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1.1 Cancer: A Brief History

The oldest descriptions of cancer can be found in ancient manuscripts. Fossilized
bone tumors and the records of Egyptian mummies provide material evidence. The
oldest known account of cancer dates from approximately 3,000-2,500 B.C. It is
possibly attributable to Imhotep, an Egyptian physician and architect. The papyrus
describes eight cases of tumors or ulcers of the breast, which ancient physicians
treated by cauterization with a tool called the “fire drill.” The papyrus continues the
narrative by stating that “there is no effective treatment” [1].

Twelve centuries later, these tumors obtained their modern name — cancer. The
word cancer is credited to the Greek physician Hippocrates (Kos, Greece, 460-370
B.C.). Considered the “father of medicine,” Hippocrates employed the words
‘carcinos’ and ‘carcinoma’ in his descriptions of non-ulcer forming and ulcer form-
ing tumors. Carcinos refers to the familiar zodiac sign Cancer, the Crab. The Greeks
used this term because of the tendril-like projections. Hippocrates believed that both
cancer and depression developed when the four “humors” or bodily fluids — black
bile, yellow bile, phlegm, and blood — fell out of balance with one another, allowing
black bile to collect in excess in whichever part of the body the cancer affected.
From Hippocrates onward, the humoral theory was adopted by the prominent Greek
physicist Claudius Galenus in the second-century A.D. and by Roman and Persian
physicians. This theory’ dominated and influenced Western medical science for the
next 1300 years [2].
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The next great wave in cancer scholarship and understanding came with the
Renaissance, when scholars began to refine their understanding of the human body.
Following the development of the modern scientific method in the Renaissance,
scientists began to apply this to the study of disease. The Belgium physician and
anatomist Andreas Vesalius (1514-1564), considered the founder of modern human
anatomy, used autopsies to identify and understand anatomic structures that had
previously been a mystery. No matter how hard Vesalius sought to confirm
Hippocrates’s theory of black bile, he failed to find this sinister porter of cancer and
depression. And so, in one of the most influential books on anatomy “de humani
corporis fabrica” (1543), Galenus’ theory of black bile as the explanation for cancer
was finally dispelled [2].

This radical change in modern medicine was followed by Italian anatomist
Giovanni Morgagni (1682-1771), who laid the foundations for scientific oncol-
ogy by performing autopsies and relating the patient’s illness to the pathology
found after death. Scottish surgeon John Hunter (1728-1793) suggested that
some cancer could be cured with surgery and described how the surgeon should
decide upon which cancers to operate [3]. The invention of anesthesia in the
nineteenth century allowed the practice of oncological surgery to flourish and
physicians to develop standard surgical approaches. In 1871, the Austrian sur-
geon Theodor Billroth performed the first esophagectomy, followed in 1873 by
the first laryngectomy and most famously, the first gastrectomy in 1881 [4]. The
first pancreaticoduodenectomy was performed in 1898 by the Italian surgeon
Alessandro Codivilla. American surgeon Allen Whipple refined the technique in
1935 to the procedure commonly referred to as the Whipple-procedure. By the
late nineteenth century, several surgeons also started to perform elective resec-
tions of liver tumors. However, without knowledge of the segmental anatomy of
the liver, these were all based on random resections resulting in extremely high
mortality rates. In 1952 Jean-Louis Lortat-Jacob performed the first elective
hepatic resection that was based on the segmental anatomy described by Couinaud
[5]. By the late 1970s, the overall survival benefit of hepatic resection of colorec-
tal liver metastases (CRLM) was established. Couinaud’s anatomic knowledge,
combined with advances in anesthesia and antiseptics, resulted in an impressive
reduction of complications: mortality rates dropped from around 20% during the
mid-1960s to 2—3% during the early 1990s.

