma:
Clinical Data

Sagar A. Patel, MD, Florence K. Keane, MD
and Theodore S. Hong, MD

16.1 Introduction

Cholangiocarcinomas are rare malignancies
arising from intrahepatic and extrahepatic bile
ducts and characterized by early nodal and dis-
tant metastases. They are divided into three cat-
egories based on anatomic location of origin
within the biliary system: intrahepatic, hilar, and
extrahepatic. Each likely demonstrates a distinct
biology and pattern of progression, as reflected
by individual staging systems for each class [1].
The hilar variant remains the most common type
of cholangiocarcinoma; however, the incidence
of intrahepatic cholangiocarcinoma (IHC) con-
tinues to rise in the USA [2, 3]. Complete sur-
gical resection remains the optimal treatment
modality; however, there is a high rate of both
local relapse and distant relapse [4–8].
Long-term survival is poor because of late pre-
sentation of disease and limited therapies.

16.2 Background

16.2.1 Adjuvant Therapy

High rates of recurrence despite resection pro-
vide the rationale for exploring adjuvant local
and systemic therapies. Although adjuvant ther-
apy is widely used and often recommended in
guidelines, the survival benefit of any adjuvant
strategy has never been proven in prospective,
randomized trials. With relatively few patients
resectable at presentation, it is difficult to com-
plete a large randomized adjuvant trial powered
to show improvements in overall survival.
However, in patients who are able to undergo
surgical resection, lymph node involvement,
residual disease, positive margins, and vascular
invasion are all associated with worse prognosis
[9, 10]. As IHC is typically confined to the liver
and systemic chemotherapy has traditionally had
limited efficacy, there has been growing interest
in locoregional therapy. Furthermore, before the
recently published ABC-02 trial [11], there was a
lack of consensus regarding the optimal
chemotherapy regimen that could be extrapolated
for use in the adjuvant setting. The literature, as a
result, consists mainly of single institutional
series and registry analyses, and the data on the
value of adjuvant therapy are mixed.

Historically, the use of radiation therapy in the
adjuvant setting was more favored for distal
extrahepatic lesions [12], perhaps due to concern
over hepatic tolerance and resulting inability to
deliver tumoricidal doses for intrahepatic and
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perihilar tumors. Therefore, much of the avail-
able data include a heterogeneous mix of patients
with intra- and extrahepatic cholangiocarcinoma,
including gallbladder cancer. In 2012, Horgan
et al. published a meta-analysis [13] of 20 pub-
lished institutional and registry studies to explore
the impact of adjuvant therapy on survival for
biliary tract cancers (tumors of the gallbladder
and intrahepatic, perihilar, and distal bile duct).
These studies incorporated over 6700 patients,
and approximately 27% received adjuvant ther-
apy. Notably, only one study within the
meta-analysis included patients with intrahepatic
tumors. The majority of patients with
margin-negative, node-positive disease received
either chemotherapy or chemoradiotherapy,
while the majority with margin-positive,
node-negative disease received radiation therapy
alone. Regardless, there was a near-significant
improvement in overall survival with the addi-
tion of any adjuvant therapy compared to surgery
(OR 0.74, p = 0.06); there were no differences in
outcomes with the use of adjuvant therapy in
gallbladder and bile duct tumors. Patients
receiving adjuvant chemotherapy (OR 0.39, 95%
CI 0.23–0.66) or chemoradiotherapy (OR 0.61,
95% CI 0.38–0.99) derived greater benefit than
those treated with radiotherapy alone (OR 0.98,
95% CI 0.67–1.43). Furthermore, a major benefit
of adding adjuvant therapy was observed in
node-positive (OR 0.49, 95% CI 0.30–0.80) and
margin-positive disease (OR 0.36, 95% CI
0.19–0.68).

Only a minority of patients in this
meta-analysis had intrahepatic disease. Smaller
institutional series have demonstrated an
improvement in outcomes in those with IHC
receiving adjuvant therapy. A retrospective
review of 90 patients with resected intrahepatic
cholangiocarcinoma with involved regional
lymph nodes treated at Fudan University
between 1998 and 2008 found that median sur-
vival was 19.1 months in the 24 patients who
received adjuvant radiotherapy compared with
9.5 months in the 66 patients who did not receive
radiotherapy [14]. A series of 373 patients treated
between 1977 and 2001 at Chang Gung Memo-
rial Hospital reported improved median overall

survival in the 63 patients receiving radiotherapy
compared to those patients who did not receive
radiotherapy (11.7 months vs. 6.25 months,
p = 0.0197) [15]. These reports are limited by
their retrospective nature and the fact that many
of the patients did not receive systemic
chemotherapy.

16.2.2 Definitive/Palliative Therapy

Resectability rates for intrahepatic cholangiocar-
cinoma have modestly increased over time, due
in part to more aggressive operative strategies
and expanded criteria for resectability. Yet,
approximately 70% of patients are unresectable
at diagnosis due to the presence of multiple
intrahepatic tumors, vascular invasion, and/or
nodal or distant metastases [16]. For these
patients, median survival is low, ranging from
2.3 to 9 months [16, 17]. Chemotherapy is the
mainstay of treatment for these patients, with the
ABC-02 randomized controlled trial demon-
strating an improvement in overall survival from
8.1 to 11.7 months in patients with metastatic or
unresectable cholangiocarcinoma who received
gemcitabine and cisplatin over patients receiving
gemcitabine alone [11].

Radiotherapy has also been employed in
patients with unresectable disease. A retrospec-
tive study of 84 patients with intrahepatic
cholangiocarcinoma treated at Fudan University
in China demonstrated improvements in overall
survival in 35 patients receiving radiotherapy
with or without trans-arterial chemoembolization
(TACE) compared with 49 patients who received
supportive care and/or TACE without radiother-
apy. Patients were treated to 30–60 Gy in 1.8–
2 Gy/fraction, with 86% of patients receiving
� 50 Gy. One-year survival was 38.5% versus
16.4%, and median overall survival was
9.5 months versus 5.1 months (p = 0.0003) in
the radiotherapy and no-radiotherapy groups,
respectively. There was one case of
radiation-induced liver disease (RILD), which
progressed to hepatic failure [18, 19].

Similarly, a SEER analysis of 3839 IHC
patients who did not undergo resection found a
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median survival of 7 months compared to
3 months in patients who did and did not receive
radiotherapy, respectively. While this report was
retrospective in a population-based database and
did not report on receipt of chemotherapy, it did
provide suggestion of a benefit from radiotherapy
in patients who could not receive surgery [20].

However, conventional radiotherapy doses
have been shown to be insufficient for disease
control, with most patients experiencing local
progression as the first site of disease after
treatment [21]. Treatment is often limited by a
compromised underlying hepatic function of
patients, placing them at higher risk for associ-
ated toxicities, including RILD. Hepatic tissue
tolerance within a traditionally poor patient
substrate resulted in a very restricted therapeutic
window with historical doses given the high risk
of liver injury; however, the feasibility of deliv-
ering tumoricidal dose was obtained with modern
techniques of radiation delivery. The use of these
advanced techniques provided impressive local
control benefits that translated into prolonged
survival, rivaling that of resection, without an
increase in toxicity. Thus, the role of radiation in
the management of primary liver tumors, espe-
cially intrahepatic cholangiocarcinoma, is rapidly
rising.

16.3 Radiotherapy: Dose-Escalation
and Results with Advanced
Treatments

The bulk of the data on the use of radiotherapy in
intrahepatic cholangiocarcinoma are limited to
small prospective trials or retrospective reviews
of individual center experiences. Much of the
data are extrapolated from larger studies of
patients that include hepatocellular carcinoma
(HCC).

16.3.1 Three-Dimensional Conformal
Radiotherapy

The development of three-dimensional confor-
mal radiotherapy (3D-CRT) enabled more

targeted delivery of radiation while avoiding
surrounding normal tissue. Furthermore,
dose-volume histograms (DVH) provided the
opportunity to study potential dose predictors of
toxicity [22]. Initial series of toxicity in the era of
3D-CRT were based on retrospective reports.
More refined models of the interaction between
radiotherapy dose, treatment volume, and toxic-
ity were subsequently developed. A Phase I/II
dose-escalation study of radiotherapy with con-
current hepatic arterial fluorodeoxyuridine
enrolled 43 patients with either primary or
metastatic liver tumors (18 with IHC, 9 with
HCC, and 16 with colorectal metastases to the
liver). Radiotherapy dose was calculated based
on a maximum 10% complication risk of RILD
as per the Lyman normal tissue complication
probability (NTCP) model. This model assumes
a sigmoid relationship between dose of uniform
radiation to an organ and the probability of a
complication [23]. Patients were treated to a
median dose of 58.5 Gy in 1.5 Gy twice-daily
fractions. The median overall survival of patients
with hepatobiliary tumors was 11 months, and
there was improved overall and progression-free
survival for all patients receiving over 70 Gy
compared with patients receiving less than 70 Gy
[24, 25]. There was one case of grade 3 RILD,
which resolved with supportive care. In the 18
patients with intrahepatic cholangiocarcinoma,
the median survival was 16.4 months for patients
treated with more than 70 Gy versus 11 months
for those treated with less than 70 Gy.

The refined NTCP model described above
was subsequently used in a Phase II trial of
hyperfractionated 3DCRT with concurrent hep-
atic arterial chemotherapy [26]. A total of 128
patients (47 with liver metastases, 46 with
cholangiocarcinoma, and 35 with hepatocellular
carcinoma) were prescribed doses of radiation
according to a maximum 10–15% risk of RILD.
Of note, the model was adjusted for patients with
primary hepatobiliary versus metastatic tumors
based on previous data showing differences in
liver tolerance in patients with primary hepato-
biliary disease. Median survival was
13.3 months in patients with cholangiocarci-
noma, which was superior to historical controls.
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On multivariate analysis, tumor dose � 75 Gy
was associated with improved overall survival
(23.9 months vs. 14.9 months, p < 0.01). These
early data demonstrated both the feasibility and
importance of dose-escalated conformal radio-
therapy to achieve tumor control.

16.3.2 Feasibility and Benefit
of Dose-Escalation

Tao et al. [27] recently reported a series of
patients with intrahepatic cholangiocarcinoma
treated with dose-escalated radiotherapy between
2002 and 2014. About 89% of patients received
chemotherapy prior to RT. Radiation doses ran-
ged from 35 to 100 Gy (median 58.05 Gy) in 3–
30 fractions (median biologic equivalent dose
(BED), assuming a/b = 10, of 80.5 Gy, range
43.75–180 Gy). For the entire cohort, three-year
overall survival (OS) was 44%. There was a
significant difference in both overall survival and
local control based on BED. For patients treated
with doses corresponding to a BED >80.5 Gy,
three-year OS was 73% versus 38% for patients
who received doses corresponding to BED
<80.5 Gy (p = 0.017). Three-year local control
was 78% in the dose-escalated cohort versus
45% for those receiving lower doses (p = 0.04).
This finding was independent of primary tumor
size.

Dose-escalated radiotherapy was achieved
with three-dimensional conformal intensity-
modulated radiation therapy with 6 megavolt-
age photons or passive scatter proton beam
techniques. For patients who received 50.4 Gy or
more, motion control and image guidance were
implemented in two ways. For some cases, a
fiducial-based kilovoltage image-guided soft tis-
sue alignment during deep inspiration
breath-hold was used to minimize doses to the
liver, bile duct, and GI mucosa. In other cases, an
internal target volume was created, and patients
were treated during free breathing with kilo-
voltage image-guided alignment to bone. In
selected larger tumors receiving >50.4 Gy, gross
tumor volume was treated with a simultaneous
integrated boost (SIB); a central SIB of 75 Gy in

15 fractions or 100 Gy in 25 fractions was
delivered to the center of the tumor via this
technique.

This analysis demonstrated that using high
radiation doses with a moderately hypofractioned
approach to treat inoperable IHC improves local
control, thereby resulting in a substantial survival
benefit for patients. Modern techniques of
radiotherapy including stereotactic delivery and
charged particle therapy have enabled the ability
to reach optimal tumoricidal doses for cholan-
giocarcinoma while still respecting normal tissue
tolerances. Both will be discussed in more detail.

16.3.3 Stereotactic Body
Radiotherapy

Stereotactic body radiotherapy (SBRT) is a
radiation delivery modality which employs
immobilization, motion control, and multiple
conformal beams to deliver high doses of radio-
therapy to a target volume with rapid dose falloff.
The high dose per fraction of SBRT is thought to
result in an ablative effect on the tumor, poten-
tially through vascular damage. However, the
precise mechanism of SBRT-induced cell death
remains to be determined [28–31].

Stereotactic radiotherapy was first employed
to treat intracranial lesions as early as the 1950s
[32], but it was not used for extracranial sites
until the 1990s [33, 34] given the challenges of
patient immobilization, target definition, and
intrafractional tracking for extracranial sites.

16.3.3.1 SBRT in Intrahepatic
Cholangiocarcinoma

The feasibility and safety of SBRT in the treat-
ment of liver tumors was initially assessed in
patients with metastatic hepatic lesions, primarily
from colorectal adenocarcinoma [35–38], with
local control at one year ranging from 71 to 95%.
The use of SBRT since expanded to include both
primary and metastatic tumors confined to the
liver.

A Phase I dose-escalation study of SBRT in
41 patients with unresectable HCC or IHC at
Princess Margaret Hospital included ten patients
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with IHC [39]. Patients were treated within three
predefined liver effective volume (Veff) strata,
with three dose-escalation levels within each
strata based on a 5, 10, or 20% risk of toxicity.
With the exception of low accrual to the low Veff

strata, all risk levels within each strata were
assessed. The median dose delivered was 36 Gy
(range 24–54 Gy) in six fractions. The median
survival in patients with IHC was 15 months,
and one-year overall survival was 38%. There
was no grade 4/5 toxicity or radiation-induced
liver disease, although two patients with IHC did
have transient biliary obstruction, presumably
due to radiation edema. One patient experienced
a gastrointestinal bleed, and one patient devel-
oped a small bowel obstruction due to tumor
progression. Finally, seven patients had a decline
in liver function, from Child-Pugh Class A to
Child-Pugh Class B, presumably due to pro-
gression of baseline hepatic disease.

