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© 2013 Szasz et al., licensee InTech. This is an open access chapter distributed under the terms of the 
Creative Commons Attribution License (http://creativecommons.org/licenses/by/3.0), which permits 
unrestricted use, distribution, and reproduction in any medium, provided the original work is properly cited. 

Local Hyperthermia in Oncology –  
To Choose or not to Choose? 

Andras Szasz, Nora Iluri and Oliver Szasz 

Additional information is available at the end of the chapter 

http://dx.doi.org/10.5772/52208 

1. Introduction 

1.1. Historical way – To go or not to go? 

Hyperthermia means the overheating of the living object completely (systemic) or partly 
(regionally or locally). If overheating can be identical with higher temperature then a/the 
question arises:  could overheating be identical with higher temperature or could “higher 
temperature” be caused only by “overheating”?  

Hyperthermia is one of the most common therapies in “house” applications. It is applied 
according to unwritten traditions in every culture and in every household. It can be applied 
simply to prevent the common cold but it is also good for its treatment moreover it is effective 
against various pains (joints, muscle-spasms, etc.), it can be applied for better overall 
conditions and simply for relaxation, or sometimes for spiritual reasons. The various heat 
therapies are commonly used complementary with natural drugs (teas, herbs, oils, aromas, 
etc.) or with natural radiations (sunshine, red-hot iron radiation, etc.) This popular medicine is 
sometimes connected with ritual, cultural and social events (ritual hot bath cultures), or 
ancient healing methods (like special spa treatments, hot-spring natural drinks, etc.).  

Hyperthermia has two certainly different fields in medicine: hyperthermia as a treatable 
disease or as a therapeutic method for various diseases (see Figure 1.) 

The source of whole body temperature increase as a disease can be internal, having fever by 
reaction to infections [1] or pyrogens [2] or malignant hyperthermia [3] as well. These 
whole-body “heating” processes differ also in their systemic reaction. The natural fever is 
induced by the living system [4], while the system works against the compulsory metabolic 
heating and tries to keep the temperature normal. Whole-body hyperthermia can be 
induced by external heating as well [5]. This happens in hot environments when the body is 
not able to cool itself down, although the system fights against the increase of its 

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.
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temperature. This whole-body heating can be unwanted, mainly accidental from 
environmental sources, and it might be accelerated by additional heavy muscular work or 
by extra metabolic activity. This is a life-threatening situation with the danger of a heat-
stroke [6]. Hyperthermia requests definite and effective medical treatment when it appears 
as a disease, having elevated body temperature and the patient suffers from its serious 
consequences. This medical intervention applies therapies to reestablish the normal 
temperature of the body keeping the healthy homeostasis (overall stability) and handling 
the consequences of the unwanted high body temperature. 

 
Figure 1. Main categories of hyperthermia 

The popular heat-treatment applications are types of “kitchen medicine”: the old recipes are 
“sure”, the patient follows them, and is cured when everything is done according to the 
auricular traditional regulations. The meaning of “kitchen medicine” is: do it like in the 
kitchen, reading the process from the cookery-book: “heat it on the prescribed temperature 
for the prescribed time and the success is guaranteed”. This type of thinking has its origin in 
the ancient cultures, when the Sun - the fire, the heat - was somehow in the centre of the 
religious beliefs and philosophical focus.  

This idea of “take it for sure” is the disadvantage of the popular wisdom. It interprets this 
heating method as a simple causal process, “do it, get it”, however, hyperthermia is not as 
simple as traditions interpret it.  

1.2. Medical history of hyperthermia in oncology 

Hyperthermia is really an ancient tradition of human medicine. It is one of the very first 
known medical therapies, more than 5000 years old, [7].It has been historically recognized 
that malignant and infectious diseases can be successfully treated by raising the body 
temperature. 

It has been historically recognized that malignant and infectious diseases can be successfully 
treated by raising the body temperature. The first known oncotherapy by heat was made by 
an Egyptian priest/physician, Imhotep, in the 5th century BC. He exposed the tumors to 
“natural heat” (fever) before surgically removing them, which was in fact the very first 
immune approach as well.  
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Many ancient cultures used heat to treat diseases and to maintain health. The thermal baths 
for their curative properties were used by the Greeks, the pre-Christian Jews and the 
Romans too [8]. The Chinese treated many diseases including syphilis and leprosy by hot 
spring baths [9]. Taking regular, extremely hot baths from infancy is the block of developing 
rheumy, according to the ancient Japanese medical notes. 

Naturally, this treatment had a sacral meaning in historic times, regarding the Sunlight, the 
fire and the heat as parts of the leading spiritual object in all ancient religions. This belief 
was behind when the heat was applied to locally affected parts of the body and to its 
entirety by means of hot water, steam, hot sand and hot mud baths. Natural hot air caverns 
connected with volcanic sources were also used. By the development of the medical 
knowledge, more and more heat applications were applied in practice. Later Hippocrates 
documented it [10], and he was convinced of its overall efficacy, telling when hyperthermia 
(fire) does not help, then the disease has to be declared as incurable. Hippocrates said: “Give 
me the power to produce fever and I will cure all diseases”. His followers in line were 
Aurelius Cornelius Celsus and Rufus of Ephesus, who believed in the curative effect of 
fever. The progress continued in the Middle Ages [11], when the ablation techniques (burn 
out the tumor) and hot-bathes dominated the hyperthermia practices, while the temperature 
measurement was worked out step by step.  

 The first clinical thermometer was introduced only later by Sir Clifford Allbutt in 1868. 
This was the start of the modern history of heat-therapies. The controllable era of 
hyperthermia was started. The temperature measurement made it possible to control 
the homogeneous heating and to make correlations with various physiological changes, 
like:  

 Increased rate of nerve conduction,  
 Elevation of pain threshold, altering muscle strength,  
 Possible changes in enzyme reactions, 
 Increased soft tissue extensibility,  
 Increased  heat- and field-stress reactions (mainly the developments of heat-shock-

proteins), 
 Increased venous and lymphatic flow, 
 Changes in physical properties of tissues, 
 Increased tissue extensibility, 
 Supporting muscular relaxation, reduced muscle spasm, 
 Lymphedema reduction, 
 Superficial wound healing, 
 Treatment of venous ulcers, 
 Assistance in removal of cellular debris and toxins, 
 Alteration of diffusion rate across the cell membrane, 
 Increased intramuscular metabolism, 
 Relieving pain, analgesia, 
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 Increased metabolic rate of contracted joints using heat and stretch techniques, 
 Need of stretching  during and/or immediately following the treatment, 
 Alterations of collagen properties, allowing it to elongate, 
 Increased rate of phagocytosis, 
 Increased ATP activity (assisting wound regeneration), 
 Psycho-feedback (pleasant sensing) [positive placebo effect], 
 Ability to control the chronic infection by increasing the circulation, 
 Heat increases the extensibility of fibrous tissues such as tendons, joint capsules and 

scars. 

It was applied for many various diseases like:  

 rheumy, 
 gout, 
 pain-management, 
 arthritis, 
 some dermatological disorders, 
 muscle spasms, 
 supportive therapies in sport, 
 some gynecological disorders, 
 some allergies, 
 rhinitis, common cold, 
 pediatric ear diseases, 
 wound healing,  
 supporting the general rehabilitation process. 

A Nobel Prize was also granted for hyperthermia in Physiology & Medicine in 1927 "for his 
discovery of the therapeutic value of malaria inoculation in the treatment of dementia 
paralytica" to Julius Wagner-Jauregg, (1857-1940, Austria). 

The application of heat in oncology has been restarted with huge intensity. Among the first 
modern curative applications in oncology, Busch [12] and Coley [13] were successful at the 
end of the 19th century with artificial fever generated by infection and toxins, respectively. 
These systemic applications were soon followed by local and regional heating by 
Westermark F. [14], Westermark N. [15], and Overgaard K. [16]. The leading German 
surgeon at that time, Bauer KH’s opinion in his monograph “Das Krebsproblem” about the 
oncologic hyperthermia is typical: “All of these methods impress the patient very much; 
they do not impress their cancer at all.” However, very early, in 1912, a controlled Phase II 
clinical study was published, 100 patients showing the benefit of the thermo-radiation 
therapy [17]. Tremendous number of publications were prepared in the first quarter of the 
20th century, expecting fantastic development in the topic, [18], [19], [20], [21], [22], [23], [24], 
[25], [26], [27], [28], [29], [30], [31], [32], [33], [34], [35], [36], [37], [38], [39], [40], [41], [42], [43], 
[44], [45], [46], [47], [48], [49].  
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1.3. Heating methods – local and systemic 

As it was shown before, there are two, basically different hyperthermia processes: the 
systemic (heats the complete body, whole-body treatment), and the local/regional heating 
(heats only a part of the organism). The two basic kinds of the heating methods also differ in 
their physiological limitations: the systemic treatment, of course, modifies the entire 
physiology of the organism, and that could limit the applied energy-absorption and body-
temperature. There is a possibility to absorb energy in large volume equally or having a 
layer-by-layer changing front (heat-diffusion, heat-flow flux) depending on the penetration 
depth of the actually applied energy. Nevertheless, the old direct heating methods (hot 
solids or liquids in the area or in the nearest body cavity) were not effective enough for local 
deep heating without skin injury.  

Thermodynamically the systemic and local/regional treatments differ by their energy-intake. 
The whole body treatment is based on the blood-heating (mostly heats up the subcutaneous 
capillary bed, or heats the mainstream of the blood directly with extracorporeal heater), 
while the local hyperthermia is definitely a tissue heating approach. This difference 
drastically divides the two methods from thermal point of view. In whole body treatment 
the blood is a heating media, it delivers the heat to the tumor and heats it up; while in local 
treatment, the blood remains on body temperature during the local heating, so it is a cooling 
media (heat-sink) for the locally heated tumor, (see Figure 3).  

 
Figure 2. Opposite thermodynamic mechanisms of whole-body, systemic (a) and local (b) heating 
methods. The blood-heated tumor in whole body treatment reaches thermal equilibrium after a certain 
time, while the local treatment is always in non-equilibrium state, because the body temperature is 
lower than the heated tissue, creating intensive heat-flow from the target to the neighborhood. 

The systemic (whole-body) treatment uses the blood-circulation to heat-up the body. (see 
Figure 3.) 

The artificially elevated body-temperature is the source of heating in fever inducing 
methods. Fever inducing can be solved with various drugs [50], as well as with special 
inflammation-inducing toxins.  
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The oldest whole body heating was the contact method, immersing the patient into the hot 
bath, but due to its numerous disadvantages of this method, it is rarely in use any more. 
Mainly two direct methods are available in the modern medicine to make systemic 
hyperthermia. The less frequently used is the extracorporeal (the blood is heated outside the 
body), or the intracorporeal (the blood is heated in-situ in the body). In most cases the 
capillary bed of the subcutane area is heated by conductive (e.g. hot-bath) or radiative (e.g. 
infrared) way, using extra-corporal blood-heating. This method takes out the blood from the 
continuous flow by a definite arterial outlet and the outside heated hot blood is pumped 
back to the patient.  

 

 
 
Figure 3. Categories of whole-body hyperthermia 

The whole-body heating could be solved in various ways, like steam, water or radiation 
heating (see Figure 4.). There are other possibilities as well (e.g. wax heating, hot-air heating, 
etc.) but the limited possible heat-flux and the poor technical realizations hinder these 
solutions. By all of these whole-body heating forms the patient’s safety has to be seriously 
considered. These are based on the blood-heating in the subcutaneous capillary bed, and the 
physiological reactions (vasodilatation and sweating) work well against the huge heat-flux 
into the body. The long heating time is also challenging (over an hour) moving the body 
away from the healthy homeostasis. The heat-flux through the skin is limited by the heat 
injuries (~1 W/cm2 is the limit) so the contact heating with steam and water has definite 
problems. The radiation heating can be solved by special infrared wave (Infrared A) which 
penetrates deeper (~1-2 mm) into the subcutaneous layer, and can manage higher energy-
flux without burn injuries. The method has many early descriptions [51], [52], [53], [54]; but 
the dominant systemic hyperthermia method is based on the infra-red radiation by multi-
reflecting filtering [55], [56] or by water-filtering [57], [58], [59], [60]. 
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Figure 4. Various main methods of the whole-body heating: (a) steam, (b) water, (c) electromagnetic 
radiation 

When the whole body is systemically heated, it has a strict physiological limit: 42 ºC in 
humans. The thermal distribution till this level is homogeneous and well controllable. No 
hot-spots exist, no question arises about the isotherms; the physiologically extreme 
temperature can be fixed all over the body. Suppressing the risk; a decreased treatment 
temperature (moderate WBH/whole-body fever-range thermal-therapy) is also applied. The 
application of lower temperatures for longer time period (fever-therapy, or mild-
hyperthermia) also showed surprisingly good efficacy for whole-body hyperthermia 
treatments [61], [62], [63], [64]. The whole body hyperthermia and even its fever-range 
versions mean effective immune support, [65], [66], [67], [68], which might be a very 
important factor for patients with weak immune-system.  

The local/regional hyperthermia has also large categories (see Figure 5.) and various 
technical choices (see Figure 6.). The widely applied technical solutions were available only 
after the discovery of the electromagnetic heating. The electromagnetic waves can penetrate 
deeply into the body. Dominantly, the local/regional systems work by radiative [69], [70], 
[71], or by capacitive [72], [73], [74] technical solutions.  

Both heating categories form large groups of treating options having special subcategories, 
which are involved in different physiological actions and support different reaction 
mechanisms in the organism.  

Technically, a huge variety of heating can be applied by heat therapies. Its energy-
production, its selectivity, locality, kind of energy-delivery, invasivity control, frequency of 
the electromagnetic waves, as well as their medical applications and combination with other 
methods make the heat-therapies different, (see Figure 7.).  
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Figure 5. Categories of local heat-treatments 

 
Figure 6. Main technical solutions of local heating: (a) contact heat, (b) deep-heating, (c) radiative 
heating, (d) immersing a part of the body in hot water 

These combinations involve more than a hundred solutions of hyperthermia used as 
treatment, which make the therapy indefinite in its applications. This emphasizes the reason 
why the present review tries to summarize the main categories.  

The thermodynamic situation, and in consequence of the physiological effects of the 
systemic and local/regional heating modalities are entirely different. There is a definite 
difference between the temperature of the blood and the inter-capillary volume in the 
microscopic structure of the target: the blood-arteries are hot-sources in case of systemic 
treatment, they deliver the heat. However, in case of local/regional hyperthermia it is 
entirely the opposite: the blood is relatively cold (remaining on unchanged body 
temperature), the arteries are heat-sinks which are cooling the tumor down, in fact, these 
work against the local heating.  

One question automatically arises: when the heat, the energy-flow has a central role in 
hyperthermia, then what does the temperature do in the living systems? 

The temperature as the average of kinetic energy in the system has a double role in the control 
of the heat-absorption. It characterizes the heat-absorption, when the heating is homogeneous, 
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and its gradients (non-homogeneities) are the driving forces of the dynamic processes in case 
of microscopic (non-homogeneous) heating. The average temperature does not inform us 
about the distribution of the real energy-absorption (see Figure 8.).  

 
Figure 7. Categories of the possible hyperthermia methods. A few hundred of healing processes have 
been introduced 

 
Figure 8. The average temperature cannot characterize the thermodynamic situation. The internal 
temperature differences can serve as driving forces of various processes on the same average 
temperature of the system 
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Herewith we do not discuss the extreme temperature facilities in local treatments, the 
ablative techniques with high temperature (heat-ablation, [75]) or low-temperature (cryo-
ablation, [76]).  

1.4. Technical history of local hyperthermia in oncology 

Despite the hyperthermia was among the very first medical treatments in human medicine, 
this approach has ambivalent evaluation as a therapy. While it is popular in households to 
“treat” many diseases like common cold, pain, various orthopedic problems, etc., it is on the 
periphery of the serious medical therapies. This frustration characterizes the complete 
history of hyperthermia in medicine, and explains why hyperthermia has no well- deserved 
place in the medical armory to treat various diseases.  

At the end of the 19th century, energy delivery by electromagnetic fields became possible; 
but the real technical revolution of the heat therapies was when the modern microwave 
heating was developed, and applied in medicine from the middle of the 20th century. This 
focused, temperature-based deep heating became one of the line (focused local/regional 
heating), while the other was the whole body heating with various methods. In local 
heating, the paradigm is to reach the appropriate temperature locally.  

Nevertheless, the intensive use of hyperthermia in oncology began in the last third of the 
20th century. The first symposium on oncological hyperthermia was held in Washington DC, 
USA in 1975; and the second one in Essen, Germany in 1977. Both conferences were 
supported by the local scientific communities. We may consider the birth of the modern 
oncological hyperthermia from this time on, and take it as a strong candidate and a member 
of the acknowledged tumor therapies.  

The original idea of the hyperthermia was the “fire by fire” concept: set a controlled contra-
fire depleting the possible fire-supply, blocking the coming large bush-fire endangering a 
house. The heated tumor is forced to higher metabolism; high metabolic rate of the cancer 
lesion is gained by elevated temperature. However, when the surrounding is intact, it 
delivers the same amount of nutrients as before, it does not deliver more glucose for the 
forced metabolism Figure 9. The tumor very quickly deflates from nutrients, empties all its 
energies, suffers and burns away. 

 
Figure 9. The focused local heating situation, expecting the locality for longer time 
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Indeed, there are many factors showing the validity of this assumption, but the 
breakthrough to accept the method widely hasn’t been reached in the long historic period. 
The appropriate temperature selectively administered in the tumor still cannot be reached. 
This fact forms a lot of questions in the published literature:  

 Is the community of radiation oncologist ready for clinical hyperthermia? [77]; 
 What happened to hyperthermia and what is its current status in cancer treatment? [78]; 
 Where there’s smoke, is there fire? [79]; 
 Should interstitial thermometry be used for deep hyperthermia? [80]; 
 If we can’t define the quality, can we assure it? [81]; 
 Is there a future for hyperthermia in cancer treatment? [82];  
 What is against the acceptance of hyperthermia? [83]; 
 Progress in hyperthermia? [84]; 
 Prostate cancer: hot, but hot enough? [85]; 
 Is heating the patient a promising approach? [86];  
 Hyperthermia: has its time come? [87]. 

Many of the researchers evaluating the capabilities of oncological hyperthermia share the 
opinion expressed in the editorial comment of the European Journal of Cancer in 2001: the 
biological effects are impressive, but physically the heat delivery is problematic. The hectic 
results are repulsive for the medical community. The opinion, to blame the “physics” 
(means technical insufficiency) for inadequate treatments is general in the field of 
oncological hyperthermia, formulated the following statement: “The biology is with us, the 
physics are against us [82]. In the latest oncological hyperthermia consensus meeting the 
physics was less problematic. However, in accordance with the many complex physiological 
effects, a modification was proposed: “The biology and the physics are with us, but the 
physiology is against us” [88].  

The most problematic issues have always been technical: how to heat in depth, locally 
focused, being selective for malignant cells, and the other side: how to control it and how to 
measure the efficacy of the treatment? Even when the local treatment is focused well, the 
temperature by its way tends to be equalized; the focus is extended by time, due to the very 
effective heat-exchanger – the blood-stream. The heated tumor strongly exchanges its heat 
with its healthy surrounding, extending the focus gradually and increasing the local blood-
flow. This unwanted effect has some problematic consequences:  

1. The heating focus is growing, it is not correct any more, so the healthy tissue is also 
heated up,  

2. The distributed spots of the tumour (local metastases) can be covered only by on 
average, covering the area completely with the intermediate healthy parts,  

3. The natural movements of the patients (i.e. due to the breathing) cannot be followed by 
the focus,  

4. The blood-flow is increased locally, supplying the tumor with nutrients (first of all with 
glucose) and the higher temperature gains the local metabolic rate as well,  

5. The intensive tumor-metabolism produces high level of lactic acid in the volume, which 
lowers the pH and forces the blood to buffer it. The blood starts to shift to alkaline and 
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the alkaline blood delivers more oxygen to the volume, by positive feedback 
mechanism,  

6. The intensive blood-flow has a risk of the further disseminations and metastases, 
7. The heat flow to the surroundings can damage the healthy neighbourhood, 
8. Enlarging  the sphere having certain temperature gradients increases the area of the 

injury current which supports the cell-proliferation, 
9. The growing heated volume is uncontrolled, the vigilance of the process becomes 

complicated,  
10. The incident energy might burn the skin, so surface cooling is necessary. The heat-sink 

of the surface decreases the incident power, but its quantity has no measurable 
parameters. This is the reason why only the temperature in the target will  orientate the 
control of the treatment process,  

11. The necessary temperature measurement is mostly invasive, which could cause many 
complications, including inflammation, bleeding, infection, dissemination of the cells, etc.  

12. The microwave heating might do harm not only by its unwanted hot-spots, but also 
with its ability to create carcinogens in situ. 

These technical challenges are definitely complex, and can make the actual hyperthermia 
treatment uncontrolled. This branch of problems could be the reason for some controversial 
results and the weak acceptance of the conventional hyperthermia among medical experts.  

2. Malignant diseases – To heat or not to heat? 

The popular terms “heat-dose”, “temperature-gain”, “thermal dose”, “energy-intake”, “energy-dose” 
may have different definitions in various individuals who use them. Our first task is to clarify 
the differences between these (in popular literature many times used as synonyms) terms.  

Nevertheless, the temperature is not heat, not even energy. Temperature, in this sense, is a 
hypothetical value of the average energy. Particles have various energies and it could happen 
no any individual particle has such definite energy as the average (the temperature) 
indicates.The temperature is an average; we can define it only on a large number of 
participating units (particles). The average energy of the various particles at normal human 
body temperature (ideal thermodynamic model) is ~ 2.5 kJ/mol. This relatively large energy 
is embedded and blocked in the actual system. (It is so large, that if it could be liberated 
within one second, the obtained power would be 2.5 kW/mol.) This average thermal energy 
limits the internal bonds and interactions, because any lower energy bond will be destroyed 
by this thermal background. This internal energy could make abrupt changes by such 
chemical reactions, by which activation energy is smaller (or equal) than the actual thermal 
average energy. The weakest bonds in life are the hydrogen-bridges, having 18 kJ/mol in ice 
[89] and ranging 3-30 kJ/mol in various compounds in living objects [90].  

Pumping heat into a system can increase its temperature. The result of heating is not a 
definite temperature. The resulting temperature always greatly depends on how the heat is 
consumed in the system, and how the system transfers this energy to its environment. 
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Pumping the same energy into identical volumes, but having different surfaces, the 
temperature increase will be definitely different, because the volume is differently cooled 
down by the environmental conditions. Furthermore, the heat can make structural or other 
rearrangement in the material, it could be transformed into work without temperature 
increase of the system. For example: melting the ice absorbs energy without temperature 
increase, still it is completely transformed into liquid. The heat, which is pumped in to the 
system at this phase transition does not increase the temperature; its energy is used 
completely to change the structure of the material from solid to liquid. 

Other clear example is the Sun radiation to the Earth. A huge part of the energy of the Sun’s 
radiation is converted to the meteorology (like wind or rain), their mechanical effects (like 
waves in the ocean, like distortion of the rocks). The Sun’s energy is the solely energy-source 
of the life processes, and this energy of the Sun makes our oil reserves, allowing us to use 
this energy for various applications in our everyday life. So the simple electromagnetic 
radiation (the spectrum of the Sun) is converted to the various kinds of energies in the Earth. 
Only a fraction of the radiation is realized as heat and rising temperature.  

Other simple example is the human energy-intake: a female adult eats ~1600 kcal/day. When 
she takes more energy a day, it will not change her body temperature at all. However, when 
she gets this energy from radiation, she will starve, despite of the fact that she gets more 
energy than she could take from nutrients.  

When there are so serious differences between the heat and temperature, why do we 
confuse them? The main reason is: we fix our attention to simple situations when we heat 
such materials which distribute the energy immediately all over the system, making thermal 
equilibrium without internal work (reactions, dilatation, etc.) in the system. In such cases, of 
course, all the heat energy increases the internal energy of the system, and so it is 
distributed in it, and proportionally increases its temperature.  

When we fix our attention to such systems, like heating water in its liquid form, the applied 
heat and temperature are strictly proportional in a certain interval (when the water is 
definitely liquid). However, we have a problem even in this simple system. When a phase-
transition occurs, we lose this proportionality completely. At the/a study of hyperthermia in 
living systems, we have to well distinguish the overall energy, the heat energy and the 
temperature (which is not energy) from each other. 

“The use of thermodynamics in biology has a long history rich in confusion.” [91]. The main 
complication is the fact that life cannot be studied isolated from its environment, and so the 
energetically open system could lead to numerous uncertainties, leading sometimes to 
mystification as well.  

2.1. The heating paradigm 

The idea of the local heating effect to burn-out the energy sources of the malignancy has 
dominated the hyperthermia applications from the time of Hippocrates. Its operation 
measured by modern methods [92], shows definite decrease of ATP and increase of lactic 



 
Hyperthermia 12 

the alkaline blood delivers more oxygen to the volume, by positive feedback 
mechanism,  

6. The intensive blood-flow has a risk of the further disseminations and metastases, 
7. The heat flow to the surroundings can damage the healthy neighbourhood, 
8. Enlarging  the sphere having certain temperature gradients increases the area of the 

injury current which supports the cell-proliferation, 
9. The growing heated volume is uncontrolled, the vigilance of the process becomes 

complicated,  
10. The incident energy might burn the skin, so surface cooling is necessary. The heat-sink 

of the surface decreases the incident power, but its quantity has no measurable 
parameters. This is the reason why only the temperature in the target will  orientate the 
control of the treatment process,  

11. The necessary temperature measurement is mostly invasive, which could cause many 
complications, including inflammation, bleeding, infection, dissemination of the cells, etc.  

12. The microwave heating might do harm not only by its unwanted hot-spots, but also 
with its ability to create carcinogens in situ. 

These technical challenges are definitely complex, and can make the actual hyperthermia 
treatment uncontrolled. This branch of problems could be the reason for some controversial 
results and the weak acceptance of the conventional hyperthermia among medical experts.  

2. Malignant diseases – To heat or not to heat? 

The popular terms “heat-dose”, “temperature-gain”, “thermal dose”, “energy-intake”, “energy-dose” 
may have different definitions in various individuals who use them. Our first task is to clarify 
the differences between these (in popular literature many times used as synonyms) terms.  

Nevertheless, the temperature is not heat, not even energy. Temperature, in this sense, is a 
hypothetical value of the average energy. Particles have various energies and it could happen 
no any individual particle has such definite energy as the average (the temperature) 
indicates.The temperature is an average; we can define it only on a large number of 
participating units (particles). The average energy of the various particles at normal human 
body temperature (ideal thermodynamic model) is ~ 2.5 kJ/mol. This relatively large energy 
is embedded and blocked in the actual system. (It is so large, that if it could be liberated 
within one second, the obtained power would be 2.5 kW/mol.) This average thermal energy 
limits the internal bonds and interactions, because any lower energy bond will be destroyed 
by this thermal background. This internal energy could make abrupt changes by such 
chemical reactions, by which activation energy is smaller (or equal) than the actual thermal 
average energy. The weakest bonds in life are the hydrogen-bridges, having 18 kJ/mol in ice 
[89] and ranging 3-30 kJ/mol in various compounds in living objects [90].  

Pumping heat into a system can increase its temperature. The result of heating is not a 
definite temperature. The resulting temperature always greatly depends on how the heat is 
consumed in the system, and how the system transfers this energy to its environment. 
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Pumping the same energy into identical volumes, but having different surfaces, the 
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completely to change the structure of the material from solid to liquid. 

Other clear example is the Sun radiation to the Earth. A huge part of the energy of the Sun’s 
radiation is converted to the meteorology (like wind or rain), their mechanical effects (like 
waves in the ocean, like distortion of the rocks). The Sun’s energy is the solely energy-source 
of the life processes, and this energy of the Sun makes our oil reserves, allowing us to use 
this energy for various applications in our everyday life. So the simple electromagnetic 
radiation (the spectrum of the Sun) is converted to the various kinds of energies in the Earth. 
Only a fraction of the radiation is realized as heat and rising temperature.  
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such materials which distribute the energy immediately all over the system, making thermal 
equilibrium without internal work (reactions, dilatation, etc.) in the system. In such cases, of 
course, all the heat energy increases the internal energy of the system, and so it is 
distributed in it, and proportionally increases its temperature.  

When we fix our attention to such systems, like heating water in its liquid form, the applied 
heat and temperature are strictly proportional in a certain interval (when the water is 
definitely liquid). However, we have a problem even in this simple system. When a phase-
transition occurs, we lose this proportionality completely. At the/a study of hyperthermia in 
living systems, we have to well distinguish the overall energy, the heat energy and the 
temperature (which is not energy) from each other. 

“The use of thermodynamics in biology has a long history rich in confusion.” [91]. The main 
complication is the fact that life cannot be studied isolated from its environment, and so the 
energetically open system could lead to numerous uncertainties, leading sometimes to 
mystification as well.  

2.1. The heating paradigm 

The idea of the local heating effect to burn-out the energy sources of the malignancy has 
dominated the hyperthermia applications from the time of Hippocrates. Its operation 
measured by modern methods [92], shows definite decrease of ATP and increase of lactic 
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acid in tumors after hyperthermia treatment. The ATP depletion makes a heavy ionic-
imbalance in cells [93]. Furthermore, the increased temperature can slow down or even 
arrest DNA replication, [94], [95].  

Higher tissue temperature stimulates the immune system [94] with observed increase in 
natural killer cell activity [96]. Moreover, the elevated temperature distributes tumor-
specific antigens on the surface of various tumor cells [97] and assists in their secretion into 
the extracellular fluid [98], triggering the immune reactions against the malignant cell [94]. 

Hyperthermia has shown significant pain-reduction during treatments [99]. This makes this 
method excellent to improve the quality of the patient’s life and it can be applied as 
palliative treatment when the curative solution does not work.  

Multiple effects can be counted by homogeneous heating the living organisms completely or 
locally. One of the decisional factors is the vasodilatation. The induced vasodilation 
increases:  

 Blood flow 
 Capillary filtration 
 Capillary pressure 
 Oxygen perfusion 

These induce the following actions:  

 Increases fibroblastic activity and capillary growth, 
 Increases the oxygenation in the volume, 
 Increases drug-delivery in the volume, when the drug is administered systemically,  
 Increases the nutrition concentration in the volume,  
 Increases the metabolic activity in the volume (higher quantity of nutrition, oxygen and 

higher local temperature), 
 Increases the field-dependent effects, (membrane excitation, activation of signal 

pathways, etc.),  
 Increases the effects on the blood-structure in the volume,  
 Increases the micro vascular perfusion (circulation), nutrients, and phagocytes. 

The chemo-drugs are delivered to the tumor by the blood-stream. Higher local temperature 
increases the microcirculation in the heated volume, [100], [101], [102], [103], [104], [105], 
[106], [107], [108], [109]; and with this it enhances the efficacy of the conventional chemo-
therapies [110]. The synergy between heat-treatment and many of the chemotherapies is 
well-established [111], [112].  

Further support is that the hot drug is more reactive [113], providing excellent possibility to 
synergy, which is even more effective when we consider the accelerated drug metabolism 
and gained pharmacokinetic parameters. The thermo-chemotherapy results in a better 
therapeutic effect and it increases the target specificity as well as it reduces the systemic side 
effects [114], [115]. In some cases the low-dose chemotherapy could be used [116], [117] with 
the hyperthermia promotion, it is also applied in low-dose metronomic chemo-regulation, 
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[118]. Furthermore, hyperthermia acts in G0 phase of cell-division which makes the action of 
conventional therapies possible on these cells too.  

For radiotherapies, the increased microcirculation sensitizes the effect of ionizing radiation 
[119]. The primarily applied heat can enhance the effect of ionizing radiation because of the 
higher oxygen concentration in the area. Furthermore, the most efficient action of 
hyperthermia is in S-phase [120], which well completes the weak effect of radiotherapy in 
this phase of the cell-cycle. The heat-induced decrease of the DNA-dependent protein-
kinase (DNA-PK), [121] is also a radio-sensitizer. Sensitizing the classical ionizing-radiation 
by hyperthermia has been well-known [122], [123] for a long time, and different review 
articles have summarized this knowledge [124], [125], [126], [127]. The advantage of 
combining heat-treatment with the classical ionizing-radiation is unambiguous, [128], [129], 
[84], the synergy between the methods is well known [130], [122] and successfully applied 
[131], [132], [106].  

Hyperthermia has also been found to have pronounced advantages for surgical 
interventions. Through hyperthermia induced inhibition of angiogenesis and heat 
entrapment, the outline of the tumor often becomes pronounced and the size of the tumor 
often shrinks, making previously dangerous operations possible [133]. The feasibility of the 
preoperative application for locally advanced rectal cancer is well shown in a Phase II 
clinical trial [134]. Postoperative application of hyperthermia has also been thought to 
prevent relapses and metastatic processes [132]. Intraoperative radiofrequency ablation [135] 
and local hyperthermia [136] have also been used to improve surgical outcomes.  

The combination of hyperthermia with gene-therapy also looks very promising, as shown 
by the successful combination of hyperthermia with HSP-promoter mediated gene therapy 
in cases of patients with advanced breast cancer [137]. Hyperthermia improved the results 
of the HSP-promoter gene therapy by inducing local HSP production and by enhancing the 
local rate of release from liposome [138]; it was also helpful in the double suicide gene 
transfer into prostate carcinoma cells [139]. It was proven that this combination therapy was 
highly selective for mammary carcinoma cells. Also the heat-induced gene expression could 
be an excellent tool in the targeted cancer gene therapy [140].  

Combination with hormone therapies is also a vivid method, applied for prostate [141]; and 
in melanoma treatment [112]. Enzyme-therapy [142], photodynamic therapy [143], gene 
therapy [144], immune- [145] and other supportive-therapies [146] are used in combination 
with hyperthermia.  

 All these factors position hyperthermia to one of the most effective treatments in 
oncology. Since these are mostly temperature dependent effects, an accelerated race has 
been started for the rising temperature and providing the highest available thermal 
support for the conventional therapies. Most of the applied electromagnetic techniques 
started to gain their power over 1 kW, providing powerful radiative, capacitive and 
magnetic effects to increase the temperature in depth in the targeted tissue.  
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2.2. Targeting complications  

The large heating energy heats up the healthy surrounding as well, see Figure 10. The 
blood-flow will be enhanced, the nutrients supply will be higher and the result is the 
opposite of our aim. The situation becomes even worse by continuing the high-energy 
heating: the high blood-flow helps the dissemination [147], [148], [149] and could gain the 
metastases: Figure 11. With this, we can definitely worsen the survival and the quality of life 
of the patient. This problem gained the official policy in many oncological departments: 
avoid application of hyperthermia in oncotherapies.  

 
Figure 10. The real situation heats up the surroundings, the local heating does not remain locally 
focused 

 
Figure 11. The large heated volume is not controlled from the focus, and makes the malignant 
dissemination possible by the high blood-flow in the healthy surroundings 

It is plausible: the temperature spreads to the neighboring volumes independently of how 
precise the focus of the energy is. The energy can be focused, but the temperature seek is to 
be equalized and the focused energy-intake will heat up the tissue out of the focus too. This 
process is very rapid anyway in such good heat-conduction material as the living tissue. The 
cooling becomes even more emphasized, considering the physiological feedback 
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mechanisms, which tries to reestablish the local homeostatic equilibrium by intensified 
blood-flow. The blood is on body temperature and this way it is an effective cooling media. 
This is the reason why huge energy is necessary to compensate the heat-loss of the tumor, 
and keeps the tumor temperature actually higher than its healthy environment.  

A typical capacitive coupling solution pumps enormous energy, [150]. The rise of 
temperature, applying 1200 W energy after 45 min, was 4.8 oC but the reached focus differs 
with about 1 oC only from its untargeted neighborhood. In case of radiative applications the 
situation is the same. The temperature elevation in the tumor after 57 min was 4.2 oC; 
reached by as high power as 1300 W [151]. The overall heating obviously shows unwanted 
hot-spots. The elapsed time smears the relatively focused temperature. The temperature 
increase in the tumor was 4.2 oC on average, while in the surrounding muscle it was only 3.8 
oC [151]. Is this the focus we expected? (Note, a standard speedy electric tea kettle uses 1300 
W to boil a cup of water within a couple of minutes. The increase of the temperature for the 
~ 0.3 liter water is ~75 ºC. We apply, in these cases, the same power reaching a temperature 
increase ~7 ºC during 60 minutes).  

Further problems occur by a huge surface energy-density pumping high energy dose in 
depth. Due to the huge thermal load on the skin, more and more sophisticated methods 
have been/are being developed to cool the skin and to avoid its burn. A new technical race 
started: cooling the surface together with the increase of the incident power.  

The maximal surface power density could be 1 W/cm2 (10 kW/m2), for ~ 42 min, (see Figure 
12. [152]), which is a definite limit of the energy intake.  

 
Figure 12. Threshold of surface blisters by power density through the dermal layers 

In general, the injury level (threshold of blisters) depends on the full integral of the heat-
flux, consequently, a longer treatment-time has lower power limit of use and for example, 
the 60 min treatment allows maximum 0.5 W/cm2 without surface toxicity. Cooling is 
applied in most of the technical solutions to avoid the surface burn from overheating, see 
Figure 13.  
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Figure 13. The incident power can overcome the threshold of blisters (a). Appropriate surface cooling is 
introduced to avoid this burn (b) 

The surface cooling has a double effect: it cools down the surface taking away the surface 
energy to avoid the burn and to keep the heat-sensors (which are located in the near-surface 
subcutaneous area) of the body in the pleasant range of feeling.  

However, the surface cooling creates serious problems too:  

It makes the control of the energy intake ambiguous, no precise dose can be measured by 
the forwarded power. When the forwarded dose is 100 W, the cooling is 50W and the 
intensive cooling of the blood circulation on the surface is 30W and then maximum 20W can 
be absorbed in the target (see Figure 14.).  

 
Figure 14. The forwarded power and the cooling power work oppositely. No idea about the real power 
pumped into the body 

The high energy loss in the surface area is mainly due to the adipose layers, which are good 
electric- and heat-isolators [153]. Their isolation ability depends on their thickness, and it is 
controlled by the blood perfusion. When we cool down the surface, the homeostatic control 
will increase the isolating layer (see Figure 15.) by reducing the blood-flow in the area. 

There is a misleading competition on the power, which is applied for local hyperthermia. 
The subcutane adipose tissue is an electric- and heat-flow blockade, and its conductivity 
decides the current transport at a fixed power transmission. The applied voltage depends on 
the contact area and on the applied frequency as well. The available devices for local heating 
range from 150W to 2000W and, in fact, the local temperature in the tumor ranges between 
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40-45 oC. The local maximal temperature in most cases depends more on the patient than on 
the incident power. At the end, the origin of the heat-flow will not exceed the 1 W/cm2 on 
average. The higher isolation will absorb more energy, and so we need more cooling for 
safety and so on, see Figure 16. It is a positive feedback regulation, requesting enormous 
energies.  

 
Figure 15. The blood-perfusion changes the conductivity and the relative permittivity as well 

 
Figure 16. The physiologically regulated optimum is necessary for energy control. The large cooling 
grows the physiological reaction, creates a layer of isolation, which accelerates the dangerous surface 
overheating by positive feedback 

Further complication in the control is the value of blood-flow, which is temperature 
dependent. The physiologic effects connected with the blood-flow are considered to be 
important and it is studied in details, [154], [155], [156], [157], [158].  

The cooling energy is indefinite. The applied definite heating is modified with this energy-
factor, making the really applied energy immeasurable. The hyperthermia dose must be the 
physically correct, accepted specific-energy absorption rate in J/kg, as we do it in the case of 
ionizing radiation too. The dosing in this case requests other, deep-inside measurement for 
indication of the process: the temperature as the character of the really absorbed energy. 
However, it is again problematic from a technical point of view: in fact, the absorbed energy 
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distribution and the gained temperature are very different [159]. The reason is simple: 
provide the same energy to identical volume but the blood-flow is different in every case so 
it will result in different temperature. The physiology modifies the temperature! It is not 
possible to match the specific absorption rate (SAR) and the developed temperature.  

The measurement of the power is missing, due to the fact that cooling is immeasurable and has 
a modifying effect on the temperature. This makes the temperature measurement in the target 
important, as this is the only parameter which gives us some idea about the absorbed energy, 
(see Figure 17.). This (generally invasive, measurement) makes it possible to have orienting 
value of the absorbed power in general, and sometimes it is important for safety to avoid the 
unwanted hot spots as well. For the successful energy dose control we have to know the 
energy taken away by the cooling. This underlines the importance of the control of the surface 
cooling triggered by the actual physiological conditions in the subcutaneous capillary bed.   

 
Figure 17. The control of both the energies together with the physiological parameters make 
oncothermia safe and effective 

The full unsuccessful temperature focusing together with the intensive cooling process in 
conventional hyperthermia is, borrowing the words from Shakespeare, “much ado about 
nothing”.  

Dr. Storm a recognised specialist of hyperthermia formulated [78] a general opinion: “The 
mistakes made by the hyperthermia community may serve as lessons, not to be repeated by 
investigators in other novel fields of cancer treatment.”  

2.3. What to learn from nano-scale energy-liberation? 

The general idea of microscopic heating is simple: the heating energy is not liberated in a 
sudden single step, but regulated and multiple small energy liberation does the same job, 
(see Figure 18). In our case, the forwarded energy selectively targets the most influential 
areas. Instead of the high, general energy pumping into the lesion, the energy is liberated at 
the membranes of the malignant cells.  

The microscopic effects, instead of the large energy liberation, is one of the most update 
thinking in energy source developments.  

The conventional engines in vehicles use the energy of explosion of different chemicals (e.g. 
petrol, diesel, kerosene). The explosion by a spark or heating over their activation energy 
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liberates large energy in a short time, and only a small fraction of this could be applied 
beneficially, most of the energy is radiated, conducted or lost in various other ways. One of 
the largest losses is the heat-exchange by the high temperature, which somehow has to be 
used again (e.g. intercooler, turbo). The latest solution, however, is the set of microscopic 
explosions, promoting the chemical reactions individually by a membrane control (i.e. fuel 
cell solution) and using the energy step-by-step as a sum of the micro-reactions. The 
relatively low efficacy combusting engines are intended to be replaced by the fuel-cell 
energy-sources combined with electric motors, which are based on the membrane regulated 
microscopic reactions of gases. (Mostly hydrogen and oxygen gases are in use.)  

In fact, life “invented” the controlled energy-liberation by micro-processes, blocking the 
sudden, explosion-like energy liberation, driving the processes small subsequent energy-
conversion steps instead. In the living objects the energy is liberated gradually in a “ladder” 
of multistep processes, and this is also moderated by surface reactions. 

 
Figure 18. The difference between macro- and micro-liberation of energy. The latter is much more 
efficient. 

The applied power and its efficacy are usually not connected. Good examples can be found 
in our everyday life, in systems like the standard light bulbs and the energy safe ones using 
a fraction of the power for the same light; or the various power-consumptions of cars, 
having equal performance, or the various fuel consumption of them having the same 
engine-power. The incandescent bulb creates light by high-temperature filament, which 
heats up the environment, having only 10% efficacy.  

Fluorescent technology solves this task more smartly: it makes the energy-liberation 
selective where the effect radiates light only (see Figure 19.). Fluorescent particles turn the 
UV from mercury excitation to visible light. The full process has approx. 45% efficacy.  

The LED technology is even more effective, because no intermediate mercury-plasma is 
used, direct annihilation of the electrons and electron-holes emit the light with over 90% 
efficacy! (see Figure 20.) 
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Figure 19. Fluorescent technology. The energy is liberated by micro-”explosions”, excited by an UV 
radiation of the mercury-plasma 

 
Figure 20. LED technology. The energy is liberated by micro-”explosions” by using the energy of the 
excited electrons 

This way, the more intensive light (virtually higher temperature micro-explosions) need less 
energy by the block of the wasted energy to heat up the environment instead of the visible 
light emission: the same light-emission needs 60W, 13 W and 5 W in cases of incandescent, 
fluorescent or LED light-sources.   

The present main-stream thinking of oncological hyperthermia is a typical loss of aims by 
illusions: the temperature only makes conditions that are implements and not the aim. The 
question “Tool or goal?” has become relevant to study the temperature alone. By a simple 
example of mixing the tool and the goal in our everyday life: the graduation is a tool for our 
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professional life, however, when somebody regards the certificate of studies as a goal, its 
application, the aim of the study is lost.  

Mixing the tool with the action creates false goal in hyperthermia application: increase the 
temperature alone. This “auto-suggestion” creates such a situation when magnetic resonant 
imaging (MRI) is applied to control the temperature during the treatment, instead of using 
this capable imaginary method to see what is happening in the tumor indeed.  

3. Bioelectromagnetic selection – To select or not to select? 

In hyperthermia applications the macroscopic heating centers on the equal (homogeneous) 
temperature of the entire targeted volume, irrespective of its content and the ratio of the 
tumor-cells in the target, (see Figure 21./a.). However, the target volume has only a small 
fraction of active malignant cells, and the heating process would be enough for those alone, 
avoiding heating (and wasting energy) to the other part of the target-volume. The micro-
heating concept works differently, and heats the selected malignant cells only absorbing the 
energy non-equally in the target (see Figure 21/b.).  

 
Figure 21. The schematics of macroscopic and microscopic heating of tumor 

In this case, the lost energy is minimal; the efficacy of the energy utilization and its control is 
maximal. The energy is concentrated in this case directly to the chemical reactions and does 
not involve the above listed losses. The energy liberated by the micro reactions is  used for 
the desired job in full, while the explosion-like, huge energy-supply in short time cannot be 
used optimally, due to the intensity of the immediate offer for the available energy is too 
much for prompt use. This causes a large demand of waste and a low efficacy of the desired 
effect. The problem of the heating, however, is that it shows a false, specious effect of 
applications in biology. When the liberated energy is not used as active biochemical or 
biophysical driving-force then the waste appears as a simple growth of the temperature in 
the target. This deceptive illusion seems to have higher efficacy. This, of course, heats 
everything in the target. The excess energy is wasted in the neighborhood of the malignancy 
and gaining the average energy of all the parts in the target, irrespective its malignancy or 
its electrolyte state. This is a typical wasting of energy, using it for the actually not-necessary 
energizing of healthy parts. This massive heating forces the homeostatic feedback 
mechanisms acting against the growth of drastic temperature growths.   
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The oncological hyperthermia application, which uses the nano-scale heating technology 
(called oncothermia, [160]); the radiofrequency (RF) current flows through the chosen 
volume of the body (see Figure 22.), heating up the cell-membrane individually (see Figure 
23.). The cell-membrane is a good isolator and so the current is most dense at the 
extracellular electrolyte in the immediate vicinity of the cells. Of course, when the absorbed 
energy is too much, the individual cellular-heating does not work, all the volume will be 
equally heated. This is again the declaration of the well- known rule: “the difference 
between the poison and the medicament is only their dose”.  

