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What This Book Series is About…

Current Healthcare: What is Behind the issue? 

For many acute and chronic disorders, the current healthcare outcomes are con-
sidered as being inadequate: global figures cry for preventive measures and per-
sonalised treatments. In fact, severe chronic pathologies such as cardiovascular 
disorders, diabetes and cancer are treated after onset of the disease, frequently 
at near end-stages. Pessimistic prognosis considers pandemic scenario for type 
2 diabetes mellitus, neurodegenerative disorders and some types of cancer over 
the next 10–20 years followed by the economic disaster of healthcare systems 
in a global scale.

Advanced Healthcare Tailored to the Person: What is 
Beyond the Issue?

Advanced healthcare promotes the paradigm change from delayed interven-
tional to predictive medicine tailored to the person, from reactive to preventive 
medicine and from disease to wellness. The innovative Predictive, Preventive 
and Personalised Medicine (PPPM) is emerging as the focal point of efforts in 
healthcare aimed at curbing the prevalence of both communicable and non-
communicable diseases such as diabetes, cardiovascular diseases, chronic re-
spiratory diseases, cancer and dental pathologies. The cost-effective manage-
ment of diseases and the critical role of PPPM in modernisation of healthcare 
have been acknowledged as priorities by global and regional organizations and 
health-related institutions such as the Organisation of United Nations, the Euro-
pean Union and the National Institutes of Health.



vi What This Book Series is About…

Why Integrative Medical Approach by PPPM 
as the Medicine of the Future? 

PPPM is the new integrative concept in healthcare sector that enables to predict 
individual predisposition before onset of the disease, to provide targeted preventive 
measures and create personalised treatment algorithms tailored to the person. The 
expected outcomes are conducive to more effective population screening, preven-
tion early in childhood, identification of persons at-risk, stratification of patients 
for the optimal therapy planning, prediction and reduction of adverse drug-drug or 
drug-disease interactions relying on emerging technologies, such as pharmacoge-
netics, pathology-specific molecular patters, sub/cellular imaging, disease model-
ling, individual patient profiles, etc. Integrative approach by PPPM is considered as 
the medicine of the future. Being at the forefront of the global efforts, the European 
Association for Predictive, Preventive and Personalised Medicine (EPMA, http://
www.epmanet.eu/) promotes the integrative concept of PPPM among healthcare 
stakeholders, governmental institutions, educators, funding bodies, patient organ-
isations and in the public domain.

Current Book Series, published by Springer in collaboration with EPMA, over-
view multidisciplinary aspects of advanced bio/medical approaches and innovative 
technologies. Integration of individual professional groups into the overall concept 
of PPPM is a particular advantage of this book series. Expert recommendations 
focus on the cost-effective management tailored to the person in health and disease. 
Innovative strategies are considered for standardisation of healthcare services. New 
guidelines are proposed for medical ethics, treatment of rare diseases, innovative 
approaches to early and predictive diagnostics, patient stratification and targeted 
prevention in healthy individuals, persons at-risk, individual patient groups, sub/
populations, institutions, healthcare economy and marketing.

Prof. Dr. Olga Golubnitschaja
Book Series Editor
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Foreword

So very frustrating as a treating physician to tell Mr. Smith or Ms. Jones that medi-
cation (drug) X has a 50–75 % chance to be effective, or that our proposed radio-
frequency ablation for your liver (or lung or kidney or bone) cancer may be cured 
with only an 85–90 % likelihood. Why can’t we be more specific, why can’t we 
help patients to make better informed decisions, why can’t we be definitive so that 
patients, families, and we physicians help guide our patients by clear, data-driven 
rational reasoning? Through the years, the answer to the above quandaries has been 
“individual variation”, “no two patients are alike”, “medicine is an art not just a 
science”, and the vernacular, “everybody’s different”. All true—but the good news 
is that it’s the dawning of a new day—and that day is Predictive, Preventive, and 
Personalized Medicine (Personalized Medicine).

Truly, everybody is different, and that’s precisely the point; ergo—Personalized 
Medicine. So what is Personalized Medicine, what’s so special about it, and why 
are there predictions that, “It will change and improve medicine forever”? Personal-
ized Medicine is a medical model based on genomics and molecular analysis that 
targets each person’s gene makeup, thereby allowing customization of individual 
susceptibility, appropriate disease diagnosis and therapy, and disease follow-up. It’s 
all about taking the guesswork out of medical decision-making, so we can be more 
specific in effectiveness, avoid unnecessary adverse effects and complications, and 
utilize resources optimally to tailor health care for our aforementioned Mr. Smith 
and Ms. Jones.

Mathematical models, genome wide association studies, RNA sequencing, and 
DNA mutations are watchwords for the methodology of Personalized Medicine. 
All seek to provide physicians with a structural playbook for their patients—what 
diseases are their patients more likely to contract, what diagnostic tests are most 
relevant, what therapies will actually be effective and with fewer adverse reactions. 
The less the guesswork, the more efficient health care for patients should and will 
be, the fewer drug-related side effects should occur, and reduced costs can be ex-
pected. Almost sounds too good to be true!

Albeit still in its relative infancy, Personalized Medicine already has clinical ap-
plication for diabetes mellitus type II, breast cancer for receptors (onco-genomics), 
thrombosis prediction by unwanted antibodies, chronic myelogenous leukemia 
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managed by ‘rational drug design’, and colon cancer abnormalities (KRAS pro-
tein detection). In this 13 chapter series edited by Drs. Berliner and Lemke, they 
have focused on primary hepatocellular carcinoma. Their work, and that of their 
contributing authors, is replete with methods of optimizing information technol-
ogy, creating targeted patient models, model guided therapy and management, and 
highlighting evidenced-based medicine. Bayesian network information supports the 
digital patient model throughout the series. The authors have chosen hepatocellular 
carcinoma as their disease model, as it is the most common malignant cancer of the 
liver worldwide, and the fifth most common cancer overall.

Sections of the entire manuscript include those on the aforementioned math-
ematical models utilized by the authors, as well as specifics related to hepatocellular 
carcinoma itself—patient assessment, radiologic imaging, PET/CT, personalized 
chemotherapy, surgery, the spectrum of radiologic ablative methods, radiofrequen-
cy ablation therapy, transarterial chemo-embolization, radiation therapy, and infor-
mation technology systems.

The overall goal of the manuscripts, the Editors tell us, is to integrate the multi-
tude of factors relevant to hepatocellular carcinoma (epidemiology, individual risk 
factors, biomarkers, environment, diagnostic and therapeutic specifics). This com-
plicated and sometimes disparate information is then compiled into an information 
technology system that is designed to incorporate and assimilate the evidence-based 
information for a preventive, predictive, diagnostic, and therapeutic individual 
model for hepatocellular carcinoma for each individual patient. Voila!—Personal-
ized Medicine! Achievement of this integrated information model would be far be-
yond what is readily available currently.

The Editors and authors are to be commended. Theirs has been an extraordi-
narily complex task, fraught with innumerable variables—but that is precisely what 
Personalized Medicine is all about. The sooner Drs. Berliner and Lemke’s meth-
ods, along with many other workers in the Personalized Medicine field (FDA, the 
Personalized Medicine Coalition, many medical centers such as Duke University, 
Personalized Medicine Journal, and genomic companies) implement Personalized 
Medicine on a grand scale, the better for patients, physicians, cost reduction, and 
healthcare for America and the world.

Eric van Sonnenberg, MD
Clinical Professor of Radiology, University of Arizona College of Medicine
Visiting Professor of Medicine, David Geffen School of Medicine at UCLA

June 2014
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Preface

This book initially was conceived, and gradually has evolved, to seek solutions to 
issues and tasks relating to Information Technology (IT) and Predictive, Preventive 
and Personalized Medicine (PPPM) as identified in the 2012 “EPMA White Paper” 
[Golubnitschaja O, Costigliola V and EPMA. “General Report & Recommenda-
tions in Predictive, Preventive and Personalised Medicine 2012: White Paper of the 
European Association of Predictive, Preventive and Personalised Medicine. EPMA 
J 2012, 3:14].

Our goal was to define a role and a roadmap for the development of an IT solu-
tion to facilitate clinical PPPM. IT is a broad field that already impacts many facets 
of PPPM, including the design and implementation of databases for biomarkers and 
genetic research, and the subsequent data-mining made possible by such databases. 
However, we have chosen to explore another role for IT, and have begun the pro-
cess of developing an application that pertains to patient modeling—specifically, 
the creation of a multi-faceted IT System for PPPM (ITS-PM) that will incorporate 
a Digital Patient Model (DPM) and will introduce Model-Guided Therapy (MGT) 
into clinical practice. The initial goal for an ITS-PM is to provide the tools that are 
necessary for the generation of comprehensive, descriptive, computer-based models 
of specific patients, or DPMs. Subsequent goals involve tasks relating to disease 
prediction and prevention through enhanced screening, and to personalized health 
care, through patient-specific decision support. It is proposed that implementation 
of these IT solutions also may lead to an expansion of evidence-based medicine, 
derived from MGT, and may be designated as Model-Based Medical Evidence 
(MBME).

To avoid the pitfalls of developing an IT project in isolation, hepatocellular car-
cinoma (HCC) was selected as a use-case to ensure medical validity. The fact that 
HCC is the fifth most common form of cancer worldwide and the second leading 
cause of cancer death speaks to the virulence of this disease. Despite advances in 
the understanding, diagnosis, and treatment of HCC in the past several decades, 
HCC remains an international health problem. This book relies heavily on the enor-
mous contributions relating to the basic science and clinical management of HCC 
by researchers, hepatologists, diagnostic and interventional radiologists, medical, 
surgical, and radiation oncologists, and others.
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This book defines the general specifications of the IT structures required for 
patient-specific modeling and MGT, and then, through a review of the clinical as-
pects of HCC, extracts the patient attributes, or Information Entities (IEs), required 
for the construction of the requisite databases and DPMs. The concluding chapter 
provides an outlook for PPPM, based on the ITS-PM and provides expert recom-
mendations relating to clinical applications that may be implemented currently.

We have presented a roadmap for the future, but much work remains to be done. 
Working examples of the complex IT infrastructure, databases, patient models, and 
decision support systems need to be created and validated. If this can be achieved, 
the benefits of a comprehensive ITS-PM can be generalized to virtually any dis-
ease or medical condition. It is hoped that through this IT solution, critical medical 
decisions can be made that are tailored to the specific needs and attributes of each 
patient, regardless of his or her underlying disease or comorbidities.

Leonard Berliner, MD, Heinz U. Lemke, PhD
New York Methodist Hospital, Brooklyn, NY; Weill Medical College of Cornell 

University (USA)
Technical University of Berlin; Berlin (D); University of Southern California, 

Los Angeles (USA)
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Leonard Berliner and Heinz U. Lemke
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Abstract This book explores ways in which the requirements and interrelation-
ships between Predictive, Preventive and Personalized Medicine (PPPM), clinical 
medical practice, and basic medical research could be best served by information 
technology (IT). To avoid the problems inherent in formulating IT solutions in iso-
lation, a use-case was developed employing hepatocellular carcinoma (HCC). The 
subject matter was approached from four separate, but interrelated, tasks: (1) review 
of current understanding and clinical practices relating to HCC; (2) propose an IT 
system for dealing with the vast amount of information relating to HCC, including 
clinical decision support and research needs; (3) determine the ways in which a 
clinical liver cancer center can contribute to this IT approach; and, (4) examine the 
enhancements and impact that the first three tasks, and therefore PPPM, will have 
on the management of HCC. An IT System for Predictive, Preventive and Personal-
ized Medicine (ITS-PM) for HCC is presented to provide a comprehensive system 
to provide unified access to general medical and patient-specific information for 
medical researchers and health care providers from different disciplines including 
hepatologists, gastroenterologists, medical and surgical oncologists, liver transplant 
teams, interventional radiologists, and radiation oncologists.

Keywords Personalized medicine · Hepatocellular carcinoma · Information 
technology · Information technology system for predictive preventive and 
personalized medicine (ITS-PM) · Model guided therapy · Therapy imaging and 
model management system (TIMMS) · Digital patient model · Patient-specific 
model · Model-based medical evidence · Bayesian network
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1.1  Introduction

This book was initially conceived to seek solutions to issues and tasks relating to 
Information Technology (IT) and Predictive, Preventive and Personalized Medicine 
(PPPM) as identified in the 2012 European Association for Predictive, Preventive 
and Personalised Medicine (EPMA) White Paper [1]. As such, this book explores 
ways in which the requirements and interrelationships between PPPM, clinical 
medical practice, and basic medical research could be best served by information 
technology (IT). To avoid the problems inherent in formulating IT solutions in iso-
lation, it was decided to develop a use-case, employing the clinical topic of hepa-
tocellular carcinoma (HCC). The subject matter is therefore approached from the 
point of view of four separate, but interrelated, tasks: (1) review of current under-
standing and clinical practices relating to the diagnosis and management of patients 
with HCC; (2) propose an IT system for dealing with the vast amount of information 
relating to HCC, including clinical decision support and research needs; (3) deter-
mine the ways in which a clinical liver cancer center can utilize and contribute to 
this IT approach; and, (4) examine the enhancements and impact that the first three 
tasks, and therefore PPPM, will have on the management of HCC.

The thirteen chapters of this book will describe the initial efforts in designing and 
implementing a clinical liver cancer program that will be organized in such a way as 
to allow transition from traditional medical practice toward predictive, preventive, 
and personalized medicine, as the appropriate and specific information and com-
munication technologies are developed. The combined chapters will address current 
technical and clinical material regarding assessment, management, and treatment of 
patients with HCC, within the context of Model-Guided Therapy (MGT), Patient-
Specific Modeling (PSM) to create a Digital Patient Model (DPM) and PPPM. It is 
the intention of the authors to lay the groundwork for a clinical IT solution to assist 
institutions preparing similar treatment programs (whether they be for liver tumors 
or any other form of malignancy) while making the transition to MGT and Person-
alized Medicine. It is also hoped that this IT approach will facilitate the linkage 
between clinicians and researchers seeking to develop a practical means of identify-
ing clinically useful biomarkers, and incorporating them into clinical applications.

This article has been divided into thirteen chapters, to optimally address the 
breadth and organization of the subject matter.

1.  Introduction
2.  The Digital Patient Model and Model Guided Therapy
3.  Hepatocellular Carcinoma and Patient Assessment
4.  Role of Imaging in Hepatocellular Carcinoma
5.  Personalized Chemotherapy for Hepatocellular Carcinoma
6.  Surgical Treatment for Hepatocellular Carcinoma
7.  Minimally Invasive Therapies for Hepatocellular Cancer
8.  Radiation Oncology in the Treatment of Hepatocellular Carcinoma
9.  Design of an IT System for Hepatocellular Carcinoma
10. Outlook and Expert Recommendations for Predictive, Preventive and Personal-

ized Medicine and Hepatocellular Carcinoma
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The scope of the book will be primarily concerned with issues relating to primary 
liver cancer (hepatocellular carcinoma) so that the focus on personalized health 
care can be maintained. (In a comprehensive liver cancer program, the addition of 
patients with other forms of liver tumors will significantly add to the complexities 
of patient management.)

1.1.1  Predictive, Preventive and Personalized Medicine

The body of literature relating to PPPM is growing on many fronts and touches on 
most medical disciplines. PPPM may be thought of as a coalition of a wide variety 
of disciplines that have a shared goal of meeting the unique needs, desires, and re-
quirements of patients on an individual basis and providing unique predictions and 
treatments. Information is accumulating in fields as diverse as neurology, ophthal-
mology, oncology, genetics, epidemiology, etc. and is derived from the core study 
of these subjects, but reexamined and focused from a different perspective. While 
PPPM intuitively is an admirable goal, it is becoming evident that there are clear-cut 
practical motivations: scientific, humanitarian, and financial.

From the scientific and humanitarian point of view, the desirability of selecting 
an appropriate and effective course of treatment requires little explanation. Howev-
er, the issue of consequences of ineffective treatment needs emphasis. The guiding 
principle Primum non nocere (First, do no harm) must be considered, since there is 
evidence that current cancer treatments may also have a cancer-promoting effect in 
patients, in addition to a variety of well-known side effects [2]. It is therefore an im-
portant goal of PPPM to be able to detect and understand those individual features 
of a patient that influence the responses to treatment, both positive and negative.

From the financial point of view, the appropriate use of genetic information can 
help contain costs by limiting expensive (and potentially harmful) treatments and/
or tests to those patients who have the potential to respond, as is the case in certain 
forms of breast cancer [3].

1.1.2  PPPM and Evidence-Based Medicine

The study of medical science is based on populations, whereas the practice of medi-
cine is centered on the individual. This difference in focus between populations and 
individuals is a fundamentally dichotomous situation. Traditionally, the medical 
profession has provided care and treatment to patients with malignancy according 
to protocols and algorithms that have been developed on the basis of observations 
of tumor responses in large, randomized clinical trials (RCTs). After an appropriate 
number of patients have been treated in such a clinical trial, the results are col-
lected and analyzed, and then used to predict a generalized prognosis for patients 
undergoing treatment with the protocol under investigation. Accordingly, when a 
patient presents for treatment, and after the appropriate diagnostic tests have been 
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performed and the patient’s specific and overall clinical status has been assessed, 
recommendations for treatment are made on the basis of average n-year survival 
rates. This approach, however, does not produce the kind of information that can be 
applied directly to provide personalized medical decision making. For example, this 
situation can arise when a patient poses the following question: “I understand that 
patients with this tumor who undergo this treatment have a 75 % five-year survival 
rate, but what are my chances?” Current forms of medical evidence do little to help 
us to answer this question. This problem has recently been emphasized with respect 
to determining prognosis for individual patients based on evidence obtained from 
clinical trials; “…in clinical practice, clinicians must extrapolate from population-
level estimates to make judgments with or for individual patients. Even if a risk 
estimate is very precise—say, a 25 % risk of death within 6 months—it is not clear 
whether the patient is 1 of the 25 out of 100 who will die or 1 of the 75 who will 
live” [4].

The development of a new approach to medical evidence will be required for 
PPPM, and ultimately should benefit patients and answer the aforementioned pa-
tient’s question.

When a patient is in the care of a treating healthcare professional (such as a 
primary care physician, oncologist, surgeon, radiation oncologist, or interventional 
radiologist) attention to the individual or personalized needs of the patient is of 
paramount importance. Physicians hopefully learn to recognize the individual’s 
emotional and spiritual needs and desires, as well as his or her physical strengths 
and weaknesses. These characteristics influence how that physician will form a 
treatment plan, based on an assessment and prediction of how that patient will re-
spond within a given therapeutic regimen. Despite the time and effort spent in con-
sidering these personalized attributes, due to the lack of organized programs with 
specific databases to collect and analyze these data, little information is available 
to the treating physician for use in predicting a single individual’s survival rate or 
treatment outcome when a therapeutic procedure and/or regimen is offered. As a 
result of this current deficiency in medical knowledge, the ability to pursue PPPM, 
in which individual responses are the key elements, currently is drastically limited. 
It is our hypothesis that the issue of individual response in the face of incomplete 
medical knowledge will be resolved through the development of PPPM.

1.1.3  Personalized Medicine, Biomarkers, and Information 
Technology

The information required to provide more personalized healthcare has been sought 
through the investigation of biomarkers that has led to an improved understand-
ing and appreciation of the complex nature of biomarkers. The search for single 
(or even small clusters of) biomarkers that could provide definitive indication of 
disease prediction and/or treatment outcome has been frustrating. For example, the 
concept of finding a single gene for prediction of breast cancer has given way to the 
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search for a panel of biomarkers [5]. Coalitions of pharmaceutical companies and 
researchers have sought to study biomarkers and their implications [6].

To further address the issues of medical information management, efforts have 
been made in the field of medical IT to better understand and redefine the nature and 
requirements of systems of information management that can be applied to PPPM.

One approach to the management of medical information is based on model 
theory and seeks to implement a form of MGT that can be used as a decision sup-
port system in the treatment of patients with HCC. The IT structures to be utilized 
in MGT, will be discussed in Chap. 2 of this book and include the Therapy Imaging 
and Model Management System (TIMMS) and the DPM [7, 8].

The DPM directly relates to PPPM by (1) adopting the broadest definition of 
biomarker—a characteristic that is objectively measured and evaluated as an indica-
tor of normal biologic processes, pathogenic processes, or pharmacologic responses 
to a therapeutic intervention [5] and (2) allowing any of the component features of 
the DPM to be an actual or potential biomarker. The DPM can therefore provide a 
multidimensional and continuous model for individuals working with biomarkers. 
This may facilitate the collection, analysis, and validation of biomarkers and their 
integration into a comprehensive, understandable, dynamic, real-time view of the 
patient. Thus, by utilizing the DPM as a substrate, MGT can provide the framework 
for injecting biomarkers into clinical practice.

It is our hypothesis that if we can utilize patient-specific modeling techniques 
to generate valid DPMs (which factor in age, physiologic condition, disease and 
co-morbidities, genetics, biomarkers, responses to previous treatments) we may be 
able to develop a statistically valid methodology, on an individual basis, to predict 
certain diseases or conditions, to predict certain treatment outcomes, to prevent cer-
tain diseases or complications, and to develop treatment regimens that are personal-
ized for that particular patient. We are calling this proposed system Model-Based 
Medical Evidence (MBME) and are engaged in its development. It is further postu-
lated that the Multi-Entity Bayesian Networks (MEBN) used in the construction of 
the DPM will be utilized in the development of a practical decision support system.

1.1.4  Clinical Liver Tumor Treatment Program as Use-Case

In the course of developing IT solutions for clinical problems, it is essential to make 
use of clinically valid use-cases to maintain a firm and realistic foundation. A clini-
cal liver cancer center and HCC have been chosen as the basis for the use-case in this 
paper. Through the review of HCC and its characteristics, diagnosis, and treatment, 
IT structures such as databases, MEBNs, and DPMs can be designed and populated. 
Extensive work has been done in this regard by the American Association for the 
Study of Liver Diseases (AASLD), the Barcelona Clinic Liver Cancer (BCLC), 
the European Association for the Study of the Liver (EASL), and the European Or-
ganisation for Research and Treatment of Cancer (EORTC) [9–11]. The efforts of 
these organizations have provided guidelines for diagnosis, screening, staging, and 
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treatment of patients with HCC. These guidelines, when combined with information 
obtained from research in a wide variety of areas including treatment outcomes, 
biomarkers, epidemiology, pathology, and molecular physiology, will help provide 
the framework for the construction of the DPMs required for MGT.

The implementation of the clinical liver cancer center will be designed to facili-
tate the transition from traditional medical practice toward PPPM. It is our intention 
to provide a foundation in IT so that institutions preparing similar programs will be 
able to transition to MGT.

As in any medical treatment program, the results of the initial diagnostic work-
up and subsequent treatments will be entered into an Electronic Medical Record. In 
addition, a program for PPPM must also be enabled to record patient attributes, clin-
ical observations, and therapeutic responses in databases specifically developed for 
these purposes. Comprehensive information, i.e. Information Entities (see Chap. 2), 
will be necessary for statistical analysis of individual patient characteristics and re-
sponses to therapeutic regimens, and to allow validation of personalized healthcare 
delivery. These Information Entities will also provide the raw data for the develop-
ment and testing of a comprehensive DPM as well as an IT System for Predictive, 
Preventive and Personalized Medicine (ITS-PM) for HCC, for evaluation of bio-
markers and the development of MBME, which may provide a solid foundation for 
PPPM. This ITS-PM will be designed to provide unified access to general medical 
and patient-specific information for medical researchers and health care providers 
from different disciplines including hepatologists, gastroenterologists, medical and 
surgical oncologists, liver transplant teams, interventional radiologists, and radia-
tion oncologists.

A decision support system based on these elements may prove to be of tremen-
dous value in the clinical setting, for example, at a hospital’s Tumor Board. One 
drawback of the Tumor Board system is that, at times, decisions relating to treat-
ment regimens may be unduly influenced by the opinions of those who are able 
to attend, as well as limitations in the technology available at the hospital and the 
expertise of the treating physicians and surgeons. A decision support system de-
signed for use by a Tumor Board would not dictate treatment choices, but would be 
a helpful tool in providing an objective means of considering all available treatment 
options for specific patients, based on the DPM and MBME.

Conclusion

PPPM may have the potential to eventually improve the nature of healthcare deliv-
ery. However, the tools required for a practical and comprehensive form of PPPM, 
that is capable of handling the vast amounts of medical information that is cur-
rently available, are currently lacking. This book seeks to provide a rationale for 
combining and integrating diagnostic and therapeutic management with IT, in a 
manner that supports patients through their continuum of care from initial presenta-
tion through cure, or hospice care, as warranted. It is imperative that any program 
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devised to explore and develop personalized healthcare delivery must be firmly 
rooted in clinically confirmed and accepted methodologies and technologies.

It is further understood that the concepts and implementation of MGT, PSM, 
and PPPM are in their infancy and that our approach may prove to be one of many 
approaches. The program presented at this time will also, undoubtedly, be modified 
as the concepts and implementations develop and mature, with subsequent develop-
ment of new insights and techniques.
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Abstract One of the goals of this book is to provide a roadmap for the development 
of information technology (IT) tools to facilitate Predictive, Preventive, and Person-
alized Medicine (PPPM). Our approach to the management of medical information 
is based on model theory that has arisen from a conceptual transformation from 
image-guided patient management to a model-centric world-view or model-guided 
patient management. This approach seeks to implement a comprehensive form of 
Model-Guided Therapy (MGT) through the use of a Therapy Imaging and Model 
Management System (TIMMS), and its application as a decision support system for 
achieving MGT. It is our hypothesis that if we can utilize patient-specific model-
ing techniques to generate valid Digital Patient Models (DPMs) we may be able 
to develop a statistically valid methodology for predicting diseases and treatment 
outcomes, preventing diseases or complications, and developing personalized treat-
ment regimens. We are calling this proposed system Model-Based Medical Evi-
dence (MBME) and are engaged in its development. It is further postulated that 
Multi-Entity Bayesian Networks (MEBN) used in the construction of the DPM will 
be utilized in the development of a practical decision support system.
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 2.1 Introduction

As stated in Chap. 1, one of the goals of this book is to provide a roadmap for the de-
velopment of information technology (IT) tools to facilitate Predictive, Preventive, 
and Personalized Medicine (PPPM). Our approach to the management of medical 
information is based on model theory that has arisen from a conceptual transfor-
mation from image-guided patient management to a model-centric world-view or 
model-guided patient management. This approach seeks to implement a compre-
hensive form of Model-Guided Therapy (MGT) that extends beyond the scope of 
image guidance and can be used as a decision support system in the treatment of 
patients. There are three basic domains of discourse that need to be managed by a 
comprehensive medical and surgical MGT system: data, workflow, and synthesis of 
information. The two basic functions of such a system are Patient-Specific Model-
ing (which is involved with data collection, synthesis, and simulation) and Process 
Modeling (which is related to the execution of a surgical workflow).

 2.1.1 Therapy Imaging and Model Management System

A Therapy Imaging and Model Management System (TIMMS) and its application 
as a surgical assist system for achieving MGT has been described [1]. A TIMMS is 
a comprehensive medical-surgical communication and assist system (Fig. 2.1) that 
is composed of interconnected computer hardware and software components such 
as Engines, Agents, Repositories, and IT infrastructure, and provides the following 
features and functions throughout the course of medical and surgical treatment:

1. Standardized interfaces for communication and mechatronics (such as robotics), 
thereby creating a unified environment for the input and output of data (includ-
ing the representation and display of information and images, as well as the 
electromechanical control of surgical and navigational devices);

2. Creation and maintenance of a Digital Patient Model (DPM) based on generic 
Patient-Specific Models (PSMs) modified by the addition of patient-specific 
data, thereby providing a multi-scalar, comprehensive, precise, personalized 
representation of the patient;

3. Creation and maintenance of a system for Process Modeling of all aspects of the 
surgical workflow, to ensure efficiency, learning, and safety throughout opera-
tive procedures;

4. Real-time knowledge management and decision support system (Kernel for 
Workflow and Knowledge and Decision Management) thereby promoting opti-
mized diagnostic, prognostic, and therapeutic decisions throughout the treatment 
workflow. The key role here is to assist and optimize the practice of medicine in 
the face of incomplete medical knowledge, which is an inherent part of clinical 
practice.
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5. Validation system, thereby providing quality assurance, patient safety, system 
security, and processing of medical evidence.

There are seven TIMMS engines that may be defined as software modules that 
can be executed on an appropriate computing machine to provide functionalities. 
These engines relate to imaging and biosensor data acquisition, modeling, simula-
tion, workflow and knowledge and decision management, visualization, interven-
tion, and validation.

The TIMMS engines, repositories, and IT infrastructure initially were designed 
to facilitate model-guided surgical therapy. Subsequently, the TIMMS structures 
and functions have been generalized to apply to all forms of model-based medical 
management (suitable for patients with cancer, diabetes, etc.) and may be abbrevi-
ated MIMMS (Medical Imaging and Model Management System).

For the purposes of developing a working TIMMS or MIMMS for PPPM, it is 
necessary to understand the functions of the central TIMMS engine (Kernel for 
Workflow and Knowledge and Decision Management; Kernel), the Modeling En-
gine, and their substrate, the DPM.

Fig. 2.1  The structure of the therapy imaging and model management system (TIMMS) that 
may provide much of the IT framework for personalized medicine. The kernel for workflow and 
knowledge and decision management, the patient specific models repository and the process mod-
els repository are the central components for the development of digital patient models through 
the process of patient-specific modeling (Lemke and Golubnitschaja The EPMA Journal 2014, 5, 
p. 8). (Legend: ICT Information and Communication Technology; WF Workflow; K + D knowl-
edge and decision; Rep Representation; Mechatr Mechatronic)
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The Kernel provides the strategic intelligence for therapeutic planning and 
workflow execution. Often this module (or parts thereof) is integrated into some 
of the other engines, as the need demands. This important computing Kernel (or 
“brain”) of the system may use different forms of logic, different database structur-
ing, agents, machine learning, and other forms of artificial intelligence, depending 
on the specific applications of the procedure or procedures being performed. Agents 
may be defined as software modules, containing some form of intelligence, which, 
with some degree of autonomy and adaptability, carry out functions or tasks. A full 
description of the role of the Kernel is beyond the scope of this book, but attention 
will be focused on the design, development, and management of the DPM. The 
use-case, as developed in this book, will focus on the requirements for a DPM to 
facilitate the management of patients with HCC.