Several small Phase I or II studies and retro-
spective reviews of SBRT for hepatic lesions
have included small numbers of patients with
IHC (Table 16.1). There have been no random-
ized trials on the use of SBRT in IHC.

16.3.4 Charged Particle Therapy

Charged particle therapy, including protons and
carbon ions, represents a potential technique for
increasing the dose to a tumor while minimizing
damage to the surrounding hepatic parenchyma.
Protons have a distinct physical advantage over
standard photon-based radiation. Photons
deposit energy along the beam path beyond the
tumor; this exit dose often leads to unwanted
radiation exposure to uninvolved hepatic par-
enchyma, thereby increasing the risk of RILD
as it is mediated by the dose delivered and
volume of liver irradiated [23, 51]. In contrast,
protons have minimal exit dose, which provides
a theoretical clinical benefit by allowing esca-
lation to tumoricidal doses without compromis-
ing normal tissue. There are no randomized data
on the use of charged particle therapy versus
photon therapy for HCC or IHC. This modality,

however, has been used effectively in the
treatment of individual patients with IHC, often
with dramatic shrinkage of the primary lesion
(Fig. 16.1).

Recently, a multi-institutional Phase II study
was completed utilizing high-dose, hypofrac-
tionated proton beam therapy for localized,
unresectable HCC and IHC [50]. Of the 83
evaluable patients, 44 had HCC and 39 had IHC;
almost 90% of the IHC patients had no evidence
of cirrhosis. For IHC patients, 34 (87%) had one
lesion, three (8%) had two lesions, and two (5%)
had three lesions. The median dose delivered was
58.0 GyE in 15 fractions. The average dose
received by liver tissue not involved by tumor for
all patients was 21.4 GyE (range 3.2–29.5 GyE).
In the entire cohort, only four patients experi-
enced at least one grade 3 treatment-related
toxicity. One of the 44 HCC patients developed
grade 3 thrombocytopenia; of the 39 IHC
patients, one developed liver failure and ascites,
one developed a stomach ulcer, and one was
found to have hyperbilirubinemia. Three of the
83 patients (3.6%) had worsening
Child-Turcotte-Pugh (CTP) score: two patients
from A to B at three months and one patient from
A to B at six months. There were no grade 4 or 5
treatment-related toxicities. In terms of efficacy,
only four patients developed local progression
within two years of follow-up; two-year local
control rate was 94% for patients with either
HCC or IHC; however, recurrence beyond two
years only occured in patients with IHC, specif-
ically in four additional patients. Notably, all
patients who experienced local progression had
received less than 60 GyE. For patients with
IHC, the median progression-free survival was
8.4 months, median overall survival was
22.5 months, and two-year overall survival was
46.5%. The impressive results of this study,
especially when compared with historical data
using conventionally fractionated RT for IHC,
have recognized high-dose, hypofractionated
proton beam therapy as an attractive modality for
inoperable intrahepatic tumors, especially those
that are too large for the extreme hypofraction-
ation associated with SBRT (Table 16.1).
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16.4 Future Directions

Given the encouraging results seen with the
addition of radiation therapy for localized, unre-
sectable IHC, the NRG Oncology Group has
developed a Phase III trial of gemcitabine and
cisplatin with or without liver-directed radio-
therapy to determine the impact of radiotherapy
on outcomes in patients receiving optimal sys-
temic therapy. Patients will receive three cycles
of gemcitabine and cisplatin, followed by
restaging and stratification based on tumor size
(� 6 cm vs. >6 cm) and the presence or absence
of satellite lesions. Patients will then be ran-
domized to liver-directed radiotherapy and
additional gemcitabine and cisplatin versus
gemcitabine and cisplatin alone (Fig. 16.2).
Selection of the prescription dose is to be based
on the mean liver dose.

16.5 Neoadjuvant Therapy
with Transplantation for Hilar
Cholangiocarcinoma

Cholangiocarcinoma arising at the hepatic duct
bifurcation (i.e., hilar cholangiocarcinoma) char-
acteristically arises in patients with primary scle-
rosing cholangitis (PSC). These patients, similar to
those with severe cirrhosis, are usually not candi-
dates for the extensive resection that would be
needed to obtain negative margins. Despite the
rare incidence of cholangiocarcinoma overall,
patients with PSC are at significantly higher risk
with incidence reported from 4 to 20%, and
majority are hilar (i.e., Klatskin tumor) [52, 53].
Liver transplantation was studied as an alternative
for those patients with localized disease who were
not candidates for extensive resection. Initial out-
comes were poor due to high incidence of

Fig. 16.1 Axial CT slices of an intrahepatic cholangiocarcinoma lesion before and after completion of proton therapy

Fig. 16.2 Schema for NRG
GI001 trial
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locoregional dissemination and recurrence [54,
55]. Due to the potentially long waiting time for
organ transplantation, neoadjuvant therapy with
radiation and concurrent chemotherapy was pro-
posed in order to obtain local control and decrease
risk of regional recurrence following transplant
[55, 56]. TheUniversity ofNebraska and theMayo
Clinic have demonstrated that excellent survival
can be achieved for highly selected patients with
early stage hilar cholangiocarcinoma treated with
aggressive neoadjuvant therapy leading to liver
transplantation.

The University of Nebraska initially studied
this multimodal technique; seventeen patients
with hilar cholangiocarcinoma, all presenting
with obstructive cholangitis, were treated
between 1987 and 2000 with chemotherapy
(daily 5-FU 300 mg/m2) and intraluminal bile
duct brachytherapy (iridium-192 6000 cGy
delivered over 55–60 h) while awaiting liver
transplantation. Patients were only eligible if
maximal tumor dimension was 2 cm without
radiographic extrahepatic disease or intra/
extrahepatic metastasis. The basis for these
guidelines was the fact that the iridium wires
used for radiotherapy had a penetration of 1 cm;
therefore, tumors greater than 2 cm in diameter
may not achieve optimal dose at the periphery.
Notably, nine patients had PSC and/or ulcerative
colitis, and three patients had decompensated
cirrhosis. The most significant complication
between chemoradiation and surgery was recur-
rent episodes of cholangitis. Eleven patients were
free of complications or tumor progression pre-
cluding surgery and underwent transplantation
(median waiting time 87 days, range 15–792).
The median survival was 25 months for the
patients who underwent liver transplantation; five
of these patients (45%) remained free of tumor
recurrence 2.8–14.5 years after transplant [58].

In 1993, the Mayo Clinic also initiated a
protocol for unresectable hilar cholangiocarci-
noma due to extent of disease and/or underlying
liver disease. All patients were treated with
neoadjuvant radiation (4000–4500 cGy by external

beam, followed by 2000–3000 cGy intraluminal
brachytherapy with iridium-192) and
chemotherapy (concurrent bolus 5-FU with
external beam and protracted venous infusion
5-FU with brachytherapy, which continued until
surgery) followed by liver transplantation. This
protocol differed with the additional use of
external beam radiotherapy. Eligible patients had
a maximal tumor diameter of 3 cm without evi-
dence of intra/extrahepatic metastasis. The initial
publication [57] presented the first 19 patients,
for which 11 patients had no evidence of pro-
gression at the time of surgery and completed the
protocol. With a median follow-up of 44 months,
only one patient who completed the protocol
developed tumor relapse. Since this publication,
over 130 additional patients with unresectable
hilar cholangiocarcinoma have been enrolled,
and 90 patients have been reported to have
favorable findings at the time of transplant.
Five-year actuarial survival for all patients that
began neoadjuvant therapy is 55%, and five-year
survival after transplant is 71% [59].

16.6 Conclusion

The development of modern radiotherapy tech-
niques has facilitated the incorporation of radio-
therapy into the treatment of intrahepatic
cholangiocarcinoma, specifically by allowing for
dose-escalation to tumor without increasing tox-
icity or the risk of radiation-induced liver dis-
ease. In the unresectable setting, the ability to
achieve tumoricidal dose for primary cholangio-
carcinoma has led to significant improvements in
local control, translating into a survival benefit
for patients, which is in some instances compa-
rable to those historically reported after resection.
Through the use of modern techniques, including
SBRT and proton therapy, liver-directed radio-
therapy has become effective and feasible. Fur-
ther study is needed to determine its full potential
in the treatment of IHC, as well as the optimal
integration of radiotherapy with chemotherapy.
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17Liver Metastases: Basic Principles
of Treatment and Clinical Data

Matthew R. Porembka, MD and Michael A. Choti, MD

17.1 Introduction

Liver metastases are frequently encountered in
the care of patients with gastrointestinal malig-
nancy. Historically, the presence of liver disease
was thought to represent an incurable problem
limiting treatment options to palliative
chemotherapy. However, recent advancements in
the treatment of patients with gastrointestinal
malignancy have facilitated curative liver direc-
ted therapies including resection, ablation, and
intra-arterial therapies of metastasis. Specifically,
advancements in clinical imaging have allowed
for more accurate assessment of disease burden.
Modern systemic chemotherapies demonstrate
higher and more durable response rates. Liver
surgery for metastases has become safe and
routine procedures secondary to the evolution of
surgical and anesthetic techniques. This chapter
will review the surgical options for the treatment
of liver metastases including resection, ablation,
and arterial-based therapies. Although, curative
liver metastasectomy has been described for

numerous indications, colorectal cancer and
neuroendocrine liver metastases are the most
frequent indications for intervention and this
chapter will focus on these two indications.

17.2 Surgery in the Treatment
of Colorectal Cancer Liver
Metastases

Despite an increased emphasis on screening and
prevention, colorectal cancer (CRC) remains the
third most commonly diagnosed cancer in the
United States [1]. Over 135,000 new cases will
have been diagnosed in 2014 and approximately
49,000 patients will die of their disease [1].
Among those patients diagnosed with CRC,
about half will develop metastases. The liver is
the most common organ affected by metastatic
disease and is often the only site of metastatic
disease. Approximately, 30% of patients will
have liver only metastases at the time of pre-
sentation or recurrence, accounting for about
30,000 patients per year in the Unites States [2,
3]. It is now accepted that without surgical
management, median survival is limited and
5-year survival is rare. Systemic chemotherapy
for metastatic colorectal cancer has significantly
improved over the last two decades with
response rates typically exceeding 50%. In trials
looking at chemotherapy alone, median survival
is about 2 years, but 5-year survival remains
uncommon and long-term cure is rare [4].

The majority of data which drives the use of
colorectal liver metastasectomy is based on
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retrospective studies, many of which are limited
by small numbers and selection bias. However,
complete resection has been repeatedly associ-
ated with prolonged survival compared with
patients not undergoing surgical therapy with
5-year overall survival exceeding 50%. Although
these favorable results could reflect favorable
patient selection, comparison between series of
chemotherapy and surgery over the last four
decades demonstrates dramatically different
results in favor of surgical resection. The argu-
ment for hepatic resection is further strengthened
by the fact that patients are cured by surgery at a
rate similar to that of some primary non-
metastatic malignancies.

17.3 Results of Liver Resection
for Colorectal Metastases

Liver resection, when performed by experienced
surgeons at high volume centers, is safe with
reported perioperative mortality of 1% [5–8].
Although operative mortality should be uncom-
mon, significant complications have been repor-
ted in up to 30% of patients [8–10]. The
morbidity associated specifically with liver
resection includes hemorrhage, perihepatic
abscess, bile leak and/or fistula, pleural effusion,
and hepatic failure. The long-term survival
reported following hepatic resection with cura-
tive intent for metastatic colorectal cancer
has improved significantly in the last decade.
While older series report 5-year survival rates of
25–40% [11], more contemporary series report
5-year survival in excess of 50% and durable
cure in some patients [6, 12, 13]. Large
multi-institutional collective series demonstrate
trends in improved long-term outcome [7, 10,
13–15] (Table 17.1).

Despite aggressive surgical resection and
modern systemic chemotherapy, the majority of
patients will recur and succumb to their disease.
Numerous risk stratification tools have been
developed to assist in patient selection for liver
metastasectomy to identify patients that are likely
to experience long-term disease control [16].
Pathologic features of the primary tumor appear

to correlate with long-term outcome following
liver resection. Both nodal status and histologic
grade of the primary tumor are associated with
poorer outcome following liver resection in
several reported series [6, 7, 13]. The first clinical
risk score was published by Fong et al. in 1999
and highlighted high risk features associated with
poor outcome [7]. Factors including number of
metastasis, disease-free interval less than
12 months, node-positive primary tumor, largest
tumor greater than 5 cm, and CEA greater than
200 were associated with decreased survival.
Patients with increased numbers of risk factors
had a progressively worse survival. These find-
ings have been supported by multiple other
studies [6, 7, 13]. Even though this risk score was
developed before the implementation of modern
chemotherapy, it demonstrated that well selected
patients, even those with multifocal and bilobar
disease, could derive long-term survival benefit
with surgery.

Technical factors related to surgery can also
impact patient outcomes and prognosis. It is well
accepted that margin status is associated with
survival, although it is not always possible to
predict final margin status based on preoperative
imaging. Most series have demonstrated that
positive surgical resection margin is associated
with higher risk of local recurrence and poor
long-term survival [6, 17, 18]. It has been pos-
tulated that the inferior long-term outcome
associated with a histologic positive margin is
less related to local recurrence, but that the
presence of a positive margin is a surrogate
marker for more aggressive tumor biology. The
optimal width of the negative surgical margin,
however, remains controversial. Some investi-
gators have reported an improved survival when
clearance margins were one centimeter or greater
[19] while others have shown no differences,
provided the margin is grossly negative [17, 20].
The perceived inability to achieve a negative
margin based on preoperative imaging should not
preclude resection as patients with close margins
can still experience survival benefit after surgical
resection. The type of resection performed does
not appear to affect long-term recurrence rates,
independent of margin status [6, 7, 13].
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Extrahepatic disease, even when isolated and
resectable, is associated with unfavorable prog-
nosis following liver resection of colorectal
metastases [7, 11]. Direct extension into adjacent
structures and locoregional recurrence should not
be considered extrahepatic disease and is not a
contraindication to resection. However, con-
comitant hepatic and extrahepatic metastasec-
tomy is controversial. Pulmonary metastases
represent the second most frequent metastasis in
patients with colorectal cancer. About 5–10% of
patients who present with metastatic disease will
have both liver and lung metastases. Similar to
liver resection for isolated hepatic metastasis,
studies have reported favorable long-term sur-
vival rates after resection of localized pulmonary
disease [21]. In highly selected patients, favor-
able 5-year survival rates in excess of 30% have
been reported for patients undergoing combined
lung and liver resection [22, 23]. Although
prognosis following resection of pulmonary and
liver metastasis does not appear to be affected by
synchronous versus metachronous presentation,
the presence of multiple pulmonary metastases
(>3) was significantly associated with worse
disease specific survival [24].