 
Figure 22. Both electrodes are always active, independently of its size or form. The current starts in one 
and ends on the other. The energy density is different, and many safety functions differ 

 
Figure 23. The selection mechanism of the optimally applied RF-current targets the cellular membrane, 
concentrates the energy in nano-range of the cell 

Generally, a certain power interval is necessary for optimal efficacy, both the too high and 
the too low are non-optimal. The cars form a trivial example: the cold engine needs more 
fuel to be heated up for its optimal use, but it must be cooled down and kept in a definite 
range of temperature by a cooling system for its optimal work.  

The average heating cannot produce high-efficacy. The high efficacy requests high 
selectivity for the accurate control of the process. The simple control of the average wastes a 
part of energy. This “waste” is expended energizing the particles, which are not involved in 
the desired process. The particles in the targeted process, which would like to have more 
power for the actual effect, have also the average only. Simple examples could be quoted 
from the everyday life again: when I would like to honor somebody’s excellent work, it 
would be inefficient to honor everybody in average, being sure that the person whom the 
honor is due is also among the members of the group.  

The proper selection has to choose not only the cells in general from the heated volume, but 
especially the malignant cells have to be selected from the target. This task could be solved 
using the specialties of malignant cells in comparison with their healthy counterparts.  
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3.1. Selection by Warburg’s effect (conductivity selection) 

As Otto Warburg discovered, the malignant cells behave completely differently from their 
healthy counterparts, [161], having mitochondrial dysfunction to produce ATP. (For this 
discovery a Nobel-prize was granted for him.) Warburg’s work nowadays has its 
renaissance [162], [163]; showing the validity of the dominance of non-mitochondrial 
(fermentative) way of ATP production. The fermentative way of the metabolic ATP 
production is anyway “ancient” chemical reaction, which was characteristic at the beginning 
of the evolution of life, when the oxygen, the general electron acceptor was available only in 
a small amount in the atmosphere. It is the fermentative way to utilize the energy of glucose 
converting it into lactic acid (CH3CHOHCOOH), producing only 2 ATPs in one cycle.  

The metabolism in healthy cells is mainly governed by the convertible energy-source of 
ATP. The citrate (Krebs) cycle by mitochondria, the “energy plant” in cells, produces 36 
ATPs with excellent efficacy with the help of oxygen (see Figure 24/a.). The fermentative 
ATP production is a low efficacy process in malignant cells, (see Figure 24/b.), however, 
(due to its simplicity) it can occur in large amount, its overall energy-flux can be higher than 
obtained from the high efficacy process.  

 
Figure 24. Differences in healthy and malignant cells 

The malignant cells are in frequent and permanent cellular-division. The energy-
consumption for the intensive division is higher than the energy requirement for the healthy 
cells in homeostasis. This is available only when the glucose intake is at least 18 times 
higher, because its ATP production is 18 times less than normal. This allows the cell to 
supply energetically all the normal processes and make the differentiation and 
development, the adaptation and evolution possible. This is a huge additional part of the 
glucose influx to the anyway high Warburg process. The higher glucose metabolism can be 
measured by positron emission tomography (PET) [164]. When we take the higher 
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reproduction (proliferation) rate of malignant cells into account, (which requests more 
energy than for the cells in homeostasis), the final products (“waste”) are produced 
intensively. Hence, these cells are surrounded by “waste” compounds, their extracellular 
electrolyte is denser in ions, and the pH in their vicinity is lower. Consequently, the higher 
metabolism increases the ion-transport and the ion-concentration in the area of the 
malignant cell, which lowers the impedance (gains the conductivity) of that volume. This 
irregular behavior can be measured and imaged by the Electric Impedance Tomography 
(EIT), [165]. One of the applications of this effect can be applied even in the prophylactics 
like mammography [166].  

In consequence of the physical differences, the malignant cells are distinguishable by their 
biophysical parameters; their electric properties differ from normal. The main differences are: 

 The efficacy of the ATP production in the cancerous cell is low. The large ATP demand 
for the proliferative energy-consumption allows less ATP for active membrane 
stabilization by K+ & Na+ transport, so the membrane potentiating weakens [167].  

 The cellular membrane of cancerous cells differ electrochemically also from the normal 
and its charge-distribution also deviates [168]. 

 The membrane of the cancerous cell differs in its lipid and sterol content from their 
healthy counterpart [169].  

 The membrane-permeability is changed by the above differences. In consequence of 
these, the efflux of the K+, Mg++ and Ca++ ions increase, while the efflux of Na+ 
decreases together with the water-transport from the cell. Therefore, the cell swallows, 
and its membrane potential decreases further [170]. (The efflux of K+ regulates the pH 
of the cell, takes the protons out from the cytosol). The concentration of Na+ increases in 
the cytosol, and parallel to this, the negative ion-concentration also grows on the 
glycocalix shell, decreasing the membrane potential and the tumor will be negatively 
polarized on average, [171]. This fact was well used for direct current treatment 
(electro-chemical cancer therapy (ECT)) by Nordenstrom and others.  

 The conductivity (σ) of the tumor tissue will be higher than normal, [172].  

The conductance (as a self-selective factor choosing optimal current path, see Figure 25.) 
ranges from 20% to 4000% difference between the healthy and malignant tissues. The data 
sporadically fluctuate, but generally the tumor has lower impedance than its healthy 
counterpart does! This is exactly what is used in the oncothermia technique.  

There are numerous proofs of the conductive selection.  

 In a simple theoretical investigation [173] an elliptical “tumor” is introduced into an 
otherwise homogeneous body. Making use of the appropriate Green’s function, the 
changes in conductivity between the tumor and the surrounding region can be 
determined.  

 A precise diagnostics has been established by careful calculation of electric impedance 
of human thorax as well [174], and the 3-D electrical impedance tomography is 
intensively studied, [165].  
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 The increase of the current density in the tumor can be visualized by the RF-CDI 
(radiofrequency current density image), which is a definite, MRI-conducted 
measurement of the real processes, [175], [176], [177], [178].  

 
Figure 25. Effective and automatic focusing of oncothermia is a strong selective factor of the tumor and 
the malignant cells 

Together with these effects, further add-ons are expected by oncothermia: the intensive heat 
transfer on the cellular membrane intensifies the ionic-transports [179], which (in positive 
feedback) changes the ionic motility and conductivity. In addition, the gain of the blood 
perfusion by the increasing temperature (below 39 oC) will lower the impedance (increase 
the conductance) [92], [180] which is an additional positive feedback selectivity at the 
beginning of the treatment. In the advanced cases, the blood-perfusion is increased by the 
neo-angio-genesis [181]. This extra perfusion (generally till T=39 oC) lowers the impedance 
(increases the conductivity), which is again a selectivity factor.  

The positive feedback of growing temperature effectively increases the conductivity, [182]. 
The measured gain of the selectivity is 2% in oC, [183], which is in the range of 3643 oC, 
that is 14% increase.  

3.2. Selection by Szent-Gyorgyi’s effect (dielectric selection) 

The living material is not an ordered solid. Contrary to the crystals [184], it is hard to 
introduce the co-operation. The living matter is in aqueous solution, which is mostly well 
ordered, nearly crystalline (semi-crystalline, [185]) in the living state. This relative order 
formed the "dilute salted water" into the system having entirely different mechanical, 
chemical, physical, etc. behaviors from the normal aqueous solutions. Indeed, the important 
role in the living systems of the so-called ordered water was pointed out in the middle of the 
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changes in conductivity between the tumor and the surrounding region can be 
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 The increase of the current density in the tumor can be visualized by the RF-CDI 
(radiofrequency current density image), which is a definite, MRI-conducted 
measurement of the real processes, [175], [176], [177], [178].  

 
Figure 25. Effective and automatic focusing of oncothermia is a strong selective factor of the tumor and 
the malignant cells 

Together with these effects, further add-ons are expected by oncothermia: the intensive heat 
transfer on the cellular membrane intensifies the ionic-transports [179], which (in positive 
feedback) changes the ionic motility and conductivity. In addition, the gain of the blood 
perfusion by the increasing temperature (below 39 oC) will lower the impedance (increase 
the conductance) [92], [180] which is an additional positive feedback selectivity at the 
beginning of the treatment. In the advanced cases, the blood-perfusion is increased by the 
neo-angio-genesis [181]. This extra perfusion (generally till T=39 oC) lowers the impedance 
(increases the conductivity), which is again a selectivity factor.  

The positive feedback of growing temperature effectively increases the conductivity, [182]. 
The measured gain of the selectivity is 2% in oC, [183], which is in the range of 3643 oC, 
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3.2. Selection by Szent-Gyorgyi’s effect (dielectric selection) 

The living material is not an ordered solid. Contrary to the crystals [184], it is hard to 
introduce the co-operation. The living matter is in aqueous solution, which is mostly well 
ordered, nearly crystalline (semi-crystalline, [185]) in the living state. This relative order 
formed the "dilute salted water" into the system having entirely different mechanical, 
chemical, physical, etc. behaviors from the normal aqueous solutions. Indeed, the important 
role in the living systems of the so-called ordered water was pointed out in the middle of the 
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sixties, and later it was proven, [186]. At first the ordered water was suggested as much as 
50% of the total amount of the water in the living bodies [187]. The systematic investigations 
showed more ordered water [188], [189] than it was expected before. Probably the ordered 
water bound to the membrane is oriented (ordered) by the membrane potential, which 
probably decreases the order of the connected water. Consequently, it increases the electric 
permeability of the water [190], and so decreases the cell-to-cell adhesion and causing cell-
division and proliferation [190].  

According to the Warburg’s effect the metabolism gradually favors the fermentation in 
malignancy. The end-products of both the metabolic processes are ions in the aqua-based 
electrolyte. The oxidative cycle products dissociate like 6CO2+6H2O � 12H+ + 6CO32- while 
the lactate produced by fermentation dissociates: 2CH3CHOHCOOH � 2CH3CHOHCOO- + 
2H+. Assuming the equal proton production (by more intensive fermentation energy-flux) 
the main difference is in the negative ions. The complex lactate-ion concentration grows 
rapidly and increases its osmotic pressure. Keep the pressure normal, the dissolvent (the 
monomer water) has to be increased as well, seeking to solvent by non-ordered water. 
Indeed, it is measured in various malignancies that the water is changed to be disordered, 
[191], [192], [193], so in these cases the ordered water concentration in cancerous cells is 
smaller than in their healthy counterpart. Consequently, the hydrogen ionic transmitter 
becomes weak, the removal of the hydrogen ions becomes less active. This decreases the 
intracellular pH and the proton gradient in mitochondria, which directly worsens the 
efficacy of ATP production. To compensate the lowered proton-gradient, the membrane 
potential of mitochondria grows. This lowers the permeability of the membrane, decreases 
the mitochondrial permeability transition (MPT), which have a crucial role in apoptosis, 
[194], [195]. (The high mitochondrial membrane potential and low K-channel expression 
were observed in cancerous processes, [196].). These processes lead to apoptosis resistance, 
and for the cell energizing the ATP production of the host cell (fermentation) becomes 
supported. The free-ion concentration increases in the cytoplasm, and so the HSP chaperone 
stress proteins start to be produced. This process needs more ATP as well as it is anti-
apoptotic agent, so the process could lead to the complete block of apoptosis. Rearranging 
(disordering) the water structure needs energy [197]. It is similar to the way the ice is melted 
with latent heat from zero centigrade solid to liquid with unchanged temperature 
conditions. This drastic change (phase transition) modifies the physical properties (like the 
dielectric constant) of the material without changing the composition (only the microscopic 
ordering) of the medium itself.  

The decisional role of the two metabolic pathways (the oxidative and the fermentative) was 
studied by Szent-Gyorgyi [190], having an etiology approach and using additional 
formulation. His interpretation describes the cellular states by two different stages. The 
alpha-state of the cell is the fermentative status, (see Figure 26.).  

This was general in the early development of life, when free oxygen was not available. The 
aggressive electron acceptor was not present [198]. In this stage, only simple, primitive life 
forms could exist. The main task was to maintain life with their unlimited multiplication. 
This state was only reproduction oriented, to develop complex structures and complicated 
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work-division was not possible. All the living objects in alpha state are autonomic, they 
compete with each other and cooperative communication does not exist between them. With 
the later presence of free oxygen beta-state of life was developed. The oxygen made it 
possible to exchange higher value of electric charges, the unsaturated protein allowed more 
complex interactions and started the diversity of life. The cells, in this state, are cooperative, 
the task from the only multiplication became more complex, including the optimal energy-
consumption, the diversity for optimal adjustment to life. This is the phase, which 
integrated the mitochondria for oxidative ATP production, and so produced the energy in 
high efficacy.  

 
Figure 26. The dielectric (order) differences between healthy and malignant cell-environments 

The historical development of the life from alpha- to beta-stages has been generalized [190], 
introducing the same states for the actual stage of the cells in developed complex living 
systems. (Further on Greek letters α and β will be used to denote those states.)  

The highly organized living objects are mainly built up from cells in β-state. Their cell-
division becomes controlled. This control is mandatory, because the division needs 
autonomic actions, the cooperative intercellular forces slack, a part of the structure has to be 
dissolved and rearranged, so the cell in division state is again in non-differentiate state, 
similar to the α one.  

The α state is the basic status of life. In this status the highest available entropy is 
accompanied by the lowest available free-energy. All complex living systems could easily be 
transformed into this basic state when it becomes instable. Then by the simple physical 
constrains (seek to low free energy and to high entropy) the cells try (at least partly) realize 
the α-state again. Once more, the system (or a part of it) contains cells with high autonomy 
and proliferation-rate. By simple comparison of Szent-Gyorgyi’s states and Warburg’s 
metabolic pathways are common: the α- and β-states correspond with the fermentative and 
oxidative metabolism, respectively. In other words, α-state prefers the host cell ATP 
production (anaerobic) but when the perfect mitochondria function works, that is β-state. 
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The historical development of the life from alpha- to beta-stages has been generalized [190], 
introducing the same states for the actual stage of the cells in developed complex living 
systems. (Further on Greek letters α and β will be used to denote those states.)  

The highly organized living objects are mainly built up from cells in β-state. Their cell-
division becomes controlled. This control is mandatory, because the division needs 
autonomic actions, the cooperative intercellular forces slack, a part of the structure has to be 
dissolved and rearranged, so the cell in division state is again in non-differentiate state, 
similar to the α one.  

The α state is the basic status of life. In this status the highest available entropy is 
accompanied by the lowest available free-energy. All complex living systems could easily be 
transformed into this basic state when it becomes instable. Then by the simple physical 
constrains (seek to low free energy and to high entropy) the cells try (at least partly) realize 
the α-state again. Once more, the system (or a part of it) contains cells with high autonomy 
and proliferation-rate. By simple comparison of Szent-Gyorgyi’s states and Warburg’s 
metabolic pathways are common: the α- and β-states correspond with the fermentative and 
oxidative metabolism, respectively. In other words, α-state prefers the host cell ATP 
production (anaerobic) but when the perfect mitochondria function works, that is β-state. 
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These states are mixed (the cell works in both metabolic activities) and it is only a question 
of quantity in their category. In normal homeostasis the β-state characteristics is about 70%. 
The actual balance fixes the actual status. The balance could be formulated by the cell status 
of co-operability (α  β); or formulated by metabolic ways (fermentation  oxidation) or 
could be formulated with the acting parts of metabolism: (host-cell  mitochondrion). The 
meaning of all the formulations is equal: the actual energetic state is described. Note the 
interesting relation between the energy flux and co-operability. The high energy-flux makes 
the cells less cooperative and more primitive, while the low energy-flux makes the cells not 
only cooperative but also sophisticated, highly effective in energy production and in 
environmental adaptation as well. (It also has interesting similarity with the organizing of 
societies [199], but it is outside our present topic.)  

Differences of the metabolic processes of vertebrates and invertebrates are (terrestrial, 
pelagic and benthic) well mirrored in the scaling exponent, [200]. The benthic invertebrates 
(n=215) have the lowest average scaling exponent (pmean=0.63, [near to ⅔], CImean=0.18), which 
metabolizes basically on anaerobic way, [201], while all studied animals (n=496) have 
(pmean=0.74, [near to ¾], CImean=0.18), [200]. The scaling of the metabolic activity is also 
different in mitochondrial or non-mitochondrial metabolism. The mitochondrial metabolism 
is always aerobic, its scaling exponent is nearly p=¾, [202], [243], while the non-
mitochondrial respiration scaling is near to ⅔ [203].  

One question arises immediately: what mechanism makes control on the balance of β-and α-
states in the highly developed living objects? The electromagnetic behavior of electrolytes in 
living systems might give us the answer [204]. The cooperative cells mostly run on oxidative 
metabolism, and their division is controlled by the cells in their neighborhood. There are 
two basic reasons for normal cellular division, and it could be a regular division keeping the 
homeostasis of the given tissue, replacing the elder cells with young daughter cells, or it 
could be a forced, constrained division (like by wound-healing, reparations, embryonic 
development, constrained tissue-specific cell-production, etc.). The questions are: which 
process starts the division and which finishes it? 

It is easy to start the division. The cell-division certainly requires extra energy, much larger 
than it is in normal conditions.  This could be a mechanism described above: the changing 
concentration of one or more components needs more dissolvent, which is provided by the 
order-disorder transition of the intracellular aqueous electrolyte as well as the osmotic 
water-flow through the cellular membrane. The concentration misbalance can be created by 
outside stimuli (like injury currents) or by inside enrichment of a component due to aging or 
to metabolic misbalance. The order-disorder water transition does not only change the 
hydrogen-ion diffusion, but it also changes the dielectric constant of the medium [204]. The 
more disordered liquid increases the dielectric constant (in other words, the ability of 
electric isolation increased). This is directly connected with the promoted charge-division 
and the suppressed polymerization activity in subcellular level, creating positive feedback 
to the fermentation processes. The balance is broken, and turned to the phase where the α-
state is dominant. It is not necessarily a malignant transition. This happens with any regular 
cell division as well. This is the “motherhood” of the cell, making it possible to “deliver” the 
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daughter cells. The “individualism” of the mother-cell is explainable with the extreme high 
energy demand of the division process. When the daughter cells appear, they must accept 
the previous order. Their “infancy” is normal, as the “babyhood” is normal after the 
deliveries. The “babyhood” period has to be limited in time, and the newly born cell has to 
find its normal collective function. Consequently, the process might go wrong, if after 
finishing the division, the daughter cells do not find the way of the co-operability and the β-
state again. When it is not the case, the cells are blocked in the α-state, their proliferation 
becomes uncontrolled. This unfortunate case, however, is not a simple process originated 
from one single defect. It is a disturbance of a complex controlling mechanism [190], which 
well correlates anyway with the single “renegade cell” concept [205], showing a long 
process to produce “a renegade cell” as the ancestor of the billion-cell group called cancer. 
According to the epidemiological research, for a complex damage to occur and for the 
cancer to develop at least five different mutations have to be coincidently present to be 
malignant. [206].  

Again we are back to the main question: what is the mechanism to re-establish the β-state 
after the division of the cell. We think, that the down-regulation of the energy-flux has the 
same active elements as the up-regulation had at the start of the division. The clue is again 
the order-disorder transformation in the aqueous solution. As we told, at the beginning of 
the division, a huge energy has to be ready to supply the process, a large number of proteins 
and other cellular elements (lipids, enzymes, etc.) have to be produced, and all need ATP 
desperately. In α-sate the conditions are ready for that. When the division is over, two new 
daughter cells appear, the energy-consumption drastically drops to the normal level of the 
two cells. The doubled cytoplasm and all the cellular elements had enough dissolvent 
capacity even in the ordered water case. The hydrogen-bridge proton bifurcation can be 
reorganized, there are no opposite environmental driving forces. The sudden doubling of 
the cellular elments cools down the liquid to solid. It goes through the same phase transition 
(disorder-order transition) as it was (only the opposite direction) when the division started. 
This again (like in the liquid phase transitions) lowers the free energy, and in all (together 
with the environment, where the extra heat is radiated) increases the entropy. Note, the 
entropy apparently decreases (information build up) in the local cellular level, the overall 
conditions have to be considered for the full picture. 

As we showed, the metabolic pathways could drastically modify the development of the 
cell, and it could be the primary source of the malignant deviations. The balance of the 
oxidative and fermentative metabolism tunes the cellular ability to behave collectively or 
constrict autonomy, being individual. These conditions of course well depend on the energy 
(and signaling) exchange of the cell with its actual environment. The intracellular transport 
properties also have to be different at changing metabolic pathway. The intensive energy 
flux of the fermentative metabolism increases the liberated heat in the cell, and so the 
temperature gradient between the extra- and intracellular compartments. The growing 
temperature difference could reach a critical threshold, when the heat flow turns from 
conductive to convective [207]. (This phenomenon works like the well-known Benard 
instability, [208].) The convective way promotes the ionic flows through the cellular 
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membrane increasing the glucose permeability and so supports the fermentation way of 
metabolism together with the changes of the intracellular circulations, [209], [210]. This 
complex change could down-regulate the mitochondrial oxidative metabolism.  

At the divisional processes the intracellular flows and all pathway activities are probably 
higher both at regular and at malignant cell-division. Possibly the order-disorder transition 
of the aqueous solution also has a role in the changes [211].  

However, finishing the division, the daughter cells are separated, a higher surface suddenly 
appears and the separated volumes limit the intracellular flows and change the order of 
structure as well. It decreases the gradient through the membrane. This regulates the heat-
flow through the cellular membrane and changes the energy-exchange from convective to 
the conductive one again [207]. The conductive heat-exchange does not support the 
intensive diffusion of the large-molecule glucose, so the oxidative way becomes necessary 
and regular. The two daughter cells have less than half energy-consumption (each) than it 
was requested by the mother cell. It is because the mother cell was large (doubled its 
volume) and was intensively producing various elements to complete the daughter cells. 
Instead of the division conditions where the high energy-request gained the energy-demand 
and preferred the high-energy flux fermentative metabolism, the normal homeostatic 
conditions will dominate again.  

The significantly larger permittivity and conductivity in tumor-tissue in vitro is explained on 
this basis, [212]. Both the conductivity and dielectric differences between the healthy- and 
tumor-tissues at the applied 13.56 MHz frequency in most cases of the malignancies are over 
15% [213], [172]. It is clinically proven, that the cancerous and healthy tissues of the hepatic 
tumors are significantly different [214]. Also the VX-2 carcinoma can be measured [215]: 
rabbit-liver at low frequency in vivo had a conductivity 6-7.5 times higher, permittivity 2-5 
times lower than in the healthy parts (impedance difference is about 600%), while for 10 MHz 
region it is 200%. With impedance tomography we can make a distinction between the living 
and necrotic malignancy as well, [214]; both the conductivity and permittivity are higher in the 
malignant liver, but the frequency dependence of necrotic tissue differs.  

The dielectric properties are also distinguishable by the water content of the malignant 
tissue, which is higher than that of their healthy counterpart. The proliferating cells control 
their cell-volume by their water content, in the malignant growth [216], and this effect 
increases the conductivity and generally the dielectric properties in the given tissue.  

The high dielectric constant allows the additional selection (focusing): the higher dielectric 
constant absorbs more from the RF-energy, (see Figure 27.).  

3.3. Selection by order-disorder effect (fractal physiology selection) 

The non-equilibrium phenomena is well formulated in the description of the Avrami-
equation [217], pioneered by Kolmogorov [218], by Johnson & Mehl [219] and by others, 
[220], [221]. The description could serve as a mathematical model for different biological 
processes, [222], [223]. Experimental data which were collected by Cope [224], [225], and by 
others [226], [227], show a definite universality to describe the real processes. 
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Figure 27. The disordered state could absorb more form the applied electric field energy than the 
ordered one 

The modern physiology is an essentially interdisciplinary subject, combining the knowledge 
of various fields, like the electronic structure approach of solid-state physics (e.g. Szent-
Gyorgyi, [228], [229]), the superconductivity (e.g. Cope, [230]), the electromagnetism (e.g. 
Liboff, [231], [232]), the thermodynamics (e.g. Schrodinger, [233], Katchalsky & Curran 
[234]), etc. Various modern approaches were developed in the last decades based on this 
complexity, like self-organization ([235], [236],), fractal physiology ([237], [238], [239], [240]), 
and the bioscaling ([241], [242], [243]).  

The healthy cells work collectively, their energy-consumption as well as their life-cycles and 
the availability of resources are controlled collectively by the various forms of the self-
organizing, [244], [245]. The healthy cells are organized this way, their standard cycles, 
reactions and structures are complexly regulated in both internal and external areas. The 
healthy cells have special “social” signals [246] commonly regulate and control their life. 
They are specialized for work-division in the organism and their life-cycle is determined by 
the collective “decisions”. 

What makes the difference in the absorption? It is the missing collective order in 
malignancy. The cancerous cells behave non-collectively; they are autonomic. They are 
“individual fighters”, having no common control over them, only the available nutrients 
regulate their life. The order, which characterizes the healthy tissue is lost in their malignant 
version, the cellular communications are missing [247].  

The malignancy has a special fractal structure, which can be identified by impedance 
measurements on Erlich solid tumors [248]. This structure (due to its definite percolative 
self-similarity) is a better conductor [249] than the non-fractal healthy tissue.  

The living matter has a highly self-organized hierarchical structure. It is in non-equilibrium 
and its processes are non-stationer, [250]. The subsystems of living organisms are multiple, 
connected with various physical, chemical and physiological processes and the interacting 
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membrane increasing the glucose permeability and so supports the fermentation way of 
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others [226], [227], show a definite universality to describe the real processes. 
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Figure 27. The disordered state could absorb more form the applied electric field energy than the 
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signals change in a wide range. The simplest biological systems show various processes on 
different time-scales in vivo, which are connected by bio-scaling [241]. There are no two 
identical living objects exist, the living matter is variable, changeable and mutable, [240]. It 
differs from the lifeless [251]. While the thermal and quantum fluctuations in lifeless are 
negligible by the size of the system; the living object has a high number of homologue 
phase-states randomly transformed and altered into each other, they mutate by the time, 
which is unchanged among identical environmental conditions. In contrast, the permanent 
and immanent change makes the living object possible for adaptation, for mutation and for 
natural selection. This dynamism appears in the change of the confirmation state of proteins 
optimizing the enzymatic reactions of life. Due to these fluctuations, the living matter is 
“noisierand” because of its self-similar [252] and self-organized [244] behavior, its power-
spectrum shows pink-noise (1/f noise), [238], [239].  

The highest deficiency of information (highest entropy) is achieved by the noise, which has 
Gaussian distribution [253] (Gaussian noise). Because the effective power-density of pink-
noise is constant in all characteristic scales, the Gaussian pink-noise then has maximal 
entropy in all the scales. The living system has special fractal dynamism, [254], in 
consequence of its self-similar stochastic behavior, it fluctuates by the pink-noise, [255]. The 
maximal entropy of Gaussian pink-noise allows an important conclusion: the noise of the 
living state has maximal entropy (stable dynamic equilibrium) in all of the characteristic 
scales.  

The cell motility probed by noise analysis of thickness shear mode resonators [256]. The 
noise analysis of the electric currents has become a new tool in the field, [240]. Absorption 
and fluctuations of giant liposomes were studied by electrochemical impedance 
measurements, [257].  

Oncothermia uses these new approaches to fit in the best curative performance. This new 
approach (the fractal physiology) is applied for oncothermia. The carrier electric field 
delivers the time-fractal structure to the tissues enhancing considerable the selection 
between the connected healthy cellular community and the individual autonomy of the 
malignant proliferation.  

The disordered structure of malignancy is a good absorbent. To show it again by a simple 
example: when somebody’s hair is in order, the comb slides through the over-combed hair. 
However, when the same hair is disordered, combing is able even to cut out the hair by their 
energy-absorption mechanisms. In malignancy the disorder makes the same energy-
absorption process, (see Figure 28.). 

The order-disorder selection method is similar to the process when the light goes through 
the windows-glass (see Figure 29.). When the glass is transparent to that specific set of colors 
(visible light, definite interval of frequencies) its absorption is almost zero, all energy goes 
through it. However, when it has any bubbles, grains, precipitations etc. those irregularities 
will absorb more from the energy, their transparency is locally low, their energy absorption 
is high, they are heated up locally. It is a self-selection depending on the material and the 
frequency (color) which we apply in the given example.  
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Figure 28. The malignant absorption selects by the disorder of the cancer, having no transparency for 
the well-chosen modulated RF carrier frequency (It is a patented method and know-how of 
oncothermia.) 

 
Figure 29. The transparency of the glass. In full transparent case all the energy goes over the glass (a), 
but when the glass has aggregates, those absorb a part of energy (b), and they will be hotter than their 
environment 

This is the effect, which is used by oncothermia with some modulation. The carrier 
frequency delivers the information (modulation frequencies), for which the cancer cells are 
much less “transparent” than their healthy counterparts are. Malignant cells are heated up 
by the selectively absorbed energy.  

3.4. Effect of electric field on malignancies 

The physiology is an interdisciplinary subject. It uses numerous principles and discoveries. 
Its electronic structure approach derived from solid state physics (e.g. Szent-Gyorgyi, [228], 
[229]), the superconductivity approach (e.g. Cope, [258]), the electromagnetic resonances 
(e.g. Liboff, [259], [232]), the thermodynamics of life (e.g. Schrodinger, [233], Katchalsky & 
Curran [234]), etc. are all parts of the physiology, and make it really complex like the 
phenomena of the life itself is.  

The important category of the hyperthermia was generated by electric fields [260], 
[198],which is even a hot topic in science presently[261], [262]. The electric conductive 
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heating started in the late 19th century is called “galvanocautery” [263]. The method was 
further developed by D’Arsonval, introducing the impedance (alternating current [AC], later 
higher frequencies, even spark-generated currents) calling it “Arsonvalization”, [264], and 
later a more modernized method was the “fulguration” [265]. The Arsonvalization method 
had fantastic popularity at the turn of the 19th-20th centuries, developing three different 
branches: the interstitial hyperthermia, including the galvanic heat-stimulation (electro-
chemical-cancer-treatment), the ablation techniques and the capacitive coupling. The first 
capacitive coupled device on conductive basis was the “Universal Thermoflux”. It was 
launched on to the market by such a giant of the electric industry in that time as Siemens, 
which was later further developed, and the new device by the name “Radiotherm” was 
launched on the market in the early 1930s. The first start of the new capacitive-coupling 
technologies was in 1976 by LeVeen [266] and has been widely applied since then [267], 
[268], [74]. Many hyperthermia devices use capacitive coupling since its treatment is easy.  

An electric field application without an increase in temperature (using less than 5W power) 
has also been found effective against cancer [269], [270], [271], [272], [273], [274], by using 
galvanic (DC) current applications. The control of these treatments is the tissue-resistance 
and the quality parameter is the applied charge load, [275], [276]. Numerous devices were 
developed and applied widely, but the expected breakthrough result was missing. An 
entirely new line was started with Professors Rudolf Pekar, [277], [278], [279], Bjorn 
Nordenstrom [273], [274] and Xin You Ling [280], [281], [282]; and continued by others [283], 
[284], [285], [286], [287], [288], [289]. Remarkable results were produced by this method; and 
the biological mechanisms involved in electromagnetic field are intensively investigated 
[290], [72], and the effect of electric field is studied on various side of its complex behavior, 
[261], [262]. Recently, the effect of electric field has been used for special therapies in 
oncology, [291], [292], [293], [294]. 

A sophisticated study was performed to study the synergy of temperature and modulated 
electric field [295]. The model was HT-29 human colorectal carcinoma cell-line being 
xenografted to nude mice (BALB (nu/nu)). For comparison we performed low temperature 
oncothermia experiment, where the bolus of the upper-electrode was cooled down. The 
intensive cooling kept the tumor near the physiological temperature (38 oC) while the 
oncothermia field was identical with the heating conditions of 42 oC. The result is 
surprisingly interesting (see Figure 30). The effect of electric field made nano-range heating 
only, the overall temperature had a minor role in the cell-killing mechanism.  

3.5. Other selection factors 

There are numerous selection effects existing to distinguish the malignant cells. Here we 
comprehensively list some of them.  

The missing cell-junctions and the characteristic isolation of the malignant cells from each 
other [247], [296] create a free extracellular pathway between the cells, definitely increasing 
the conductivity of the extracellular electrolyte. Furthermore, the decrease of the epithelial 
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barrier function (tight-junction permeability changes) can be measured by electric 
impedance measurement, [297].  

 
Figure 30. Oncothermia was 3 times more effective than hyperthermia on the identically high (42 oC) 
temperature. However, cooling down the tumor during the treatment, the death-rate decreased only 
slightly, exceeding more than 2 times the classic hyperthermia on high temperature 

The special membrane effect (rectification on membranes, [298]), is also a factor of the 
cellular selectivity of cancer by RF electric field. The impedance measurement is useful for 
the control of other treatment modalities. It adequately measures the distortion, made by 
irradiation [299], and the drug-effect can also be controlled, [300]. Such usual practice, like 
following the wound healing, is also objectively traceable [301]. Bioimpedance vector 
pattern can distinguish cancer patients without disease versus locally advanced or 
disseminated diseases [302].  

The impedance measures selectively, differentiates between the cancerous and healthy 
tissue, and is able to distinguish the extra- and intra-cellular electrolyte. Selective impedance 
measurements are provided clinically as well. Many comparative studies have been provided 
for malignant tissues, however, the results are not identical; the measurements very much 
depend on the conditions. (This is a trivial consequence of many factors, which we listed 
above.) However, all the studies measured lower impedance in the tumor than in their healthy 
counterpart in all of the tissue and staging of the tumor, in vitro and in vivo as well.  

Hyperthermia increases biochemical reaction rates [303] and therefore the metabolic rate as 
well. The metabolic heat production of tumor depends on the doubling time of its volume 
[304]. The high metabolic rate keeps the temperature for tumor tissues higher than its 
neighborhood, [305]. This works as selection factor for heating of tumor tissue. Therefore, in 
case of 6 oC increase the amount of growth will be 1.8-times higher [306] than its healthy 
counterpart.  
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It has been long known that hyperthermia can cause the softening or melting of the lipid 
bilayer [307], [308], [155], it can change lipid-protein interactions [309], and it can denature 
proteins [310]. All of these events can arrest the cell-cycle of the tumor.  

Heat-treatment cause structural alteration in transmembrane proteins, causing a change in 
the active membrane transport and membrane capacity [311] leading to substantial changes 
in potassium, calcium, and sodium ion gradients [312], membrane potential [313], [314], 
cellular function [315], [316], and causing thermal block of electrically excitable cells [317], 
[303]. The thermo tolerable cells have significantly higher (~15%) membrane potential than 
the naïve cells [314], and the difference rapidly grows by the elapsed time at 45°C.  

In chemo-thermo-therapies the role of chaperone proteins is important. Chaperones (stress- 
or heat-shock-proteins) are highly conserved proteins, which are vital in almost every living 
cell and on their surfaces during their whole lifetime, regardless of their stage in the 
evolution, [318]. Any kind of change in the dynamic equilibrium of the cell life 
(environmental stresses, various pathogen processes, diseases, etc.) activates their synthesis 
[319]. Excretion of the chaperones is the ‘stress-answer’ of the cells to accommodate 
themselves to the new challenges. As a consequence of the stressful ‘life’ of malignant cells, 
the molecular chaperones are present in all cancerous cells [320], [321], [322] to adapt the 
actual stress to help tumor-cell survival. Moreover, the shock-proteins are induced by every 
oncological treatment-method, which are devoted to eliminate the malignancy: after 
conventional hyperthermia [323], after chemotherapy [324], after radiotherapy [325] or even 
after photo-therapy [326] intensive HSP synthesis was shown. By the stress adaptation the 
induction or over-expression of the stress proteins generally provide effective protection of the 
cell against apoptosis [327], but their extracellular expression acts oppositely: it makes a signal 
to the immune system on the defect of the actual cell [328]. Furthermore, induction of various 
HSPs (HSP27, HSP70, and HSP90) was observed in numerous metastases and the HSP90 
homologue, GRP94 may act as a mediator of metastasis generation. HSP generally degrades 
the effect of the hyperthermia therapy because it may increase the tumor cell survival, and its 
massive induction may generate the tumor thermo-tolerance and in parallel drug- and radio-
tolerance. Heat treatment can also lead to multi-drug resistance [329].  

Non-temperature dependent effects (mainly field stresses) can also produce chaperone-
synthesis [330]. The HSP manifestation in the biopsies might give a good clinical indication 
for the treatment response [331].  

On the other hand, the chaperone HSP70 assists to freeze the actual dynamic equilibrium 
(the “status-quo”) and so tries to re-establish the cellular communication in the extra-cellular 
electrolyte [328]. It is shown that their expression on the cell-membrane gains the apoptotic 
signals and enhances the immune reactions, [328]. HSP participates in the activation of the 
p53 tumor-suppresser [332] and has been associated with the tumor-suppresser 
retinoblastoma protein [333].  

Recently, numerous scientific theories have also concentrated on the significance of 
thermally induced non-thermal effects, such as heat-shock protein (HSP) production [334], 
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[335]. Development of the thermo-tolerance is one of the suppressors of hyperthermia 
efficacy [323]. From the point of view of the thermo-tolerance, one of the most prominent 
chaperone proteins is the HSP72. The concentration of this HSP is 5-10 times lower in the 
healthy cells than in the malignant ones, and both grow by the heat-treatment [336]. 
However, responding to the heat treatment, their concentration in healthy cells is: 
multiplied by 8 or 10, while during the same heat treatment the HSP72 multiplication 
creates only 1.2-1.5 times higher concentration in malignant cells, [323].  

4. Cellular effects – To kill or not to kill? 

Like Nobel-laureate A. Szent-Gyorgyi formulated: from the point of view of life, it is not 
interesting how the monkey goes through the forest, but it is essential how the forest goes 
through the monkey [as nutrition]. In hyperthermia we have to have the same change of 
paradigm: it is not important how the incident energy increases the temperature, but that is 
essential how the incident energy changes the structure and the chemical bonds in the 
targeted tissue.  

4.1. Apoptotic cell killing  

The above described mechanism targets the membrane of the malignant cells, and excites 
numerous pathways essential for the cellular fate, (see Figure 31.). The excitations have 
serious consequences on membrane:  

 Induces apoptotic signal 
 Forms membrane-HSP 
 Makes the membrane more transparent 
 Forms higher motility of membrane domains 
 Rebinds the E-cadherin adherent connections 
 Damages the  cell-membrane 
 Rectificates, demodulates the modulated signal (stochastic effects are involved) 

The effects in the cytoplasm are also remarkable. The transmembrane temperature gradient  
 

 Dilutes the cytoplasm 
 Develops higher intracellular pressure  
 Activates apoptotic pathways 
 Activates death receptors 
 Suppresses the proliferation 
 Arrests the DNA replication 

These effects were shown in multiple, different experiments. The basic repeated phenomena 
are the time-delay of the action, selection and tumor destruction of oncothermia became 
trivial hours after the treatment (see Figure 32., [337]). The numerous apoptotic bodies show 
the character of the process.  
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It has been long known that hyperthermia can cause the softening or melting of the lipid 
bilayer [307], [308], [155], it can change lipid-protein interactions [309], and it can denature 
proteins [310]. All of these events can arrest the cell-cycle of the tumor.  

Heat-treatment cause structural alteration in transmembrane proteins, causing a change in 
the active membrane transport and membrane capacity [311] leading to substantial changes 
in potassium, calcium, and sodium ion gradients [312], membrane potential [313], [314], 
cellular function [315], [316], and causing thermal block of electrically excitable cells [317], 
[303]. The thermo tolerable cells have significantly higher (~15%) membrane potential than 
the naïve cells [314], and the difference rapidly grows by the elapsed time at 45°C.  

In chemo-thermo-therapies the role of chaperone proteins is important. Chaperones (stress- 
or heat-shock-proteins) are highly conserved proteins, which are vital in almost every living 
cell and on their surfaces during their whole lifetime, regardless of their stage in the 
evolution, [318]. Any kind of change in the dynamic equilibrium of the cell life 
(environmental stresses, various pathogen processes, diseases, etc.) activates their synthesis 
[319]. Excretion of the chaperones is the ‘stress-answer’ of the cells to accommodate 
themselves to the new challenges. As a consequence of the stressful ‘life’ of malignant cells, 
the molecular chaperones are present in all cancerous cells [320], [321], [322] to adapt the 
actual stress to help tumor-cell survival. Moreover, the shock-proteins are induced by every 
oncological treatment-method, which are devoted to eliminate the malignancy: after 
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after photo-therapy [326] intensive HSP synthesis was shown. By the stress adaptation the 
induction or over-expression of the stress proteins generally provide effective protection of the 
cell against apoptosis [327], but their extracellular expression acts oppositely: it makes a signal 
to the immune system on the defect of the actual cell [328]. Furthermore, induction of various 
HSPs (HSP27, HSP70, and HSP90) was observed in numerous metastases and the HSP90 
homologue, GRP94 may act as a mediator of metastasis generation. HSP generally degrades 
the effect of the hyperthermia therapy because it may increase the tumor cell survival, and its 
massive induction may generate the tumor thermo-tolerance and in parallel drug- and radio-
tolerance. Heat treatment can also lead to multi-drug resistance [329].  

Non-temperature dependent effects (mainly field stresses) can also produce chaperone-
synthesis [330]. The HSP manifestation in the biopsies might give a good clinical indication 
for the treatment response [331].  
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p53 tumor-suppresser [332] and has been associated with the tumor-suppresser 
retinoblastoma protein [333].  

Recently, numerous scientific theories have also concentrated on the significance of 
thermally induced non-thermal effects, such as heat-shock protein (HSP) production [334], 
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[335]. Development of the thermo-tolerance is one of the suppressors of hyperthermia 
efficacy [323]. From the point of view of the thermo-tolerance, one of the most prominent 
chaperone proteins is the HSP72. The concentration of this HSP is 5-10 times lower in the 
healthy cells than in the malignant ones, and both grow by the heat-treatment [336]. 
However, responding to the heat treatment, their concentration in healthy cells is: 
multiplied by 8 or 10, while during the same heat treatment the HSP72 multiplication 
creates only 1.2-1.5 times higher concentration in malignant cells, [323].  

4. Cellular effects – To kill or not to kill? 

Like Nobel-laureate A. Szent-Gyorgyi formulated: from the point of view of life, it is not 
interesting how the monkey goes through the forest, but it is essential how the forest goes 
through the monkey [as nutrition]. In hyperthermia we have to have the same change of 
paradigm: it is not important how the incident energy increases the temperature, but that is 
essential how the incident energy changes the structure and the chemical bonds in the 
targeted tissue.  

4.1. Apoptotic cell killing  

The above described mechanism targets the membrane of the malignant cells, and excites 
numerous pathways essential for the cellular fate, (see Figure 31.). The excitations have 
serious consequences on membrane:  

 Induces apoptotic signal 
 Forms membrane-HSP 
 Makes the membrane more transparent 
 Forms higher motility of membrane domains 
 Rebinds the E-cadherin adherent connections 
 Damages the  cell-membrane 
 Rectificates, demodulates the modulated signal (stochastic effects are involved) 

The effects in the cytoplasm are also remarkable. The transmembrane temperature gradient  
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 Develops higher intracellular pressure  
 Activates apoptotic pathways 
 Activates death receptors 
 Suppresses the proliferation 
 Arrests the DNA replication 

These effects were shown in multiple, different experiments. The basic repeated phenomena 
are the time-delay of the action, selection and tumor destruction of oncothermia became 
trivial hours after the treatment (see Figure 32., [337]). The numerous apoptotic bodies show 
the character of the process.  
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Figure 31. Numerous pathways are excited 

 
Figure 32. Morphological observations show extended cell-destruction in the large volume of the 
tumor (field effect is active, temperature doesn’t change, self-focusing). The destruction has a time-
delay, hours are requested for the natural processes to be well- activated to fight. The numbers 
indicated on the mice are the hours after the single shot of 30 min oncothermia treatment, (HE Staining). 
(a) full cross section of the tumor, (b) magnification of the tissue by 100x 
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The time delay indicates the long-duration processes, which were identified as programmed 
cell-death (apoptosis), by various investigations: macro- and micro-morphology, enhanced 
activity of p53 tumor-suppressor, cleaved caspase 3 involvement, Tunel reaction, DNA 
fragmentation (laddering), etc. (see Figure 33., [337]). The rebuilt external apoptotic 
pathways are shown by reestablished E-cadherin connections, by enreachment of beta-
catenin and its relocalization into the nuclei, by connexin induction, by activation of death-
toll receptors, like FADD, FAS, DR-5, etc.  

 
Figure 33. External electromagnetic field activates signal transduction pathways, concluding to 
apoptotic cell-death. (Oncothermia treatment (HT29 colorectal xenograft model) 

This apoptotic process is non-toxic (no inflammatory reactions afterwards) and promotes 
the immune reactions (works parallel with these).  

The cellular selection is proven by various experiments. One of these is the definite selection 
of malignant cells in co-cultures, [338]. The effect on healthy human keratinocytes (HCK) co-
cultured with human fibroblasts (see Figure 34.) was marginal, and was regenerated by the 
time. The co-culture with immortalized (but not malignant) HaCaT keratinocytes is affected 
slightly, but the malignant A431 cell-line was selected from the co-culture (see Figure 35.). 

The time-delay and the relocalization of the beat-catenin to the cell-nuclei is shown in vitro 
(HepG2 cell-line) and in vivo (HT29 xenograft) shown in Figure 36. [339].  

The time delay is shown in the Tunel reactions (see Figure 37.), indicating the late apoptotic 
phases dominantly after 24 h of the single shot treatment. 

An interesting measurement was provided by Ki67 proliferation marker, measured in the 
living tumor part after the single-shot treatment of oncothermia, (see Figure 37, [340]). The 
surviving, living malignant cells in the treated tumor had definitely and significantly 
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suppressed Ki67 marker compared to its untreated counterpart in all the time-scale 
investigated.  

 
Figure 34. Co-culture with normal human skin fibroblasts as a model of a squamous carcinoma 
growing within connective tissue cells (100.000/ml) were exposed to oncothermia. Samples were 
incubated for 24 h at 37°C, fixed and stained with crystal violet. Cellular metabolic activity was 
measured using the MTT assay (standard colorimetric test) and quantitated at 630 nm. (Data represent 
the mean value ± S.E.M. of 4-6 separate experiments assayed in triplicate, but some experiments were 
repeated up to 12 times to obtain reliable data.) 