 2.1.2 Digital Patient Model

In every day terms, the DPM may be thought of as a representation of the patient, 
composed of both the static and dynamic features of the human organism, main-
tained within a multi-layered database structure [2]. Certain features are relatively 
stable, such as the DNA sequence within the chromosomes, or a radiograph of an 
extremity, while other features are in a constant state of fluctuation, such as pulse 
and respiration. In addition, the clinical significance of physiologic fluctuations 
may vary in different clinical settings. Thus, the DPM must be capable of manag-
ing a constellation of interacting static and fluctuating causes and effects of varying 
degrees of certainty, predictability, and significance. As the database of knowledge 
underlying the creation and maintenance of DPMs increases, a statistically valid 
tool that increases in accuracy as more data are added (to be discussed below), 
will be available for assistance in medical and surgical management in the face of 
incomplete medical knowledge.

Ideally, the DPM has the capabilities to capture patient specific information in a 
way that facilitates evaluation and application of that information:

a. The DPM can receive and process information from an unlimited number of 
sources, and at a rate required for real-time activity.

b. The DPM is comprehensive, yet flexible enough to be extensible at any time.
c. The information contained within the DPM can be extracted by a wide variety of 

selection parameters, templates, and constellations.
d. Extraction is flexible and controllable by the end-user and researchers.
e. Extraction may take in a variety of formats or representations—charts, tables, 

lists, images, graphs, and models.
 f. The DPM allows and facilitates simulations, prognosis, prediction, and therapy 

planning. One of the key functions of the DPM is to allow simulated evaluation 
of hypothetical, alternative therapies to predict and optimize patient outcomes, 
and to anticipate adverse effects of the proposed therapies.
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g. The DPM allows comparisons and compilations with other DPMs to collect 
Model-Based Medical Evidence, Population-Based Medical Evidence, and Dis-
ease-Based Medical Evidence.

h. The DPM facilitates actions with workflows, algorithms, and databases.

Features of the patient that are amenable to graphical representation are maintained 
as references within the DPM database structure to Picture Archiving and Commu-
nications Systems (PACS) and repositories that allow access to the actual images, 
for example, through functionalities of a suitable IT infrastructure for simulations 
and interventions. This allows medical images to be loaded into advanced medical 
workstations for purposes of treatment planning and simulation, as well as allowing 
real-time interaction with hardware and software for image-guided interventions, 
such as radiation therapy and minimally invasive therapies.

Those features of the DPM that are measurable and/or have cause-and-effect 
relationships, and can be quantified may be dealt with in a different manner than 
non-quantifiable features, such as constitution and appearance. In Bayesian terms, 
these quantifiable features, or entities, may be thought of as a dynamic set of data el-
ements, i.e. attributes with interconnected and fluctuating probability distributions.

The probability distribution of each attribute or variable reflects and represents 
the state of uncertainty associated with the knowledge about a particular feature of 
an individual patient. The existence of relationships among attributes, represented 
by appropriate links and their binding strength, are also subject to probability distri-
butions. The value of each attribute probability distribution lies within a statistically 
definable range of normal and abnormal values. The boundaries of the values for 
each attribute, and the volatility of the changes of these values, vary in health and 
disease, and at different ages, and may be subject to further alterations based on the 
body’s homeostatic mechanisms, as well as constitutional, genetic and epigenetic, 
and environmental factors, including prior medical and surgical interventions. It is 
therefore reasonable to assume that the described situation surrounding the patient 
is amenable to be represented by a form of Bayesian Network. However, standard 
Bayesian Networks that have been utilized in previous medical decision support 
and knowledge management systems are inadequate for this purpose. A Multi-Enti-
ty Bayesian Network (MEBN) [3] is available that can overcome the limitations of 
standard Bayesian Networks.

A MEBN is a logic system that integrates first-order logic with Bayesian prob-
ability theory and can provide a descriptive and functional framework for the quan-
tifiable components or entities of the DPM. These entities of the DPM will be stored 
as attributes within both a PSM Database (to be described below) and the appropri-
ate nodes of the graph created for the MEBN.

The First and Second Order Information Entities (IEs) for the generic PSM may 
relate to the entities listed in Tables 2.1 and 2.2. The attributes of these IEs may 
be obtained through links with the appropriate databases, spreadsheets, Electronic 
Medical Records (EMRs), and repositories, for example by means of the function-
alities of a suitable MIMMS. These Primary and Secondary IEs are broken down 
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into Third Order IEs and further subdivisions that include the vast, and continually 
expanding, list of patient-related information.

A finer granularity is developed and refined as more patient and disease specific 
attributes are enumerated as third and fourth order (and beyond) IEs. A general tem-
plate for a range of attributes of a generic PSM is presented in Fig. 2.2. The central 
area of the template represents the current status of the generic PSM, and is divided 
into three categories: pre-determined factors, anatomic factors, and physiologic/
functional factors. Allowances are made for those influences that have a direct role 
on altering the PSM—processes, such as aging, development, diseases, surgical 
procedures; extrinsic inputs or interventions; intrinsic mediators. A separate section 
of the template displays the PSM output that generates the current or working model 
of the actual patient, or the DPM.

First order information entities
1 Genome
2 Proteome
3 Cellular
4 Tissue
5 Organ
6 Organism

Table 2.1  First order infor-
mation entities

Second order information entities
1 General health status
2 Central nervous system
3 Sensory organs
4 Cardiovascular
5 Gastrointestinal
6 Respiratory
7 Genitourinary
8 Endocrine
9 Nutritional/metabolic
10 Hematological/lymphatic
11 Musculoskeletal
12 Integument
13 Psychological
14 Genetic/proteomic
15 Prostheses/devices
16 Growth/development
17 Aging
18 Environmental factors

Table 2.2  Second order 
information entities
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It can be surmised that the full collection of templates that includes each of the 
First and Second Order IEs represents a vast amount of information that would be 
overwhelming for rapid clinical problem solving, given the capabilities of today’s 
computer systems. It would, however, be possible to store this information in prop-
erly designed database systems with the appropriate database architecture. It is also 
proposed that for management of clinical problems in a feasible manner, a specific 
selection of PSM attributes (or PSM Constellation) relevant to the clinical problem 
at hand, can be identified and formed into a limited or working DPM. The attributes 
of the DPM would be available to the clinician in whatever forms are desired and 
useful—graphic, tabular, descriptive, and 3-D model. The ability to make queries 
regarding patient status, diagnosis, treatment plans, and prognosis would be provid-
ed. (This approach would not preclude independent, separate, and deeper database 
queries and data-mining from the complete PSM database [or, databases] to detect 
as yet unrecognized causes, effects, and outcomes, and for other forms of research.)

The PSM Constellation may be presented as a pictorial representation, as in 
Fig. 2.3, with only the First-Order IEs being shown. However, the PSM Constella-
tion is multi-scalar and contains, within the computer structure the active entities of 

Fig. 2.2  A generic PSM template. The DPM is generated when the specific factors and values 
are entered into the full set of templates and the output is analyzed and may be used for prediction
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all orders. Linkages between any entity, of any order, (on the y-axis) and an associ-
ated TIMMS Component (on the x-axis) may be displayed as needed.

The attributes defining the DPM will change over time, especially during the 
course of a medical treatment or surgical intervention. It is one of the roles of the 
DPM and associated software tools to gather, calculate, record, tabulate, or other-
wise organize, maintain, and communicate values for each of these entities, and 
to predict and record the changes in values brought about through the interactions 
with the entities. These changes over time would be reflected in changes to the grid 
along the z-axis.

 2.1.3 Multi-Entity Bayesian Network (MEBN)

A MEBN [3] is a logic system that integrates first-order logic with Bayesian prob-
ability theory and can provide a descriptive and functional framework for the DPM. 
It is the nature of a MEBN to increase in overall accuracy as the precision of the 
data used to generate the various component probabilities increases (see below). 

Fig. 2.3  Generic PSM constellation grid showing first order information entities
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With the addition of sufficient context-appropriate patient-specific data, it is hy-
pothesized that the MEBN will provide a flexible and sufficiently accurate model 
of a patient, and will also provide the necessary framework for the associated situ-
ational awareness and decision support that will be required for the performance of 
MGT, as well as the generation and validation of Model-Based Medical Evidence 
(MBME) when generated through MGT.

Structurally, MEBN logic expresses probabilistic knowledge as a collection of 
MEBN fragments (MFrags) organized into MEBN Theories (MTheories) [3]. An 
MFrag represents a conditional probability distribution of the instances of its resi-
dent random variables, given the values of instances of their parents in the Fragment 
graphs and given the context constraints. An example of an MFrag that might be 
used in conjunction with other MFrags to predict the outcome of an ablation treat-
ment of HCC is presented in Fig. 2.4. There is no theoretical limit to the number of 
MFrags that may be used in an MEBN.

A collection of MFrags represents a joint probability distribution over an un-
bounded, possibly infinite number of instances of its random variables. The joint 
distribution is specified by means of the local distributions together with the con-
ditional independence relationships implied by the fragment graphs. Context terms 
are used to specify constraints under which the local distributions apply [3].

A collection of MFrags that satisfies consistency constraints, ensuring the 
existence of a unique joint probability distribution over its random variables, is 
called an MTheory. MTheories can express probability distributions over truth 
values of arbitrary First Order Logic sequences and can be used to express do-
main-specific ontologies that capture statistical regularities in a particular do-
main of application [3].

Fig. 2.4  MFrag. This  
MFrag demonstrates the 
relationships between the  
a proximity of a discrete 
HCC lesion. b a nearby 
vessel, and c the size of the 
lesion. (Preliminary draft; 
under development)
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In addition, MTheories can represent particular facts relevant to a given reason-
ing problem. Conditioning a prior distribution represented by an MTheory on its 
findings is the basis of probabilistic inference with MEBN logic [3].

The MFrags may be assembled to form graphs, e.g. Situation Specific Bayesian 
Networks (SSBN), for evaluating hypothetical conditions [3]. Support for decision 
constructs in MEBN is provided via Multi-Entity Decision Graphs (MEDG) that 
are related to MEBN the same way influence diagrams are related to Bayesian Net-
works [3]. An MEDG can be applied in any application that requires optimizing a 
set of alternatives (i.e.—an MEDG policy) over the given constraints of a specific 
situation. MEBN logic also provides a means of learning the structure of a MEBN 
Theory on the basis of data (i.e. Bayesian learning), while parameter learning can be 
expressed as inference in MEBN theories that contain parameter random variables. 
Thus, the MEBN provides comprehensive methodology for DPM description, as 
well as tools for decision support.

 2.1.4 UnBBayes

The design of a MEBN is facilitated through the open source software called UnB-
Bayes [4, 5]. This is a probabilistic network framework with a graphical user inter-
face (GUI) and an application programming interface (API) supporting applications 
for inference, sampling, learning, evaluation, and other functions.

To create a MEBN in UnBBayes, for a generic PSM relating to HCC, it is impor-
tant to identify and define the domain of discourse of interest and then to select the 
relevant IEs for this domain. IEs may be derived from the information accumulated 
in a clinical cancer center—medical examination, medical imaging, endogenous 
human characteristics (e.g. age, gender, and genetics), and exogenous factors (e.g. 
alcohol consumption and pathogens such as hepatitis exposure). Criteria need to be 
established that enable classification and organization of the identified IEs.

This activity will be accomplished through the extraction of IEs (which will 
be identified in the following Chapters), and the establishment of adequate prob-
abilities for the criteria and importance ratings (weights) for the IEs (which will be 
addressed in future work). After this information is accumulated, sets of IEs will be 
formed that can be regarded to be logically connected. Subsequently, independent 
IEs will be assigned as Resident Nodes with their own MFrags.

After finalizing an MTheory with a complete set of MFrags, a generalized pa-
tient entity will be created. From this generic entity, instances for every real patient 
may be created. Finally, findings for a specific patient may be assigned to a par-
ticular instance and the corresponding MTheory may then be visualized as a graph 
with the given IEs, probabilities, and findings. It is important to keep in mind that 
the relationship between IEs (or, random variables) in the MEBN can be updated 
as more experience and evidence are added to the system, according to Pearl’s Bi-
directional Belief Updating Algorithm [6, 7]. Therefore, in the initial development 
of the MFrags and MTheories, close approximations of probabilities as established 



192 The Digital Patient Model and Model Guided Therapy

by experts, can provide an effective starting point with the knowledge that the over-
all system will increase in accuracy and validity as more data are added.

A vast number of biomarkers, from any source, can be maintained in the Reposi-
tories contained in a TIMMS environment. These biomarkers can therefore be made 
available for incorporation, as IEs, into new MFrags and into MEBNs as new infor-
mation becomes available. This too, will promote continued growth and accuracy 
of the MEBNs and PSMs as research adds new information.

 Conclusion

The basic features of an IT system built upon a MEBN and TIMMS have been de-
scribed in this Chapter. In the following Chapters, the clinical information required 
for constructing a preliminary MEBN for HCC will be reviewed and presented. 
Appropriate IEs will be extracted from the data in these Chapters so that in future 
works the preliminary MEBN, its MFrags, and a generic PSM template for HCC 
can be developed.

Once the preliminary MEBN and PSM template have been established, the ad-
dition of patient records, images, and outcomes in the appropriate TIMMS Reposi-
tories will allow the creation of a functioning MEBN. It is our goal to utilize this 
IT approach to medical management to maximize the use of established medical 
information, to assist decision making, to advance our understanding of health and 
disease when there is incomplete medical knowledge, and to facilitate PPPM.
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Abstract Hepatocellular carcinoma (HCC) is the most common form of primary 
liver cancer and the fifth most common cancer worldwide. Due to its aggressive 
nature and poor survival rate, incidence and mortality rates are almost equivalent, 
accounting for approximately 500,000 deaths annually. Since HCC is most often 
seen in patients with chronic liver disease or cirrhosis, the incidence of HCC and 
the epidemiology of underlying liver diseases are closely linked. This Chapter pro-
vides a review of the literature regarding HCC including epidemiology; risk factors; 
infectious etiologies; pathology, microenvironment, and biomarkers; screening and 
diagnostic technologies; and treatment modalities. The information accumulated in 
this review will be used to generate the information entities (IEs) that will be used 
to populate the patient databases and Multi-Entity Bayesian Networks (MEBNs) 
required for generating Digital Patient Models (DPMs) to facilitate data mining and 
decision support. For any given patient with HCC, the DPM will need to be continu-
ously updated to ensure appropriate guidance of the patient throughout the course 
of their disease.
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3.1  Introduction

Hepatocellular carcinoma (HCC) is the most common form of primary liver cancer 
and the fifth most common cancer worldwide [1]. Due to its aggressive nature and 
poor survival rate, incidence and mortality rates are almost equivalent, account-
ing for approximately 500,000 deaths annually [1]. Since HCC is most often seen 
in patients with chronic liver disease or cirrhosis, the incidence of HCC and the 
epidemiology of underlying liver diseases are closely linked. HCC diagnosed after 
the onset of symptoms portends a poor prognosis with a 5-year survival of 0– 10 %, 
highlighting the importance of screening for HCC in high risk patients and early 
treatment. It is important to note that at the time of diagnosis, 20–60 % of small le-
sions are found to be multifocal and, despite adequate preoperative assessment, up 
to 30 % of tumors in patients with cirrhosis are under-staged [2].

3.1.1  Pathology of Hepatocellular Carcinoma

The development of HCC is currently felt to take place in a sequential process, with 
transformation from a small monoclonal dysplastic focus (< 1 mm) to a low-grade 
dysplastic nodule (LGDN) (> 1 mm), and then to a high-grade dysplastic nodule 
(HGDN) before it evolves into a true carcinoma [3]. The absence of a true structured 
basement membrane along the hepatic sinusoids makes it difficult to distinguish an 
early invasive HCC from a HGDN. One of the distinguishing features of early HCC 
is stromal invasion into the portal tracts. In addition, early diagnosis of HCC is 
supported by molecular markers (glypican 3, heat shock protein 70 (Hsp70), and 
glutamine synthetase). If two of these three markers are positive, a sensitivity of 
72 % and specificity of 100 % is reached for the diagnosis of HCC [3]. Transforma-
tion into carcinoma is further accompanied by the recruitment of an arterial blood 
supply, venous invasion, and, finally, metastasis. Some of these features will be 
exploited in the early detection of HCC by contrast enhanced CT and MRI (to be 
discussed below and in Chap. 4).

It is currently felt that conditions affecting hepatic progenitor cells (HPCs) 
(K19 + , K7 + , EpCAM + , CD133 + ), capable of differentiating into hepatocytes 
(K19 −, K7−) or cholangiocytes (K19 + , K7 + , mucin + ), provide a common path-
way for the development of liver tumors, and that liver carcinomas are monoclo-
nal, i.e. derived from a single cell [3]. There is evidence that oxidative stress and 
chronic inflammation form common carcinogenic risk factors in all primary liver 
cancers. Chronic viral hepatitis B and C, alcoholic and nonalcoholic steatohepatitis, 
metabolic diseases, and mutagens, such as aflatoxins, are the most important risk 
factors for the development of HCC. Chronic inflammatory biliary diseases, such 
as primary sclerosing cholangitis, hepatolithiasis (intraductal gallstones), and liver 
fluke infestation by Opisthorchis viverrini and Clonorchis sinensis, are known risk 
factors for the development of cholangiocarcinoma (CC) [3].

A number of genetic markers have been associated with poor prognosis in 
HCC (more rapid progression, earlier recurrence after surgical resection or trans-
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plant) and include primarily Keratin 19 (K19), Keratin 7 (K7), EpCAM, AE1-
AE3, alpha-fetoprotein (AFP), MRP1, and vimentin. In addition, high expression 
of adenosine triphosphate-binding cassette (ABC) transporters, such as MDR1, 
ABCG2, and ABCC2 renders the cells resistant to chemotherapy, including cis-
platin and doxorubicin, which can be reversed with inhibitors or by using an an-
tisense approach [3].

The relationship between HCC and infection with hepatitis B virus (HBV) and 
hepatitis C virus (HCV), and with cirrhosis is of paramount importance. Up to 80 % 
of HCC is attributable to HBV or HCV worldwide [4, 5]. The risk of HCC is in-
creased 5–15-fold in chronic HBV carriers [6,7] and 11.5–17-fold in HCV-infected 
patients [7, 8]. Antiviral therapy is effective in preventing HCC in only a small 
proportion of patients [9, 10] and sustained clearance of HBV or HCV may be dif-
ficult to accomplish, particularly among cirrhotic patients. Of all HCCs, 80–90 % 
develops in a cirrhotic liver [11]. After 20–30 years of chronic infection, 20–30 % of 
patients develop liver cirrhosis. HCC develops at an annual rate of 1–7 % in HCV-
infected cirrhotic patients [6] and 3–8 % in HBV-infected cirrhotic patients [12].

3.1.2  Clinical Liver Cancer Center

A heterogeneous population of patients will be encountered in a clinical liver cancer 
center (CLCC). Ideally, this group of patients will include: first, a population of 
patients who are at risk for developing HCC and can be triaged into screening pro-
tocols; second, patients whose clinical status or diagnostic testing suggests the pres-
ence of primary or metastatic liver cancer; and third, patients with a definitive di-
agnosis and are either under treatment or are in remission and are being monitored.

A community outreach program can be developed as part of a CLCC to identify 
and educate patients early in the course of their disease, and to maximize the ef-
ficacy of treatments and services being offered. This includes a referral hotline; 
mailings; lectures provided for the community; screening for high risk patients; and 
access to Social Services.

A basic Triage Algorithm (Fig. 3.1) is provided for the flow of patients, who 
present from a variety of sources with a possible liver tumor. The patient will first 
be evaluated by their primary care physician, or in absence of this, be a member of 
the medical team of the CLCC. At times the patient may be referred directly to the 
Medical Oncologist, Oncological Surgeon, Interventional Radiologist, or Radiation 
Oncologist. Presentation at Tumor Board and multi-specialty clinical cancer confer-
ences is of extreme importance since a multi-disciplinary approach is essential for 
optimal treatment planning for each patient. In all cases, a complete and thorough 
review of previous medical records, as well as a current work-up for diagnosis and 
staging is to be completed.

In most cases, the clinical presentation will suggest whether the patient is at risk 
for primary or metastatic liver cancer. Once it is established that there is sufficient 
evidence of hepatic tumor, the initial diagnostic work-up of the patient will require 
adequate and cost-effective tests to confirm the presence of malignancy and the 
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cell type, and to provide sufficient information to design and begin a treatment plan 
based on current guidelines and algorithms. The diagnostic work-up will include 
complete medical history, social and family history, physical examination, labo-
ratory testing, and, diagnostic imaging. Laboratory testing will include metabolic 
profile, liver function tests, complete blood count, clotting tests, and tumor markers, 
such as AFP. Initial diagnostic imaging may include Computed Tomography (CT), 
Ultrasound (US), Magnetic Resonance Imaging (MRI) including Functional MRI, 
and, Photon Emission Tomography (PET).

3.1.3  Screening for Hepatocellular Carcinoma

Screening for HCC in high risk individuals is recommended since early identifica-
tion of small tumors has been reported to lead to improved survival [13, 14]. High 
risk individuals include hepatitis B carriers and those with cirrhosis caused by HCV, 
alcoholic liver disease, genetic hemochromatosis, primary biliary cirrhosis, and au-
toimmune hepatitis [1] (Table 3.1).

 

Fig. 3.1  Triage algorithm for patients with suspected hepatocellular carcinoma
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US has been recommended as a noninvasive imaging modality for screening 
for HCC; with a > 60 % sensitivity and > 90 % specificity in detecting HCC [15]. 
However, there may be considerable variations in detection rates based on opera-
tor experience, body habitus, the use of contrast agents, the size of liver mass, and 
the presence of cirrhosis [16]. Diagnostic features of HCC on US include irregular 
margins and internal echoes; however, smaller lesions can be hypoechoic [17]. Due 
to its low cost and wide availability, this modality is often used for screening in high 
risk patients. Screening is generally performed by experienced personnel in these 
patients at 6 month intervals with an US of liver [18]. Shorter follow-up interval 
(every 3–4 months) is recommended when a nodule of less than 1 cm has been 
detected and as a follow-up strategy for patients who have undergone resection or 
locoregional therapies [18].

AFP is a serologic marker that is elevated in many patients with HCC and is 
usually diagnostic in patients with at serum levels > 500 mcg/L [19]. However, AFP 
may also be elevated in pregnancy, those with HCV, cirrhosis without evidence of 
tumor [20], and in acute and chronic hepatitis [21]. In addition, serum AFP levels 
may also be normal in patients with a small HCC [22]. With a cutoff value of 25 ng/
ml the sensitivity and specificity of AFP in diagnosing HCC has been reported as 
69 % and 87 % respectively [23]. Given the limited sensitivity and specificity, AFP 
should not be used alone as either a screening agent or diagnostic tool [24]; how-
ever, AFP may be helpful in making a diagnosis of HCC in conjunction with other 
imaging modalities. Analysis of recent studies shows that AFP determination lacks 
adequate sensitivity and specificity for effective surveillance (and for diagnosis) 
[25, 26].

Another biomarker, des-gamma-carboxy prothrombin (DCP), is a prothrombin 
protein measured in the serum that is increased in patients with HCC [27]. DCP is 
thought to be a result of defective post-translational carboxylation that is found in 
patients with HCC [28]. A recent study in a Western population comparing AFP 
and DCP showed that DCP was more sensitive and specific in differentiation HCC 
from benign chronic liver disease [27]. However, in a more recent study, DCP did 
not offer substantial advantages with respect to AFP [28]. In addition, DCP levels 
have been associated to portal vein invasion and advanced tumor stage, a fact that 
prevents the usage of this marker for early detection [18, 29].

Table 3.1  Persons who require screening for HCC. (Adapted from [16])
Hepatitis B carriers (HBsAg positive) Non hepatitis B carriers with cirrhosis
Anyone with cirrhosis Hepatitis C
Asian males > 40 years Primary biliary cirrhosis
Asian females > 50 years Alcoholic cirrhosis
Africans > 20 years Genetic Hemochromatosis
Any family history of HCC Alpha− 1- antitrypsin deficiency (possibly)
Long term HBV carriers who lose HBsAg/
develop anti-HBs

Cirrhosis from any other cause
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3.1.4  Diagnosis of Hepatocellular Carcinoma

Imaging plays an important role in confirming the diagnosis of HCC, and is dis-
cussed in greater detail in Chap. 4A. It is essential that diagnostic testing be per-
formed properly according to established protocols so that errors in diagnosis are 
avoided, and so that the full extent of disease is established. The basic features in 
diagnostic liver imaging will include: (1) the size and number of hepatic lesions; 
(2) the location of these lesions with respect to segmental anatomy and relation-
ship to adjacent intrinsic and extrinsic structures, including vasculature, diaphragm, 
structures of the GI tract; (3) enhancement characteristics on CT and/or MRI; (4) 
metabolic activity on PET scan and/or functional MRI studies; and, (5) the presence 
or absence of extra-hepatic disease or portal vein involvement.

Images, and at times 3-D reconstructions, should be available to the treating phy-
sicians so that specific anatomical relationships can be fully evaluated when precise 
treatment plans are being formulated.

Lesion size has a major impact on the evaluation and implication of findings on 
CT and MRI imaging.

3.1.4.1  Liver Lesions > 2 cm in Diameter

In the setting of a cirrhotic liver, a lesion that measures > 2 cm and has radiographic 
characteristics of HCC (arterial enhancement and portal phase washout) on a dy-
namic imaging study such as CT or MRI, liver biopsy is not required [18, 25, 26, 
30]. In addition, if serum AFP measurement > 200 ng/ml and the mass seen on CT or 
MRI scan has features of HCC, a biopsy of liver lesion is also not necessary. Biopsy 
should be obtained in all lesions > 2 cm without a characteristic vascular enhance-
ment profile or if the lesion occurs in a non-cirrhotic liver [18, 25, 26].

3.1.4.2  Liver Lesions 1–2 cm in Diameter

Lesions measuring 1–2 cm in a cirrhotic liver may be treated as HCC if they exhibit 
characteristic arterial hypervascularity with washout on two imaging modalities 
(CT, MRI or contrast US). However, if this pattern is not observed in both imaging 
studies a biopsy of liver lesions should be considered [18, 25, 26].

3.1.4.3  Liver Lesions < 1 cm in Diameter

Liver nodules measuring < 1 cm should be monitored with US imaging at 3–6 month 
intervals. If no growth is seen in 2 years, no action is needed and routine US surveil-
lance is recommended [18, 25, 26].
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An imaging algorithm for the diagnosis of HCC (Fig. 3.2) has been described by 
the American Association for the Study of Liver Diseases (AASLD) [25].

Liver biopsy is not recommended routinely for lesions > 2 cm that have imaging 
characteristics compatible with HCC in patients with cirrhosis and/or a serum a-
fetoprotein level > 200 ng/mL. Confirmatory diagnostic testing, such as CT directed 
biopsy may still be required, especially when evaluation by imaging is inconclusive. 
However, it is important to note that the interpretation of biopsies and distinction 
between high-grade dysplastic nodules and HCC is challenging. Expert pathology 
diagnosis is reinforced by staining for glypican 3, Hsp 70, and glutamine synthe-
tase, because positivity for two of these three stains confirms HCC [18, 25, 26].

Although, noninvasive imaging techniques for the diagnosis of HCC prior to 
liver transplantation has become accepted it should be kept in mind that in three 
recent studies there was a false positive rate of 9–30 % with no evidence of tumor in 
the explanted liver [3, 31, 32, 33]. This approach may have to be reconsidered if it 
is found that targeted therapy determined by tissue-based histopathological and/or 
molecular evaluation before treatment is feasible [3].

Fig. 3.2  Diagnostic algorithm for suspected HCC [25]
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3.1.5  Staging of Hepatocellular Carcinoma

Staging in HCC differs from other solid tumors where prognosis and treatment are 
based primarily on tumor size and metastasis. In HCC, underlying liver function 
has a high prognostic importance and is integrated into many HCC staging systems. 
Given the complexity in diagnosing and prognosticating HCC, which usually oc-
curs in the setting of poor liver function, many different staging systems including 
Tumor Node Metastasis (TNM) [34], Okuda staging system [35], Cancer of the 
Liver Italian Program (CLIP) [36, 37] and Barcelona Clinic Liver Cancer (BCLC) 
staging system [38] have been proposed that focus on various aspects of this dis-
ease. Although there is no consensus on which staging system is preferred, current 
American Association for the Study of Liver Diseases (AASLD), European Asso-
ciation for the Study of the Liver (AESL), and European Organisation for Research 
and Treatment of Cancer (EORTC) guidelines recommend the use of the BCLC 
system because it has been validated and integrates tumor stage, liver function, and 
physical status [18, 25, 26]. The TNM system classifies HCC based on the size of 
tumor, the number of nodules, and the presence of vascular invasion [39]. Since this 
staging system originally did not take into account underlying liver function, its use 
in predicting prognosis and guiding treatment was limited [25, 26]. An alternate 
version of the TNM staging system has been proposed that incorporates underlying 
liver histology and may be of greater clinical use. This system has been validated in 
patients undergoing surgical resection [40] and more recently it has been shown to 
accurately stratify patients after liver transplantation [41].

Similar to the TNM classification system, the Okuda system accounts for tumor 
size; however, it differs in that it does not take into account the presence of lymph 
node involvement and metastasis, and includes liver function parameters such as 
ascites, bilirubin, and serum albumin to stratify patients [35]. Although, the Okuda 
system is very useful in identifying patients with end stage HCC, it is limited in ac-
curately differentiating patients with early and intermediate stage disease [25, 26].