17.4 Ablative Therapies in CRLM

Although surgical resection may afford the only
potential for cure in patients with hepatic
metastases, many patients may not be candidates
for surgical resection for a variety of reasons.

Novel methods for local ablation have been
developed with a goal of increasing the number
of patients eligible for local, potentially curative
therapy. There are two classifications of ablative
therapies: thermal and nonthermal. Nonthermal
technologies include chemical ablation with
ethanol or acetic acid instillation and irreversible
electroporation. Thermal ablative technology
includes radiofrequency ablation (RFA),
cryoablation, and microwave ablation (MWA).

Thermal ablation is the most commonly used
ablative technology used to treat CLRM. With
this technique, a needle-probe is inserted within
the selected tumor under image guidance and
electric current is employed to generate heat,
resulting in interstitial thermal destruction.
Ablation can be performed laparoscopically,
percutaneously, or through an open laparotomy.
Careful planning of the ablation area is necessary
to achieve complete destruction of the target
lesion. Tumor size as well as location can pre-
clude effective ablation with curative intent.
Tumor sizes larger than 3–4 cm are associated
with an increased incidence of local recurrence
[25]. Similarly, tumors near major vascular
structures such as the vena cava are more difficult
to achieve long-term local control with ablation.
A major contraindication for thermal ablation is
small tumors in close proximity to central biliary
structures which result in severe and complicated
biliary stricture.

The optimal method for evaluating the effi-
cacy of ablation using imaging modalities is not
well defined. Given the local changes associated

Table 17.1 Large series reporting short- and long-term outcomes after curative intent surgical therapy for colorectal
liver metastases

Authors (year published) Number Mortality
(%)

Morbidity
(%)

5-year disease-free
survival (%)

5-year overall
survival (%)

Nordlinger et al. (1996)
[14]

1568 2 23 15 28

Fong et al. (1999) [7] 1001 3 31 – 37

Malik et al. (2007) [10] 700 3 30 31 45

De Jong et al. (2009) [15] 1669 – – 30 47

House et al. (2010) [13] 1600 2 44 27–33 37–51
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with ablation, it is sometimes difficult to dis-
criminate between postoperative change and
tumor recurrence. Hypoattenuating lesions may
persist for months to years despite complete
tumor destruction. Although contrast CT and
MRI are useful for post ablation surveillance,
MRI may be more sensitive for detecting viable
tumor or early recurrence given [26, 27]. In most
cases, a local recurrence is characterized by an
increase in the lesion size on serial scans, evi-
dence of new areas of contrast enhancement, or
areas of restricted diffusion.

There are no published randomized controlled
trials examining the efficacy of ablation in
CRLM compared to resection or between abla-
tion modalities. Data is largely based on
single-center, single-arm, retrospective studies
[28]. Local recurrence rates published in the lit-
erature range from less than 10% to as high as 40
to 50% [28–30]. Survival benefit associated with
ablation is variable and inconsistent with some
studies have reported 5-year survival of less than
20% following ablation whereas other studies
have reported 5-year survival rates in the range of
40% or more [28]. In most cases, survival is
similar between RFA and MWA (Table 17.2).
However, RFA has been associated with higher
local recurrence rates, which may be secondary
to limitations of the technology or patient selec-
tion. In a single institution study of 254 similar

patients comparing RFA to MWA, patients
undergoing MWA were observed to have a lower
rate of ablation sight recurrence comparted to
RFA (6% vs. 20%, respectively). The only factor
that was significantly associated with local
recurrence on multivariable analysis was treat-
ment with RFA [41]. This finding was supported
by a systematic review of outcomes of thermal
ablation which demonstrated a higher risk of
local recurrence for RFA (10–31%) compared to
MWA (5–13%) [42]. Several studies have
attempted to compare the outcome of resection to
ablation with a majority of studies demonstrating
inferior disease-free and overall survival of RFA
compared with resection. More recently, Shibata
et al. reported a prospective trial comparing
MWA to resection which demonstrated similar
survival [40]. At present, although early studies
support the use of ablation in selected patients, it
should be considered an adjunctive therapy to
resection as high-quality data is not available to
make informed conclusions.

17.5 Hepatic Artery Chemotherapy
for CLRM

Hepatic-directed therapy in the management of
metastatic colorectal cancer is a well-established
therapy that includes hepatic arterial infusion

Table 17.2 Comparison of thermal ablation techniques in the treatment of colorectal liver metastases

Author Year N Method Survival (%) Complications
(%)

Local Recurrence (%)

1 year 3 year 5 year

Veltri [31] 2008 122 RFA 79 38 22 1.1 26.3

Solbiati [32] 2012 99 RFA 98 69 25 2.0 6.9

Siperstein [33] 2007 234 RFA – 20 18 – –

Kennedy [34] 2013 130 RFA 94 50 29 1.5 9.2

Hammill [35] 2011 113 RFA 87 52 33 1.8 2.6

Berber [36] 2008 68 RFA – 35 30 2.9 –

Groeschl [37] 2014 198 MWA 45 17 – – 6

Liang [38] 2003 21 MWA 91 46 – 0 14

Ogata [39] 2008 32 MWA – – 32 – –

Shibata [40] 2000 14 MWA 71 57 14 14 –

RFA radiofrequency ablation, MWA microwave ablation
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pumps and conventional transarterial chemoem-
bolization. Hepatic artery chemotherapy exploits
the dual blood supply of the liver. Although most
hepatocytes are supplied by the portal venous
system, hepatic tumors are primarily supplied by
the hepatic arterial system [43]. Direct infusion
of chemotherapy into the hepatic arterial system
delivers high doses of chemotherapy directly to
the tumor while limiting systemic toxicity.

Transarterial chemoembolization with
irinotecan-loaded drug-eluting beads (DEBIRI) in
combination with capecitabine has been studied in
a prospective, single-center study and found to be
technically feasible and safe. In this small study of
23 patients with liver-dominant disease that was
refractory to chemotherapy, DEBIRI was well
tolerated and resulted in overall disease control in
60% of patients with a progression free and overall
survival of 4 and 7.3 months, respectively [44].

Hepatic artery infusion chemotherapy
(HAI) delivers a constant infusion of chemother-
apy into the hepatic arterial supply through an
implantable subcutaneous pump. Fluorodeoxi-
uridine (FUDR), which is an active metabolite of
5-FU that is rapidly metabolized within the liver
on the first pass, is the most commonly used
regional chemotherapeutic agents [45].

The efficacy of HAI chemotherapy has been
extensively studied for various indications includ-
ing: (1)first line therapywithHAI alone, (2) second
line therapy consisting of HAI with systemic ther-
apy, and (3) downstaging of initially unresectable
disease with HAI therapy. Ten randomized clinical
trials have been performed evaluating the efficacy
of HAI as a first line therapy in unresectable
CRLM. The trials span a three-decade period and
display significant heterogeneity in terms of trial
design and implantation and are limited by inade-
quate sample sizes, crossover study designs, or
inadequately administered systemic chemotherapy.
A meta-analysis pooled all available data and
demonstrated superior response rates associated
with HAI (43%) compared to systemic therapy
(18%, p < 0.0001). Although there was a trend
toward an overall survival advantage favoring HAI
chemotherapy (15.9 months) over systemic ther-
apy (12.4 months), the difference was not signifi-
cant (hazard ratio 0.90, 95% CI 0.76–1.07).

Aggregate evaluation of these data suggests
improved response rate with HAI chemotherapy
alone (without systemic therapy) that does not
translate into a survival advantage [46, 47].

Outcomes of patients with unresectable
CRLM who progress on first line chemotherapy
are poor with median overall survival less than
12 months [48]. Although first line trials failed to
demonstrate survival advantage associated with
HAI, encouraging findings such as delayed
hepatic progression and superior response rates
motivated subsequent investigations of HAI
chemotherapy in combination with systemic
chemotherapy. The combination of systemic
5-FU/LV with HAI FUDR compared to
5-FU/LV alone was investigated in a randomized
trial of 84 patients. No survival difference benefit
was observed by the addition of HAI FUDR
(1-year OS, 46%) compared to 5-FU alone
(53%). However, patients treated with combina-
tion therapy experienced increased toxicity [49].
Subsequently, the introduction of modern sys-
temic agents including oxaliplatin and irinotecan
spurred several phase I studies investigating the
role of HAI FUDR with these newer agents.
Results were consistent among these smaller
trials and demonstrated no increase in toxicities
associated with the addition of HAI FUDR to
systemic irinotecan, oxaliplatin/irinotecan, or
oxaliplatin/5-FU. In this cohort of heavily pre-
treated patients, the addition to HAI FUDR to
modern systemic chemotherapy was associated
with impressive response rates (HAI FUDR/
irinotecan 74%, HAI FUDR/FOLFOX 87%, HAI
FUDR/irinotecan/oxaliplatin 90%) and median
overall survival (HAI FUDR/irinotecan
17.2 months, HAI FUDR/FOLFOX 22 months,
HAI FUDR/irinotecan/oxaliplatin 36 months). In
addition, 18% of patients in the HAI FUDR/
irinotecan group that previously failed oxaliplatin
were converted to resectable disease [50, 51].

Thefinding of durable response rates in patients
who have failed multiple lines of chemotherapy
prompted studies focusing on the ability of
HAI FUDR to downstage patients with initially
unresectable disease to facilitate definitive resec-
tion. The MSKCC group prospectively evaluated
the efficacy of HAI FUDR/irinotecan/oxaliplatin
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in 49 patients with unresectable CRLM. Nearly all
patients had bilobar disease (98%) and 73% had
greater than 5 tumors. Overall response rate was
92%, complete response was observed in 8%, and
47%was converted to resectable disease. Of those
patients undergoing resection, median disease-
free survival was 7.6 months. In a large retro-
spective review of 373 with unresectable disease
treated with HAI FUDR and systemic
chemotherapy, 25% of patients converted to
resectable disease; median overall survival of
patient receiving resection was 59 months [52].
Although well controlled studies evaluating
HAI FUDR in combination with modern systemic
therapy are lacking, the limited data available
demonstrates dramatic response rates in heavily
pretreated patients which facilitates conversion to
resection in 25% of patients. Additional prospec-
tive randomized controlled trials are needed to
validate these promising results.

17.6 Treatment of Neuroendocrine
Liver Metastases

Neuroendocrine tumors (NET) are rare tumors
that are often slow growing. Approximately,
70% arise from the gastrointestinal tract and have
the capability to produce hormones resulting in
significant symptoms that negatively impact
quality of life. These tumors have a predilection
for metastasis to the liver and the majority of
patients will die of liver failure. The approach to
surgical intervention in patient with NET
metastases is considerably different that of
CRLM owing to the unique tumor biology of
NET and need to control hormonal syndromes
that negatively impact quality of life.

The pattern of metastasis in NET is predom-
inantly to the liver with frequent multifocal
lesions that are numerous and bilobar leaving
only a minority of patients eligible for complete
resection. However, unlike CRLM, complete
resection is not required to extend survival and
obtain symptom control. It is believed that liver
directed therapies are underused owing to the
lack of understanding to NET biology and failure
to refer to surgeons for evaluation.

Prospective data in the treatment of NET liver
metastasis is lacking. The majority of data that
drives the use of aggressive surgical management
of NET is based on retrospective series that are
often not well controlled owing to the rarity of
the tumors. Most series are surgical in nature,
suffer from selection bias, and results are com-
pared to historical controls obtained in a time
prior to modern tumor classification, imaging,
and modern therapies. Although the data must be
interpreted with caution, there is evidence sup-
porting the aggressive management of NET to
obtain control of hepatic disease as well as
symptoms that have failed nonoperative
management.

There are several major differences between
the treatment of NET liver metastasis and other
cancers. First, margin negative resection is not
required. NET is well encapsulated tumors that
do not infiltrate the hepatic parenchyma allowing
them to be easily enucleated. Multiple series
have demonstrated no difference in survival
outcomes between R0 and R1 resections.
Although favored, complete resection of hepatic
and extrahepatic disease is not required. Surgical
debulking of the majority of liver disease has
been associated with similar survival outcomes
as patients with complete resection.

Surgical debulking has been advocated to
control hormonal syndromes and prolong sur-
vival. The first series of debulking was published
in 1990 which demonstrated improved symptom
control when at least 90% of grossly visible tumor
was removed [53]. Subsequently, Sarmiento et al.
published their large retrospective experience
detailing 170 patients with carcinoid and pan-
creatic NET who underwent debulking of at least
90% of grossly visible hepatic disease [54].
A variety of patients were explored including
those with unknown primaries and extrahepatic
disease. The majority of patients had extensive
disease with bilobar metastases (67%); only 44%
had complete resection of all known disease and
96% of the remainder had residual disease in the
liver. In those patients with functional primary
tumors, 96% had improvement or complete relief
of their symptoms. Symptom control rates were
durable with a median symptom free interval of
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45.5 months and a recurrence rate of 59% at 5
years. Nearly all patients had recurrence of dis-
ease or symptoms (84% at 5 years and 95% at
10 years). Debulking resulted in a 5- and 10-year
overall survival rate of 61 and 35%, respectively.
There was no difference between symptom con-
trol, recurrence, or survival between pancreatic
and nonpancreatic primary tumors. The authors
compared their results to historical controls
which demonstrated a 5-year overall survival
rate of 30–40% and median survival of
24–48 months. Likewise, similar series confirm
these findings and that positive margins are not
associated with worse recurrence free or overall
survival [55].