 
Figure 35. The selection of the malignant cells is effective in the co-culture of the malignant A431 
human keratinocytes and healthy human fibroblasts. [a – before oncothermia, b – after oncothermia]. 
The healthy cells remain intact, while the malignant cells are damaged and cleared. (Experiment is 
described in Figure 34.) 
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Figure 36. The beta-catenin relocalization into the nuclei 

 
Figure 37. TUNEL assay: enzymatically label the DNA fragments resulted by apoptotic process 

 
Figure 38. Colon26 (murine colorectal cancer) cell line derived allograft (CID mice), single shot. (Ki-67: 
proliferation marker protein, expressed in the nuclear membrane only in the dividing cells.) 
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The cleaved Caspase-3 (as important part of the apoptotic pathway) was activated (see Figure 
39., [341]), as well as the death toll receptors became overexpressed (see Figure 40., [341]).  

 
Figure 39. HT29 human colorectal carcinoma cell-line xenograft model in nude mice. Caspases, or 
cysteine-aspartic proteases or cysteine-dependent aspartate-directed proteases are a family of cysteine 
proteases that play essential roles in apoptosis (programmed cell death), necrosis, and inflammation 
(the red line is for the reference value) [Reference: untreated control]  

 
Figure 40. HT29 human colorectal carcinoma cell-line xenograft model in nude mice. Death receptor 
activity (the red line is for the reference value) [Reference: untreated control] 

4.2. Suppressing the dissemination of malignant cells 

Oncothermia is different from this point of view as well. It blocks the dissemination, avoids 
their motility due to the lazy connections with the tumor. Oncothermia makes it by the 
reestablishing the cellular connections (see Figure 41. [337]), which is also great success to 
save life. The built up connections can force not only the sticking together, but make bridges 
between the cells for information exchange to limit the individuality and the competitive 
behavior of the malignant cells.  
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Figure 41. Oncothermia can reestablish the adherent cell connections (E-cadherin and β-catenin) as well 
as the gap-junctions (Connexin-43). These could reestablish the cellular communication and can stop the 
dissemination of tumor cells 

This “gluing mechanism” is not only important for the external apoptotic signal, but makes 
the malignant cells less mobile, their motility is reduced and the dissemination risk is 
decreased.  

4.3. Action on far distant metastases  

The main danger of malignancies is the metastases, attacking the organs which are crucial 
for life. When the tumor grows somewhere without endangering the important systems like 
the respiratory system, central nervous system, cardiovascular system, etc., it is not life-
threatening. These tumors are local (benign or early malignant), their elimination is possible. 
The real life-threatening danger is the malignancy, when the cells are disseminated from the 
tumor-lesion by the various transport systems (lymph, blood), or their effect becomes 
systemic by one of the general mechanisms of the organism.  

The heavy life-threatening effect of metastases has been observed on statistical basis on 
colorectal adenocarcinoma collecting data for 15 years [342]. The long- term (10 years) 
survival was around 90% when no metastases were present, 60% in case of regional 
metastases and only 15% when distant metastases were developed in the patient. The blood-
transported cells can be blocked easily by the brain, lung, kidney, liver, etc., causing fatality. 
The challenge of the treatments is to recognize the tumor early, to avoid the metastases, 
and/or to block the dissemination as much as possible.  

In veterinarian clinical trial of dogs having osteosarcomas without evidences of metastases, 
the local radiation combined complementary with whole body hyperthermia was studied. 
The result was surprisingly bad [343], [344]: the combined treatment was not effective on the 
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primer tumor, but rapid and massive metastases were developed in far distance organs 
including the lung. This blocked the research in this direction, the veterinarian application 
of the hyperthermia even in combined therapies was not plasticized in veterinary field. 

One of the interesting, and so far not completely understood process, is the systemic effect 
of the local treatments called abscopal (out of the target) or bystander effect [345]. This 
phenomenon shows a systemic effect only by local treating, see Figure 42. The effect was 
shown in mice experiments [346], see Figure 43, and also in human, see Figure 44., [347]. 

 
Figure 42. The mice have two distant tumors in left and right femoral region. The growths of the 
tumors are equal. When we treat the mice systemically with immune supporters, no change can be seen. 
When we treat the A tumor locally with oncothermia, that tumor does not grow so quickly as the 
reference C. However, when we apply the systemic immune therapy and the local oncothermia for the 
only A-lesion, surprisingly, the C lesion is also suppressed 

 
Figure 43. E. coli LPS sc. to the dorsal region of the animal 24 h before the oncothermia treatment. 
100ug LPS in 100uL Salsol solution. 30 min oncothermia with pink noise AM modulation (41-42°C 
tumor core temperature) Sampling: animals were sacrificed 72 h after the treatment 
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Figure 44. Investigator: Prof. Dr. Seong Min Yoon, Institute: Division of Hematology-Oncology, 
Department of Internal Medicine, Samsung Changwon Hospital, Sungkyunkwan University, S.Korea 
Patient: SAsc, 72 y, male, Primer-tumor: Non-small cell lung cancer; Size: 9.5 cm right middle lobe, 
Metastases: in sentinel and distant lymph-nodes, Tumor-classification: cT2 cN2 M0, stage IIIB, 
Treatment: trimodal protocol: 28x1.7 Gy; support: 250 microgram Leukine and Oncothermia 6x; Only 
the primer tumor was locally treated 

4.4. Some clinical results  

Oncothermia has a long-time history with large number of documented case reports and 
clinical trials [160]. During more than 20 years 43 studies were performed involving more 
than 2000 patients altogether from 14 clinics in 4 countries (see Table 1.) Details of the 
clinical effects are summarized in the publications as well as in the specialized monograph 
[160].  

The clinical trials of oncothermia are dominantly retrospective. To develop randomized 
clinical trials is a challenge for patients. Patients do not agree to be in the control-arm at any 
case. In most of the cases they are registered for oncothermia because the other methods 
(conventional gold standards) failed. In these cases progression could occur anyway due to 
drug-resistance, organ-overload (kidney, liver, etc.), tumor-relapses, psycho-resistance, etc.  

The advanced cases at the conditions described above emphasize not only the complexity of 
the individual situation of patients, but also underlines the fact that oncothermia is applied 
as the facility of the “no other is possible” many time hopeless cases providing over 3rd line 
treatment approach. This high-line treatment process is in general palliation (the first goal is 
to provide acceptable quality of life), which is an important factor for oncothermia as well. 
However oncothermia even in these advanced situations has curative value, and makes 
curative therapy in 3rd-line or over. The professional literature clearly shows the rare facility 
of the evidence-based clinical trials for these high-line treatments. Other evidences have to 
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be shown when randomized controlled trials are not possible, [348]. The challenges of 
evaluation appear forcefully in  case of patients with advanced stages having inoperable (or 
partly resected) tumors, having relapsed malignancies, patients who are resistant on the 
gold-standard treatments, etc. Oncothermia is facing to this challenge as well.  

We have to make special attention evaluating of the clinical results performed by 
oncothermia. The complications make definite challenges to objective evaluation. The main 
challenges are: 

 Oncothermia is applied in higher (usually third and subsequent) treatment-lines, 
boosting or resensitizing the effect of the conventional therapies. Oncothermia is mostly 
applied in cases when the conventional therapies fall. In most of the cases oncothermia 
therapy is applied when the patient has/is  
- Inoperable lesion  
- Radio-resistant 
- Chemo-resistant (refractory) 
- Improper blood-counts 
- Liver-failure 
- Kidney failure 
- Psycho-resistance 
In most of the cases the complex combination of the above problems occurs. Due to 
these conditions, oncothermia is applied in higher line of the therapies. This sequence of 
the treatments is mostly determined by the individual decisions of the physicians [349], 
usually without having help from any evidence based statistical approvals. 

 Usually it is applied in palliative care; many patients are in terminal phase. This patient 
care has very limited statistical evidence based trials; the medical decision-making 
processes are usually well tailored to the individual patients [350], [351].  

 Only few controlled randomized clinical trials are available for oncothermia. The results 
have to be concluded from observational studies and from the historical and data-base 
comparisons. USA- and EU-databases (SEER [352], Eurocare [353]) are mostly used. 
Due to the not solved problem between the hypothesis check confidence of evidence 
based medicine and the observational studies [354], [355], this data-comparison is 
acceptable. Make the result as objective as they could be, we compared the collected 
results of the same localizations and the same protocols from various clinics. The 
common significant difference from the databases can be accepted as evidence.  

 In the case of long-survivals, we have to consider, that oncothermia is taken only in a 
small fraction of the overall survival. The patients are treated by oncothermia in their 
definite late stages, after prognosis “no curative help” by continuing the gold-standards 
alone. In consequence, the long overall survival generally is not the result of the 
oncothermia, but the selection of the patients in their end. Oncothermia effect in these 
cases can be negligible, irrespective of its real efficacy. The chance to measure the 
efficacy is the first year survival rate (%), when the patients with the most aggressive 
kind of the given cancer do not survive the following year after the diagnosis. If they 
start the oncothermia in the first year, the survival-rate result can be an objective sign of 
the efficacy.  
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 Special cases are treated on Intend-to-Treat population. This makes the patient selection 
not objective enough, but the dominantly metastatic patient’s spectrum compensates for 
this lack of selection. In this case, we have an automatic selection of advanced (many 
times terminal) cases.  

  The generally low quality of life (QoL) in combination of supportive therapies weaken 
the measurability of oncothermia alone. However, due to the fact that oncothermia is 
not proposed as monotherapy, the combination objectively measures the benefit, if the 
supportive therapies alone would not be successful at all.  

 The patients are treated with oncothermia in their very advanced, metastatic states. The 
local oncothermia treatment, of course, concentrates on definite localizations, (primary 
or metastatic) which again lowers the full measurability of the oncothermia in the 
development of the cancer. This is the main reason why oncothermia measures first of 
all the overall survival rates, which are good objective parameters of the treatment 
efficacy in general.  

 The quality of life (QoL) of the patients is an important characteristic of such a method as 
oncothermia. In a generally controlled and randomized study a trial effect exists [356], 
which is not the case in oncothermia applications. However, it could be negative outcome, 
that in a strict competitive market the opinions are not independent and objective [357] 
and of course the conflict of interest could make considerable bias [358], [359].  

On the above bias structure the characteristics of the clinical studies could be described as – 
Single arm, open label, observational for intention-to-treat (ITT) population, dominantly for 
the patients in late/advanced stages, where the conventional methods have failed. Mostly 
the survival rate was the studied endpoint. The inclusion criteria were the inoperable and in 
progression after chemo- and/or radio-therapy. Exclusions were only the well-known, above 
described contraindications of oncothermia. 

The oncothermia challenge is its use when the conventional treatments are unsuccessful. In 
consequence, its effect could be active only in a small (last) fraction of the overall survival. 
When patients have long overall survival by the conventional treatments alone, oncothermia 
is applied only in the last stage of the disease so objectively the life-elongation by 
oncothermia can not be observed.   

To make an objective evaluation, we have special considerations how to get the evidences 
from the available information pool and find the objective evidences. It is a complex 
challenge, having four basic approaches. These methods highlight the objective information 
and their parallel results make the obtained data evidence-based. The five legs are: 

1. Fast course case comparison. Use the survival of the rapid, fast course cases (most 
advanced, drastically quickly developing cases) in comparison with large databases. 
(Only the survival is considered as relevant parameter, the clinical outcomes 
(responses) are not studied as evidences.)  

2. Comparison of clinics. Compare the obtained data of the independent clinics, using the 
same protocol for the same cohort.  

3. Quality of life comparison. Collect the data about the quality of life and the adverse 
effects limiting the application of oncothermia.  
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be shown when randomized controlled trials are not possible, [348]. The challenges of 
evaluation appear forcefully in  case of patients with advanced stages having inoperable (or 
partly resected) tumors, having relapsed malignancies, patients who are resistant on the 
gold-standard treatments, etc. Oncothermia is facing to this challenge as well.  

We have to make special attention evaluating of the clinical results performed by 
oncothermia. The complications make definite challenges to objective evaluation. The main 
challenges are: 

 Oncothermia is applied in higher (usually third and subsequent) treatment-lines, 
boosting or resensitizing the effect of the conventional therapies. Oncothermia is mostly 
applied in cases when the conventional therapies fall. In most of the cases oncothermia 
therapy is applied when the patient has/is  
- Inoperable lesion  
- Radio-resistant 
- Chemo-resistant (refractory) 
- Improper blood-counts 
- Liver-failure 
- Kidney failure 
- Psycho-resistance 
In most of the cases the complex combination of the above problems occurs. Due to 
these conditions, oncothermia is applied in higher line of the therapies. This sequence of 
the treatments is mostly determined by the individual decisions of the physicians [349], 
usually without having help from any evidence based statistical approvals. 

 Usually it is applied in palliative care; many patients are in terminal phase. This patient 
care has very limited statistical evidence based trials; the medical decision-making 
processes are usually well tailored to the individual patients [350], [351].  

 Only few controlled randomized clinical trials are available for oncothermia. The results 
have to be concluded from observational studies and from the historical and data-base 
comparisons. USA- and EU-databases (SEER [352], Eurocare [353]) are mostly used. 
Due to the not solved problem between the hypothesis check confidence of evidence 
based medicine and the observational studies [354], [355], this data-comparison is 
acceptable. Make the result as objective as they could be, we compared the collected 
results of the same localizations and the same protocols from various clinics. The 
common significant difference from the databases can be accepted as evidence.  

 In the case of long-survivals, we have to consider, that oncothermia is taken only in a 
small fraction of the overall survival. The patients are treated by oncothermia in their 
definite late stages, after prognosis “no curative help” by continuing the gold-standards 
alone. In consequence, the long overall survival generally is not the result of the 
oncothermia, but the selection of the patients in their end. Oncothermia effect in these 
cases can be negligible, irrespective of its real efficacy. The chance to measure the 
efficacy is the first year survival rate (%), when the patients with the most aggressive 
kind of the given cancer do not survive the following year after the diagnosis. If they 
start the oncothermia in the first year, the survival-rate result can be an objective sign of 
the efficacy.  
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 Special cases are treated on Intend-to-Treat population. This makes the patient selection 
not objective enough, but the dominantly metastatic patient’s spectrum compensates for 
this lack of selection. In this case, we have an automatic selection of advanced (many 
times terminal) cases.  

  The generally low quality of life (QoL) in combination of supportive therapies weaken 
the measurability of oncothermia alone. However, due to the fact that oncothermia is 
not proposed as monotherapy, the combination objectively measures the benefit, if the 
supportive therapies alone would not be successful at all.  

 The patients are treated with oncothermia in their very advanced, metastatic states. The 
local oncothermia treatment, of course, concentrates on definite localizations, (primary 
or metastatic) which again lowers the full measurability of the oncothermia in the 
development of the cancer. This is the main reason why oncothermia measures first of 
all the overall survival rates, which are good objective parameters of the treatment 
efficacy in general.  

 The quality of life (QoL) of the patients is an important characteristic of such a method as 
oncothermia. In a generally controlled and randomized study a trial effect exists [356], 
which is not the case in oncothermia applications. However, it could be negative outcome, 
that in a strict competitive market the opinions are not independent and objective [357] 
and of course the conflict of interest could make considerable bias [358], [359].  

On the above bias structure the characteristics of the clinical studies could be described as – 
Single arm, open label, observational for intention-to-treat (ITT) population, dominantly for 
the patients in late/advanced stages, where the conventional methods have failed. Mostly 
the survival rate was the studied endpoint. The inclusion criteria were the inoperable and in 
progression after chemo- and/or radio-therapy. Exclusions were only the well-known, above 
described contraindications of oncothermia. 

The oncothermia challenge is its use when the conventional treatments are unsuccessful. In 
consequence, its effect could be active only in a small (last) fraction of the overall survival. 
When patients have long overall survival by the conventional treatments alone, oncothermia 
is applied only in the last stage of the disease so objectively the life-elongation by 
oncothermia can not be observed.   

To make an objective evaluation, we have special considerations how to get the evidences 
from the available information pool and find the objective evidences. It is a complex 
challenge, having four basic approaches. These methods highlight the objective information 
and their parallel results make the obtained data evidence-based. The five legs are: 

1. Fast course case comparison. Use the survival of the rapid, fast course cases (most 
advanced, drastically quickly developing cases) in comparison with large databases. 
(Only the survival is considered as relevant parameter, the clinical outcomes 
(responses) are not studied as evidences.)  

2. Comparison of clinics. Compare the obtained data of the independent clinics, using the 
same protocol for the same cohort.  

3. Quality of life comparison. Collect the data about the quality of life and the adverse 
effects limiting the application of oncothermia.  
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4. Create a quasi-control arm. Patients having no benefit from oncothermia could form a 
quasi-arm for control. The “no benefit” category could be defined when the patient 
survival is short from the time of the first oncothermia treatment.  

5. Parametric evaluation. Use the available latest statistical knowledge to find the relevant 
parameters of the survivals and use the best fit of the parametric distribution for 
evaluation.  
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Brain gliomas 27 86.2 23.6 43 66.2 18.2 [360], 
[361] 

Brain-glioma study Phase II, Retrospective 140 71.7     [362], 
[363] 
 

Astrocytoma  40  25.8 80 40.2 20.2 
Glioblastoma 92  16 73 21.9 13.1 
Diffuse astrocytoma 8  52.9    
Glioma (WHO IV) Study, Phase II, 
prospective, two arms

45   15       [160], 
[364] 

Passive arm 36 40 11    
Active arm 9 65 14.5 43 66.2 18.2 
Recurrent glioblastoma study, 
Phase II, retrospective, 

19 68.0 21.8 59 32.6 12.4 [365] 

Glioma study, Phase II, retrospective 36 60.0         [366] 
Astrocytoma 9  106    
Glioblastoma 27  20    
Glioma study, Phase II, retrospective 179           [367] 

 
 

Astrocytoma 53 100 103    
Glioblastoma 126 76 16    
Advanced, relapsed brain gliomas, Phase 
II, retrospective 

12   10 25     [368] 
 

Brain glioma WHO III-IV, Phase I, safety 
prospective 

15           [369], 
[370], 
[371], 
[372] 

Head and neck study, Phase II.  
retrospective 

64 92.2 26.1       [160], 
[373] 

Bone-metastases, monotherapy, 
Phase II, retrospective 

6 100 40.1       [160], 
[373] 
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Refractory bone-metastases study, Phase 
II, retrospective 

11     90.9     [374] 
 

Breast cancers 103 97.1 52.1 45 274.8 10.9 [160] , 
[373] 

Colorectal cancer () 218 84.9 28.5      [160] , 
[373] 
 
 
 

Sigma  12   34.1   
Rectum  92     57.1  58  21 
Colon  114     44.2 109.8 23.2 

Colon cancer study, , Phase II, 
prospective, three arms, randomized  

154          [375] 
[376] 
 
 

Clifford TCM  53   75   

Monotherapy  50   81   

Combined therapy  51   91   

Esophagus study, Phase II, retrospective 12 41.7 28.5 35 29.4 8.5 [160], 
[377] 

Rectum cancer study, 
Inoperable→operable, Phase II, 
retrospective 

7     71     [378] 
 

Kidney cancer study, Phase II, 
retrospective 

39 84.6 35.9 48 78.4 33.7 [160], 
[373] 

Liver metastases from various origin, 
Phase II, retrospective  

25   20.5       [379] 
 

Liver metastases from various origin,  
Comparative study, Phase II, retrospective

28           [374] 
 
 
 

With radiotherapy 16   81   
With chemotherapy 8   38   
Monotherapy 4   25   
Liver metastasis form colorectal origin, 
Phase II, retrospective

80 86.0 24.1       [380] 
 
 
 

Passive arm  53 11    
Active arm 80 91 24.1    
With chemotherapy 30 80 21.5    
Monotherapy 50 92 24.4    
Liver metastasis form colorectal origin, 
Phase II, retrospective 

15    23 80     [381] 
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4. Create a quasi-control arm. Patients having no benefit from oncothermia could form a 
quasi-arm for control. The “no benefit” category could be defined when the patient 
survival is short from the time of the first oncothermia treatment.  

5. Parametric evaluation. Use the available latest statistical knowledge to find the relevant 
parameters of the survivals and use the best fit of the parametric distribution for 
evaluation.  
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Brain gliomas 27 86.2 23.6 43 66.2 18.2 [360], 
[361] 

Brain-glioma study Phase II, Retrospective 140 71.7     [362], 
[363] 
 

Astrocytoma  40  25.8 80 40.2 20.2 
Glioblastoma 92  16 73 21.9 13.1 
Diffuse astrocytoma 8  52.9    
Glioma (WHO IV) Study, Phase II, 
prospective, two arms

45   15       [160], 
[364] 

Passive arm 36 40 11    
Active arm 9 65 14.5 43 66.2 18.2 
Recurrent glioblastoma study, 
Phase II, retrospective, 

19 68.0 21.8 59 32.6 12.4 [365] 

Glioma study, Phase II, retrospective 36 60.0         [366] 
Astrocytoma 9  106    
Glioblastoma 27  20    
Glioma study, Phase II, retrospective 179           [367] 

 
 

Astrocytoma 53 100 103    
Glioblastoma 126 76 16    
Advanced, relapsed brain gliomas, Phase 
II, retrospective 

12   10 25     [368] 
 

Brain glioma WHO III-IV, Phase I, safety 
prospective 

15           [369], 
[370], 
[371], 
[372] 

Head and neck study, Phase II.  
retrospective 

64 92.2 26.1       [160], 
[373] 

Bone-metastases, monotherapy, 
Phase II, retrospective 

6 100 40.1       [160], 
[373] 

 
Local Hyperthermia in Oncology – To Choose or not to Choose? 51 

 
 

Study 

N
um

be
r o

f p
at

ie
nt

s 

1s
t y

ea
r s

ur
vi

va
l (

%
) 

M
ed

ia
n 

ov
er

al
l s

ur
vi

va
l (

m
) 

R
es

po
sn

di
ng

 p
at

ie
nt

s/
ra

tio
 

(%
) 

M
ed

ia
n 

ov
er

al
l s

ur
vi

va
l o

f 
re

sp
on

di
ng

 p
at

ie
nt

s 
(m

)  

M
ed

ia
n 

ov
er

al
l s

ur
vi

va
l o

f 
no

n-
re

sp
on

di
ng

 
 p

at
ie

nt
s 

(m
)  

R
ef

er
en

ce
 

Refractory bone-metastases study, Phase 
II, retrospective 

11     90.9     [374] 
 

Breast cancers 103 97.1 52.1 45 274.8 10.9 [160] , 
[373] 

Colorectal cancer () 218 84.9 28.5      [160] , 
[373] 
 
 
 

Sigma  12   34.1   
Rectum  92     57.1  58  21 
Colon  114     44.2 109.8 23.2 

Colon cancer study, , Phase II, 
prospective, three arms, randomized  

154          [375] 
[376] 
 
 

Clifford TCM  53   75   

Monotherapy  50   81   

Combined therapy  51   91   

Esophagus study, Phase II, retrospective 12 41.7 28.5 35 29.4 8.5 [160], 
[377] 

Rectum cancer study, 
Inoperable→operable, Phase II, 
retrospective 

7     71     [378] 
 

Kidney cancer study, Phase II, 
retrospective 

39 84.6 35.9 48 78.4 33.7 [160], 
[373] 

Liver metastases from various origin, 
Phase II, retrospective  

25   20.5       [379] 
 

Liver metastases from various origin,  
Comparative study, Phase II, retrospective

28           [374] 
 
 
 

With radiotherapy 16   81   
With chemotherapy 8   38   
Monotherapy 4   25   
Liver metastasis form colorectal origin, 
Phase II, retrospective

80 86.0 24.1       [380] 
 
 
 

Passive arm  53 11    
Active arm 80 91 24.1    
With chemotherapy 30 80 21.5    
Monotherapy 50 92 24.4    
Liver metastasis form colorectal origin, 
Phase II, retrospective 

15    23 80     [381] 
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Liver metastasis form colorectal origin, 
Phase II, retrospective 

22   28       [382] 

Rectal cancer, non-operable, , Phase II, 
retrospective 

65      96     [383] 
 

Liver metastasis 29   86   
Metastatic brain tumors study, Phase II, 
retrospective 

15 90.0 46.2 73 48.2 16.1 [368] 

Non-small cell lung cancer meta-analysis 311       [384] 
 
 
 

Passive arm 53 26.5 14    
Active arm 258 67.0 15.8 21 53.4 18.1 
Non-advanced (WHO<III) 77  11 17   
Advanced (WHO≥III) 140  14.7 88   
Lung carcinoma study, Phase II, 
retrospective 

61 67.2 16.4    [385], 
[160] 

Pancreas tumor study, Phase II, 
retrospective 

26 46.2 11.6    [386] 

Liver metastasis form colorectal origin, 
Phase II, retrospective 

30   22       [387] 
 

Pancreas tumor study, Phase II, 
retrospective 

107         [385] 
 
 Passive arm 34  6.5    

Active arm 73 52.1 9.93 58 25.5 8.4 
Pancreas tumor study, Phase II, 
retrospective 

30 31.0   41 34.4 5.6 [388], 
[389] 

Pancreas tumor study, Phase II, 
retrospective 

42 52.4 12.3       [390] 
 

Pancreas tumor study, Phase II, 
retrospective 

13 40.0 11.9       [391] 

Pelvic gynecological cancer studies, Phase 
II, retrospective 

74      [392] 
 
 Cervix 38 86.8 27.6 25 63.5 20.9 

Ovary 27 100 37.8 67 132.7 19.4 
Uterus 9 100 61.5 62 68.5 32.0 
Prostate cancer study, Phase II, 
retrospective 

18 88.9 38.8 72 53.4 7.6 [377] 
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Esophagus study, Phase II, retrospective 7    6.8 100     [378] 
Soft tissue sarcoma study, Phase II, 
retrospective 

16 100 35.9 31 115.3 31.3 [160] 

Stomach cancer study, Phase II, 
retrospective  

68 58.9 14.4       [160] 

Urinary bladder cancer study, Phase II, 
retrospective 

18 85.0 36.5 73 42.0 22.6 [160] 

Table 1. Summary of the studies made by oncothermia treatment 

We show, as spectacular examples, two important categories in comparison with the 
literature: the sensitive extra-cranial (non-invasive) brain glioma treatments and the 
treatments of the aggressive pancreas tumors.  

4.4.1. Comparison of brain studies 

Some more open-label, single arm, monocentric, retrospective and intention-to-treat frame 
oncothermia studies were published at professional conferences, [393], [394], [395], [396], 
[397] as well.  

The comparison of the median survivals for anaplastic astrocytoma and for glioblastoma 
multiform obtained by different clinics shows good correlations. Their glioblastoma 
multiform (WHO IV) results are ranging from 14-25.2 months median survival (weighted 
mean is 19.1 months), while the literature ([352], [398], [399], [400]), uses only 10.5 months 
weighted mean.  

According to the RTOG classifications [401], we divided the patients into two groups: age 
under- and over-50 years. By this division in cases of glioblastoma oncothermia has 14.4 and 
19 months for over and under 50 years of ages, [397]; while RTOG has 9.7 and 13.7 months, 
[401]; respectively. The method shows successful applications in pediatric cases as well, [402].  

The results are pretty coherently above the statistical values of the large databases SEER [352] 
and the gold-standard radiotherapy (RT) and RT+PCV [398]. The results of oncothermia show 
advantages in comparison with the publications on Temozolomide [399], [400], too.  

The first-year survival rates compared to SEER [352] and EUROCARE [353] databases as 
well as to the recent chemotherapy of Temozolomide also show significant advantages 
(more than 25% increase) of oncothermia. 
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Liver metastasis form colorectal origin, 
Phase II, retrospective 

22   28       [382] 

Rectal cancer, non-operable, , Phase II, 
retrospective 

65      96     [383] 
 

Liver metastasis 29   86   
Metastatic brain tumors study, Phase II, 
retrospective 

15 90.0 46.2 73 48.2 16.1 [368] 

Non-small cell lung cancer meta-analysis 311       [384] 
 
 
 

Passive arm 53 26.5 14    
Active arm 258 67.0 15.8 21 53.4 18.1 
Non-advanced (WHO<III) 77  11 17   
Advanced (WHO≥III) 140  14.7 88   
Lung carcinoma study, Phase II, 
retrospective 

61 67.2 16.4    [385], 
[160] 

Pancreas tumor study, Phase II, 
retrospective 

26 46.2 11.6    [386] 

Liver metastasis form colorectal origin, 
Phase II, retrospective 

30   22       [387] 
 

Pancreas tumor study, Phase II, 
retrospective 

107         [385] 
 
 Passive arm 34  6.5    

Active arm 73 52.1 9.93 58 25.5 8.4 
Pancreas tumor study, Phase II, 
retrospective 

30 31.0   41 34.4 5.6 [388], 
[389] 

Pancreas tumor study, Phase II, 
retrospective 

42 52.4 12.3       [390] 
 

Pancreas tumor study, Phase II, 
retrospective 

13 40.0 11.9       [391] 

Pelvic gynecological cancer studies, Phase 
II, retrospective 

74      [392] 
 
 Cervix 38 86.8 27.6 25 63.5 20.9 

Ovary 27 100 37.8 67 132.7 19.4 
Uterus 9 100 61.5 62 68.5 32.0 
Prostate cancer study, Phase II, 
retrospective 

18 88.9 38.8 72 53.4 7.6 [377] 
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Esophagus study, Phase II, retrospective 7    6.8 100     [378] 
Soft tissue sarcoma study, Phase II, 
retrospective 

16 100 35.9 31 115.3 31.3 [160] 

Stomach cancer study, Phase II, 
retrospective  

68 58.9 14.4       [160] 

Urinary bladder cancer study, Phase II, 
retrospective 

18 85.0 36.5 73 42.0 22.6 [160] 

Table 1. Summary of the studies made by oncothermia treatment 

We show, as spectacular examples, two important categories in comparison with the 
literature: the sensitive extra-cranial (non-invasive) brain glioma treatments and the 
treatments of the aggressive pancreas tumors.  

4.4.1. Comparison of brain studies 

Some more open-label, single arm, monocentric, retrospective and intention-to-treat frame 
oncothermia studies were published at professional conferences, [393], [394], [395], [396], 
[397] as well.  

The comparison of the median survivals for anaplastic astrocytoma and for glioblastoma 
multiform obtained by different clinics shows good correlations. Their glioblastoma 
multiform (WHO IV) results are ranging from 14-25.2 months median survival (weighted 
mean is 19.1 months), while the literature ([352], [398], [399], [400]), uses only 10.5 months 
weighted mean.  

According to the RTOG classifications [401], we divided the patients into two groups: age 
under- and over-50 years. By this division in cases of glioblastoma oncothermia has 14.4 and 
19 months for over and under 50 years of ages, [397]; while RTOG has 9.7 and 13.7 months, 
[401]; respectively. The method shows successful applications in pediatric cases as well, [402].  

The results are pretty coherently above the statistical values of the large databases SEER [352] 
and the gold-standard radiotherapy (RT) and RT+PCV [398]. The results of oncothermia show 
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No serious side effects were observed [403]. Patients tolerated the treatments well during 
the whole treatment period. Most of the patients were well relaxed, some even fell asleep 
during the treatment. Patients reported better quality of life, but this information was not 
objectively measured.   

The results well indicate the feasibility and the benefit of the oncothermia showing a valid 
treatment potential and safe application. Oncothermia is a potential way to escape from the 
present impasse situation and could treat brain gliomas successfully. Question of Editorial 
of JAMA “Where to go from here?” [404] could be answered with the help of the 
oncothermia way.  

4.4.2. Comparison of pancreas efficacy studies I. & II 

For clear evidence of the results, let us compare the first year survivals and the median 
survivals obtained in various clinics in comparison to the historical control and the large 
databases. The weighted average of five clinics of the first year survival percentages and the 
median survival times are 47.5 % and 12.4 months for oncothermia, while the references 
(large databases SEER and EUROCARE) show 15.6 % and 7.3 months, respectively. 

5. Future – To join or not to join?  

Oncothermia formulated a new paradigm: [72], and made it clear “What is against the 
acceptance of hyperthermia?” [83]. The problem is the misleading aim of getting 
uncontrollable temperature as dose and ignoring the physiological reaction of the patients.  

The philosophy of oncothermia simply follows the line of Hypocrates: “Nil Nocere” (“Do 
not harm”). Of course this has to be understood as “be natural as much as possible”. 
Oncothermia supports the natural processes of living organisms, applying the normal 
physiological and biophysical reactions of the body, using these to fight against the 
malignancy on standard way. The basic problem of the malignancy is that the immune 
system and all the protective mechanisms of the organism do not fight against this lesion, do 
not recognize the danger, they handle it as a normal tissue, supply and try to solve the 
irregularities, if it was  a wound. By the appropriate selective mechanism, oncothermia is 
able to “discover” these irregularities, showing their differences from the normal tissue and 
activate the standard protective, defense mechanisms in the body to fight.  

5.1. Natural treatment paradigm 

The natural therapy must help the body’s internal corrective actions to reestablish the 
healthy state. In normal healthy state the body is in homeostasis, which is controlled by 
numerous negative feedback loops, making the actual state definitely “constant” despite its 
energetically open status, (see Figure 45.). The disease breaks up the relative equilibrium, 
and the body tries to reestablish the homeostasis. For this enhanced negative feedback 
control is enforced (see Figure 46.). Recognizing the disease, we act with our medical 
knowledge, and in many cases, we work against the natural homeostasis, the constrained 
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action induces new homeostatic negative feedback. The body starts to fight against our 
constraints together with the disease (see Figure 47.). This controversial situation happens 
with classical hyperthermia, when the constrained massive temperature change is 
physiologically down-regulated (or at least the physiology works against it by the systemic 
[like blood-flow] and local [like HSP] reactions). Oncothermia disclaims the old approach, 
introducing a new paradigm: with the application of micro-heating, it induces considerably 
less physiological feedback to work against the action, and with the application of the 
electric field it uses such effect, for which the body has no physiological answer. With this 
new paradigm, oncothermia helps the natural feedback mechanisms to reestablish the 
healthy state (see Figure 48.).  
 

 
Figure 45. The natural healthy state is stabilized by the negative feedback loops of physiology 

 

 
Figure 46. The disease breaks the homeostasis, so the physiology tries to compensate and correct the 
damage 
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Figure 47. The classical hyperthermia introduces a new constrained effect which induces even more 
physiological feedback, forcing the body for the “double front” fight 

 
Figure 48. Oncothermia acts differently. It helps the natural feedback loops for natural corrections 

Oncothermia blocks the physiological positive feedbacks, reestablishes the homeostasis to 
the level, which the actual conditions allow. The blocks are effective:   

 The growth of cancer itself has a positive feedback loop. The rate of proliferation 
depends on the actual mass of the tumor, so the tumor mass gradually grows. Selective 
blocking of malignant autonomy could eliminate the positive feedback loop of 
malignancy.  
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 The lowering of the pH of the tumor is also a positive feedback loop. By the blocking of 
the high metabolic rate, the pH-loop is eliminated as well.  

 The injury current loop also has positive feedback. This is broken by the flow of the 
electric current density.  

 The neoangiogenesis is also a positive feedback, supporting the tumor by its accelerated 
nutrition demand. The electric current prefers the new vessels for conduction, blocking 
their actions.  

 The growing temperature decreases the impedance (increases the conductance by the 
mobility of the ions) in the tumor. This positive feedback loop is used till the 
temperature does not increase too much. The step-up heating uses this effect and 
controls this loop.  

 The growing temperature blocks the blood-flow in the tumor, which traps the heat in 
the center of the tumor. The heat-trap makes necrosis in the center of the tumor, which 
is anyway very acidic, and in most cases it is necrotized naturally. In artificial focusing, 
this necrotized volume remains the main target, however it does not need more energy. 
The real danger of the tumor is the vividly living outer “shell” which is responsible for 
metastases and for the volume-occupying rapid growth as well. The oncothermia 
current flows through this “shell” irrespective of how large the necrotic center is, and 
makes the oncothermia effective. It is shown, that after oncothermia the proliferation 
activity is drastically suppressed even in the possible remaining tumor tissue, which of 
course was massively targeted by the RF current.  

5.2. Epilogue 

Hyperthermia is an ancient treatment. It was the very first one in oncology, but it could not 
find its established place among the “gold standards” of the oncotherapies. The controversial 
results were originated from the paradigm to constrain the temperature growth in the process. 
The constrained forces made physiological contra-reactions keep the homeostasis, which 
unfortunately contains the malignant tissue as well. The actions have to be selective, and have 
to be gentle enough to work together with the natural processes, and not against them. 

Oncothermia selects the malignant cells and acts differently from the physiological 
homeostatic reactions (heat-flow on the membrane supported by the electric field effects). It 
is natural, it is not against the homeostasis and physiology does not work against the action. 
The main task is to direct the physiology in the standard way, and act on such normal line. 
The positive feedback loops (the avalanche effects), which may destroy the normal 
homeostatic equilibrium have to be stopped.  

Oncothermia follows the update demands of the modern oncology:  

 It is a personalized therapy,  
 It is non- toxic,  
 It elongates the survival time of the patients,  
 It completes the curative actions with increased quality of life 
 It has good cost/benefit ratio 



 
Hyperthermia 56 

 
Figure 47. The classical hyperthermia introduces a new constrained effect which induces even more 
physiological feedback, forcing the body for the “double front” fight 

 
Figure 48. Oncothermia acts differently. It helps the natural feedback loops for natural corrections 

Oncothermia blocks the physiological positive feedbacks, reestablishes the homeostasis to 
the level, which the actual conditions allow. The blocks are effective:   

 The growth of cancer itself has a positive feedback loop. The rate of proliferation 
depends on the actual mass of the tumor, so the tumor mass gradually grows. Selective 
blocking of malignant autonomy could eliminate the positive feedback loop of 
malignancy.  

 
Local Hyperthermia in Oncology – To Choose or not to Choose? 57 

 The lowering of the pH of the tumor is also a positive feedback loop. By the blocking of 
the high metabolic rate, the pH-loop is eliminated as well.  

 The injury current loop also has positive feedback. This is broken by the flow of the 
electric current density.  

 The neoangiogenesis is also a positive feedback, supporting the tumor by its accelerated 
nutrition demand. The electric current prefers the new vessels for conduction, blocking 
their actions.  

 The growing temperature decreases the impedance (increases the conductance by the 
mobility of the ions) in the tumor. This positive feedback loop is used till the 
temperature does not increase too much. The step-up heating uses this effect and 
controls this loop.  

 The growing temperature blocks the blood-flow in the tumor, which traps the heat in 
the center of the tumor. The heat-trap makes necrosis in the center of the tumor, which 
is anyway very acidic, and in most cases it is necrotized naturally. In artificial focusing, 
this necrotized volume remains the main target, however it does not need more energy. 
The real danger of the tumor is the vividly living outer “shell” which is responsible for 
metastases and for the volume-occupying rapid growth as well. The oncothermia 
current flows through this “shell” irrespective of how large the necrotic center is, and 
makes the oncothermia effective. It is shown, that after oncothermia the proliferation 
activity is drastically suppressed even in the possible remaining tumor tissue, which of 
course was massively targeted by the RF current.  

5.2. Epilogue 

Hyperthermia is an ancient treatment. It was the very first one in oncology, but it could not 
find its established place among the “gold standards” of the oncotherapies. The controversial 
results were originated from the paradigm to constrain the temperature growth in the process. 
The constrained forces made physiological contra-reactions keep the homeostasis, which 
unfortunately contains the malignant tissue as well. The actions have to be selective, and have 
to be gentle enough to work together with the natural processes, and not against them. 

Oncothermia selects the malignant cells and acts differently from the physiological 
homeostatic reactions (heat-flow on the membrane supported by the electric field effects). It 
is natural, it is not against the homeostasis and physiology does not work against the action. 
The main task is to direct the physiology in the standard way, and act on such normal line. 
The positive feedback loops (the avalanche effects), which may destroy the normal 
homeostatic equilibrium have to be stopped.  

Oncothermia follows the update demands of the modern oncology:  

 It is a personalized therapy,  
 It is non- toxic,  
 It elongates the survival time of the patients,  
 It completes the curative actions with increased quality of life 
 It has good cost/benefit ratio 



 
Hyperthermia 58 

The introduced new paradigm by oncothermia solved the classical challenges:  

 Challenge (1): “The biology is with us while the physics is against us” (Overgard J., 
[405]). 

- Oncothermia solution: “The biophysics is with us” 
 Challenge (2): “The biology and the physics are with us while the physiology is against 

us” (Osinsky S., [88]). 
- Oncothermia solution: “The fractal physiology is with us”  
 Challenge (3): “Reference point is needed!” (Fatehi D. van der Zee J., et. al. [406]).  
- Oncothermia solution: “Back to the gold standards, use the energy instead of 

temperature” 

The task for the future is challenging, and we are expecting professionals to repeat our 
results and come with us to fight in the war against cancer [407].  
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1. Introduction 

Globally, breast cancer is the most common type of cancer among women, which comprises 
23% of all female cancers that are newly diagnosed in more than 1.1 million women each 
year. Over 411 000 deaths result from breast cancer annually; this accounts for over 1.6% of 
female deaths from all causes. Hyperthermia also called thermal therapy or thermotherapy 
is a type of cancer treatment in which body tissue is exposed to high temperatures. Research 
has shown that high temperatures can damage and kill cancer cells, usually with minimal 
injury to normal tissues. Otherwise, ablation or high temperature hyperthermia is defined as 
the direct application of chemical or thermal therapies to a tumor to achieve eradication or 
substantial tumor destruction. Many ablation modalities have been used, including 
cryoablation, ethanol ablation, laser ablation, and radiofrequency ablation. The most recent 
development has been the use of microwave ablation in tumors. Furthermore, The use of 
breast cancer mammography screening has allowed detecting a greater number of small 
carcinomas and this has facilitated treatment by minimally invasive techniques. Currently, 
physicians test minimally invasive ablation techniques to determine if they will be acceptable 
substitutes for surgical removal of primary breast tumors. Therefore, numerical 
electromagnetic and thermal simulations are used to optimize the antenna design and predict 
heating patterns. A review of different hyperthermia ablative therapies, for breast cancer 
treatment is summarized in this work. Otherwise, advanced computer modeling in high 
hyperthermia treatment and experimental model validation will be referred to in this chapter. 

1.1. Tumor ablation 

Tumor ablation is defined as the direct application of chemical or thermal therapies to a 
tumor to achieve eradication or substantial tumor destruction. The aim of tumor ablation is 
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to destroy an entire tumor by using heat to kill the malignant cells in a minimally invasive 
fashion together with a sufficient margin of healthy tissue, to prevent local recurrence. Many 
ablation modalities have been used, including cryoablation, ethanol ablation, laser ablation, 
and radiofrequency ablation (RFA). The most recent development has been the use of 
microwave ablation (MWA) in tumors [1].  

Nevertheless the local application of heat to treat patients with malignant tumors is not a 
novel concept. The Edwin Smith papyrus describes the topical application of hot oil or 
heated metallic implements that were used approximately 5000 years ago to treat patients 
with tumors [2]. The use of an electrical current to produce thermal tissue necrosis in 
patients with breast carcinoma also is not new: Metallic or clay-insulated electrodes were 
inserted into locally advanced breast tumors in the late 19th century to shrink the tumor and 
reduce pain and bleeding [3]. 

1.2. Principles of tissue damage 

1.2.1. Radiofrequency ablation 

This therapy works by converting radiofrequency waves into heat through ionic vibration. 
Alternating current passing from an electrode into the surrounding tissue causes ions to 
vibrate in an attempt to follow the change in the direction of the rapidly alternating current. 
It is the ionic friction that generates the heat within the tissue and not the electrode itself. 
The higher the current, the more vigorous the motion of the ions and the higher the 
temperature reached over a certain time, eventually leading to coagulation necrosis and cell 
death. The ability to efficiently and predictably create an ablation is based on the energy 
balance between the heat conduction of localized radiofrequency energy and the heat 
convection from the circulation of blood, lymph, or extra and intracellular fluid [4]. The 
amount of radiofrequency produced heat is directly related to the current density dropping 
precipitously away from the electrodes, thus resulting in lower periphery temperatures. It 
can be approximated that the heat generated in a region at distance d from the electrode 
drops as 1/d4. The goal of radiofrequency ablation is to achieve local temperatures that are 
lethal to the targeted tissue. Generally, thermal damage to cells begins at 42°C; and once 
above 60°C, intracellular proteins are denatured, the lipid bilayer melts, and irreversible cell 
death occurs [5]. 

1.2.2. Microwave ablation 

Water molecules are polar, that is, the electric charges on the molecules are asymmetric. The 
alignment and the charges on the atoms are such that the hydrogen side of the molecule has 
a positive charge, and the oxygen side has a negative charge. When an oscillating electric 
charge from radiation interacts with a water molecule, it causes the molecule to flip. 
Microwave radiation is specially tuned to the natural frequency of water molecules to 
maximize this interaction. Temperature is a measure of how fast molecules move in a 
substance, and the vigorous movement of water molecules raises the temperature of water. 
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Therefore, electromagnetic microwaves heat matter by agitating water molecules in the 
surrounding tissue, producing friction and heat, thus inducing cellular death via 
coagulation necrosis [6]. 

1.3. Ablative devices 

1.3.1. Radiofrequency ablation 

The different manufacturers employed various strategies to obtain larger ablation zones [7]; 
there are currently three different manufacturers that offer commercial radiofrequency 
tumor ablation devices in the USA (Boston Scientific, Rita Medical and Valleylab) and an 
additional one in Europe (Celon). Two manufacturers (Boston Scientific and Rita Medical) 
employ multitined electrodes, to increase electrode surface area and volume of tissue heating. 
For multitined electrodes typically an incremental deployment of the tines in stages is used, 
with ablation at each deployment stage for a certain amount of time or until the target 
temperature is achieved to ensure complete ablation of the target volume. Two manufacturers 
use internal electrode cooling via circulation of water or saline to increase ablation zone size 
(Valleylab and Celon). By cooling the electrode, the tissue surrounding the electrode is also 
cooled. The location of maximum temperature is ‘pushed’ further into the tissue, resulting in a 
larger ablation zone size. A similar effect is obtained by infusing saline into the tissue via ports 
in the electrode this method is used by the Starburst Xli™ electrode [8]. 