The CLIP score is a mathematical score based on tumor morphology, presence 
or absence of portal vein thrombosis, AFP levels, and Child-Pugh class [37]. This 
simple scoring system has been shown to predict survival better than the TNM and 
Okuda systems [36, 42]; however, this system does not adequately stratify patients 
who may be candidates for resection or transplantation [16].

The BCLC classification system is based on performance status, extent of tumor 
including presence or absence of vascular invasion, bilirubin level, presence or ab-
sence of portal hypertension, and Okuda stage [38] (Fig. 3.3). This system is advan-
tageous in that it classifies patients as very early, early, intermediate, advanced or 
terminal stages thereby establishing a link between stage of disease and appropriate 
treatment modalities [18, 25, 26]. Very early stage disease is difficult to diagnose 
since patients are Child-Pugh class A, have no clinical features of liver disease, and 
have a single HCC lesion < 2 cm. If diagnosis is made at this stage, the treatment 
of the tumor has a theoretical 5-year survival rate of 100 % [18, 25, 26]. Early stage 
disease includes patients with up to three nodules, each less than 3 cm, and well 
preserved liver function (Child-Pugh class A and B).
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Appropriate treatment for early stage disease includes resection, liver transplan-
tation or ablation with a 5-year survival rate approaching 75 % [18, 25, 26]. Those 
with intermediate disease are Child-Pugh class A or B and have large (> 5 cm) or 
multifocal disease without vascular invasion or intrahepatic spread. Transarterial 
chemoembolization (TACE) is most appropriate for these patients as a means to 
prolong survival, but not necessarily as a long term cure [18, 25, 26]. Advanced 
stage disease includes patients who have cancer related symptoms, vascular inva-
sion or extrahepatic spread of tumor. Although cure is not a realistic goal in most 
of these patients, treatment with TACE [16] or sorafenib [43], an oral multikinase 
inhibitor, may prolong life. Finally, patients who have extensive disease (extensive 
tumor involvement, Child-Pugh class C) are classified as having terminal stage dis-
ease and have a < 10 % one year survival [16]. Treatment goals for these patients 
should be geared towards palliation and management of symptoms.

3.1.6  Functional Assessment

An important component in the determination of the BCLC Staging System is the 
Eastern Cooperative Oncology Group (ECOG) Performance Status. These scales 
and criteria are used to assess how a patient’s disease is progressing, assess how 
the disease affects the daily living abilities of the patient, and determine appropriate 
treatment and prognosis [44] (Table 3.2).

Fig. 3.3  The Barcelona Clinic Liver Cancer (BCLC) staging system for hepatocellular carci-
noma—revised 2011 [18]
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3.1.7  Construction of Database

The results of the initial diagnostic work-up and assessment for each patient will 
be entered into the Electronic Medical Record (EMR). The categories of data and 
information stored in the EMR will be organized as Information Entities (IEs) to be 
utilized in the Multi-Entity Bayesian Network (MEBN) to be developed for HCC 
(see Chap. 2). The specific patient data entered into the EMR, for each patient, will 
be used to construct a comprehensive Digital Patient Model (DPM) based on the 
generic Patient-Specific Model (PSM) as previously described. The DPM can be 
utilized to understand the health status of that particular patient and will be used to 
help facilitate decision support in the formulation of optimal treatment regimens 
and provision of personalized healthcare in an efficient, compassionate, and com-
prehensive manner.

 Conclusion

Once a potential HCC has been detected, patients can be thought of as being within 
various stages of an HCC continuum: (1) at risk; (2) HCC diagnosed and potentially 
curable; (3) treated and patient considered cured; (4) HCC treated and in remission; 
(5) HCC treated with recurrence or progression of disease; (6) patient requiring 
treatment for complications and/or palliative care; and, (7) advanced HCC requir-
ing end-of-life care. The patient, at various times during the course of their disease 
and treatment, will be found to progress and/or regress through the various stages 
of this continuum. For example, the comprehensive management of a patient with a 
solitary HCC at the time of initial diagnosis will be fundamentally different than the 

Table 3.2  Eastern Cooperative Oncology Group (ECOG) performance status*

Eastern Cooperative Oncology Group (ECOG) performance status*
Grade ECOG
0 Fully active, able to carry on all pre-disease 

performance without restriction
1 Restricted in physically strenuous activity 

but ambulatory and able to carry out work of 
a light or sedentary nature, e.g., light house 
work, office work

2 Ambulatory and capable of all selfcare but 
unable to carry out any work activities. Up 
and about more than 50 % of waking hours

3 Capable of only limited selfcare, confined to 
bed or chair more than 50 % of waking hours

4 Completely disabled. Cannot carry on any 
selfcare. Totally confined to bed or chair

5 Dead
* As published in [44]
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management of a patient with previous hepatic resection who has recent weight loss 
and has been found to have developed a new, solitary HCC. Therefore, the DPM 
will need to be continuously updated throughout the course of the patient’s disease 
by means of ongoing patient assessment to ensure appropriate guidance of patients 
through each of the stages.

References

 1. Aronsohn A, Mohanty SR (2010) Current treatment strategies for hepatocellular carcinoma. 
Curr Cancer Ther Rev 6:199–206

 2. Abrams P, Marsh JW (2010) Current approach to hepatocellular carcinoma. Surg Clin N Am 
90:803–816

 3. Roskams T (2011) Anatomic pathology of hepatocellular carcinoma: impact on prognosis 
and response to therapy. Clin Liver Dis 15:245–259

 4. Tsai W-L, Chung RT (2010) Viral hepatocarcinogenesis. Oncogene 29:2309–2324
 5. Perz JF, Armstrong GL, Farrington LA et al (2006) The contributions of hepatitis B virus 

and hepatitis C virus infections to cirrhosis and primary liver cancer worldwide. J Hepatol 
45:529–538

 6. El-Serag HB, Rudolph KL (2007) Hepatocellular carcinoma: epidemiology and molecular 
carcinogenesis. Gastroenterology 132:2557–2576

 7. Donato F, Boffetta P, Puoti M (1998) A meta-analysis of epidemiological studies on the com-
bined effect of hepatitis B and C virus infections in causing hepatocellular carcinoma. Int J 
Cancer 75:347–354

 8. Donato F, Tagger A, Gelatti U et al (2002) Alcohol and hepatocellular carcinoma: the ef-
fect of lifetime intake and hepatitis virus infections in men and women. Am J Epidemiol 
155:323–331

 9. Sorrell MF, Belongia EA, Costa J et al (2009) National Institutes of Health consensus devel-
opment conference statement: management of hepatitis B. Hepatology 49(5 Suppl):4–12

10. Tai AW, Chung RT (2009) Treatment failure in hepatitis C: mechanisms of non-response. J 
Hepatol 50:412–420

11. Caldwell S, Park SH (2009) The epidemiology of hepatocellular cancer: from the perspec-
tives of public health problem to tumor biology. J Gastroenterol 44(Suppl XIX):96–101

12. Fattovich G (2003) Natural history and prognosis of hepatitis B. Sem Liver Diseas 23:47–58
13. Wong LL, Limm WM, Severino R et al (2000) Improved survival with screening for hepato-

cellular carcinoma. Liver Transpl 6:320–325
14. Zhang BH, Yang BH, Tang ZY (2004) Randomized controlled trial of screening for hepato-

cellular carcinoma. J Cancer Res Clin Oncol 130:417–422
15. Bolondi L, Sofia S, Siringo S et al (2001) Surveillance programme of cirrhotic patients for 

early diagnosis and treatment of hepatocellular carcinoma: a cost effectiveness analysis. Gut 
48:251–259

16. El-Serag HB, Marrero JA, Rudolph L et al (2008) Diagnosis and treatment of hepatocellular 
carcinoma. Gastroenterology 134:1752–1763

17. Ishiguchi T, Shimamoto K, Fukatsu H et al (1996) Radiologic diagnosis of hepatocellular 
carcinoma. Semin Surg Oncol 12:164–169

18. European Association for the Study of the Liver. European Organisation for Research and 
Treatment of Cancer (2012) EASL–EORTC clinical practice guidelines: management of he-
patocellular carcinoma. J Hepatol 56:908–943

19. Wu JT (1990) Serum alpha-fetoprotein and its lectin reactivity in liver diseases: a review. 
Ann Clin Lab Sci 20:98–105

20. Di Bisceglie AM, Sterling RK, Chung RT et al (2005) Serum alpha-fetoprotein levels in 
patients with advanced hepatitis C: results from the HALT-C Trial. J Hepatol 43:434–441



32 S. Mohanty et al.

21. Collier J, Sherman M (1998) Screening for hepatocellular carcinoma. Hepatology 27:273–
278

22. Chen DS, Sung JL, Sheu JC et al (1984) Serum alpha-fetoprotein in the early stage of human 
hepatocellular carcinoma. Gastroenterology 86:1404–1409

23. Durazo FA, Blatt LM, Corey WG et al (2008) Des-gammacarboxyprothrombin, alpha-fe-
toprotein and AFP-L3 in patients with chronic hepatitis, cirrhosis and hepatocellular carci-
noma. J Gastroenterol Hepatol 23:1541–1548

24. Sherman M (2001) Alphafetoprotein: an obituary. J Hepatol 34:603–605
25. Sherman M, Bruix J (2011) AASLD practice guideline. Management of hepatocellular carci-

noma: an update. Hepatology 53:1020–1022
26. Sherman M, Bruix J (2010) AASLD practice guideline. Management of hepatocellular carci-

noma. Hepatology Supplement:1–32
27. Marrero JA, Su GL, Wei W et al (2003) Des-gamma carboxyprothrombin can differenti-

ate hepatocellular carcinoma from nonmalignant chronic liver disease in American patients. 
Hepatology 37:1114–1121

28. Ono M, Ohta H, Ohhira M et al (1990) Measurement of immunoreactive prothrombin, des-
gamma-carboxy prothrombin, and vitamin K in human liver tissues: overproduction of im-
munoreactive prothrombin in hepatocellular carcinoma. Am J Gastroenterol 85:1149–1154

29. Koike Y, Shiratori Y, Sato S et al (2001) Des-gammacarboxy prothrombin as a useful predis-
posing factor for the development of portal venous invasion in patients with hepatocellular 
carcinoma: a prospective analysis of 227 patients. Cancer 91:561–569

30. Torzilli G, Minagawa M, Takayama T et al (1999) Accurate preoperative evaluation of liver 
mass lesions without fine-needle biopsy. Hepatology 30:889–893

31. Hayashi PH, Trotter JF, Forman L et al (2004) Impact of pretransplant diagnosis of hepatocel-
lular carcinoma on cadaveric liver allocation in the era of MELD. Liver Transpl 10:42–48

32. Wiesner RH, Freeman RB, Mulligan DC (2004) Liver transplantation for hepatocellular can-
cer: the impact of the MELD allocation policy. Gastroenterology 127:261–267

33. Compagnon P, Grandadam S, Lorho R et al (2008) Liver transplantation for hepatocellular 
carcinoma without preoperative tumor biopsy. Transplantation 86:1068–1076

34. Cance WG, Stewart AK, Menck HR (2000) The national cancer data base report on treatment 
patterns for hepatocellular carcinomas: improved survival of surgically resected patients, 
1985–1996. Cancer 88:912–920

35. Okuda K, Ohtsuki T, Obata H et al (1985) Natural history of hepatocellular carcinoma and 
prognosis in relation to treatment. Study of 850 patients. Cancer 56: 918–928

36. The Cancer of the Liver Italian Program (CLIP) Investigators (2000) Prospective validation 
of the CLIP score: a new prognostic system for patients with cirrhosis and hepatocellular 
carcinoma. Hepatology 31:840–845

37. The Cancer of the Liver Italian Program (CLIP) investigators (1998) A new prognostic system 
for hepatocellular carcinoma: a retrospective study of 435 patients. Hepatology 28:751–755

38. Llovet JM, Bru C, Bruix J (1999) Prognosis of hepatocellular carcinoma: the BCLC staging 
classification. Semin Liver Dis 19:329–338

39. Fleming ID (2001) AJCC/TNM cancer staging, present and future. J Surg Oncol 77:233–236
40. Vauthey JN, Lauwers GY, Esnaola NF et al (2002) Simplified staging for hepatocellular 

carcinoma. J Clin Oncol 20:1527–1536
41. Vauthey JN, Ribero D, Abdalla EK et al (2007) Outcomes of liver transplantation in 490 pa-

tients with hepatocellular carcinoma: validation of a uniform staging after surgical treatment. 
J Am Coll Surg 204:1016–1028

42. Farinati F, Rinaldi M, Gianni S et al (2000) How should patients with hepatocellular carci-
noma be staged? Validation of a new prognostic system. Cancer 89:2266–2273

43. Llovet JM, Ricci S, Mazzaferro V et al (2008) Sorafenib in advanced hepatocellular carci-
noma. N Engl J Med 359:378–390

44. Oken MM, Creech RH, Tormey DC et al (1982) Toxicity and response criteria of the Eastern 
Cooperative Oncology Group. Am J Clin Oncol 5:649–655 



33

Chapter 4
Imaging in Hepatocellular Carcinoma: 
Radiologic Assessment

Irene Bargellini, Valentina Battaglia, Davide Caramella  
and Carlo Bartolozzi

I. Bargellini () · V. Battaglia · D. Caramella · C. Bartolozzi
Diagnostic and Interventional Radiology, University Hospital Pisa, Pisa, Italy
e-mail: irenebargellini@hotmail.com

V. Battaglia
e-mail: novetrequarti@yahoo.it

D. Caramella
e-mail: davide.caramella@med.unipi.it

C. Bartolozzi
e-mail: carlo.bartolozzi@med.unipi.it

Abstract In the context of Predictive, Preventive and Personalized Medicine 
(PPPM), radiologists play an essential role in patient management throughout the 
different phases of hepatocellular carcinoma (HCC). This includes diagnosis, stag-
ing, treatment planning, and evaluation of response to treatment. This chapter pro-
vides an in-depth examination of the fundamental pathophysiologic mechanisms 
underlying the radiologic diagnosis and assessment of HCC. Observations made 
in contrast-enhanced computed tomography (CT) and magnetic resonance imag-
ing (MRI), in conjunction with alpha-fetoprotein (AFP) can allow the diagnosis 
of HCC to be made with confidence without the need for biopsy, in many cases. 
Treatment decisions and prognosis are strongly influenced by the tumor extension, 
the number and size of lesions, tumor location, biliary dilatation, ascites, and the 
presence of macrovascular invasion and extrahepatic tumor spread. In addition, 
radiologic assessment of co-morbidities and response to previous treatments must 
be included in the overall assessment. The patient-specific findings from diagnostic 
imaging and interventional radiology identified in this chapter will be designated as 
Information Entities (IEs) in later chapters. These IEs will ultimately be used in the 
generation of Digital Patient Models (DPMs) to facilitate diagnosis, prognosis, and 
treatment selection, i.e. Model Guided Therapy (MGT) and PPPM.
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4.1  Introduction

In the setting of a multidisciplinary clinical liver cancer center, radiologists play an 
essential role in the different phases of hepatocellular carcinoma (HCC) patients’ 
management, including diagnosis, staging, treatment planning, and evaluation of 
response to treatment.

According to the Barcelona Clinic for Liver Cancer (BCLC) staging system [1], 
treatment decisions and prognosis are strongly influenced by the tumor extension, 
in terms of lesions’ number and size, presence of macrovascular invasion, and extra-
hepatic tumor spread; precise tumor identification is therefore mandatory for proper 
patient allocation. Moreover, treatment is often determined by other parameters that 
are not specifically addressed in the BCLC algorithm, such as tumor location, bili-
ary dilatation, ascites, co-morbidities, and radiological response to previous treat-
ments. Therefore, in clinical practice, clinical data need to be fully integrated to an 
entire spectrum of radiological parameters.

4.1.1  Diagnosis of HCC

The development of a neoplasm in cirrhosis is a long-lasting process. Many cel-
lular changes occur along the pathway from normal hepatocytes to neoplastic cells 
so that different types of nodules can be detected in a cirrhotic liver, ranging from 
regenerative nodules to low-grade dysplastic nodules (LGDNs) and high-grade dys-
plastic nodules (HGDNs), early HCC and, finally, overt HCC.

HGDN nodules and early HCC are considered as premalignant and early malig-
nant nodules. Foci of HCC can be found inside HGDNs, while in early HCC cells de-
generation is not usually already associated to all the typical vascular changes found 
in overt HCC [2, 3]. These vascular alterations include the reduction of portal venous 
supply and the development of unpaired arteries and arterio-venous shunts [3].

These typical vascular changes account for the pathological background for cur-
rent non-invasive diagnosis of HCC at dynamic contrast-enhanced imaging, based 
on the so-called “typical vascular pattern”, characterized by wash-in in the arterial 
phase and wash-out in the portal venous/late phases. This pattern has shown up to 
100 % specificity for HCC nodules > 1 cm in size, in the setting of a cirrhotic liver 
[4–6]. Therefore, according to current guidelines, the detection of the typical vascu-
lar pattern at multidetector computer tomography (MDCT) or magnetic resonance 
(MR) is considered sufficient for the diagnosis of HCC in patients with cirrhosis 
[7–9]. It should be noted that none of the guidelines reports which cross-sectional 
imaging modality between MDCT and MR should be performed to evaluate a nod-
ule detected during ultrasound (US) surveillance. In fact, MR and MDCT show 
similar sensitivity in the detection of the typical vascular pattern, ranging between 
44–62 % and between 44–53 %, respectively, although MR has been proven to be 
superior especially in nodules < 2 cm [10, 11].

Although the typical hallmarks of HCC at dynamic imaging are recognized by 
all current guidelines, diagnostic algorithms differ in the suggested management of 
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the detected nodules according to their size. European Society for the Study of the 
Liver (EASL) guidelines suggest that a single imaging modality is sufficient for 
HCC diagnosis in nodules > 2 cm, while smaller nodules (between 1–2 cm) should 
be investigated by two imaging modalities if not performed in centers of excellence 
with ‘high-end radiological equipment’ [7]. On the contrary, the American Associa-
tion for the Study of Liver Diseases (AASLD) guidelines suggest that the detection 
of the typical enhancement pattern at one single imaging modality in nodules > 1 cm 
can be considered as sufficient to formulate a diagnosis of neoplasm [8]. Finally, 
EASL guidelines disregard the dimensions of the nodules, because the diagnosis of 
malignancy can be assessed even in lesions < 1 cm in the case of a typical enhance-
ment pattern [9].

Only two-thirds of HCCs are reported to show a typical vascular pattern, and di-
agnosis of atypical HCC nodules remains a controversial issue, with differences in 
their suggested management according to the available guidelines [12]. While both 
EASL and AASLD guidelines suggest biopsy for all atypical nodules > 1 cm [7, 8], 
the Asian Pacific guidelines suggest the use of new diagnostic tools, such as MR 
using reticulo-endothelial system (RES)- or hepatocyte-specific contrast agents, or 
contrast enhanced ultrasound (CEUS) using Sonazoid [9], while biopsy should be 
performed in case of inconclusive findings.

The role of biopsy as a solving problem tool is again controversial. In fact, it 
should be kept in mind that sampling errors can occur (such as insufficient tissue or 
samplings not representative of the entire lesions) and that pathological interpreta-
tion can be challenging on a specimen obtained from needle biopsy, with inability 
of evaluating all the criteria suggesting malignancy (especially stromal invasion) 
[12, 13].

4.1.2  New Diagnostic Tools

Despite being very specific, the diagnosis of HCC based solely on the detection 
of neoangiogenesis has a low sensitivity. Thus, the role of different diagnostic ele-
ments is under evaluation [4]. In this setting, MR seems to provide some advantages 
compared to MDCT, due to its intrinsic capability of identifying other intracellular 
components, such as glycogen, hemorrhage, water, and metals, and defining other 
parameters, such as diffusivity and biliary function [14–16].

4.1.2.1  Diffusion-Weighted Imaging (DWI)

Diffusion-weighted imaging (DWI) is a dedicated MR sequence that allows for the 
evaluation of the random motion (related to thermal effects) of water molecules 
(‘Brownian motion’) within biological tissues. Recently, DWI has been introduced 
in liver MR protocols, as several studies have reported its usefulness in improving 
detection and characterization of focal liver lesions, by measuring their apparent 
diffusion coefficient [17, 18], providing an adjunctive tool in the differential diag-
nosis between benign and malignant lesions.
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4.1.2.2  Hepatospecific Contrast Agents for MR

During carcinogenesis, together with neoangiogenesis, progressive loss of biliary 
polarization of the hepatocyte and derangement of its microscopic, secretory struc-
ture are observed. Recent studies have described modifications of membrane car-
riers (such as organic anionic transporter protein [OATP] and multidrug-resistance 
protein [MRP]) that are involved in bilirubin metabolism in neoplastic nodules.

The recent introduction of hepatobiliary contrast agents in MR studies, espe-
cially of the highly lipophilic compound Gd-EOB-DTPA, has provided an addi-
tional tool for the assessment of the metabolic function of nodules. In fact, due to 
a competitive binding to bilirubin transporters, these agents provide information 
regarding the residual performance of cellular membrane proteins and intracellular 
metabolic activities [19, 20].

Moreover, these agents enable the evaluation of both dynamic vascular and 
metabolic nodular functions in a single session study since the contrast is taken up 
within functioning hepatocytes, and then, excreted at the level of the biliary pole 
at the end of the intravascular phase. This metabolic phase occurs 20–40 min after 
the injection.

In recent studies, the lack of contrast agent uptake in the hepatobiliary phase 
has been found in premalignant HGDNs, as well as cases of malignant degenera-
tion (early/overt HCC), even in the absence of the typical vascular pattern [4, 5, 
21]. Thus, the use of hepatobiliary contrast agents might increase MR sensitivity in 
identifying malignant and premalignant lesions. Accordingly, recent studies have 
demonstrated that the combination of DWI and MR with hepatospecific contrast 
agents can provide information regarding the risk of premalignant lesions evolving 
into overt HCC [15, 16].

4.1.3  Therapeutic Algorithm and Treatment Planning

The BCLC staging classification stratifies HCC patients into five major categories 
(very early, early, intermediate, advanced, and terminal stages) on the basis of tu-
mor extension, liver function, and performance status [1]. For each stage, different 
prognostic variables are identified, life expectancy is estimated, and the most proper 
treatment option is suggested.

4.1.3.1  Very Early Stage

The very early stage (stage 0) is composed of patients with single nodule < 2 cm 
in a well-compensated cirrhotic liver without portal hypertension. These patients 
can benefit from resection with estimated 5-year survival rates exceeding 90 %. 
Livraghi and colleagues have demonstrated that similar clinical outcomes can be 
obtained also by percutaneous radiofrequency ablation (RFA), with lower costs 
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and periprocedural risks [22]. Thus, when technically feasible according to lesion 
location, percutaneous ablation may represent a valid treatment option, although 
according to the AASLD Practice Guidelines ablation should currently be limited 
to patients not eligible for surgical resection [8]. Also, lesion location requiring 
extensive resection could represent a parameter in favor for RFA.

4.1.3.2  Early Stage

The early stage (stage A) is composed of patients in good clinical conditions with a 
single nodule or less than 3 nodules < 3 cm in size each. These patients can benefit 
from curative treatments, such as liver transplantation (LT), resection or percutane-
ous ablation, with estimated 5-year survival rates of approximately 50–75 %.

LT is able to cure both the tumor and the underlying liver disease. Its success 
is strongly related to the adopted inclusion criteria and to the waiting time. Strict 
inclusion criteria have been proposed in 1996 by Mazzaferro et al., the Milan cri-
teria, defined as the presence of a single nodule < 5 cm in size, or no more than 
three nodules each  < 3 cm in size [23]; therefore, precise tumor identification is 
mandatory to set indications for LT. Cautiously expanded criteria have been sub-
sequently proposed [24, 25], with acceptable 5-year survival rates. Some authors 
have proposed the use of locoregional treatments for tumor down-staging in highly 
selected patients [26–28], for whom the identification of a radiological complete tu-
mor response after treatment could even represent a marker of favorable biological 
tumor behavior allowing LT [29, 30]. Locoregional treatments, such transarterial 
chemoembolization (TACE) and percutaneous ablation, are also extensively used in 
T2-stage HCC patients waiting for LT and in patients with an expected waiting time 
> 6 months, to reduce the risks of dropout for tumor progression [31, 32].

There are several clinical factors that contraindicate LT even in patients within 
Milan criteria such as age, co-morbidities, and alcohol abuse. In this setting, RFA 
and resection are regarded as treatment options with curative intent.

Exclusion criteria for resection vary from site to site, although several authors 
agree in excluding patients with portal hypertension. In this scenario, imaging may 
play a role in identifying signs of portal hypertension such as hepatofugal shunts, 
varices, and splenomegaly. After resection, residual liver function represents the 
strongest predictor of survival [1, 33], while pathological findings, such as vascular 
invasion, satellites, and tumor differentiation, are risk factors for tumor recurrence.

Tumor location, size, and number may limit the indications for percutaneous 
ablation. In fact, the success of ablation is lower when more than two nodules are 
treated and in tumors > 3 cm in size [34–36]. For nodules between 3–5 cm in size, 
the combination of RFA and TACE has proven to be more effective compared to 
RFA alone [37, 38]. Moreover, technical feasibility and success of ablation are lim-
ited in the case of nodules located close to the gallbladder or to large vessels, or in 
subcaspular locations.
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4.1.3.3  Intermediate Stage

The intermediate stage (stage B) of the disease includes a wide variety of patients, 
who are asymptomatic, with preserved liver function, but with a more extensive 
liver involvement. In these patients, TACE represents the treatment of choice, being 
able to improve survival compared to best supportive care [39, 40]. However, tumor 
relapse after TACE is a major issue, and the combination of TACE and sorafenib is 
under investigation, in the attempt to reduce tumor recurrence.

The intermediate stage is composed of a very heterogeneous population, rang-
ing from patients with a single large nodule to patients with multifocal extensive 
bilobar involvement. Therefore, a better stratification of this group of patient is 
needed [41]. In clinical practice, there is wide variation in the management of these 
patients. Single large nodules can be treated effectively by surgical resection, down-
staging followed by LT (in highly selected patients), or by combining TACE and 
RFA [42]. Alternatively, patients with extensive tumor involvement might not ben-
efit from TACE and should be considered as advanced-stage HCC patients [43, 44].

4.1.3.4  Advanced Stage

In the advanced stage (stage C) of the disease, performance status is compromised 
and/or the tumor has spread into the vessels or outside the liver. Two multicenter, 
phase III, double-blind, placebo-controlled trials [45, 46] have demonstrated that in 
this stage sorafenib (an oral multikinase inhibitor of the vascular endothelial growth 
factor, the platelet-derived growth factor receptor and Raf) can prolong survival.

Yttrium-90 (Y90) radioembolization (RE) (also known as selective internal ra-
diation therapy [SIRT]) has been investigated in advanced stage, as well as in inter-
mediate stage, HCC patients who have been excluded from, or have not responded 
to, TACE. The first phase II clinical study has demonstrated that in this clinical sce-
nario Y90 RE is safe and effective, with promising clinical outcomes, particularly 
in patients with segmental portal vein thrombosis [47].

In fact, initial reports regarding RE have demonstrated that even in the set-
ting of the advanced stage HCC further efforts are needed for improved patients’ 
stratification. It has been found that long-term survival is different for patients with 
metastasis compared to patients with HCC confined to the liver, as well for patients 
with segmental branch portal vein neoplastic thrombosis versus patients with main 
branch involvement [47–49].

4.1.4  Post-Treatment Evaluation

Response to previous treatment represents a key factor in determining a patient’s 
prognosis and therapeutic management [44]. Traditionally, response is measured 
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in terms of tumor shrinkage using standard Response Evaluation Criteria in Solid 
Tumors (RECIST) [50, 51]. However, these criteria can be misleading when ap-
plied to molecular-targeted or locoregional therapies in HCC, since tumor necrosis 
may not always be paralleled by a reduction in tumor size [52]. For instance, a poor 
correlation was demonstrated between RECIST and clinical outcome of sorafenib 
treatment in HCC patients [46]. In 2001, EASL recommended measuring change in 
the area of tumor enhancement on contrast enhanced imaging as the optimal method 
to assess treatment response [53]. More recently, AASLD has proposed a formal 
amendment to RECIST that take into account variations in the degree of tumor arte-
rial enhancement: modified RECIST (mRECIST) [54]. mRECIST has been vali-
dated in different clinical trials involving both locoregional therapies and systemic 
targeted agents [55, 56], and a correlation with pathological necrosis evaluated on 
the explanted liver has been demonstrated [57]. However, while RFA and TACE 
usually generate well-defined and easily measurable areas of necrosis, the extent of 
tumor necrosis is usually unpredictable and irregular following treatment with RE 
and sorafenib; these treatments might reduce tumor vascularization without neces-
sarily creating areas of necrosis [58, 59]. Furthermore, patients with advanced-stage 
HCC, for whom sorafenib and RE are usually performed, often present with ir-
regular and highly inhomogeneous lesions at baseline due to the infiltrative margins 
and the irregular perfusion caused by neoplastic portal vein thrombosis and previ-
ous locoregional treatments. Thus, mRECIST should be applied with caution when 
evaluating radiological response to sorafenib and RE.

The uncertainty in evaluating response to sorafenib with mRECIST is further 
emphasized in recent literature that focuses on the need to find new biological 
markers that are able to achieve early identification of patients responding to treat-
ment. Some authors have pointed out the usefulness of monitoring AFP levels that 
might represent a more sensitive prognostic parameter compared to radiological 
criteria [60–62]. In addition, determination of response, based on changes in tumor 
density and perfusion parameters, has been proposed, using CEUS, perfusion CT, 
and/or MR spectral imaging [59, 63–68]. Finally, some authors have underlined the 
need for volumetric assessment of tumor variations to increase accuracy and repro-
ducibility in assessing tumor response [69–71].