A large multiinstitutional review recently
aggregated the experience of eight international
centers and detailed the surgical treatment of 339
patients undergoing debulking for NET [56]. The
disease burden was similar to that published in
previous series with 60% having bilobar disease
requiring hepatic resection (78%), ablation (3%),
or resection and ablation (19%). Incomplete
resection was performed in 19% of patients. In
this group, recurrence at 5 years was nearly
universal at 94%. Median survival was
125 months with 5-year and 10-year overall
survival rates of 74 and 51%, respectively.
Patients with functional tumors and gross nega-
tive resections (R0/R1) derived the most benefit
from surgery. Decreased survival was associated
with synchronous liver metastasis, extrahepatic
disease, and nonfunctional tumors on multivari-
ate analysis.

Other series have attempted to determine
clinical risk factors associated with prognosis. In
patients with expanded indications for surgical
debulking which included extrahepatic disease
and a lower threshold of gross tumor debulking
(70%), age was the only prognostic factor which
correlated to time to liver progression [57].
Median time to liver progression was
71.6 months for the entire cohort. However,
patients less than 50 years of age demonstrated
shorter disease-free interval (39 months) com-
pared to patients older than 50 (median not
reached). Time to progression was not associated
with number of tumors resected, metastasis

grade, type of hepatic resection, thoroughness of
debulking, or the presence of extrahepatic dis-
ease. Five-year disease specific survival was 90%
and liver failure was the sole case of all
disease-related deaths. Survival was also associ-
ated with age with patients younger than
50 years old demonstrating a 5-year survival of
73%; the survival rated in older patients was
97%. Although there may be a biologic basis
driving this finding, the survival difference sug-
gests an inherent selection bias between the
groups or that older patients are more likely to
succumb from non-neoplastic disease compared
to younger patients.

Given the multifocal nature of NET liver
metastasis, formal resection of all disease is
sometime not possible and adjunctive therapies
to resection are sometimes needed. Ablation and
arterial-based therapies are useful in the treat-
ment of these patients. The use of ablation alone
for the treatment of NET metastasis is limited as
multiple ablations at a single setting can be dif-
ficult. There is also an increased risk of incom-
plete ablation for tumors greater than 5 cm. In
series where ablation was performed as an iso-
lated procedure, symptom relief appeared to be
similar to resection with approximately 65% of
patient demonstrating decreased tumor markers
and 75% having subjective improvement in
symptoms [58, 59]. There is no useful survival
data regarding ablation as a sole treatment. The
greatest utility of ablation is as an adjunct to
resection to maximize the effectiveness of
debulking and to avoid resection of unnecessary
parenchyma, which is associated increased peri-
operative morbidity and mortality.

Intra-arterial therapies are frequently used in
the treatment of NET liver metastases. Intra-
arterial treatments include occlusion of the hep-
atic arteries (bland embolization) or embolization
of the hepatic artery with concurrent infusion of
chemotherapy (chemoembolization) or radioac-
tive particles (radioembolization). Radioem-
bolization is beyond the scope of this chapter and
will be included elsewhere. These therapies are
often directed to symptom treatment and usually
reserved for patients who are not candidates for
surgical resection.
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Several series have compared bland
embolization and chemoembolization. In general,
carcinoid tumors demonstrated higher response
rates compared to pancreatic primaries (67% vs.
35%) and significantly higher median survival
(33 months vs. 23 months) [60]. Although the
incidence of toxicity is similar between bland
and chemoembolization, there appears to be little
advantage in chemoembolization over bland
embolization in terms of response rates and
survival [61].

The comparison of treatment modalities is not
well studied. In an effort to determine the optimal
treatment strategy for patient with NET liver
metastases, a large, multi-institutional retrospec-
tive review compared treatment modalities with
patient characteristics. Selection bias was clearly
evident among patient groups as inferior survival
was observed in the embolization group suggest-
ing more advanced disease that was not amenable
to surgery. Propensity scores were used to match
patients across clinicopathologic criteria including
tumor type, bilobar disease, liver tumor involve-
ment, extrahepatic disease, and clinical symptoms.
In this study, surgery was associated with greater
benefit for symptomatic patients with greater than
25% liver involvement compared to intra-arterial
therapy. Median survival was 81 months for sur-
gery compared to 51 months for intra-arterial
therapy. Conversely, there was no advantage for
surgery in asymptomatic patients with less than
25% liver involvement as median survival times
were not statistically significant (16.7 months vs.
18.5 months, respectively) [56].

17.7 Summary

Surgical therapies for hepatic metastases have
been shown to be increasingly safe and effective
therapy, resulting in more frequent and aggres-
sive application of this local approach. An
understanding of underlying disease biology,
comprehensive preoperative staging, and thor-
ough patient risk stratification is necessary to
appropriate select patients for therapy. The indi-
cations for and use of local therapies to treat of

hepatic metastases continue to expand as sys-
temic chemotherapy improves.
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18Radiation Therapy for Liver
Metastases: Clinical Data

Morten Høyer, MD, PhD

18.1 Radiotherapy of Liver
Metastases

Cancer confined to the primary tumor site and to the
locoregional lymph nodes is usually considered
curable when treated with surgery or radiation
therapy. Immunotherapy, i.e. for metastatic mela-
noma may lead to long lasting remission, but in
most cases of widespreadmetastatic cancer in adult
patients, the treatment options are limited to cyto-
toxic therapy with the intention to prolong life for
incurable patients. Hellman and Weichselbaum
suggested that cancer progression is a multistep
process with a state of oligometastases between the
stages of purely localized stage and the stage of
widely metastatic disease [1]. Patients with oligo-
metastatic cancer may potentially be cured or may
obtain long lasting remission if both the primary
cancer and the metastases are treated aggressively.

The European Society for Medical Oncology
(ESMO) consensus guidelines 2016 for manage-
ment of metastatic colorectal cancer ranks SBRT
as equivalent to radiofrequency ablation
(RFA) and other ablation techniques in patients
with inoperable oligometastases and recommends
that the appropriate ablative tool from the “tool-
box” based on patients and cancer-related char-
acteristics should be chosen on the individual

patient [2]. However, most MTDs still consider
radiation therapy for patients where no other local
ablation therapy is possible. The efficacy in terms
of improvement of survival of surgery or other
local ablative therapies of oligometastases has not
been proven and no randomized trial has com-
pared the efficacy of surgery, thermal ablation and
radiation therapy. A matched comparative analy-
sis of 60 patients treated for CRC liver metastases
with either RFA or robotic SBRT showed the
longest disease-free survival in patients treated
with SBRT. However, there was a trend for longer
overall survival in the RFA group, which did not
reach a statistically significant level [3]. Trials
comparing different modalities like surgery or
RFA and radiation succumb to poor accrual. An
example is the RAS study (NCT01233544) ran-
domizing CRC liver metastasis patients between
RFA and SBRT that unfortunately was terminated
because of poor accrual.

Although there is no proven benefit from local
therapy of metastases, there are substantial
numbers of cohort studies supporting that selec-
ted patients may have a favorable prognosis
when the liver metastases are treated locally,
even without receiving systemic therapy.

18.2 Radiotherapy with or Without
Systemic Antineoplastic
Therapy

Delaying the progression of the cancer and
thereby allowing a delay of onset or avoidance of
systemic antineoplastic therapy is often an
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argument for radiation therapy of metastases.
There are no randomized trials evaluating the
effect of systemic therapy in addition to radiation
therapy for liver metastases, but there is also no
evidence for omission of systemic therapy. Two
published randomized trials have explored the
effect of addition of systemic therapy to the
surgical resection of colorectal carcinoma
(CRC) liver metastases. They both found that
chemotherapy improved the progression-free or
disease-free survival [4, 5]. In the largest retro-
spective cohort study of patients treated with
SBRT for metastases both pre- and post-SBRT
chemotherapy was related to improved overall
survival, thus supporting the effect of addition of
systemic therapy [6]. Of 321 oligometastatic
patients included in this analysis, 201 patients
(66%) were treated for liver metastases.

A local therapy such as SBRT may potentially
benefit patients who have more widely dissemi-
nated metastatic cancer that does not necessarily
meet the definition of oligometastasis. By com-
bining locally ablative therapy with systemic
therapy, there is potential to prolong
progression-free survival and overall survival.
A study of 24 patients with non-small cell lung
cancer where erlotinib was combined with con-
solidative SBRT of the detectable metastatic
lesions. This resulted in progression free and
overall survival rates of 15 and 20 months,
respectively, in patients who had failed platinum-
based chemotherapy with no more than six
metastases [7]. EGFR mutation was not part of
the routine work-up for this study and none of 13
patients in whom the analysis was done had an
EGFR mutation. The outcome of this study is
better than expected when compared to similar
patient cohorts treated with erlotinib alone.
Consolidative local ablation combined with sys-
temic antineoplastic therapy for metastatic can-
cer, as well as local therapy for metastatic
oligoprogression where remaining metastatic
lesions are controlled by systemic therapy may
be important areas for future clinical research.

The addition of chemotherapy to whole-liver
radiation therapy (WLRT) has been explored in
the past. Most often, fluoro-deoxyuridine or
5-fluorouracil was used to enhance the response

rates. No modern chemotherapy regimens have
been tested together with WLRT. Chemothera-
peutic drugs did not seem to improve the objec-
tive or symptomatic responses when comparing
to studies where WLRT was given alone [8–11].

18.3 Pattern of Practice
in Radiation Therapy for Liver
Metastases

With steadily improving systemic therapies, we
expect to see an increasing number of patients
with oligometastases to the liver [12]. A sub-
stantial proportion may be eligible for radiation
therapy. A large survey on the use of SBRT
targeting individual radiation oncologists had
1007 responses [13]. It showed a marked
increase in the use of SBRT for metastases.
Sixty-one percent used SBRT for treatment of
patients with 1–3 metastases; 75% for treatment
of metastases to the liver. In a survey targeting
centers with an active program on radiation
therapy for metastases, 69 of 80 responders
(86%) treated metastases to the liver with radia-
tion therapy [14]. Fifty had an active liver SBRT
program. Fewer used WLRT for palliation of
liver metastasis related symptoms. Thirty-two
responders (40%) treated more than five patients
with WLRT per year.

18.4 3-D Conformal X-Ray Therapy

The Ann Arbor group treated 22 patients with
CRC liver metastases with conventional 3-D
conformal radiation therapy (CRT) and concomi-
tant intra-arterial hepatic chemotherapy
(fluoro-deoxyuridine). With total doses of 48–
73 Gy in 1.5–1.65 Gy given twice a day, the
response rate was 50%. However, only 25% of the
patients were without hepatic progression within
1 year [15]. In a risk-adapted NTCP-based
dose-escalation study from the Ann Arbor on
CRTof primary and secondary liver cancer using a
median total dose of 60.75 Gy (range, 40–90 Gy),
1.5 Gy twice daily and concomitant fluoro-
deoxyuridine, the response rate for CRC patients
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was 60% [16, 17]. The patients included in this
study had a large tumor burden with median tumor
size of 10 � 10 � 8 cm. The median survival
time for these patients was 17 months and radia-
tion dose above 60.75 Gy was associated with
favorable survival for the entire study group.

In general, response rates after CRT are high,
but local control rates are lower than what is seen
after the high-dose-per-fraction and high total
dose radiation therapy associated with SBRT.
However, CRT studies are not directly compa-
rable to SBRT studies, as patient selection is
different, generally including larger metastases in
CRT cohorts. CRT, with the possibility of inte-
gration of IGRT and IMRT, is most useful in
selected cases where SBRT is not possible, e.g.,
when the target is close to the bowel.

18.5 Stereotactic Body Radiation
Therapy

SBRT was developed on the principles of
stereotactic brain radiosurgery, and initial
attempts were performed using a fixed body
frame for patient immobilization and with image
guidance primarily based on simple
mega-voltage portal imaging to deliver 1–6 large
fractions of radiation to a malignant tumor out-
side the brain. The first paper on clinical results
of SBRT was published by a research group from
the Karolinska Institute, Stockholm in 1995 [18]
and since then the technique has evolved dra-
matically and it is now one of the important
cornerstones in modern radiation oncology.

The early publication from Stockholm repor-
ted a local control rate of treated tumors that was
much higher than expected, but a large number
of publications confirm the high probability of
local control after hypofractionated radiotherapy
with high biological equivalent doses. Table 18.1
gives the results of the prospective and the lar-
gest retrospective cohort studies in SBRT for
liver metastases [6, 19–31]. Most reports of local
control rates are in the range 80–100%. A few
studies report lower local control rates, i.e., the
study by de Vin with a local control of 33%. This
study included patients with a broad range of

metastasis sites with liver metastases accounting
for only 25% of the cases.

A number of studies have reported a
dose-response effect with higher local control
probability with the use of high biological equiv-
alent doses [6, 21, 27, 28]. In a pooled analysis
from three North-American centers, the actuarial
local control rates were 86 and 42% at 1-year with
doses of above and below BED10Gy of 75 Gy,
respectively [27]. In the study from Denmark, the
overall 2 years local recurrence rate was 13% and
the rate was considerably reduced with BED10Gy

over 100 Gy (hazard ratio 0.34) [6].
It has been claimed that liver metastases may

be radio-resistant compared to metastases at
other sites. The control rate of metastases is often
lower in liver compared to lung, but it is unclear
whether this relates to differences in radiosensi-
tivity or to differences in radiation techniques.
Lower control rates for CRC metastases were
found is some studies [27, 32], but not in others
[6, 21]. In the Danish study, the local relapse
probability for metastases was higher in the liver
compared to other sites, possibly explained by
differences in radiosensitivity or by poorer
imaging for target contouring of metastases to the
liver compared to other sites [6].

Currently, there is no randomized phase III
data to support the efficacy of SBRT for liver
metastases, although a British randomized phase
III trial (CORE) is expected to start recruiting
patents with breast cancer oligometastases to
conventional (systemic) therapy versus the same
therapy plus SBRT for the detectable metastases
(NCT02759783). The survival of patients in
nonrandomized SBRT-studies depends in part on
how well they are selected. However, studies of
large cohorts of patients with metastatic cancer
treated with SBRT have reported favorable sur-
vival rates even in negatively selected patients
who were not eligible for surgery or radiofre-
quency ablation (Table 18.1).