The twentieth century also saw the emergence of two other mainstays of
cancer therapy: systemic chemotherapy and external beam radiation therapy. In
1943, a German air raid in Bari, Italy, led to the destruction of 17 American war-
ships. One of the ship’s secret cargo consisted of 70-ton mustard gas bombs to
be used in the battlefield. When the ship exploded, the deadly load dispersed
into the air. The dissemination of the gas to the nearby harbor of Bari resulted
in the death of almost a thousand people in the months following the explosion.
Stewart Francis Alexander, a Lieutenant Colonel and an expert in chemical war-
fare, investigated the aftermath. Autopsies of the victims suggested that pro-
found lymphoid and myeloid suppression had developed after exposure. In his
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report, Alexander theorized that since mustard gas all but ceased the division of
certain types of somatic cells whose nature was to divide fast, it could also
potentially be put to use in helping to suppress the division of certain types of
cancerous cells [6]. Using this information, two pharmacologists from the Yale
School of medicine, Louis Goodman and Alfred Gilman, injected mustine, a
related agent (the prototype nitrogen mustard anticancer chemotherapeutic) into
a patient with non-Hodgkin’s lymphoma. They observed a dramatic reduction in
the patient’s tumor masses [7]. Although the effect lasted only a few weeks, this
was the first step to the realization that cancer could be treated by pharmacologi-
cal agents [8]. This success was soon followed by Sidney Farber, often named
the father of chemotherapy, who was the first to achieve a remission in a child
with acute myeloid leukemia using the folic acid-antagonist aminopterin in
1948 [2]. After this discovery, an extensive search for other chemotherapeutic
agents began, and many different chemotherapeutics were developed. The early
chemotherapy regimens were life-threatening procedures and resulted in a tem-
porary response at best, but some of these agents are still in use. For example,
fluorouracil (5-FU), still one of the mainstays of chemotherapy for colorectal
liver metastases, was first described in 1957. Recently, targeted therapies such
as kinase inhibitors and monoclonal antibodies have been added to the arsenal
of systemic therapies.

In 1895, Wilhelm Conrad Rontgen discovered the basic properties of ionizing
radiation (X-rays) and the possibility of using radiation in medicine. During
early practical work and scientific investigation, experimenters noticed that pro-
longed exposure to X-rays created inflammation and, more rarely, tissue damage
on the skin. Emil Grubbe, a medical student, hypothesized that the destruction of
skin as a side effect of radiation could be used to treat tumors. On March 29,
1896, he bombarded the breast of an aged lady, Rose Lee, in which a painful
recurrence after mastectomy had developed. The treatment resulted in significant
tumor shrinkage. This first radiation treatment indicated the foundation of the
field of radiation oncology [9]. The discovery of Radium in 1898 by Marie Curie
resulted in the speculation whether it could be used for therapy in the same way
as X-rays. Radium was soon seen as a way to treat disorders that were not affected
enough by X-ray treatment because it could be applied in a multitude of ways in
which X-rays could not [10]. By the 1930s, radiation oncologists were able to
achieve permanent remission of several types of cancer in a significant fraction
of patients. Further improvement came with the introduction of megavoltage lin-
ear accelerators in the 1950s. Nowadays, the three main divisions of radiation
therapy are external beam radiation therapy, brachytherapy, and systemic radio-
isotope therapy. The past years, a more precise method of external beam radia-
tion has been developed: stereotactic ablative radiotherapy (SABR). SABR refers
to highly focused radiation treatment, delivering an intense dose concentrated on
the tumor with submillimeter accuracy, while limiting the dose to the surround-
ing organs. SABR is increasingly used to treat lung, liver, brain, and pancreatic
tumors (Fig. 1.1).
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Fig. 1.1 Historical landmarks in oncology

1.2 Image-Guided Tumor Ablation: A Brief History

Decades of intensive cancer research have resulted in continuously improved surgi-
cal, chemotherapeutic, and radiation treatments. This has led to a dramatic improve-
ment in overall cancer survival. However, despite the advances of surgical
techniques, many tumors are still considered unsuitable for surgical resection, espe-
cially primary and secondary liver tumors; for example, only 20-30% of the patients
with CRLM are found eligible for surgery because of unfavorable tumor location,
disease extent or insufficient hepatic reserve, and comorbidity [11]. The use of
radiotherapy for liver tumors is traditionally limited due to the low tolerance of
normal liver tissue to radiation, which results in radiation-induced liver disease in a
significant proportion of patients [12]. Furthermore, although it greatly improves
overall survival, chemotherapy generally has a temporary effect and rarely leads to
complete regression on its own.