4.1.5  Electronic Medical Records and Radiological Data

As described in Chap. 2, comprehensive Digital Patient Models (DPMs) based 
on Multi-Entity Bayesian Networks (MEBNs) for patients with HCC may be 
constructed from electronic databases and repositories. Patient-specific findings 
of diagnostic imaging and interventional radiology that may be identified as In-
formation Entities (IEs) will need to be integrated as clinical parameters in the 
MEBNs. Radiological findings that may be used to generate IEs are summarized 
in Table 4.1.
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Conclusion

It has been demonstrated that radiological imaging plays a critical role in the di-
agnosis and management of patients with HCC. The radiological features of HCC 
lesions provide information that is required to determine staging and prognosis, and 
to select the optimal treatment protocols.
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Abstract In the last two decades, the development of Positron Emission Tomogra-
phy (PET), and then PET with Computed Tomography (PET/CT) imaging, has had 
a large impact on the management of a number of cancer types. PET/CT imaging 
benefits from the possibility of obtaining both structural (CT) and functional (PET) 
cancer information at the same time. PET obtains images of the biodistribution of 
radiopharmaceuticals that can be designed to target different biological processes. 
In current clinical cancer imaging, most PET imaging studies are performed using 
an analog of glucose, fluorodeoxyglucose (FDG), labeled with the radioactive 
Fluorine-18. Imaging with FDG is particularly useful because following malignant 
transformation, various tumors are characterized by increased glucose utilization 
that is reflected by increased uptake and accumulation of FDG. In oncology, PET 
imaging with FDG often provides more sensitive and more specific information 
about the extent of disease than morphologic/anatomic imaging alone. PET also 
offers an earlier and often better assessment of response to treatment and an overall 
better accuracy to restage disease after completion of a treatment course. This in 
turns results in an overall improved prognostic evaluation during and after treat-
ment. Although the role of PET/CT is limited in patients with HCC, the current 
status of this imaging technology is reviewed.

Keywords Personalized medicine · Hepatocellular carcinoma · Liver metastases · 
Diagnosis · Imaging · Staging · Computed tomography · Positron emission 
tomography · Fluorodeoxyglucose (FDG) · Treatment evaluation

5.1  Introduction

In the last two decades, the development of Positron Emission Tomography (PET) 
and then PET with Computed Tomography (PET/CT) imaging has had a large im-
pact on the management of a number of cancer types. PET/CT imaging benefits 
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from the possibility to obtain both structural (CT) and functional (PET) cancer in-
formation at the same time. PET obtains images of the biodistribution of radioactive 
labeled compounds (radiopharmaceuticals) that can be designed to target different 
biological processes.

5.1.1  Pharmacology

Several radiopharmaceuticals are available for PET that are able to image various 
aspects of cancer biology such as cell proliferation and DNA synthesis, tumor 
hypoxia, tumor angiogenesis, and cell apoptosis. However, in clinical cancer im-
aging, most of the PET imaging studies are performed using an analog of glucose, 
fluorodeoxyglucose (FDG), labeled with the radioactive Fluorine-18 (18F). Imag-
ing with FDG is particularly useful because following malignant transformation, 
various tumors are characterized by an increased glucose utilization that is reflect-
ed by an increased uptake and accumulation of FDG. The uptake mechanism and 
biochemical pathway of FDG has been widely studied both in vitro and in vivo. 
The transport of the radiotracer through the cell membrane via glucose transport 
proteins, particularly glucose transporter type 1 (GLUT-1), and subsequent intra-
cellular phosphorylation by hexokinase (HK) have been identified as key steps for 
subsequent tissue accumulation [1]. Because FDG-6-phosphate is not a suitable 
substrate for glucose-6-phosphate isomerase, and the enzyme level of glucose-
6-phosphatase is generally low in tumors, FDG-6-phosphate accumulates in cells 
and is visualized by PET.

5.1.2  Role of PET Imaging in Oncology

5.1.2.1  Diagnosis

In oncology, PET imaging with FDG often provides more sensitive and more spe-
cific information about the extent of disease than morphologic/anatomic imaging 
alone. FDG-PET has become a standard imaging procedure for staging and restag-
ing of many types of cancer [2]. The metabolic activity of neoplastic tissue mea-
sured by PET offers information about cancer biology and aggressiveness, and has 
proven to offer, in comparison to other imaging modalities and for most cancer 
types, an improved ability to differentiate benign from malignant lesions and there-
fore to identify early truly neoplastic disease. For example, a number of studies and 
a recent meta-analysis [3] of the available data have found that the addition of PET 
improves the accuracy of the diagnostic evaluation of single pulmonary nodules, 
reduces the number of indeterminate readings, and increases the inter- and intra-
observer agreement on the presence of malignancy. FDG-PET imaging of cancer 
offers improved accuracy for the identification of lymph node and distant metasta-
ses and therefore provides better initial cancer staging.
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5.1.2.2  Response to Treatment

When compared to other imaging modalities, PET offers also an earlier and often 
better assessment of response to treatment and an overall better accuracy to restage 
disease after completion of a treatment course. This in turns results in an overall 
improved prognostic evaluation during and after treatment. There is a large body of 
evidence on the importance of PET/CT in the assessment of the efficacy of treat-
ment and on the prognostic value of the PET information coming from studies in 
patients with lymphomas [4]. There is no question that PET and PET/CT imaging 
has a significant impact on the clinical management of cancer patients. Data ob-
tained from the National Oncologic PET Registry collected by Medicare has dem-
onstrated that because of its greater accuracy, PET imaging significantly changed 
patient management in approximately 30 % of the cases [5].

There is also no doubt at this point that PET/CT imaging, by means of an overall 
improved anatomical and functional characterization of cancer, represents an im-
portant step towards an individualized, response-adapted treatment of cancer. Infor-
mation regarding cancer biology, obtained from PET/CT imaging, is used to modify 
treatment based on the individual degree of response. In the future, the possibility of 
PET/CT to visualize multiple aspects of tumor biology besides glucose metabolism 
with FDG offers exciting new possibilities. It may be possible to plan individual-
ized cancer treatments according to different biological cancer characteristics (such 
as tumor hypoxia for planning radiation treatment, estrogen receptors expression in 
breast cancer for planning hormonal therapy, and VEGF expression when planning 
anti-angiogenic treatments).

5.1.3  PET/CT in Guiding Ablation Therapies to the Liver

PET/CT imaging with FDG has been demonstrated to be useful in the clinical 
evaluation of patients being considered for local ablation therapies of primary and 
metastatic liver cancers. A number of studies have shown the value of PET/CT 
for the initial selection of patients being considered for local interventions, for the 
evaluation of response to local ablation treatment, as well as in the follow-up of 
these patients.

5.1.3.1  Metastatic Liver Disease

A recent paper on the role of PET/CT imaging in oncology [3] acknowledged that 
PET/CT has a better overall diagnostic accuracy for the evaluation of colorectal 
cancer and recommended that PET/CT be used in the initial disease staging, par-
ticularly for the evaluation of liver metastases. The same panel of experts recom-
mended that PET/CT be used for the restaging and follow-up of these patients, to 
evaluate for local recurrence or to detect hepatic and extra-hepatic metastases.
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Recently, a Task Force of the National Comprehensive Cancer Network [6] re-
ported on the clinical utility of PET imaging in a variety of tumor types. In this 
report it was recognized that because liver metastases represent the main cause of 
mortality from colorectal cancer and because conventional imaging with CT often 
fails to identify preoperatively those patients whose metastases can be successfully 
resected, there is the need for better imaging techniques with higher accuracy to de-
tect liver metastases and exclude extra-hepatic disease, to achieve an overall better 
staging accuracy and avoid futile liver surgeries.

A number of studies have demonstrated that the addition of PET imaging im-
proves the detection of liver metastases. Wiering et al. [7] found that PET imaging 
was more sensitive and specific than CT for the evaluation of liver metastases. 
These same authors found that the role of PET/CT was even more important for 
the evaluation of extra-hepatic disease, with PET having a 91 % vs. 55 % sensitivity 
when compared to CT. According to a Blue Cross and Blue Shield analysis pub-
lished in 2000 [8], the better accuracy of PET/CT allowed for a change in patient 
management in 20 % of the cases: 12 % of the time unnecessary surgical procedures 
were avoided due to the detection of multiple liver lesions of extra-hepatic disease, 
and 8 % of the time surgery was initiated because patients initially deemed unresect-
able were then found to have metastatic disease limited to operable liver lesions 
after PET/CT evaluation. This same analysis found that PET/CT had very high sen-
sitivity and specificity (96 % and 98 %, respectively) to detect cancer recurrence.

5.1.3.2  Hepatocellular Cancer

FDG-PET imaging seems to have little role in the diagnosis of hepatocellular cancer 
because this type of cancer has characteristically lower FDG uptake compared to 
colorectal cancer metastases [9], and an overall lower sensitivity and specificity for 
the diagnosis of hepatocellular cancer when compared to CT and MRI. However, 
as with other forms of cancer, the unique contribution of FDG-PET in the clinical 
evaluation of HCC appears to reside in its ability to measure glucose metabolism, 
which is in turn an indirect but often reliable index of tumor aggressiveness.

Similar to its performance in other cancers, FDG-PET seems to be more accurate 
than other imaging modalities to identify lymph node and distant metastases from 
HCC. It was also pointed out, in the NCCN task force report on PET imaging [6], 
that PET has high accuracy in the detection of metastatic lesions and may have an 
increasing role in assessing the impact of liver-directed therapies, which are notori-
ously difficult to assess by CT alone. Wudel et al. [10] found that FDG-PET added 
clinically significant information in 26 of 91 patients with HCC (28 %) as a result of 
metastasis detection and response assessment of local liver treatments.

5.1.3.3  Pre-Operative Evaluation

The role of FDG-PET seems to be potentially very important for the preopera-
tive evaluation of transplant candidates before or after local liver treatments. Lee 
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et al. [11] retrospectively studied 59 patients with HCC that had undergone liver 
transplantation; 44 of these patients had undergone different forms of local abla-
tion therapies prior to transplantation. The authors found that the degree of FDG 
uptake in relation to the normal liver activity was the best predictor of tumor recur-
rence in a multivariate analysis that also included the presence of vascular invasion, 
tumor size, tumor stage, and alpha-fetoprotein (AFP) levels. Patient survival over 
approximately 4 years follow-up was significantly worse in patients whose tumor 
metabolic activity was more than 1.15 times the activity of the normal liver. Of the 
14 patients that had tumor recurrence, 12 had extra-hepatic metastases and 10 had 
liver metastases (8 had both intra- and extra- hepatic metastases). It is conceivable, 
as hypothesized by the authors, that tumors with higher metabolic activity and FDG 
uptake are biologically more aggressive and have greater tendency to recur within 
and outside the liver. Remarkably, the baseline tumor metabolic activity was a better 
predictor of tumor recurrence after transplantation than the Milan criteria.

5.1.3.4  Response to Treatment

For patients with unresectable HCC undergoing local liver treatments, FDG-PET 
may play a role in the early evaluation of treatment response. Higashi et al. [12] 
found in a study of 67 patients with HCC that PET/CT was accurate and effective in 
the early detection of the presence of residual viable tumor after locoregional thera-
py (transarterial chemoembolization [TACE], infusion chemotherapy, and RFA) as 
well as after systemic treatment. Abnormal FDG in the treated area 1 month after 
treatment had a 96.4 % positive predictive value for residual tumor, and predicted 
overall worse survival.

FDG-PET has been reported to have high accuracy in predicting the success of 
local ablation treatments in patients with liver metastases from colorectal cancer. 
Langenhoff et al. [13] found FDG-PET to be highly accurate in predicting treat-
ment success in 23 patients with a total of 56 metastatic lesions treated with local 
therapies. PET was able to detect tumor recurrences earlier than CT; all liver re-
currences were detected 3–4 months earlier than CT for intra-hepatic recurrences 
and 1.5 months earlier for extra-hepatic recurrences. In 13 patients with 28 liver 
metastases treated with RFA, Donckier et al. [14] found that PET was able to detect 
all 11 tumor recurrences, whereas MRI showed a 2–4 month delay in the detection 
of the recurrences.

PET/CT offers valuable information in the initial evaluation and following TACE 
for liver tumors. In 36 patients with HCC treated with TACE, Kim et al. [15] found 
that PET/CT had better sensitivity, although a lower specificity, than CT alone to 
detect residual disease. Less well established is the role of PET/CT in the follow-up 
evaluation of liver cancer treated with selective internal radiation therapy (SIRT) 
(also known as radioembolization [RE]), with Yttrium-90 labeled microspheres. 
It appears however that PET/CT could offer a better assessment of tumor response 
after treatment than CT-based Response Evaluation Criteria in Solid Tumors (RE-
CIST) criteria. In 21 patients with unresectable liver tumors, both HCC and meta-
static, Szyszko et al. [16] found a significant decline of FDG uptake after treatment 



50 G. Esposito

in 86 % of the patients, whereas CT showed a response in only 13 % of the patients. 
These results are similar to those of other studies [17], most likely reflecting the 
limitations of a solely anatomically based method of assessing tumor response. Fur-
ther evaluation with prospective studies is needed in this area to confirm and better 
define the role of PET/CT imaging with this form of treatment.

 Conclusion

In summary, there is no doubt that the unique information of cancer biology that 
is offered by PET/CT will play an increasingly important role to direct personal-
ized treatment of liver tumors. Ideally, personalized therapies will be initiated in 
the initial stages of disease and will be based on the biological characterization of 
tumor metabolism and aggressiveness. As initial treatment is delivered, subsequent 
therapies will then be adapted depending on the degree of tumor response as as-
sessed by subsequent anatomical and functional imaging performed during and at 
the end of treatment cycles, with the goal of maximizing efficacy and minimizing 
toxicity of treatments.

It can be hypothesized that the performance of PET/CT, in conjunction with CT 
and MRI, will help improve the initial staging and prognostic evaluation of patients 
with liver tumors. This will allow improved and individualized evaluation of tumor 
resectability through the enhanced ability to detect extra-hepatic disease, to deter-
mine the exact number of liver lesions, and, to assess tumor aggressiveness. The 
routine use of PET/CT following treatment will likely improve the accuracy of the 
assessment and will allow earlier detection of residual or recurrent disease. At the 
completion of treatment, the higher sensitivity of PET/CT for detecting lymph node 
and distant metastases will allow greater accuracy in disease restaging.

Although the role of PET/CT appears very promising from the available sci-
entific evidence, there are still unresolved issues that only future studies will help 
address. Large multicenter prospective trials will be needed to ultimately evaluate 
the clinical impact of FDG-PET/CT to direct treatment in patients with liver tu-
mors undergoing ablation procedures. Studies are needed to establish PET criteria 
of response, and how they relate to CT/MRI based criteria. Which of the follow-
ing response criteria should be used RECIST, World Health Organization (WHO), 
European Society for the Study of the Liver (EASL), or PET Response Criteria in 
Solid Tumors (PERCIST), and should these criteria based on hybrid imaging such 
as PET/CT or maybe even PET/MRI? Finally, as we gather information on the role 
of PET/CT imaging with FDG, new and very promising PET based biomarkers 
such as tumor cell proliferation, angiogenesis, hypoxia, apoptosis, are being tested 
clinically and could offer new perspectives on the evaluation and treatment of liver 
cancers.
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Abstract Hepatocellular cancer (HCC) is an aggressive tumor that typically occurs 
in the setting of chronic liver disease and cirrhosis. Although the mainstay of cura-
tive therapy for HCC is surgical resection and/or liver transplantation, the majority 
of patients are not eligible because of underlying liver dysfunction or tumor extent. 
A personalized approach is useful for conceptualizing the various treatment options 
that are available for individual patients. This Chapter first explores the underly-
ing molecular and genetic basis of HCC, as well as virology, and other factors that 
influence the microenvironment of HCC. This is followed by a discussion of the 
role of systemic chemotherapy for patients with HCC. Among the major risk fac-
tors for HCC is infection with hepatitis B virus (HBV) or hepatitis C virus (HCV). 
These particular hepatic pathogens are involved in a multifaceted process that 
involves a number of alterations that are genetic and epigenetic such as the activa-
tion of cellular oncogenes and the inactivation of tumor suppressor genes. Systemic 
therapy with single-agent or combination chemotherapy has been studied exten-
sively. However, cytotoxic chemotherapy traditionally has been associated with low 
response rates and questionable disease control. Thus, systemic chemotherapy has 
a limited role in HCC. Newer data on the efficacy of molecularly targeted agents 
have brought sorafenib to the forefront of therapy for advanced HCC. Sorafenib 
offers the potential for prolonged survival, although objective tumor remissions are 
scarce. Sorafenib is now the first line treatment in patients with HCC who are not 
candidates to undergo liver transplant, surgical resection, chemoembolization, or 
tumor ablation.
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6.1  Introduction

Malignancies of the liver are among of the most common tumors in adults, ac-
counting for some of the most ubiquitous cancers in the world, being either meta-
static or primary. The majority of liver tumors are comprised of hepatocellular 
cancer (HCC) and metastatic colorectal cancer (mCRC). HCC ranks as the second 
leading cause of cancer deaths. In terms of incidence, HCC is the fifth most com-
mon type of cancer, of which approximately 630,000 cases are reported per year 
worldwide [1, 2].

With the advent of the hepatitis B vaccine and education about risk factors of 
hepatitis C, the incidence of HCC is expected to decline. Given these preventive 
factors that play a role in HCC, physicians are able to be proactive instead of reac-
tive. By understanding the many conduits involved in HCC, not only on a cellular 
level, but also on a patient level involving performance status and co-morbidities, 
one is able to practice powerful, predictive, preventive, and personalized medicine 
(PPPM).

6.1.1  Preventive Risk Factors in Hepatocellular Carcinoma

The majority of patients that present with, or are diagnosed with, HCC are usually 
patients with chronic liver impairment or failure. Common risk factors for liver 
cirrhosis are hepatitis B and C viral infections, which increase the risk of HCC by 
twenty fold [3]. The prevalence of chronic infections caused by hepatitis B and 
C is directly related to the incidence of HCC. Other common risk factors include 
non-alcoholic steatohepatitis (NASH), alcohol abuse, aflatoxins caused by the fungi 
Aspergillus, and hemochromatosis.

6.1.2  Discussion of Molecular/Genetic Etiology of HCC

Among the major risk factors for HCC is infection with hepatitis B virus (HBV) 
or hepatitis C virus (HCV). These particular hepatic pathogens are involved in a 
multifaceted process involving a number of alterations that are genetic and epi-
genetic such as the activation of cellular oncogenes, and the inactivation of tumor 
suppressor genes. The pathways that are involved include Wnt/β-catenin, p53, pRb, 
Ras, mitogen-activated protein kinase (MAPK), Janus kinase (JAK)/signal trans-
ducer and activator of transcription (STAT), phosphatidylinositol 3 kinase (PI3K)/
Akt, Hedgehog and growth factors such as epidermal growth factor (EGFR), and 
transforming growth factor—beta (TGF-β) [4]. A few of these molecular pathways 
are involved during the progression of liver injury. At initial insult of the liver, he-
patic stellate cells become activated, and convert into fibroblast cells, in that it pro-
duces extracellular matrix. Irreversible liver cirrhosis occurs due to this unimpeded 
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fibrosis caused by these myofibroblastic cells. The aforementioned pathways such 
as Wnt, Hedgehog, and MAPK are found in these hepatic stellate cells and, in turn, 
are stimulated to initiate inflammatory cascades causing promotion of possible car-
cinogenesis.

HBV is a double-stranded DNA virus belonging to the Hepadnavirus family. 
HBV DNA plays a role as a template for transcription of viral RNA, which is then 
translated to viral proteins. Numerous HCCs are noted to be have integrated DNA 
sequences that code for the same HBV proteins, i.e. HBx and pre-S2/S proteins. 
By integrating into host DNA, the proteins compromise DNA repair, inactivating 
p53, and transactivates several molecular pathways (JAK, STAT, Wnt, MAPK, Ras, 
β-catenin) therefore promoting hepatocarcinogenesis [4].

HCV is an RNA virus belonging to the Flaviviridae family. Given that HCV is 
an RNA virus, it is unable to integrate its genome to the host. Instead, the HCV 
viral core and envelope proteins initiate a host response that contributes to carcino-
genesis. The HCV core protein is believed to be involved in the binding of several 
tumor suppressor proteins including p53, pRb, and p73. Binding of these particular 
proteins causes the prevention of dependent cell growth arrest. The chronic inflam-
mation produced by  the core proteins shifts  the  function of  the TGF-β pathways 
from that of tumor suppression to fibrogenesis, accelerating fibrosis and cirrhosis, 
and increasing the risk of HCC [4].

Nonalcoholic steatohepatitis (NASH) is the most common cause of chronic liver 
disease in the U.S., attributing 30–40 % prevalence, along with a 2–5 % increased 
risk of developing cirrhosis. Even without the presence of cirrhosis, HCC has been 
shown to develop in patients with NASH. This correlation is quite alarming since 
the incidence of metabolic syndrome and obesity continues to rise. Some of the risk 
factors associated with HCC in NASH are obesity, diabetes mellitus, and increased 
iron stores. Similar to HBV and HCV infections, the development of HCC in NASH 
involves a multitude of immunologic and genetic events that result in the transfor-
mation of hepatocytes to neoplastic cells. Roughly 80 % of the time this occurs in 
the setting of a cirrhotic liver where there is activation of mitotic signaling pathways 
as well as increased oxidative stress, nuclear factor-kB (NF-kB) activation, and 
immunologic alterations leading to the formation of dysplastic nodules [5]. The 
types of genetic alterations include point mutations, hypermethylation of genes, and 
chromosomal arm gains/losses thereby giving rise to HCC. Inflammation secondary 
to cytokines (TNF and IL-6) contributes to gene activation of vascular endothe-
lial growth factor (VEGF), platelet derived growth factor (PDGF), and telomerase 
reverse-transcriptase (TERT), which, in turn, contribute to cessation of apoptosis, 
and uncontrolled growth of neoplastic clones.

The pathogenesis of developing HCC in the setting of noncirrhotic NASH is 
currently being investigated, but likely involves inflammatory cytokines from in-
sulin resistance and metabolic syndrome. It is hoped that by understanding these 
molecular and genetic pathways it may be possible to predict which patients are at 
increased risk for developing HCC. These patients may benefit from undergoing 
intensive screening to prevent HCC or to detect HCC at its earliest stages.
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6.1.3  Staging and Personalized Patient Evaluation in 
Hepatocellular Carcinoma

The diagnosis of HCC involves two standard modalities: radiological liver imaging 
and measurement of alpha-fetoprotein. Alpha-fetoprotein is known to be elevated 
in 60–70 % of patients with HCC [6]. By combining these two modalities, one can 
come to the conclusive diagnosis of HCC. Treatment is dependent on staging, how-
ever, the TNM system is no longer feasible in evaluating patients with HCC due 
to the fact that TNM staging is based on tumor characteristics, not liver function 
assessment. An integrated staging system that was developed to personalize pa-
tients based on prognosis and degree of chronic liver disease is the Barcelona Clinic 
Liver Cancer (BCLC) staging system. The BCLC staging is a multi-function system 
that incorporates tumor characteristics, Child-Pugh classification and liver func-
tion. This current staging system allows one to assess the patient and based on their 
characteristics individually, one can direct them to a suitable treatment. The BCLC 
staging can also predict patient outcomes, by stratifying treatment groups according 
to the extent of their disease (Fig. 6.1) [7, 8].

The current recommendations based on the BCLC Staging System include:

1.  Patients who have a single lesion ≤ 5 cm, or 2–3 nodules ≤ 3 cm, can be offered 
surgical resection in the presence of cirrhosis with intact liver function, normal 
bilirubin, and hepatic vein pressure ≤ 10 mmHg.

Fig. 6.1  The Barcelona Clinic Liver Cancer (BCLC) staging system for Hepatocellular Carci-
noma—revised 2011 [8]
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2. Liver transplantation is an effective option for patients with HCC who have a 
single lesion, with elevated bilirubin, and elevated hepatic vein pressure.

3. For patients who are not candidates for liver transplantation due to co-morbid 
conditions and poor performance status, local ablation is a safe and effective 
therapy, which can also be used as a bridge to transplantation. In terms of abla-
tion, alcohol injection and radiofrequency ablation (RFA) are equally effective 
for tumors less than 2 cm, but RFA has a more predictable necrotic effect.

4. Transarterial chemoembolization (TACE) is recommended for patients who have 
multicentric disease without extrahepatic spread or vascular invasion, lesions 
>  3 cm, or patients who exhibit portal invasion without extra-hepatic spread/
vascular invasion.

5. Systemic chemotherapy has a limited role in HCC.

6.1.4  Targeted and Predictive Treatment in Hepatocellular 
Carcinoma

Systemic therapy with single-agent or combination chemotherapy has been stud-
ied extensively. However, cytotoxic chemotherapy traditionally has been associated 
with low response rates and questionable disease control.

6.1.4.1  Monotherapy: Doxorubicin

Single agent doxorubicin has been the most studied chemotherapy agent for ad-
vanced HCC. Although an early trial in 1975 reported dramatic clinical activity and 
a 79 % response rate [9], subsequent work suggests that the true objective response 
rate with doxorubicin monotherapy is 20 % or less with doses of 75 mg/m2 [10–15]. 
Lower doses ( ≤ 60 mg/m2 per cycle) are associated with even lower objective re-
sponse rates [16, 17]. Despite the modest objective response rate, one controlled 
trial involving 106 patients suggests that doxorubicin is associated with a small 
survival advantage compared to best supportive care alone (median survival 10.6 
versus 7.5 weeks) [13]. The reason for the disparate survival outcomes in this trial 
is unclear, but patient selection may have played a role. 5-Fluorouracil (5-FU) has 
acceptably low toxicity and broad antitumor efficacy. Response rates with 5-FU 
monotherapy have been low. However, when given in combination with leucovorin, 
response rates as high as 28 % have been reported [18], although lower rates have 
been noted by others [19].

6.1.4.2  Molecular Targeted Therapy: Sorafenib

Sorafenib is a multi-targeted, orally active, small molecule tyrosine kinase inhibitor 
(TKI) that inhibits Raf kinase and the VEGFR intracellular kinase pathway [20].
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The multi-center European Sorafenib HCC Assessment Randomized Protocol 
(SHARP) trial randomly assigned 602 patients with inoperable HCC and Child-
Pugh A cirrhosis to sorafenib (400 mg twice daily) or placebo [21]. Overall surviv-
al, the primary endpoint, was significantly longer in the sorafenib-treated patients 
(10.7 versus 7.9 months), as was time to radiologic progression (5.5 versus 2.8 
months). On the other hand, objective response rates were low (7 partial responses 
[2 %]). Treatment was well tolerated with manageable side effects. The only grade 3 
or 4 adverse effects that occurred significantly more often in the treated group was 
diarrhea (8 versus 2 %) and hand-foot skin reaction (8 versus < 1 %). There were 
no differences in liver dysfunction or bleeding. The overall incidence of sorafenib-
related side effects was low compared to that reported by others [22]. These re-
sults established sorafenib monotherapy as the new reference standard systemic 
treatment for advanced HCC and formed the basis for approval of sorafenib for 
unresectable HCC in the United States. The efficacy of sorafenib in Asian patients 
was the subject of a second placebo-controlled phase III trial, in which 226 patients 
with Child-Pugh A or B cirrhosis and no prior systemic therapy for HCC received 
sorafenib 400 mg twice daily or placebo [23]. Patients receiving sorafenib had sig-
nificantly better median overall survival (6.5 versus 4.2 months) and time to pro-
gression (TTP) (2.8 versus 1.4 months). Grade 3 or 4 side effects included hand-foot 
skin reaction (11 %), diarrhea (6 %), and fatigue (3 %). The magnitude of benefit 
was markedly less in this trial than seen in the SHARP trial. In fact, the treated 
group in the Asian trial had shorter survival duration than the control group in the 
SHARP trial (6.5 versus 7.9 months), despite the fact that both trials used the same 
entry criteria. Nevertheless, patients accrued to the Asian study were more ill at the 
start of therapy than those in the SHARP trial, with a generally worse performance 
status and more advanced stage of disease [24].

6.1.5  Personalized Recommendations—Chemotherapy for 
Hepatocellular Carcinoma

HCC is an aggressive tumor that frequently occurs in the setting of chronic liver 
disease and cirrhosis. Hepatic reserve, as indicated by Child-Pugh class, often dic-
tates the therapeutic options. Newer data on the efficacy of molecularly targeted 
agents have brought these agents, particularly sorafenib, to the forefront of therapy 
for advanced HCC.

Sorafenib offers the potential for prolonged survival, although objective tumor 
remissions are scarce. This molecular targeted therapy would be the first line treat-
ment in patients with HCC who are not candidates to undergo liver transplant, surgi-
cal resection, TACE, or RFA. In terms of liver cirrhosis, the manufacturer recom-
mends no dose adjustment for Child-Pugh class B impairment and makes no rec-
ommendation for Child-Pugh C cirrhosis. Nevertheless, the recommendation of an 
initial dose reduction to 200 mg twice daily in patients with a total bilirubin 1.5–3 
times the upper limit of normal and that the drug not be administered to patients 
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with more severe degrees of hyperbilirubinemia. For other patients with Child-
Pugh B cirrhosis, standard dosing from the onset with dose modification as needed 
is appropriate. Given the poor prognosis of patients with HCC and Child-Pugh C 
cirrhosis, the associated significantly abnormal liver function and the high risk of 
treatment-related toxicity, most physicians would not prescribe sorafenib to these 
patients. The efficacy of cytotoxic chemotherapy is limited in patients with HCC. 
Even though few randomized trials have been conducted, no single regimen has 
emerged as superior to any other. Despite objective responses that are occasionally 
complete, median survival in all of these studies has been short (4.4–11.6 months).

Systemic chemotherapy is an option for patients whose tumors progress while on 
sorafenib and whose performance status and liver function are sufficient to tolerate 
it. The best regimen is not established. The side effect profile of each individual 
regimen must be carefully considered in patients who have advanced liver disease 
and/or a short life expectancy. Doxorubicin monotherapy is rarely used in the treat-
ment of HCC. Given the cardiotoxic side effects and low response rates, the treat-
ment would be considered for patients who failed molecular targeted therapy and 
still exhibit a moderate/fair performance status, with fairly intact liver and cardiac 
function. 5FU/Leucovorin treatment candidates would include the elderly, poor per-
formance status patients, and those who are classified as Child-Pugh Class C.