Milano et al. found that patients with meta-
static breast cancer to the liver and other sites of
the body had a favorable survival compared to
patients with metastatic cancer of other origin
[33]. Fode et al. found a median overall survival
of 6.1 year for breast cancer patients [6]. Due to
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the low number of patients, the survival of breast
cancer patients in the Fode study was not statis-
tically different from other patients’ survival.
Katz et al. did not find the histological type
influenced survival of the patients [20]. It seems
obvious that some cancer types have a more
indolent and less aggressive clinical appearance
and for some cancer types there are several lines
of systemic antineoplastic therapies that may
affect the survival. Lack of differences in survival
between tumor types may be a result of the
patient selection.

Because of the limited knowledge on prog-
nostic factors related to SBRT of patients with
liver metastases, there is no consensus on the
criteria to select patients. There is therefore
considerable heterogeneity in patient and cancer
characteristics among the published studies. Only
few studies have patients numbers that are suf-
ficient for assessment of prognostic factors.
Cumulative GTV smaller than 3 cm was related
to long overall survival in a study of patients with
lung and liver metastases [28]. A large retro-
spective cohort study of patients primarily with
liver metastases, but also some with lung and
other metastatic sites, found that WHO perfor-
mance status 0–1, solitary metastasis, size of
largest metastasis under 3 cm, metachronous
metastasis and pre-SBRT chemotherapy were
related to favorable survival in a multivariate
analysis [6].

SBRT of liver tumors is generally tolerated
well. However, the esophagus, the stomach, the
duodenum, and the large bowel should be con-
sidered in the selection of patients and in the
treatment planning process because of their lim-
ited tolerance to radiation and the risk of severe
adverse effects when they are exposed to large
radiation doses. The liver tolerates large doses to
relatively large volumes as long as a sufficient
volume of liver is spared. Gastritis, gastric- or
intestinal ulceration, chronic skin reaction, rib
fracture, and hepatic failure seldom occur as late
effects after SBRT for liver metastases [6].

There is growing use of SBRT for treatment
of liver metastases. The results of prospective
phase I/II trials and retrospective cohort studies

are encouraging, but we are still missing high
level evidence to prove its efficacy.

18.6 Particle Therapy with Protons
and Carbon Ions

Due to their physical properties, protons and
heavier ions have considerable potential in radi-
ation therapy for primary and secondary liver
tumors. The sparing is most prominent in vol-
umes of normal tissue receiving the
low-to-intermediate radiation dose. Because of
the relatively low radiation tolerance of the liver,
liver cancer patients are obvious candidates for
particle therapy, especially if issues related to
interplay effects and immature image guidance
can be managed. A treatment planning study
compared intensity modulated proton therapy
(IMPT) and photons based intensity modulated
radiation therapy (IMRT) in stereotactic body
radiation therapy (SBRT) for liver tumors [34].
The study used a dose escalation risk-adapted
prescription policy where the highest possible
tumor dose was applied, provided that dose
volume constraints to organs at risk were met. In
10 patients tested, there was sparing of normal
liver tissue with protons compared to photons.
With the highest dose level, the median V15Gy

was reduced by 32% with use of IMPT. Nine of
10 cases could be treated at the highest dose level
using IMPT whereas only two cases met this
constraint at the highest dose level and six at the
lowest dose level with use of IMRT. Other
treatment planning studies report similar positive
findings [35].

There are a number of published studies on
proton and carbon-ion therapy of hepatocellular
carcinoma (see Chap. 14). The particle therapy
experience in treatment of metastases is limited
to few case-reports and it does not allow for
conclusions on the efficacy in treatment of
oligometastases. Fortunately, a dose escalation
study giving 3 � 12–20 Gy by use of passive
scattering protons is actively recruiting patients
with liver metastases at Loma Linda University
(NCT01697371).
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18.7 Radioembolization

Radioembolization or selective internal radiation
therapy (SIRT) involves intra-hepatic adminis-
tration of microspheres containing Yttrium-90
(90Y). The primary aims of radioembolization are
to delay cancer progression and to improve sur-
vival. Studies of radioembolization without sys-
temic antineoplastic therapy showed response
rates of 35–75% in patients with CRC liver
metastases (Table 18.2). When combined with
systemic chemotherapy, the overall response
rates increased to 76–91% [36, 37]. Two small
randomized trials compared the combination of
radioembolization and chemotherapy to
chemotherapy alone in patients with CRC liver
metastases [38, 39]. They both found improved
response rates and progression-free survival and
one study found improved survival in the SIRT
arm. The large SIRFLOX study randomized 530
patients with mCRC liver-predominant disease
referred for first-line chemotherapy between
FOLFOX (±bevacizumab) chemotherapy and
SIRT versus FOLFOX alone [40]. In this
well-powered study the two arms had similar
progression-free survival, but SIRT considerably
delayed the progression in the liver by almost
8 months. Results of a similar multicenter study,
the randomized FOXFIRE study, are also awai-
ted [41].

In cohort studies of neuroendocrine tumors,
radioembolization resulted in favorable response
rates of 63–90% [42, 43]. Both of these studies
report favorable median survival for this patient
group.

Relatively common adverse effects are flu-like
symptoms, moderate pain, gastro-intestinal
symptoms, and neutropenia, whereas complica-
tions such as radiation induced liver disease
(RILD), radiation cholangitis, vascular injury,
infection/liver abscess, radiation pneumonitis, and
gastric perforation occur less frequently. Grade
III–IV toxicities in terms of intestinal ulceration,
neutropenia, and transient hepatotoxicity were
observed in a phase I study of combined
radioembolization and FOLFOX chemotherapy in
patients with CRC liver metastases [44].

18.8 Interstitial Brachytherapy
for Liver Metastases

CT-guided interstitial brachytherapy with inser-
tion of needles and use of afterloading technique
with Iridium-192 has been used in highly spe-
cialized centers as a salvage of patients with liver
tumors who are unsuitable for RFA and SBRT.
Catheters are inserted to achieve target doses of
20 Gy or higher. There are reports of cohort
studies describing successful control of even
very large liver tumors over 10 cm in diameter
and with doses exceeding 20 Gy the local control
rates most often exceeds 70–90% [45].

The 2-year local control rate was 81% in a
retrospective cohort study of 80 patients with 179
inoperable colorectal liver metastases treated
with interstitial brachytherapy [46]. Local pro-
gression was significantly related to the size of
the metastasis with control rates of 87 and 59%
for lesions smaller than or larger than 40 mm,
respectively. The survival rate at 3 years after
treatment for liver metastases was 41%. In a
phase II study of 41 patients with metastatic
breast cancer, the local control was 87% and
overall survival 60% 2 years after interstitial
brachytherapy for liver metastases [47].

Metastases in the hilum of the liver has been
considered a relative contraindication for
brachytherapy, but a recent publication describes
the successful ablation of metastases with a dis-
tance of less than 5 mm to the common bile duct or
hepatic bifurcationwith only 4 of 34 (12%) lesions
recurring after CT-guided brachytherapy [48].

A matched pair-analysis of patients (18
patients with 36 liver metastases) who had
received interstitial laser therapy or brachyther-
apy for metastases smaller than 50 mm in
diameter concluded that brachytherapy was
associated to a higher local control probability
compared to laser therapy [49].

With the purpose of improving local control
in the liver, interesting approaches include the
combination of brachytherapy with either hepatic
artery infusion of chemotherapy or laser induced
thermotherapy. The combination of regional
hepatic artery chemotherapy and brachytherapy
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in CRC liver metastases tested in a phase II study
resulted in local control and overall survival rates
that are similar to those observed after
brachytherapy alone and the sequence between
the two treatments did not influence the results
[50]. The combination of laser therapy and
brachytherapy in a phase I–II study resulted in a
local control rate comparable to the rate observed
after brachytherapy alone. However, the two
groups of patients who received or did not
receive laser therapy were not identical [51].

Major complications are rare, but liver failure,
ulceration of the stomach and duodenum,
bleeding in the liver or thoracic wall have been
observed after 5% of the procedures and pleural
effusion and risible pain and nausea may rela-
tively frequently occur after brachytherapy of the
liver [47].

Brachytherapy is a highly efficient ablation
therapy for liver metastases. Local control rates
are in the range of 70–90%, but severe compli-
cations may occur and brachytherapy should be
limited to experienced centers.

18.9 Low-Dose Whole-Liver
Radiation Therapy

Low-dose whole-liver radiation therapy (WLRT)
may be used for palliation for patients with
incurable primary or secondary liver cancer with
the primary focus on reducing pain and other
cancer-related symptoms (Fig. 18.1). Pain relief
ranges from 55 to 80% in studies using WLRT
alone [8, 52–56]. The relatively low radiation
tolerance of the liver is the main reason for the
relatively sparse use of WLRT. However, WLRT
seems to be safe with less than 5% risk of radi-
ation induced liver disease (RILD) as long as
total ED2Gy to the whole liver is kept below
33 Gy and in most of cases RILD resolves within
1–2 months [57]. Early on, the focus of WLRT
was on improvement of disease control and
overall survival with intensifying radiation dose
and combining with systemic therapy. However,
most patients treated with WLRT are end-stage
cancer patients with short survival expectation

and no other effective treatment options avail-
able. The relevant endpoints to report nowadays
are therefore symptom relief and quality of life.

The Radiation Therapy Oncology Group
(RTOG) pilot study used dose-fractionation
schedules ranging from 21 to 30 Gy in 7–19
fractions to treat 109 patients [53]. Response in
terms of partial or complete symptom control
was observed for abdominal pain, nausea and
vomiting, ascites, anorexia, abdominal disten-
sion, jaundice, and night sweats/fever, with
complete response rates for individual symptoms
up to 34% and improvement in performance
status in 25% of the patients. Leibel et al. found
an 80% response rate for pain (complete in 54%)
and improved performance status in 28% [8].
Pain relief occurred quickly and had a median
duration of 13 weeks.

Systemic or regional chemotherapy with
fluoro-deoxyuridine or 5-fluorouracil used in
addition to WLRT did not improve the objective
or symptomatic responses when tested in ran-
domized clinical trials [8–11].

Most experience on WLRT is based on
normo- or hyperfractionation, but a prospective
Australian study used a hypofractionated pallia-
tive schedule of 2 � 5 Gy in two consecutive
days in a cohort of 28 patients [52]. At 2 months
after treatment, 53–66% of individual symptoms
present at base-line improved. Pain relief was
observed in 65% at 2 weeks and 53% of the
patients surviving at 10 weeks still recorded a
pain response. A newly published Canadian
phase II study using a single fraction WLRT
schedule of 8 Gy to the tumor-bearing part
(majority) of the liver or the whole liver was
performed on 41 patients of whom 20 had
metastases and 21 had primary liver cancer [57].
The patients were also examined with the
EORTC QLQ-C30 and FACT-hep quality of life
and symptom scores. On average, 48% experi-
enced improvement in cancer-related symptoms
at 1-month post treatment. Pain was the most
frequent base-line symptom and it improved in
26% of the patients, insomnia improved in 50%
and nausea and vomiting in 26%. In 26% of the
patients, overall global health also improved.
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With an increasing number of systemic thera-
pies available for patients with metastatic cancer,
the need for palliative WLRT is declining. How-
ever, we consider WLRT as an option for patients
suffering with symptoms from liver metastases
and it is considerably underused. Clinical studies
have shown considerable palliative effect after
low-dose palliative WLRT, with pain relief in 26–
80% of the patients and improvement of quality of
life in a proportion of the patients.
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19.1 Introduction

Liver malignancy is the epitome of complexity
and thus represents the sine qua non for multi-
disciplinary care. Optimal outcomes demand the
coordinated involvement of numerous specialties
including interventional radiology, hepatology,
liver transplant surgery, surgical oncology,
medical oncology, and radiation oncology as
well as supportive services. Multidisciplinary
management is becoming more widely utilized in
many healthcare centers today, as the focus of
health care is developing into a more
patient-centered approach, in which a patient’s
treatment plan is customized for them. The
patient-centered approach is recognized as a
quality measure in health care because of the
proven benefit in terms of communication and

coordination of care. Most importantly, the
patient experience is improved, but there are
many downstream effects, including better rela-
tionships among providers and improved adher-
ence to treatment plans [1–5].

The multidisciplinary concept for patients
with cancer has been established for decades,
where historically, the primary focus has been
discussion of a patient’s diagnosis and treatment
to date, with the goal of establishing a unified
plan from a panel of specialists. This approach,
however, is often presented in an ad hoc tumor
board-type setting in which the onus is on the
individual specialty providers to select cases for
discussion and the information may or may not
be relayed to the patient. This scenario has often
resulted in fragmented and biased patient care, as
well as a lack of communication between pro-
viders and with patients.

A modern, more formalized approach is a
clinic and conference combination in real time.
The patient is fully evaluated over a one- or
two-day period. In this model, all necessary
radiographic and/or laboratory testing and history
and physical examination are completed in a half
day and then presented to the multidisciplinary
team. After presentation and discussion in con-
ference, patients are seen by the providers to
discuss treatment options and recommendations.
Often, these patients then have group consulta-
tions by a team of support services. Support
services include registered dieticians, social
workers, smoking cessation specialists, financial
counselors, integrative medicine specialists, and
genetic counselors [1].
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19.2 Benefits to Patients, Providers,
and Hospital/Institution

The multidisciplinary approach for patients with
malignancies has been shown to be beneficial to
both patients and providers, as well as the insti-
tution [2–5].