1.3.2. Microwave ablation 

A variety of probes have been proposed for use in MWA, with the majority being based on a 
coaxial structure due to the deep-seated location of many tumors and the angular symmetry 
of the tumor. Initial antennas based upon a coaxial waveguide structure include designs, 
such as the monopole, dipole and slot antennas, often encased in a polytetrafluoroethylene 
(PTFE) catheter to minimize adhesion of the probe to desiccated ablated tissue. A number of 
challenges, characteristics and trade-offs have been identified in the design of MWA probes. 
Challenges include the reduction of backward heating, minimization of probe diameter and 
impedance matching of the antenna to the surrounding tissue. Trade-offs in design involve 
probe diameter versus maximum application of power and ablation power versus ablation 
time. Early coaxial antennas developed for MWA yielded ablation zones resembling a ‘tear 
drop’, as opposed to the desired spherical shape [9]. More recent MWA probes were designed 
to minimize probe size, maximize ablation zone size, minimize detrimental heating of the 
feedline and yield more spherical lesions, by minimizing impedance mismatch [10-12]. 

2. Clinical applications 

2.1. Radiofrequency ablation 

The first RFA clinical report was published in 1999, Jeffrey et al. [13] treated with RFA a 
small series of five women, aged 38 to 66 years, with locally advanced (stage III) breast 
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The different manufacturers employed various strategies to obtain larger ablation zones [7]; 
there are currently three different manufacturers that offer commercial radiofrequency 
tumor ablation devices in the USA (Boston Scientific, Rita Medical and Valleylab) and an 
additional one in Europe (Celon). Two manufacturers (Boston Scientific and Rita Medical) 
employ multitined electrodes, to increase electrode surface area and volume of tissue heating. 
For multitined electrodes typically an incremental deployment of the tines in stages is used, 
with ablation at each deployment stage for a certain amount of time or until the target 
temperature is achieved to ensure complete ablation of the target volume. Two manufacturers 
use internal electrode cooling via circulation of water or saline to increase ablation zone size 
(Valleylab and Celon). By cooling the electrode, the tissue surrounding the electrode is also 
cooled. The location of maximum temperature is ‘pushed’ further into the tissue, resulting in a 
larger ablation zone size. A similar effect is obtained by infusing saline into the tissue via ports 
in the electrode this method is used by the Starburst Xli™ electrode [8]. 

1.3.2. Microwave ablation 

A variety of probes have been proposed for use in MWA, with the majority being based on a 
coaxial structure due to the deep-seated location of many tumors and the angular symmetry 
of the tumor. Initial antennas based upon a coaxial waveguide structure include designs, 
such as the monopole, dipole and slot antennas, often encased in a polytetrafluoroethylene 
(PTFE) catheter to minimize adhesion of the probe to desiccated ablated tissue. A number of 
challenges, characteristics and trade-offs have been identified in the design of MWA probes. 
Challenges include the reduction of backward heating, minimization of probe diameter and 
impedance matching of the antenna to the surrounding tissue. Trade-offs in design involve 
probe diameter versus maximum application of power and ablation power versus ablation 
time. Early coaxial antennas developed for MWA yielded ablation zones resembling a ‘tear 
drop’, as opposed to the desired spherical shape [9]. More recent MWA probes were designed 
to minimize probe size, maximize ablation zone size, minimize detrimental heating of the 
feedline and yield more spherical lesions, by minimizing impedance mismatch [10-12]. 

2. Clinical applications 

2.1. Radiofrequency ablation 

The first RFA clinical report was published in 1999, Jeffrey et al. [13] treated with RFA a 
small series of five women, aged 38 to 66 years, with locally advanced (stage III) breast 
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cancer or tumors larger than 5 cm. While patients were under general anesthesia and just 
before surgical resection, a 15-gauge insulated multiple-needle electrode (LeVeen needle 
electrode; RadioTherapeutics Corp, Mountain View, Calif) was inserted into the tumor 
under sonographic guidance. The multiple-needle electrode was connected to a RF-2000 
generator (Radio Therapeutics Corp), and a return electrode pad (Valley Lab, Boulder, 
Colo). Radiofrequency energy was applied at a low power by a preset protocol for a period 
of up to 30 minutes. The ablated area measured 0.8–1.8 cm diameter and non-viable tumor 
was found within this area in four patients. 

Izzo et al. [14] used the same RFA electrode in patients with much smaller tumours. Twenty-
six women with a mean cancer size of 18 mm underwent RFA and immediate surgical 
excision. RFA was performed following a predetermined two-phase algorithm. Treatment 
was initiated at 10 watts of power for 2 minutes, after which, power was increased in 5-watt 
increments every minute until tissue impedance rose rapidly and power dropped below 10 
watts, thus indicating complete coagulative necrosis of the target lesion. After a 30-second 
pause, a second phase of treatment was applied, again beginning at 10 watts for 2 minutes 
followed by increases in power of 5 watts per minute until tissue impedance again rose and 
power rolled off. Power (watts) and impedance (ohms) were monitored continuously 
during treatment. The maximum power at the time of increase in the tissue impedance 
preceding power roll off and the total time needed to complete two-phase RFA were 
recorded. NADH diaphorase histochemical analysis showed a residual cancer focus in an 
area adjacent to the needle shaft site in one case, while the remaining patients were treated 
successfully with a complication rate of 4%. 

Burak et al. [15] treated tumours with a mean diameter of 12 mm, creating an ablation zone 
of 26–45 mm and reported one case with surviving malignancy. Viability was assessed using 
cytokeratin 8  18 stain. Under ultrasound guidance, 1% lidocaine was injected around the 
breast tumor for a distance of about 3 cm in all directions surrounding the tumor mass. 
After a 5–10-minute waiting period, a small skin incision was made with a number 11 
surgical blade under aseptic conditions. The 2 cm array RFA probe (Radiotherapeutics, 
Sunnyvale, CA) was inserted under ultrasound guidance and deployed so that the “prongs” 
encompassed the breast tumor. Radiofrequency energy was applied over 2 time periods, 
which were not to exceed a total of 30 minutes. In the first time period, power was set to 10 
W and increased in 5 W intervals every 2 minutes until a rapid increase in impedance 
(ohms) occurred, or when 60 W was reached. If 60 W was obtained, the probe was left in 
place until impedance or a total period of 15 minutes elapsed. In the second time period, the 
application began at 10W and the same titration was followed. 

Hayashi et al. [16] ablated small breast primaries measuring 9 mm median in 22 patients. 
The median ablated diameter was 35 mm, viability was assessed with NADHdiaphorase 
and showed eight failures. In three, the site was at the periphery but in five was in a missed 
untargeted area. Under sterile conditions in the ultrasonography suite, a 15-gauge, 7-array 
StarBurst radioprobe (RITA Medical Systems, Mountain View, California) was placed 
directly into the tumor using sonographic guidance (HDI 3000; Phillips Medical, Bothell, 
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Washington). The prongs were deployed after positioning was confirmed in three 
dimensions using real-time ultrasound. The probe was connected to the RF generator (RITA 
model 1500) with a grounding pad placed on each thigh to complete the electrical circuit. 
The generator was set to automatic, power at 20 W, temperature to 95°C, and ablation time 
set at 15 minutes. The generator was activated and power was delivered incrementally until 
the target temperature was attained and held for the set time. The ablation process was 
monitored with ultrasonography and real time temperature feedback. Vital signs were 
monitored and if the patient reported significant discomfort, the ablation was temporarily 
halted. On completion of the procedure, the tines were retracted and the needle withdrawn. 

Fornage et al. [17] treated 21 breast tumours of < 2 cm and in the subsequent excision 
specimen all targeted cancer foci were ablated with an average diameter of 3.8 cm. One 
patient who had received neoadjuvant chemotherapy was found to have a further 
mammographically and ultrasonically occult viable tumour. A 460-kHz monopolar RF 
electrosurgical generator specifically designed for use with electrosurgical RF probes (RITA 
Medical Systems, Mountain View, Calif) was used in this study. The needle-electrode 
consists of a primary electrode— that is, a 15-gauge stainless-steel cannula with a 
noninsulated distal tip that acts as an electrode—and secondary electrodes, which are 
curved, flexible stainless-steel prongs that are contained within and can be deployed outside 
of the primary electrode. A 50-W model 500 electrosurgical RF generator (RITA Medical 
Systems) with a disposable, seven-array model 70 Starburst needle electrode (RITA Medical 
Systems) was used in the first nine patients. Subsequently, a 150-W model 1500 generator 
(RITA Medical Systems) with a nine-array Starburst XL needle-electrode (RITA Medical 
Systems) was used in 11 patients. Both types of needle-electrodes were 15 cm long. The 
arrays on the Starburst XL needle-electrode can be deployed to a length of 5 cm. 
Thermocouples placed at the tips of four prongs of the seven-array needleelectrode and at 
the tips of five prongs of the nine-array needle-electrode enabled continuous real-time 
monitoring of the temperatures at the tips. A laptop computer with proprietary software 
developed by the manufacturer of the RF ablation equipment was used to graphically 
display, in real time, the curves of the temperatures at the tips, the power of the generator, 
and the impedance of the tissues over time. 

Marcy et al. [18] treated five cancers in four not-fit-for-surgery patients with RFA and had 
one relapse after 4 months. Percutaneous radiofrequency–lumpectomy was performed 
under local analgesia (lidocaine, subcutaneous injection), using ultrasound guidance under 
sterile conditions in the interventional radiology suite. RFA was applied between a large 
neutral electrode, leading to a high electric field line density in the region of the needle tip, 
and the 1.5 mm x 1.1 mm non-isolated needle tip ablation electrode. Thermal lesions were 
always produced with RF power 30 W, at a frequency of 500 kHz, during a 12 min 
application time as recommended by the manufacturer (Elektrotom 104HF; Thermo-
Berchtold Medizinelektronik Gmbh, Tuttlingen, Germany). A controlled interstitial needle 
perfusion of isotonic sterile saline solution (0.9% NaCl) was applied using an infusion pump 
(Perfusor Secura FT; Braun, France). The current flows from the uninsulated perfused 
electrode implanted in the tumour to a grounding pad applied externally to the skin. A 
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cancer or tumors larger than 5 cm. While patients were under general anesthesia and just 
before surgical resection, a 15-gauge insulated multiple-needle electrode (LeVeen needle 
electrode; RadioTherapeutics Corp, Mountain View, Calif) was inserted into the tumor 
under sonographic guidance. The multiple-needle electrode was connected to a RF-2000 
generator (Radio Therapeutics Corp), and a return electrode pad (Valley Lab, Boulder, 
Colo). Radiofrequency energy was applied at a low power by a preset protocol for a period 
of up to 30 minutes. The ablated area measured 0.8–1.8 cm diameter and non-viable tumor 
was found within this area in four patients. 

Izzo et al. [14] used the same RFA electrode in patients with much smaller tumours. Twenty-
six women with a mean cancer size of 18 mm underwent RFA and immediate surgical 
excision. RFA was performed following a predetermined two-phase algorithm. Treatment 
was initiated at 10 watts of power for 2 minutes, after which, power was increased in 5-watt 
increments every minute until tissue impedance rose rapidly and power dropped below 10 
watts, thus indicating complete coagulative necrosis of the target lesion. After a 30-second 
pause, a second phase of treatment was applied, again beginning at 10 watts for 2 minutes 
followed by increases in power of 5 watts per minute until tissue impedance again rose and 
power rolled off. Power (watts) and impedance (ohms) were monitored continuously 
during treatment. The maximum power at the time of increase in the tissue impedance 
preceding power roll off and the total time needed to complete two-phase RFA were 
recorded. NADH diaphorase histochemical analysis showed a residual cancer focus in an 
area adjacent to the needle shaft site in one case, while the remaining patients were treated 
successfully with a complication rate of 4%. 

Burak et al. [15] treated tumours with a mean diameter of 12 mm, creating an ablation zone 
of 26–45 mm and reported one case with surviving malignancy. Viability was assessed using 
cytokeratin 8  18 stain. Under ultrasound guidance, 1% lidocaine was injected around the 
breast tumor for a distance of about 3 cm in all directions surrounding the tumor mass. 
After a 5–10-minute waiting period, a small skin incision was made with a number 11 
surgical blade under aseptic conditions. The 2 cm array RFA probe (Radiotherapeutics, 
Sunnyvale, CA) was inserted under ultrasound guidance and deployed so that the “prongs” 
encompassed the breast tumor. Radiofrequency energy was applied over 2 time periods, 
which were not to exceed a total of 30 minutes. In the first time period, power was set to 10 
W and increased in 5 W intervals every 2 minutes until a rapid increase in impedance 
(ohms) occurred, or when 60 W was reached. If 60 W was obtained, the probe was left in 
place until impedance or a total period of 15 minutes elapsed. In the second time period, the 
application began at 10W and the same titration was followed. 

Hayashi et al. [16] ablated small breast primaries measuring 9 mm median in 22 patients. 
The median ablated diameter was 35 mm, viability was assessed with NADHdiaphorase 
and showed eight failures. In three, the site was at the periphery but in five was in a missed 
untargeted area. Under sterile conditions in the ultrasonography suite, a 15-gauge, 7-array 
StarBurst radioprobe (RITA Medical Systems, Mountain View, California) was placed 
directly into the tumor using sonographic guidance (HDI 3000; Phillips Medical, Bothell, 
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Washington). The prongs were deployed after positioning was confirmed in three 
dimensions using real-time ultrasound. The probe was connected to the RF generator (RITA 
model 1500) with a grounding pad placed on each thigh to complete the electrical circuit. 
The generator was set to automatic, power at 20 W, temperature to 95°C, and ablation time 
set at 15 minutes. The generator was activated and power was delivered incrementally until 
the target temperature was attained and held for the set time. The ablation process was 
monitored with ultrasonography and real time temperature feedback. Vital signs were 
monitored and if the patient reported significant discomfort, the ablation was temporarily 
halted. On completion of the procedure, the tines were retracted and the needle withdrawn. 

Fornage et al. [17] treated 21 breast tumours of < 2 cm and in the subsequent excision 
specimen all targeted cancer foci were ablated with an average diameter of 3.8 cm. One 
patient who had received neoadjuvant chemotherapy was found to have a further 
mammographically and ultrasonically occult viable tumour. A 460-kHz monopolar RF 
electrosurgical generator specifically designed for use with electrosurgical RF probes (RITA 
Medical Systems, Mountain View, Calif) was used in this study. The needle-electrode 
consists of a primary electrode— that is, a 15-gauge stainless-steel cannula with a 
noninsulated distal tip that acts as an electrode—and secondary electrodes, which are 
curved, flexible stainless-steel prongs that are contained within and can be deployed outside 
of the primary electrode. A 50-W model 500 electrosurgical RF generator (RITA Medical 
Systems) with a disposable, seven-array model 70 Starburst needle electrode (RITA Medical 
Systems) was used in the first nine patients. Subsequently, a 150-W model 1500 generator 
(RITA Medical Systems) with a nine-array Starburst XL needle-electrode (RITA Medical 
Systems) was used in 11 patients. Both types of needle-electrodes were 15 cm long. The 
arrays on the Starburst XL needle-electrode can be deployed to a length of 5 cm. 
Thermocouples placed at the tips of four prongs of the seven-array needleelectrode and at 
the tips of five prongs of the nine-array needle-electrode enabled continuous real-time 
monitoring of the temperatures at the tips. A laptop computer with proprietary software 
developed by the manufacturer of the RF ablation equipment was used to graphically 
display, in real time, the curves of the temperatures at the tips, the power of the generator, 
and the impedance of the tissues over time. 

Marcy et al. [18] treated five cancers in four not-fit-for-surgery patients with RFA and had 
one relapse after 4 months. Percutaneous radiofrequency–lumpectomy was performed 
under local analgesia (lidocaine, subcutaneous injection), using ultrasound guidance under 
sterile conditions in the interventional radiology suite. RFA was applied between a large 
neutral electrode, leading to a high electric field line density in the region of the needle tip, 
and the 1.5 mm x 1.1 mm non-isolated needle tip ablation electrode. Thermal lesions were 
always produced with RF power 30 W, at a frequency of 500 kHz, during a 12 min 
application time as recommended by the manufacturer (Elektrotom 104HF; Thermo-
Berchtold Medizinelektronik Gmbh, Tuttlingen, Germany). A controlled interstitial needle 
perfusion of isotonic sterile saline solution (0.9% NaCl) was applied using an infusion pump 
(Perfusor Secura FT; Braun, France). The current flows from the uninsulated perfused 
electrode implanted in the tumour to a grounding pad applied externally to the skin. A 
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feedback system controlling RF power application and saline infusion of the needle 
maintains power delivery. The RFA probe was designed to create a minimum spherical 
ablation volume of 3 cm diameter. Thermocoagulation included the tumour plus at least a 5 
mm margin. The RFA probe was typically positioned parallel to the overlying skin under 
ultrasound guidance, and the procedure was carried out during real-time ultrasound 
monitoring. Ablation zones were visualized as cone-shaped hyperechogenic areas around 
the needle tip, experiencing the temperature increase. Vital signs were monitored and if the 
patient reported significant discomfort, the ablation was temporarily halted. On completion 
of the procedure, the lines were retracted and the needle withdrawn. A small ice pack was 
placed on the wound for up to 24 h after the procedure for comfort. The patient was 
discharged home once stable and free of sedative effects. 

Susini et al. [19] treated three patients who had small breast cancers with RFA and followed 
them with clinical examination, ultrasound, magnetic resonance imaging (MRI) and core 
biopsy. After 18 months no relapses were reported. The 18-G Cool tip RF Radionics (Valley 
Lab, USA) was used to perform RFA, by means of one single electrode, 20-cm length. Local 
anesthesia was performed using a mixture of lidocaine and naropine injected under the 
overlying skin, and around the tumor. With ultrasound guidance, the electrode was inserted 
and its progression was monitored in real-time, allowing the exact positioning of the tip in 
the center of the lesion. Then, the RF generator was switched on and tissue impedance was 
measured. The generator produced RF energy through high-frequency (480 kHz) alternating 
current. When the tissue temperature reached 90°C, ultrasound image showed the “fog 
effect”, in relationship with the vaporization of intracellular water. RF energy was applied 
for a variable time of 8–12 min. 

Oura et al. [20] in their series of 52 patients with breast cancers of mean size 1.3 cm. 
Multifocality, multicentricity and tumour size were thoroughly investigated prior to RFA 
and patients with multiple malignant areas or large tumours were excluded. Patients were 
submitted to ultrasound guided RFA and were subsequently followed with clinical 
examination, ultrasound, MRI and cytology. After a mean follow-up of 18 months no 
relapses were reported. Operation was performed under general anesthesia in all patients. 
After the removal of sentinel node(s), RFA started using a Cool-tip RF needle with an 
uninsulated tip 3 cm in diameter (Valleylab, Boulder, CO). The Cool-tip RF needle was 
inserted into the tumor from the areola under ultrasound guidance. A total of 20-60 mL of 
5% glucose was injected subcutaneously just above the tumor after appropriate insertion of 
the needle was confirmed. The RFA started at 5 watts, raised the output to 10 watts 1 minute 
later, and thereafter increased output continuously in increments of 10 watts at 1 minute 
intervals until either the generator stopped delivering radiofrequency energy due to a 20 
ohms or more impedance increase of the ablated tissue from the base line, or the scheduled 
time which was 30 minutes in the first 29 cases and 15 minutes thereafter when‘break’did 
not occur. 

Medina et al. (2008) [21] treated Twenty-five patients, aged 42 to 89 years with invasive 
breast cancer <4 cm (range 0.9–3.8 cm). Under ultrasound guidance, a 17-gauge probe 
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(Elektrotom 106 HiTT, Berchtold, Germany) was inserted in the center of the tumor. The 
needle electrode was attached to a 500 kHz monopolar RFA generator. RF energy was 
applied to the tissue with initial power setting of 30 W, for three cycles of 3 minutes each. 
The energy was increased with increments of 5 W to a maximum power of 50 W. 
Radiofrequency was delivered until the tumor was completely hyperechoic with the aim of 
obtaining a safety margin of 1 cm around the tumor. Of the 25 patients treated, NADPH 
stain showed no evidence of viable malignant cells in 19 patients (76%), with significant 
difference between tumors <2 cm (complete necrosis in 13 of 14 cases, 92.8%). 

Currently Takayuki [22] et al. treated 49 patients, aged 36 – 82 years and tumor size ≤3.0 cm 
in diameter (range 0.5–3.0 cm) on US examination. Under US guidance, the 17-gauge 
ValleylabTM RF Ablation System with Cool-tipTM Technology (Covidien, Energy-Based 
Devices, Interventional Oncology, Boulder, CO) was inserted in the center of the tumor. The 
needle electrode was attached to a 500-kHz monopolar RF generator capable of producing 
200-W power. Tissue impedance was monitored continuously using circuitry incorporated 
into the generator. RF energy was applied to tissue with an initial power setting of 10 W and 
subsequently increased with increments of 5 W each minute to a maximum power of 55 W. 
The power setting was left at this point until power ‘rolloff’ occurred. Power rolloff implies 
that there is an increase in the tissue impedance. When this occurs, the power generator will 
shut off, stopping the flow of current and further tissue coagulation. After waiting 30–60 s, 
the second phase was started at 75% of the last maximum power until a second rolloff 
occured. Radiofrequency was applied until the tumor was completely hyperechoic. 
Following RF ablation, standard tumor resection was achieved with either a wide local 
excision or mastectomy according to the preference of the patient. Of the 49 treated patients, 
complete ablation was recognized in 30 patients (61%) by H&E staining and/or NADH 
diaphorase staining. A summary is presented in tables 1-4. 
 

Authors Patients Age range 
Tumor Size 

(cm) 

Jeffrey 5 38-66 4-7 

Izzo 26 37-78 0.7-3.0 

Burak 10 37-67 0.5-2.0 

Hayashi 22 60-80 0.5–2.2 

Fornage 20 38-80 ≤2.0 

Marcy 4 79-82 1.8-2.3 

Susini 3 76-86 <2.0 

Oura 52 37-83 0.5-2.0 

Medina 25 42-89 0.9 - 3.8 

Takayuki 49 20-90 ≤3.0 

Table 1. Patient and tumor characteristics in ten studies on radiofrequency ablation for breast cancer 
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feedback system controlling RF power application and saline infusion of the needle 
maintains power delivery. The RFA probe was designed to create a minimum spherical 
ablation volume of 3 cm diameter. Thermocoagulation included the tumour plus at least a 5 
mm margin. The RFA probe was typically positioned parallel to the overlying skin under 
ultrasound guidance, and the procedure was carried out during real-time ultrasound 
monitoring. Ablation zones were visualized as cone-shaped hyperechogenic areas around 
the needle tip, experiencing the temperature increase. Vital signs were monitored and if the 
patient reported significant discomfort, the ablation was temporarily halted. On completion 
of the procedure, the lines were retracted and the needle withdrawn. A small ice pack was 
placed on the wound for up to 24 h after the procedure for comfort. The patient was 
discharged home once stable and free of sedative effects. 

Susini et al. [19] treated three patients who had small breast cancers with RFA and followed 
them with clinical examination, ultrasound, magnetic resonance imaging (MRI) and core 
biopsy. After 18 months no relapses were reported. The 18-G Cool tip RF Radionics (Valley 
Lab, USA) was used to perform RFA, by means of one single electrode, 20-cm length. Local 
anesthesia was performed using a mixture of lidocaine and naropine injected under the 
overlying skin, and around the tumor. With ultrasound guidance, the electrode was inserted 
and its progression was monitored in real-time, allowing the exact positioning of the tip in 
the center of the lesion. Then, the RF generator was switched on and tissue impedance was 
measured. The generator produced RF energy through high-frequency (480 kHz) alternating 
current. When the tissue temperature reached 90°C, ultrasound image showed the “fog 
effect”, in relationship with the vaporization of intracellular water. RF energy was applied 
for a variable time of 8–12 min. 

Oura et al. [20] in their series of 52 patients with breast cancers of mean size 1.3 cm. 
Multifocality, multicentricity and tumour size were thoroughly investigated prior to RFA 
and patients with multiple malignant areas or large tumours were excluded. Patients were 
submitted to ultrasound guided RFA and were subsequently followed with clinical 
examination, ultrasound, MRI and cytology. After a mean follow-up of 18 months no 
relapses were reported. Operation was performed under general anesthesia in all patients. 
After the removal of sentinel node(s), RFA started using a Cool-tip RF needle with an 
uninsulated tip 3 cm in diameter (Valleylab, Boulder, CO). The Cool-tip RF needle was 
inserted into the tumor from the areola under ultrasound guidance. A total of 20-60 mL of 
5% glucose was injected subcutaneously just above the tumor after appropriate insertion of 
the needle was confirmed. The RFA started at 5 watts, raised the output to 10 watts 1 minute 
later, and thereafter increased output continuously in increments of 10 watts at 1 minute 
intervals until either the generator stopped delivering radiofrequency energy due to a 20 
ohms or more impedance increase of the ablated tissue from the base line, or the scheduled 
time which was 30 minutes in the first 29 cases and 15 minutes thereafter when‘break’did 
not occur. 

Medina et al. (2008) [21] treated Twenty-five patients, aged 42 to 89 years with invasive 
breast cancer <4 cm (range 0.9–3.8 cm). Under ultrasound guidance, a 17-gauge probe 
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(Elektrotom 106 HiTT, Berchtold, Germany) was inserted in the center of the tumor. The 
needle electrode was attached to a 500 kHz monopolar RFA generator. RF energy was 
applied to the tissue with initial power setting of 30 W, for three cycles of 3 minutes each. 
The energy was increased with increments of 5 W to a maximum power of 50 W. 
Radiofrequency was delivered until the tumor was completely hyperechoic with the aim of 
obtaining a safety margin of 1 cm around the tumor. Of the 25 patients treated, NADPH 
stain showed no evidence of viable malignant cells in 19 patients (76%), with significant 
difference between tumors <2 cm (complete necrosis in 13 of 14 cases, 92.8%). 

Currently Takayuki [22] et al. treated 49 patients, aged 36 – 82 years and tumor size ≤3.0 cm 
in diameter (range 0.5–3.0 cm) on US examination. Under US guidance, the 17-gauge 
ValleylabTM RF Ablation System with Cool-tipTM Technology (Covidien, Energy-Based 
Devices, Interventional Oncology, Boulder, CO) was inserted in the center of the tumor. The 
needle electrode was attached to a 500-kHz monopolar RF generator capable of producing 
200-W power. Tissue impedance was monitored continuously using circuitry incorporated 
into the generator. RF energy was applied to tissue with an initial power setting of 10 W and 
subsequently increased with increments of 5 W each minute to a maximum power of 55 W. 
The power setting was left at this point until power ‘rolloff’ occurred. Power rolloff implies 
that there is an increase in the tissue impedance. When this occurs, the power generator will 
shut off, stopping the flow of current and further tissue coagulation. After waiting 30–60 s, 
the second phase was started at 75% of the last maximum power until a second rolloff 
occured. Radiofrequency was applied until the tumor was completely hyperechoic. 
Following RF ablation, standard tumor resection was achieved with either a wide local 
excision or mastectomy according to the preference of the patient. Of the 49 treated patients, 
complete ablation was recognized in 30 patients (61%) by H&E staining and/or NADH 
diaphorase staining. A summary is presented in tables 1-4. 
 

Authors Patients Age range 
Tumor Size 

(cm) 

Jeffrey 5 38-66 4-7 

Izzo 26 37-78 0.7-3.0 

Burak 10 37-67 0.5-2.0 

Hayashi 22 60-80 0.5–2.2 

Fornage 20 38-80 ≤2.0 

Marcy 4 79-82 1.8-2.3 

Susini 3 76-86 <2.0 

Oura 52 37-83 0.5-2.0 

Medina 25 42-89 0.9 - 3.8 

Takayuki 49 20-90 ≤3.0 

Table 1. Patient and tumor characteristics in ten studies on radiofrequency ablation for breast cancer 
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Authors Electrode Probe  Generator 

Jeffrey 15-g multineedle LeVeen  RF-2000 Radio Therapeutics 

Izzo 15-g multineedle LeVeen  RF-2000 Radio Therapeutics 

Burak 
2 cm array probe 

Radio therapeutics 
 Not mentioned 

Hayashi 
15-g, 7 cm array 
Starburst RITA 

 RITA-1500 RITA 

Fornage 
7-array / 15-g, 9 cm array Starburst 

RITA 
 RITA-500 / RITA-1500 

Marcy 
1.5 mm · 1.1 mm non-isolated tip 

Elektrotom 
 Elektrotom 104HF 

Susini 18-G Cool tip RF Radionics  Not mentioned 

Oura 3 cm Cool-tip uninsulated Valleylab  Not mentioned 

Medina 17-g Elektrotom 106, Germany  Monopolar 200 W 

Takayuki 
17-g Valleylab RF Ablation System 

with Cool-tip 
 Monopolar 200 W 

Table 2. Devices in ten studies on radiofrequency ablation for breast cancer 

 

Authors Frequency Feedback control
Temperature 

(ºC) 
Image guided 

Jeffrey 480-kHz Impedance 46.8 - 70.0 Ultrasound 

Izzo 480-kHz Impedance Not mentioned Ultrasound 

Burak 460 kHz Impedance Not mentioned Ultrasound 

Hayashi 460 KHz NO 95  

Fornage 461 KHz NO 90 and 95 
Ultrasound & 

Doppler 

Marcy 500 kHz NO Not mentioned Ultrasound 

Susini 480 kHz NO 90 Ultrasound 

Oura Not mentioned Impedance > 60 Ultrasound 

Medina 500 KHz NO 70 - 80 Ultrasound 

Takayuki 500 KHz Impedance Not mentioned Ultrasound 

Table 3. Technical settings in ten studies on radiofrequency ablation for breast cancer 
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Authors Anesthesia Fail Complications 

Jeffrey General 1 0 
Izzo General 1 1 

Burak Local 1 1 
Hayashi Local 3 1 
Fornage General 1 0 
Marcy Local 1 0 
Susini Local 0 0 
Oura General 0 1 

Medina General 6 1 
Takayuki General 18 5 

Table 4. Results in ten studies on radiofrequency ablation for breast cancer 

2.2. Microwave ablation 

Three studies on microwave ablation have been published [23-25]. A pilot safety (phase I) 
study included ten patients with core needle biopsy-proven invasive breast carcinoma (T1–
T3 tumors) [23]. Of the eight patients who responded, 82–97% tumor cell kill was found, 
confirmed by M30 immunohistochemistry. Image guidance was performed using US. Five 
to 27 days after treatment patients underwent mastectomy. The same group also published 
another article in which 21 patients with T1–T2 invasive breast carcinoma underwent 
microwave ablation [24]. In 68% of the patients, histologic evidence of tumor necrosis was 
present. Finally, this group published a dose-escalation study [25].  

Twenty-five patients with core needle biopsy-proven invasive breast carcinoma (T1–T2 
tumors) were included. US provided image guidance; there was no correlation between 
clinical/ultrasonographic size changes and pathologic tumor response. In 68% of the cases 
there was evidence of pathologic response using H&E staining. In two cases complete 
ablation was reached; these patients received the highest temperature dose. Complications 
mentioned were mild pain during treatment, skin burn, and short-lived erythema of the 
skin.  

2.3. Summary 

In RFA several different devices from different manufacturers were used in different ways 
for varying periods of time and varied protocols, so not surprisingly, they reported quite 
heterogeneous results. Nevertheless successful cases for different protocols were obtained 
for smaller tumors with a low failures and complication rate. In addition the clinical MWA 
is limited to external techniques and currently the greatest amount of interstitial research 
was conducted in the liver tissue. The generation of an appropriately sized ablation zone, 
long treatment times, insufficient interoperative imaging modalities and performance in the 
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Elektrotom 
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Takayuki 
17-g Valleylab RF Ablation System 

with Cool-tip 
 Monopolar 200 W 

Table 2. Devices in ten studies on radiofrequency ablation for breast cancer 
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vicinity of vascular structures are limitations of current devices. An ideal ablative 
technology would ensure complete destruction of all malignant cells with no significant side 
effects or complications. 

3. Advanced computer modeling in breast cancer hyperthermia treatment 

In this section, we present a computer modeling for microwave high hyperthermia in breast 
cancer treatment. Computational electromagnetic (CEM) or electromagnetic modeling 
employs numerical methods to describe propagation of electromagnetic waves. It typically 
involves the formulation of discrete solutions using computationally efficient 
approximations to Maxwell's equations. There are three techniques of CEM: the finite-
difference time-domain (FDTD), the method of moments (MOM), and the finite element 
method (FEM), which has been extensively used in simulations of cardiac and hepatic 
radiofrequency (RF) ablation [26]. A FEM model was used in this work because it can 
provide users with quick, accurate solutions to multiple systems of differential equations 
and therefore, they are well suited to solve heat transfer problems like ablation [27]. 
Numerous MWA antenna designs specically targeted for MWA cardiac and hepatic 
applications have been reported [20-24], but they have not been used to treat breast cancer. 
These designs have been focused largely on thin, coaxial-based interstitial antennas [28], 
which are minimally invasive and capable of delivering a large amount of electromagnetic 
power. These antennas can usually be classified as one of three types (dipole, slot, or 
monopole) based on their physical features and radiation properties [29]. On the other hand, 
several researchers are investigating non-invasive microwave hyperthermia for treatment of 
breast cancer [30]. 

3.1. Equations 

The frequency-dependent reflection coefficient can be expressed logarithmically as: 

 Γ(�) = 10 ∙ log�� ����(�)��� � ���� (1) 

where, Pin is the input power and Pr indicates the reflected power (W). SAR represents the 
amount of time average power deposited per unit mass of tissue (W/kg) at any position. It 
can be expressed mathematically as: 

 2 /SAR E W Kg


      (2) 

where, σ is tissue conductivity (S/m), ρ is tissue density (kg/m3) and E is the electric field 
[56]. The SAR takes a value proportional to the square of the electric field generated around 
the antenna and is equivalent to the heating source created by the electric field in the tissue. 
The SAR pattern of an antenna causes the tissue temperature to rise, but does not determine 
the final tissue temperature distribution directly. The tissue temperature increment results 
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from both power and time. MW heating thermal effects can be roughly described by Pennes’ 
Bioheat equation [31]: 

 ∇ ∙ 	 (��∇�) � ������(�� � �) � ���� � ���� (3) 

where k is the tissue thermal conductivity (W/m°K), ρb is the blood density (Kg/m3), Cb is the 
blood specific heat (J/Kg°K), ωb is the blood perfusion rate (1/s). Tb is the temperature of the 
blood and T is the final temperature. Qmet is the heat source from metabolism and Qext an 
external heat source. The major physical phenomena considered in the equation are 
microwave heating and tissue heat conduction. The temperature of the blood is 
approximated as the core temperature of the body. Moreover, in ex vivo samples, ωb and 
Qmet can be neglected since no perfusion or metabolism exists. The external heat source is 
equal to the resistive heat generated by the electromagnetic field. 

3.2. Material properties 

The computer antenna model used in this work is based on a 50Ω UT-085 semirigid coaxial 
cable. The entire outer conductor is copper, in which a small ring slot of width is cut close to 
the short-circuited distal tip of the antenna to allow electromagnetic wave propagation into 
the tissue. The inner conductor is made from silver-plated copper wire (SPCW) and the 
coaxial dielectric is a low-loss polytetrauoroethylene (PTFE). The length of the antenna also 
affects the power reection and shape of the SAR pattern. Furthermore, the antenna is 
encased in a PTFE catheter to prevent adhesion of the antenna to desiccated ablated tissue. 
Dimensions and thermal properties of the materials and breast tissue, which were taken 
from the literature [32], are listed in Table 5 and 6. 
 

Parameter Value 

Center conductor diameter 0.51 mm 
Dielectric diameter 1.68 mm 

Outer conductor diameter 2.20 mm 
Diameter of catheter 2.58 mm 

Power 10 W 
Frequency 2.45 GHz 

Electrical Conductivity of breast 0.137 S/m 
Thermal conductivity of breast 0.42 W/m K 

Specific heat of blood 3639 J/Kg/k 
Blood perfusion rate 0.0036 s-1 

Electrical conductivity of tumor 3 S/m 
Thermal conductivity of tumor 0.5 W/m K 

Table 5. Dimensions and properties for the materials and tissue. 
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Material Relative permittivity 
Inner dielectric oft he coaxial cable 2.03 

Catheter 2.60 
Breast tissue 5.14 

Tumor 57 

Table 6. Relative permittivity for the materials and tissue. 

Figure 1 shows the axial schematics of each section of the antenna and the interior 
diameters. 

 
Figure 1. Cross section and axial schematic of the coaxial slot antenna. 
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A finite element method computer models were developed using COMSOL Multiphysics 
4.0 commercial software. One of the models assumed that the coaxial slot antenna was 
immersed only in homogeneous breast tissue; the other model assumed that the antenna 
was immersed only in breast cancer. The coaxial slot antenna exhibits rotational symmetry 
around the longitudinal axis; therefore axisymmetric models, which minimized the 
computation time, were used. The inner and outer conductors of the antenna were modeled 
using perfect electric conductor boundary conditions and boundaries along the z axis were 
set with axial symmetry.  

All boundaries of conductors were set to perfect electric conductor (PEC). Boundaries along 
the z axis were set with axial symmetry and all other boundaries were set to low reflection 
boundaries. Figure 2 shows the geometry of the antenna model with details near its slot; 
since the model is axisymmetric, only a half of the antenna geometry structure is shown [33]. 

 
Figure 2. Axisymmetric model in the vicinity of the tip of the coaxial slot antenna. The vertical axis (z) 
corresponds to the longitudinal axis of the antenna; while the horizontal axis (r) corresponds to radial 
direction. All units are in meters. 



 
Hyperthermia 94 

Material Relative permittivity 
Inner dielectric oft he coaxial cable 2.03 

Catheter 2.60 
Breast tissue 5.14 

Tumor 57 

Table 6. Relative permittivity for the materials and tissue. 

Figure 1 shows the axial schematics of each section of the antenna and the interior 
diameters. 

 
Figure 1. Cross section and axial schematic of the coaxial slot antenna. 

 
High Temperature Hyperthermia in Breast Cancer Treatment 95 

A finite element method computer models were developed using COMSOL Multiphysics 
4.0 commercial software. One of the models assumed that the coaxial slot antenna was 
immersed only in homogeneous breast tissue; the other model assumed that the antenna 
was immersed only in breast cancer. The coaxial slot antenna exhibits rotational symmetry 
around the longitudinal axis; therefore axisymmetric models, which minimized the 
computation time, were used. The inner and outer conductors of the antenna were modeled 
using perfect electric conductor boundary conditions and boundaries along the z axis were 
set with axial symmetry.  

All boundaries of conductors were set to perfect electric conductor (PEC). Boundaries along 
the z axis were set with axial symmetry and all other boundaries were set to low reflection 
boundaries. Figure 2 shows the geometry of the antenna model with details near its slot; 
since the model is axisymmetric, only a half of the antenna geometry structure is shown [33]. 

 
Figure 2. Axisymmetric model in the vicinity of the tip of the coaxial slot antenna. The vertical axis (z) 
corresponds to the longitudinal axis of the antenna; while the horizontal axis (r) corresponds to radial 
direction. All units are in meters. 



 
Hyperthermia 96 

3.3. Results 

Figure 3 shows the temperature distribution in normal adipose-dominated tissue [34]. The 
reflection coefficient calculated for the frequency at 2.45 GHz was -2.82 dB, the maximum 
temperature was 116.03 ºC, and the ablation zone radius was 53 mm. The isotherm was 
considered at 60 ºC because ablation is produced above this temperature [35]. Figure 4 
shows the temperature distribution in breast cancer tissue. The reflection coefficient 
calculated for the frequency at 2.45 GHz was -6.38 dB, the maximum temperature was 
125.96 ºC, and the ablation zone radius was 92 mm.  

 
 
 
 
 
 

 
 
 
 
 

Figure 3. Temperature distribution of normal adipose-dominated breast tissue at a microwave power 
output of 10 W. The isotherm at 60 ºC is highlighted. The illustration shows half the plane through the 
symmetry axis. Vertical axis (z) corresponds to the longitudinal axis of the antenna; horizontal axis (r) 
corresponds to radial direction. 
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Figure 4. Temperature distribution of breast cancer tissue at a microwave power output of 10 W. The 
isotherm at 60 ºC is highlighted. The illustration shows half the plane through the symmetry axis. 
Vertical axis (z) corresponds to the longitudinal axis of the antenna; horizontal axis (r) corresponds to 
radial direction. 

4. Conclusion 

In RFA for high temperature hyperthermia therapy in breast cancer several devices from 
different manufacturers were used in diverse ways for varying periods of time and assorted 
protocols, therefore exist heterogeneous results. Nevertheless successful cases for were 
obtained for smaller tumors with a low failures and complication rate. On the other hand 
the effect of MWA on malignant and normal adipose-dominated tissues of the breast was 
simulated using an axisymmetric electromagnetic model. This model can analyze the 
heating patterns using the bioheat equation. The results from computer modeling 
demonstrated that, effectively, the difference in dielectrical properties and thermal 
parameters between the malign and normal adipose-dominated tissue could cause the 
preferential heating on tumor during MWA. Even though electromagnetic high temperature 
hyperthermia requires further research, it is a promising minimally invasive modality for 
the local treatment of breast cancer. 
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1. Introduction 

Cancer is a disease characterized by unregulated growth of cells. This is caused by damage 
of deoxyribonucleic acid (DNA) results in mutations to vital genes that control cells 
divisions (Albert et al., 2004). The most common non-invasive approaches used for cancer 
treatment represent in chemotherapy, as well as radiotherapy. Chemotherapy uses cytotoxic 
drugs, which are also known as “anti-cancer” drugs or “anti-neoplastic.” On other hand, 
radiotherapy uses high energy of X-rays which were directed to cancerous tissues to cure or 
shrink the tumor, as well as to protect the tissue against tumor recurrence. Although 
chemotherapy and radiotherapy are capable of killing cancerous cell, nevertheless they 
cause some serious secondary effects including nausea, diarrhea, tiredness and fertility loss 

(Johannes et al., 2005).The conventional surgery of solid tumors is also an effective therapy 
for removing of well defined and accessible primary tumors located within nonvital tissue 
regions. However, this therapy is unsuitable for treatment of ill defined tumors and 
metastases, as well as tumors that embedded within vital regions (Hirsch et al., 2003). 

The current methods for cancer treatment have moderate to severe secondary effects. For 
this reason, the investigations of new alternatives are essentially. Thermo-therapy is 
considered one of the most important methods for cancer treatment. In general, the term 
thermo-therapy refers to both hyperthermia and thermal ablation therapy (Mriza et al., 2001). 
Hyperthermia therapy is based on the fact that tumor cells are more sensitive to 
temperature increase than normal tissue cells. It involves tumor heating to temperatures 
between 41- 42°C inducing almost reversible damage to cells and tissues. For thermal 
ablation therapy higher temperatures are applied ranging from 50°C to 70°C, leading to 
destruction of pathologically degenerated cells and irreversible damage resulting in 
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diminishing, disappearing of the tumors or at least growing stop. Thermal methods include 
radiofrequency ablation (RFA), focused ultrasound thermo-therapy, laser-induced thermal 
therapy and magnetic thermal ablation (Hilger et al., 2002). 

The thermal therapy can provide a minimal invasive alternative to conventional surgical 
treatment of solid tumors. In addition, the thermal therapeutic procedures are relatively 
simple to perform and therefore have the potential to improve recovery times and reduce 
the complication rates and hospital stays (Hirsch et al., 2003). Although, the thermal methods 
offer several advantages, nevertheless have some of limitations. For example, the tumor 
volume and speed of ultra-sound thermo therapy is limited by the potential destruction of 
normal tissue in the near field between the target and the ultrasound probe. Radiofrequency 
ablation and microwaves approaches suffer from common limitations that are intervening 
tissue problems. On other wards, the heating effects from these sources are non-specific. In 
addition, the energy deposition is often much slower with these moieties serving to increase 
the treatment time and generate less sharp lesion boundaries (Ko¨hrmann et al., 2002). 

To overcome these problems, new techniques in the field of nanoscience, nanotechnology 
and nanomedicine are now developing into treatment approach based on internal heating of 
tissue such as magnetic fluid hyperthermia (MFH), which in turn based on internal heating 
sources. In order to achieve the optimal effectiveness, this approach requires photo-thermal 
convectors to allow heat production within a localized region at lower incident energies. 
This requires development of particular particles that have highly magnetic properties such 
as Super-paramagnetic Iron Oxide Nanoparticles Fe3O4 (SPIO NPs). During this approach 
surrounding healthy cells are capable of surviving exposure to temperatures up to around 
46.5°C and more readily able to dissipate heat and maintain a normal temperature while the 
targeted tumor tissues have a higher thermal sensitivity than normal tissue because of 
experience difficulty in dissipating heat due to the disorganized and compact vascular 
structure (reduced blood flow), anaerobic metabolism (acidosis), and nutrient depletion. So 
an irreversible damage to diseased cells occurs at temperatures in a range from 
approximately 40°C to about 46°C (Yu-Fen et al., 2008). 

2. Nanomedicine and magnetic nanomaterials 

Nanomedicine stands at the boundaries between the physical, the chemical, biological and 
medical sciences. It originated from the imaginative idea that robots and other related 
machines at the nanometer scale could be designed, fabricated and introduced into the 
human body for repairing malignant cells at the molecular level. According to its original 
vision, nanomedicine is a process including the diagnosis, treatment and prevention of 
diseases and traumatic injuries, and the preservation and improvement of human health, 
using molecular tools and molecular knowledge of the human body (Freitas 2005). The 
progress in both nanoscience and nanotechnology makes nanomedicine practical. From a 
technical viewpoint, nanomedicine consists of the applications of particles and systems at 
the nanometer scale for the detection and treatment of diseases at the molecular level, and it 
plays an essential role in eliminating suffering and death from many fatal diseases, such as 

 
Laser and Radiofrequency Induced Hyperthermia Treatment via Gold-Coated Magnetic Nanocomposites 103 

cancer (Yih and Wei 2005). Based on nanofabrication and molecular self-assembly, various 
biologically functional materials and devices, such as tissue and cellular engineering 
scaffolds, molecular motors and biomolecules, can be fabricated for sensor, drug delivery 
and mechanical applications (Royal Society and Royal Academy of Engineering 2004). 
Nanomedicine has obvious advantages. First, nanoparticles are potentially invaluable tools 
for investigating cells because of their small size. Second, as their size can be controlled, 
from that of large molecules to that of small cells, the ability of nanoparticles to escape the 
vasculature in vivo can also be controlled. Third, because of their small size, nanoparticles 
can circulate systemically in the bloodstream and thus serve in roles such as magnetic 
resonance enhancement, iron delivery for the production of red blood cells and drug 
delivery to improve the availability of serum-insoluble drugs (Whitesides 2005). 