 Conclusion

In conclusion, liver tumors from metastatic colon cancer or primary malignancies of 
the liver, such as HCC, are aggressive tumors that cause great morbidity and mortal-
ity. Although the mainstay of curative therapy in HCC is surgical resection and/or 
liver transplantation, the majority of patients are not eligible because of underlying 
liver dysfunction or tumor extent. A personalized approach is useful for conceptual-
izing the various treatment options that are available for individual patients in both 
disease states.
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Abstract The treatment of hepatocellular carcinoma (HCC) has undergone evolu-
tion and refinement over the past three decades. Changes in the understanding of 
HCC with respect to tumor size, number and location, underlying liver function 
and portal pressure, and hepatic anatomy, in combination with refinement of surgi-
cal techniques and technologies, have greatly influenced the approach to surgical 
management. Surgery is considered the mainstay of curative HCC treatment with 
resection and transplantation achieving the best outcomes in well-selected candi-
dates (5-year survival of 60–80 %). Surgical resection of HCC, especially within 
the Milano/Mazzaferro criteria  (i.e.,  solitary  tumor ≤ 5 cm or up  to  three  tumors 
all ≤ 3 cm) in patients with well-preserved liver function (Child-Pugh A and selec-
tively B patients), offers the greatest chances for survival. Liver transplantation is 
considered the treatment of choice for patients with compromised liver function 
(Child-Pugh B/C). The clinical parameters identified in this Chapter will be used to 
generate Digital Patient Models (DPMs) to facilitate diagnosis, prognosis, and treat-
ment selection, i.e. Model Guided Therapy (MGT). The following have been iden-
tified as key issues relating to Predictive, Preventive, and Personalized Medicine 
(PPPM) and surgical treatment for HCC: tumor characterization, such as size, num-
ber, and vascular invasion; the patientʼs clinical status, particularly the presence of 
cirrhosis, the degree of portal hypertension, and liver functional reserve; pre-oper-
ative management, such as patient selection for resection or transplantation, choice 
of donor, down-staging and bridging therapies; and, surgical techniques, including 
techniques to minimize blood loss and to ensure an adequate liver remnant.
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7.1  Introduction

The treatment of hepatocellular carcinoma (HCC) has undergone evolution and 
refinement over the past three decades. Changes in the understanding of HCC in 
the context of a wide variety of factors such as tumor size, number and location, 
underlying liver function and portal pressure, and hepatic anatomy, in combination 
with refinement of surgical techniques and technologies, have greatly influenced 
the approach to surgical management. Concerted efforts have been made to review 
and consolidate the worldwide experience in the management of HCC and recom-
mendations for optimal treatment protocols, based on patient staging, have been 
made reflecting these findings [1–4].

Surgery is considered the mainstay of curative HCC treatment with resection 
and transplantation achieving the best outcomes in well-selected candidates (5-year 
survival of 60–80 %) [3]. In general, surgical resection of HCC, especially within 
the Milano/Mazzaferro criteria for liver transplantation (i.e., solitary tumor ≤ 5 cm 
or up to three tumors all ≤ 3 cm) in patients with well-preserved underlying liver 
function (Child-Pugh A and selectively B patients), offers the greatest chances for 
survival, while liver transplantation, in patients with compromised liver function 
(Child-Pugh B/C), is generally considered the treatment of choice. It is important 
to note that these recommendations are undergoing constant reassessment and 
revision. The application of specific techniques, such as radiofrequency ablation 
(reviewed in Chaps. 8 and 9) and the practice of reclassification of patients with 
well-compensated liver function, have, in some reports, suggested alternative treat-
ment protocols. These issues relating to surgical management of HCC, and which 
emphasize the trend toward personalized medicine in HCC, will be discussed in 
this Chapter.

7.1.1  Surgical Resection

Surgical resection is the optimal treatment for HCC in non-cirrhotic patients (Child-
Pugh A) in that it may be curative and because of the high reserve and regenera-
tive capacity of a non-fibrotic liver [5]. Unfortunately, in Western countries only 
approximately 5 % of patients present with HCC without cirrhosis [6]. In Asian 
countries, approximately 40 % of patients will have HCC without cirrhosis due to 
the high incidence of hepatitis B virus (HBV) infection which predisposes patients 
to HCC in the absence of cirrhosis [6]. However, with careful patient selection and 
improved surgical techniques, peri-operative mortality rates in cirrhotic patients 
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with HCC have been reported to be 2–3 % with a 5-year survival rate of approxi-
mately 60 % and blood transfusion requirements of less than 10 % [3]. Selection 
criteria for surgical resection has previously been based on the Child-Pugh class, 
however surgical outcomes have been improved when independent criteria, like se-
rum bilirubin levels and presence of portal hypertension, are used to risk stratify op-
erative candidates [7,8]. The Barcelona Clinic Liver Cancer (BCLC) criteria stratify 
patients for therapy in this fashion [1–3]. Patients with normal bilirubin levels and 
hepatic-portal vein gradient (HVPG) < 10 mm Hg have been reported to have a 
5-year survival rate of < 70 %. This is in contrast to patients with hyperbilirubine-
mia and portal hypertension who have a < 30 % 5-year survival rate [7]. Surrogates 
of portal hypertension include esophageal varices and splenomegaly with platelet 
count < 100,000/mm3) [3].

The size and number of tumors, the presence of microsatellites, the presence 
of vascular invasion, and the width of resection margin have all been shown to 
have prognostic significance [3, 9–11]. Improved postoperative 5-year survival 
rates have been shown in patients with tumors < 5 cm in diameter (66 % for tumors 
< 2 cm, compared with 52 % for tumors 2–5 cm and 37 % for tumors > 5 cm) and 
with fewer numbers of tumor nodules (73 % with one tumor vs. 44 % with 3 or 
more tumors) [11]. The major contraindication to resection of HCC is the presence 
of extrahepatic disease, as HCC commonly spreads to lymph nodes, lungs, and  
bone [12].

Vascular invasion has been shown to play a major role in tumor recurrence and 
it is thought that recurrence often involves spread from the primary resected tumor, 
rather than metachronous tumor development [4, 13]. Microvascular invasion has 
been shown to be a significant factor affecting prognosis after surgical resection, 
especially with identification of invasion of a muscular vessel wall or of invasion 
more than 1 cm beyond the tumor edge as the two worst risk factors for prognosis 
[14]. Tumor resection margin also influences recurrence rate in that wider margins 
(2 cm vs. 1 cm) taken on solitary tumors have been shown to both decrease recur-
rence and improve survival [15].

Several treatments have been studied as adjuvant therapies to reduce recurrence 
after resection of HCC. This includes the use of interferon, chemotherapy, preop-
erative chemoembolization, internal radiation with 131I-labeled lipiodol, immune 
therapies with activated lymphocytes with interleukin-2 and retinoids, and vitamin 
K. At this time, the studies have not been sufficiently large or conclusive enough to 
support their use to improve postoperative survival [3,16].

Pre-operative portal vein embolization (PVE) of the branches supplying the 
portion of the liver to be resected (with the intention of increasing the residual 
liver volume if a major resection is envisioned) has been studied [17]. The aver-
age increase in the future liver remnant (FLR) following PVE is 9 % and 16 % in 
cirrhotic and normal liver, respectively [17] and PVE has been used to increase the 
volume of the FLR in all patients who undergo trisegmentectomy [12]. PVE has 
also been employed in those patients with chronic liver disease who are to undergo 
right hemihepatectomy or when the FLR is less than 40 % [12]. However, PVE is 
associated with a complication rate of 10–20 % and the occurrence of severe portal 
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hypertension in 1 % of cirrhotic patients [18]. The overall effectiveness of PVE in 
the treatment of HCC in cirrhosis has not yet been properly tested in large controlled 
studies [3].

7.1.2  Surgical Resection Techniques

In addition to selecting patients with preserved liver function reserve, a variety of 
surgical techniques may be employed to minimize blood loss, which is highly asso-
ciated with patient outcomes [3]. This includes pre-resection imaging planning, use 
of ultrasonic dissector, intermittent Pringle maneuver, low central venous pressure 
maintenance, and immediate post-operative management. These strategies have 
led to a decrease in blood transfusion from 80 to 90 % to less than 10 % in two  
decades [19].

The implementation of anatomic resections according to the Couinaud segments 
has ensured a surgical approach based on sound oncologic principles, although as-
sociated with modest decrease in early recurrence [3]. As described above, anatom-
ic resections of 2 cm margins provide better survival outcome than narrow resec-
tion margins < 1 cm. However, it is important to maintain sufficient remnant liver 
volume to ensure adequate function.

Finally, laparoscopic video-assisted hepatic resection is being investigated as an 
alternative non-invasive approach aimed at preventing liver deterioration compared 
to open surgery [3].

7.1.3  Liver Transplantation

Liver transplantation is a curative option for patients with HCC, especially for those 
with underlying cirrhosis who may be poor candidates for surgical resection. Pa-
tients with a single lesion ≤ 5 cm, or up to 3 lesions each ≤ 3 cm in diameter, who 
meet the United Network for Organ Sharing (UNOS) criteria and those meeting 
extended criteria of University of California San Francisco (UCSF) which allows 
for a single lesion ≤ 6.5 cm or up to 4 lesions with none > 4.0 cm and a maximum 
combined tumor bulk of ≤ 8.0 cm have shown excellent 5-year survival rates of ap-
proximately 70 % [20–22]. However, the UCSF criteria have not been adopted by 
UNOS for liver transplantation in patients with HCC.

Priority for transplantation is given to the patients with the earliest predicted 
mortality which is calculated using the Model for End-Stage Liver Disease (MELD) 
score [23]. Although MELD is useful prognosticating patients with many forms of 
chronic liver disease including cirrhosis, the MELD score alone may underestimate 
disease severity in patients with HCC creating a disadvantage for these patients in 
obtaining a liver transplant. To make the MELD system more equitable for patients 
with HCC, exception points are given in an effort to ensure that all patients on the 
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liver transplant waiting list will be transplanted in an order where patients with the 
earliest expected mortality are prioritized.

Currently, patients with a single lesion between 2–5 cm, or up to 3 lesions (each 
lesion < 3 cm), are automatically given a MELD of 22 [24]. If their calculated score 
is higher than 22, then the calculated score may be used. Patients who receive a 
MELD upgrade also receive an increase in score by 10 % at each 3 month interval 
after listing for liver transplantation [20]. Since the MELD system with exceptions 
for HCC was adopted in 2002, total number of liver transplantations performed in 
patients with HCC has increased nearly 6 fold. From 1997 to 2002 (pre-MELD ex-
ception) 4.6 % of all liver transplants were in patients with HCC compared to 26 % 
of all liver transplants performed in patients with HCC from 2002 to 2007 [25].

7.1.4  Down-staging and Bridging Therapies

Down-staging of HCC is the use of localized tumor therapy in an effort to reduce 
tumor size and number of nodules prior to transplantation. In some cases, transar-
terial chemoembolization (TACE) and radiofrequency ablation (RFA) have been 
shown to successfully down-stage tumors prior to transplant [26]. Recent data has 
shown benefit in use of ablative therapy prior to transplantation [27]. Patients with 
HCC who received ablative therapy prior to transplantation were compared to those 
who did not receive ablative therapy and were shown to have similar 3 month and 
1 year graft and patient survival; however, those who received ablative therapy had 
improved graft and patient survival three years after transplantation (graft survival 
76 % vs 71 %, patient survival 79 % vs 75 %) [27].

One significant problem facing patients with HCC waiting for liver transplant is 
the risk of dropout due to the progression of disease beyond transplant criteria. By 
6 months, 20 % of patients will no longer be eligible for transplant and by 1 year 
at least 70 % of patients with untreated HCC will have tumor growth, 20 % will 
develop vascular invasion, and 9 % will develop metastases [28]. Locoregional ab-
lative therapies have served as a bridge to transplantation or as destination therapy 
in patients who are not originally transplant candidates. These treatments have been 
used to downsize tumors and prevent lesions from exceeding transplantable crite-
ria while patients await transplantation. In general, for patients within Milan crite-
ria, ablative therapies are used if the expected waiting time until transplantation is 
greater than 6 months [28].

HCC recurrence following transplantation usually, but not always, manifests 
within the first 2 years of transplantation and is more likely to occur in patients with 
more extensive pre-transplant tumor burden [29]. Chemotherapy with agents such 
as doxorubicin have been evaluated for use pre-operatively, intra-operatively and 
post-transplantation with limited results. The focus in preventing post-transplant 
HCC recurrence has shifted to improving down-staging protocols and careful pa-
tient selection prior to transplantation [29,30].
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7.1.5  Living vs. Deceased Liver Donor

Although liver transplantation is a viable therapeutic option for patients with HCC, 
there is a shortage of deceased donor livers, and thus, many patients with HCC, die 
each year waiting for transplantation. Therefore, living donor liver transplantation 
(LDLT) which does not require a waiting period has emerged as a potential alter-
native to deceased donor liver transplantation (DDLT). Initial results from a large 
ongoing multi-center study of LDLT show promising results, especially at high vol-
ume centers, with 1-year survival rate of > 80 % [31]. LDLT has been compared 
to DDLT in patients with HCC, and although post-transplantation mortality up to 
3 years was equal among these groups, patients who underwent LDLT had higher 
rates of HCC recurrence [32].

There are several explanations for the higher recurrence rates of HCC in patients 
who undergo LDLT. One possible explanation is that LDLT patients have more 
advanced disease and which is why they were not eligible for DDLT [32]. Another 
explanation is that since LDLT patients have very short waiting times to transplant, 
the biology of the tumor is less known and patients with more aggressive tumors 
may have been unknowingly selected [32]. Finally, it has been hypothesized that the 
LDLT surgery itself differs from the DDLT surgery in that it may lead to more tumor 
manipulation causing tumor embolization [32].

Donor risk is also a concern when considering LDLT. A survey describing 449 
living donor transplantations performed in United States reported complications in 
approximately 14 % of donors with one donor death [33]. Complications included 
bile duct stricture and leak, requirement of blood transfusion, infection, need for 
rehospitalization, portal vein thrombosis, and pulmonary embolism [32,34]. World-
wide, there have been 9 reported donor deaths and 3 donors have required liver 
transplantation [34]. The estimated donor mortality risk is 0.2–0.5 % [34].

Ethical considerations, donor risk, and recipient outcomes are not yet fully un-
derstood in LDLT and should be considered carefully prior to undergoing this mo-
dality of therapy for HCC. A recent study analyzed UNOS data regarding outcomes 
of patients transplanted with HCC. Overall, HCC patients with MELD exceptions 
had similar survival rates as those who did not have HCC; however, in a subgroup 
analysis, patients with tumors 3–5 cm had worse survival [25]. This analysis also 
showed that when adjusting for MELD scores, patients with HCC MELD excep-
tions had worse post-transplant survival than those with similar MELD scores who 
did not have HCC [25]. This study has important implications as the transplant com-
munity continues to refine the allocation system to create an equitable environment 
for patients with HCC to compete for transplantable livers.
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 Conclusion

As described in Chap. 2, in the development of an Information Technology System 
for Predictive, Preventive and Personalized Medicine (ITS-PM), a wide variety of 
clinical parameters will be identified and categorized in a Multi-Entity Bayesian 
Network (MEBN). The MEBN will be used to generate patient-specific Digital Pa-
tient Models (DPMs) to facilitate diagnosis, prognosis, and treatment selection, i.e. 
Model Guided Therapy (MGT). The following have been identified as key issues 
relating to PPPM and surgical treatment for HCC:

1. Tumor characterization, such as size, number, and vascular invasion;
2. The patient’s clinical status, particularly the presence of cirrhosis, the degree of 

portal hypertension, and liver functional reserve;
3. Pre-operative management, such as patient selection for resection or transplanta-

tion, choice of donor, and down-staging and bridging therapies;
4. Surgical techniques, including techniques to minimize blood loss during surgery 

and to ensure an adequate liver remnant.
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Abstract A wide variety of minimally invasive, or locoregional, therapies are now 
available for the treatment of hepatocellular carcinoma (HCC) along with surgery, 
systemic chemotherapy, and, occasionally, radiation therapy. These therapies are 
highly dependent on the strengths and limitations of the supporting technologies. 
This Chapter will review thermal ablation techniques including: radiofrequency 
ablation (RFA), interstitial laser thermotherapy (ILT), microwave ablation (MWA), 
high intensity focused ultrasound (HIFU), and cryotherapy (CRYO), and non-
thermal ablations including: alcohol injection (ETOH), irreversible electroporation 
(IRE), and photodynamic therapy (PDT). Tumor ablation involves a focal destruc-
tion of tissue to achieve a therapeutic effect that may be an attempt at local cure 
of a tumor, or may be for debulking a tumor for symptomatic (i.e. pain) reasons. 
At this time, RFA has the largest clinical experience and will serve as the proto-
type for understanding the principles, mechanisms, and methods that have been 
developed for the treatment of HCC. Ablation is performed with a minimally inva-
sive approach—the effect is delivered interstitially and intratumorally via a device 
placed percutaneously. Imaging plays a critical role in the targeting of the lesion, 
the protection of the surrounding anatomy, and, if possible, in the monitoring and 
control of the ablation process. The parameters used in the selection of thermal 
ablation device and the outcomes of their usage will eventually be a factored in 
generating Digital Patient Models (DPMs) to facilitate diagnosis, prognosis, and 
treatment selection, i.e. Model Guided Therapy (MGT) and Predictive, Preventive 
and Personalized Medicine (PPPM).
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8.1  Introduction

A wide variety of minimally invasive, or locoregional, therapies are now available 
for the treatment of hepatocellular carcinoma (HCC) along with surgery, system-
ic chemotherapy, and, occasionally, radiation therapy. These therapies are highly 
dependent on the strengths and limitations of the supporting technologies. This 
Chapter will begin with a review of thermal ablation techniques including: radiofre-
quency ablation (RFA), interstitial laser thermotherapy (ILT), microwave ablation 
(MWA), high intensity focused ultrasound (HIFU), and cryotherapy (CRYO), and 
non-thermal ablations including: alcohol injection (ETOH), irreversible electropor-
ation (IRE), and photodynamic therapy (PDT).

The clinical applications that have arisen from these technologies will be re-
viewed in Chap. 9. At this time, RFA has the largest clinical experience and will 
serve as the prototype for understanding the principles, mechanisms, and methods 
that have been developed for the treatment of HCC. The effectiveness of RFA, and 
of more recent forms of ablation therapy, will be reviewed.

Percutaneous, catheter-directed therapy, or Transarterial Chemoembolization 
(TACE), will be reviewed in Chap. 10. (Catheter-directed radiation therapy with 
Yttrium-90 will be discussed in the Chapter on Radiation Therapy, Chap. 11).

8.1.1  Introduction to Tumor Ablation

Tumor ablation involves a focal destruction of tissue to achieve a therapeutic effect. 
The targeted tissue is focal as well, demonstrable under direct visualization, palpa-
tion or via radiologic imaging; multiple foci are individually targeted. The thera-
peutic effect may be an attempt at local cure of a tumor, or may be for debulking a 
tumor for symptomatic (i.e. pain) reasons. The term ablation suggests immediacy to 
the effect, while the results of a tumor ablation may ‘mature’ post-procedurally; the 
primary direct effects are usually most notable.

Ablation can be practiced in various venues: by a surgeon in the operating room, 
in an open procedure or under laparoscopy, by an interventional radiologist in a 
modern hybrid suite or in a simple procedure room. For our purposes here, we 
discuss image-guided thermal ablation. This suggests an interventional setting in 
which sonography, computed tomography, fluoroscopy, magnetic resonance imag-
ing, or positron emission tomography could be the imaging modality of choice. In 
such a setting, the ablation is performed with a minimally invasive approach—the 
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effect is delivered interstitially and intratumorally via a device placed percutane-
ously. In a percutaneous procedure, imaging plays a critical role in the targeting of 
the lesion, the protection of the surrounding anatomy and, if possible, in the moni-
toring and control of the ablation process.

8.1.2  Forms of Ablation

To provide context for ablation one should note that ablation can be divided into 
thermal and non-thermal ablations. Thermal ablations are those that involve an en-
ergy exchange within tissue. This energy exchange can be one in which energy 
is added to tissue, or one in which energy is removed from tissue; an exchange 
in which one cooks or freezes tissue, respectively. Types of thermal ablation in-
clude: radiofrequency ablation (RFA), interstitial laser thermotherapy (ILT), micro-
wave ablation (MWA), high intensity focused ultrasound (HIFU), and cryotherapy 
(CRYO). Examples of non-thermal ablations include: alcohol injection (ETOH), 
irreversible electroporation (IRE), and photodynamic therapy (PDT).

Thermal ablations take advantage of a number of energy sources including elec-
tric current (RFA), electromagnetic radiation (MWA, LASER), and mechanical 
waves (HIFU). Contemporary cryotherapy uses a closed circuit of high pressure gas 
to draw heat from tissue. These various thermal agents have each been engineered 
into various delivery devices. Clinical systems to treat tumors in all parts of the 
body include the liver, kidney, lung, adrenal, bone, soft tissue, and more.

8.1.3  Radiofrequency Ablation

RFA has long been present in the field of tumor ablation. A RF system is typically 
comprised of a charged monopolar needle-like electrode. The electrode is electri-
cally insulated along its shaft up to the final distal centimeters from which electrical 
current flows. A high current density is established immediately adjacent to the 
electrode and the alternating current oscillates at radio frequencies. This agitates the 
ions in the tissue and induces frictional heating. Heat then conducts out to establish 
a volume of tissue coagulation. The flow of current requires a closed circuit; this 
is established by connecting dispersive electrodes to the patient. Notably, the need 
for these “grounding pads” is obviated in the Celon RF Ablation System (Olympus 
Medical Systems) as Celon has engineered both the positive and negative elements 
of the circuit on the electrode itself. Thus, current flowing between these elements 
are confined to the tumor region.

The “active” electrodes that are placed in the tumor are either needle-like or 
array-style. A needle electrode driven at 100–200 W for ablation requires cooling 
of its tip to prevent tissue char from forming that would impede energy deposition 
and limit the volume of the ablation. The Covidien Cool-Tip ablation system (Co-
vidien AG) uses a peristaltic pump for cooling its needle electrodes. The array-style 
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electrodes do not utilize cooling, but still operates in a high power range. These 
umbrella-like devices are introduced into tissue in a needle-like configuration, and 
the individual tines of the array are deployed and extend into tissue. This brings 
the active electrode elements out into the tissue, creating an ‘extended source’ of 
energy. Charring is avoided by controlling the power to the array, ramping up gradu-
ally for a slow coagulation of the volume subtended by the array. This ramping of 
the power is typical of the RF 3000 system (Boston Scientific Corporation) and 
Starburst RF systems (AngioDynamics Corporation).

There are many different device features to these various RF ablation systems. 
Overall, these features are intended to address the need for greater volumes of ab-
lation to treat larger tumors, and to provide more feedback to the user to assist in 
efficacy or dosimetry (in a broad sense). A direct way to achieve larger ablation 
volumes is to make a bigger electrode. All the manufacturers of the various RF 
systems produce a range of active lengths and/or array diameters. The range can be 
viewed as extending from the 7 mm active length of the Covidien Cool-Tip needle 
to the 7 cm diameter array from AngioDynamics. Another direct way to make big-
ger ablation volumes is to use more electrodes. Celon and Covidien offer systems 
that can drive up to three active electrodes and is intended for ablations at or above 
6 cm in diameter.

Other system features are designed to make a more complete ablation or to pro-
vide more feedback to the user to serve as a clinical endpoint for the treatment. 
The Boston Scientific system is designed to give a slow and thorough cook of the 
tissue. The system provides added feedback to the user in the form of a display of 
the impedance (i.e. electrical resistance) in the tissue; when the impedance rises, 
the tissue has been coagulated. This is intended to provide a more thorough burn, 
and one with a physical metric associated with the result of the treatment. The An-
gioDynamics array offers temperature readings to assist in assessing the treatment. 
Thermal sensors (thermocouples) have been incorporated into every other tine of 
the array. This provides several discrete readings at the perimeter of the intended 
ablation volume. These values can be monitored in real-time by the physician, or 
the device can be set in an automatic mode to target a given ablation temperature 
as measured by the sensors. The Covidien E-Series generator that can drive from 
one to three needle-like electrodes, allows for an added needle-like thermocouple 
to use to monitor tissues adjacent to an ablation site. This can be used to ensure that 
temperatures reach some minimum planned temperature for coagulation, or used to 
control a critical region from reaching maximum, so as not to involve the structure 
in the treated volume.

Additional volumetric thermal feedback can be achieved during ablation by uti-
lizing MR imaging’s excellent soft-tissue contrast and its thermal sensitivity. Ce-
lon’s bipolar electrode and the AngioDynamics array are available in MRI safe ver-
sions. The RF generators, however, are not compatible with the MRI environment. 
Therefore, RFA procedures in the MRI environment require special considerations 
for integrating the RF system with the MRI environment.
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8.1.4  Electromagnetic Radiation

An alternative source of energy for heating tissues is electromagnetic (EM) radia-
tion. For the purpose of tumor ablation, two types of EM radiation have come into 
practice, laser light and microwaves.

8.1.4.1  Laser Therapy

LASER is an acronym for light amplification by the stimulated emission of radia-
tion. Key to the light provided by a laser is that the wavelength of the light, the “col-
or”, can be precisely defined. Coupled with the fact that laser light can generally 
be guided through thin optical fibers allows for useful techniques to deliver light 
in a medical setting. Laser ablation is often referred to as interstitial laser therapy 
(ILT) or laser-induced interstitial thermo-therapy (LITT). The wavelength of choice 
is typically a near infra-red wavelength, invisible to the eye. The near infra-red is 
chosen because it has generally “deep” penetration into tissue (penetration depth of 
about 1 cm).

Historically, the Nd:YAG laser at a wavelength of 1064 nm has been the laser of 
choice for this work. In recent years, smaller but powerful solid state diode lasers 
at 980 nm (similar penetration depth) have advanced into the field. A characteristic 
device for this work is the Visualase diode laser at 980 nm (Visualase, Inc.). Light 
is carried from the laser unit through a thin fiber optic (0.6 mm diameter) to the 
patient. The light exits the fiber from a diffusing tip fiber from which the light ema-
nates radially over 1–2 cm. The light is absorbed in the tissue and heated. Interest-
ingly, as with RFA, there is concern over forming char within the tissue adjacent to 
the tip. In this case, black char acts as a ready absorber preventing the light from 
full penetration and a maximum ablation volume. Contemporary systems cool the 
tissue at the diffusing tip (to prevent char) by placing the fiber within a water-cooled 
catheter. Laser ablation has found application primarily in the interventional MRI 
setting. The fiberoptic is readily compatible with imaging and is MRI safe. MRI 
can be used to review the soft tissue changes in the coagulated tissues after ILT, or, 
thermally-sensitive MR imaging can be used to monitor the temperature for on-line 
control of the heating.

8.1.4.2  Microwave Ablation

Microwave ablation (MWA) is not new in the field of ablation, but it is engaged 
in fresh growth as both investigators and new manufacturers probe its usefulness. 
MWA is touted to deliver faster larger ablation volumes than RFA and with less 
influence of heat sink by blood flow in adjacent vessels, all characteristics of inter-
est to the hepatic ablationist. Indeed, the radiative field of the MW antennae does 
penetrate centimeters into tissue whereas the high RF current density is limited (i.e. 
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on the order millimeters). Thus MWA does have a deeper penetration and can over-
come a heat sink, whereas RFA might not.

The frequencies currently available and implemented for ablation are 915 MHz 
and 2450 MHz (aka 2.45 GHz) found in the microwave region of the EM spec-
trum. Other frequencies are reserved for various industrial, communications, and 
governmental purposes. As noted, there has been increased interest in MWA as 
an ablation modality. There are noteworthy features in the various MW systems 
aside from their operating frequency. Several systems are single-antennae sys-
tems; should the user require multiple antennae, multiple generators would be 
needed. This is in comparison to those that provide power and connections for up 
to 3 antennae. Overall, the antenna of any microwave system provides radiating 
waves into tissue. It is possible to get a backward reflection of the forward power 
from the antenna which can lead to heating of the probe shaft. This generally 
requires cooling of the shaft in some fashion, typically with cooled water. Thus, 
while the MW antenna is cooled in a similar fashion to an RF electrode, the cool-
ing here is not to prevent char, but rather to keep the shaft cool for safety of the 
patient and physician.

The Evident MWA system (Covidien AG) is built around a 60 W single antenna 
915 MHz generator. Its relatively thin 18G antenna is water-cooled. A multi-probe 
treatment requires multiple stacked generators. The AveCure system (MedWaves, 
Inc.) is centered on 915 MHz as well. Notably, the antenna is not cooled as dis-
cussed above; the system is reported to monitor the probe temperature and reflected 
power and to adjust the microwave power output and frequency in real-time so as 
to obviate the need for cooling. The system also features a self-regulating mode in 
which the user can pre-set a target antenna temperature or output power level for the 
ablation. A third generator operating at 915 MHz is the MicroThermX system (BSD 
Medical Corporation). It provides an output of up to 180 W total that can be shared 
by up to three antennae (typically ~  50 W per probe). Powering three antennae from 
the one generator allows for the manufacturer to offer a “synchronous mode”’ for 
the device. In this mode, the microwaves from the 3 probes are intended to super-
impose so as to eliminate cool spots due to destructive wave interference which this 
system is said to avoid. The system also provides a thin 18 G external thermocouple 
that can be used to monitor adjacent structures.