19.2.1 Benefits to Patients

Patients benefit considerably from a multidisci-
plinary approach. The one- or two-day stream-
lined model is appreciated by all patients but
especially those traveling long distances who
otherwise would have had to make several trips
for consultations with various providers. Often,
there is a change in diagnosis or stage and/or
detection of other abnormalities on review of
radiographic imaging or pathology, sometimes
also resulting in alteration of treatment recom-
mendations previously offered from another
facility. By combining provider visits, patients
are only charged one facility fee, limiting costs
otherwise associated with multiple clinic visits to
various specialists. Documentation of the multi-
disciplinary conference recommendations and
treatment plan is done in the electronic medical
record (EMR), which often does not happen in a
traditional tumor board setting, and if it does, it
has the potential for bias. EMRs are becoming
more readily available to view throughout mul-
tiple healthcare systems, and this is especially
helpful to community providers who refer to
larger facilities for treatment advice. The multi-
disciplinary model has been shown to increase
accuracy of initial staging and also has been
associated with improved survival for some
cancers [1, 3, 6, 7]. Discussion of a patient’s
initial treatment plan may avoid certain setbacks,
such as procedures which may exclude future
treatment options. An example of this is
percutaneous biliary drain placement disqualify-
ing subsequent liver transplant at some
institutions.

19.2.2 Benefits to Providers

Providers also benefit greatly from a multidis-
ciplinary model. One of the most important
items to note is that providers have a designated
period for discussion, as this is often not the
case during conventional consultations. When
discussing a patient’s case with different spe-
cialists in the same setting, there is improved
communication and a better understanding of
selection criteria for the vast array of
liver-directed and systemic therapy options.
Additionally, having a designated coordinator
benefits referring providers because there is a
consistent point of contact to relay the multi-
disciplinary team recommendations. It is our
policy to bring all new liver tumor cases
through the liver multidisciplinary clinic which
minimizes physician bias in the treatment plan
and often provides more than one option for the
patient. The dynamic real time discussion
between specialists confers learning opportuni-
ties for all, especially students, residents, and
those in fellowship training [8]. For providers
practicing in remote and rural settings, discus-
sion of patients with cancer enhances imple-
mentation of multidisciplinary management [9].

In the one- or two-day model described earlier,
the patient’s clinical workup is completed that day
(if not otherwise prior to the appointment), and
therefore, the providers have all the information
necessary to make treatment recommendations.
Many multidisciplinary conferences offer contin-
uingmedical education (CME) credits, which is an
added benefit to providers [1].

By having such an efficient model for care,
there is also the potential to free up time for
specialists to see more patients and/or be more
productive with research.

19.2.3 Benefits to the Program

During the multidisciplinary evaluation, several
treatment options are discussed for each patient.
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One major benefit to the multidisciplinary pro-
gram is including research coordinators in the
discussion of each patient’s plan for screening
and participation into clinical trials. Starting a
new program is also a good opportunity to start a
database to track metrics such as growth (clinical
or procedural), demographic information, referral
sources, and items that may be used for research
purposes, such as change in diagnosis and/or
change in treatment recommendations.

19.2.4 Benefits to the Hospital/
Institution

There are many benefits to the hospital or insti-
tution in supporting multidisciplinary programs.
Patients brought through the multidisciplinary
clinic often undergo review of outside pathology
and additional radiographic testing, either for
restaging after treatment or to establish a diag-
nosis. These both result in significant down-
stream revenue for the hospital.

19.3 Key Components to Successful
Multidisciplinary Care

There are some key elements that are important
for maintaining a successful multidisciplinary
program. What follows is an approach we have
implemented at the University of Colorado:

• Buy-in from Administration and Physicians:
Early on, it is important to establish com-
mitment from participating providers, as they
are vital to the success of the multidisci-
plinary program. A delegate from each spe-
cialty should participate each week, and by
having a rotating schedule, it is not overly
onerous for an individual provider. By having
all disciplines represented, patients are guar-
anteed to get a comprehensive evaluation and
personalized recommendations. Having hos-
pital administration buy-in is also essential to
the success of the multidisciplinary program,
as they determine the hospital resources and
funding. Salary support for the program

coordinator and provision of food is essential
in our experience.

• Designated Program Coordinator: Hiring a
designated coordinator to run the multidisci-
plinary clinic is one of the most important
factors in running a successful program. The
coordinator ideally is an Advanced Practice
Provider (APP) (Nurse Practitioner (NP) or
Physician Assistant (PA)) who has the edu-
cation and medical background to effectively
screen and triage patients to determine whe-
ther a patient is appropriate to bring through a
multidisciplinary program. APPs can deter-
mine whether further workup is needed prior
to review by the multidisciplinary team, and
this can be scheduled during the same MD
evaluation. This provides the most efficient
care from the perspective of the patient as
well as providers. By reviewing outside
records ahead of time, redundant testing is
avoided. Having a designated coordinator as a
main point of contact is beneficial for patients
who have a hard time navigating the health-
care system. This is also useful for referring
providers and for maintaining communication
during treatment.

• Scheduling logistics: Figuring out scheduling
logistics for the multidisciplinary program is
essential prior to the clinic starting. Estab-
lishing the day, time, and location of the
conference early on will help participating
providers clear their schedules so they can
fully participate and avoid the frustration that
comes with having to be several places at the
same time. The schedule the patients follow
on the day of the clinic will differ based on
the particular disease, but a thoughtful
workflow must be configured. Two examples
of clinics with differing scheduling needs are
as follows:
– Pancreas and Biliary Multidisciplinary

Clinic: This is a good example of a
one-day clinic visit. Patients undergo
necessary diagnostic radiographic and
laboratory testing first thing in the morn-
ing, followed by a history and physical
examination and meeting with support
services. The patient is presented at the
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multidisciplinary conference and then
meets with all of the specialists who might
be involved in their care.

– Esophageal and Gastric Multidisciplinary
Clinic: Most patients with esophageal
malignancies routinely need an endo-
scopic ultrasound (EUS) to determine
cancer staging. In this circumstance, it
makes sense for a two-day clinic, as the
patients require sedation for the proce-
dure. On the first day, the patient under-
goes necessary radiographic/laboratory
testing, history and physical examination,
and EUS. The multidisciplinary confer-
ence is held early on the second day, and
the patients then have a consultation with
all the providers who will be involved in
their care.

In order to have these clinics run efficiently
each week, it is important for all of the partici-
pating departments—for example, in the above
examples—radiology, laboratory, clinic area, and
endoscopy, to understand how the flow of the day
for the patient will be. It is especially helpful to
reserve “slots” in radiology to guarantee avail-
ability so that the program coordinators can
quickly add on a last-minute patient should they
need to. Creating a patient flow template is useful
to help prevent scheduling confusion. One exam-
ple used at our institution is shown in Table 19.1.

• Weekly Handout: The coordinator should
develop a handout that lists each patient to be

discussed and seen that day. A detailed
description of the patient’s clinical course to
date should be included, such as pertinent
past medical and surgical history, radiology,
laboratory, endoscopy, and pathology reports.
This handout is helpful for the multidisci-
plinary providers to refer to when a patient is
being presented in conference. Emailing the
handout the day before the conference may
also be especially helpful to the pathologists
and radiologists scheduled to host the multi-
disciplinary conference so that they may
prepare ahead of time.

• Marketing: As mentioned earlier, an aggressive
marketing campaign can help attract patients to
the healthcare facility promoting the multidis-
ciplinary clinic. A strong Webpage presence is
important, as more patients today are utilizing
the Internet to determine where to undergo
treatment of their disease. TheWebpage should
clearly list themultidisciplinary coordinator and
a contact phone number as this makes it much
simpler for patients to navigate the healthcare
system. If the healthcare facility specializes in
the treatment of that disease with specialty ser-
vices, such as robotic or laparoscopic approa-
ches, and endoscopy procedures such as
endoscopic mucosal resections (EMR), inter-
ventional radiology procedures, or localized
radiation therapy, this should be advertised as
well. Emphasizing that the patients are evalu-
ated by multiple providers over a one- or
two-day visit is essential on all marketing tools
for the multidisciplinary program.

Table 19.1 Patient flow template

Time Patient 1 Patient 2 Patient 3 Patient 4 Patient 5 Patient 6

7:30–11:30 CT: 07:30
Check-In
08:00 Scan

CT: 07:50
Check-In
08:20 Scan

Lab: 07:30 Lab: 08:00 Lab: 08:15 Lab: 08:30

H&P: 08:30 H&P: 09:00 CT: 08:10
Check-In
08:40 Scan

CT: 08:30
Check-In
09:00 Scan

CT: 08:50
Check-In
09:20 Scan

CT: 09:10
Check-In
09:40 Scan

Lab: 10:00 Lab: 10:00 H&P: 09:00 H&P: 10:00 H&P: 103:0 H&P: 10:30

11:30–12:00 Consultation with support services

12:00–13:00 Patient lunch/multidisciplinary conference

13:00–16:00 Consultation with specialists
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• Community Outreach: Physicians promoting
the multidisciplinary programs should be
encouraged to take part in presentations or
outreach discussions with prospective referring
physicians and practice groups. Participation in
local or national support group events helps
promote recognition of the multidisciplinary
program within the community and/or region.

• Data Collection: The initiation of a program
is an excellent opportunity to collect data for
future research, such as volume growth, clinic
visits, surgeries, and procedures. Metrics
frequently noted to increase with implemen-
tation of a multidisciplinary program are
change in diagnosis and change in treatment
recommendations from outside institutions;
therefore, this information should be docu-
mented as well.

19.4 Review of Literature

Presently, there is limited available literature
regarding the multidisciplinary approach for liver
tumors. One such report by Park et al. for unre-
sectable hepatocellular carcinoma (HCC) de-
scribes a lack of scientific evidence for
multidisciplinary management. Ward and col-
leagues, however, reported the importance of a
multidisciplinary approach in treating patients
with liver lesions, most often HCC, cholangio-
carcinoma, or colorectal cancer metastasis as
they found this to be the best method in both the
preoperative and postoperative setting. Similarly,
Venkatesh et al. concluded that patients with
liver masses require multidisciplinary collabora-
tion for efficient characterization and manage-
ment. Jacobson reports that evidence comparing
cancer care delivered in a multidisciplinary ver-
sus traditional settings is scant; however,
unsupported benefits include having the ability to
make a more accurate evaluation of patient
information, greater standardization, and adher-
ence to evidence-based care and improved cancer
outcomes. Yopp et al. also support the multi-
disciplinary approach for HCC patients. They
found that patients evaluated in their HCC

multidisciplinary clinic had a median survival of
13.2 months compared to 4.8 months noted in
patients prior to MDC establishment [7, 10–13].

When looking at other disease types, there are
some publications noting the impact multidisci-
plinary programs have had on change in initial
diagnosis, as review from a multidisciplinary
team can find discrepancies during radiology,
endoscopy, and/or pathology review of disease
type and/or cancer staging. Also noted in the
literature is finding a change in outside treatment
recommendations, which can include decision
for surgical resectability, radiation therapy,
interventional radiology procedures, chemother-
apy options, and eligibility into clinical trials [14,
15].

At the University of Colorado Hospital, we
found that 27% of patients evaluated in a multi-
disciplinary program for gastrointestinal
(GI) cancers had a change in diagnosis. This
includes a radiographic or endoscopic change
resulting in a stage change, a radiographic
change resulting in a change in clinical diagnosis,
and/or a change in pathology diagnosis. This
group also reported a 28% change in treatment
recommendation from outside providers in
patients participating in their GI multidisciplinary
clinics [16]. van Hagen et al. report a 34.5%
change in treatment recommendation for patients
with GI malignancies participating in their mul-
tidisciplinary program. Schmidt et al. describe a
26% change in treatment recommendation for
esophageal cancer patients and a 40% change in
treatment recommendation for lung cancer
patients reviewed in their multidisciplinary
clinic. Pawlik et al. found a 24% change in rec-
ommended management based on evaluation
from the multidisciplinary team on patients with
pancreatic cancer [17–19].

In other studies looking at the benefit of
multidisciplinary care of patients, Bumm et al.
found that treatment recommendations from the
multidisciplinary team for patients with esopha-
geal cancer were put into practice more than 95%
of the time. Gardner et al. observed improved
patient access to consultations and shorter time to
initial treatment with the establishment of a
multidisciplinary program for patients with
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pancreatic adenocarcinoma undergoing neoadju-
vant therapy. Litton et al. noted that 98% of
patients participating in their breast multidisci-
plinary clinic rated their overall experience as
“excellent” and that physicians also credited
improved communications and increased effi-
ciency in this approach. Wilson et al. stated that
implementation of a multidisciplinary team
increased the number of patients reviewed and
the proportion reviewed within 2 weeks of
diagnosis [20–23].

19.5 Case Report

As described above, there are many benefits of a
multidisciplinary approach for patients who
require multimodality therapy. At the University
of Colorado Hospital, the Liver and Neuroen-
docrine Tumor (NET) Multidisciplinary Clinic
(Liver MDC) sees complex patients with diag-
noses such as HCC, metastatic tumors to the
liver, liver metastasis with unknown primary
cancer, neuroendocrine carcinomas, and cholan-
giocarcinomas. The majority of these patients
come through the multidisciplinary clinic more
than once for restaging evaluation after each
treatment. Here is an example of a patient seen
through Liver MDC:

Patient presentation

61 y/o female with a history of hypothy-
roidism and BRCA2 carrier, who presented to
her local ER with acute onset right sided
abdominal pain and increasing fatigue. Past sur-
gical history negative, former 10 pack year
smoking history. Physical examination was
unremarkable. Laboratory results noted an ele-
vated Alk Phos at 145 U/L.

Patient workup

• August 16, 2015 Abdominal Ultrasound:
heterogeneous echotexture of the right hepatic
lobe, raising the possibility of large hepatic
mass.

• August 16, 2015 CT: 13.5 � 12.2 � 7.8 cm
heterogeneously enhancing mass identified

within the liver. The mass involves the ante-
rior segment of the right lobe and the medial
segment of the left lobe. No evidence of
metastatic disease.

• August 20, 2015 Liver Multidisciplinary
Clinic evaluation: Abnormal laboratory
results: Alk Phos 323 U/L and CA 19-9
1171.6 u/mL. Other tumor markers included
AFP of 5.3 ng/mL and CEA 0.9 ng/mL.
Multidisciplinary team felt she was not a sur-
gical candidate due to bilobar disease and
recommended initiating treatment with
chemotherapy. She was referred for IR-guided
liver biopsy to confirm tissue diagnosis.