2.1. Status of nanomedicine 

Nanomedicine has developed in numerous directions, and it has been fully acknowledged 
that the capability of structuring materials at the molecular scale greatly benefits the 
research and practice of medicine. However, nanomedicine is a long-term expectation. 
Before nanomedicine can be used in clinics, fundamental mechanisms of nanomedicine 
should be fully investigated, and clinical trials and validation procedures should be strictly 
conducted. Though, it is possible that some biological entities, such as proteins, DNA and 
other bio-polymers, could be directly used for biosensor applications, nevertheless some 
serious issues, such as biocompatibility and robustness, may hinder the progress of these 
efforts. Though in many areas, such as disease diagnosis, targeted drug delivery and 
molecular imaging, clinical trials of some nanomedicine products are being made, the 
clinical applications of these techniques, which require rigorous testing and validation 
procedures, may not be realized in the near future (Royal Society and Royal Academy of 
Engineering 2004). At all events, it should be noted that although the applications of 
nanomaterials in biology and medicine are in an embryo stage, it is the great promise of 
nanomedicine that has inspired researchers to extensively investigate the interfaces between 
nanotechnology, biology and medicine (Satyanarayana, 2005). 

2.2. Magnetic nanomaterials 

The magnetic nanomaterials used in biology and medicine generally fall into three 
categories: zero dimensional nanomaterials such as nanospheres; one-dimensional 
nanomaterials such as nanowires and nanotubes; and two-dimensional nanomaterials such 
as thin films. Usually, all the nanospheres, nanorods, nanowires and nanotubes are called 
nanoparticles, among which, nanorods, nanowires and nanotubes are high aspect-ratio 
nanoparticles. In most of the biomedical applications, magnetic nanoparticles are suspended 
in appropriate carrier liquids, forming magnetic fluids, also called ferrofluids. Among the 
three types of magnetic nanoparticles, magnetic nanospheres are most widely used in 
biomedicine. To realize their biomedical applications, the magnetic nanospheres should be 
stably suspended in the carrier liquid, and they should also carry out certain biomedical 
functions. The magnetic material most often used is iron oxides, and the carrier liquids are 
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cancer (Yih and Wei 2005). Based on nanofabrication and molecular self-assembly, various 
biologically functional materials and devices, such as tissue and cellular engineering 
scaffolds, molecular motors and biomolecules, can be fabricated for sensor, drug delivery 
and mechanical applications (Royal Society and Royal Academy of Engineering 2004). 
Nanomedicine has obvious advantages. First, nanoparticles are potentially invaluable tools 
for investigating cells because of their small size. Second, as their size can be controlled, 
from that of large molecules to that of small cells, the ability of nanoparticles to escape the 
vasculature in vivo can also be controlled. Third, because of their small size, nanoparticles 
can circulate systemically in the bloodstream and thus serve in roles such as magnetic 
resonance enhancement, iron delivery for the production of red blood cells and drug 
delivery to improve the availability of serum-insoluble drugs (Whitesides 2005). 

2.1. Status of nanomedicine 

Nanomedicine has developed in numerous directions, and it has been fully acknowledged 
that the capability of structuring materials at the molecular scale greatly benefits the 
research and practice of medicine. However, nanomedicine is a long-term expectation. 
Before nanomedicine can be used in clinics, fundamental mechanisms of nanomedicine 
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conducted. Though, it is possible that some biological entities, such as proteins, DNA and 
other bio-polymers, could be directly used for biosensor applications, nevertheless some 
serious issues, such as biocompatibility and robustness, may hinder the progress of these 
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Engineering 2004). At all events, it should be noted that although the applications of 
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nanomaterials such as nanowires and nanotubes; and two-dimensional nanomaterials such 
as thin films. Usually, all the nanospheres, nanorods, nanowires and nanotubes are called 
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nanoparticles. In most of the biomedical applications, magnetic nanoparticles are suspended 
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biomedicine. To realize their biomedical applications, the magnetic nanospheres should be 
stably suspended in the carrier liquid, and they should also carry out certain biomedical 
functions. The magnetic material most often used is iron oxides, and the carrier liquids are 
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usually water, kerosene or various oils. Due to their small size, the magnetic nanoparticles 
in carrier liquids neither form sediment in the gravitational field or in moderate magnetic 
field gradients, nor do they agglomerate due to magnetic dipole interaction. However, a 
stable suspension can only be achieved if the particles are protected against agglomeration 
due to the van der Waals interaction. Usually this protection can be achieved by one 
approach is the electric charge stabilization. In this approach, a thin layer of gold is coated 
on the surface of the nanospheres. Meanwhile, the thin gold layer can also serve as an ideal 
base on which chemical or biological agents can be functionalized. These molecules generate 
a repulsive force, preventing the particles from coming into contact and thus suppressing 
the destabilizing effect of the van der Waals interaction. In practical applications, this 
approach is often used in combination for the majority of ferrofluids, since this allows the 
synthesis of suspensions which are stable over years (Could 2004).  

2.2.1. Magnetic (iron oxide nanoparticles) 

Magnetic iron oxide nanoparticles are the most investigated material in biomedical 
techniques, due to its superior biocompatibility with respect to other magnetic materials, 
either in form of oxides or pure metals. Several types of iron oxides exist in nature and can 
be prepared in the laboratory. Nowadays, only maghemite (γ-Fe2O3) and magnetite (Fe3O4) 
are able to fulfill the necessary requirements for biomedical applications. These 
requirements include sufficiently high magnetic moments, chemical stability in 
physiological conditions and low toxicity, not to mention the easy and economical synthetic 
procedures available for the preparation of these materials (Neuberger et al., 2005). 

The degree of atomic order in the iron oxide lattice, or in other words its degree of crystallinity, 
as well as the dispersity of the nanoparticles in terms of size and shape are critical parameters 
that affect their performance in diagnostic and therapeutic techniques as a contrast agent in 
magnetic resonance imaging (MRI) and hyperthermia, respectively. These parameters are 
strongly correlated to the approach for their synthesis (Maenosono et al., 2008). 

2.2.2. Synthesis of iron oxide nanoparticles 

The common existing methods to synthesize the iron oxide nanoparticles are physical, 
chemical and biological methods. Comparatively, chemical methods, especially wet 
chemical ones are much simpler and more efficient (Gupta et al., 2004). Several synthetic 
procedures have been developed to synthesize iron oxide nanoparticles. The simplest, 
cheapest and most environmentally-friendly procedure is based on the co-precipitation wet 
chemical method, which involves the simultaneous precipitation of ferrous (Fe2+) and ferric 
(Fe3+) salts in an alkaline medium (Kang, 1996). So the synthesis of iron oxide nanoparticles 
with an expected size distribution and stability of suspension is no longer the biggest 
challenge for researchers. The key issue now is how to achieve the aim of stealth of these 
nanoparticles in blood circulation and to attach them on desired sites for in vivo or in vitro 
applications (Sun, 2006). 
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Hydrothermal synthesis techniques are an alternative method for the preparation of highly 
crystalline iron oxide nanoparticles (Wang et al, 2005). In this case a mixture of iron salts 
dissolved in aqueous media is introduced in a sealed Teflon container and heated above the 
boiling temperature of water, and consequently the reaction pressure is increased much 
above atmospheric pressure. The synergistic effect of high temperatures and pressures 
strongly improves the quality of the nanocrystals and hence their magnetic features. 
However, and in contrast to the biological technique, there is no straightforward way to 
control the size and the shape of the final particles and usually polydisperse samples are 
obtained. 

Biological methods, since nanomaterials have comparable dimensions to biological 
aggregates, bio-related synthesis methods have been explored for novel nanoparticle 
synthesis. In biological methods, synthesis and assembly of crystalline inorganic materials 
can be regulated by biological organisms under environmentally benign conditions and 
desired chemical compositions and phases can be achieved. For example, the nucleation of 
semiconducting nanoparticles can be initiated in the presence of viruses expressing 
material-specific peptides. Other examples are the use of porous protein crystals, 
manipulation of bacteria to produce oxide nanoparticles and selection of metal-specific 
polypeptides from combinatorial libraries (Reiss et al. 2004). In biological methods, biological 
entities usually serve as templates for nanoparticles formation. In all cases, the biological 
entities were used not only to encapsulate the nanoparticles, but to strictly regulate the 
dimension of the crystals. To prepare magnetic nanoparticles, ferritin can be used which 
consists of 24 nearly identical subunits. Self-assembly of ferritin will form a spherical cage 
with a 7.5–8.0 nm-diameter cavity, which can be used for the biological storage of iron in the 
form of ferrihydrite, an iron (III) oxy-hydroxide? The protein cage is able to withstand 
relatively high temperatures for biological systems (up to 65 ◦C) and various pH values (~ 
4.0–9.0) for certain periods of time. Therefore this protein template is quite strong and will 
not cause any significant disruption of the quaternary structure. 

2.2.3. Classification of iron oxide nanoparticles 

There are many categories of iron oxide nanoparticles based on their overall diameter 
(including iron oxide core and hydrated coating). Iron oxide nanoparticles can be distinctly 
classified into super-paramagnetic iron oxide nanoparticles (SPIO NPs) between 300 nm and 
3.5 μm; standard SPIO (SSPIO) of approximately 60–150 nm; ultra small SPIO (USPIO) of 
approximately 10–40 nm (Weissleder et al., 1990); monocrystalline iron oxide nanoparticles 
(MION—a subset of USPIO) of approximately 10–30 nm and cross-linked iron oxides 
(CLIO) which is a form of MION with cross-linked dextran coating (Shen et al., 1993). 

On the other hand, the magnetic materials are characterized by the presence of magnetic 
dipoles generated by the spinning of some of their electrons. Each of these polarized 
electrons can be aligned in a parallel or antiparallel fashion with respect to the neighboring 
ones in the crystal lattice, and this type of interaction is what gives rise to the macroscopic 
magnetic effect that we can measure. Based on the magnetic response, the magnetic 



 
Hyperthermia 104 

usually water, kerosene or various oils. Due to their small size, the magnetic nanoparticles 
in carrier liquids neither form sediment in the gravitational field or in moderate magnetic 
field gradients, nor do they agglomerate due to magnetic dipole interaction. However, a 
stable suspension can only be achieved if the particles are protected against agglomeration 
due to the van der Waals interaction. Usually this protection can be achieved by one 
approach is the electric charge stabilization. In this approach, a thin layer of gold is coated 
on the surface of the nanospheres. Meanwhile, the thin gold layer can also serve as an ideal 
base on which chemical or biological agents can be functionalized. These molecules generate 
a repulsive force, preventing the particles from coming into contact and thus suppressing 
the destabilizing effect of the van der Waals interaction. In practical applications, this 
approach is often used in combination for the majority of ferrofluids, since this allows the 
synthesis of suspensions which are stable over years (Could 2004).  

2.2.1. Magnetic (iron oxide nanoparticles) 

Magnetic iron oxide nanoparticles are the most investigated material in biomedical 
techniques, due to its superior biocompatibility with respect to other magnetic materials, 
either in form of oxides or pure metals. Several types of iron oxides exist in nature and can 
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Hydrothermal synthesis techniques are an alternative method for the preparation of highly 
crystalline iron oxide nanoparticles (Wang et al, 2005). In this case a mixture of iron salts 
dissolved in aqueous media is introduced in a sealed Teflon container and heated above the 
boiling temperature of water, and consequently the reaction pressure is increased much 
above atmospheric pressure. The synergistic effect of high temperatures and pressures 
strongly improves the quality of the nanocrystals and hence their magnetic features. 
However, and in contrast to the biological technique, there is no straightforward way to 
control the size and the shape of the final particles and usually polydisperse samples are 
obtained. 

Biological methods, since nanomaterials have comparable dimensions to biological 
aggregates, bio-related synthesis methods have been explored for novel nanoparticle 
synthesis. In biological methods, synthesis and assembly of crystalline inorganic materials 
can be regulated by biological organisms under environmentally benign conditions and 
desired chemical compositions and phases can be achieved. For example, the nucleation of 
semiconducting nanoparticles can be initiated in the presence of viruses expressing 
material-specific peptides. Other examples are the use of porous protein crystals, 
manipulation of bacteria to produce oxide nanoparticles and selection of metal-specific 
polypeptides from combinatorial libraries (Reiss et al. 2004). In biological methods, biological 
entities usually serve as templates for nanoparticles formation. In all cases, the biological 
entities were used not only to encapsulate the nanoparticles, but to strictly regulate the 
dimension of the crystals. To prepare magnetic nanoparticles, ferritin can be used which 
consists of 24 nearly identical subunits. Self-assembly of ferritin will form a spherical cage 
with a 7.5–8.0 nm-diameter cavity, which can be used for the biological storage of iron in the 
form of ferrihydrite, an iron (III) oxy-hydroxide? The protein cage is able to withstand 
relatively high temperatures for biological systems (up to 65 ◦C) and various pH values (~ 
4.0–9.0) for certain periods of time. Therefore this protein template is quite strong and will 
not cause any significant disruption of the quaternary structure. 

2.2.3. Classification of iron oxide nanoparticles 

There are many categories of iron oxide nanoparticles based on their overall diameter 
(including iron oxide core and hydrated coating). Iron oxide nanoparticles can be distinctly 
classified into super-paramagnetic iron oxide nanoparticles (SPIO NPs) between 300 nm and 
3.5 μm; standard SPIO (SSPIO) of approximately 60–150 nm; ultra small SPIO (USPIO) of 
approximately 10–40 nm (Weissleder et al., 1990); monocrystalline iron oxide nanoparticles 
(MION—a subset of USPIO) of approximately 10–30 nm and cross-linked iron oxides 
(CLIO) which is a form of MION with cross-linked dextran coating (Shen et al., 1993). 

On the other hand, the magnetic materials are characterized by the presence of magnetic 
dipoles generated by the spinning of some of their electrons. Each of these polarized 
electrons can be aligned in a parallel or antiparallel fashion with respect to the neighboring 
ones in the crystal lattice, and this type of interaction is what gives rise to the macroscopic 
magnetic effect that we can measure. Based on the magnetic response, the magnetic 
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materials can be classified into; diamagnetic, paramagnetic, ferromagnetic, ferrimagnetic, 
anti-ferromagnetic and super-paramagnetic (Cozzoli et al., 2006) as shown in Fig (1).  

Diamagnetic materials are characterized by coupled or paired magnetic dipoles, so there is 
no permanent net magnetic moment per atom. That is to say that these materials have not 
any interactions or slightly repelled with the magnetic field. The magnetic susceptibility of 
these materials is negative and independent on temperature.  

Paramagnetic materials characterized by randomly oriented (or uncoupled) magnetic 
dipoles, this can be aligned only in the presence of an external magnetic field along its 
direction. This type of material has neither coercivity nor remanence, which means that 
when the external magnetic field is switched off the internal magnetic dipoles randomize 
again. No extra energy is required to demagnetize the material and hence the initial zero net 
magnetic moment is spontaneously recovered.  

Ferromagnetic materials characterized by individual magnetic dipoles in a crystal, those can 
align parallel one to the other, hence exhibiting an enhanced collective response even in the 
absence of an external magnetic field. This is what is known as ferromagnetism. Beside strong 
intensity of magnetization, the fundamental property of ferromagnetic solids is their ability 
to record the direction of an applied magnetic field. When the magnetic field is removed, the 
magnetization does not return to zero but retains a record of the applied field.  

Ferrimagnetic and anti-ferromagnetic materials, in contrast to the ferromagnetic situation, 
neighboring magnetic dipoles can align antiparallel in the lattice, which means that they will 
cancel each other i.e. repulsion of magnetic dipoles . This type of magnetic exchange can 
lead to two different situations. The first is ferrimagnetism; when the two coupled spins show 
different values, and in that case a net magnetic dipole different than zero will still 
magnetize the material even in the absence of an external magnetic field. While the second is 
anti-ferromagnetism; when the magnetic dipoles or interacting spins have the same value and 
hence the material shows a net zero magnetization. The latter case lacks of interest for 
biomedical applications due to zero net magnetic moment arising in such materials.  

Super-paramagnetic materials, bulky sized particles of magnetic materials such as (Fe), (Co) 
or (Ni), as well as some of their alloys (FePt & FeCo) have ferromagnetic properties due to 
their multi-domain structures of the particles. In contrast, at the nanometer scale of 
approximately 14 nm, the multi-domain combined together forming a single domain crystal, 
which is classified as super -paramagnetic (Schmidt, 2001). Super-paramagnetic iron oxide 
nanoparticles are special class of paramagnetic materials which combine ferromagnetic and 
paramagnetic properties due to high magnetic moments which are observed under the 
effect of a magnetic field, but no remanent magnetic moment will be present when the 
external magnetic field is removed. This property translates into a significant advantage 
especially in vivo experiments, where the absence of coercivity or in other words the zero net 
magnetic moment of the nanoparticles after concluding the diagnostic measurement or the 
therapy will prevent the potential aggregation of the particles that could easily cause the 
formation of embolisms in the blood vessels (Thorek et al., 2006).The path of magnetization 
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M as a function of applied field H is called a hysteresis loop or M-H curve as shown in 
figure (2). 

2.2.4. Characteristics of magnetic nanomaterials for in vivo bio-applications 

When nanoparticles are used for in vivo applications, the nanoparticles have to stay with nil 
or minimal side effects. Therefore, complete characterizations of the particulate system are 
essentially to make a decision whether the use of nanocarriers systems are appropriate for 
specific in vivo applications or not. The nanoparticles can be described by the following 
physicochemical properties according to their distribution within the body system: size 
distribution, surface charge modification ,targeting, cellular uptake, bio-stability, 
metabolism, toxicity, capacity for protein adsorption, surface hydrophobicity, rate of 
loading , release kinetics, surface characteristics, density, porosity, degeneration of carrier 
system, cristallinity, density, mobility and  the molecular weight (Neubergera et al., 2005).  

2.2.4.1. Size distribution 

Most intravenous administrated nanoparticles are recognized as ‘‘foreign’’ from the body 
system and are eliminated immediately through macrophages of the mononuclear 
phagocytosis system (MPS) depending on the size. The size of particles usually refers to the 
total diameter of the particles including the core and the coating layer. It is well known that, 
the smallest diameter of capillaries in the body is 4 µm. So, NPs smaller than 4µm are taken 
up through cells of the reticuloendothelial system (RES) mainly in the liver (60–90%) and 
spleen (3–10%). While small particles up to 150 nm will be phagocytosed through liver cells. 
There is a tendency for particles larger than 200 nm to be filtered by the venous sinuses of 
the spleen, as well as will be captured and withheld in the lungs. In general, the large 
particles are eliminated faster from the blood, and have short plasma half-life-period 
compared to the small particles (Muller et al., 1997). 

2.2.4.2. Surface charge and protein adsorption 

Particles with large sizes and/or aggregations of small particles such as magnetic 
nanoparticles (MNPs) may be trapped causing emboli within the capillary bed of the lungs. 
Therefore, it is important to know the surface charge and aggregation behavior of the 
particles in the blood circulation system (Neuberger et al., 2005). 

All bare nanoparticles are unsuitable for in vivo applications, where the particle surface 
would be exposed to a biological environment and oxidized during application. Using bare 
nanoparticles directly, this could damage its structures and its properties. On the other 
hand, nanoparticles in solid phase cannot be injected into human body. So, before injection 
NPs have to be dispersed to hydrophilic solvent via specific interaction between the 
nanoparticles surface and surfactants (Harisinghani et al., 2003).  

The surface charge also plays an important role during endocytosis process. There should be 
a slower uptake for negatively charged particles due to the negative ‘‘rejection’’ effect of the 
negatively charged cell membrane. However, the endocytosis index in vitro is minimal with 
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M as a function of applied field H is called a hysteresis loop or M-H curve as shown in 
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When nanoparticles are used for in vivo applications, the nanoparticles have to stay with nil 
or minimal side effects. Therefore, complete characterizations of the particulate system are 
essentially to make a decision whether the use of nanocarriers systems are appropriate for 
specific in vivo applications or not. The nanoparticles can be described by the following 
physicochemical properties according to their distribution within the body system: size 
distribution, surface charge modification ,targeting, cellular uptake, bio-stability, 
metabolism, toxicity, capacity for protein adsorption, surface hydrophobicity, rate of 
loading , release kinetics, surface characteristics, density, porosity, degeneration of carrier 
system, cristallinity, density, mobility and  the molecular weight (Neubergera et al., 2005).  

2.2.4.1. Size distribution 

Most intravenous administrated nanoparticles are recognized as ‘‘foreign’’ from the body 
system and are eliminated immediately through macrophages of the mononuclear 
phagocytosis system (MPS) depending on the size. The size of particles usually refers to the 
total diameter of the particles including the core and the coating layer. It is well known that, 
the smallest diameter of capillaries in the body is 4 µm. So, NPs smaller than 4µm are taken 
up through cells of the reticuloendothelial system (RES) mainly in the liver (60–90%) and 
spleen (3–10%). While small particles up to 150 nm will be phagocytosed through liver cells. 
There is a tendency for particles larger than 200 nm to be filtered by the venous sinuses of 
the spleen, as well as will be captured and withheld in the lungs. In general, the large 
particles are eliminated faster from the blood, and have short plasma half-life-period 
compared to the small particles (Muller et al., 1997). 

2.2.4.2. Surface charge and protein adsorption 

Particles with large sizes and/or aggregations of small particles such as magnetic 
nanoparticles (MNPs) may be trapped causing emboli within the capillary bed of the lungs. 
Therefore, it is important to know the surface charge and aggregation behavior of the 
particles in the blood circulation system (Neuberger et al., 2005). 

All bare nanoparticles are unsuitable for in vivo applications, where the particle surface 
would be exposed to a biological environment and oxidized during application. Using bare 
nanoparticles directly, this could damage its structures and its properties. On the other 
hand, nanoparticles in solid phase cannot be injected into human body. So, before injection 
NPs have to be dispersed to hydrophilic solvent via specific interaction between the 
nanoparticles surface and surfactants (Harisinghani et al., 2003).  

The surface charge also plays an important role during endocytosis process. There should be 
a slower uptake for negatively charged particles due to the negative ‘‘rejection’’ effect of the 
negatively charged cell membrane. However, the endocytosis index in vitro is minimal with 
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a zeta potential close to zero. In contrast, Phagocytosis process is increased with a higher 
surface charge independent of whether the charge is negative or positive. The higher the 
surface charge the shorter is the residence time of nanoparticles in the circulatory system 
(Neuberger et al., 2005).  

The adsorption of proteins at the particle surface is called “opsonization”. This phenomenon 
results from immediate interaction between nanoparticles with plasma proteins after 
intravenous injection .The amount of adsorbed proteins is based on the size of the 
molecules, as well as the surface charge of the particle, where the capacity of protein 
adsorption increases by increasing size and charge of the particles. The adsorbed protein 
components play an important role in the biodistribution, degradation and elimination of 
the nanoparticles. Therefore, the treatment method of the nanoparticles surface must be 
addressed (Muller et al., 1997). 

The surface charge and protein adsorption capability are more related to the surfactants 
bond to the nanoparticles surface. There is another important role of surfactants on 
nanoparticles, when the NPs are injected into human body as contrast agents, these 
nanoparticles must locate the targeting area accurately and rapidly. Appropriate surfactant 
could achieve such objective. Some experiments in vitro already proved folate-mediated 
nanoparticles composed of ploy ethylene glycol (PEG) / poly ε-caprolactone have potential 
of tumor cell-selective targeting (Gee et al., 2003). 

2.2.4.3. Targeting  

All in vivo applications require that the NPs should accurately localize to therapeutic sites. 
All targeting methods could be classified to passive, active and physical targeting. The 
physical targeting is the localization of the nanoparticles with external assistance, typically 
by applied magnetic field from outside of the body; the physical targeting has less capability 
to recognize specific cells or tissues. The passive targeting based only on the disrupted 
endothelial lining of tumor tissues; enhanced penetration and retention (EPR) allows 
nanoparticles of smaller size to pass, and accumulate in the tumor. In active targeting, 
specific targeting functional groups, such as monoclonal antibodies, are immobilized on the 
particle surface to efficiently increase the chance of uptake by specific cells (Kelly et al., 2005).  

2.2.4.4. Cellular uptake 

Cellular uptake of nanoparticles is another issue that should be taken into account, when 
considering their use in diagnostic and therapeutic applications. The cellular uptake of 
nanoparticles is strongly dependent on particle size as it was proven in vitro and in vivo. In 
general, small nanoparticles can go deeper into tissue than larger particles and often 
penetrate the cell itself (Leslie-Pelecky, 2007). Lewinski et al summarized the situation for 
many types of nanoparticles (Lewinski et al., 2008). 

The cellular uptake of nanoparticles occurs through a process known as endocytosis, which 
can be generally classified into three processes depending on nanoparticles size. 
Phagocytosis process which is the predominant mechanism for uptake of large particles, 
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phagocytotic activity increases with size of particles, whereas smaller particles<150 nm can 
be up-taken by all types of cells through pinocytosis process (cell drinking).The third is non-
specific endocytosis or receptor-mediated endocytosis process (Neuberger et al., 2005).Super-
paramagnetic iron oxide nanoparticles have been shown to be uptake by a receptor 
mediated endocytosis process (Raynal et al., 2004).  

2.2.4.5. Bio-stability 

When nanoparticles are introduced into the body, several aspects can compromise its 
stability. First of all, the physiological media have different ionic strength as compared 
with the ultrapure water mainly used in laboratories: increasing the ionic strength of 
aqueous solution will suppress the electric double layer around the charged particles, 
resulting in a partial or total aggregation of the system. A similar behavior could be 
observed by the particles once they enter specific body compartments, due to a variation 
in pH with respect to the media in which the nanoparticles are initially dispersed. In 
addition, when nanoparticles are injected in the blood circulation system, a nonspecific 
adsorption of plasma proteins onto nanoparticles surface “opsonization” will occur, this 
phenomenon is more pronounced for nanometer size particles due to two main effects: 
the high surface to volume ratio, as well as the attractive forces between the nanoparticles 
such as magnetic nanoparticles. When this phenomenon occurs, a fast clearance of the 
nanoparticles is observed. To prevent such effects, several synthetic and natural polymers 
have been introduced to the nanoparticles surface including PEG and dextrin (Kohler et al., 
2004). 

2.2.4.6. Metabolism  

The metabolism process of the nanoparticles is another issue that should be taken into 
account. For example, iron oxide nanoparticles can be present in two different oxidation 
states: the ferrous Fe (II) form which will be oxidized by endogenous molecular oxygen, 
resulting in the conversion of ferrous iron to ferric Fe (III). Ferric iron is the preferred 
physiological oxidation state of iron; Fe (III) is highly reactive and can induce catalytic 
activity that may result in severe oxidative cell damage. As a result, iron carrier proteins and 
chelates are used to allow for safe transfer of iron from cell to cell within the body, and for 
safe intra-cellular storage of excess iron. The natural eventual fate of Fe3O4 nanoparticles 
above approximately 200 nm in diameter is to reside in macrophage-rich tissue, such as the 
liver and spleen (peak concentration at 2 hours after contrast intake).While particles below 
10 nm are removed rapidly through extravasations and renal clearance (Gupta et al., 2004). 

2.2.4.7. Biocompatibility 

Biocompatibility is one of the most important considerations in the development of 
biomedical applications of nanomaterials. Most of the magnetic nanowires are compatible 
with living cells. They can be functionalized with biologically active molecules, and they do 
not disrupt normal cell functions, such as cell proliferation and adhesion, and gene 
expression (Hultgren et al. 2005). 
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2.2.4.8. Toxicity  

The non-cytotoxic, non-immunogenic and biocompatible properties of nanoparticles are 
important issues for the potential application in nanoimmunology, nanomedicines and 
nanobiotechnology. When discussing the toxicity of nanoparticles, generalization becomes 
difficult because their toxicity depends on numerous factors including the dose, chemical 
composition, method of administration, size, biodegradability, solubility, pharmacokinetics, 
biodistribution, surface chemistry, design, shape and structure. In general, size, surface area, 
shape, composition and coating of nanoparticles are the most important characteristics 
regarding cytotoxicity (Neuberger et al., 2005). 

Several in vivo studies on animals had shown that, with a large dosage of 3,000 µmol Fe 
based nanoparticles per kg body weight, the histology and serologic blood tests indicated 
that no side effects occurred after 7 days of treatment (Lacava et al., 1999).  

To minimize the risks posed by nanoparticles, there are two basic avenues. One is to 
develop new highly biocompatible nonmaterials with low toxicity such as silica 
nanoparticles. Another one is the surface modification of nanoparticles with biocompatible 
chemicals such as PEG, dextrin and chitosan. Thus many great efforts are being made to 
develop nanoparticles satisfactory for biomedical applications (Cho, 2009). 

2.2.4.9. Easy detection 

As almost all biological entities are non-magnetic, magnetic nanoparticles in biological 
systems can be easily detected and traced. One typical example is the enhancement of the 
signal from magnetic resonance imaging (MRI) using magnetic nanoparticles. In this 
technique, a subject is placed in a large, external magnetic field and then exposed to a pulse 
of radio waves. Changes to the spin of the protons in water molecules are measured after 
the pulse is turned off. Tiny differences in the way that protons in different tissues behave 
can then be used to build up a 3D image of the subject (Koltsov 2004). 

2.2.4.10. Magnetic manipulation 

Magnetic nanoparticles will rotate under an external uniform magnetic field, and will make 
translational movements under an external magnetic field gradient. Therefore, magnetic 
nanoparticles, or magnetically tagged molecules, can be manipulated by applying an 
external magnetic field. This is important for transporting magnetically tagged drug 
molecules to diseased sites. The magnetic manipulation of magnetic nanowires and 
nanotubes is important for applying forces to biological entities, and for nanowires or 
nanotubes to get into biological entities. 

2.2.4.11. Energy transfer 

Magnetic nanoparticles can resonantly respond to a time-varying magnetic field, 
transferring energy from the exciting magnetic field to the nanoparticles and the tagged 
biological entities. This property has been used in hyperthermia treatment of cancer tumors 
(Pankhurst et al. 2003). 
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2.2.5. Biomedical applications of iron oxide NPs 

Nanotechnology, dealing with nanoscale objects, has been developed at three major levels: 
nanomaterials, nanodevices and nanosystems. At present, the nanomaterials level is the 
most advanced of the three. Nanomaterials are of great importance both in scientific 
investigations and commercial applications due to their size-dependent physical and 
chemical properties. Nanomaterials with various shapes have been developed successfully. 
Common morphologies are quantum dots, nanoparticles/nanocrystals, nanowires, 
nanorods, nanotubes, etc. It is desirable to have a full range within the nanomaterial family 
because many applications demand particular nanomaterials with special structures. 

Magnetic nanoparticles, being a sub-family of nanomaterials, exhibit unique magnetic 
properties in addition to other specific characteristics. Their remarkable new phenomena 
include super-paramagnetism, high saturation field, high field irreversibility, extra anisotropy, 
and temperature-depended hysteresis, etc. Research investigation has revealed that the finite 
size and surface effects of magnetic nanoparticles determine their magnetic behavior. For 
instance, a single magnetic domain forms when the size of a ferromagnetic nanoparticle is less 
than 15 nm. In other words, an ultrafine ferromagnetic nanoparticle displays a state of uniform 
magnetization under any field. Thus, at temperatures above the blocking temperature, these 
nanoparticles show identical magnetization behavior to atomic paramagnets (super-
paramagnetism) with an extremely large magnetic moment and large susceptibilities.  

Magnetic nanoparticles have found many successful industrial applications. Recently, 
tremendous research efforts have been stimulated on the usage of magnetic nanoparticles in 
the field of biomedical and biological applications. 

Understanding of biological processes and hence developing biomedical means have been 
continuously pursued. These aims are one of strong driving forces behind the development 
of nanotechnology. The interests on magnetic nanoparticles for bio-applications come from 
their comparable dimensions to biological entities coupled with their unique magnetic 
behaviors. Though common living organisms are composed of cells of about 10 µm size, the 
cell components are much smaller and generally in the nanosize dimension. Examples are 
viruses (20–450 nm), proteins (5–50 nm) and genes (2 nm wide and 10–100 nm long). 
Synthetic magnetic nanoparticles have controllable dimensions and just a few nanometer-
diameter nanoparticles can be synthesized by carefully designing experimental procedures 
and controlling experimental conditions. With such a nanoscale dimension, it would be 
possible for magnetic nanoparticles to get close to a biological entity of interest. Moreover, 
the interaction between magnetic nanoparticles and biological entities can be adjusted by 
coating nanoparticles with biological molecules, called bio-functionalization. This offers a 
controllable means of ‘tagging’ or addressing the binding at nanoscale. The comparable 
dimensions and magnetic properties of magnetic nanoparticles have prompted the idea of 
using them as very small probes to spy on the biological processes at the cellular scale 
without introducing too much interference. Actually, optical and magnetic effects have been 
treated as the most suitable approaches for biological applications owing to their non-
invasive behavior. 
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2.2.4.8. Toxicity  

The non-cytotoxic, non-immunogenic and biocompatible properties of nanoparticles are 
important issues for the potential application in nanoimmunology, nanomedicines and 
nanobiotechnology. When discussing the toxicity of nanoparticles, generalization becomes 
difficult because their toxicity depends on numerous factors including the dose, chemical 
composition, method of administration, size, biodegradability, solubility, pharmacokinetics, 
biodistribution, surface chemistry, design, shape and structure. In general, size, surface area, 
shape, composition and coating of nanoparticles are the most important characteristics 
regarding cytotoxicity (Neuberger et al., 2005). 

Several in vivo studies on animals had shown that, with a large dosage of 3,000 µmol Fe 
based nanoparticles per kg body weight, the histology and serologic blood tests indicated 
that no side effects occurred after 7 days of treatment (Lacava et al., 1999).  

To minimize the risks posed by nanoparticles, there are two basic avenues. One is to 
develop new highly biocompatible nonmaterials with low toxicity such as silica 
nanoparticles. Another one is the surface modification of nanoparticles with biocompatible 
chemicals such as PEG, dextrin and chitosan. Thus many great efforts are being made to 
develop nanoparticles satisfactory for biomedical applications (Cho, 2009). 

2.2.4.9. Easy detection 

As almost all biological entities are non-magnetic, magnetic nanoparticles in biological 
systems can be easily detected and traced. One typical example is the enhancement of the 
signal from magnetic resonance imaging (MRI) using magnetic nanoparticles. In this 
technique, a subject is placed in a large, external magnetic field and then exposed to a pulse 
of radio waves. Changes to the spin of the protons in water molecules are measured after 
the pulse is turned off. Tiny differences in the way that protons in different tissues behave 
can then be used to build up a 3D image of the subject (Koltsov 2004). 

2.2.4.10. Magnetic manipulation 

Magnetic nanoparticles will rotate under an external uniform magnetic field, and will make 
translational movements under an external magnetic field gradient. Therefore, magnetic 
nanoparticles, or magnetically tagged molecules, can be manipulated by applying an 
external magnetic field. This is important for transporting magnetically tagged drug 
molecules to diseased sites. The magnetic manipulation of magnetic nanowires and 
nanotubes is important for applying forces to biological entities, and for nanowires or 
nanotubes to get into biological entities. 

2.2.4.11. Energy transfer 

Magnetic nanoparticles can resonantly respond to a time-varying magnetic field, 
transferring energy from the exciting magnetic field to the nanoparticles and the tagged 
biological entities. This property has been used in hyperthermia treatment of cancer tumors 
(Pankhurst et al. 2003). 
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2.2.5. Biomedical applications of iron oxide NPs 
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the interaction between magnetic nanoparticles and biological entities can be adjusted by 
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treated as the most suitable approaches for biological applications owing to their non-
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In view of the magnetic properties of magnetic nanoparticles, they can be manipulated by 
an external magnetic field gradient, which is described by Coulomb’s law. Magnetic 
nanoparticles are able to transport into human tissues due to the intrinsic penetrability of 
magnetic fields into human bodies. This ‘action at a distance’ opens up many potential bio-
applications including transportation of magnetically tagged biological entities, targeted 
drug delivery, etc. Another important property of magnetic nanoparticles is their resonant 
response related to a time-varying magnetic field (Pankhurst et al. 2003). Hence energy 
transfer from the exciting field to the magnetic nanoparticles can be realized. In this way, 
toxic amounts of thermal energy are able to be delivered via magnetic nanoparticles to the 
targeted tumors resulting in malignant cell destruction. This process is named 
hyperthermia, which will be addressed in detail in this chapter. In addition to the site-
specific drug delivery and hyperthermic treatment, magnetic nanoparticles have found 
other versatile bio-applications such as magnetic bio-separation, contrast enhancement of 
magnetic resonance imaging, gene therapy, enzyme immobilization, magnetic manipulation 
of cell membranes, immunoassays, magnetic bio-sensing, etc. (Sun et al. 2005). Each 
application depends upon the relationship between the external magnetic field and the 
biological system. Magnetic fields with proper field strength are not deleterious to either 
biological tissues or biotic environments. In a given bio-application, magnetic nanoparticles 
are usually injected intravenously into the human body and are transported to the targeted 
region via blood circulation for biomedical diagnostic or treatment. An alternative means is 
using magnetic nanoparticle suspension for injection (Berry 2003). It has been well accepted 
that a desirable magnetic medium should not contain nanoparticle aggregation, which will 
block its own spread. For this reason, stable, uniform magnetic nanoparticle dispersion in 
either an aqueous or organic solvent at neutral pH and physiological salinity is required. 
The stability of this magnetic colloidal suspension depends on two parameters: an ultra 
small dimension and surface chemistry. The particle size should be sufficiently small to 
avoid precipitation due to gravitation forces while the charge and surface groups should 
create both steric and coulombic repulsions which stabilize the colloidal suspensions. 

The magnetic properties of magnetic nanoparticles are determined by their elemental 
compositions, crystallinity, shapes and dimensions. Various magnetic nanoparticles have 
been developed. Therefore, the selection of proper magnetic nanoparticles with the desired 
properties is the first but crucial step for certain bio-applications. For example, 
ferromagnetic nanoparticles (e.g. Fe nanoparticles) have a large magnetic moment and they 
can be the best material candidate in magnetic biosensors because they not only produce a 
better signal but respond to an applied magnetic field readily. On the other hand, iron oxide 
nanoparticles with super-paramagnetic behavior do an excellent job when used to enhance 
the signals in magnetic resonance imaging examinations. With the help of iron oxide 
nanoparticles a sharpened image with detailed information can be achieved because of the 
change of behavior of nearby bio-molecules by introduced nanoparticles (Bystrzejewski et al. 
2005). For many biomedical applications, magnetic nanoparticles presenting super-
paramagnetic behavior (no remanence along with a rapidly changing magnetic state) at 
room temperature are desirable. Biomedical applications are commonly divided into two 
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major categories: in vivo and in vitro applications. Consequently, additional restrictions 
apply on various magnetic nanoparticles for in vivo or in vitro biomedical applications. It is 
rather simple for in vitro applications of magnetic nanoparticles. The size restriction as well 
as biocompatibility/toxicity is not so critical for in vitro applications, when compared with in 
vivo ones. Therefore, super-paramagnetic composites containing submicron diamagnetic 
matrixes and super-paramagnetic nanocrystals can be used. Composites with long 
sedimentation times in the absence of a magnetic field are also acceptable. It was noticed 
that functionalities may be provided readily for the super-paramagnetic composites because 
of the diamagnetic matrixes (Tartaj et al. 2003). On the other hand, severe restrictions must 
be applied for magnetic nanoparticles for in vivo biomedical applications. First of all, it is a 
requisite that the magnetic components should be biocompatible without any toxicity for the 
bio-systems of interest. This is predominantly determined by the nature of the material (e.g. 
iron, nickel, cobalt, metal alloy, etc). For instance, cobalt and nickel are highly magnetic 
materials. However, both of them are rarely used due to their toxic properties and 
susceptibility to oxidation. Currently, the most commonly employed magnetic nanoparticles 
in biomedical applications are iron oxides including magnetite (Fe3O4), maghemite (γ -
Fe2O3) and hematite (α-Fe2O3). The second requirement for magnetic nanoparticles is their 
particle sizes. Ultrafine nanoparticles (usually smaller than 100 nm in diameter) have high 
effective surface area, thus they can be attached to ligand easily. Also the lower 
sedimentation rate leads to a high stability for colloidal suspensions, and the tissue diffusion 
can be improved by using nanoparticles in nanometer dimensions. After injection, 
nanoparticles would be able to remain in the circulation and pass through the capillary 
systems to reach the targeted organs and tissues without any vessel embolism. Further, the 
magnetic dipole–dipole interaction among magnetic nanoparticles can be substantially 
reduced. The third requisite for magnetic nanoparticles is their biocompatible polymer 
coating which may be done during or after the nanoparticle synthesis. There are several 
functions of the coating layers: 1) they will prohibit agglomeration of nanoparticles; 2) they 
prevent structural or elemental changes; 3) unnecessary biodegradation can be stopped; 4) 
the polymer layer offers a covalent binding or adsorption attachment of drugs to the 
nanoparticle surface. In summary, for in vivo biomedical applications, magnetic 
nanoparticles must be made of a non-toxic and non-immunogenic material with ultra small 
particle sizes and high magnetization. 

It is no doubt that interdisciplinary research collaboration is badly needed for clinical and 
biological applications of magnetic nanoparticles (Berry 2003). Research fields involved 
include chemistry, materials science, cell engineering, clinical tests and other related 
scientific efforts. In this chapter, an overview of cancer treatment approach as one of 
biomedical applications of magnetic nanoparticles will be presented 

3. Hyperthermia treatment 

Another major use of magnetic nanoparticles in therapeutic treatment is hyperthermia 
treatment for cancers. Gilchrist et al. did the experimental investigations for the first time 
when they heated various tissue samples with γ - Fe2O3 of 20–100 nm in diameter by a 
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are usually injected intravenously into the human body and are transported to the targeted 
region via blood circulation for biomedical diagnostic or treatment. An alternative means is 
using magnetic nanoparticle suspension for injection (Berry 2003). It has been well accepted 
that a desirable magnetic medium should not contain nanoparticle aggregation, which will 
block its own spread. For this reason, stable, uniform magnetic nanoparticle dispersion in 
either an aqueous or organic solvent at neutral pH and physiological salinity is required. 
The stability of this magnetic colloidal suspension depends on two parameters: an ultra 
small dimension and surface chemistry. The particle size should be sufficiently small to 
avoid precipitation due to gravitation forces while the charge and surface groups should 
create both steric and coulombic repulsions which stabilize the colloidal suspensions. 

The magnetic properties of magnetic nanoparticles are determined by their elemental 
compositions, crystallinity, shapes and dimensions. Various magnetic nanoparticles have 
been developed. Therefore, the selection of proper magnetic nanoparticles with the desired 
properties is the first but crucial step for certain bio-applications. For example, 
ferromagnetic nanoparticles (e.g. Fe nanoparticles) have a large magnetic moment and they 
can be the best material candidate in magnetic biosensors because they not only produce a 
better signal but respond to an applied magnetic field readily. On the other hand, iron oxide 
nanoparticles with super-paramagnetic behavior do an excellent job when used to enhance 
the signals in magnetic resonance imaging examinations. With the help of iron oxide 
nanoparticles a sharpened image with detailed information can be achieved because of the 
change of behavior of nearby bio-molecules by introduced nanoparticles (Bystrzejewski et al. 
2005). For many biomedical applications, magnetic nanoparticles presenting super-
paramagnetic behavior (no remanence along with a rapidly changing magnetic state) at 
room temperature are desirable. Biomedical applications are commonly divided into two 
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major categories: in vivo and in vitro applications. Consequently, additional restrictions 
apply on various magnetic nanoparticles for in vivo or in vitro biomedical applications. It is 
rather simple for in vitro applications of magnetic nanoparticles. The size restriction as well 
as biocompatibility/toxicity is not so critical for in vitro applications, when compared with in 
vivo ones. Therefore, super-paramagnetic composites containing submicron diamagnetic 
matrixes and super-paramagnetic nanocrystals can be used. Composites with long 
sedimentation times in the absence of a magnetic field are also acceptable. It was noticed 
that functionalities may be provided readily for the super-paramagnetic composites because 
of the diamagnetic matrixes (Tartaj et al. 2003). On the other hand, severe restrictions must 
be applied for magnetic nanoparticles for in vivo biomedical applications. First of all, it is a 
requisite that the magnetic components should be biocompatible without any toxicity for the 
bio-systems of interest. This is predominantly determined by the nature of the material (e.g. 
iron, nickel, cobalt, metal alloy, etc). For instance, cobalt and nickel are highly magnetic 
materials. However, both of them are rarely used due to their toxic properties and 
susceptibility to oxidation. Currently, the most commonly employed magnetic nanoparticles 
in biomedical applications are iron oxides including magnetite (Fe3O4), maghemite (γ -
Fe2O3) and hematite (α-Fe2O3). The second requirement for magnetic nanoparticles is their 
particle sizes. Ultrafine nanoparticles (usually smaller than 100 nm in diameter) have high 
effective surface area, thus they can be attached to ligand easily. Also the lower 
sedimentation rate leads to a high stability for colloidal suspensions, and the tissue diffusion 
can be improved by using nanoparticles in nanometer dimensions. After injection, 
nanoparticles would be able to remain in the circulation and pass through the capillary 
systems to reach the targeted organs and tissues without any vessel embolism. Further, the 
magnetic dipole–dipole interaction among magnetic nanoparticles can be substantially 
reduced. The third requisite for magnetic nanoparticles is their biocompatible polymer 
coating which may be done during or after the nanoparticle synthesis. There are several 
functions of the coating layers: 1) they will prohibit agglomeration of nanoparticles; 2) they 
prevent structural or elemental changes; 3) unnecessary biodegradation can be stopped; 4) 
the polymer layer offers a covalent binding or adsorption attachment of drugs to the 
nanoparticle surface. In summary, for in vivo biomedical applications, magnetic 
nanoparticles must be made of a non-toxic and non-immunogenic material with ultra small 
particle sizes and high magnetization. 