The AMICA system (HS Medical, Inc.) is a 2450 MHz system. It offers up to 
140 W to a single water-cooled antenna (with various gauges, 11, 14, 16 g). The 
system monitors probe temperature and reflected power for safety. It also provides 
an external thermal sensor for spot monitoring of adjacent tissues. The Acculis sys-
tem (Microsulis Medical Ltd) is a 180 W 2450 MHz system equipped for a single 
water-cooled antenna, with typical settings of 120 W for 6 min. It also has an ex-
ternal thermal sensor for added feedback during ablation. A third 2450 MHz MWA 
ablation system is the Certus (NeuWave Medical Corporation). The current system 
offers 140 W for a single antenna ablation. The NeuWave antennae are cooled by 
CO2 gas instead of flowing water. Also, the generator can drive up to 3 antennae 
simultaneously, each at a maximum of 65 W. Separately, NeuWave also markets an 
antenna that is “tuned” for specific tissues: liver and lung.
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8.1.5  Cryoablation

A thermal alternative to the therapeutic heating of tumors is freezing, cryothera-
py instead for pyrotherapy. Contemporary systems are gas-based and utilize the 
Joule-Thomson effect to generate the low cryoprobe temperatures. This effect can 
be evoked when certain gases are “throttled”, i.e. forced at high pressure through a 
thin tube and released into a low pressure environment. Argon is most commonly 
used for current cryoablation systems. It has a positive “J-T coefficient”, and when 
the gas pressure drops on exiting the tube, the temperature of the argon drops as 
well. Theoretically, it can dip down to approximately − 180°C. In a clinical system, 
this release of gas actually is confined within the cryoprobe. The expansion happens 
within the tip of the probe which gets cold, and the exhaust gas is directed back out 
into the room. Argon is non-toxic.

Generally, cryoprobes form an iceball of a diameter of approximately 2.5 cm. 
Importantly, not all of the iceball is lethal. The lethal isotherm (~ −  40°C) is 3–5 mm 
in from the iceball edge. It is common for cryotherapy procedures to involve 4–8 
cryoprobes and for systems to offer multi-probe capability. The Galil cryotherapy 
system (Galil Medical Corporation) and the Endocare cryotherapy (HealthTronics 
Corporation) have connections for multiple probes to allow overlapping iceballs 
that provide adequate coverage of the tumor. Important is that not only are multiple 
probes available, but that they can be controlled independently. This can help to 
control the spatial development of the ice to protect adjacent critical structures. 
Control of iceball growth (and/or at least the monitoring of its system growth) can 
be achieved with the use of external thermocouples. As noted above for the RF and 
MW systems, such thin extra thermal sensors can be placed in the ablation field to 
monitor temperatures. In the Galil system, the value of the temperature reading of 
any one of up to five thermocouples can actually control the flow of gas to selected 
probes.

The thermal monitoring of cryoablation can be achieved with virtually any ra-
diologic imaging technique. That said, MRI compatible cryoprobes are available to 
allow for MRI-guided cryoablation procedures. Notably, cryoablation procedures 
are relatively long. Current paradigms require a cycle of freezing, thawing, and 
repeat freezing, the intent of which is to execute a thorough ablation. Thus, after 
probe placement, the ablation therapy itself can be 25–40 min long. This is often 
compared to the faster heating of RFA or MWA. The counter to the matter of time, 
is the visualization of the ice under any imaging modality that can be advantageous 
in certain critical areas.

8.1.6  Irreversible Electroporation

A relatively new form of ablation technology (NanoKnife; AngioDynamics) is 
based on the principle of irreversible electroporation (IRE). This technology is not 
based on the use of thermal energy, but rather subjects the target tissue to a powerful 
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electrical field using high-voltage direct current (up to 3 kV). This process results 
in the irreversible creation of holes in the cell membranes inducing cell death. IRE, 
which is approved for “soft tissue” applications by the FDA, is currently under in-
vestigation for the treatment of primary and metastatic tumors of the liver, as well 
as tumors of the pancreas, kidney, lung, and other organs.

 Conclusion

Thermal ablation provides several options for the physician. RFA has its own solid 
history in the field and offers an approach that has the benefit of documented experi-
ence. ILT has its followers, but has yet to receive widespread acceptance, a situation 
that may be revisited in the years ahead with more MRI interventions. MWA has 
much to offer and yet users are looking for the proof of time, use, and publication to 
see that its promise holds. CRYO in recent years has gained its own strong foothold. 
The parameters used in the selection of thermal ablation device and the outcomes of 
their usage will eventually be factored in generating Digital Patient Models (DPMs) 
to facilitate diagnosis, prognosis, and treatment selection, i.e. Model Guided Ther-
apy (MGT) and PPPM.
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Abstract Ablation therapy is proving to be a major tool in the anti-cancer arma-
mentarium. The superb diagnostic capabilities of CT, US, and MRI, along with IR 
techniques, have combined to allow percutaneous tumor ablation to become fairly 
widespread in availability at major centers. The fundamental concept of ablation is 
that the extremes of temperature kill cancer. Thus both heating and freezing meth-
ods are effectively tumoricidal. Heating options are via radiofrequency, laser, and 
microwave. The former is utilized most frequently, laser least, and microwave is in 
its early clinical experience. Other primary methods of percutaneous tumor ablation 
include cryotherapy (CRYO) and direct chemical injection. While various agents 
have been injected for direct percutaneous injection into tumors, alcohol ablation 
is most effective, and has been utilized most frequently. The efficacy of radiofre-
quency ablation (RFA) is related to the size of the liver tumor. It is accepted that 
the lesion should not exceed 2.5–3.0 cm to obtain complete necrosis. It has been 
reported that certain microwave ablation (MWA) devices may allow successful 
treatment of lesions as large as 5 cm with an acceptable margin of safety. Not-
withstanding, RFA commonly is utilized for lesions greater than 3 cm in diameter, 
occasionally for palliative debulking rather than cure. Guidelines may assist in the 
selection and use of the more widely used thermal technologies to provide optimal 
Predictive, Preventive and Personalized Medicine (PPPM). To achieve maximal 
effectiveness for cure, basic treatment precepts must be understood and adhered to, 
including: (1) proper patient selection; (2) treatment of the entire lesion; (3) provid-
ing adequate tumor margins.
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9.1  Introduction

Ablation therapy is proving to be a major tool in the anti-cancer armamentarium. 
The superb diagnostic capabilities of CT, US, and MRI, along with IR techniques, 
have combined to allow percutaneous tumor ablation to become fairly widespread 
in availability. Ablation also may be performed at open surgery or laparoscopically.

The fundamental concept of ablation is that the extremes of temperature kill can-
cer [1]. Thus both heating and freezing methods are effectively tumoricidal. Heating 
options are via radiofrequency, laser, and microwave. The former is utilized most 
frequently, laser least, and microwave is in its early clinical experience.

Other primary methods of percutaneous tumor ablation include cryotherapy 
(CRYO) and direct chemical injection. The former currently uses argon as the freez-
ing agent and helium for warm-up. While various agents have been injected for di-
rect percutaneous injection into tumors, alcohol ablation, first described by Livraghi 
[2], is most effective, and has been utilized most frequently.

9.1.1  Mechanisms and Instrumentation for RFA

The mechanisms of tissue destruction differ with the various heating modalities. For 
radiofrequency ablation (RFA), the mechanism is ionic agitation that causes fric-
tional heating. Tissue death occurs at 60 °C, but in clinical use, the probes generate 
over 90 °C temperatures. Care must be taken not to overheat, as this can cause char-
ring which is counterproductive to heat therapy, and actually impedes heat propaga-
tion and eventual tumor killing. Probes are connected into a generator to disperse 
the heat effect.

Several type probes and systems exist. Each has features that attempt more 
complete killing for larger tumors. Thus systems have umbrella type tines, cool-
ing mechanisms to decrease charring, multiple probes (similar to CRYO), different 
shapes, and variable flexibility to help tailor ablations. Various feedback systems 
from the different vendors are incorporated into the generators and monitors to 
guide the operator during the procedures.

9.1.2  Pre-Procedure Requirements

The procedure itself may be performed under US, CT, or MRI guidance. In the 
United States, CT is utilized most frequently. Contrast enhancement helps depict 
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active tumor, areas of necrosis, and adjacent structures to be avoided. A pre-proce-
dure biopsy is performed at the same setting (with quick stain pathology analysis) if 
not obtained previously. Coagulation parameters must be normalized prior to RFA. 
We use general anesthesia and antibiotics, although both are controversial; some 
operators prefer conscious sedation, and not all interventionalists prescribe prophy-
lactic antibiotics.

9.1.3  The Procedure

Patients are positioned appropriately with access to the tumor entry site, without 
arms and metal or other artifacts to compromise the imaging appearances of the tu-
mors. Probes must be placed such that, for cure, the entire tumor and a 1 cm circum-
ferential safety margin of kill in normal liver tissue are obtained. Multiple tumors can 
be ablated in one or more sessions. Results are best with masses 3 cm or less in diam-
eter, and with 3 tumors or fewer in number. Nonetheless, palliative killing of larger 
or multiple tumors can be an option as well. In the latter case, combination therapy 
may include ablation along with chemotherapy, radiation therapy, and/or surgery.

Alcohol may be infused by a percutaneous 22 g needle prior to RFA. A syner-
gistic effect of the two ablation mechanisms has been documented [3]. In addition, 
alcohol may be used to “clean up” small areas of persistent or recurrent tumor [4]. 
The RFA is continued until the desired effective coagulation necrosis is achieved. 
Impedance and temperature are end points, depending on the various vendor algo-
rithms. Typically on removal of the probes, cauterization of the tract is performed. 
This may diminish the likelihood of bleeding post-ablation.

Once the ablation is complete, general anesthesia is reversed, and the patient is 
observed in the recovery room. Patients are hospitalized overnight routinely, and 
discharged the following day if no major complications ensue and once they have 
recovered well; the vast majority of patients do go home the day after RFA.

9.1.4  Applicability

RFA knows virtually no limits in tumor killing. Thus, the spectrum of tumor cell 
types is nearly universal to the tumoricidal effects of RFA. Similarly, all varieties 
of carcinoma, sarcoma, and benign tumors may be treated with RFA. (RFA is not 
utilized for lymphoma typically, because of the diffuse multisystemic nature of the 
tumor, and the superiority of other treatment methods.) RFA is applicable in a wide 
spectrum of organs, as well. Very few sites in the body have not had RFA applied for 
tumor killing. (Cardiac ablation techniques are anti-arrhythmic, not anti-oncologic.)

A wide variety of liver lesions, histopathologically, has been successfully treated 
by RFA in our experience, and includes primary and metastatic tumors, vascular and 
sarcomatous cancers, as well as benign tumors. The latter typically are not treated 
unless symptoms (such as pain) prompt the need for therapy [5].
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RFA can be effective treatment for pain related to tumor masses. Studies have 
documented the efficacy of RFA to treat pain in bones, soft tissues, and even inter-
nal viscera [6].

9.1.5  Complications

In most respects, the complications of RFA are those of biopsy or needle/catheter 
insertion in general. Thus, bleeding, infection, perforation of the gastrointestinal 
tract, pneumothorax, and death are potential generic complications that might occur 
with almost any interventional radiology (IR) procedure.

Several specific complications may result from RFA. An annoying, but non-life 
threatening complication from RFA is termed, “the Post Ablation Syndrome”. Pre-
sumably the Syndrome results from ablated necrotic tumors with resultant circulat-
ing toxins that cause a flu-like syndrome that may affect muscles, joints, and the 
overall wellness of the patient. The Syndrome likely correlates with the volume of 
killed tumor. While treatment is supportive, as with the “flu”, prevention may be 
achieved by performing ablation on large tumors in more than one session so as not 
to overload the tumoricidal effects on the body. The Syndrome can be more noxious 
in elderly patients, another caveat for prevention.

A second specific issue with RFA that is preventable is the unwanted effects 
of heat (similar for cryotherapy) on structures that need to be preserved; most im-
portantly is the gastrointestinal (GI) tract that can be perforated or fistulized by 
the undesirable properties of the intense heat. Similarly the kidney, gallbladder, 
and diaphragm may be injured by the heat of RFA. Preventively, the technique of 
hydrodissection has been developed [7,8]. The goal of hydrodissection is to infuse 
sterile water or dextrose to displace structures protectively from the tumor being 
targeted by RFA. Most commonly, various GI structures (e.g. colon, duodenum, 
stomach) are protected by displacement from the masses. Buffer areas of 1 cm or 
greater by sterile water or dextrose may be created similarly to protect the gall-
bladder, pancreas, kidney, and diaphragm. Saline is not used, as it actually further 
conducts heat.

9.1.6  Follow-Up

Clinical follow-up is of course essential for ablation. How the patient responds, 
whether or not significant complications occur, overall morbidity and mortality 
from the procedure, underlying diagnoses, symptom control, recurrent disease, and 
eventual lifespan all are metrics to assess effectiveness of RFA. In addition, imaging 
follow-up offers important insights into many factors: prognosis, need for further 
therapy, complications, recurrent and/or persistent disease.

CT predominantly, along with PET/CT and MRI, provides the bulwark of im-
aging follow-up information. The hallmark of effective ablation is lack of contrast 
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enhancement within the tumor, as well as a 1 cm circumferential safety margin around 
the entire mass. Nodular enhancement, irregular inhomogeneous enhancement, or 
vessels seen within the mass, indicate persistent or eventual recurrent disease.

9.1.7  Results of RFA and Other Forms of Ablation Therapy

The role of ablation technologies in the management of hepatocellular carcinoma 
has been well described in the literature, with numerous review articles available 
[2, 9–12]. However, to date no large randomized clinical trials have been performed 
that provide the treating clinician, or the patient, precise information in determin-
ing the best form of therapy for any given situation. It has been reported that at this 
time, percutaneous RFA may offer complete tumor kill in patients with lesions up 
to 3 cm in diameter, and it has comparable survival rates with partial hepatectomy 
and with fewer complications [10]. It has to be remembered that, in general, can-
cer control, but not cancer cure, is offered to cirrhotic patients because they have 
greater than a 10 % chance annually of developing new lesions once one tumor oc-
curs. If tumor control is achieved, the outcome is defined by the progression of the 
liver disease [10].

The efficacy of RFA is related to the size of the liver tumor. It is accepted that 
the lesion should not exceed 2.5–3.0 cm to obtain complete necrosis [13]. It has 
been reported that certain microwave ablation (MWA) devices may allow success-
ful treatment of lesions as large as 5 cm with an acceptable margin of safety [13]. 
Notwithstanding, RFA commonly is utilized for lesions greater than 3 cm in diam-
eter, occasionally for palliative debulking rather than cure.

As stated above, the fundamental concept of ablation is that the extremes of 
temperature kill cancer. All of the commercially available devices are capable of 
achieving the required temperatures. The overall success of an ablation device in 
the clinical setting depends on how well the device can fulfill all of the treatment 
requirements in a given patient, as well as in a population of patients, with all of 
their similarities and unique features.

Guidelines may assist in the selection and use of the more widely used thermal 
technologies: RFA, MWA, and CRYO. To achieve maximal effectiveness for cure, 
basic treatment precepts analogous to those in surgery, must be understood and 
adhered to, including: (1) proper patient selection; (2) treatment of the entire lesion; 
and, (3) providing adequate tumor margins. For ablation therapies, certain addi-
tional considerations include: (1) avoidance of anatomic structures that influence 
effective deposition of energy, such as blood vessels that divert energy from the tu-
mor (“heat sink” or “cold sink”); (2) avoiding tissue alterations that could influence 
energy deposition, such as too rapid increase in tissue impedance, tissue charring, 
and creation of microscopic gas bubbles; (3) ensuring complete coverage when 
overlapping zones of treatment are required so that no gaps of inadequately treated 
tumor cells remain; and, (4) ensuring an adequate treatment margin when the tumor 
is in proximity to sensitive or vital structures (e.g. GI tract or myocardium).
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It is also important that when we evaluate the results of ablation that we recog-
nize recurrent tumor as treatment failure and distinguish that from the presence of 
new tumor, especially in patients with hepatitis B and C. It is also important that the 
efficacy of ablation therapy is best evaluated by the presence or absence of contrast 
enhancement of viable tumor on contrast-enhanced CT (modified or mRECIST cri-
teria), and that traditional RECIST/WHO criteria rely on decrease in tumor size. It 
is important to note that post ablation edema, tissue reaction and blood may give 
the appearance of “enlargement of the tumor” on CT, when it is rather the effect of 
successful ablation. Methods of combining evaluation techniques are being devel-
oped [12].

 Conclusion

Ablation therapies are now an integral part of the menu of therapy for HCC. RFA 
procedures are generally safe and effective, with caveats and guidelines, and are at 
the time of this writing still considered the gold standard for percutaneous ablation. 
Alternative technologies, such as MWA, CRYO, interstitial laser thermotherapy 
(ILT), and percutaneous ethanol ablation are in use, with MWA showing promise 
for future development.
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Abstract Techniques have been developed for catheter-directed delivery of ther-
apy for hepatocellular carcinoma (HCC) since the 1980s, and are still undergoing 
evolution. Currently, this involves embolization with particles, as well as delivery 
of chemotherapeutic agents with a variety of materials, and is referred to as transar-
terial chemoembolization (TACE). TACE is made both feasible and effective due to 
the dual blood supply of the liver. Advances in catheter and guide wire technology 
have been accompanied by the development of techniques for the superselective 
placement of catheters for the safe and effective delivery of therapeutic agents to 
hepatic tumors. TACE is recommended for patients with Intermediate Stage, multi-
nodular HCC (Okuda Stage 1–2; Childs-Pugh Stage A-B; Performance Status 0). 
Combination therapy with RFA and TACE may lead to more extensive tumor necro-
sis than mono-ablative therapy and may be a more effective treatment for HCC. 
Further study will be needed to determine the effectiveness of combining RFA and 
TACE, and in which order. The combination of TACE with antiangiogenic agents, 
such as sorafenib, is under investigation as well. The use of sorafenib may curtail 
the post-TACE rise in VEGF-mediated signaling, and simultaneously target tumor 
foci distant from the site of treatment. Selection parameters and treatment outcomes 
for locoregional therapies, alone or in combination, such as thermal ablation and 
TACE, with or without systemic chemotherapy agents will eventually be factored 
in generating Digital Patient Models (DPMs) to facilitate diagnosis, prognosis, and 
treatment selection, i.e. Model Guided Therapy (MGT) and Predictive, Preventive 
and Personalized Medicine (PPPM).

Keywords Personalized medicine · Hepatocellular carcinoma · Locoregional 
therapy · Treatment · Transarterial chemoembolization (TACE) · Drug-eluting 
beads · Sorafenib
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10.1  Introduction

Techniques have been developed for catheter-directed delivery of therapy for he-
patocellular carcinoma (HCC) since the 1980s, and are still undergoing evolution 
[1–4]. This has included bland embolization with particles, as well as delivery of 
chemotherapeutic agents, with a variety of materials, referred to as transarterial 
chemoembolization (TACE). (Radioembolization with Yttrium-90 microspheres is 
discussed in Chap. 11.)

10.1.1  Transarterial Chemoembolization for 
Hepatocellular Carcinoma

TACE is made both feasible and effective due to the dual blood supply of the liver. 
HCC derives 95 % of its blood supply from the hepatic artery, whereas normal he-
patic parenchyma is supplied 75 and 25 % by the portal vein and hepatic artery, re-
spectively. (These differences in arterial supply account for the detectability of early 
HCC on dynamic, contrast-enhanced computed tomography [CT] and magnetic 
resonance imaging [MRI] as described in Chaps. 3 and 4). Advances in catheter and 
guide wire technology have been accompanied by the development of techniques 
for the superselective placement of catheters for the safe and effective delivery of 
therapeutic agents to hepatic tumors.

As indicated by the Barcelona Clinic Liver Cancer (BCLC) Staging Classifica-
tion and Treatment Schedule [5, 6] TACE is recommended in patients with Interme-
diate Stage (Okuda Stage 1–2; Childs-Pugh Stage A–B; Performance Status 0) with 
multi-nodular HCC. Relative contraindications to TACE, which are evolving as in-
creasing experience is gained, have included: greater than 50 % liver involvement 
(although patients may be consider for staged procedures); LDH > 425; AST > 100; 
total bilirubin > 2; biliary obstruction; stent; anastomosis; and portal vein invasion 
or occlusion. Childs-Pugh Class B and C cirrhotic patients, as well as patients with 
end stage HCC, are at an increased risk of liver failure and death and are not ap-
propriate candidates for TACE [3].

Two different basic methodologies have developed over the years for the trans-
catheter delivery of chemotherapy to hepatocellular carcinoma.

10.1.1.1  Iodized Poppy Seed Oil

The first method utilizes iodized poppy seed oil, which is injected into the hepatic 
artery, and remains preferentially localized within the neovascularity of HCC. The 
oily substance serves as a vehicle for the delivery of cytotoxic agents to tumor sites 
in the liver. Cytotoxic agents which have been used include doxorubicin (Adriamy-
cin), 5-fluorouracil, cisplatin, and mitomycin. The poppy seed oil, combined with 
embolic particles, causes ischemia and prolonged contact of the chemotherapeutic 
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agent with the tumor. The dose of doxorubicin typically ranges from 30 to 75/m2, 
to a maximum of 150 mg, which is usually mixed with 5 to 20 mL of lipiodol [7].

10.1.1.2  Drug-Eluting Beads

The second method for transcatheter delivery of chemotherapy to HCC utilizes 
drug-eluting beads or particles (DEB-TACE) to carry and deliver the chemothera-
peutic agent. At the time of this writing, particles in use include 100–300 μm al-
cohol-sodium acrylate microspheres (QuadraSphere microspheres) and polyvinyl 
alcohol (PVA) hydrogel that has been modified with sulphonate groups (DC Beads). 
For patients with single tumor < 5 cm, or multiple tumors (up to three, < 3 cm each), 
each single treatment should include a planned dose of 50 to 75 mg doxorubicin 
loaded into one vial containing 2 mL of DC Beads (loading dose, 25 to 37.5 mg 
doxorubicin/mL of beads). For patients with more advanced disease each single 
treatment should include a planned dose of up to 150 mg doxorubicin loaded into 
two vials of DC Beads. In huge or bilobar tumors, treatment typically includes 
separate sessions approximately 4 weeks apart, in the absence of complications that 
would require a longer time interval between the two sessions. Obtaining confirma-
tion that the liver enzymes have returned to baseline before performing the second 
treatment session is recommended [7].

The beads are allowed to remain in a container with the chemotherapeutic agent 
prior to administration, to allow the agent to be absorbed by the beads. After cath-
eter delivery, the particles remain lodged in the injected hepatic arterial branches, 
so that the cytotoxic agent is eluted over a prolonged period of time (7–10 days) 
to tumor sites in the liver. As stated above, at the current time, the cytoxic agent 
most commonly employed is doxorubicin (Adriamycin). The drug-eluting particles 
produce tumor ischemia and prolonged contact of the chemotherapeutic agent with 
the tumor.

Compared with TACE performed with poppy seed oil, TACE performed with 
drug eluting beads is reported to have a more standardized methodology, to be 
more reproducible, and to offer improved response and a significantly better safety 
profile [7, 8]. The improved safety profile is related to the decreased levels of cyto-
toxic agent found in the system circulation found with drug eluting particles.

10.1.2  Indications for TACE

Current indications for TACE include: (1) primary treatment for those patients with 
intermediate stage HCC who are not eligible for liver transplantation, patients and 
cannot receive RFA due to comorbidities or tumor locations; and (2) for down-
staging of tumor prior to transplantation [3]. A recent meta-analysis of 7 trials in-
cluding 545 patients undergoing treatment for unresectable HCC showed a survival 
benefit at 2 years for those who were treated with TACE compared to controls [9]. 
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In a small trial of 30 patients with tumor burden that exceeded transplantation cri-
teria, 21 (70 %) were down-staged to within UCSF transplantation criteria by using 
TACE [10]. Although data supports TACE as an effective method to down-stage 
tumors, post-transplant outcomes from patients who have undergone TACE down-
staging are largely unknown [3].

TACE is a relatively safe procedure in a carefully selected population. Patients 
without portal blood flow may be at risk for extensive tumor and nontumor liver 
necrosis after TACE which can result in liver failure. Therefore, TACE has not been 
recommended for patients with portal vein invasion by HCC according to the Bar-
celona Clinic Liver Cancer (BCLC) Staging System [5, 6]. However, more recent 
studies have shown that TACE is safe and beneficial in patients with both peripheral 
portal vein invasion, as well as central portal vein invasion, if there is sufficient col-
lateral flow [11].

Adverse events associated with TACE are seen in approximately 10 % of pa-
tients with a patent portal vein and include hepatic failure, pulmonary embolism, 
acute renal failure, infection, biliary infarction, and gastrointestinal bleeding [12]. 
Post-embolization syndrome which consists of fever, abdominal pain, and intestinal 
obstruction is seen in greater than 50 % of patients and usually resolves completely 
within 48 h.

10.1.3  Combination of RFA and TACE

Combination therapy with RFA and TACE may lead to more extensive tumor necro-
sis than mono-ablative therapy and may be a more effective treatment for HCC [13]. 
A randomized controlled trial (RCT) of 291 patients, predominantly with hepatitis 
B and with > 3 cm lesions from a single center in China have shown a mortal-
ity benefit from combination therapy with when compared to TACE alone or RFA 
alone (median survival 37 vs. 24 vs. 22 months respectively) [14]. There was no 
significant difference in complication rates among the three groups of patients in 
this study. Further study will be needed to determine the effectiveness of combining 
RFA and TACE in different patient populations, as well as the order in which these 
locoregional treatments are to be administered.

10.1.4  Chemoembolization and Portal Vein Embolization 
Prior to Surgical resection

Portal vein embolization is a catheter-directed technique with an entirely differ-
ent purpose than TACE. Techniques were developed to embolize the contralateral 
lobe of the liver, prior to surgical resection of the hepatic lobe harboring the HCC. 
This was performed to induce compensatory hypertrophy of the embolized, tumor-
free lobe, and thereby increase hepatic function, following surgical resection of the 
diseased lobe.
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However, it is currently felt that PVE and pre-operative TACE prior to surgi-
cal resection offers no benefit [15–17]. It has also been suggested that malignant 
hepatocytes may also respond to the proliferative stimulus and this could result in 
uncontrolled tumor progression. In addition, portal vein obstruction may induce an 
acute increase in portal pressure and result in variceal bleeding. RCTs are needed to 
define the benefits and risks of these procedures [18].

10.1.5  Sorafenib and DEB-TACE

A high rate of tumor recurrence has been observed following TACE for HCC. It has 
been suggested that by interrupting blood flow to the tumor, TACE induces necrosis 
at the site of disease but may create conditions that permit or even encourage angio-
genesis elsewhere in the liver [19]. Surrogate markers of tissue hypoxia have been 
reported  to  increase  after TACE  including hypoxia  inducible  factor  1α  and both 
plasma and hepatic vascular endothelial growth factor (VEGF). Thus, it has been 
suggested that the combination of TACE with antiangiogenic agents may curtail the 
post-TACE rise in VEGF-mediated signaling, and simultaneously target foci distant 
from the site of treatment [19].

Investigation of this possible synergistic treatment has been studied in a phase 
2 randomized double-blind placebo-controlled trial: SPACE study (Sorafenib or 
Placebo in Combination with DEBTACE for Intermediate-Stage HCC) [20]. The 
objective of the study was to evaluate the efficacy and safety of sorafenib in com-
bination with DEB-TACE in patients with intermediate stage HCC. The study dem-
onstrated an improved time to progression (TTP) of disease supporting the premise 
that Sorafenib may reduce the associated angiogenesis, although the results still 
need to be confirmed with phase 3 trials.

 Conclusion

The methods, indications, and results of TACE, alone and in combination with other 
forms of therapy for HCC, have been reviewed in this Chapter. The selection pa-
rameters and treatment outcomes for TACE, as well as other locoregional thera-
pies, alone or in combination, such as thermal ablation, with or without systemic 
chemotherapy agents will eventually be factored in generating Digital Patient Mod-
els (DPMs). It is hoped that diagnosis, prognosis, and treatment selection for pa-
tients with HCC will thereby be facilitated by Model Guided Therapy (MGT) and 
Predictive, Preventive and Personalized Medicine (PPPM).
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Abstract Optimizing the therapeutic ratio and achieving an adequate safety profile 
in the treatment of hepatocellular carcinoma (HCC) with radiation therapy (RT) 
has historically been a challenge. Although HCC is a radiosensitive tumor, it is 
surrounded by highly radiosensitive organs, including the remainder of the liver 
and hollow gastrointestinal viscera. As technology has advanced to the point of 
allowing a highly conformal dose to be delivered to the tumor while sparing the 
surrounding normal tissues, RT has re-emerged as a viable treatment modality for 
many patients with HCC, pending randomized controlled trials to confirm its effi-
cacy. Options for RT include stereotactic body radiotherapy (SBRT), external beam 
radiation therapy (EBRT), and radioembolization. SBRT, which involves the pre-
cise delivery of highly conformal, image-guided, ablative doses of external beam 
radiation, has been shown to be an effective alternative to other ablative procedures 
in nonsurgical candidates with tumors up to 6 cm in size, including HCC in patients 
with cirrhosis. Radioembolization involves catheter-based infusion of radioactive 
particles (such as Yttrium-90-labeled microspheres) targeted at the hepatic artery 
branches that feed the tumor. Typical prescription doses are in the range of 120–
150 Gy, significantly higher than those possible with EBRT. Radioembolization 
may be used in patients with unresectable primary HCC with liver-dominant tumor 
burden and life expectancy > 3 months. For patients with large HCCs, treatment 
options include conventionally fractionated EBRT. EBRT is considered safe for all 
patients with Child-Pugh class A or B.
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11.1  Introduction

Optimizing the therapeutic ratio and achieving an adequate safety profile in the 
treatment of hepatocellular carcinoma (HCC) with radiation therapy (RT) has his-
torically been a challenge, as although HCC is a radiosensitive tumor, it is surround-
ed by highly radiosensitive organs, including the remainder of the liver and hollow 
gastrointestinal viscera. As technology has advanced to the point of allowing a high-
ly conformal dose to be delivered to the tumor while sparing the surrounding nor-
mal tissues, radiotherapy has re-emerged as a viable treatment modality for many 
patients with HCC, pending randomized controlled trials to confirm its efficacy.