• August 31, 2016 IR-guided liver biopsy
• Pathology: Adenocarcinoma consistent with

pancreaticobiliary primary. Immuno-
hisotchemical studies show strong positive
expression for CK7 and CK19, weakly posi-
tive expression for CK20, and negative
expression for CDX2 and HepPar, which
supports clinical impression of adenocarci-
noma of pancreaticobiliary origin.

• September 10, 2016 port placed

Patient treatment

• September 17, 2015 Neoadjuvant therapy
initiated: gemcitabine and cisplatin (day 1, 8
every 21 days). Cycle 2 started 10/15/15.
Cycle 3 started 11/5/15. Tolerated well with
some fatigue and nausea.

• November 11, 2015 CA 19-9: 899.0 u/mL
• November 19, 2015 CT: slightly decreased

size and enhancement of infiltrative mass
consistent with intrahepatic cholangiocarci-
noma, now measuring 11.8 � 7.3 cm. Mass
involves segments 1, 4, 5, 6, 8 and possibly
segment 3. Pulmonary thromboembolic dis-
ease within segmental right lower lobe pul-
monary arteries.

• November 19, 2015 Liver Multidisciplinary
Clinic evaluation: Multidisciplinary team felt
she was still not a surgical candidate. Rec-
ommended continuing with cycle 4 of gem-
citabine and cisplatin and then pursue
treatment with localized therapy. Patient met
with medical oncology, radiation oncology,
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and interventional radiology and was pre-
sented with localized therapy options includ-
ing chemoradiation versus selective internal
radiation embolization (SIRT). Given the size
of the lesion, we felt SIRT with Yttrium-90
would give her the best benefit. Lovenox
initiated.

• December 2, 2015 CA 19-9: 678 u/mL
• December 3, 2015 cycle 4 started: Gemc-

itabine and cisplatin
• December 21, 2015 Nuclear Medicine

Hepatic Artery Perfusion Scan: The percent
of shunting from the liver to the lungs is 3.7%

• January 5, 2016 SIRT with Yttrium-90 to
right lobe: Target volume 482 cc right pos-
terior segments 6/7; 351 cc right anterior
segments 5/8, and target dose 120 Gy

• January 3, 2016 SIRT with Yttrium-90 to
left lobe: Target volume 786 cc and target
dose 120 Gy

• March 10, 2016 CT: Mild decrease in size
and enhancement of large intrahepatic mass,
measuring 11.1 � 6.2 cm. Arterial enhancing
normal size portacaval node, suspicious for
metastasis.

• May 12, 2016 CT: Mild decrease in size and
enhancement of large intrahepatic mass, now
10.3 � 6.0 cm, likely representing therapeu-
tic response. Unchanged atypical arterial
enhancing normal size portacaval node
requires continued attention of follow-up.

• May 12, 2016 Liver Multidisciplinary
Clinic evaluation: Patient continues to not
be a surgical candidate. Multidisciplinary
recommendation was to follow up with
interventional radiology for radiation seg-
mentectomy and referral to hepatology for
formal transplant evaluation (for live donor
transplant).

During the course of this patient’s treatment,
she was evaluated and seen by surgical oncology,
medical oncology, radiation oncology, and
interventional radiology. Having her come
through the multidisciplinary clinic proved to be
the most efficient way to coordinate her care.

19.6 Conclusion

Patients with complex malignancies are now rou-
tinely being diagnosed and treated by a multidis-
ciplinary team consisting of surgeons, medical
oncologists, radiation oncologists, gastroenterol-
ogists, and interventional radiologists. The multi-
disciplinary approach to care has been shown to be
beneficial for both patients and providers and
should be utilized whenever possible to allow
patients themost comprehensive evaluation from a
team of specialists for their disease.
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BED Biologically effective dose
GTV Gross tumor volume
TACE Transarterial chemoembolization
TARE Transarterial radioembolization
SIRT Selective Internal Radiation Therapy
PFS Progression-free survival
VTR Virtual Tumor Resection
RFA Radiofrequency Ablation

20.1 Introduction

The future of radiotherapy (RT) for liver tumors
requires innovative technologies that expand RT
applications, ultimately with validation in
practice-changing clinical trials. Over the last
30 years, a strong foundation built on advanced
imaging and computerized techniques has been
developed to support a new role for RT in the
treatment of patients with limited hepatic
metastases as well as primary hepatocellular
(HCC) and intrahepatic cholangiocarcinoma
(IHCC), evolving from whole liver radiation to
high dose partial liver radiation to stereotactic
body radiation therapy (SBRT) [1, 2]. Indeed, at
present, these advances have expanded the tumor
ablation portfolio beyond the treatments offered
by interventional radiologists and surgical
oncologists such that small tumors can now be
successfully ablated with stereotactic ablative
radiation therapy (SABR) [3–8]. Yet, despite the
tremendous progress demonstrating the safety
and efficacy of radiation to the liver, significant
questions still revolve around defining the opti-
mal place of RT within the loco-regional liver
treatment sandbox, inviting level 1 evidence to
best select patients for RT with the most effective
treatment dose, fractionation, and technique. In
this review, we will explore some of these
unanswered questions and potential future
strategies.

20.2 Adaptive RT Based on Hepatic
Function

Historically, whole liver radiation was reserved
for palliative indications due to the relatively low
liver tolerance limiting dose delivery and the
potential for radiation-induced liver disease
(RILD), an occasionally fatal syndrome that can
occur from two weeks to four months following
RT completion [9]. Data from these early studies
with conventional 2 Gy fractionation also
showed the contributing role of the patient’s
hepatic function, demonstrating a 5% risk at
5 years of RILD of 28 Gy for primary HCC and
32 Gy for metastases [10]. Through the lens of
our modern liver experience, we now realize the
significance of these early findings, with multiple
investigators basing modern high dose delivery
on a normal tissue complication probability
model that can individualize prescription dose to
minimize the risk of RILD [11, 12]. Unique to
the liver is its significant capacity for regenera-
tion, essential to surgeons when they calculate
the future liver remnant [13–15], since, in
patients with well-preserved liver function, an
adequate future liver remnant (FLR) of at least
25% is necessary to avoid liver failure, but, in
patients with impaired liver function, a FLR of
up to 40% should be maintained.

Some techniques may allow for reduction of
the volume of normal liver irradiated, such as
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protons (discussed later) or MRI-guided radio-
therapy. Compared with other integrated image
guidance modalities, MRI for patient setup
improves visualization of soft-tissue anatomy for
patient and tumor position verification which
may allow for reduction in margins and
improved uninvolved liver sparing [16, 17]. MRI
also provides near real-time visualization of
moving liver tumors simultaneously with radia-
tion therapy [18]. As the tumor can be visualized
daily, there is also potential for volumetric daily
anatomic and functional data to dynamically
guide tailored field and volume adaptation during
the course of care [19, 20].

The underlying health of the patient’s liver is
important to quantify for radiation treatment
planning. Globally, in addition to the develop-
ment of virally mediated dysfunction and car-
cinogenesis, there has also been a rising
incidence of nonalcoholic fatty liver disease
(NAFLD) [21], which is estimated to affect one
billion individuals worldwide [22]. Among those
patients with NAFLD, 30% will eventually
develop nonalcoholic steatohepatitis (NASH)
[23], with 15–25% of these patients ultimately
progressing to cirrhosis. Moreover, in the meta-
static setting, many patients are referred after
progression of multiple lines of systemic
chemotherapy which can result in chemotherapy-
associated liver injury [24] and chemotherapy
associated steatohepatitis (CASH) [25].

The future question, then, is how we can
systematically integrate individual data about the
patient’s liver function into our treatment plan-
ning to minimize toxicity. Clinical data for HCC
has been based on the Child-Pugh classification
[26, 27] but more objective scoring systems with
standard albumin and bilirubin lab values that
avoid the subjective coding of encephalopathy
and ascites may be more appropriate for RT, with
the ALBI criteria [28] worthy of such future
validation. Imaging methods of liver functional
assessment are being developed using SPECT
and MRI [29, 30] as well as with compounds that
are excreted in bile such as indocyanine green
(ICG) [31], that can measure liver function with
significant dosimetric implications.

Our lung radiation oncology colleagues have
developed techniques to integrate ventilation-
perfusion patient data into treatment planning
[32] to guide beam selection and enhance the
therapeutic ratio; so future strategies for liver RT
may be able to do the same to foster safer dose
escalation. Additional data in the lung cancer
setting also suggest that changes in the levels of
circulating microRNA (miRNA), a type of RNA
regulating gene expression, may help discrimi-
nate response to antitumor therapy [33]. Within
the treatment of NAFLD, miRNAs are emerging
as potential serum biomarkers to evaluate the
status of disease severity [34], and recent data
also suggests miRNAs have a role in the modu-
lation of key cellular pathways that control the
response to RT [35]. Future liver radiotherapy
trials may thus consider evaluation of miRNAs to
study whether their measurement can guide the
response to the therapy of both the tumor as well
as the normal liver tissue. Moreover, functional
patient-centric data captured during the course of
radiotherapy may drive adaptive treatment, such
that early indicators of hepatic tolerance can be
recognized and treatment fields adjusted before
permanent damage can occur [36].

20.3 Adaptive RT Based
on Intra-tumoral
and Response Heterogeneity

Central to the oncologic RT dose prescription is
the perceived radiosensitivity of the intended
target and nearby normal tissues juxtaposed with
the anticipated dose for local control. Prospective
dosing may soon have more predictive reliability
based on the multigene expression model of
tumor radiosensitivity known as the radiosensi-
tivity index (RSI) [37], which has been clinically
validated in multiple patient cohorts across dis-
ease sites [38]. Recent data from this model
suggests that the RSI differs not only between the
primary site and metastasis, with the metastasis
slightly more radioresistant, but also with the
location of the metastatic site potentially
influencing dose consideration since metastases
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in the liver were found to be more radioresistant
than the lung or lymph nodes [39]. Clinically,
this is consistent with reports of SBRT for
metastatic colorectal cancer (CRC) to the liver
requiring higher doses for local control, with a
recent pooled analysis correlating the importance
of total dose, dose per fraction, and biologically
equivalent dose (BED) [40].

Within tumors metastatic to the liver, current
data [41] has reported significant intra-tumoral
and inter-tumoral heterogeneity which can
influence outcomes. Indeed, in a study reported
by Sveen et al. [42], those metastatic colorectal
(CRC) tumors involving the liver with a high
degree of intra-individual genetic heterogeneity
had worse 3-year overall survival (OS) of 18%
versus 66% in those with lower heterogeneity.
Furthermore, Stremitzer et al. [43] have shown
that genetic variations within genes involved in
immune responses and checkpoints are associ-
ated with outcome in patients with resected col-
orectal liver metastasis, showing significant
differences in 3-year OS rate and the rates of
extrahepatic recurrence. Other data suggest that
the molecular heterogeneity that drives lesion-
specific tumor responses can be measured with
serial circulating tumor DNA measurements [44],
suggesting serum biomarkers may aid in the
development of a new adaptive RT paradigm.

Despite the emerging molecular heterogeneity
data, with standard RT practice we generally

deliver a uniform dose to the tumor and do not
purposefully account for intrinsic cellular differ-
ences, either during or at the initiation of treat-
ment. In the last decade, substantial progress in
digital imaging has ushered in a new process of
quantitatively extracting mineable features from
a patient’s individual radiology data to reveal a
tumor’s intrinsic pathophysiology, heralding the
start of a new field called radiomics. When such
mineable data from digital imaging is combined
with genomic patient information, the resulting
correlations form the basis of radiogenomics.
With the novel analyses now available with the
patient’s individual imaging data, this may signal
a new era of personalized intra-tumoral dosing,
catalyzed by the potential to incorporate discrete
quantitative features regarding prognosis,
response, and distinct tumor habitats from CT,
MR, and PET data (see Fig. 20.1) [45]. These
extractable data have the potential to be adapted
for each individual patient by analyzing the ini-
tial pretreatment imaging as well as the daily RT
cone beam images to direct the dosing trajectory
of the therapy. Historically, the radiation pre-
scription is set prior to initiation of therapy based
on the tumor characteristics of histology and
stage but these innovative techniques may lead to
a shift in RT dosing with a dynamic approach
that is modified based on quantitative analysis of
daily tumor response. Significant intra-tumoral
heterogeneity has been reported for early stage

Fig. 20.1 Radiomic extraction process for imaging
biomarker quantification and response assessment. [Cour-
tesy of Olya Stringfield, PhD (Department of Cancer
Imaging and Metabolism, Moffitt Cancer Center, Tampa,

FL) and Robert Gillies, PhD (Department of Cancer
Imaging and Metabolism as well as Department of
Radiology, Moffitt Cancer Center, Tampa, FL)]
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lung cancers by Grove et al. [46], with evidence
that these radiomic features are strongly predic-
tive of clinical outcome, and MRI tumor
heterogeneity noted on prostate cancer images
has been significantly correlated with pathologic
Gleason score [47]. Data are now emerging for
the significance of liver imaging heterogeneity as
well, with a study of HCC patients noted to have
correlative imaging phenotypes with response to
doxorubicin, suggesting that a radiomics signa-
ture can improve the choice of therapeutic agent
[48].

With the proliferation of MRI-guided radia-
tion therapy, increased interest is expected in
functional MRI information about the tumor
microenvironment. These MRI tools have the
future potential to guide initial RT treatment
design, with higher dose targeting of MRI spec-
ified tumor sub-volumes. Diffusion-weighted
MR Imaging (DWI) is perhaps the most fre-
quently discussed technique applied to cancer
radiotherapy [49]. DWI changes are observed
during a course of SBRT, with increased appar-
ent diffusion coefficient values (suggestive of
increased necrosis) correlating with higher RT
doses and improved response [50]. DWI also
estimates HCC and liver metastasis necrosis due
to transcatheter arterial embolization (TACE)
[51, 52]. Perfusion-weighted MR Imaging
(PWI), typically performed with gadolinium
contrast, also estimates HCC necrosis [53]. In
vivo MR spectroscopy (MRS) can also be
applied to measure the levels of metabolites
within the liver and liver cancers [54]. In par-
ticular, Phosphorus-31 MRS probes energy
metabolism by detecting naturally occurring 31P
(no tracer required) to compare levels of phos-
phorus containing compounds. Acute responses
to therapy for liver cancers have long been
observed with 31P MRS [55–57]. Based on the
potential intra-tumoral changes indicative of
response that can be identified during a course of
therapy, intra-treatment MRI scans may guide
future adaptive paradigms, allowing dose esca-
lation of poorly responding sub-volumes and
potential de-escalation of responding regions.
A wide range of additional techniques to probe

the tumor microenvironment with MR are
available, of which many have an as yet unde-
fined role in human liver cancer [58].