It is no doubt that interdisciplinary research collaboration is badly needed for clinical and 
biological applications of magnetic nanoparticles (Berry 2003). Research fields involved 
include chemistry, materials science, cell engineering, clinical tests and other related 
scientific efforts. In this chapter, an overview of cancer treatment approach as one of 
biomedical applications of magnetic nanoparticles will be presented 

3. Hyperthermia treatment 

Another major use of magnetic nanoparticles in therapeutic treatment is hyperthermia 
treatment for cancers. Gilchrist et al. did the experimental investigations for the first time 
when they heated various tissue samples with γ - Fe2O3 of 20–100 nm in diameter by a 
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1.2MHz magnetic field (Gilchrist et al. 1957). Since then, studies have shown the feasibility of 
using the hyperthermic effect generated from magnetic nanoparticles by applying a high-
frequency AC magnetic field as an alternate therapeutic approach for cancer treatment. 
Briefly speaking, the hyperthermic effect is generated from the relaxation of magnetic 
energy of the magnetic nanoparticles which is able to destroy tumor cells effectively (Levy et 
al. 2002). Hyperthermia is a common cancer therapy in which certain organs or tissues are 
heated preferentially to temperatures between 41 ◦C and 46 ◦C, artificially induced 
hyperthermia has been designed to heat malignant cells without destroying the surrounding 
healthy tissue. When heated to a higher temperature (~56 ◦C), coagulation or carbonization 
may occur. This ‘thermo-ablation’ induces a completely different biological response and 
hence is not considered as hyperthermia. A classical hyperthermia not only causes almost 
reversible damage to cells and tissues, but also enhances radiation injury of tumor cells 
(Jordan et al. 1999). For modern clinical hyperthermia trials, moderate temperatures (42–43 
◦C) are normally selected to optimize the thermal homogeneity in the target area. It is true 
that the heating effect will change the dose-dependent behavior of treated cells. However, 
the exact mechanism of thermal dose-response in hyperthermia is still unknown. There are 
great difficulties in identifying the individual cell as the target for hyperthermia. Instead, 
hyperthermia affects most bio-molecules including proteins and receptor molecules. On the 
other hand, DNA damage by irradiation has been well understood due to the highly specific 
interaction. As far as the underlying physics of the heating effect in hyperthermia is 
concerned, magnetic heating via magnetic nanoparticles essentially is determined by their 
sizes and magnetic properties (Mornet et al. 2004). 

Magnetic nanoparticles can be divided into two major categories: multi-domain and single-
domain nanoparticles, which possess different heating effects. Multi-domain nanoparticles 
usually have larger dimensions and contain several sub-domains with definite 
magnetization direction for each. When they are exposed to a magnetic field, a phenomenon 
called ‘domain wall displacements’ occurs. This is featured by growth of the domain with 
magnetization direction along the magnetic field axis and shrinkage of the other. Figure 2 
above, depicts this irreversible phenomenon. It can be seen that the magnetization curves for 
increasing and decreasing magnetic field do not coincide, and the area within the hysteresis 
loop represents the heating energy, named ‘hysteresis loss’, due to the AC magnetic field. 
For single-domain nanoparticles, since there is no domain wall, no hysteresis loss occurs 
leading to no heating. When exposed to an external AC magnetic field, rotation of magnetic 
moments from super-paramagnetic nanoparticles is assisted by the supplied energy which 
overcomes the energy barrier. Then these nanoparticles undergo N´eel relaxation in which 
their moments relax to their equilibrium orientation. Simultaneously, heat is generated 
during this relaxation by thermal dissipation. The N´eel relaxation time tN is related to the 
temperature, and can be described as: 

 tN = t0e KV/kT (1)    

Where t0 ≈ 10−9 s, T is the temperature and k is the Boltzmann constant. For both multi- and 
single-domain nanoparticles, rotational Brownian motion in a carrier also generates heat. 
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This rotation is caused by the torque exerted on the magnetic moment by the AC magnetic 
field. The Brown relaxation time tB is described as: 

 tB = 3ηvB/kT  (2) 

Where η is the viscosity of the carrier, and vB is the frequency for maximal heating via 
Brown rotation, corresponding to the hydrodynamic volume of the particle, and it is given 
by the equation 2πvBtB = 1. 

The heating capacity of magnetic nanoparticles is expressed by specific absorption rate SAR, 
also called specific power loss (SPL), both of them have the same physical meaning, which 
determines the heating ability of magnetic nanoparticles in the presence of magnetic field, 
and can be defined as the amount of heat generated per unit gram per unit time. SAR values 
are usually expressed in watts per gram of magnetic material (W/g), also can be expressed in 
volumetric units (W/m3).The heat generated per unit volume can be obtained by multiplying 
the SAR value by the density of the nanoparticles. It has been well documented that the 
orientation and magnetized domains of magnetic nanoparticles are dependent on their 
intrinsic features (elemental composition, crystallinity, magneto anisotropy, shape, 
dimension, etc.) and micro-structural features (impurities, grain boundaries, vacancies, etc). 
In magnetic hyperthermia treatment, after heat conducts into the area with diseased tissues, 
the surrounding temperature can be maintained above the therapeutic threshold of 42 ◦C for 
about half an hour to destroy the cancer. It is of great importance for hyperthermia to 
minimize the heat effect on healthy cells. Assisted by magnetic nanoparticles, it is possible to 
heat the specific area while unacceptable coincidental heating of healthy tissue is avoided. 
Although the hyperthermia treatment for cancer has been demonstrated with therapeutic 
efficacy in animal models, however, there have been no reports of successful hyperthermia 
treatment for human patients. The major reasons are the necessities of an adequate amount 
of magnetic nanoparticles and sufficiently high magnetic field which are not safe for human 
treatments. To date, laboratory research efforts on hyperthermia treatment for animals have 
all used magnetic field conditions which are not clinically acceptable. In most instances, 
hyperthermia treatments with a reduced amount of magnetic nanoparticles and reduced 
field strength or frequency cannot be effective due to the reduction of heat generated. 
Simulations suggest a sufficient level with heat deposition rate of 100mWcm−3 to destroy 
cancer cells effectively in most circumstances. The practical frequency and strength of the 
external AC magnetic field are 0.05–1.2MHz and 0–15 kAm−1, respectively. On the other 
hand, sufficient magnetic materials are needed to enrich around the cancer tissues to 
generate enough heat for hyperthermia treatment. Direct injection of ferrofluid into the 
tumor tissues is able to introduce a large amount of magnetic materials for heat generation. 
Antibody targeting and intravascular administration offer better preference heating, but the 
problem here is the small quantity. It is estimated that about 5–10 mg of magnetic material 
concentrated in each cm3 of tumor tissues is able to generate enough heat for tumor cell 
destruction in human bodies. Magnetite (Fe3O4) and maghemite (γ -Fe2O3) nanoparticles are 
two common types used in hyperthermia treatments owing to their appropriate magnetic 
properties and their excellent biocompatibilities. Several examples will be given here. 
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using the hyperthermic effect generated from magnetic nanoparticles by applying a high-
frequency AC magnetic field as an alternate therapeutic approach for cancer treatment. 
Briefly speaking, the hyperthermic effect is generated from the relaxation of magnetic 
energy of the magnetic nanoparticles which is able to destroy tumor cells effectively (Levy et 
al. 2002). Hyperthermia is a common cancer therapy in which certain organs or tissues are 
heated preferentially to temperatures between 41 ◦C and 46 ◦C, artificially induced 
hyperthermia has been designed to heat malignant cells without destroying the surrounding 
healthy tissue. When heated to a higher temperature (~56 ◦C), coagulation or carbonization 
may occur. This ‘thermo-ablation’ induces a completely different biological response and 
hence is not considered as hyperthermia. A classical hyperthermia not only causes almost 
reversible damage to cells and tissues, but also enhances radiation injury of tumor cells 
(Jordan et al. 1999). For modern clinical hyperthermia trials, moderate temperatures (42–43 
◦C) are normally selected to optimize the thermal homogeneity in the target area. It is true 
that the heating effect will change the dose-dependent behavior of treated cells. However, 
the exact mechanism of thermal dose-response in hyperthermia is still unknown. There are 
great difficulties in identifying the individual cell as the target for hyperthermia. Instead, 
hyperthermia affects most bio-molecules including proteins and receptor molecules. On the 
other hand, DNA damage by irradiation has been well understood due to the highly specific 
interaction. As far as the underlying physics of the heating effect in hyperthermia is 
concerned, magnetic heating via magnetic nanoparticles essentially is determined by their 
sizes and magnetic properties (Mornet et al. 2004). 

Magnetic nanoparticles can be divided into two major categories: multi-domain and single-
domain nanoparticles, which possess different heating effects. Multi-domain nanoparticles 
usually have larger dimensions and contain several sub-domains with definite 
magnetization direction for each. When they are exposed to a magnetic field, a phenomenon 
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This rotation is caused by the torque exerted on the magnetic moment by the AC magnetic 
field. The Brown relaxation time tB is described as: 
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Where η is the viscosity of the carrier, and vB is the frequency for maximal heating via 
Brown rotation, corresponding to the hydrodynamic volume of the particle, and it is given 
by the equation 2πvBtB = 1. 

The heating capacity of magnetic nanoparticles is expressed by specific absorption rate SAR, 
also called specific power loss (SPL), both of them have the same physical meaning, which 
determines the heating ability of magnetic nanoparticles in the presence of magnetic field, 
and can be defined as the amount of heat generated per unit gram per unit time. SAR values 
are usually expressed in watts per gram of magnetic material (W/g), also can be expressed in 
volumetric units (W/m3).The heat generated per unit volume can be obtained by multiplying 
the SAR value by the density of the nanoparticles. It has been well documented that the 
orientation and magnetized domains of magnetic nanoparticles are dependent on their 
intrinsic features (elemental composition, crystallinity, magneto anisotropy, shape, 
dimension, etc.) and micro-structural features (impurities, grain boundaries, vacancies, etc). 
In magnetic hyperthermia treatment, after heat conducts into the area with diseased tissues, 
the surrounding temperature can be maintained above the therapeutic threshold of 42 ◦C for 
about half an hour to destroy the cancer. It is of great importance for hyperthermia to 
minimize the heat effect on healthy cells. Assisted by magnetic nanoparticles, it is possible to 
heat the specific area while unacceptable coincidental heating of healthy tissue is avoided. 
Although the hyperthermia treatment for cancer has been demonstrated with therapeutic 
efficacy in animal models, however, there have been no reports of successful hyperthermia 
treatment for human patients. The major reasons are the necessities of an adequate amount 
of magnetic nanoparticles and sufficiently high magnetic field which are not safe for human 
treatments. To date, laboratory research efforts on hyperthermia treatment for animals have 
all used magnetic field conditions which are not clinically acceptable. In most instances, 
hyperthermia treatments with a reduced amount of magnetic nanoparticles and reduced 
field strength or frequency cannot be effective due to the reduction of heat generated. 
Simulations suggest a sufficient level with heat deposition rate of 100mWcm−3 to destroy 
cancer cells effectively in most circumstances. The practical frequency and strength of the 
external AC magnetic field are 0.05–1.2MHz and 0–15 kAm−1, respectively. On the other 
hand, sufficient magnetic materials are needed to enrich around the cancer tissues to 
generate enough heat for hyperthermia treatment. Direct injection of ferrofluid into the 
tumor tissues is able to introduce a large amount of magnetic materials for heat generation. 
Antibody targeting and intravascular administration offer better preference heating, but the 
problem here is the small quantity. It is estimated that about 5–10 mg of magnetic material 
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The history of using magnetic particles for selective heating of the tumors started in 1957 
when Gilchrist et al used particles of a few mm in size for inductive heating of lymph nodes 
in dogs (Gilchrist et al., 1957). More than 20 years later, Gordon et al used a magnetic fluid 
(‘dextran-magnetites’ with a core size of up to ~ 6 nm) for inducing hyperthermia (Jordon et 
al., 1979). Injection of micro-scaled ferromagnetic particles into renal carcinomas of rabbits 
and subsequent heating was reported by Rand and co-workers (Rand et al., 1981). Magnetic 
nanoparticles used in a different approach termed as ferromagnetic embolization. In this 
technique, the MNPs were injected into the main feeding artery of the tumor; this injection 
resulted in aggregates of MNPs which in turn embolized the feeding artery and hence 
necrosis of the tumor cells. This technique seems to be especially well suited for the 
treatment of hepatic malignancies due to the differences in blood supply between hepatic 
tumor cells and normal liver parenchyma (Archer et al., 1990). Direct injection of dextran-
coated magnetite NPs with a core size of ~ 3 nm into tumors was first reported in 1997 
(Jordan et al., 1997). Other groups in Japan developed “magnetic cationic liposomes” (MCLs) 
with improved adsorption and accumulation properties within tumors and demonstrated 
the efficacy of their technique in several animal tumor models: rat glioma (Le et al., 2001). 
Hilger et al injected colloidal suspensions of coated MNPs (particle sizes of ~10 nm and 200 
nm) into human carcinomas implanted into mice (Hilger et al., 2002). Ohno et al inserted 
stick-type carboxymethyl cellulose magnetite containing NPs into gliomas and described as 
a three-fold prolongation of survival time (Ohno et al., 2002). Moroz and co-workers 
concluded from their data that for a given tumor iron concentration, larger tumors heat at a 
greater rate than small tumors due to the poorer tissue cooling and better heat conduction in 
the necrotic regions of large tumors (Moroz et al., 2002). Tanaka et al used MCLs in 
melanoma in combination with immunotherapy (Tanaka et al., 2005) and used for prostate 
cancer treatment (Kawai et al., 2005). Yan et al. demonstrated the use of Fe2O3 nanoparticles 
combined with magnetic fluid for hyperthermia treatment on human hepatocarcinoma 
SMMC-7721 cells in vitro and xenograft liver cancer in nude mice (2005). Their experiments 
verified the significantly inhibitory effect of magnetic ferrofluid in weight and volume on 
xenograft liver cancer. After infiltrating magnetic ferrofluid into the target tissues, a time-
varied magnetic field was applied and its energy was transformed to heat energy by the 
magnetic nanoparticles resulting in a temperature rise to 42–45 ◦C. This generated heat is 
able to kill malignant tumor cells without injuring the normal cells nearby. The growth and 
apoptosis of SMMC-7721 cells treated with the ferrofluids containing Fe2O3 nanoparticles at 
various concentrations (2, 4, 6 and 8 mg/ml) were examined by MTT, flow cytometry (FCM) 
and transmission electron microscopy (TEM) after 30–60 minute treatments. It was observed 
that Fe2O3 nanoparticles-based ferrofluid could significantly inhibit the proliferation and 
increase the ratio of apoptosis of SMMC-7721 cells. These dose-dependent inhibitions were 
26.5 %, 33.53 %, 54.4 %, 81.2 %, and 30.26 %, 38.65 %, 50.28 %, 69.33 %, for inhibitory rate 
and apoptosis rate, respectively. It was also observed from animal experiments that the 
tumors became smaller and smaller as the dosage of magnetic ferrofluid increased. The 
weight and volume inhibitory ratios were 42.10 %, 66.34 %, 78.5 %, 91.46 %, and 58.77 %, 
80.44 %, 93.40 %, 98.30 %, respectively. In a comparison of the control and experimental 
groups, each group exhibited significant difference. According to histological examination, 
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many brown uniform spots are located at the stroma in the margin of the tumors, which are 
identified as iron oxide nanoparticles. Although interstitial hyperthermia following direct 
injection of nanoparticles has been proven successful in many animal models, nevertheless 
only one of these approaches has been successfully translated from research to clinical stage 
for prostate cancer treatment either by iron oxide against RF ,this clinical studies were 
performed by Johannsen 2005. 

Fumiko et al 2004 developed magnetite cationic liposomes (MCLs) and applied them to local 
hyperthermia as a mediator. MCLs have a positive charge and generate heat under an 
alternating magnetic field (AMF) by hysteresis loss. In this study, the effect of hyperthermia 
using MCLs was examined in an in vivo study of hamster osteosarcoma. In this study, three-
week-old Syrian female hamsters were purchased from Japan SLC, Inc., Shizuoka, Japan, 
and used for the animal study. After that MCLs were injected into the osteosarcoma and 
then subjected to an AMF. The results revealed that, the tumor was heated at over 42°C, but 
other normal tissues were not heated as much. Complete regression was observed in 100% 
of the treated group hamsters, whereas no regression was observed in the control group 
hamsters. At day 12, the average tumor volume of the treated hamsters was about 1/1000 of 
that of the control hamsters. In the treated hamsters, no regrowth of osteosarcomas was 
observed over a period of 3 months after the complete regression. These results suggest that 
this treatment is effective for osteosarcoma. 

One of recent and novel study was applied by El Sherbini et al (2011). The aim of this 
experimental study is to evaluate the effect of magnetic resonance on magnetic 
nanoparticles, this in -vivo experiments in which hyperthermia is induced in female Swiss 
albino mice weighing 20.0 to 29.2g median, 26.3g  implanted with subcutaneous Ehrlich 
carcinoma cells under magnetic resonance imaging. The strategy of this study was based on 
preparation, characterization of super-paramagnetic magnetic iron oxides nanoparticles and 
evaluation of magnetic resonance hyperthermia (MRH) technique in presence of super-
paramagnetic nanoparticles and an alternating magnetic field (AMF). 

Preparation of tumors bearing mice and iron oxide magnetic nanoparticles followed the 
method described by Elsherbini et al (2011). The prepared SPIO nanoparticles were 
suspended in glycerin medium to increase the stability especially in vivo conditions. The 
prepared suspension was stable for several months due to the high viscosity of glycerin. The 
influence of the SPIO nanoparticles concentration on the total amount of specific heat energy 
dose (SED) was studied in a preliminary study. The mean values of the total cumulative 
specific energy dose were monitored for different concentrations of SPIO nanoparticles in 
the tumors. The mean values reported of SED Jgm-1 were [282.1±13.8 for (200µg), 462.7±10.0 
for (400µg), 663.7±13.0 for (600µg), 864.1±16.6 for (800µg) and 1087 ±18 for (103µg)] as shown 
in figure (3). The quantitative analysis revealed that, the SED values were directly 
proportional to the concentrations of the injected nanoparticles inside the tumors.  

The results of heat deposition rate HDR inside the tumor revealed that, the mean values of 
HDR were [0.157 for (200µg), 0.259 for (400µg), and 0.367 for (600µg), 0.478 for (800µg) and 
0.604 for (103µg)] as shown in figure (4). These values varied considerably between the 
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different concentrations of SPIO nanoparticles with highly significant p value p <.007. The 
temperature changes were recorded in the intra-tumoural SPIO nanoparticles accumulation. 
The results revealed that the maximum temperatures achieved were [40.11±1.52°C for 
(200µg), 42.36±1.54°C for (400µg), 44.43±2.0°C for (600µg), 46.8±1.5°C for (800µg) and 
48.6±1.0 °C for (103µg)] as shown in figure (5).The time taken to maximum temperature TMT 
was recorded as [40±2.5 min for 200&400µg, 30±2.0 min for 600µg, 25±5.0 min for 800µg and 
20± 5.0 min for 103µg] as shown in figure (6). The statistical analysis revealed that the TMT 
values were inversely proportional to the concentrations of the injected nanoparticles inside 
the tumors. In vivo experiments for magnetic resonance hyperthermia demonstrated that the 
use of SPIO nanoparticles combined with magnetic resonance for hyperthermia treatment 
on Ehrlich carcinoma. The experiments revealed that after treatment sessions, magnetic 
resonance images verified degree of apoptotic cells presented by dark signal intensity in the 
center of the tumor in all mice on T1 weighted images; the centers of the lesions were 
asymmetrical and non-homogenous when compared to magnetic resonance images before 
treatment, as well as the images showed variations in signal intensity in the abdominal 
regions attributed to the distribution of the SPIO nanoparticles over the treatment sessions 
as shown in figure (7). As well as the experiments verified the significantly inhibitory effect 
of SPIO nanoparticles in volume on Ehrlich tumor. Significant volume differences between 
mice in all groups under experiments are shown in figure (8). It worth mentioning that, 
histopathology examination was further used to confirm MR results. 

Plasmonic photo-thermal therapy (PPTT).Gold nanoshells belong to a prospective class of 
optical adjustable nanoparticles with a dielectric silica core encased in a thin metallic gold 
shell (Hirsch, et al 2006). The absorption cross-section of a solid nanoshell is high enough to 
provide a competitive nanoparticle technology with application of indocyanine green dye, a 
typical photothermal sensitizer used in laser cancer therapy (Gupta, et al 2007).  

On the other hand, there are several in vitro experiments concerning application of gold 
nanoparticles and core shell NPs to PPTT of cancer cells, while number of in vivo studies is 
quite limited (Loo, et al, 2005). The first account of the use of gold nanoparticles in hyper-
thermal therapy was published in 2003. Halas et al used gold -on-silica nanoshells to treat 
breast carcinoma cells using the HER2 antibody (Hirsch et al., 2003). Another study using 
pulsed laser and gold nanospheres was performed in 2003 by Lin and co-workers for 
selective and highly localized photothermolysis of targeted lymphocytes cells. Lymphocytes 
incubated with gold nanospheres conjugated to anti-bodies were exposed to nanosecond 
laser pulses (Q-switched Nd: YAG laser, 565 nm wavelength, 20 ns duration) .The results 
showed that 100 laser pulses at an energy of 0.5 J/cm2 were sufficient to induce cell death. 
While adjacent cells just a few micrometers away without nanoparticles remained viable 
(Pitsillides et al., 2003). In the same year, Zharov et al performed similar studies on the photo-
thermal destruction of K562 cancer cells. They further detected the laser induced- bubbles 
and studied their dynamics during the treatment using a pump–probe photo thermal 
imaging technique (Zharov et al., 2003). O’Neal et al 2004 reported in vivo impressive results 
by showing selective photo-thermal ablation in mice using near infrared-absorbing NPs (O, 

Neal et al., 2004). Another in vivo study was applied on a murine model using NIR light against 
gold nanoshells (Loo et al., 2004). 
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In a study by El- Sayed and co-workers conjugated gold nanoparticles of approximately 40 
nm to anti-epithelial growth factors receptors (EGFR) antibodies and targeted to types of 
human head and neck cancer cells, the nanoparticles induce cancer cell damage at 19 W/cm2 

after the irradiation with argon Ar+ laser at 514 nm for 4 min, while healthy cells do not 
show the loss of cell viability under the same treatment (El Sayed et al., 2005). 

Huang et al also described the photo-thermal destruction of cancer cells using bio-
functionalized gold nanorods. The nanorods were conjugated to anti- EGFR (specific 
antibody to the malignant cell types used), and then incubated with a non-malignant 
epithelial cell line (HaCat), as well as two malignant oral epithelial cell lines (HOC313 
clone8 and HSC3). Following laser irradiation, the results revealed that the malignant cells 
were destroyed at about half the laser fluence needed to kill the nonmalignant cells. The 
efficient destruction of the malignant cells was evidently due to the preferential attachment 
of the anti-EGFR-gold nanorod conjugates to the over-expressed EGFR on the surface of the 
malignant cell (Huang et al., 2006). 

In 2006, El-Sayed and co-workers conjugated gold nanorods to anti-EGFR antibodies 
specifically bind to the head and neck cancer cells, these labeled cells subjected to laser 
irradiation (Ti: Sapphire laser, CW at 800 nm) which was maximally overlapped with the 
surface plasmonic resonance absorption band of the nanorods. Under laser exposure for 4 
min, it was found that the cancer cells required half the laser energy (10 W/cm2) to be photo- 
thermally damaged as compared to the normal cells (20 W/cm2) (El Sayed et al., 2006). 

In 2007, Huff and co-workers conjugated folate ligands with oligo-ethylene-glycol onto gold 
nanorods by in situ dithio-carbamate formation; the folate conjugated gold nanorods were 
selectively bound to KB cancer cells (a tumor cell line derived from oral epithelium) which 
led to photo-thermal damage on cell membranes following laser irradiation (Huff et al., 
2007). Another study from the same group showed that under laser irradiation membrane 
blebbing occurred due to the influx of calcium ion Ca2+ into the cells (Tong et al., 2007). 

Attempts using gold nanocages for PPPT have also been made recently. In the in vitro 
studies by Li and co-workers conjugated gold nanocages of approximately 30 nm to anti-
EGFR to target A431 cells. At laser energy density of 40 W/cm2, almost all immunonanocage 
treated cells were damaged (Li et al., 2008). Other in vitro studies by Xiaohug and co-workers 
using gold nanocages of approximately 45 nm conjugated to HER-2 and near infrared 
femtosecond Ti: Sapphire pulsed laser to treat Sk-BR-3 breast cancer cells (Xiaohua et al., 
2010).  

Paul and Tuan reported the application of liposome-encapsulated gold nanoshells for in 
vitro photo-induced hyperthermia in human mammary carcinoma cells. In addition to 
evaluating their effects in vitro, the authors compared the application liposome-
encapsulated gold nanoshells and free-standing gold nanoshells for NanoPhotoTherapy 
(NPT). NPT-induced hyperthermia was performed using a 785-nm near-infrared light from 
a diode laser and the in vitro effects were evaluated using nucleic acid molecular probes by 
fluorescence microscopy. Additionally, they monitored the effectiveness of NPT by 
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detecting apoptosis via capase-9 activity. The experiments clearly showed that liposomal 
delivery enhanced the intracellular bioavailability of gold nanoshells and thus is able to 
induce a higher degree of cell death more effectively than free-standing gold nanoshells. 

Single-walled carbon nanotubes (SWNTs) have a high optical absorbance in the near-
infrared (NIR) region. In this special optical window, biological systems are known to be 
highly transparent. The optical properties of SWNTs provide an opportunity for selective 
photo thermal therapy for cancer treatment. Specifically, SWNTs with a uniform size about 
(0.81 nm) and a narrow absorption peak at 980 nm are ideal candidates for such a novel 
approach. In a study by Feifan et al, SWNTs are conjugated to folate, which can bind 
specifically to the surface of the folate receptor tumor markers. Folate- SWNT (FA-SWNT) 
targeted tumor cells were irradiated by a 980 nm laser. Results in vitro and in vivo 
experiments revealed that FA-SWNT effectively enhanced the photo thermal destruction on 
tumor cells and noticeably spared the photo thermal destruction for non targeted normal 
cells. Thus, SWNTs, combined with suitable tumor markers, can be used as novel 
nanomaterials for selective photo thermal therapy for cancer treatment. The authors used 
the mammary tumor model with EMT6 cells in the female Balb/c mice to investigate the in 
vivo effects of FA-SWNT. The mouse tumors with or without FA-SWNT were treated by the 
980-nm laser. To determine the effects of NIR optical excitation of SWNTs inside tumors, the 
authors measured the temperature on the tumor surface during the irradiation by the 980-
nm laser with an infrared thermal camera. In one experimental mouse, irradiation of tumors 
with a power density of 1 W/cm2 with FA-SWNT (1 mg/kg) for 5 min caused a surface 
temperature elevation of 63 °C. Without FASWNT, the tumor irradiated at the same light 
dose caused a surface temperature elevation of 54 °C. Experiments with other animals 
yielded similar results. These findings clearly show that FA-SWNT could effectively 
enhance the tumor photo thermal therapy. 

Kim et al achieved close to 90% cancer cell destruction in vitro using FeNi@Aumagnetic-
vortex microdiscs (MDs), on the application of only a few tens of hertz AMF for just 10min. 
This confirms that operation of MFH at lower frequencies is possible and for effective heat 
generation can be achieved using core–shell type of structures. Likewise, in yet another 
demonstration, a gold coating of approximately 0.4 to 0.5 nm thickness around SPIONs 
resulted in a four- to five-fold increase in the amount of heat released (the highest value of 
976W/g in ethanol at 430 Hz frequency) in comparison with SPIONs on application of low 
frequency oscillating magnetic fields (44–430 Hz). This study was done by Mohamed et al 
2010. In addition, the SPIONs@Au were found to be not particularly cytotoxic to 
mammalian cells. (MCF-7 breast carcinoma cells and H9c2 cardiomyoblasts) in in vitro 
studies were done by Pollert et al 2010. When similar heating experiments were carried out 
using stable water suspensions of La0.75Sr0.25MnO3 cores covered by silica (conc. of 
Mn=3.39 mg/ml), highest SAR of 130 W/g Mn at 37 °C was reached for the applied 
amplitude and frequency of 8.7 kAm−1, 480 kHz respectively. 

In this context, a study was done by Elsherbini and co-workers, 2011. The group evaluated 
two different approaches in the nanotechnology era for inducing hyperthermia in 
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subcutaneous Ehrlich carcinoma cells. The first called Optical Resonance Hyperthermia 
(ORH) technique in presence of gold nanospheres and green diode laser, as shown in fig (9). 
While the second technique called Magneto-Optical Resonance Hyperthermia (MORH), in 
presence of gold-iron oxide core shell nanoparticles with green, near infra-red diode laser, 
and magnetic field, as shown in fig (10). This approach was performed under magnetic 
resonance imaging guidance. The results revealed that, all mice treated by the first 
technique, the tumors were still as the same as before the treatments, as well as the rate of 
tumors growth were very slow if compared with the control mice. In contrast more than 
50% of the mice treated with the second technique revealed a complete disappearance of the 
tumor, as shown in figure (11). So the study have demonstrated that a pair of synthetic 
nanospheres can work together more effectively for inducing hyperthermia than individual 
nanospheres, whereby more than .So, this simple, non-invasive method shows great 
promise as a treatment technique for clinical setting. 

There are two main advantages of the plasmonic photothermal therapy technique. Firstly, 
there is the benefit of photostability compared with the photosensitizer dyes used in 
photodynamic therapy, which suffer from photobleaching as well as diffusion under laser 
irradiation. Secondly, there is the advantage of absorption and scattering cross-sections of 
gold nanoparticles, which are significantly superior to the absorbing dyes conventionally 
used in biological systems. Mie theory estimates that the optical cross-sections of gold 
nanospheres are typically four to five orders of magnitude higher than those of conventional 
dyes.  

In spite of much progress having been made using the plasmonic photothermal therapy 
technique for cancer treatment in a laboratory setting, there are still many factors which 
must be taken into account before this method may be taken to a clinical setting, and they 
need to be studied further. First of all, the distribution of the elevated temperature under 
plasmonic photothermal therapy treatment is related to absorption of light by nanospheres 
acting as point wise local heat sources and by thermal diffusion over surrounding tissues. At 
the practical level, plasmonic photothermal therapy needs to provide an appropriate 
temperature increment, ΔT, gold nanosphere concentration, laser power density, duration of 
laser exposure, optimization of absorption and scattering cross-sections of nanospheres, as 
well as penetration of the laser light into the area of interest. It should be noted that the 
biological effects have a nonlinear dependence on changes in particle concentration and 
laser power density, which is defined by the type of tissue and thermoregulation ability of 
the living organism. 

Although interstitial hyperthermia following direct injection of nanoparticles has been 
proven successful in many animal models, nevertheless only one of these approaches has 
been successfully translated from research to clinical stage for prostate cancer treatment 
either by iron oxide against RF ,this clinical studies were performed by Johannsen 2005. The 
aim of this pilot study was to evaluate whether the technique of magnetic fluid 
hyperthermia can be used for minimally invasive treatment of prostate cancer. This paper 
presents the first clinical application of interstitial hyperthermia using magnetic 
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resulted in a four- to five-fold increase in the amount of heat released (the highest value of 
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subcutaneous Ehrlich carcinoma cells. The first called Optical Resonance Hyperthermia 
(ORH) technique in presence of gold nanospheres and green diode laser, as shown in fig (9). 
While the second technique called Magneto-Optical Resonance Hyperthermia (MORH), in 
presence of gold-iron oxide core shell nanoparticles with green, near infra-red diode laser, 
and magnetic field, as shown in fig (10). This approach was performed under magnetic 
resonance imaging guidance. The results revealed that, all mice treated by the first 
technique, the tumors were still as the same as before the treatments, as well as the rate of 
tumors growth were very slow if compared with the control mice. In contrast more than 
50% of the mice treated with the second technique revealed a complete disappearance of the 
tumor, as shown in figure (11). So the study have demonstrated that a pair of synthetic 
nanospheres can work together more effectively for inducing hyperthermia than individual 
nanospheres, whereby more than .So, this simple, non-invasive method shows great 
promise as a treatment technique for clinical setting. 

There are two main advantages of the plasmonic photothermal therapy technique. Firstly, 
there is the benefit of photostability compared with the photosensitizer dyes used in 
photodynamic therapy, which suffer from photobleaching as well as diffusion under laser 
irradiation. Secondly, there is the advantage of absorption and scattering cross-sections of 
gold nanoparticles, which are significantly superior to the absorbing dyes conventionally 
used in biological systems. Mie theory estimates that the optical cross-sections of gold 
nanospheres are typically four to five orders of magnitude higher than those of conventional 
dyes.  

In spite of much progress having been made using the plasmonic photothermal therapy 
technique for cancer treatment in a laboratory setting, there are still many factors which 
must be taken into account before this method may be taken to a clinical setting, and they 
need to be studied further. First of all, the distribution of the elevated temperature under 
plasmonic photothermal therapy treatment is related to absorption of light by nanospheres 
acting as point wise local heat sources and by thermal diffusion over surrounding tissues. At 
the practical level, plasmonic photothermal therapy needs to provide an appropriate 
temperature increment, ΔT, gold nanosphere concentration, laser power density, duration of 
laser exposure, optimization of absorption and scattering cross-sections of nanospheres, as 
well as penetration of the laser light into the area of interest. It should be noted that the 
biological effects have a nonlinear dependence on changes in particle concentration and 
laser power density, which is defined by the type of tissue and thermoregulation ability of 
the living organism. 

Although interstitial hyperthermia following direct injection of nanoparticles has been 
proven successful in many animal models, nevertheless only one of these approaches has 
been successfully translated from research to clinical stage for prostate cancer treatment 
either by iron oxide against RF ,this clinical studies were performed by Johannsen 2005. The 
aim of this pilot study was to evaluate whether the technique of magnetic fluid 
hyperthermia can be used for minimally invasive treatment of prostate cancer. This paper 
presents the first clinical application of interstitial hyperthermia using magnetic 
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nanoparticles in locally recurrent prostate cancer. Treatment planning was carried out using 
computerized tomography (CT) of the prostate. Based on the individual anatomy of the 
prostate and the estimated specific absorption rate (SAR) of magnetic fluids in prostatic 
tissue, the number and position of magnetic fluid depots required for sufficient heat 
deposition was calculated while rectum and urethra were spared. Nanoparticle suspensions 
were injected transperineally into the prostate under transrectal ultrasound and flouroscopy 
guidance. Treatments were delivered in the first magnetic field applicator for use in 
humans, using an alternating current magnetic field with a frequency of 100 kHz and 
variable field strength (0–18 kAm-1). Invasive thermometry of the prostate was carried out in 
the first and last of six weekly hyperthermia sessions of 60 min duration. CT-scans of the 
prostate were repeated following the first and last hyperthermia treatment to document 
magnetic nanoparticle distribution and the position of the thermometry probes in the 
prostate. Nanoparticles were retained in the prostate during the treatment interval of 6 
weeks. Using appropriate software (AMIRA), a non-invasive estimation of temperature 
values in the prostate, based on intra-tumoural distribution of magnetic nanoparticles, can 
be performed and correlated with invasively measured intra-prostatic temperatures. Using a 
specially designed cooling device, treatment was well tolerated without anesthesia. In the 
first patient treated, maximum and minimum intraprostatic temperatures measured at field 
strength of 4.0–5.0 kAm-1 were 48.50C and 40.00C during the 1st treatment and 42.50C and 
39.40C during the 6th treatment, respectively. These first clinical experiences prompted us to 
initiate a phase I study to evaluate feasibility, toxicity and quality of life during 
hyperthermia using magnetic nanoparticles in patients with biopsy-proven local recurrence 
of prostate cancer following radiotherapy with curative intent. To the authors’ knowledge, 
this is the first report on clinical application of interstitial hyperthermia using magnetic 
nanoparticles in the treatment of human cancer. 

Akihiko et al have developed a novel hyperthermic treatment modality using magnetic 
materials for metastatic bone tumors. The purpose of this study is to show the results of 
novel hyperthermia for metastatic bone tumors. This novel hyperthermic treatment 
modality was used for 15 patients with 16 metastatic bone lesions. In seven lesions, after 
curettage of the metastatic lesion followed by reinforcement with a metal intra-medullary 
nail or plate, calcium phosphate cement (CPC) containing powdery Fe3O4 was implanted 
into the cavity. In one lesion, prosthetic reconstruction was then performed after an 
intralesional tumor excision. For the remaining eight lesions, metal intra-medullary nails 
were inserted into the affected bone. Hyperthermic therapy was started at 1 week 
postoperatively. To comparatively evaluate the radiographic results of patients who 
underwent hyperthermia (HT group), the authers also assessed eight patients who received 
a palliative operation without either radiotherapy or hyperthermia (Op group), and 22 
patients who received operation in combination with postoperative radiotherapy (Op + RT 
group). In HT group, all patients had an acceptable limb function with pain relief without 
any complications. On radiographs, 87, 38, and 91% were, respectively, considered to 
demonstrate an effective treatment outcome in HT group, Op group, and Op + RT group. 
The patients in HT group showed a statistically better radiographic outcome than the 
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patients in Op group (P = 0.0042). But when compared between HT group and Op + RT 
group, there were no significant difference (P = 0.412). This first series of clinical 
hyperthermia using magnetic materials achieved good local control of metastatic bone 
lesion. 

Study by Manfred et al 2007, or by using laser against gold nanoparticles,  for instance 
Yusheng et al 2009 used core shells (silica as a core with a diameter 110nm and an outer gold 
shell with thickness 15 nm) to mediate laser surgery stimulation for prostate cancer 
treatment. The goal of this paper is to present an integrated computer model using a so-
called nested-block optimization algorithm to simulate laser surgery and provides transient 
temperature field predictions. In particular, this algorithm aims to capture changes in 
optical and thermal properties due to nanoshell inclusion and tissue property variation 
during laser surgery. Numerical results show that this model is able to characterize 
variation of tissue properties for laser surgical procedures and predict transient temperature 
field comparable to that measured by in vivo magnetic resonance temperature imaging 
(MRTI) techniques. Note that the computational approach presented in the study is quite 
general and can be applied to other types of nanoparticle inclusions. 

In conclusion, this is a brief review on different approaches for inducing hyperthermia 
cancer treatment relevant to nanomedicine  
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1. Introduction 

Hyperthermia is one of many techniques used in oncology. It uses the physical methods to 
heat certain organ or tissue delivering an adequate temperature in an appropriate period of 
time (thermal dose), to the entire tumor volume for achieving optimal therapeutic results. 
Thermal dose has been identified as one of the most important factors which, influences the 
efficacy of hyperthermia [Perez and Sapareto (1984)]. Although there are definite 
prescriptions for temperature (generally 43	℃) and time (usually ��	���), variations in the 
temperature and time of delivery are frequent throughout the treatment sessions [Perez and 
Sapareto (1984), Jordan et al. (1999), Jordan et al. (2001), Overgaard et al. (2009)]. 

The effectiveness of hyperthermia treatment is related to the temperature achieved during 
the treatment. An ideal hyperthermia treatment should selectively destroy the tumor cells 
without damaging the surrounding healthy tissue. [Andrä et al. (1999), Lagendijk (2000), 
Moroz et al. (2002), Maenosono and Saita (2006), Lin and Liu (2009)]. Therefore, the ability to 
predict the temperature distribution inside as well as outside the target region as a function 
of the exposure time, possesses a high degree of importance. 

In the past fifteen years, MFH has drawn greater attention due to the potential advantages 
for cancer hyperthermia therapy. In MFH, a nanofluid containing the MNPs is injected 
directly into the tumor. An alternating magnetic field is then applied to the target region, 
and then MNPs generate heat according to Néel relaxation and Brownian rotation losses as 
localized heat sources [Jordan et al. (1999), Jordan et al. (2001), Thiesen and Jordan (2008)]. 
The heat generated increases the temperature of the tumor. In general, the cancerous cells 
possess a higher chance to die when the temperature is above 43	℃ whereas healthy cells 
will be safe at this temperature [Andrä et al. (1999), Moroz et al. (2002)]. 
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Two techniques are currently used to deliver the MNPs to the tumor. The first is to deliver 
particles to the tumor vasculature [Matsuki and Yanada (1994)] through its supplying 
artery; however, this method is not effective for poorly perfused tumors. Furthermore, for a 
tumor with an irregular shape, inadequate MNPs distribution may cause under-dosage of 
heating in the tumor or overheating of the normal tissue. The second approach, is to directly 
inject MNPs into the extracellular space in the tumors. The MNPs diffuse inside the tissue 
after injection of nanofluid. If the tumor has an irregular shape, multi-site injection can be 
exploited to cover the entire target region [Salloum et al. (2008a)]. 

The nanofluid injection volume as well as infusion flow rate of nanofluid are important 
factors in dispersion and concentration of the MNPs, within the tissue. A successful MFH 
treatment is substantially dependent on the MNPs distribution in the tissue [Bagaria and 
Johnson (2005), Salloum et al. (2008a), Salloum et al. (2008b), Lin and Liu (2009), Bellizzi and 
Bucci (2010), Golneshan and Lahonian (2011a)]. 

2. Heat dissipation of MNPs 

In MFH, after introducing the MNPs into the tumor (Figure 1), an alternating magnetic field 
is applied. This causes an increase in the tumor temperature and subsequent tumor 
regression. The temperature that can be achieved in the tissue strongly depends on the 
properties of the magnetic material used, the frequency and the strength of the applied 
magnetic field, duration of application of the magnetic field, and dispersion of the MNPs 
within the tissue. 

2.1. Mechanisms of heat dissipation of MNPs 

To turn MNPs into heaters, they are subjected to an oscillating electromagnetic field, where 
the field’s direction changes cyclically. There are various theories which explain the reasons 
for the heating of the MNPs when subjected to an oscillating electromagnetic field 
[Brusentsova et al. (2005), Jo´zefczak and Skumiel (2007), Kim et al. (2008), Golneshan and 
Lahonian (2010), Golneshan and Lahonian (2011c)]. 

There exist at least four different mechanisms by which magnetic materials can generate 
heat in an alternating field [Nedelcu (2008)]: 

1. Generation of eddy currents in magnetic particles with size >1μ, 
2. Hysteresis losses in magnetic particles >1μ and multidomain MNPs, 
3. Relaxation losses in ‘superparamagnetic’ single-domain MNPs, 
4. Frictional losses in viscous suspensions. 

Relaxation losses in single-domain MNPs fall into two modes: rotational (Brownian) mode and 
Néel mode. The principle of heat generation due to each individual mode is shown in Figure 2. 

In the Néel mode, the magnetic moment originally locked along the crystal easy axis rotates 
away from that axis towards the external field. The Néel mechanism is analogous to the 
hysteresis loss in multi-domain MNPs whereby there is an ‘internal friction’ due to the  
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Figure 1. Schematic of magnetic fluid hyperthermia process. 

movement of the magnetic moment in an external field that results in heat generation. In the 
Brownian mode, the whole particle oscillates towards the field with the moment locked 
along the crystal axis under the effect of a thermal force against a viscous drag in a 
suspending medium. This mechanism essentially represents the mechanical friction 
component in a given suspending medium [Nedelcu (2008)]. 

 
Figure 2. Relaxation mechanisms of MNPs in Magnetic Fluid. a) Brownian relaxation, entire particle 
rotates in fluid; b) Néel relaxation, direction of magnetization rotates in core. The structure of MNP: 
core (inner), shell (outer). The arrow inside the core represents the direction of magnetization. 

Power dissipation of MNPs in an alternating magnetic field is expressed as [Rosensweig 
(2002), Nedelcu (2008)]: 

� � ���������
����

1 + (����)� (1)

      Heat Healthy Tissue 

Tumor 
Nanoparticles 

Injection of Magnetic 
Fluid 

S

N

a b 



 
Hyperthermia 130 

Two techniques are currently used to deliver the MNPs to the tumor. The first is to deliver 
particles to the tumor vasculature [Matsuki and Yanada (1994)] through its supplying 
artery; however, this method is not effective for poorly perfused tumors. Furthermore, for a 
tumor with an irregular shape, inadequate MNPs distribution may cause under-dosage of 
heating in the tumor or overheating of the normal tissue. The second approach, is to directly 
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Johnson (2005), Salloum et al. (2008a), Salloum et al. (2008b), Lin and Liu (2009), Bellizzi and 
Bucci (2010), Golneshan and Lahonian (2011a)]. 
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4. Frictional losses in viscous suspensions. 

Relaxation losses in single-domain MNPs fall into two modes: rotational (Brownian) mode and 
Néel mode. The principle of heat generation due to each individual mode is shown in Figure 2. 

In the Néel mode, the magnetic moment originally locked along the crystal easy axis rotates 
away from that axis towards the external field. The Néel mechanism is analogous to the 
hysteresis loss in multi-domain MNPs whereby there is an ‘internal friction’ due to the  
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where ��	(��. 10��	�.�/�) is the permeability of free space, �� is the equilibrium 
susceptibility,  �� and � are the amplitude and frequency of the alternating magnetic field 
and � is the effective relaxation time, given by: 

��� = ���� � ���� (2)

where �� and �� are the Néel relaxation and the Brownian relaxation time, respectively. �� 
and �� are written as: 

�� = √�
2 ��

���(Γ)
√Γ  (3)

�� =
3���
��  (4)

where the shorter time constant tends to dominate in determining the effective relaxation 
time for any given size of particle. �� is the average relaxation time in response to a 
thermal fluctuation, � is the viscosity of medium, �� is the hydrodynamic volume of 
MNPs, � is the Boltzmann constant,	1.38 × 10���	J/K, and � is the temperature. Here, 
Γ = ���/	�� where � is the magnetocrystalline anisotropy constant and �� is the volume 
of MNPs. The MNPs volume �� and the hydrodynamic volume including the ligand layer 
�� are written as:  

�� = ���

6  (5)

�� =
�(� � 2�)�

6  (6)

where � is the diameter of MNP and	� is the ligand layer thickness. 

The equilibrium susceptibility �� is assumed to be the chord susceptibility corresponding to 
the Langevin equation (�(�) = � ��⁄ = ���� � � 1 �⁄ ), and expressed as: 

�� = ��
3
� ����� � �

1
�� (7)

where � = �������/��, � = �����(��), �� 	= 	���, and � is the volume fraction of MNPs. 
Here, �� and �� are the domain and saturation magnetization, respectively. The initial 
susceptibility is given by: 

�� =
��������

3��  (8)

Generally, the practical range of frequency and amplitudes are often described as 
�0	� 1200	��� and 0� 1�	��/� and the typical magnetite dosage is �10	�� magnetite MNPs 
per gram of tumor as reported in clinical studies [Jordan et al. (1997), Jordan et al. (2001), 
Pankhurst et al. (2003), Lahonian and Golneshan (2011)]. 
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2.2. Heating rate of aqueous dispersions of MNPs 

Based on the theory mentioned in previous section, Lahonian and Golneshan (2011) 
calculated the power dissipations for aqueous dispersion of mono-dispersed equiatomic face 
centred cubic iron-platinum (FCC FePt) MNPs varying the diameter of MNP in adiabatic 
condition. For comparison, also the power dissipations for magnetite (Fe3O4), and 
maghemite (γ-Fe2O3 ) have been estimated. In Table 1, physical properties of each magnetic 
material are shown [Maenosono and Saita (2006)]. 

In practice, the magnetic anisotropy may considerably vary due to the shape contributions 
of MNPs. For simplicity, however, the shape effect is not taken into account in the above 
mentioned model. 

It has been pointed out that hysteresis losses are important especially for magnetic single 
domain particles with high magneto-crystalline anisotropy [Hergt et al. (1998)]. However, 
the hysteresis losses are not considered, because MNPs are assumed as super-paramagnetic 
in their study. 