11.1.1  External Beam Radiotherapy in the Treatment  
of Hepatocellular Carcinoma

Some of the earliest trials of irradiation for HCC involved treating the whole liver, 
though outcomes were generally poor, with 2-year survival rates < 10 %. The ad-
vent of computed tomography (CT)-based treatment planning, intensity-modulated 
radiation therapy (IMRT), and image-guided radiation therapy has allowed for bet-
ter targeting of the tumor and sparing of surrounding tissue, which in turn has led 
to a series of trials evaluating whether increasing the dose of radiation improves 
tumor control and survival. Dawson et al. reported that patients with unresectable 
tumors who received doses > 70 Gy had a better median survival (> 16.4 mo) than 
those who received a lesser dose, with a 68 % response rate overall [1]. Mornex 
et al. showed similar encouraging results in a small Phase II trial, in which tumors 
< 5 cm were treated to a dose of 66 Gy in 2 Gy fractions, resulting in an 80 % com-
plete response (CR) rate. Grade 4 toxicity was observed in 22 % of patients in this 
study, though all of them had Child-Pugh class B cirrhosis prior to treatment [2]. 
Determining dose allocation can be aided with the use of the normal tissue com-
plication probability (NTCP) model for intrahepatic malignancy, which can predict 
the probability of radiation-induced liver disease (RILD) after treatment to a given 
dose and volume of liver [3]. Based on this model, patients are to receive a maxi-
mum possible dose to the tumor while being subjected to no more than a 10 % risk 
of RILD. Of note, the NTCP model is limited by the fact that it was not validated 
for patients with moderate-severe liver disease, which unfortunately represents the 
majority of patients with HCC. As such, caution should be used when adopting the 
NTCP model to this group of patients.

The safety and efficacy of conventionally fractionated external beam radiation 
therapy (EBRT) has also been studied in combination with transarterial chemo-
embolization (TACE), in an attempt to improve outcomes with a dual modality 
approach. Seong et al. reported on 158 patients, with a median tumor size of 9 cm, 
who received 48 Gy either in combination with or after failure of TACE. The objec-
tive response rate in this study was 67 %, with a 16 month median survival [4]. Zeng 
et al. also reviewed 203 patients with unresectable HCC who received TACE with 
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or without radiation therapy (RT), finding that RT appeared to improve survival in 
each of the first 3 years after treatment [5]. Finally, Oh et al. reported on prospec-
tively treating 40 unresectable HCC patients who had an incomplete response to 
1–2 courses of TACE with 54 Gy, achieving a response rate of 63 % with 2-year 
overall survival of 46 % [6]. Though none of these studies were randomized, they all 
support the premise that conventionally fractionated radiotherapy may have some 
survival benefit in combination with TACE, and is well tolerated overall.

Another potential indication for radiotherapy is in the setting of portal vein tu-
mor thrombosis (PVTT). These patients have a poor prognosis, and in many institu-
tions are not considered candidates for TACE. Tazawa et al. treated 24 patients with 
PVTT with 50 Gy RT delivered focally to the thrombus, achieving an objective 
response rate of 58 % and 1-year overall survival of 41 % [7]. A similar approach, 
using either conventionally fractionated and hypofractionated radiotherapy targeted 
at the portal vein thrombus, has yielded response rates in the range of 45–83 % in 
several studies [8–10].

Overall, patients with unresectable, liver-confined HCC treated with convention-
ally fractionated, conformal radiotherapy can achieve durable tumor responses with 
an acceptable safety profile, though no RCTs have been carried out to demonstrate a 
survival benefit. Local control rates range from 40 to 90 % and median survival 10–
25 months in various trials [11], depending on several patient and treatment-related 
factors. Indications for RT may include large unresectable tumors in a patient who is 
not a candidate (or has failed) other local therapy. Relatively good liver function is 
necessary for maintaining an adequate safety profile, and the predicted risk of RILD 
should be kept below 10 % for a given treatment plan. Within these parameters, dose 
escalation up to a maximum of 90 Gy is associated with the best outcomes.

11.1.2  Stereotactic Body Radiotherapy

Stereotactic body radiotherapy (SBRT), which involves the precise delivery of 
highly conformal, image-guided, ablative doses of external beam radiation in an ab-
breviated course of five fractions or less, has been shown to be an effective alterna-
tive to other ablative procedures in nonsurgical candidates with tumors up to 6 cm in 
size. SBRT is also unique from all other therapeutic options in that it is noninvasive. 
To ensure that enough residual liver is spared from RT, it is important to keep the 
target volume as small as possible, which has been made feasible through the use 
of advanced treatment-planning technologies like multi-phasic and multi-modality 
imaging, breathing motion management, highly conformal plans, and image-guided 
treatment delivery. The safety and efficacy of SBRT has been shown in several pro-
spective studies of metastatic lesions in noncirrhotic livers [12, 13], and in the past 
few years data has also emerged from several groups reporting success in treating 
HCC with SBRT in patients with cirrhosis.

The largest series of patients enrolled in a prospective trial in the United States 
comes from Indiana University [14, 15], with the Phase I and subsequent Phase II 
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trials including 60 patients with Child-Pugh score < 7 (though there were nine pa-
tients with Child-Pugh score 8–9 included in the Phase 1 trial) who had 1–3 tumors 
of < 6 cm in cumulative diameter. These were relatively early tumors, as 85 % had a 
single lesion, the median tumor diameter was 3.1 cm, 60 % were Child-Pugh class 
A, the median CLIP score was 1, and the median KPS was 90. A stereotactic body 
frame with abdominal compression was used to immobilize the patient, and margins 
around the gross tumor were 0.5 cm radial and 1.0 cm superior-inferior. In the Phase 
II portion of the study, a dose of 48 Gy in 3 fractions (over 5–10 days) was given 
to patients with Child-Pugh class A, while 40 Gy in 5 fractions (over 3–6 weeks) 
was given to patients with Child-Pugh class B. Dose-volume constraints were also 
more rigorous for those patients with Child-Pugh class B (500 cc normal liver was 
to receive < 12 Gy and one-third of the normal liver was to receive < 18 Gy) than in 
those patients with Child-Pugh class A (500 cc normal liver was to receive < 7 Gy 
and one-third of the normal liver was to receive < 10 Gy). At a median follow-up of 
26 months, a 70 % complete or partial response rate was observed, with an actuarial 
2-year local control (LC) of 90 %. Of note, even though all patients were considered 
ineligible for transplant at study entry, 40 % of the patients eventually received a liv-
er transplant. Excluding this subgroup from the survival analysis, the median pro-
gression-free survival (PFS), overall survival (OS) and time-to-progression (TTP) 
were 14.1, 20.4, and 36.5 months, respectively. The site of first failure was mostly 
regional (50 %), meaning elsewhere in the liver. The treatment was well-tolerated 
overall, with only 12 % of patients with a Child-Pugh score < 7 enduring an increase 
in hematologic or hepatic dysfunction greater than one grade, and 20 % of patients 
experiencing an increase in Child-Pugh class within 3 months of treatment. How-
ever, the patients from the phase I study with Child-Pugh score 8–9 did have higher 
rates of toxicity, with 4 of 8 patients developing progressive liver failure (though 
two of these patients received a higher dose than was later allowed in the phase 2 
portion of the trial). Overall, outcomes from this study compare favorably to those 
of radiofrequency ablation (RFA), TACE, and other locoregional therapies. The me-
dian survival to the non-transplant cohort was also comparable to a predicted 22 
months for all comers with a CLIP score of 1 [16]. Given these favorable results, 
the authors report that at their institution, in eligible patients with well-compensated 
cirrhosis, SBRT is now considered the primary modality for bridging to transplant, 
and is also strongly considered for first-line definitive therapy in patients who are 
not transplant candidates.

Similar findings were also reported in a Korean study [17], in which 42 patients 
(90 % of which were Child-Pugh class A with median tumor size of 15.4 cm3) un-
derwent 30–39 Gy SBRT in 3 fractions. Of note, unlike in the American series, 
most of the HCC in this study was HBV-induced, which may have implications in 
tumor biology or response to radiotherapy. Despite the lower radiation dose, the 
in-field response rate was 85 %, in-field 3-year PFS was 68 %, median PFS was 
15.4 months, and 3-year overall survival was 59 %. Most recurrences were again 
regional (within the liver but outside the radiation field). One patient had late liver 
failure, though < 10 % had significant hematologic/hepatic toxicity. In the largest 
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series, Sanuki et al. reported on the Japanese experience of 185 patients with tumors 
< 5 cm who were treated in five fractions to a total dose of 40 Gy (for Child-Pugh 
class A) or 35 Gy (for Child-Pugh class B), with dose reductions as necessary to 
keep the percentage of liver receiving 20 Gy below 20 % [18]. Outcomes were again 
excellent, with three year LC 91 % and OS 70 %, both of which were independent of 
the dose level used. Ten percent of patients had worsening Child-Pugh score by at 
least two points, though this was reversible in all but 3 patients (two of which with 
Child-Pugh class B died of liver failure).

Finally, hypofractionated radiation therapy has also been shown to be feasible in 
patients with larger tumors and more advanced disease, as has been reported in a 
large Canadian series of 102 patients [19]. In this study, the median tumor volume 
was 173 cm3, 55 % of patients had a vascular tumor thrombus, and 61 % had multi-
focal disease. The dose prescribed was determined according to the estimated risk 
of RILD, with median dose 36 Gy (range 24–54 Gy) in 6 fractions over 2 weeks. 
Given the more advanced tumors in this study, along with the fact that the larger 
tumors received lesser doses due to a higher risk of RILD with larger treatment 
volumes, it is not surprising that the median PFS was only 5.4 months, considerably 
lower than the other SBRT studies. However, LC at 1 year was 87 %, and median 
survival was 17 months, both of which are better than expected for this group of 
patients. The most frequent site of progression was again outside the treatment vol-
ume. Of note, there were 7 deaths that may have been treatment related, and Child-
Pugh score progression was observed in 30 % of patients within 3 months of RT, 
some of which was reversible. The higher toxicity can again probably be accounted 
for by the large volumes treated, but tumor progression certainly also contributed.

The absolute and relative contraindications of SBRT are shown in Tables 11.1 
and 11.2, respectively. Child-Pugh class is an important predictor of morbidity, and 
while there is sufficient safety data in class A, SBRT should be used with caution 
(or not at all) in classes B and C. The presence of portal vein thrombosis does not 
impact the safety or efficacy of SBRT. Other procedural considerations to prevent 
toxicity, which are not contraindications per se, include keeping an interval of 14 
days between SBRT and chemotherapy, and 6 months between SBRT and any lo-
cal embolization procedure. There may also be some situations in which SBRT is 
technically feasible, but systemic therapy or best supportive care is more appropri-
ate than any local therapy, including patients with life expectancy < 12 weeks, or 
patients with progressive or untreated gross extrahepatic disease.

Table 11.1  SBRT absolute contraindications
Child-Pugh score > 10
< 800 cc of uninvolved liver
Tumor < 0.5 cm from a hollow viscous
Radiation tolerance parameters for uninvolved liver cannot be achieved

Child-Pugh A: 500 cc of normal liver < 7 Gy, 1/3 of normal liver < 10 Gy
Child-Pugh B: 500 cc of normal liver < 12 Gy, 1/3 of normal liver < 18 Gy
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In summary, SBRT appears most applicable to relatively small, inoperable tu-
mors, though it could be considered for larger lesions if there is at least 800 cm3 
of uninvolved liver and the liver radiation tolerance is respected. Child-Pugh class 
is an important predictor of morbidity, and while there is sufficient safety data in 
Child-Pugh class A, SBRT should be used with caution (or not at all) in Child-Pugh 
class B and C. Although there is no randomized data comparing SBRT to RFA or 
TACE, Phase I/II trials suggest comparable, if not superior outcomes with SBRT. At 
this time, we suggest that the decision for the most appropriate modality be as indi-
vidualized as possible to the patient, making use of a multidisciplinary tumor board 
or clinic whenever feasible. With a lack of randomized data to support one modality 
over another, much of the decision-making at this time will be institution specific.

11.1.3  Radioembolization

The technique of radioembolization is similar in many ways to any other embo-
lization procedure (e.g. TACE), in that it involves catheter-based infusion of par-
ticles targeted at the arterial branch of the hepatic artery feeding the portion of the 
liver where the tumor is located. However, unlike chemoembolization, in which 
the mechanism of action of tumor necrosis is ischemia secondary to reduced blood 
flow, the mechanism of action in radioembolization is primarily due to radiation 
induced necrosis. Since radioembolization has minimal embolic effect, and won’t 

Table 11.2  SBRT relative contraindications
Child-Pugh Score 8–9 (especially if not on the liver transplant list)
ECOG > 2 or KPS < 70
> 3 lesions, or total size of lesions > 6 cm
History of right upper abdomen radiation therapy
Active hepatitis (viral or nonviral)
Significant ascites
Renal insufficiency (Cr > 1.8 or CrCl < 50)
Liver function abnormalities:

Bilirubin > 3 mg/dL
Albumin < 2.5
AST/ALT > 3 × upper limit of normal
PT/PTT > 1.5 × upper limit of normal (and not correctable with Vitamin K)

CBC Abnormalities:
ANC < 1000
Platelets < 50,000
Hemoglobin < 9
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obstruct the blood supply to the functional liver, it is often considered the safer al-
ternative to TACE for tumors with portal vein thrombosis.

There are two different radioisotopes used for radioembolization worldwide, 
Iodine-131[I-131]-labeled Lipiodol and Yttrium-90[Y90]-labeled microspheres. 
The former is not used in the USA due to lack of availability. The latter is available 
either as the glass Theraspheres or resin SIR-Spheres, with Theraspheres being the 
more common alternative in North America. Y90 is a β-emitter, with a half-life of 
64 h, and maximum penetration of 11 mm in tissue. Typical prescription doses are 
in the range of 120–150 Gy, significantly higher than those possible with EBRT. Ac-
cording to the Radioembolization Brachytherapy Oncology Consortium Consensus 
Guidelines, Therasphere may be used in patients with unresectable primary HCC 
with liver-dominant tumor burden and life expectancy > 3 months [20]. Prior to 
treating a patient, it is important to do a 99m-Tc macroaggregated albumin (MAA) 
scan to demonstrate that there is no shunting of blood flow to the lung or gastro-
intestinal tract that cannot be corrected by catheter techniques. The potential for 
≥ 30 Gy radiation exposure to the lung is considered an absolute contraindication 
to radioembolization. Relative contraindications include a limited hepatic reserve, 
irreversibly elevated bilirubin and prior RT involving the liver.

The largest prospective trial evaluating Therasphere comes from Northwestern 
University [21]. 291 patients with HCC were treated, with response rates of 42 % 
using WHO criteria and 57 % using EASL criteria. The median TTP was 7.9 months 
for the entire cohort, and outcomes were strongly correlated with Child-Pugh score 
and the presence or absence of portal vein tumor thrombosis (PVTT). While Child-
Pugh class A patients without PVTT could expect a median TTP of 15.5 months, 
Child-Pugh class B patients without PVTT had a median TTP of only 13 months. 
Median TTP was only 5.6–5.9 months for all patients with PVTT, regardless of 
Child-Pugh score. Complications of treatment most commonly involved a mild 
postembolization syndrome of fatigue, constitutional symptoms, and abdominal 
pain (20–55 %). Grade 3 or 4 elevation in bilirubin was seen in 19 % of patients, 
while the 30-day mortality was 3 % of patients.

Given the significant overlap in patient eligibility for radioembolization and che-
moembolization, a randomized trial comparing the two was carried out in France, in 
which 142 patients with unresectable HCC were randomized to I-131-labeled Lipi-
odol or TACE [22]. In this study, the response rate and survival were similar in both 
arms at 1 and 3 years follow-up, however, there was significantly less toxicity in the 
radioembolization arm, with only 3 patients having severe side effects (as compared 
to 29 patients after chemoembolization). There are no randomized trials to date 
involving Therasphere, however, a recent comparative analysis published again by 
the group at Northwestern by Salem et al. suggests that radioembolization results 
in a better median TTP than TACE (13 vs. 8 months, respectively), again with less 
toxicity. There was no difference in median survival in the two groups [23]. It is 
important to note that in these studies, the chemoembolization groups were treated 
with the lipiodol technique (70 mg cisplatinum diluted in 140 mL of saline solution 
and 10 mL Lipiodol [22] and 30 mg mitomycin, 30 mg adriamycin and 100 mg 
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cisplatin mixed with lipiodol [23]). The more recently introduced technique with 
drug-eluting beads has been shown to have lower toxicity, as discussed in Chap. 7c.

In summary, radioembolization is an emerging technology in the USA that may 
be better tolerated than TACE, with similar (if not somewhat improved) efficacy. It 
is also thought to be a safer alternative than TACE in patients with PVTT, but given 
the short median survival of these patients, it is unclear if they would benefit more 
from it than they would from systemic therapy alone. The expense of radioemboli-
zation also remains an issue, though may become less so if randomized data were 
to further clarify the optimal indications for, and benefit from its use. With respect 
to toxicity, trials comparing radioembolization with TACE with drug-eluting beads 
will be helpful.

Conclusion

Considering the various forms of treatment for HCC, including radiotherapy, it is 
necessary to consider patient-specific factors in selecting the optimal treatment. 
Personalized management of HCC requires the selection of individual and/or com-
bined treatment modalities, provided by different clinicians. For example, there are 
several types of local therapy for HCC that may be applicable either as a bridging 
therapy in those patients awaiting transplant, or as a means of attempting to down-
stage a tumor in a patient with liver-confined disease. While the choice of a thera-
peutic regimen relies heavily upon the local expertise at a given institution, there 
are several patient- and tumor-specific characteristics that can guide management.

The indications for SBRT and RFA are somewhat overlapping, in the sense that 
the optimal candidate for both procedures is a patient with up to 3 lesions, with a 
total size (of the lesions combined) < 6 cm. There is some data to suggest that SBRT 
can be done for any size lesion assuming that a patient has > 800 cc of uninvolved 
liver and radiation tolerance limits for that normal liver are respected, however, this 
data comes from a single institution only, and should be further studied to confirm 
its safety. Although there are no RCTs comparing SBRT to RFA, prospective data 
suggests that SBRT has approximately equivalent local control rates to RFA for 
lesions < 3 cm, and better local control than RFA for lesions > 3 cm. SBRT may be 
favored for lesions located on the liver capsule due to the risk of tumor rupture and 
seeding with RFA. SBRT may also be favored for lesions close to major blood ves-
sels, as RFA may be less effective in this situation due to the heat sink phenomenon. 
Conversely, RFA should be favored, with caution, when the tumor is in close prox-
imity (< 0.5 cm) to a hollow viscous (duodenum, stomach, colon) due to the risk of 
perforation after SBRT.

For patients with larger lesions, options for local therapy include TACE, radio-
embolization, and conventionally fractionated EBRT. Retrospective data suggests 
that radioembolization is better tolerated than TACE (with lipiodol techniques), 
with similar (if not somewhat improved) efficacy. Whereas portal vein thrombosis 
is a relative contraindication to TACE, it is not a concern for patients receiving 
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radioembolization or EBRT. Absolute and relative contraindications for radioem-
bolization and EBRT are similar to those for SBRT, though with some variation in 
radiation dose constraints to the liver and other organs at risk. Prior to radioembo-
lization, a 99mTc macroaggregated albumin (MAA) scan must be obtained, and if 
there is a potential for ≥ 30 Gy radiation exposure to the lung (via a “lung shunt”), 
or if there is flow to the GI tract that cannot be corrected by catheter techniques, 
radioembolization is contraindicated. EBRT requires sparing of at least 20 % of the 
total liver volume (Veffective < 0.8), and that strict dose-volume constrains be used 
for the uninvolved liver to keep the risk of radiation-induced liver disease < 10 %. 
Given the low dose per fraction used in EBRT, the proximity of a tumor to a hollow 
viscous is of no concern for toxicity. Assuming that the above criteria are met, ra-
dioembolization or EBRT are considered safe for all patients with Child-Pugh class 
A or B (though not class C). Though clinically useful in patients with larger tumors, 
neither of these therapies would be used for smaller tumors amenable to SBRT.
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Abstract During the development of an Information Technology System for Pre-
dictive, Preventive and Personalized Medicine (ITS-PM) for hepatocellular cancer 
(HCC) a wide number of variables or Information Entities (IEs) will be identified, 
and their relative value will be determined. These include factors reflecting: (1) 
clinical assessment of the patient including functional status, liver function, degree 
of cirrhosis, and comorbidities; (2) tumor biology, at a molecular, genetic, and ana-
tomic level; (3) tumor burden and individual patient response; and, (4) medical 
and operative treatments and their outcomes. Beyond the development of database 
systems, our goals include the development of a realistic, plausible approach to 
the development of Digital Patient Models (DPMs) and Model Guided Therapy 
(MGT). These will be based on a complex of database and knowledge management 
systems capable of data storage, data mining, data analysis, and decision support. 
In this Chapter we have outlined the required structure and function of an ITS-PM 
that would be suitable for these tasks. The database structure, composed of three 
layers, has been described and sample entity-relationship diagrams populated from 
the clinical material described in Chaps. 3–11 have been presented. Methodolo-
gies are proposed that include Multi-Entity Bayesian Networks (MEBN), Reference 
Model for Open Distributed Processing (RM-ODP), and Service-Oriented Archi-
tecture (SOA), which can be considered a subset of RM-ODP. These can provide 
the comprehensive techniques and structures to be employed to successfully meet 
the requirements for an ITS-PM.

Keywords Personalized medicine · Hepatocellular carcinoma · Information 
technology · Model guided therapy · Information technology system for predictive, 
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preventive and personalized medicine (ITS-PM) · Digital patient model · Patient-
specific model · Model-based medical evidence · Bayesian network · Reference 
model for open distributed processing (RM-ODP) · Service-oriented architecture 
(SOA)

12.1  Introduction

In the preceding Chapters we have defined the current state of knowledge, as well 
as the limits of our knowledge, with respect to hepatocellular carcinoma (HCC). 
To advance Predictive, Preventive and Personalized Medicine (PPPM), we will be 
examining HCC in the final two chapters from a more integrated point of view, 
combining epidemiology, risk factors, infectious etiologies, pathology, microenvi-
ronment, biomarkers, screening and diagnostic technologies, and treatment modali-
ties (single, combined, and/or sequential). In this Chapter we will be exploring the 
ways in which Information Technology (IT) may optimize our ability to manage 
patients with HCC in a multidisciplinary setting along with Model-Guided Therapy 
(MGT) as outlined in Chaps. 1 and 2. This will require the development of systems 
to provide unified access to general medical and patient-specific information for 
medical researchers and health care providers from different disciplines including 
hepatologists, gastroenterologists, medical and surgical oncologists, liver transplant 
teams, interventional radiologists, and radiation oncologists.

It is our assumption that the development of improved IT will promote an ap-
proach based on a global understanding of disease and treatment outcomes, rather 
than reliance primarily upon local availability and expertise. To this end, we need 
technologies and information systems to optimize the vast amount of information in 
various repositories by these health care providers and investigators from random 
controlled trials (RCTs), as well as other data sources.

With this in mind, we will begin to explore the daunting task of defining the IT 
specifications that would fulfill the requirements for an Information Technology 
System for Predictive, Preventive and Personalized Medicine (ITS-PM), using a 
model of HCC as a use-case. Ultimately, to handle the vast amount of available in-
formation, we will need to define and develop new types of database solutions and 
end-user applications. The database solutions should include certain features—eas-
ily accessible links to data sources and repositories, functionality that is well orga-
nized and easily expandable, the facility for queries that will promote probabilistic 
and statistically valid investigations, and, features to facilitate decision support and 
research.

Beyond the selection and development of database systems, the larger task is to 
find a way of using IT to pool, integrate, and correlate the following: (1) the clini-
cal information relating to diagnosis and treatment of HCC; (2) the research data 
relating to epidemiology, virology, and pathology at the anatomic, molecular, and 
genetic levels; and, (3) the role of MGT and Patient-Specific Modeling. One of our 
goals is to propose a realistic, plausible approach to the development of Digital 
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Patient Models (DPMs), based on a complex of database and knowledge manage-
ment systems capable of data storage, data mining, data analysis, and decision sup-
port. At this time, there is no system or collection of systems on the market that can 
accomplish these tasks. In this Chapter we will undertake a systematic approach to 
identify, analyze, and organize a combination of actual and/or potential software 
entities that could be assembled with the appropriate architecture to achieve these 
goals. At this time, the tools that are available to us include database management 
systems, physiologic models, web services, other mid-layer services, and a variety 
of tools to create appropriate end-user software and graphics applications. These 
components would be combined to form a subset of a much larger and more com-
prehensive Therapy and Imaging Model Management Systems (TIMMS) system as 
described in Chap. 2.

HCC has been selected as a “use-case” for the development of an ITS-PM. A ten-
tative IT framework, composed of a variety of components, will be described that 
has the capability to integrate the following: the Patient-Specific Model (PSM) it-
self (that includes the complete medical description of any number of patients), and 
the various sources of medical information that may be local or remotely accessed 
through the Internet. It should be possible to view and access the proposed ITS-PM 
from multiple points of view, to extract different kinds of information and perform 
different kinds of tasks by medical practitioners, researchers, and epidemiologists. 
For example, user interface requirements for the medical oncologist versus the ge-
neticist evaluating DNA sequences will be quite different. This not only reflects the 
different tasks, and therefore the different needs of the end-users, but also reflects 
that each end-user will have a somewhat different view of the DPM, itself. The 
complete collection of DPM databases can provide a view or representation of the 
patient as required for a variety of specific tasks, whether they are related to achiev-
ing improved treatment outcomes, enhanced patient safety, and/or for engaging in 
basic medical research (Fig. 12.1).

A Precision Surgery View may be utilized to enhance surgical guidance for im-
proved safety and efficiency; a Surgical Workflow View may be employed in the 
Operating Room to optimize the surgical process; a Physiological View would op-
timize the process of patient monitoring; a Decision Support View would provide 
assistance in the selection of best treatments; a Biomarkers and Imaging View could 
be employed to help gain a deeper understanding of disease fundamentals, e.g. on-
cology; and, a Disease/Epidemiology View may be utilized to pool large numbers 
of DPMs to gain insight into patient populations and epidemiology (Model-based 
Medical Evidence [MBME]).

A few points, from the Chaps. 3 through 11, will serve as reminders of the com-
plexity of creating an ITS-PM for HCC: (1) the treatment spectrum for HCC extends 
from one extreme to the other, i.e. from transplantation of the entire liver to targeted 
therapy with Sorafenib at the molecular level; (2) HCC is often treated without 
tissue diagnosis, i.e. with radiologic and biochemical confirmation; (3) the under-
standing of the hepatic microenvironment and its relationship to HCC is evolving; 
and, (4) there are limitations in the RCTs comparing different minimally invasive 
treatments and/or their roles in down-staging of advanced cases. The science behind 
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our treatment choices can be thought of as being in a state of evolution. There are 
differences of opinion, as well as newly emerging evidence, concerning many fac-
ets of HCC and its treatment. Therefore, the ITS-PM system under development 
must be sufficiently broad, sensitive, and flexible enough to help organize and make 
sense out of the widespread and disparate information available. It is hoped that the 
ITS-PM will help fill the gaps of our knowledge by incorporating and integrating 
new information into the existing fund of medical knowledge and help us make the 
best decisions for our patients, even when medical knowledge is incomplete. As in 
any medical decision support system, it is important to emphasize that the role of 
the ITS-PM is not to replace the physician in decision making, but rather to assist 
the decision making process, such as at a hospital’s Tumor Board.

In summary, the development of the ITS-PM for HCC will provide a compre-
hensive system to identify and then determine the relative value of the wide num-
ber of variables: (1) factors reflecting clinical assessment of the patient including 
functional status, liver function, degree of cirrhosis, and comorbidities; (2) factors 
reflecting tumor biology at a molecular, genetic, and anatomic level; (3) factors 
reflecting tumor burden and individual patient response; and (4) factors reflecting 
medical and operative treatments and their outcomes. If this project is successful, 
it can serve as a prototype for IT solutions to assist in the diagnosis, research, and 
management of other cancers as well as non-malignant diseases.

Fig. 12.1  The complete digital patient model provides a variety of views, or representations, of 
the patient depending on the specific tasks, requirements or areas of interest of the end-user
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12.1.1  ITS-PM: Organization and Architecture

12.1.1.1  Requirements for an ITS-PM

The first task is to consider and define the requirements for an IT approach for 
PPPM with respect to HCC. It is probably best if we divide this task into broad 
categories, each of which will have its own focus, data types, tasks, and solutions.

Reference Model for Open Distributed Processes and Service-Oriented 
Architecture

It is imperative that comprehensive and cohesive hardware and software architec-
ture is provided for the ITS-PM to allow each section to function independently, 
while synchronized and in communication with each other section. Reference Mod-
el for Open Distributed Processing (RM-ODP) and Service-Oriented Architecture 
(SOA) (which may be considered a related subset of RM-ODP and is perhaps more 
widely known) are standards, methodologies, or approaches to enterprise system 
development that could help fulfill the necessary requirements.

RM-ODP is an International Organization for Standardization (ISO) standard 
that gives a solid basis for describing and building widely distributed systems and 
applications in a systematic way. Emphasis is placed on the need to build such 
systems with evolution in mind by identifying the concerns of major stakeholders 
and then expressing the design as a series of linked viewpoints representing these 
concerns. Each stakeholder can then develop an appropriate view of the system with 
a minimum of interference from the others [1] (Fig. 12.2) (Table 12.1).