The future question is thus whether such dif-
ferential dose prescription should be considered
at treatment initiation and adapted to response
during treatment. Recent studies have noted
molecular differences between cells in the tumor
core versus the periphery [59], with cancer cells
at the tumor–host interface found to have
invasion-promoting phenotypes in distinction to
those cells in the center of the tumor exhibiting
more supportive tissue characteristics. Moreover,
vascularity has been reported as lower in the
center versus the tumor edge and the lympho-
cytic immune response capacity has trended
towards higher in the tumor edge, which may be
of significant relevance as one of the most central
future questions is how best to differentially
exploit these intra-tumoral differences to enhance
the immunomodulatory effort of SBRT in order
to foster the greatest infiltration of immune
effector cells and pro-inflammatory cytokines
[60]. Thus, it may not be just how to enhance
geographic RT-induced cell killing but also
geographic RT-induced immune modulation that
optimizes both local control and the potential for
systemic RT mediated control as well. Further
study is therefore needed to quantify the
intra-tumoral radiosensitivity differences of liver
tumors to optimize radiation dose assignments,
with some data from other sites suggesting fea-
sibility of directing higher doses to regions of
increased radioresistance [61]. Crane and Koay
advocate for a heterogeneous approach to
achieve ablative doses, recommending a biolog-
ically effective dose (BED) of 140 Gy to the
hypoxic core of the tumor while allowing up to
90% gross tumor volume (GTV) coverage of the
portion of tumor adjacent to the radiosensitive GI
tract [62].

In the future, mathematical models may also
help predict radiation response to aid optimiza-
tion of RT fractionation [63]. The newly defined
proliferation saturation index (PSI) is defined as
the ratio of the tumor volume to the host-
influenced tumor carrying capacity. The carrying

20 Radiation Therapy for Liver Tumors: Future Directions 273



capacity predicts the maximum volume of tumor
cells that can be supported by the current in vivo
tumor environment that is influenced by the
status of the degree of oxygenation, nutrient
availability, acidity, and immune state. Work to
date suggests that integration of the PSI from the
patient-specific imaging data available prior to
treatment can determine the most appropriate
fractionation schedule for the individual patient,
a novel concept since current practice is to
determine fractionation by the tumor type and
stage. To date, the PSI has shown utility in ret-
rospective treatment cohorts; future prospective
work may validate PSI as a patient-specific tool
to determine how data from imaging can be used
to most appropriately select the ideal fractiona-
tion schedule for the individual patient in the
specific tumor environmental milieu at the time
of RT.

20.4 Strategies Combining RT
with Other Agents

To date, SBRT studies have focused on outcomes
with RT as the sole treatment modality. A major
question for the future is how to augment the
efficacy of RTwith other modalities. In HCC, data
have established the role of RT in targeting the
tumor thrombus so that other treatments such as
trans-arterial chemoembolization (TACE) or
conformal RT can treat the larger volume disease
[64–67]. In fact, a meta-analysis of 17 trials with
nearly 1500 patients showed improved survival
with TACE plus RT versus TACE alone [68].
Recently, Brade et al. [69] have reported a phase I
trial of the oral multikinase inhibitor sorafenib
before, during and after SBRT for HCC, noting
that significant toxicity was observed with con-
current administration. In this study, there were
significant grade � 3 toxicities of those patients
who had larger liver volumes irradiated with
investigators noting complications such as GI
bleeding, tumor rupture, thrombocytopenia, and
increased liver enzymes. Given the toxicity of
concurrent sorafenib and SBRT, the role of
sequential combination therapy with SBRT
delivered first followed by sorafenib is being

tested by the Radiation Therapy Oncology Group
Trial 1112. Investigators from the University of
Michigan have noted that when radiation is
delivered with trans-arterial radioembolization
(TARE) using yttrium-90 microspheres for HCC,
there is low dose rate radiation synergy with sys-
temic therapy agents [70], with encouraging
responses seen in patients treated concurrently
with gemcitabine.

With respect to liver metastases, little data exist
on the role of concurrent radiosensitizers with
SBRT, yet three prospective studies are evaluating
the efficacy of Selective Internal Radiation Ther-
apy (SIRT) in conjunction with first line FOLFOX
chemotherapy versus chemotherapy alone for
metastatic colorectal cancer. So far, available data
from the SIRFLOX study has shown an
improvement in hepatic progression-free survival
(PFS) but further data is awaited to determine
whether the increased hepatic control will translate
into a survival benefit [71]. The role of concurrent
radiosensitizing chemotherapy with liver SBRT
awaits future trials.

One emerging role for future exploration is the
potential synergy with liver SBRT and
immunotherapy [72]. This is particularly exciting
in the highly immunogenic liver since it houses the
majority of the body’s macrophages. Patients with
primary HCC liver cancer are excellent candidates
for possible immunotherapy trials given that HCC
is a cancer induced by inflammation [73] and
adjuvant HCC randomized studies have shown a
reduced risk of cancer recurrence with
immunotherapy [74–76]. Current evidence has
shown that RT may indeed improve the tumor
immunologic response by eliciting antigen release
from necrotic tumor cells and thereby forming an
in situ vaccine [77]. Interest in combining RTwith
immunotherapy unites not only the potential for
improved local anti-tumor response but also the
potential for a systemic RT-induced, immune-
mediated response distant from the irradiated site
termed the abscopal effect. Significant implica-
tions for patients with liver tumors can be derived
from the work by Golden et al. [78], whereby
patients with metastatic solid tumors on single
agent chemotherapy or hormonal therapy received
RT of 35 Gy in ten fractions to one metastatic site
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in combination with granulocyte-macrophage
colony-stimulating factor (GM-CSF) with a sub-
sequent targeting of a second metastatic site;
results showed objectivemeasurement of abscopal
responses in 26.8% (11/41) of patients. Studies are
ongoing to explore the combination of SBRT to
the liver with immune agents, such as the initial
work by Duffy et al. [79]. They have combined
AMP 224, which binds to programmed death-1
immune checkpoint (PD-1), with SBRT to sites of
CRC liver metastasis to determine if such a strat-
egy can improve not only local control but also
potential survival. This fusion protein, AMP 224,
is composed of the extracellular domain of the
Programmed Death-Ligand 2 and the Fc region of
human IgG and not only functions as a PD-1
inhibitor but initial studies also suggest that it may
deplete PD-1 highly expressed T-cells. The latest
update from this work with escalated radiation
doses of 8 Gy � 1 and 8 Gy � 3 has shown
safety and feasibility but no objective responses,
so much future work remains to be done. There is
thus a new possible direction to expand the role of
SBRT into the non-oligometastatic setting to
improve systemic disease control by irradiation of
a local liver site in combination with
immunotherapy.

Future trials will also be able to explore the
radiosensitivity differences between SBRT for
virally versus nonvirally mediated tumors, since
extrapolation from viral-associated cancers in
other sites has shown higher radiosensitivity with
lower doses [80, 81]. Data in the radioem-
bolization setting suggest that virally associated
HCC liver tumors have worse extrahepatic con-
trol [82]. Future trials of liver SBRT are needed
to determine if the underlying carcinogenic eti-
ology drives different patterns of local and distant
disease control which could have important
immunotherapy treatment implications.

20.5 RT for Larger Liver Tumor
Burden?

Recent trials of SBRT for metastatic liver tumors
have typically excluded more than five lesions
and those located within 2 cm of the hepatic

hilum [83, 84] and SBRT trials for primary liver
cancer have generally restricted the size criteria
to <7 cm [3, 85]. Investigators from the Princess
Margaret Hospital, however, have included lar-
ger tumors and individualized the dose based on
meeting NTCP criteria [86, 87]. Patients with
primary liver cancers present with locally
advanced disease and often have significant
underlying liver dysfunction that makes them
unsuitable for other therapies, thus future trials
may explore the role of RT in the specific case of
more extensive disease, potentially in combina-
tion with immunotherapy agents.

The question becomes how best to optimize
the dose fractionation schedule for the individual
patient based on underlying liver volume and
function, tumor histology, size and number of
lesions, tumor location, and history of prior
therapies such as TACE, TARE, or systemic
chemotherapy. In the future, pretreatment biop-
sies of the non-tumor bearing liver may be rou-
tinely indicated to help inform the patient’s
baseline liver functional status to guide person-
alized RT dosing. Higher dose per fraction trials
have been delivered in a single fraction to 5–6
fractions to 15 fractions, with no prospective
evaluation to date of how best to optimize such
therapy. Future trials integrating validated
radiomic signatures can help answer the issue of
how best to personalize the dose to achieve the
highest local control while minimizing the nor-
mal tissue toxicity based on the patient’s indi-
vidual functional data.

Another future strategy may be to expand the
indications for RT to improve conversion to
surgery with negative margins (R0 resection).
With the advanced imaging technologies now
available, virtual tumor resection (VTR) may
become a potential strategy to estimate the extent
of volumetric resection [88] and the width of the
surgical margin. In a study of 113 patients with
HCC, the estimated margin was compared to the
actual margin in the specimen using a detailed
three-dimensional (3D) CT scan based simula-
tion, predicting the liver margin accurately with a
difference of 1.6 mm [89]. If liver surgeons were
able to incorporate VTR into the routine preop-
erative planning of liver resection, there may be
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an expanded indication for neoadjuvant RT
approaches, potentially to increase the likelihood
of R0 resection or to ablate a small tumor in a
part of the liver not ideally suited for surgery.

20.6 Future Role of Particle
Therapy for Liver Tumors?

The potential of proton therapy for liver cancers
is attractive with respect to the Bragg peak effect
and its attendant ability to limit the low dose
volume to hepatic tissue, thereby limiting the
amount of normal liver irradiated [90, 91].
However, technical considerations in proton
delivery to moving liver tumors have posed
challenges. Recent data now suggests that
effective respiratory gating systems are repro-
ducible and offer great promise [92, 93]. Adding
to the promise of proton therapy is the potential
of increasing tumor cell kill by combining ther-
apy with nanoparticles, which may hold a future
role as radiosensitizers if some of the safety
challenges can be overcome [94].

Emerging prospective trial data may quantify
the benefit of protons in the treatment of liver
cancers. For example, interim results have been
reported for a prospective trial of proton radio-
therapy compared to TACE as a bridging therapy
to transplant for newly diagnosed HCC [95]. For
the 69 patients randomized, proton therapy
compared with TACE demonstrated a trend
towards improved 2-year local tumor control
(88% vs. 45%, p = 0.06) and progression-free
survival (48% vs. 31%) as well as a reduction in
hospitalization (24 vs. 113 total days, p < 0.001).
Increasing doses of proton radiotherapy have
recently been shown to be necessary to control
intrahepatic cholangiocarcinoma (ICC) [4].
A prospective multi-institutional phase II study
of 15 fractions of proton radiotherapy to a max-
imum of 67.5 Gy equivalent for unresectable
HCC and ICC was recently reported demon-
strating 2-year local control of 94.8% for HCC
and 94.1% for ICC [96]. Since SBRT is less
costly and more widely available, future work
should define which patients benefit the most
from proton radiotherapy.

Carbon ion radiotherapy is an emerging par-
ticle therapy that demonstrates a Bragg peak and
induces cytotoxicity with less dependence on
tumor oxygenation [97]. This implies that carbon
ion therapy may have a unique role in hypovas-
cular lesions such as many liver metastases,
cholangiocarcinomas, and rare tumors such as
sarcoma and teratoma. A comparative study of
343 patients treated on 8 proton therapy proto-
cols and 4 carbon therapy protocols for HCC, an
often hypervascular tumor, demonstrated equiv-
alent 5-year local control (90.2% and 93%) and
5-year overall survival (38% and 36.3%) [98].

20.7 Value Considerations

Within the multidisciplinary management options
for patients with liver tumors, surgical resection
has been considered the gold standard based on the
long-term outcome data [99]. However, with the
healthcare shift toward greater scrutiny of quality
and value [100], future trials may escalate the
prioritization of liver SBRT based as an option due
to the noninvasive delivery with low rates of tox-
icity, especially given the aging US population. In
patients with HCC, retrospective data suggests
that SBRTmay be as effective as RFA [3]. To date,
studies that have evaluated RFA versus SBRT for
CRC liver metastases have shown that RFA is
more cost effective [101] but prospective com-
parisons in patients with higher comorbid condi-
tions have not been performed, especially relevant
since RFA can be associated with injuries to the
bile ducts, blood vessels, GI tract with perforation
and lung collapse [102]. Thus, now that data has
shown that SBRT is effective for small lesionswith
minimal complications, innovative clinical trials
are needed to determine howbest tomatch this tool
to the most appropriate patient population.

20.8 Conclusion

SBRT as sole treatment modality for patients
with liver tumors has shown excellent rates of
local control with minimal toxicity. Future
studies are needed to determine the optimal
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patient selection for SBRT and the best person-
alized approach to precisely define the dose,
fractionation, and anticipated response of the
individual patient’s tumor while maintaining
liver function. New biological information from
the field of radiomics may inform a new para-
digm of heterogeneous dosimetry for liver
tumors. Expanded indications for SBRT await
validation from trials exploring the addition of
concurrent radiosensitizing and immune modu-
lating agents, suggesting that there may be a role
for SBRT to enhance systemic as well as local
response. Finally, prospective comparison of
SBRT with other local modalities is needed to
define the optimal position of SBRT within the
multidisciplinary loco-regional liver treatment
pathway.
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