Figure 3 shows comparative power dissipation for aqueous mono-dispersions of the various 
MNPs listed in Table 1, assuming �� = 10���� and � = � � 10��. Induction and frequency of 
applied magnetic field were fixed at �� = ���� = 50��� and 300����. The carrier liquid is 
pure water in all cases. Surface ligand layer thickness is assumed to be � = 1���. On these 
conditions, FCC FePt MNPs yield the largest power dissipation. Most operative sizes of each 
MNPs, ����, which give a maximum heating rate, are 10�5��� for FCC FePt MNPs, 1���� 
for magnetite and �3��� for maghemite. The maghemite MNPs also have large power 
dissipation as well as magnetite MNPs. The typical size ranges of standard magnetic 
nanofluid are � = � � 10���, and generally the stability of magnetic colloid becomes 
impaired when � � �0��� due to the spontaneous magnetization [Golneshan and Lahonian 
(2010), Lahonian and Golneshan (2011), Golneshan and Lahonian (2011b). 

Figure 4 shows the dependence of power dissipation on induction of applied magnetic field, 
for fixed � = 300����. Note that �� is varied as 30, 50, and �0���. Increasing �� earns a 
raise for power dissipation [Lahonian and Golneshan (2011)]. 

Figures 5, 6 and 7 show the dependence of power dissipation on the frequency (�), the 
surface ligand layer thickness (��), and the volume fraction (��) respectively. Increasing � 
earns a raise and a gradual decrease, respectively, in the power dissipation and ����. The 
power dissipation decreases and increases with increasing � and �, respectivly. Also, the 
gradual decrease in ���� with decreasing � is observed [Lahonian and Golneshan (2011)]. 
 

Material ��
�� �⁄

� 
�� ��⁄

��
� (��� �)⁄

� 
�� ��⁄  

FCC FePt 1140 206 327 15200 
Magnetite 446 9 670 5180 

Maghemite 414 4.7 746 4600 

Table 1. Physical properties of various MNPs [Maenosono and Saita (2006)] 
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Figure 3. Power dissipations as a function of particle diameter for various MNPs [Lahonian and 
Golneshan (2011)]. 

 
Figure 4. Dependence of power dissipation on ��	[Lahonian and Golneshan (2011)]. 
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Figures 4 to 7 show that dispersion and concentration of MNPs inside the tissue are 
important factors in heat dissipation of MNPs and temperature distribution inside the 
tumor and its surrounding healthy tissue. Also, the effect of concentration of MNPs is 
comparable with the effects of induction and frequency of the magnetic field on the 
maximum power dissipation. Therefore, study of the MNPs diffusion and concentration, 
possesses a high degree of importance. 

 
Figure 5. Dependence of power dissipation on ��[Lahonian and Golneshan (2011)]. 

 
Figure 6. Dependence of power dissipation on ��[Lahonian and Golneshan (2011)]. 

0

1

2

3

4

5

0 10 20 30 40

P 
(1

0⁵
W

/m
³)

D (nm)

○ f=300 kHz
□ f=200 kHz
∆ f=100 kHz

B0=50 mT 
µ=1.0e-3  kg/(m.s) 
φ=2.0e-5 
δ=1 nm

0

1

2

3

4

5

0 10 20 30 40

P 
(1

0⁵
W

/m
³)

D (nm)

○ δ=0.0 nm
◊ δ=1.0 nm
× δ=2.0 nm

B0=50 mT 
f=300 kHz 
µ=1.0e-3 kg/(m.s)  
φ=2.0e-5



 
Hyperthermia 134 

 
Figure 3. Power dissipations as a function of particle diameter for various MNPs [Lahonian and 
Golneshan (2011)]. 

 
Figure 4. Dependence of power dissipation on ��	[Lahonian and Golneshan (2011)]. 

0

2

4

6

8

0 10 20 30 40

P 
(1

0⁵
W

/m
³)

D (nm)

○ B0=80 mT
□ B0=50 mT
∆ B0=30 mT

f=300 kHz
µ=1.0e-3 kg/(m.s)
φ=2.0e-5
δ=1 nm

0

1

2

3

4

5

0 10 20 30 40

P 
(1

0⁵
W

/m
³)

D (nm)

○ FCC FePt MNPs
□ Magnetite MNPs
∆ Maghemite MNPs

B0=50 mT 
f=300 kHz 
µ=1.0e-3  kg/(m.s) 
φ=2.0e-5 
δ=1 nm 

 
Diffusion of Magnetic Nanoparticles Within a Biological Tissue During Magnetic Fluid Hyperthermia 135 

Figures 4 to 7 show that dispersion and concentration of MNPs inside the tissue are 
important factors in heat dissipation of MNPs and temperature distribution inside the 
tumor and its surrounding healthy tissue. Also, the effect of concentration of MNPs is 
comparable with the effects of induction and frequency of the magnetic field on the 
maximum power dissipation. Therefore, study of the MNPs diffusion and concentration, 
possesses a high degree of importance. 

 
Figure 5. Dependence of power dissipation on ��[Lahonian and Golneshan (2011)]. 

 
Figure 6. Dependence of power dissipation on ��[Lahonian and Golneshan (2011)]. 

0

1

2

3

4

5

0 10 20 30 40

P 
(1

0⁵
W

/m
³)

D (nm)

○ f=300 kHz
□ f=200 kHz
∆ f=100 kHz

B0=50 mT 
µ=1.0e-3  kg/(m.s) 
φ=2.0e-5 
δ=1 nm

0

1

2

3

4

5

0 10 20 30 40

P 
(1

0⁵
W

/m
³)

D (nm)

○ δ=0.0 nm
◊ δ=1.0 nm
× δ=2.0 nm

B0=50 mT 
f=300 kHz 
µ=1.0e-3 kg/(m.s)  
φ=2.0e-5



 
Hyperthermia 136 

 
Figure 7. Dependence of power dissipation on ��[Lahonian and Golneshan (2011)]. 

3. Diffusion of MNPs within the biological tissue 

The relationship among the MNPs distribution, the blood perfusion, the infusion flow rate, 
the injection volume of nanofluid, and the tissue structure are not well understood. It is 
difficult to devise a treatment protocol that enables the optimum distribution of temperature 
elevation in the tumor. Hence, it is important to quantify the MNPs distribution and heating 
pattern following the injection regarding the above mentioned factors [Salloum et al. 
(2008b)]. 

Diffusion in isotropic tissues, can be modeled as [Nicholson (2001)]: 
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�� = D∗∇�� � � �⁄  (9)

where �, �∗, �, � and � are the volume average concentration of the species, effective 
diffusivity, mass source density, porosity of the tissue and time, respectively. The effective 
diffusivity, however, is related to the tortuosity of the tissue, �, and the diffusivity in the 
absence of the porous medium, � through the following relation: 

�∗ = � ��⁄ (10)

Therefore an increase in the tortuosity and a decrease in the porosity have significant effects 
on reducing the effective mass diffusivity. 

Experimental study of Salloum et al. (2008a) in a tissue-equivalent agarose gel, showed that 
the particle concentration was not uniform after the injection and were confined in the 
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vicinity of the injection site. Also the particle deposition was greatly affected by the injection 
rate and amount. Furthermore, the shape of the distribution tended to be more irregular 
with higher infusion flow rate. 

Due to difficulties in experimental studies, to understand the actual spatial distribution of 
the MNPs after being injected into the tumor, some numerical simulations have been down. 

Diffusion of MNPs inside the tissue was simulated by Golneshan and Lahonian (2011a). A 
square region with side of 2��� was chosen as the domain of the analysis (Figure 8). Water-
based ferrofluid with a concentration of 3.3% by volume and a particle size of 10��� 
magnetite MNPs was used in their work. Based on the density of magnetite �52�0 �� ��⁄ ) 
and the given ferrofluid concentration, each 0.1��� of ferrofluid contains 1�.3�� of solid iron 
oxide [Golneshan and Lahonian (2010)]. The ferrofluid infusion flow rates were chosen 
equal to �� = 10, 20 and 30������� and ferrofluid injection volumes were chosen equal to 
� = 0.1, 0.2 and 0.3���. Porosity and effective diffusivity were chosen to be equal to � = 0.1 
and �∗ = 2.5 × 10��� ��� �⁄  respectively [Nicholson (2001), Golneshan and Lahonian (2010)].  

Figure 9 shows the concentration of ferrofluid in the tissue for � = 0.2��� and �� = 20�������, 
for different time intervals after the end of ferrofluid injection. Results show that the 
concentration of ferrofluid is maximum at the injection site, and decreases rapidly with 
increasing distance from it. Also, concentration of ferrofluid decreases at the injection area 
with time and increases in the surrounding of injection site [Golneshan and Lahonian 
(2011a)]. 

 
Figure 8. Simulation domain of tissue and injection site.  

Figure 10 shows volume fraction of MNPs in the tissue for different ferrofluid injection 
volumes, �� = 20� �� ���⁄ , at 20 minutes after the end of ferrofluid injection [Golneshan and 
Lahonian (2011a)].  

Figure 11 shows the concentration of ferrofluid in the tissue for � = 0.2���, and different 
infusion flow rates, just 20 minutes after the end of ferrofluid injection. Results show that 
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vicinity of the injection site. Also the particle deposition was greatly affected by the injection 
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the increasing infusion flow rate, increases concentration of ferrofluid in the vicinity of the 
injection site while decreasing the concentration in the layers far from the injection site 
[Golneshan and Lahonian (2011a)]. 
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Figure 12. Concentration of ferrofluid in ����� in the tissue for � = 0�2	��, �� = 20	 �� ���⁄ , at 20, 40 
and 60 minutes after the end of ferrofluid injection [Golneshan and Lahonian (2011a)].  
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Multi-site injection [Golneshan and Lahonian (2011a)]. 

Figure 15 shows the concentration of ferrofluid in �� ��⁄  in the tissue for mono and multi-
site injection of � = 0�2	��	ferrofluid injection volume and infusion flow rate of �� =
20	 �� ���⁄ , at 10, 20, and 30	minutes after the end of ferrofluid injection. Ten minutes after  

  

 

 

0.0 0.5 1.0 1.5 2.0

0.0

0.5

1.0

1.5

2.0

0 100 200 300 400
 

 

 

 

0 100 200  

 

 

 

50 100 150

20 minutes 40 minutes 60 minutes

2 ��

2	�
�	

(a)
(b) 

(c) (d) 

 
Diffusion of Magnetic Nanoparticles Within a Biological Tissue During Magnetic Fluid Hyperthermia 141 

 
Figure 14. Concentration of ferrofluid in �� ��⁄  for multi-site injection, at the end of injection process 
[Golneshan and Lahonian (2011a)]. 
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the injection, the maximum concentration of ferrofluid happens at the injection sites, 
decreasing rapidly with increasing the distance from the injection sites. At this stage, nearly 
clear boundaries are seen between diffused ferrofluid for each injection regions. As 
ferrofluid diffuses more and more, these boundaries are disappeared. Thirty minutes after 
the injection, the ferrofluid is spread all over the tomour [Golneshan and Lahonian (2011a)]. 

Comparison between mono-site and multi-site injections in Figures 15 show that diffusion of 
ferrofluid in the tissue for a multi-site injection is much more uniform and covers all points 
inside the tumor 30 minutes after the end of injection process. Furthermore, no substantial 
concentration gradient is seen between the center and the boundary of the tumor at this time 
for the multi-site injection case [Golneshan and Lahonian (2011a)]. 

5. Conclusion 

Results showed and clarified that increasing the magnetic nanofluid injection volume, 
increases the concentration of MNPs inside the tissue. Also, increasing magnetic nanofluid 
infusion flow rate increased the concentration of MNPs in the center of the tumor only. For 
irregular tumors, the effect of multi-site injection was investigated. Results showed that 
multi-site injection of specific quantity of magnetic nanofluid provided a better distribution 
of MNPs inside the tumor, in contrast to mono-site injection. 
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1. Introduction 

Hyperthermia is part of thermal medicine, in which increasing body or tissue temperature 
used for the treatment of diseases. It can be traced back to the earliest practice of medicine. 
Cultures from around the world can point to ancient uses of hot therapy for specific medical 
applications. As mentioned in the foregoing books, cauterization is the first application of 
hyperthermia in medicine. Cauterization can be done by heat, or by chemicals such as 
caustics. Al-Zahrawi - an ancient Arabic scientist- generally preferred the former for the use 
of cauterization in treatment of diseases (1). Depending on the nature of the disease, the 
patient's temperament and the weather condition, different kinds of metals such as bronze, 
iron and gold could be used. The important considerations in the procedure include the 
shape of the cautery, the site of cauterization and the number of exposures. Many of the 
cauteries were taken from the Greeks, but Al-Zahrawi takes an independent line while 
describing cauterization for hare-lip, entropion, pulmonary disease, pre-anal fistula, 
dislocation of femur, back pain, headache, ptosis, perianal fistulae, humeral dislocation, 
sciatica and face swellings (fig 1). 

Modern research in thermal medicine aims to understand molecular, cellular and 
physiological effects of temperature manipulation and the “stress” response, as well as to 
develop effective and safe equipment for clinical application and temperature monitoring. 
As a result, today there are a growing number of clinical applications of thermal therapy 
that benefit patients with a variety of diseases. Remarkable progress in engineering, 
radiology and physics over the past decades has led to the implementation of clinical trials 
that are revealing the true potential of hyperthermia for the treatment of different disease. 
Hyperthermia ablation (e.g. by radiofrequency electric current, microwaves, laser, or 
ultrasound), whereby localized heating destroys tissue is now used worldwide for tumors 
treatment and many other important medical applications. In most circumstances thermal 
ablation is used under guidance of different radiological modalities such as ultrasound (US), 
computed tomography (CT) or magnetic resonance imaging (MRI). Thermal ablation is a  
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Modern research in thermal medicine aims to understand molecular, cellular and 
physiological effects of temperature manipulation and the “stress” response, as well as to 
develop effective and safe equipment for clinical application and temperature monitoring. 
As a result, today there are a growing number of clinical applications of thermal therapy 
that benefit patients with a variety of diseases. Remarkable progress in engineering, 
radiology and physics over the past decades has led to the implementation of clinical trials 
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treatment and many other important medical applications. In most circumstances thermal 
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computed tomography (CT) or magnetic resonance imaging (MRI). Thermal ablation is a  

© 2013 The Author(s). Licensee InTech. This chapter is distributed under the terms of the Creative Commons 
Attribution License http://creativecommons.org/licenses/by/3.0), which permits unrestricted use, distribution, 
and reproduction in any medium, provided the original work is properly cited.



 
Hyperthermia 146 

 
Figure 1. Technique of Cauterization by fire for a patient with neck swelling (1) 

minimally invasive procedure that significantly reduces risks and speeds recovery. So, it 
provides an excellent safe alternative to major surgery. The primary advantage of 
percutaneous radiofrequency thermal ablation is a reduction in the need for post-operative 
hospitalization and a reduced duration of convalescence. In this chapter, we will review the 
recent application of hyperthermia medicine in treatment of different disease under the 
guidance of different radiological modalities. In this chapter, we will provide a clearer 
picture of the intimate relation between hyperthermia, radiology and medical imaging. We 
will discuss the multiple facets of tumor growth and the tumor microenvironment that can 
be impacted by heat during hyperthermia medicine. We will emphasize the approved 
clinical application of hyperthermia in management of growing number of patients with a 
variety of diseases. We also discuss other experimental and investigational trial studies that 
can be used effectively in the future for management of other clinical conditions. Also we 
will emphasize the adjuvant role of thermal therapy in combination with radiotherapy and 
chemotherapy in management of cancer. Finally, we will elaborate the exciting new 
generation of clinical trials of heat-activated drug delivery.  

2. Various energy sources of hyperthermia 

Various energy sources including laser, ultrasound, microwaves, and radiofrequency 
electric current are being investigated as minimally invasive, and potentially non-invasive 
therapies. There are two types of thermal ablation: radiofrequency (RFA) and microwave. 
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Both are minimally invasive techniques that treat lesions by applying intense heat through a 
small probe inserted directly into the tumor. Hyperthermia can be either superficial, 
produced by a microwave generator, or regional, produced by a radiofrequency applicator 
with multiple antennas, which emanate a deep focalized heating, saving the skin, or 
interstitial heating. In all these systems the radiations are non-ionizing, in which the energy 
presents a heterogeneous distribution inside the tissues, depending on their thermal 
characteristics and on blood perfusion. Radiofrequency ablation (RFA) involves 
percutaneous or intra-operative insertion of an electrode into a lesion under ultrasonic or CT 
guidance. Radiofrequency energy is emitted through the electrode and generates heat, 
leading to coagulative necrosis of the tissue.   

3. Rational of tissue necrosis (ablation) in hyperthermia medicine 

Modern research in thermal medicine aims to understand molecular, cellular and 
physiological effects of temperature manipulation and the “stress” response, as well as to 
develop effective and safe equipment for clinical application and temperature monitoring. 
Multiple facets of tumor growth and the tumor microenvironment, including vascular 
perfusion, heat shock protein expression, endothelial/stromal cells, hypoxia, immune cells, 
pro-inflammatory cytokines, are impacted by heat and these effects may underlie 
remarkable successes being obtained in a surge of clinical trials throughout the world. 
Thermal ablation whereby tissue is destroyed by localized heating or freezing, is now used 
worldwide for treatment of many benign and malignant tumors and several other important 
medical applications (2-4). 

The main actions of hyperthermia in the neoplastic tissues are the following: 

 Greater heat sensitivity of neoplastic tissues to hyperthermia, due to its chronic 
ischemia, hypoxia and acid pH; 

 Lethal effect of temperature of 42-43 °C on tumor cells, depending on the application time; 
 Temporary growth stabilization of tumor cells after a moderate hyperthermia (39-41 

°C); 
 Prolonged action of temperature, due to lower thermal dissipation, caused by a chronic 

ischemia inside the tumor, as a result of its reduced vessel regulation mechanisms; 
 Alterations in the neoplastic cell cycle, which lead to the blocking of mitosis, due to a 

disruption in the S phase; 
 Marked action on the core of the tumor, less sensitive to radiation because of ischemia, 

hypoxia and low pH; 
 action in favor of apoptosis mechanisms. 

4. Common clinical application of hyperthermia therapy: 

Today there are a growing number of clinical applications of thermal therapy that benefit 
patients with a variety of diseases. Several studies have been published reporting efficacy of 
RFA in treatment of many different clinical conditions.  
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Several studies have been published reporting successful use of radiofrequency ablation in 
the following conditions: as an alternative to surgical resection for debulking of primary and 
metastatic malignant neoplasms, removal of primary or metastatic malignant neoplasms, 
treatment of distant metastases of medullary thyroid carcinoma, treatment of metastatic 
gastrointestinal stromal tumors (GIST) with limited progression, treatment of osteoid 
osteoma, as a less invasive alternative to surgical resection of the tumor ,treatment of soft 
tissue sarcoma of the trunk or extremities in symptomatic persons with disseminated 
metastases and many other condition. 

There is growing research and experimental and investigational studies interest in the use of 
hyperthermia for treatment of many other clinical conditions. But these studies need to 
improve its clinical outcomes to be implemented in the practical life. Examples of these 
studies include; curative treatment of primary or metastatic malignant neoplasms (e.g., 
breast cancer, kidney cancer including renal angiomyolipoma, lung cancer, and pancreatic 
cancer) in persons who are able to tolerate surgical resection, treatment of malignant bile 
duct obstruction due to insufficient evidence in the peer-reviewed literature. Treatment of 
Barrett's esophagus, treatment of hepatic tumors, treatment of benign prostatic hypertrophy 
(transurethral needle ablation or TUNA) ,cardiac catheter thermal ablation is now standard 
of care for a variety of cardiac arrhythmia types (irregular heart beat rhythm) ,endometrial 
ablation is clinically used to treat endometrial bleeding ,intravascular heating can eliminate 
varicose veins with laser or radiofrequency current, laser and other thermal methods treat 
excessive subcutaneous fat, which can contribute to obesity and metabolic disorders 
including diabetes. Hyperthermia can also be used to activate cytotoxic effects of 
chemotherapy within tumors, thereby sparing normal tissue, when the drugs are 
encapsulated in thermally sensitive nanoparticles. As a result of these and other clinical 
applications, combined with a rapidly expanding research base, interest in thermal medicine 
is rapidly growing, attracting the attention of laboratory and clinical researchers, physicians, 
engineers, physicists and biotechnologists  

4.1. Radiofrequency ablation of osteoid osteoma 

Osteoid osteoma, a benign tumor of the bone. It is the third most common primary benign 
bone tumor, representing approximately 10–12% of benign bone tumors . It generally affects 
children and young adults. Approximately 80% of patients are between 5 and 24 years of 
age, with a male: female ratio of 3:1. Clinically, pain is the most common presenting 
symptom and is described as severe, sharp, boring, and typically worse at night, and 
improves with nonsteroidal anti-inflammatory drugs [5]. The growth potential of these 
benign lesions is limited, with a maximum diameter rarely exceeding 15 mm. However, the 
inflammatory response leads to the characteristic severe pain. The consequences of these 
lesions include growth deformities when tumors are located in the long bones and scoliosis 
when the posterior elements of the spine are involved [6]. Patients who cannot tolerate the 
symptoms or nonsteroidal anti-inflammatory drugs require intervention for pain relief 
and/or to prevent growth disturbance. Traditionally, surgical resection was the treatment of 
choice. During open surgery the nidus of the tumor is often difficult to visualize and to 
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prevent recurrence a wide resection margin may be required. This results in many 
complications such as hematoma, infection, and fracture. In addition, surgical treatment 
may require a long period of hospitalization, a period during which the patient cannot bear 
weight on the affected limb resulting in delayed resumption of physical activity [7]. The 
optimal method of treatment for osteoid osteoma would involve minimization of bone 
removal with avoidance of grafting and fixation while ensuring complete destruction of the 
tumor nidus in a single session. During the past two decades, many attempts have been 
made to minimize bone removal to decrease the risk of postoperative complications. 
Percutaneous resection utilizing CT guidance to guide trephines and drills has been 
described. However, the complication rates are as high as 24% and include fractures, 
muscular haematomas, paraesthesia, skin burns, transient paresis, and osteomyelitis [8]. 
Radiofrequency ablation has proved to be an effective method for the treatment of many 
malignant and benign tumors. RF ablation for the treatment of osteoid osteoma was first 
described in a four-patient series in 1992 [9]. Since the promising results of Rosenthal et al in 
the management of osteoid osteoma with RF ablation a large number of studies evaluating 
RF ablation of osteoid osteoma have been reported in the peer-reviewed medical literature. 
Most of these studies found very high technical success rates (100%) and good primary 
success rates with a single session of ablation ranging from 76% to 100% (fig 2 and fig 3). 
Today, percutaneous CT-guided RF ablation is an effective and safe minimally invasive 
procedure for the treatment of osteoid osteoma in all ages. It has high technical and clinical 
success rates (10-12) 

 
Figure 2. Technique of RFA of osteoid osteoma in a 12-year-boy with chronic right hip pain. a 
Radiograph of the pelvis shows an ill-defined area of dense sclerosis in the medial aspect of the 
proximal femoral shaft (arrow). b Bone scan shows active uptake at the site of the dense sclerosis 
consistent with the diagnosis of osteoid osteoma. c CT scan shows the nidus located deep to the cortex 
and surrounded by dense new bone. The radiopaque markers on the skin surface are for planning the 
skin entry point. d Axial 1-mm CT slice shows the correct position of the tip of the RF electrode within 
the centre of the nidus. e Follow-up CT after 15 months shows sclerosis within the nidus (12) 
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Figure 3. RFA of osteoid osteoma in a 14-year-old girl. a MR images shows a small, well-defined lesion 
in the proximal tibial epiphysis. b CT during percutaneous RF ablation shows a radiolucent nidus with 
central calcification surrounded by a dense rim of sclerosis. Note markers for planning the skin entry 
point. c CT shows the bone biopsy probe tip at the margin of the nidus . d CT shows the tip of the RF 
electrode within the nidus after slight withdrawal of the penetrating cannula. e Control image obtained 
immediately after the intervention shows the biopsy tract with no bleeding(12) 

4.2. Radiofrequency ablation of pulmonary tumors 

Radiofrequency ablation has been advocated as an alternative to resection in persons with 
lung nodules who cannot be treated surgically because of medical problems, multiple 
tumors, or poor surgical risk. There are, however, no adequate prospective clinical studies 
that demonstrate that RFA of lung metastases is as effective as surgical (cold knife) resection 
in curative resection of malignant neoplasms. An important concern is that RFA does not 
allow for examination of surgical margins to ensure that cancer is completely resected. Le 
and Petrik considered RFA as a promising technique for the treatment of early states (state I 
and stage II) non-small cell lung cancer (13). An assessment by the National Institute for 
Health and Clinical Excellence (NICE, 2006) concluded: "Current evidence on the safety and 
efficacy of percutaneous radiofrequency ablation for primary and secondary lung cancers 
shows that there are no major safety concerns with this procedure. There is evidence that the 
treatment can reduce tumor bulk; however, this evidence is limited and is based on 
heterogeneous indications for treatment. The procedure should therefore be used only with 
special arrangements for consent, audit and clinical governance (14). “The Food and Drug 
Administration (FDA) has issued a Public Health Notification as clarification for healthcare 
providers that no RFA devices are specifically approved for use in partial or full ablation of 
lung tumors (15). Radiofrequency ablation devices are minimally invasive tools used for 
general removal of soft tissue, such as those that contain cancer cells. It is an image-guided 
technique that heats and destroys cancer cells. Imaging techniques such as ultrasound and 
computed tomography (CT) are used to help guide a needle electrode into a cancerous 
tumor. High-frequency electrical currents are then passed through the electrode, creating 
heat that destroys the abnormal cells. 
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4.3. Radiofrequency ablation of pancreatic cancer 

Radiofrequency ablation has been used as a treatment of pancreatic cancer for a number of 
years in Japan. Current evidence of effectiveness of RFA for pancreatic cancer consists of 
case reports and a phase II (safety) study; the latter concluded that RFA was a relatively safe 
treatment for pancreatic cancer. However, this evidence is insufficient to draw conclusions 
about the effectiveness of RFA for this indication. Girelli et al (2010) examined the feasibility 
and safety of RFA as a treatment option for locally advanced pancreatic cancer. A total of 50 
patients with locally advanced pancreatic cancer were studied prospectively. Ultrasound-
guided RFA was performed during laparotomy. The main outcome measures were short-
term morbidity and mortality. The tumor was located in the pancreatic head or uncinate 
process in 34 patients and in the body or tail in 16; median diameter was 40 (inter-quartile 
range [IQR] of 30 to 50) mm. Radiofrequency ablation was the only treatment in 19 patients; 
it was combined with biliary and gastric bypass in 19 patients, gastric bypass alone in 8, 
biliary bypass alone in 3 and pancreatico-jejunostomy in 1. The 30-day mortality rate was 2 
%. Abdominal complications occurred in 24 % of patients; in half they were directly 
associated with RFA and treated conservatively. Three patients with surgery-related 
complications needed re-operation. Reduction of RFA temperature from 105 degrees C to 90 
degrees C resulted in a significant reduction in complications (10 versus 2 of 25 patients; p = 
0.028). Median post-operative hospital stay was 10 (range of 7 to 31) days. The authors 
concluded that RFA of locally advanced pancreatic cancer is feasible and relatively well 
tolerated, with a 24 % complication rate. This was a feasibility and safety study; it did not 
provide any data on the effectiveness of RFA in treating pancreatic cancer (16). 

4.4. Radiofrequency ablation of renal tumors 

Several authorities have noted that RFA of renal tumors is a promising investigational 
alternative to partial or total nephrectomy. Studies performed have focused on the technical 
feasibility of RFA of renal tumors. Prospective clinical studies are needed to determine if 
RFA of renal cell carcinomas improve survival and are as effective as total or partial 
nephrectomy (17-18) 

An assessment conducted by the National Institute for Clinical Excellence in 2010 reached 
the following conclusions about RFA of renal tumors: " A meta-analysis of 47 studies (non-
randomized comparative studies and case series) including a total of 1375 tumors treated by 
RFA (n = 775) or cryoablation (n = 600) reported local tumor progression (defined as 
radiographic or pathological evidence of residual disease after initial treatment, regardless 
of time to recurrence) in 13% (100/775) and 5% (31/600) of tumors respectively at a mean 19-
month follow-up (p < 0.001). The meta-analysis reported progression to metastatic disease in 
2% (19/775) of tumors treated by RFA and 1% (6/600) of tumors treated by cryoablation�(p = 
not significant)" (19). Another assessment of the evidence for RFA of kidney cancer prepared 
by the Canadian Coordinating Office for Health Technology Assessment (20) reached the 
following conclusions: "RFA is emerging as a useful alternative to nephrectomy in the 
management of some types of kidney cancer. It appears to be useful for smaller, non-central 
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tumors, and for cases where surgery is contraindicated. A disadvantage is the possibility of 
residual cancer that cannot be detected by diagnostic imaging during follow-up. There are 
no results from randomized trials, and the period of follow-up for patients who have had 
the procedure is short. Only with longer follow-up evaluations (five years to 10 years) will 
relevant comparison with radical and partial nephrectomy be possible." 

Furthermore, Hinshaw and Lee stated that RFA, cryoablation, microwave ablation, and laser 
ablation have all shown promise for the treatment of renal cell carcinomas (RCC), with high 
local control and low complication rates for RFA and cryoablation. However, the clinical 
trial data remain early, and survival data are not yet available for a definitive comparison 
with conventional surgical techniques for removal of RCC (21). Mahnken noted that the 
increasing number of clinical reports on RFA of the kidney show the promising potential of 
renal RFA for minimally invasive tumor treatment. Due to its technical benefits, RFA seems 
to be advantageous when compared to cryoablation or laser ablation. However, there are no 
long-term follow-up or comparative data proving an equal effectiveness to surgery (22) . 

In a systematic review on focal therapy for kidney cancer, Kutikov and colleagues stated that 
most cryoablations are performed using a laparoscopic approach, whereas RFA of the 
localized small renal masses (SRM) is more commonly administered percutaneously. Pre-
treatment biopsy is performed more often for lesions treated by cryoablation than RFA with a 
significantly higher rate of indeterminate or unknown pathology for SRMs undergoing RFA 
versus cryoablation (p < 0.0001). Currently available data suggest that cryoablation results in 
lower re-treatments (p < 0.0001), less local tumor progressions (p < 0.0001) and may be 
associated with a decreased risk of metastatic progression compared with RFA. It is unclear if 
these differences are a function of the technologies or their application. The extent to which 
focal ablation altars the natural history of SRMs has not yet been established. The authors 
concluded that currently, data on the ability of interventions for SRMs to affect the natural 
history of these masses are lacking. They stated that prospective randomized evaluations of 
available clinical approaches to SRMs are needed (23). A Cochrane systematic evidence 
review (24) of surgical management of localized renal cell carcinoma found that the main 
source of evidence for the current practice of laparoscopic excision of renal cancer is drawn 
from case series, small retrospective studies and very few small-randomized controlled trials. 
"The results and conclusions of these studies must therefore be interpreted with caution." The 
authors of the systematic evidence review did not identify any randomized trials meeting the 
inclusion criteria reporting on the comparison between open radical nephrectomy with 
laparoscopic approach or new modalities of treatment such as RFA or cryoablation. Three 
randomized controlled trials compared the different laparoscopic approaches to 
nephrectomy (transperitoneal versus retroperitoneal) and found no statistical difference in 
operative or peri-operative outcomes between the two treatment groups. There were several 
non-randomized and retrospective case series reporting various advantages of laparoscopic 
renal cancer surgery such as less blood loss, early recovery and shorter hospital stay. 

Sooriakumaran and co-workers examined the presentation, management and outcomes of 
patients with renal angiomyolipoma (AML) over a period of 10 years. These investigators 
evaluated retrospectively 102 patients (median follow-up of 4 years); 70 had tuberous 

 
Hyperthermia and Radiology 153 

sclerosis complex (TSC; median tumor size of 3.5 cm) and the other 32 were sporadic 
(median tumor size of 1.2 cm). Data were gathered from several sources, including 
radiology and clinical genetics databases. The 77 patients with stable disease were followed-
up with surveillance imaging, and 25 received interventions, some more than one. 
Indications for intervention included spontaneous life-threatening hemorrhage, large AML 
(10 to 20 cm), pain and visceral compressive symptoms. Selective arterial embolization 
(SAE) was performed in 19 patients; 10 received operative management and 4 had a RFA. 
Selective arterial embolization was effective in controlling hemorrhage from AMLs in the 
acute setting (n = 6) but some patients required further intervention (n = 4) and there was a 
significant complication rate. The reduction in tumor volume was only modest (28 %). No 
complications occurred after surgery (median follow-up of 5.5 years) or RFA (median 
follow-up of 9 months). One patient was entered into a trial and treated with sirolimus 
(rapamycin). The authors concluded that the management of AML is both complex and 
challenging, especially in those with TSC, where tumors are usually larger and multiple. 
Although SAE was effective at controlling hemorrhage in the acute setting it was deemed to 
be of limited value in the longer-term management of these tumors. Thus, novel techniques 
such as focused ablation and pharmacotherapies including the use of anti-angiogenic 
molecules and mammalian target of rapamycin inhibitors, which might prove to be safer 
and equally effective, should be further explored (25). 

4.5. Radiofrequency ablation of bone metastases 

Radiofrequency ablation has also been used to treat bone metastases. However, there are no 
adequate clinical studies reported in the literature on the use of RFA of metastatic lesions to 
bone. In a review of the evidence on RFA of tumors, Wood et al concluded “more rigorous 
scientific review, long-term follow-up, and randomized prospective trials are needed to help 
define the role of RFA in oncology” (26). Rhim noted that although RFA represents a 
paradigm shift in local therapy for many commonly seen tumors, more sophisticated 
strategies to enhance the therapeutic effectiveness are needed and more randomized, 
controlled trials to estimate its clinical benefit are warranted (27).  

4.6. Radiofrequency ablation of breast cancer 

On of the first attempt to use hyperthermia in tratment of breast cancer was in 2001 by Hilger 
et al (28). They studied the parameters for the minimally invasive elimination of breast tumors 
by using a selective application of magnetite and exposure of the breast to an alternating 
magnetic field. Temperature elevations based on magnetite mass (7–112 mg) and magnetic 
field amplitude (1.2–6.5 kA/m; frequency, 400 kHz) . They observed that a mean temperature 
of 71°C ± 8 was recorded in the tumor region at the end of magnetic field exposure of the mice. 
Typical macroscopic findings included tumor shrinkage after heating. Histologically nuclear 
degenerations were observed in heated malignant cells. They concluded that magnetic heating 
of breast tumors is a promising technique for future interventional radiologic treatments. 
Agnese and Burak stated that ablative therapies, including RFA have been shown promise in 
the treatment of small cancers of the breast. However, more research is needed to ascertain the 
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tumors, and for cases where surgery is contraindicated. A disadvantage is the possibility of 
residual cancer that cannot be detected by diagnostic imaging during follow-up. There are 
no results from randomized trials, and the period of follow-up for patients who have had 
the procedure is short. Only with longer follow-up evaluations (five years to 10 years) will 
relevant comparison with radical and partial nephrectomy be possible." 

Furthermore, Hinshaw and Lee stated that RFA, cryoablation, microwave ablation, and laser 
ablation have all shown promise for the treatment of renal cell carcinomas (RCC), with high 
local control and low complication rates for RFA and cryoablation. However, the clinical 
trial data remain early, and survival data are not yet available for a definitive comparison 
with conventional surgical techniques for removal of RCC (21). Mahnken noted that the 
increasing number of clinical reports on RFA of the kidney show the promising potential of 
renal RFA for minimally invasive tumor treatment. Due to its technical benefits, RFA seems 
to be advantageous when compared to cryoablation or laser ablation. However, there are no 
long-term follow-up or comparative data proving an equal effectiveness to surgery (22) . 

In a systematic review on focal therapy for kidney cancer, Kutikov and colleagues stated that 
most cryoablations are performed using a laparoscopic approach, whereas RFA of the 
localized small renal masses (SRM) is more commonly administered percutaneously. Pre-
treatment biopsy is performed more often for lesions treated by cryoablation than RFA with a 
significantly higher rate of indeterminate or unknown pathology for SRMs undergoing RFA 
versus cryoablation (p < 0.0001). Currently available data suggest that cryoablation results in 
lower re-treatments (p < 0.0001), less local tumor progressions (p < 0.0001) and may be 
associated with a decreased risk of metastatic progression compared with RFA. It is unclear if 
these differences are a function of the technologies or their application. The extent to which 
focal ablation altars the natural history of SRMs has not yet been established. The authors 
concluded that currently, data on the ability of interventions for SRMs to affect the natural 
history of these masses are lacking. They stated that prospective randomized evaluations of 
available clinical approaches to SRMs are needed (23). A Cochrane systematic evidence 
review (24) of surgical management of localized renal cell carcinoma found that the main 
source of evidence for the current practice of laparoscopic excision of renal cancer is drawn 
from case series, small retrospective studies and very few small-randomized controlled trials. 
"The results and conclusions of these studies must therefore be interpreted with caution." The 
authors of the systematic evidence review did not identify any randomized trials meeting the 
inclusion criteria reporting on the comparison between open radical nephrectomy with 
laparoscopic approach or new modalities of treatment such as RFA or cryoablation. Three 
randomized controlled trials compared the different laparoscopic approaches to 
nephrectomy (transperitoneal versus retroperitoneal) and found no statistical difference in 
operative or peri-operative outcomes between the two treatment groups. There were several 
non-randomized and retrospective case series reporting various advantages of laparoscopic 
renal cancer surgery such as less blood loss, early recovery and shorter hospital stay. 

Sooriakumaran and co-workers examined the presentation, management and outcomes of 
patients with renal angiomyolipoma (AML) over a period of 10 years. These investigators 
evaluated retrospectively 102 patients (median follow-up of 4 years); 70 had tuberous 
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sclerosis complex (TSC; median tumor size of 3.5 cm) and the other 32 were sporadic 
(median tumor size of 1.2 cm). Data were gathered from several sources, including 
radiology and clinical genetics databases. The 77 patients with stable disease were followed-
up with surveillance imaging, and 25 received interventions, some more than one. 
Indications for intervention included spontaneous life-threatening hemorrhage, large AML 
(10 to 20 cm), pain and visceral compressive symptoms. Selective arterial embolization 
(SAE) was performed in 19 patients; 10 received operative management and 4 had a RFA. 
Selective arterial embolization was effective in controlling hemorrhage from AMLs in the 
acute setting (n = 6) but some patients required further intervention (n = 4) and there was a 
significant complication rate. The reduction in tumor volume was only modest (28 %). No 
complications occurred after surgery (median follow-up of 5.5 years) or RFA (median 
follow-up of 9 months). One patient was entered into a trial and treated with sirolimus 
(rapamycin). The authors concluded that the management of AML is both complex and 
challenging, especially in those with TSC, where tumors are usually larger and multiple. 
Although SAE was effective at controlling hemorrhage in the acute setting it was deemed to 
be of limited value in the longer-term management of these tumors. Thus, novel techniques 
such as focused ablation and pharmacotherapies including the use of anti-angiogenic 
molecules and mammalian target of rapamycin inhibitors, which might prove to be safer 
and equally effective, should be further explored (25). 

4.5. Radiofrequency ablation of bone metastases 

Radiofrequency ablation has also been used to treat bone metastases. However, there are no 
adequate clinical studies reported in the literature on the use of RFA of metastatic lesions to 
bone. In a review of the evidence on RFA of tumors, Wood et al concluded “more rigorous 
scientific review, long-term follow-up, and randomized prospective trials are needed to help 
define the role of RFA in oncology” (26). Rhim noted that although RFA represents a 
paradigm shift in local therapy for many commonly seen tumors, more sophisticated 
strategies to enhance the therapeutic effectiveness are needed and more randomized, 
controlled trials to estimate its clinical benefit are warranted (27).  

4.6. Radiofrequency ablation of breast cancer 

On of the first attempt to use hyperthermia in tratment of breast cancer was in 2001 by Hilger 
et al (28). They studied the parameters for the minimally invasive elimination of breast tumors 
by using a selective application of magnetite and exposure of the breast to an alternating 
magnetic field. Temperature elevations based on magnetite mass (7–112 mg) and magnetic 
field amplitude (1.2–6.5 kA/m; frequency, 400 kHz) . They observed that a mean temperature 
of 71°C ± 8 was recorded in the tumor region at the end of magnetic field exposure of the mice. 
Typical macroscopic findings included tumor shrinkage after heating. Histologically nuclear 
degenerations were observed in heated malignant cells. They concluded that magnetic heating 
of breast tumors is a promising technique for future interventional radiologic treatments. 
Agnese and Burak stated that ablative therapies, including RFA have been shown promise in 
the treatment of small cancers of the breast. However, more research is needed to ascertain the 
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effectiveness of these techniques when they are used as the sole therapy and to determine the 
long-term local recurrence rates and survival associated with these treatment strategies (29). 
van der Ploeg et al in 2007 reviewed the literature on the use of RFA for the treatment of small 
breast carcinoma. The authors concluded that RFA is a promising new tool for minimally 
invasive ablation of small carcinomas of the breast. They noted that a large randomized 
control study is needed to ascertain the long-term advantages of RFA compared to the current 
breast conserving therapies (30). 

4.7. Radiofrequency ablation of a parathyroid adenoma 

One of the methods of nonsurgical parathyroid ablation is percutaneous thermal ablation, 
such as laser or radiofrequency ablation. Percutaneous laser and radiofrequency ablation of 
parathyroid adenomas has been limited to case reports and small-series cases [31–32]. The 
ultimate utility of thermal ablation has yet to be determined but because it continues to be 
refined, it does hold promise as a method for treatment of parathyroid disease when surgery 
is not indicated. RFA can be a therapeutic alternative for patients with contraindications for 
surgery. Usually after percutaneous ultrasound guided RFTA of the adenoma of the 
parathyroid gland, the serum parathormone levels and the serum calcium levels dropped 
back to normal in most of patients (fig 4). Recurrent hyperparathyroidism is rare following 
transcatheter ablation of mediastinal parathyroid adenomas. When it occurs it is usually 
early and resistant to further attempts at ablation (33) 

 
Figure 4. Radiofrequency ablation of parathyroid adenoma .A, Transverse sonogram of neck shows 
15x10-mm right inferior parathyroid adenoma (PTA) .B; Sonogram of the neck after inflation of 5 ml 
saline (white arrow) to separate the PTA from the right common carotid artery (CCA). C ; Sonogram 
shows 25-gauge needle (arrows) inserted into parathyroid adenoma . D; Sonogram shows fans (arrows) 
of the radiofrequency probe within the PTA . E ; Sonogram during RFA of PTA shows reverberation 
artifacts (arrows) posterior to the needle) . F; Sonogram at the total RFA of the PTA, The ablated gland 
(arrows) appears echogenic. 
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4.8. RFA in management of Barrett's esophagus 

Barrett's esophagus (BE) is defined as the presence of specialized intestinal metaplasia 
within the esophagus, and it is the pre-malignant precursor of esophageal adenocarcinoma. 
Esophageal cancer is one of the most deadly gastrointestinal cancers with a mortality rate 
over 90 %. The principal risk factors for esophageal adenocarcinoma are gastroesophageal 
reflux disease (GERD) and its sequela, BE. Gastroesophageal reflux disease usually leads to 
esophagitis. However, in a minority of patients, ongoing GERD leads to replacement of 
esophageal squamous mucosa with metaplastic, intestinal-type Barrett's mucosa. In the 
setting of continued peptic injury, Barrett's mucosa can give rise to esophageal 
adenocarcinoma (34). A new method of endoscopic ablation of BE is balloon-based, bipolar 
RFA (Stellartech Research Coagulation System; BARRx, Inc, Sunnyvale, Calif), also known 
as Barrett's endoscopy. This technique requires the use of sizing balloons to determine the 
inner diameter of the targeted portion of the esophagus. This is followed by placement of a 
balloon-based electrode with a 3-cm long treatment area that incorporates tightly spaced, 
bipolar electrodes that alternate in polarity. The electrode is then attached to a 
radiofrequency generator and a preselected amount of energy is delivered in less than 1 
second at 350 W. In a review of evidence on ablative techniques for BE, Johnston stated that 
it is not clear which of the numerous endoscopic ablative techniques available -- 
photodynamic therapy, laser therapy, multi-polar electrocoagulation, argon plasma 
coagulation, endoscopic mucosal resection, RFA or cryotherapy -- will emerge as superior 
for treatment of BE. In addition, it has yet to be determined whether the risks associated 
with ablation therapy is less than the risk of BE progressing to cancer. Whether ablation 
therapy eliminates or significantly reduces the risk of cancer, eliminates the need for 
surveillance endoscopy, or is cost-effective, also remains to be seen. Comparative trials that 
are now underway should help to answer these questions (35). Hubbard and Velanovich 
stated that endoscopic endoluminal RFA using the Barrx device (Barrx Medical, Sunnyvale, 
CA) is a new technique to treat BE. This procedure has been used in patients who have not 
had anti-reflux surgery. This report presented an early experience of the effects of 
endoluminal ablation on the reflux symptoms and completeness of ablation in post-
fundoplication patients. A total of 7 patients who have had either a laparoscopic or open 
Nissen fundoplication and BE underwent endoscopic endoluminal ablation of the Barrett's 
metaplasia using the Barrx device. Pre-procedure, none of the patients had significant 
symptoms related to GERD. One to 2 weeks after the ablation, patients were questioned as 
to the presence of symptoms. Pre-procedure and post-procedure, they completed the GERD-
HRQL symptom severity questionnaire (best possible score, 0; worst possible score, 50). 
Patients had follow-up endoscopy to assess completeness of ablation 3 months after the 
original treatment. All patients completed the ablation without complications. No patients 
reported recurrence of their GERD symptoms. The median pre-procedure total GERD-
HRQL score was 2, compared to a median post-procedure score of 1. One patient had 
residual Barrett's metaplasia at 3 months follow-up, requiring re-ablation. The authors 
concluded that this preliminary report of a small number of patients demonstrated that 
endoscopic endoluminal ablation of Barrett's metaplasia using the Barrx device is safe and 
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effectiveness of these techniques when they are used as the sole therapy and to determine the 
long-term local recurrence rates and survival associated with these treatment strategies (29). 
van der Ploeg et al in 2007 reviewed the literature on the use of RFA for the treatment of small 
breast carcinoma. The authors concluded that RFA is a promising new tool for minimally 
invasive ablation of small carcinomas of the breast. They noted that a large randomized 
control study is needed to ascertain the long-term advantages of RFA compared to the current 
breast conserving therapies (30). 