1.2.1 Percutaneous Ethanol Ablation
In order to be able to treat some of these unresectable tumors, forward thinking sur-

geons, radiologists, and interventional radiologists started to consider and realize the
potential to treat solid tumors using a completely new modality: “tumor ablation”,
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with the help of electrodes or probes inserted into tumors, delivering chemicals or
energy in order to achieve local control. Historically, percutaneous ethanol injec-
tion (PEI) was the first percutaneous ablative therapy to be clinically applied in the
early 1980s. Ethanol causes thrombosis and disruption of the endothelium of small
blood vessels and induces cell death due to dehydration. The official birth of percu-
taneous interventional oncology was marked by the first papers on PEI of small
hepatic and abdominal tumors and parathyroid hyperplasias [13, 14]. In two subse-
quent papers, Livraghi and Ebara and colleagues demonstrated PEI to be cheap,
safe, and effective in the treatment of hepatocellular carcinoma (HCC) [15, 16].
However, in the treatment of metastatic disease PEI proved less effective, since the
heterogeneous and often fibrous nature of metastatic tumors restricts the diffusion
of ethanol. For a similar reason, other injectable agents such as chemotherapeutic
drugs and hot saline did not provide great efficacy for the treatment of metastatic
liver disease. Different methods for ablation based on the deposition of physical
energy therefore came into being.

1.2.2 Radiofrequency Ablation

Of the different ablation techniques, radiofrequency ablation (RFA) is currently
the most widely employed technique. While the clinical use of RFA is relatively
new, the biological effects of radiofrequency currents were already recognized
long before their therapeutic use was investigated. In 1891, D’ Arsonval demon-
strated that when radiofrequency waves passed through tissue, they caused an
increase in tissue temperature [17]. In 1910, the British urologist Edwin Beer
described a new method for the treatment of bladder neoplasms using cauteriza-
tion through a cystoscope [18], followed in 1911 by William Clark who described
the use of oscillatory desiccation in the treatment of malignant tumors that were
accessible for minor surgical procedures [19]. However, presumably because of
the lack of image guidance, it was not until 1990 that two independent investiga-
tors, McGahan and Rossi, used a modification of prior radiofrequency techniques
to create coagulation via the percutaneous route using specifically designed nee-
dles [20, 21]. In 1993 this technique was used for the first time to ablate liver
tumors in humans [22]. RFA uses a needle applicator that emits an alternating
electric current, which results in the generation of heat and ultimately protein
denaturation resulting in cell death. Over the past 10 years, manufacturers have
designed more powerful generators, developed special programs for heat deposi-
tion, and improved needle designs such as the deployable prongs and the saline-
cooled applicator, which caused less tissue charring, both considerably increasing
coagulation volumes. Nowadays, RFA has reached a high level of reliability for
the treatment of HCCs up to 5-6 cm in size, of hepatic metastases up to 3—4 cm
and, of some extrahepatic malignancies, such as lung, kidney, and bone neoplasms
[23-26].
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1.2.3 High-Intensity Focused Ultrasound

High-intensity focused ultrasound (HIFU) represents another thermal tumor abla-
tion technique. The biological effects of ultrasound were known long before its use
for diagnostic imaging was proposed. During the First World War, the French physi-
cist Paul Langevin worked on a detection method for submarines. He reported that
“fish placed in the beam in the neighborhood of the source operating in a small tank
were killed immediately, and certain observers experienced a painful sensation on
plunging the hand in this region”. In 1942, John Lynn was the first to use HIFU to
create focal ablation lesions in vivo. In the late 1950s, William and Francis Fry
developed a four-element HIFU transducer which was used for the first clinical
HIFU treatments of Parkinsonism and hyperkinesis in 1958 by Russell Meyers. In
the late 1980s, when ultrasound imaging became widely available, US-HIFU was
intensely investigated for the ablation of liver tumors. In 1993, Hynynen and
coworkers proposed the use of magnetic resonance (MR) for therapy guidance. The
combination of MR guidance and HIFU ablation was coined MR-HIFU and marked
the beginning of a renewed interest in this treatment modality.