Fig. 12.2  A graphic rep-
resentation of the points of 
view utilized in the reference 
model for open-distributed 
processes. (Adapted from [1])
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Once the requirements and the approach to fulfill these requirements have been 
developed, reviewed, and approved by the overall team, the wide variety enterprise 
software components need to be created and assembled. SOA provides the infra-
structure and organization required for both connectivity and interaction between a 
wide variety of programs and functions (services) that may be written in different 
software languages to provide proper and secure transactions. SOA does not imply a 
specific technology or creation of a single all-encompassing program. Rather, SOA 
is an architectural paradigm and discipline that may be used to build infrastructures 
enabling those with needs (consumers) and those with capabilities (providers) to 
interact via services across disparate domains of technology and ownership [2].

Implementation of a SOA will provide for user interfaces, messaging between 
users, storage of data, access to data and services, establishment of workflow pro-
cesses, and system security. When properly conceived, SOA is sufficiently flexible 
to allow incremental development and implementation of the functionality required 
by the organization. While SOA is often associated with Web Services, it is impor-
tant to understand that the services provided by SOA need not be web based. SOA 
is often associated with the streamlining of business practices; however, the orga-
nization, interchangeability, and flexibility of SOA can provide advantages for the 
scientific and medical community as well, that faces similar obstacles created by the 
wide variety of software and IT tools that are currently difficult to integrate. For the 
purposes of this article, the importance of SOA resides in its ability for the scientific 
and medical community to find a realistic methodology for creating a useable and 
secure system, composed of complex and disparate entities, including Electronic 

Table 12.1  Viewpoints utilized in the reference model for open-distributed processes. (Adapted 
from [1])
Viewpoints for reference model for open-distributed processes
The enterprise viewpoint focuses on the organizational situation in which the design activity 
is to take place. It concentrates on the objectives, business rules, and operational policies that 
need to be supported by the system being designed.
The information viewpoint concentrates on the modeling of the shared information manipu-
lated within the enterprise of interest. By providing a common model that can be referenced 
from throughout a complete piece of design, we can ensure that the same interpretation of 
information is applied at all points.
The computational viewpoint is concerned with the development of the high-level design of 
the processes and applications supporting the enterprise activities. It uses the familiar tools for 
object-oriented software design, expressing its models in terms of objects with strong encap-
sulation boundaries, interacting at typed interfaces by performing a sequence of operations (or 
passing continuous streams of information).
The engineering viewpoint tackles the problem of diversity in infrastructure provision; it gives 
the prescriptions for supporting the necessary abstract computational interactions in a range of 
different situations. It thereby offers a way to avoid lock-in to specific platforms or infrastruc-
ture mechanisms.
The technology viewpoint is concerned with managing real-world constraints, such as restric-
tions on the hardware available to implement the system within budget, or the existing applica-
tion platforms on which the applications must run.
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Medical Records, Hospital and Radiology Information Systems, research databases 
and repositories, as well as the database systems that will form the core of an ITS-
PM.

It is beyond the scope of this article to provide a complete RM-ODP enterprise 
proposal with detailed SOA schema. However, we will try to explore and define the 
overall objectives and processes (enterprise viewpoint), the requirements relating to 
data types and data exchange (information viewpoint), and the software categories 
(computational viewpoint). (In some cases, specific software components, catego-
ries or products may be mentioned. However, at this stage of development this is 
done for illustrative purposes only to indicate the feasibility of a required technol-
ogy or process. Architectural detail, as well as specific hardware and software selec-
tion and development, would be determined much later in the project.) A simplified 
schematic for the organization of an ITS-PM is presented in Fig. 12.3.

Data Exchange

Provision needs to be made for the exchange of data and interchange of data types 
between the various forms of databases that will be accessed, processed, and ana-
lyzed by the proposed ITS-PM. The vast amounts of data that are available may 
reside within Electronic Medical Records, Hospital and Radiology Information 

Fig. 12.3  A schematic for organization of an ITS-PHC. This diagram reorganizes many of the 
TIMMS components in a structure that will enable the secure interchange of information between 
data sources, database management systems, data analysis systems, and end-user applications. 
(Legend: PSM patient specific model; TIMMS therapy and imaging model management system; 
PACS picture archiving and communications system; MEBN multi-entity Bayesian network; 
NoSQL not only structured query language; DBs databases)
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Systems, research databases and repositories, in the form of relational databases, 
multi-dimensional databases, or newer NoSQL databases that may be of several 
types. The data types utilized within the ITS-PM may include strings, numbers, 
Boolean functions, images, text files, and XML documents. Much of this informa-
tion is already in a format that can be utilized for data analysis. However, many 
entries into the medical record are not in a format that can be readily assimilated and 
analyzed in an automated IT system. Efforts have been made to create structured 
reports in Radiology, such as Digital Imaging and Communications in Medicine 
Structured Report (DICOM SR) [3] and RadLex [4], in which data is stored in 
retrievable format, such as XML and JSON. It ultimately may be required that full 
implementation of the ITS-PM may require extensive use of Structured Reports, in 
an as yet to be defined format.

Database Systems

A wide variety of database systems are currently available and in widespread use. 
They may be found in hospital information systems, throughout business and inter-
net enterprises, government organizations, and personal computer programs. The 
most commonly employed databases today, relational databases (RDBs), are based 
on relational database management systems (RDBMS), in which data are stored 
in tables that are linked by designated relationships. Data are most commonly ex-
tracted from these databases by Structured Query Language (SQL) queries.

A new class of database systems recently has been developed and is known as 
NoSQL (“Not only SQL”). These systems do not rely primarily on tables, and there-
fore generally do not use SQL for data manipulation. These databases differ from 
RDBs in the great speed with which they can handle and sort through large vol-
umes of information and relationships, thereby enabling systems such as Google 
and Facebook. NoSQL databases may be designed to store records (e.g. key-value 
stores), to store documents (e.g. XML documents), and/or to store data, whose rela-
tions are well depicted and utilized with graphs and graph theory.

The proposed ITS-PM will most likely need to be able to make use of several 
types of database management systems, in both core programs and data reposito-
ries. Thus, the ITS-PM will be well-equipped for different functionalities.

Model Creation

The content and the organization of the ITS-PM should be flexible enough to allow 
manipulation of the information required for constructing a variety of models to 
support MGT. This may include, but would not be limited to, models of the patient, 
i.e. the DPM. It could also include the ability to create models of disease processes, 
models of patient populations, as well as models of genetic, physiologic, and mo-
lecular processes.

The design and structure of the DPM will be discussed in greater detail below.
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Clinical Decision Support

The ITS-PM should provide a variety of functions, including data-mining and 
data-analysis to detect correlations, and ultimately, to reveal and elucidate causal 
relationships between the patient, the disease processes, and exogenous factors. 
Through these functions, it is proposed that the ITS-PM will assist in: (1) the under-
standing of diseases in individuals and populations; (2) basic medical research; and, 
(3) clinical decision support.

It is important that safeguards be established to ensure that objectivity and strict 
statistical methodology be employed to prevent erroneous conclusions to be drawn 
from rapidly accumulating data (e.g. “correlation does not imply causation”). This 
is especially true in medicine, in which decisions often are made with the best 
available information (i.e. incomplete knowledge).

12.1.2  Clinical and Research Components

12.1.2.1  Defining the Requirements of the ITS-PM

In this Chapter, the objectives of the ITS-PM will be explored with an emphasis on 
defining the major processes that will be required, as well as their categories and 
components (enterprise viewpoint). As these processes are brought into focus, the 
specific required data types and the requirements relating to data exchange will be 
enumerated (information viewpoint). The major mid-level software functions and 
end-user applications will be discussed (computational viewpoint). At this stage of 
development the following will be considered: (1) the DPM (relational and NoSQL 
database management systems); (2) clinical decision support including predictive 
and simulation functions with a Multi-entity Bayesian Network (MEBN) [5, 6]; (3) 
access to medical research databases; and, (4) modules for outcomes studies for the 
development of disease models, relating to individuals and populations, as well as 
for the evaluation of treatment protocols and technologies.

The DPM: Information Entities, PSM Template and MEBN

It is essential that the DPM should have the capacity to contain and organize infor-
mation of any type that may be medically relevant. It will be required that these at-
tributes will ultimately be organized into structures that can be utilized in a MEBN. 
At this time, for a DPM to achieve the wide range of functions that have been 
described, it would appear that the database structure be divided into three func-
tional components or layers. These layers, which are more descriptive than physi-
cal, would include: (1) an Attribute Layer for data storage that would be best served 
with RDBs; (2) a Probabilistic Layer for data analysis and decision support that 
may be best served with MEBNs and graph theory; and, (3) an Action Layer that 
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would actively update databases and perform statistical analyses at specified times. 
(Fig. 12.4) Therefore, the database structure of a generic PSM may be defined as 
three converging layers that allow the PSM to perform the many tasks assigned to 
it. Any given data point may contain the value of a patient attribute or Information 
Entity (IE) that is associated with a certain probability distribution with respect to a 
clinical inquiry, and may be acted upon in decision support processes.

The first task in constructing a generic PSM is to organize the patient-specific 
information according to a generalized hierarchy of attributes or IEs, extending 
from most general to specific, as outlined in Chap. 2. From these IEs, an Entity-
Relationship Diagram (ERD) may be designed, (Figs. 12.5a and b) from which a 
RDB may be constructed, as part of the Attribute Layer of the generic PSM. This 
RDB that will be populated with data from the many sources previously illustrated 
in Fig. 12.3 (the schematic for organization of an ITS-PM) in accordance with the 
organization described in the generic PSM template (also defined in Chap. 2), will 
serve as the reservoir of clinical data, biomarkers, images, and physiologic signals 
that will be utilized by the PSM. Information is accessed from RDBs by means of 
SQL queries.

Fig. 12.4  The database structure of the generic PSM may be defined as three converging layers 
that allow the generic PSM to perform the many tasks assigned to it. Any given data point may 
contain the value of a patient attribute or Information entity that is associated with a certain prob-
ability distribution with respect to a clinical inquiry, and may be acted upon in decision support 
processes
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Clinical Decision Support

Clinical decision support functions will reside predominantly within the Probabi-
listic Layer of the generic PSM. These functions will be available for evaluation 
and reorganization within categories of risk, diagnosis, prognosis, and treatment re-
sponse for the purposes of clinical decision support. As envisioned in the proposed 
ITS-PM, the IEs stored within the RDB (including patient attributes, biomarkers, 
clinical data, and imaging data) will have greatly enhanced value in decision sup-
port systems when incorporated into MEBN and graph database systems.

As discussed in Chap. 2, in medicine, we must be able to reason in the presence 
of incomplete data and knowledge. There may be uncertainty regarding the exis-
tence of relationships among pieces of medical information, the strength of those 
relationships, and, constraints governing those relationships, such as, cause and ef-
fect. Bayesian inference and probability are logically coherent and provide tools 
and methodology to combine expert knowledge with statistical data, to represent 
cause-and-effect relationships, to learn from observations, to prevent over-fitting, 
and, to provide clear and understandable semantics. The ITS-PM will be able to 
make use of the Bayesian Belief Network or Model that is a probabilistic graphical 
model (a type of statistical model) that represents a set of random variables and their 
conditional dependencies via a directed acyclic graph (DAG) (Fig. 12.6). In a DAG, 

Fig. 12.5 a A portion of a simplified entity-relationship diagram for a relational database is shown 
displaying the 1st, 2nd, and 3rd order information entities (as defined in Chap. 2) of a generic 
patient-specific model, and a 4th order entity: Hepatocellular Carcinoma. (Legend: INT integer; 
VARCHAR includes text [characters, numbers, punctuation]). b A portion of a simplified entity-
relationship diagram for a relational database is shown displaying the 5th order information enti-
ties relating to Hepatocellular Carcinoma
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each node (numbered circle) presents the attributes of each random variable or IE, 
while each edge (arrow) indicates the conditional dependency.

Bayesian networks are used for evidential reasoning or explanation. For exam-
ple, a Bayesian network can be used to represent the probabilistic relationships 
between diseases and symptoms. Given symptoms, the network can be used to com-
pute the probabilities of the presence of various diseases.

As described in Chap. 2, building on the basic Bayesian Network, a MEBN is a 
logic system that integrates first-order logic with Bayesian probability theory [7]. A 

Fig. 12.5 (continued)
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MEBN can provide a descriptive and functional framework for quantifiable medical 
IEs. The nodes of the DAG in a MEBN contain the attributes of each random vari-
able or IE, as supplied by the relational database systems, while the edges provide 
validated probability distributions, beyond conditional dependencies (Fig. 12.6). 
Thus, the MEBN can mathematically provide predictive capabilities and the ability 
to determine cause and effect relationships, over and above the descriptive, expand-
able, and correlational capabilities of a simple Bayesian network. Accordingly, the 
value of any given entity within the RDB systems can be enhanced by determin-
ing a relative value (probability distribution) for each factor within the appropriate 
contexts.

To create an effective clinical decision support system for HCC, utilizing a 
MEBN, the IEs identified as 5th order relating to HCC, will need to be assembled 
into MFrags and MTheories as outlined in Chap. 2. Initially, conditional relation-
ships between IEs and their probability distributions will be determined by medical 
experts utilizing the best available evidence-based medicine. One critically impor-
tant factor must be understood—it is the nature of Bayesian Networks to increase in 
accuracy as the system is tested and more information is added, according to Pearl’s 
Bi-directional Belief Updating Algorithm [7]. The MFrags will be assembled to 
form graphs, e.g. Situation Specific Bayesian Networks (SSBN) to evaluate hy-
pothetical conditions. Support for decision constructs in MEBN will be provided 
via Multi-Entity Decision Graphs (MEDG). As in any decision support system, the 
MEBN system will require ongoing updating and validation.

While the MEBN will provide a complex system for answering specific ques-
tions relating to the management of patients with HCC, there are other tools avail-
able for the Probabilistic Layer of the PSM database system. In recent years, high-
performance NoSQL databases have been used to find relationships between entities 
in very large networks, often with billions of objects. These database systems have 
been utilized for seeking information (e.g. Google), with vast social networks (e.g. 
Facebook), and to catalogue and find relationships in genetics research. These sys-
tems are known for their rapid answering time for complex queries, i.e.—traversals. 

Fig. 12.6  Directed acyclic graph (DAG). Each node ( numbered circle) presents the attributes of 
each  random variable  or  information  entity, while  each  edge  ( arrow) indicates the conditional 
dependency. For a multi-entity Bayesian network, the edges of the DAG also provide validated 
probability distributions, beyond conditional dependencies
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One form of NoSQL database, the Graph Databases, may be especially useful by 
incorporating the IEs of the PSM template. Graph Databases can provide persistent 
storage for large volumes of data (nodes), to display relationships between entities 
implicit in the model (edges), to allow a unified view for multiple sources, and, are 
sufficiently flexible to manage unknown or dynamic schemas. Most importantly, 
Graph Databases can facilitate analysis of the connected information in network-
like structures.

The ability of Graph Databases to find relationships within vast amounts of data 
will help provide a link between the domain of genetics and biomarkers research 
with the PSM. Figure 12.7 shows a portion of a simplified Entity-Relationship Dia-
gram for a relational database that may be linked to a Graph database for research in 
biomarker and targeted therapies. Fifth order IEs relating to biomarkers and targeted 
therapies for HCC are displayed.

Fig. 12.7  A portion of a simplified entity-relationship diagram for a relational database that may 
be linked to a graph database for research in biomarker and targeted therapies is shown displaying 
the 5th order information entities relating to biomarkers and targeted therapies for HCC



11712 Design of an IT System for Hepatocellular Carcinoma

Action Layer

The third layer of the generic PSM database structure can be considered an Action 
Layer that will be designed to perform many of the tasks that will be required to 
update the PSM databases. The tasks performed as part of this action layer include 
data processing that will be required to ensure the increasing accuracy of the MEBN 
as indicated in Pearl’s Theorem or Algorithm. These tasks may be accomplished by 
means of triggered sub-programs, and may include updating lab values in a graph 
database, recalculating probabilities in MEBNs, extracting data from structured re-
ports such as imaging studies, and extracting data from the wide variety of local and 
remote repositories (e.g. genetic data). The system could be used locally at a clinical 
liver cancer center to monitor patient assessments, treatments, and outcomes.

This process will be facilitated when links can be established to provide access 
to medical research databases, as well as to established treatment registries through 
the TIMMS infrastructure as shown in Fig. 2.1, Chap. 2.

 Conclusion

In this Chapter we have outlined the required structure and function of an ITS-PM 
that would be suitable to establish a use-case utilizing HCC within the context of 
the PSM and MGT. The database structure, composed of three layers, has been de-
scribed and sample entity-relationship diagrams populated from the clinical mate-
rial described in Chaps. 3–11 have been presented.

RM-ODP and SOA can provide the comprehensive methodologies to be em-
ployed to successfully meet the requirements for such an elaborate system.

In the concluding Chapter, the proposed benefits of this ITS-PM will be pre-
sented in the form of expert recommendations and outlook for PPPM and HCC.
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Abstract In the concluding Chapter, the proposed benefits of an Information 
Technology System for Predictive, Preventive and Personalized Medicine (ITS-
PM) will be presented in the form of expert recommendations and outlook for 
Predictive, Preventive and Personalized Medicine (PPPM) and hepatocellular car-
cinoma (HCC). To advance PPPM, the subject of HCC will be presented from a 
more integrated point of view, combining epidemiology, risk factors, infectious 
etiologies, pathology, microenvironment and biomarkers, screening and diagnostic 
technologies, and treatment modalities (single, combined, and/or sequential). It is 
hoped that by means of an ITS-PM for HCC, greater emphasis may be given to 
individual patient characteristics than is currently achievable. It is also hoped that 
through extensions to current screening, staging, and treatment algorithms that we 
can improve the understanding, prevention, and treatment of HCC. Through the 
development of an ITS-PM, it may be possible to provide and validate a new meth-
odology for Evidence-Based Medicine utilizing model theory, i.e. Model-Based 
Medical Evidence (MBME). The information processed in the development of this 
book was used to reinforce and expand a well-established treatment algorithm, i.e. 
the Barcelona Clinic Liver Cancer (BCLC) staging system, and, to add extensions 
that include enhanced screening and greater specifics regarding treatment selec-
tions. Finally, new algorithms are presented that relate to alternatives in palliative 
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treatments, down staging, and dealing with progression of disease. Treatments for 
HCC included in these algorithms include surgical resection, liver transplantation, 
percutaneous ablation, transarterial chemoembolization (TACE), local radiotherapy 
with Yttrium-90 microspheres, stereotactic body radiation therapy (SBRT), and sys-
temic targeted therapy with the oral multikinase inhibitor, sorafenib.

Keywords Personalized medicine · Hepatocellular carcinoma · Algorithms · 
Screening · Staging · Information technology · Information technology system 
for predictive, preventive and personalized medicine (ITS-PM) · Model guided 
therapy · Digital patient model · Patient-specific model · Model-based medical 
evidence

13.1  Introduction

In this concluding Chapter, the proposed benefits of an Information Technology 
System for Predictive, Preventive and Personalized Medicine (ITS-PM) will be 
presented. As we review the current state of knowledge regarding hepatocellular 
carcinoma (HCC) and current recommendations regarding patient management, 
undoubtedly there is a role for Predictive, Preventive, and Personalized Medicine 
(PPPM) to assist in providing care according to best practices. Furthermore, when 
an ITS-PM has been created, the accompanying database structures and functions 
may provide tools for PPPM to advance the understanding and treatment of HCC 
beyond its current limits. This would include a Therapy Imaging and Model Man-
agement System (TIMMS), Patient-Specific Modeling and Model Guided Therapy 
(MGT) as described in previous Chapters.

To restate our position from Chap. 1, it is our hypothesis that if valid patient-
specific models (PSMs) (that factor in age, physiologic condition, disease and co-
morbidities, genetics, biomarkers, and responses to previous treatments) can be 
generated, it may be possible to develop a statistically valid methodology, for each 
individual to predict certain diseases or conditions, to predict treatment outcomes, to 
prevent specific diseases or complications, and to develop treatment regimens that 
are personalized for each particular patient. This proposed system, currently under 
development, has been designated as Model-Based Medical Evidence (MBME). It 
is postulated to be able to make a major contribution to Evidence Based Medicine 
through the analysis of a large number of patients, with the assistance of Informa-
tion Technology (IT). It is further postulated that the Multi-Entity Bayesian Net-
works (MEBN), used in the construction of the Digital Patient Model (DPM), will 
be utilized in the development of a practical decision support system.

Many studies are being conducted at clinical research centers to determine the 
most effective forms of treatment for HCC. However, the role of large random con-
trolled clinical trials comparing a restricted number of variables may be of lim-
ited value considering the many treatment devices and regimens that are currently 
available, especially as new techniques and tools are introduced. In the current 
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environment, where there are so many old and new competing treatment options, 
it would appear that there are difficulties in applying the usual forms of Evidence 
Based Medicine. It may be that, in practice, treatment choices often depend on a 
combination of factors. These may include local expertise; the availability of treat-
ment devices (which, in part, may depend on financial considerations); personal 
referral patterns; the presence of clinical research protocols involving a particular 
device; the collective opinions of local tumor boards; and patient preferences that 
may in part be based on recommendations of friends or opinions expressed on web 
sites and blogs. In this environment, with so many available treatment options and 
with so many gaps in medical information, it may be problematic to be able to deter-
mine and provide the most ideal form of therapy for each patient based on personal 
health characteristics.

As originally stated in Chaps. 1 and 2, it is our goal to utilize an IT approach to 
medical management to maximize the use of established medical information and 
to assist decision making and advance our understanding when there is incomplete 
medical knowledge. The approach we are offering, MBME, offers an alternative to 
evaluate the effectiveness of different treatment modalities, as well as the influence 
of individual patient responses. Each complete DPM developed through recruit-
ment of patients in the clinical cancer center may be considered a comprehensive 
study subject. As the number of DPMs increase, the pooling of information will be 
utilized through the inference system to generate statistically valid medical infor-
mation, or, MBME. The Bayesian approach we have selected that utilizes MEBNs, 
with first-order logic, provides a solid backbone of statistical validity. What will 
remain to be determined is how many individual patient models will have to be ac-
cumulated to achieve statistical validity.

Another feature of this approach that enhances PPPM is that rather than selecting 
a sufficiently large number of patients to minimize the impact of individual patient 
variation on the outcome, all relevant information regarding the unique features 
of each patient is preserved. Thus, when the number of patients included in the 
database reaches a critical level, it may be possible to not only predict the outcome 
of therapy by treatment modality (specific forms and combinations of ablation, ra-
diation, chemotherapy, radiation therapy, and surgery) but it may be possible to 
determine the role of individual components of the patient’s make-up that have 
contributed to the success or failure of the treatment.

13.2  Building on the Barcelona Clinic Liver Cancer 
Staging System

If we examine the Barcelona Clinic Liver Cancer (BCLC) Staging System for HCC 
[1, 2] (Fig. 13.1) that serves as the basis for the management of many patients with 
HCC worldwide, we observe a very well thought out and evidence-based approach 
to patient management. Clear recommendations have been made for the initial 
management of patients with HCC, according to a variety of factors: performance 
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status, Child-Pugh classification, lesion size and number, portal vein pressures, and 
the presence of tumor invasion, comorbidities, and extensive disease.

The BCLC Staging System Algorithm provides a flow chart that was designed for 
the staging of patients with HCC to determine the most appropriate form of therapy. 
In addition, we have found that the BCLC Algorithm provides an excellent platform 
for the development and investigation of extended treatment pathways. Ablation 
technologies that are currently available include radiofrequency ablation (RFA), 
microwave ablation (MW), cryoablation (CRYO), interstitial laser thermotherapy 
(ILT), and irreversible electroporation (IRE). Transarterial embolotherapy includes 
techniques that employ either oil-based materials or drug-eluting particles to deliver 
the chemotherapeutic agents (transarterial chemoembolization; TACE), as well as 
techniques for the catheter delivery of radiopharmaceuticles (Yttrium-90). Several 
different forms of radiation therapy are available as well. In addition to individual 
therapies, combinations of these techniques are also under investigation to control 
advanced disease and/or to down-stage more advanced disease so that the patient 
hopefully may become a candidate for a curative treatment.

The IEs identified in Chap. 12 may be used to expand and reinforce the BCLC 
Algorithm in several ways. Extensions may be added to the BCLC Algorithm 
(Fig. 13.2) that: (1) facilitate enhanced screening for HCC; (2) explore ways in 
which targeted therapies may be used to improve outcomes; and (3) provide statisti-
cally validated evidence regarding the selection of the best treatment from the many 
options available for palliative, down-staging and bridging therapies.

Fig. 13.1  The Barcelona Clinic Liver Cancer (BCLC) staging system algorithm for Hepatocel-
lular Carcinoma—Revised 2011 [3]
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Fig. 13.2  It may be possible to build on the BLCL staging system algorithm with an IT system 
for predictive, preventive and personalized medicine (ITS-PM). The first goal will be, through 
enhanced screening, to have patients seek medical attention earlier in the course of their disease, 
so that they may enter the algorithm at a more favorable stage; i.e.—a “shift to the left”. The sec-
ond goal will be to improve outcomes through a better understanding of treatment subcategories, 
combined treatments, and the effects of down-staging. (Modified from [2])
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13.2.1  Enhanced Screening and “Shift to the Left”

It may be possible to positively influence where in the BCLC Staging System a 
patient enters the algorithm. It would be desirable to achieve a “shift to the left” 
with a greater number of patients seeking medical attention at a stage of the disease 
when there is a greater chance of cure. As more data are accumulated it may become 
possible to evaluate current screening techniques and criteria, and to improve them 
in light of accumulated information, with the establishment of more comprehensive 
programs for earlier and more effective screening.

13.2.2  Possible Expanded Role of Targeted Therapies

Currently, targeted therapies for HCC are finding applications in patients with ad-
vanced disease. However, it may also be possible to expand the role of targeted 
therapies in the future to influence the development or progression of disease in 
earlier stages. It may even become possible to shift high risk patients into low risk 
categories, thereby averting the development of HCC altogether.

13.2.3  Improved Outcomes with Further Personalized Approach

The BCLC Staging System Algorithm is concerned primarily with the initial treat-
ment choices for patients with HCC. While several treatment options are indicated 
for patients with intermediate and advanced disease, the complexities relating to 
these treatment options have not yet been developed within the context of the Al-
gorithm (although these issues are discussed with elsewhere [1–3]). The ITS-PM 
may be employed to generate MBME to obtain a better understanding of role of lo-
coregional treatment options, combined treatments, and the effectiveness of down-
staging and/or bridging therapies to achieve improved outcomes. The Algorithm 
may be expanded to include, in greater detail, the currently available treatments for 
HCC, individually or in combination.

13.3  New Algorithms

New algorithms are presented here that address issues and patient selection relat-
ing to alternatives in palliative treatments and efforts to achieve down-staging. 
Currently available treatments for HCC included in these algorithms are surgical 
resection, liver transplantation, percutaneous ablation, TACE, radioembolization 
with Yttrium-90 [Y90] microspheres, stereotactic body radiation therapy (SBRT), 
and systemic targeted therapy with the oral multikinase inhibitor, sorafenib. In 
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accordance with the BCLC Staging System, the efficacy and safety of each treat-
ment modality depends on the stage of liver disease, performance status of the 
patient, and severity of underlying liver disease.

Treatment algorithms are presented here (Figs. 13.3–13.5) that represent exten-
sions to the BCLC Staging System algorithm by providing a flexible approach to 
alternative therapies and by introducing the possibility of down-staging and bridg-
ing therapy.

These algorithms present treatment pathways based on the current literature, 
and provide a framework for the accumulation of data regarding specific treatment 
protocols. The outcomes of these varied treatments can be linked to extensive data 
collected for each patient (according to the categories itemized in Figs. 12.5a, b, and 
12.7 in Chap. 12) within the ITS-PM.

Conclusion

It is the goal of PPPM to identify the best diagnostic tests and treatment modali-
ties objectively, given the patient's actual clinical status. We have presented an ap-
proach to advancing the care of patients with HCC, building on the well-established 
BCLC Staging System, by proposing extensions to include enhanced screening and 
a means to evaluate more specific treatment regimens. This approach will require 
the development of a comprehensive ITS-PM that will utilize a computing system 
for patient modeling and decision support.

Fig. 13.3  A wider and more flexible assortment of alternative therapies and bridging therapies are 
introduced in this algorithm. This algorithm continues in Figs. 13.4 and 13.5 (Alternative therapy 
charts: single and multiple lesions)
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Fig. 13.5  Alternative therapy chart: multiple lesions

 

Fig. 13.4  Alternative therapy chart: single lesions
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The ITS-PM system presented here is in its earliest stages of development, as is 
the DPM, which is the basic unit for this system. It is the goal of this project to de-
velop a system of Bayesian inference built on large databases of individual patients 
that will provide a way of giving greater emphasis to individual patient characteris-
tics in expanded patient screening programs and treatment algorithms.

The algorithms presented here, representing extensions to the BCLC Staging 
System, are based on literature review and current practices. They need to be vali-
dated through appropriate prospective clinical studies. In addition, if sufficient in-
dividual data regarding each patient are collected it may be possible to generate 
knowledge that is necessary for a more complete understanding of the pathophysi-
ology, prevention, and treatment of HCC. This may be accomplished through the 
use of enhanced IT with modeling and inference techniques, thus creating a new 
methodology for Evidence-Based Medicine utilizing model theory, i.e. Model-
Based Medical Evidence.

In addition, as more information is gathered and validated through the ITS-PM, 
target benchmarks for the effective treatment of hepatocellular carcinoma can be 
established. Comparative studies of the costs of different treatment protocols may 
be evaluated with respect to successes and failures in treatment outcomes, and with 
respect to overall quality of care and the patient’s quality of life.

The tasks that lay before us in the immediate future include the development of 
the databases that incorporate patient-specific Information Entities (as described in 
Chap. 2 and itemized in Figs. 12.5a, b and 12.7 in Chap. 12) and the development of 
the MEBN and the associated decision support structures (as described in Chaps. 2 
and 12). As these are populated with data from a growing number of patient records, 
DPMs will be developed. It will then become possible to begin the study and vali-
dation of Predictive, Preventive and Personalized Medicine through Model-Based 
Medical Evidence.
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