1.2.4 Cryoablation

Extremely cold temperatures have been used to decrease inflammation and to relieve
pain since the time of the ancient Egyptians. In the nineteenth century an English
physician, James Arnott, used a combination of ice and salt to produce tissue necro-
sis for tumors of the cervix and breast by topic application [27]. Liquid air and
carbon dioxide were subsequently employed as cryogens for the treatment of
tumors, based on the principle used for air conditioning and refrigeration; atmo-
spheric gases warm when compressed and cool during expansion. Following many
experimental studies using liquid nitrogen as cryogen [28], the first clinical experi-
ences with the use of cryotherapy were reported by the late 1980s. The key develop-
ment was the fusion of cryoablation with real-time image guidance to verify the
extent of treatment and to measure the size of the ice ball created by freezing [29].
Interstitial hepatic cryosurgery initially started as an intraoperative procedure,
mostly because of the large size of cryoprobes. Thanks to the subsequent develop-
ment of argon-based cryoablation systems with much thinner cryoprobes and
decreased treatment times, minimally invasive cryoablation techniques, including
the percutaneous approach under cross-sectional image guidance, have been intro-
duced for — predominantly — kidney, lung, and bone malignancies [30].

1.2.5 Laser Ablation

Laser ablation (or laser-induced interstitial thermotherapy) uses laser for thermal
tumor destruction. The neodymium: yttrium-aluminum-garnet (Nd: YAG) laser sys-
tem was initially used to treat head and neck tumors through precise surgical
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dissections rather than for tumor destruction. The first experimental application of
laser hyperthermia for the treatment of liver neoplasms was reported in 1987 [31].
Recent improvements in laser-induced thermotherapy allow larger areas of coagula-
tive necrosis than the earlier systems [32, 33]. However, the clinical acceptance of
laser ablation has been limited, in part due to the technical complexity of the method
requiring several fiber placements compared to the other easier-to-perform thermal
ablation methods.

1.2.6 Microwave Ablation

Microwave ablation (MWA) is the most recently introduced thermal ablation tech-
nique. It uses a monopolar antenna causing water molecules in the tissue to vibrate
at a higher frequency than with RFA. This generates frictional heat in the water
molecules and leads to thermal coagulation of tissue. The first reports about
US-guided percutaneous MWA for the treatment of unresectable HCC were pub-
lished in 1994 [34]. Microwave energy has demonstrated several advantages over
RFA [35]. Microwaves readily penetrate through biologic materials, including
those with low electrical conductivity, such as lung, bone, and dehydrated or
charred tissue. Consequently, microwave power can produce continuous, extremely
high (>150 °C) temperatures, which improves ablation efficacy by increasing ther-
mal conduction into the surrounding tissue. Multiple antennas can be operated
simultaneously [36-38]. On the other hand, the distribution of microwave energy
is inherently more difficult to control, which can lead to unintended injuries to
other tissues [39, 40].

Modern approaches take advantage of the vastly superior armamentarium of
imaging strategies nowadays available. Advances in the technique combined
with improved localization now make it possible to be much more aggressive
and effective in attempting to achieve local control of unresectable primary or
metastatic tumors. Ablative therapies have gained widespread attention and, in
many cases, broad clinical acceptance as methods for treating focal malignan-
cies in a wide range of tumor types and tissues, including primary and second-
ary malignancies of the liver, kidney, lung, and bone [35, 41-44]. Each
minimally invasive ablation technique has their own advantages and disadvan-
tages and particular applications [45]. However, all the currently used effective
ablative modalities are thermal techniques. Because these methods depend on
thermal injury, they inadvertently carry some risk of damage to the adjacent
extracellular environment like blood vessels and bile ducts, which can lead to
serious complications. Other common complications of thermal ablation are
perforation of adjacent bowel structures or the diaphragm. Another disadvan-
tage of thermal ablation is that the extent of the treated area is difficult to con-
trol because blood circulation has a strong local effect on the distribution of
heat. As a result, temperatures near large vessels decrease, which can lead to
incomplete ablation of tumors located near these vessels. Due to this so-called
heat-sink effect, the chance of complete ablation is effectively decreased to up
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to 50% for RFA near large vessels. In recent years, a new method of tumor
ablation has emerged that addresses the limitations of thermal ablation: irre-
versible electroporation.
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