4.7. Radiofrequency ablation of a parathyroid adenoma 

One of the methods of nonsurgical parathyroid ablation is percutaneous thermal ablation, 
such as laser or radiofrequency ablation. Percutaneous laser and radiofrequency ablation of 
parathyroid adenomas has been limited to case reports and small-series cases [31–32]. The 
ultimate utility of thermal ablation has yet to be determined but because it continues to be 
refined, it does hold promise as a method for treatment of parathyroid disease when surgery 
is not indicated. RFA can be a therapeutic alternative for patients with contraindications for 
surgery. Usually after percutaneous ultrasound guided RFTA of the adenoma of the 
parathyroid gland, the serum parathormone levels and the serum calcium levels dropped 
back to normal in most of patients (fig 4). Recurrent hyperparathyroidism is rare following 
transcatheter ablation of mediastinal parathyroid adenomas. When it occurs it is usually 
early and resistant to further attempts at ablation (33) 

 
Figure 4. Radiofrequency ablation of parathyroid adenoma .A, Transverse sonogram of neck shows 
15x10-mm right inferior parathyroid adenoma (PTA) .B; Sonogram of the neck after inflation of 5 ml 
saline (white arrow) to separate the PTA from the right common carotid artery (CCA). C ; Sonogram 
shows 25-gauge needle (arrows) inserted into parathyroid adenoma . D; Sonogram shows fans (arrows) 
of the radiofrequency probe within the PTA . E ; Sonogram during RFA of PTA shows reverberation 
artifacts (arrows) posterior to the needle) . F; Sonogram at the total RFA of the PTA, The ablated gland 
(arrows) appears echogenic. 
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4.8. RFA in management of Barrett's esophagus 

Barrett's esophagus (BE) is defined as the presence of specialized intestinal metaplasia 
within the esophagus, and it is the pre-malignant precursor of esophageal adenocarcinoma. 
Esophageal cancer is one of the most deadly gastrointestinal cancers with a mortality rate 
over 90 %. The principal risk factors for esophageal adenocarcinoma are gastroesophageal 
reflux disease (GERD) and its sequela, BE. Gastroesophageal reflux disease usually leads to 
esophagitis. However, in a minority of patients, ongoing GERD leads to replacement of 
esophageal squamous mucosa with metaplastic, intestinal-type Barrett's mucosa. In the 
setting of continued peptic injury, Barrett's mucosa can give rise to esophageal 
adenocarcinoma (34). A new method of endoscopic ablation of BE is balloon-based, bipolar 
RFA (Stellartech Research Coagulation System; BARRx, Inc, Sunnyvale, Calif), also known 
as Barrett's endoscopy. This technique requires the use of sizing balloons to determine the 
inner diameter of the targeted portion of the esophagus. This is followed by placement of a 
balloon-based electrode with a 3-cm long treatment area that incorporates tightly spaced, 
bipolar electrodes that alternate in polarity. The electrode is then attached to a 
radiofrequency generator and a preselected amount of energy is delivered in less than 1 
second at 350 W. In a review of evidence on ablative techniques for BE, Johnston stated that 
it is not clear which of the numerous endoscopic ablative techniques available -- 
photodynamic therapy, laser therapy, multi-polar electrocoagulation, argon plasma 
coagulation, endoscopic mucosal resection, RFA or cryotherapy -- will emerge as superior 
for treatment of BE. In addition, it has yet to be determined whether the risks associated 
with ablation therapy is less than the risk of BE progressing to cancer. Whether ablation 
therapy eliminates or significantly reduces the risk of cancer, eliminates the need for 
surveillance endoscopy, or is cost-effective, also remains to be seen. Comparative trials that 
are now underway should help to answer these questions (35). Hubbard and Velanovich 
stated that endoscopic endoluminal RFA using the Barrx device (Barrx Medical, Sunnyvale, 
CA) is a new technique to treat BE. This procedure has been used in patients who have not 
had anti-reflux surgery. This report presented an early experience of the effects of 
endoluminal ablation on the reflux symptoms and completeness of ablation in post-
fundoplication patients. A total of 7 patients who have had either a laparoscopic or open 
Nissen fundoplication and BE underwent endoscopic endoluminal ablation of the Barrett's 
metaplasia using the Barrx device. Pre-procedure, none of the patients had significant 
symptoms related to GERD. One to 2 weeks after the ablation, patients were questioned as 
to the presence of symptoms. Pre-procedure and post-procedure, they completed the GERD-
HRQL symptom severity questionnaire (best possible score, 0; worst possible score, 50). 
Patients had follow-up endoscopy to assess completeness of ablation 3 months after the 
original treatment. All patients completed the ablation without complications. No patients 
reported recurrence of their GERD symptoms. The median pre-procedure total GERD-
HRQL score was 2, compared to a median post-procedure score of 1. One patient had 
residual Barrett's metaplasia at 3 months follow-up, requiring re-ablation. The authors 
concluded that this preliminary report of a small number of patients demonstrated that 
endoscopic endoluminal ablation of Barrett's metaplasia using the Barrx device is safe and 
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effective in patients who have already undergone anti-reflux surgery. There appears to be 
no disruption in the fundoplication or recurrence of GERD-related symptoms. Nevertheless, 
they stated that studies with longer-term follow-up and with more patients are needed (36). 

Ganz et al evaluated the safety and effectiveness of endoscopic circumferential balloon-
based ablation by using radiofrequency energy for treating BE that contains high-grade 
dysplasia (HGD). Patients with histologic evidence of intestinal metaplasia (IM) that 
contained HGD confirmed by at least 2 expert pathologists were included in this study. A 
prior endoscopic mucosal resection (EMR) was permitted, provided that residual HGD 
remained in the BE region for ablation. Histologic complete response (CR) end points: (i) all 
biopsy specimen fragments obtained at the last biopsy session were negative for HGD (CR-
HGD), (ii) all biopsy specimens were negative for any dysplasia (CR-D), and (iii) all biopsy 
specimens were negative for IM (CR-IM). A total of 142 patients (median age of 66 years, 
IQR 59 to 75 years) who had BE HGD (median length of 6 cm, IQR 3 to 8 cm) underwent 
circumferential ablation (median of 1 session, IQR 1 to 2 sessions). No serious adverse 
events were reported. There was 1 asymptomatic stricture and no buried glands. Ninety-
two patients had at least 1 follow-up biopsy session (median follow-up of 12 months, IQR 8 
to 15 months). A CR-HGD was achieved in 90.2 % of patients, CR-D in 80.4 %, and CR-IM in 
54.3 %. The authors concluded that endoscopic circumferential ablation is a promising 
modality for the treatment of BE that contains HGD. In this multi-center registry, the 
intervention safely achieved a CR for HGD in 90.2 % of patients at a median of 12 months of 
follow-up. Major drawbacks of this study were a non-randomized study design, absence of 
a control arm, a lack of centralized pathology review, ablation and biopsy technique not 
standardized, and a relatively short-term follow-up (37) .  

Shaheen et al examined if endoscopic RFA could eradicate dysplastic BE and decrease the 
rate of neoplastic progression. In a multi-center, sham-controlled trial, these researchers 
randomly assigned 127 patients with dysplastic BE in a 2:1 ratio to receive either RFA 
(ablation group) or a sham procedure (control group). Randomization was stratified 
according to the grade of dysplasia and the length of BE. Primary outcomes at 12 months 
included the complete eradication of dysplasia and intestinal metaplasia. In the intention-to-
treat analyses, among patients with low-grade dysplasia, complete eradication of dysplasia 
occurred in 90.5 % of those in the ablation group, as compared with 22.7 % of those in the 
control group (p < 0.001). Among patients with high-grade dysplasia, complete eradication 
occurred in 81.0 % of those in the ablation group, as compared with 19.0 % of those in the 
control group (p < 0.001). Overall, 77.4 % of patients in the ablation group had complete 
eradication of intestinal metaplasia, as compared with 2.3 % of those in the control group (p 
< 0.001). Patients in the ablation group had less disease progression (3.6 % versus 16.3 %, p = 
0.03) and fewer cancers (1.2 % versus 9.3 %, p = 0.045). Patients reported having more chest 
pain after the ablation procedure than after the sham procedure. In the ablation group, 1 
patient had upper gastrointestinal hemorrhage, and 5 patients (6.0 %) had esophageal 
stricture. The authors concluded that in patients with dysplastic BE, RFA was associated 
with a high rate of complete eradication of both dysplasia and intestinal metaplasia and a 
reduced risk of disease progression (38). As stated by the authors, this study has several 
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limitations: (i) these investigators used eradication of intestinal metaplasia and dysplasia, 
along with neoplastic progression, as surrogate markers for death from cancer, even though 
long-term data demonstrating an association between eradication of intestinal metaplasia 
and a decreased risk of cancer are sparse, (ii) the study duration was 1 year. Although other 
data suggest that reversion to neosquamous epithelium after RFA is durable, it is unclear if 
the results of the study will persist, (iii) because of stratified randomization according to the 
degree of dysplasia and the 2:1 ratio for assignment of patients to the ablation group and the 
control group, the number of patients in some groups was small, (iv) since this study did not 
compare RFA with other interventions, such as photodynamic therapy and esophagectomy, 
these researchers can not determine which of these interventions is superior, (v) whether 
these findings can be generalized to community-practice settings is unknown. Furthermore, 
the risk of subsquamous intestinal metaplasia following ablative therapy is a concern for all 
ablative techniques. However, the malignant potential of subsquamous intestinal metaplasia 
is unknown. In this study, subsquamous intestinal metaplasia was quite common in patients 
(25.2 %) before enrollment and, similar to previous reports, was low after RF ablation (5.1 
%). Although the biopsy regimen in this study was aggressive, it is possible that some 
patients had undetected subsquamous intestinal metaplasia. Finally, because these 
investigators sought to define the efficacy of RFA for the spectrum of dysplasia, they 
enrolled patients with both low-grade dysplasia and high-grade dysplasia. However, the 
implications of these 2 diagnoses are markedly different. Low-grade dysplasia implies a risk 
of progression to cancer of less than 1 % per patient-year, whereas the risk associated with 
high-grade dysplasia may be higher by a factor of 10. In making decisions about the 
management of pre-cancerous conditions, clinicians, patients, and policy-makers consider 
possible benefits and risks of competing strategies. Because high-grade dysplasia has a more 
ominous natural history than low-grade dysplasia (or non-dysplastic intestinal metaplasia), 
greater risks and costs are tolerable. For less severe disease, the safety profile and associated 
costs become increasingly important. Detailed consideration of these trade-offs is beyond 
the scope of this study. Regardless, both of the dysplasia subgroups showed high rates of 
reversion to squamous epithelium after RFA and reduced rates of disease progression with 
few serious adverse effects, suggesting that the application of ablative therapy in patients 
with low-grade dysplasia is worth further investigation and consideration (38). 

In the accompanying editorial, Bergman stated that it is still too early to promote RFA for 
patients with non-dysplastic BE. Dr. Bergman also asked the following questions: (i) is 
complete response after ablation maintained over time, thus reducing the risk of progression 
to high-grade dysplasia or cancer?, (ii) will ablation improve patients' quality of life and 
decrease costs, as compared with the surveillance strategy?, and (iii) can we define a 
stratification index predicting disease progression or response to therapy? The author noted 
that "[w]e run the risk of losing the momentum to enroll patients in a trial that is required at 
this stage: a randomized comparison of endoscopic surveillance and radiofrequency 
ablation for non-dysplastic Barrett's esophagus. Such a study might truly revolutionize the 
management of this condition and answer the question as to whether radiofrequency 
ablation is great just for some or justified for many" (39). Furthermore, the American College 
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effective in patients who have already undergone anti-reflux surgery. There appears to be 
no disruption in the fundoplication or recurrence of GERD-related symptoms. Nevertheless, 
they stated that studies with longer-term follow-up and with more patients are needed (36). 

Ganz et al evaluated the safety and effectiveness of endoscopic circumferential balloon-
based ablation by using radiofrequency energy for treating BE that contains high-grade 
dysplasia (HGD). Patients with histologic evidence of intestinal metaplasia (IM) that 
contained HGD confirmed by at least 2 expert pathologists were included in this study. A 
prior endoscopic mucosal resection (EMR) was permitted, provided that residual HGD 
remained in the BE region for ablation. Histologic complete response (CR) end points: (i) all 
biopsy specimen fragments obtained at the last biopsy session were negative for HGD (CR-
HGD), (ii) all biopsy specimens were negative for any dysplasia (CR-D), and (iii) all biopsy 
specimens were negative for IM (CR-IM). A total of 142 patients (median age of 66 years, 
IQR 59 to 75 years) who had BE HGD (median length of 6 cm, IQR 3 to 8 cm) underwent 
circumferential ablation (median of 1 session, IQR 1 to 2 sessions). No serious adverse 
events were reported. There was 1 asymptomatic stricture and no buried glands. Ninety-
two patients had at least 1 follow-up biopsy session (median follow-up of 12 months, IQR 8 
to 15 months). A CR-HGD was achieved in 90.2 % of patients, CR-D in 80.4 %, and CR-IM in 
54.3 %. The authors concluded that endoscopic circumferential ablation is a promising 
modality for the treatment of BE that contains HGD. In this multi-center registry, the 
intervention safely achieved a CR for HGD in 90.2 % of patients at a median of 12 months of 
follow-up. Major drawbacks of this study were a non-randomized study design, absence of 
a control arm, a lack of centralized pathology review, ablation and biopsy technique not 
standardized, and a relatively short-term follow-up (37) .  

Shaheen et al examined if endoscopic RFA could eradicate dysplastic BE and decrease the 
rate of neoplastic progression. In a multi-center, sham-controlled trial, these researchers 
randomly assigned 127 patients with dysplastic BE in a 2:1 ratio to receive either RFA 
(ablation group) or a sham procedure (control group). Randomization was stratified 
according to the grade of dysplasia and the length of BE. Primary outcomes at 12 months 
included the complete eradication of dysplasia and intestinal metaplasia. In the intention-to-
treat analyses, among patients with low-grade dysplasia, complete eradication of dysplasia 
occurred in 90.5 % of those in the ablation group, as compared with 22.7 % of those in the 
control group (p < 0.001). Among patients with high-grade dysplasia, complete eradication 
occurred in 81.0 % of those in the ablation group, as compared with 19.0 % of those in the 
control group (p < 0.001). Overall, 77.4 % of patients in the ablation group had complete 
eradication of intestinal metaplasia, as compared with 2.3 % of those in the control group (p 
< 0.001). Patients in the ablation group had less disease progression (3.6 % versus 16.3 %, p = 
0.03) and fewer cancers (1.2 % versus 9.3 %, p = 0.045). Patients reported having more chest 
pain after the ablation procedure than after the sham procedure. In the ablation group, 1 
patient had upper gastrointestinal hemorrhage, and 5 patients (6.0 %) had esophageal 
stricture. The authors concluded that in patients with dysplastic BE, RFA was associated 
with a high rate of complete eradication of both dysplasia and intestinal metaplasia and a 
reduced risk of disease progression (38). As stated by the authors, this study has several 
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limitations: (i) these investigators used eradication of intestinal metaplasia and dysplasia, 
along with neoplastic progression, as surrogate markers for death from cancer, even though 
long-term data demonstrating an association between eradication of intestinal metaplasia 
and a decreased risk of cancer are sparse, (ii) the study duration was 1 year. Although other 
data suggest that reversion to neosquamous epithelium after RFA is durable, it is unclear if 
the results of the study will persist, (iii) because of stratified randomization according to the 
degree of dysplasia and the 2:1 ratio for assignment of patients to the ablation group and the 
control group, the number of patients in some groups was small, (iv) since this study did not 
compare RFA with other interventions, such as photodynamic therapy and esophagectomy, 
these researchers can not determine which of these interventions is superior, (v) whether 
these findings can be generalized to community-practice settings is unknown. Furthermore, 
the risk of subsquamous intestinal metaplasia following ablative therapy is a concern for all 
ablative techniques. However, the malignant potential of subsquamous intestinal metaplasia 
is unknown. In this study, subsquamous intestinal metaplasia was quite common in patients 
(25.2 %) before enrollment and, similar to previous reports, was low after RF ablation (5.1 
%). Although the biopsy regimen in this study was aggressive, it is possible that some 
patients had undetected subsquamous intestinal metaplasia. Finally, because these 
investigators sought to define the efficacy of RFA for the spectrum of dysplasia, they 
enrolled patients with both low-grade dysplasia and high-grade dysplasia. However, the 
implications of these 2 diagnoses are markedly different. Low-grade dysplasia implies a risk 
of progression to cancer of less than 1 % per patient-year, whereas the risk associated with 
high-grade dysplasia may be higher by a factor of 10. In making decisions about the 
management of pre-cancerous conditions, clinicians, patients, and policy-makers consider 
possible benefits and risks of competing strategies. Because high-grade dysplasia has a more 
ominous natural history than low-grade dysplasia (or non-dysplastic intestinal metaplasia), 
greater risks and costs are tolerable. For less severe disease, the safety profile and associated 
costs become increasingly important. Detailed consideration of these trade-offs is beyond 
the scope of this study. Regardless, both of the dysplasia subgroups showed high rates of 
reversion to squamous epithelium after RFA and reduced rates of disease progression with 
few serious adverse effects, suggesting that the application of ablative therapy in patients 
with low-grade dysplasia is worth further investigation and consideration (38). 

In the accompanying editorial, Bergman stated that it is still too early to promote RFA for 
patients with non-dysplastic BE. Dr. Bergman also asked the following questions: (i) is 
complete response after ablation maintained over time, thus reducing the risk of progression 
to high-grade dysplasia or cancer?, (ii) will ablation improve patients' quality of life and 
decrease costs, as compared with the surveillance strategy?, and (iii) can we define a 
stratification index predicting disease progression or response to therapy? The author noted 
that "[w]e run the risk of losing the momentum to enroll patients in a trial that is required at 
this stage: a randomized comparison of endoscopic surveillance and radiofrequency 
ablation for non-dysplastic Barrett's esophagus. Such a study might truly revolutionize the 
management of this condition and answer the question as to whether radiofrequency 
ablation is great just for some or justified for many" (39). Furthermore, the American College 
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of Gastroenterology's updated guidelines for the diagnosis, surveillance and therapy of BE , 
Wang and Sampliner states that "further evaluation of the most recent technology; 
radiofrequency ablation is awaited. Cryotherapy is beginning clinical trials and older 
technologies are becoming more refined (e.g., photodynamic therapy with the development 
of new agents). Documentation of the frequency and duration of the surveillance protocol 
after endoscopic ablation therapy requires careful study" (40). 

4.9. RFA of esophageal neoplasm 

Yeh and Triadafilopoulos noted that a wide variety of endoscopic mucosal ablative 
techniques have been developed for early esophageal neoplasia. However, long-term 
control of neoplasic risk has not been demonstrated. The authors explained that most 
studies show that specialized intestinal metaplasia may persist underneath neo-squamous 
mucosa, posing a risk for subsequent neoplastic progression (41). Shaheen noted that the 
pathogenesis of BE is poorly understood. Given that some patients will have repeated bouts 
of severe erosive esophagitis and never develop BE, host factors must play an important 
role. The author stated that the utility of neoadjuvant radiation and chemotherapy in those 
with adenocarcinoma, although they are widely practiced, is not of clear benefit, and some 
authorities recommend against it. Ablative therapies, as well as endoscopic mucosal 
resection, hold promise for those with superficial cancer or high-grade dysplasia. The author 
noted that most series using these modalities feature relatively short follow-up; longer-term 
studies are needed to better ascertain the effectiveness of these treatments (38).  

Pedrazzani et al evaluated the effectiveness of 90 W argon plasma coagulation (APC) for the 
ablation of BE that is considered to be the main risk factor for the development of 
esophageal adenocarcinoma. They found that high power setting APC showed to be safe. 
The effects persist at a mean follow-up period of 2 years with a comparable cost in term of 
complications with respect to standard power settings. The authors stated, however, that 
further studies with greater number of patients are required to confirm these results and to 
assess if ablation reduces the incidence of malignant progression (42). Hage et al stated that 
although endoscopic removal of BE by ablative therapies is possible in the majority of 
patients, histologically complete elimination can not be achieved in all cases. Persistent BE 
may still harbor molecular aberrations and must therefore be considered still to be at risk of 
progression to adenocarcinoma (43). 

4.10. RFA of thyroid metastasis 

Guidelines on thyroid cancer from the National Comprehensive Cancer Network (NCCN, 
2010) state that distant metastases from recurrent or persistent medullary thyroid carcinoma 
that are causing symptoms (e.g., those in bone) could be considered for palliative resection, 
RFA, or other regional treatment. The guidelines state that these interventions may also be 
considered for asymptomatic distant metastases (especially for progressive disease) but 
observation is acceptable, given the lack of data regarding alteration in outcome (44). 
Monchik and colleagues evaluated the long-term effectiveness of RFA and percutaneous 
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ethanol (EtOH) injection treatment of patients with local recurrence or focal distant 
metastases of well-differentiated thyroid cancer (WTC). A total of 20 patients underwent 
treatment of biopsy-proven recurrent WTC in the neck. Sixteen of these patients had lesions 
treated by ultrasound-guided RFA (mean size, 17.0 mm; range of 8 to 40 mm), while 6 had 
ultrasound-guided EtOH injection treatment (mean size, 11.4 mm; range of 6 to 15 mm). 
Four patients underwent RFA treatment of focal distant metastases from WTC. Three of 
these patients had CT-guided RFA of bone metastases (mean size, 40.0 mm; range of 30 to 60 
mm), and 1 patient underwent RFA for a solitary lung metastasis (size, 27 mm). Patients 
were then followed with routine ultrasound, whole body scan, and/or serum thyroglobulin 
levels for recurrence at the treatment site. No recurrent disease was detected at the 
treatment site in 14 of the 16 patients treated with RFA and in all 6 patients treated with 
EtOH injection at a mean follow-up of 40.7 and 18.7 months, respectively. Two of the 3 
patients treated for bone metastases were disease-free at the treatment site at 44 and 53 
months of follow-up, respectively. The patient who underwent RFA for a solitary lung 
metastasis was disease-free at the treatment site at 10 months of follow-up. No 
complications were experienced in the group treated by EtOH injection, while 1 minor skin 
burn and 1 permanent vocal cord paralysis occurred in the RFA treatment group. The 
authors concluded that RFA and EtOH ablation show promise as alternatives to surgical 
treatment of recurrent WTC in patients with difficult reoperations. They stated that further 
long-term follow-up studies are needed to ascertain the precise role these therapies should 
play in the treatment of recurrent WTC (45). 

4.11. RFA of Soft tissue masses 

Radiofrequency ablation devices have been cleared by the FDA for the general indication of 
soft tissue cutting, coagulation, and ablation by thermal coagulation necrosis. This clearance 
was based only on bench testing or animal testing performance data. Guidelines from the 
National Comprehensive Cancer Network (NCCN, 2010) include recommendations for RFA 
of the trunk and extremities in metastatic soft tissue sarcoma. The guidelines include 
metastasectomy with RFA as an alternative method for control of metastatic lesions in 
limited metastases. The guidelines also include RFA as options for symptomatic patients 
with disseminated metastases. "The guidelines are intentionally nonspecific about this 
group of options, because many different issues are factored into this decision (e.g., patient 
performance status, patient preferences, specific clinical problems from the metastases, 
treatment availability.)" (46). 

4.12. RFA of gastrointestinal stromal tumors 

Pawlik et al at MD Anderson Cancer Center reported a series with 36 non-GIST sarcoma 
patients and 31 GIST patients who received RFA and/or surgical resection of liver 
metastases. (47). When surgical resection was possible, that was the first choice (35 patients). 
RFA was used in combination with surgical resection of the largest lesions in 18 cases. RFA 
was used alone in 13 cases. Those patients treated with RFA alone, or in combination with 
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of Gastroenterology's updated guidelines for the diagnosis, surveillance and therapy of BE , 
Wang and Sampliner states that "further evaluation of the most recent technology; 
radiofrequency ablation is awaited. Cryotherapy is beginning clinical trials and older 
technologies are becoming more refined (e.g., photodynamic therapy with the development 
of new agents). Documentation of the frequency and duration of the surveillance protocol 
after endoscopic ablation therapy requires careful study" (40). 

4.9. RFA of esophageal neoplasm 

Yeh and Triadafilopoulos noted that a wide variety of endoscopic mucosal ablative 
techniques have been developed for early esophageal neoplasia. However, long-term 
control of neoplasic risk has not been demonstrated. The authors explained that most 
studies show that specialized intestinal metaplasia may persist underneath neo-squamous 
mucosa, posing a risk for subsequent neoplastic progression (41). Shaheen noted that the 
pathogenesis of BE is poorly understood. Given that some patients will have repeated bouts 
of severe erosive esophagitis and never develop BE, host factors must play an important 
role. The author stated that the utility of neoadjuvant radiation and chemotherapy in those 
with adenocarcinoma, although they are widely practiced, is not of clear benefit, and some 
authorities recommend against it. Ablative therapies, as well as endoscopic mucosal 
resection, hold promise for those with superficial cancer or high-grade dysplasia. The author 
noted that most series using these modalities feature relatively short follow-up; longer-term 
studies are needed to better ascertain the effectiveness of these treatments (38).  

Pedrazzani et al evaluated the effectiveness of 90 W argon plasma coagulation (APC) for the 
ablation of BE that is considered to be the main risk factor for the development of 
esophageal adenocarcinoma. They found that high power setting APC showed to be safe. 
The effects persist at a mean follow-up period of 2 years with a comparable cost in term of 
complications with respect to standard power settings. The authors stated, however, that 
further studies with greater number of patients are required to confirm these results and to 
assess if ablation reduces the incidence of malignant progression (42). Hage et al stated that 
although endoscopic removal of BE by ablative therapies is possible in the majority of 
patients, histologically complete elimination can not be achieved in all cases. Persistent BE 
may still harbor molecular aberrations and must therefore be considered still to be at risk of 
progression to adenocarcinoma (43). 

4.10. RFA of thyroid metastasis 

Guidelines on thyroid cancer from the National Comprehensive Cancer Network (NCCN, 
2010) state that distant metastases from recurrent or persistent medullary thyroid carcinoma 
that are causing symptoms (e.g., those in bone) could be considered for palliative resection, 
RFA, or other regional treatment. The guidelines state that these interventions may also be 
considered for asymptomatic distant metastases (especially for progressive disease) but 
observation is acceptable, given the lack of data regarding alteration in outcome (44). 
Monchik and colleagues evaluated the long-term effectiveness of RFA and percutaneous 
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ethanol (EtOH) injection treatment of patients with local recurrence or focal distant 
metastases of well-differentiated thyroid cancer (WTC). A total of 20 patients underwent 
treatment of biopsy-proven recurrent WTC in the neck. Sixteen of these patients had lesions 
treated by ultrasound-guided RFA (mean size, 17.0 mm; range of 8 to 40 mm), while 6 had 
ultrasound-guided EtOH injection treatment (mean size, 11.4 mm; range of 6 to 15 mm). 
Four patients underwent RFA treatment of focal distant metastases from WTC. Three of 
these patients had CT-guided RFA of bone metastases (mean size, 40.0 mm; range of 30 to 60 
mm), and 1 patient underwent RFA for a solitary lung metastasis (size, 27 mm). Patients 
were then followed with routine ultrasound, whole body scan, and/or serum thyroglobulin 
levels for recurrence at the treatment site. No recurrent disease was detected at the 
treatment site in 14 of the 16 patients treated with RFA and in all 6 patients treated with 
EtOH injection at a mean follow-up of 40.7 and 18.7 months, respectively. Two of the 3 
patients treated for bone metastases were disease-free at the treatment site at 44 and 53 
months of follow-up, respectively. The patient who underwent RFA for a solitary lung 
metastasis was disease-free at the treatment site at 10 months of follow-up. No 
complications were experienced in the group treated by EtOH injection, while 1 minor skin 
burn and 1 permanent vocal cord paralysis occurred in the RFA treatment group. The 
authors concluded that RFA and EtOH ablation show promise as alternatives to surgical 
treatment of recurrent WTC in patients with difficult reoperations. They stated that further 
long-term follow-up studies are needed to ascertain the precise role these therapies should 
play in the treatment of recurrent WTC (45). 

4.11. RFA of Soft tissue masses 

Radiofrequency ablation devices have been cleared by the FDA for the general indication of 
soft tissue cutting, coagulation, and ablation by thermal coagulation necrosis. This clearance 
was based only on bench testing or animal testing performance data. Guidelines from the 
National Comprehensive Cancer Network (NCCN, 2010) include recommendations for RFA 
of the trunk and extremities in metastatic soft tissue sarcoma. The guidelines include 
metastasectomy with RFA as an alternative method for control of metastatic lesions in 
limited metastases. The guidelines also include RFA as options for symptomatic patients 
with disseminated metastases. "The guidelines are intentionally nonspecific about this 
group of options, because many different issues are factored into this decision (e.g., patient 
performance status, patient preferences, specific clinical problems from the metastases, 
treatment availability.)" (46). 

4.12. RFA of gastrointestinal stromal tumors 

Pawlik et al at MD Anderson Cancer Center reported a series with 36 non-GIST sarcoma 
patients and 31 GIST patients who received RFA and/or surgical resection of liver 
metastases. (47). When surgical resection was possible, that was the first choice (35 patients). 
RFA was used in combination with surgical resection of the largest lesions in 18 cases. RFA 
was used alone in 13 cases. Those patients treated with RFA alone, or in combination with 
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surgical resection, had a significantly higher rate of recurrence (90.9%) than did patients 
who underwent resection alone (57.1%). However, this difference probably reflects a 
selection bias, since RFA was never used for patients whose tumors were resectable. Patients 
who were treated with RFA either alone or as a combined modality with resection also had 
a shorter disease-free interval (7.4 months) than patients who underwent resection alone 
(18.6 months). Avritscher et al reported three advanced GIST patients whose focal liver 
progression was successfully treated with RFA. The patients remained progression-free at 8, 
15, and 16 months after ablation (48) . 

In an ASCO poster presentation, Dileo et al reported treating 9 patients with percutaneous 
CT-guided RFA for single or limited site(s) of progressing disease (8 liver lesions and 1 soft 
tissue lesion). Thee were no complications from the RFA procedure. With median follow-up 
of 4.2 months (range 1-11 months), all patients had their lesions completely ablated. Five 
patients developed systemic progression, while 4 patients remain stable on continued 
treatment with imatinib (median follow-up 5.8 m). The authors concluded "In this small 
cohort, percutaneous RFA appears to be a safe and effective treatment for localized sites of 
progression. This procedure helps to manage limited IM-resistant GIST. Continuation of 
imatinib to control systemic sites of imatinib-sensitive GIST despite emergence of limited 
clonal resistance can be justified on the basis of this exploratory work." (49) 

Evaluating the evidence about RFA for GIST. RFA appears to be a viable palliative option 
for patients with advanced GIST who develop focal progression of liver or peritoneal 
disease during imatinib therapy and who are not otherwise candidates for surgical 
resection. Alternatively, RFA offers a potentially curative option for patients who exhibit a 
partial response to imatinib and have focal residual disease that is not amenable to surgical 
resection .The guidelines (NCCN, 2010) also recommend the use of RFA for the treatment of 
gastrointestinal stromal tumors with limited progression. Progression is defined as a new 
lesion or increase in tumor size. The NCCN guidelines state that, for limited progressive 
disease that is potentially easily resectable, surgical resection should be considered. Other 
treatment options include RFA or embolization. 

4.13. RFA of malignant biliary obstruction 

In an open-label, pilot study, Steel et al in 2011 examined the safety of endobiliary bipolar 
RFA in patients with malignant biliary obstruction and reported the 90-day biliary patency 
of this novel procedure. Main outcome measures were immediate and 30-day complications 
as well as 90-day stent patency. A total of 22 patients (16 pancreatic, 6 cholangiocarcinoma) 
were includedin this study. Deployment of an RFA catheter was successful in 21 patients. 
Self-expandable metal stents (SEMSs) placement was achieved in all cases of successful RFA 
catheter deployment. One patient failed to demonstrate successful biliary decompression 
after SEMS placement and died within 90 days. All other patients maintained stent patency 
at 30 days. One patient had asymptomatic biochemical pancreatitis, 2 patients required 
percutaneous gallbladder drainage, and 1 patient developed rigors. At 90-day follow-up, 1 
additional patient had died with a patent stent, and 3 patients had occluded biliary stents. 
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The authors concluded that endobiliary RFA treatment appears to be safe. They stated that 
randomized studies with prolonged follow-up are needed (50). 

4.14. Role of hyperthermia in treatment of cervical cancer patients 

Today, the technique is a standard treatment for patients with advanced cervical cancer, or 
patients with less advanced cervical cancer that cannot clinically tolerate chemotherapy. It is 
recommended and used as an alternative to the international gold standard of combined 
radiation therapy and cisplatin-based chemotherapy (51). The Dutch Deep Hyperthermia 
Trial, conducted between 1990 and 1996 and published in the Lancet in 2000, was a 
prospective, randomized trial that compared the outcomes of 358 patients with advanced 
bladder, cervical, and rectal tumors. Half of the patients received only radiation therapy and 
the other half received both radiation therapy and hyperthermia. Three-year outcomes 
revealed that hyperthermia improved both pelvic control and overall survival rates, but 
seemed to be most effective for patients with advanced cervical cancer (52). At 36 months, of 
an original cohort of 114 patients with advanced cervical cancer, the 58 patients receiving both 
treatments showed a complete response rate of 83%, compared with 57% for the 56 patients 
who only received radiation therapy. The survival rate was 51% for the combined treatment 
group, compared with 27% for the radiation therapy-only group. Furthermore, hyperthermia 
treatments did not enhance radiation toxicity and were reported to be cost-effective  

However, long-term outcomes (12-year follow-up) was addressed by a follow-up study 
published in 2008 that tracked outcomes for both groups 12 years following treatment. The 
patients who received the combined treatment continued to have significantly better 
outcomes. The outcomes for the combined therapy group remained consistent. At the end of 
the study period, 37% of this group was still alive, compared with 20% who received 
radiation only. Of the combined therapy group, 56% retained pelvic tumor control, 
compared with 37% for the radiation therapy group. Pelvic recurrence developed in 25% of 
the combined therapy group and 31% of the radiation therapy group. Approximately one-
third of both cohorts developed distant metastasis. Both groups experienced the same 
number of grades 3-5 radiation-induced toxicities (53). 

4.15. Radiofrequency ablation therapy for varicose veins 

Venous insufficiency resulting from superficial reflux because of varicose veins is a serious 
problem that usually progresses inexorably if left untreated. When the refluxing circuit involves 
failure of the primary valves at the saphenofemoral junction, treatment options for the patient 
are limited, and early recurrences are the rule rather than the exception. In the historical surgical 
approach, ligation and division of the saphenous trunk and all proximal tributaries are followed 
either by stripping of the vein or by avulsion phlebectomy. Proximal ligation requires a 
substantial incision at the groin crease. Stripping of the vein requires additional incisions at the 
knee or below and is associated with a high incidence of minor surgical complications. Avulsion 
phlebectomy requires multiple 2- to 3-mm incisions along the course of the vein and can cause 
damage to adjacent nerves and lymphatic vessels. Endovenous ablation has replaced stripping 
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surgical resection, had a significantly higher rate of recurrence (90.9%) than did patients 
who underwent resection alone (57.1%). However, this difference probably reflects a 
selection bias, since RFA was never used for patients whose tumors were resectable. Patients 
who were treated with RFA either alone or as a combined modality with resection also had 
a shorter disease-free interval (7.4 months) than patients who underwent resection alone 
(18.6 months). Avritscher et al reported three advanced GIST patients whose focal liver 
progression was successfully treated with RFA. The patients remained progression-free at 8, 
15, and 16 months after ablation (48) . 

In an ASCO poster presentation, Dileo et al reported treating 9 patients with percutaneous 
CT-guided RFA for single or limited site(s) of progressing disease (8 liver lesions and 1 soft 
tissue lesion). Thee were no complications from the RFA procedure. With median follow-up 
of 4.2 months (range 1-11 months), all patients had their lesions completely ablated. Five 
patients developed systemic progression, while 4 patients remain stable on continued 
treatment with imatinib (median follow-up 5.8 m). The authors concluded "In this small 
cohort, percutaneous RFA appears to be a safe and effective treatment for localized sites of 
progression. This procedure helps to manage limited IM-resistant GIST. Continuation of 
imatinib to control systemic sites of imatinib-sensitive GIST despite emergence of limited 
clonal resistance can be justified on the basis of this exploratory work." (49) 

Evaluating the evidence about RFA for GIST. RFA appears to be a viable palliative option 
for patients with advanced GIST who develop focal progression of liver or peritoneal 
disease during imatinib therapy and who are not otherwise candidates for surgical 
resection. Alternatively, RFA offers a potentially curative option for patients who exhibit a 
partial response to imatinib and have focal residual disease that is not amenable to surgical 
resection .The guidelines (NCCN, 2010) also recommend the use of RFA for the treatment of 
gastrointestinal stromal tumors with limited progression. Progression is defined as a new 
lesion or increase in tumor size. The NCCN guidelines state that, for limited progressive 
disease that is potentially easily resectable, surgical resection should be considered. Other 
treatment options include RFA or embolization. 

4.13. RFA of malignant biliary obstruction 

In an open-label, pilot study, Steel et al in 2011 examined the safety of endobiliary bipolar 
RFA in patients with malignant biliary obstruction and reported the 90-day biliary patency 
of this novel procedure. Main outcome measures were immediate and 30-day complications 
as well as 90-day stent patency. A total of 22 patients (16 pancreatic, 6 cholangiocarcinoma) 
were includedin this study. Deployment of an RFA catheter was successful in 21 patients. 
Self-expandable metal stents (SEMSs) placement was achieved in all cases of successful RFA 
catheter deployment. One patient failed to demonstrate successful biliary decompression 
after SEMS placement and died within 90 days. All other patients maintained stent patency 
at 30 days. One patient had asymptomatic biochemical pancreatitis, 2 patients required 
percutaneous gallbladder drainage, and 1 patient developed rigors. At 90-day follow-up, 1 
additional patient had died with a patent stent, and 3 patients had occluded biliary stents. 
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The authors concluded that endobiliary RFA treatment appears to be safe. They stated that 
randomized studies with prolonged follow-up are needed (50). 

4.14. Role of hyperthermia in treatment of cervical cancer patients 

Today, the technique is a standard treatment for patients with advanced cervical cancer, or 
patients with less advanced cervical cancer that cannot clinically tolerate chemotherapy. It is 
recommended and used as an alternative to the international gold standard of combined 
radiation therapy and cisplatin-based chemotherapy (51). The Dutch Deep Hyperthermia 
Trial, conducted between 1990 and 1996 and published in the Lancet in 2000, was a 
prospective, randomized trial that compared the outcomes of 358 patients with advanced 
bladder, cervical, and rectal tumors. Half of the patients received only radiation therapy and 
the other half received both radiation therapy and hyperthermia. Three-year outcomes 
revealed that hyperthermia improved both pelvic control and overall survival rates, but 
seemed to be most effective for patients with advanced cervical cancer (52). At 36 months, of 
an original cohort of 114 patients with advanced cervical cancer, the 58 patients receiving both 
treatments showed a complete response rate of 83%, compared with 57% for the 56 patients 
who only received radiation therapy. The survival rate was 51% for the combined treatment 
group, compared with 27% for the radiation therapy-only group. Furthermore, hyperthermia 
treatments did not enhance radiation toxicity and were reported to be cost-effective  

However, long-term outcomes (12-year follow-up) was addressed by a follow-up study 
published in 2008 that tracked outcomes for both groups 12 years following treatment. The 
patients who received the combined treatment continued to have significantly better 
outcomes. The outcomes for the combined therapy group remained consistent. At the end of 
the study period, 37% of this group was still alive, compared with 20% who received 
radiation only. Of the combined therapy group, 56% retained pelvic tumor control, 
compared with 37% for the radiation therapy group. Pelvic recurrence developed in 25% of 
the combined therapy group and 31% of the radiation therapy group. Approximately one-
third of both cohorts developed distant metastasis. Both groups experienced the same 
number of grades 3-5 radiation-induced toxicities (53). 

4.15. Radiofrequency ablation therapy for varicose veins 

Venous insufficiency resulting from superficial reflux because of varicose veins is a serious 
problem that usually progresses inexorably if left untreated. When the refluxing circuit involves 
failure of the primary valves at the saphenofemoral junction, treatment options for the patient 
are limited, and early recurrences are the rule rather than the exception. In the historical surgical 
approach, ligation and division of the saphenous trunk and all proximal tributaries are followed 
either by stripping of the vein or by avulsion phlebectomy. Proximal ligation requires a 
substantial incision at the groin crease. Stripping of the vein requires additional incisions at the 
knee or below and is associated with a high incidence of minor surgical complications. Avulsion 
phlebectomy requires multiple 2- to 3-mm incisions along the course of the vein and can cause 
damage to adjacent nerves and lymphatic vessels. Endovenous ablation has replaced stripping 
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and ligation as the technique for elimination of saphenous vein reflux. One of the endovenous 
techniques is a radiofrequency-based procedure. Newer methods of delivery of radiofrequency 
were introduced in 2007. Endovenous procedures are far less invasive than surgery and have 
lower complication rates. The procedure is well tolerated by patients, and it produces good 
cosmetic results. Excellent clinical results are seen at 4-5 years, and the long-term efficacy of the 
procedure is now known with 10 years of experience (54-55).  

The US Food and Drug Administration (FDA) cleared the original radiofrequency endovenous 
procedure in March 1999. Endovenous techniques (endovenous laser therapy, radiofrequency 
ablation, and endovenous foam sclerotherapy) clearly are less invasive and are associated with 
fewer complications compared with more invasive surgical procedures, with comparable or 
greater efficacy. The original radiofrequency endovenous ablation system worked by thermal 
destruction of venous tissues using electrical energy passing through tissue in the form of 
high-frequency alternating current. This current was converted into heat, which causes 
irreversible localized tissue damage. Radiofrequency energy is delivered through a special 
catheter with deployable electrodes at the tip; the electrodes touch the vein walls and deliver 
energy directly into the tissues without coagulating blood. The newest system, called 
ClosureFast, delivers infrared energy to vein walls by directly heating a catheter tip with 
radiofrequency energy. Published results show a high early success rate with a very low 
subsequent recurrence rate up to 10 years after treatment. Early and mid range results are 
comparable to those obtained with other endovenous ablation techniques. The authors’ overall 
experience has been a 90% success rate, with rare patients requiring a repeat procedure in 6-12 
months. Overall efficacy and lower morbidity have resulted in endovenous ablation 
techniques replacing surgical stripping. Patient satisfaction is high and downtime is minimal, 
with 95% of patients reporting they would recommend the procedure to a friend (56-58). 

 
Figure 5. A diagram shows the technique of RFA for varicose veins .A. The catheter is inserted and 
advanced into the diseases vein through a small incision into the diseased vein under ultrasound 
guidance. B Then laser or radiofrequency energy is applied to the lining of the vein, heating and 
shrinking the vein walls, causing them to seal and as the catheter withdrawn the vein is closed  
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4.16. Catheter ablation for paroxysmal atrial fibrillation 

Other diseases where ablation is used include cardiac catheter thermal ablation is now 
standard of care for a variety of cardiac arrhythmia types (irregular heart beat rhythm). 
Techniques are directed at cauterizing areas of high irritability that give rise to frequent ectopy 
and trigger paroxysmal atrial fibrillation (PAF), or cauterisation of the substrate that maintains 
PAF, (predominantly left atrial tissue), or both. Usually this is done with radiofrequency 
energy delivered percutaneously by steerable catheters. In the UK, recent Guidance from 
NICE approved catheter ablation for PAF on the NHS for patients who have failed treatment 
with two antiarrhythmic drugs. Similar guidelines exist in the USA. Success rates of 70-80% 
can be achieved, with multiple procedures being needed in many cases. RFCA for PAF carries 
significant risks. These are; stroke (<1%), cardiac tamponade (2-6%), pulmonary vein stenosis 
(0.5-1%), a small risk of arteriovenous fistula (<0.5%), and a very small but important risk of 
oesophago-atrial fistula. In older patients, (>70 years), patients with structural heart disease and 
patients with persistent or prolonged AF, there is significantly less chance of success with 
RFCA. Recently an electro-anatomic mapping systems" (a form of mini-"GPS", or "Sat-Nav" 
system), are becoming increasingly sophisticated at telling an electrophysiologist exactly where 
a catheter is within the heart, and exactly where anatomical structures are located relative to it. 
This is important for avoiding complications. A CT Scan or MRI scan of heart chambers is 
useful for obtaining the detailed anatomy of the heart for RFCA procedures (59-61). 

RFA of the AV-junction followed by implantation of a pacemaker provides good control of 
symptoms, reduced drug and healthcare consumption, and reduced hospital admissions. 
However, AV-junctional ablation is not reversible, and allows atrial fibrillation to continue, 
albeit without allowing it to produce rapid, irregular ventricular rates, so that patients may 
be unaware of being in PAF. RFA of the AV-junction followed by implantation of a 
pacemaker is increasingly reserved for patients with established/chronic AF in whom 
ventricular rate-control cannot be achieved with AV-nodal blocking drugs. In these patients 
AF persists in spite of treatment anyway, and RFA of the AV-junction with permanent 
pacing can give excellent symptom control (NICE 2006) (62). 

5. Combination of hyperthermia with radiotherapy in treatment of cancer 

Hyperthermia is a heat cancer treatment FDA approved in combination with low-dose-
radiation, applied to tumors, raising tumor temperature to about 42.5°C (108°F) for about 45 to 
60 minutes. Heat improves blood circulation and makes tumor cells more susceptible to the 
low-dose- radiation therapy, killing them more efficiently and quickly. Hyperthermia can be 
compared with an artificial fever that attacks cancer cells. Starting in the late 1970s, a major 
focus of many researchers was on achieving focal, cytotoxic temperatures of 42-45 oC within 
tumors, a strategy which can sensitize tumors to radiation and/or chemotherapy. Remarkable 
progress in engineering and physics over the past 20 years has led to the implementation of 
clinical trials that are revealing the true potential of this strategy. Over the past decade, positive 
clinical data has emerged from trials utilizing HT in the treatment of recurrent chest wall breast 
cancer, melanoma, esophageal cancer, locally advanced head and neck cancer, locally advanced 
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and ligation as the technique for elimination of saphenous vein reflux. One of the endovenous 
techniques is a radiofrequency-based procedure. Newer methods of delivery of radiofrequency 
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cosmetic results. Excellent clinical results are seen at 4-5 years, and the long-term efficacy of the 
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months. Overall efficacy and lower morbidity have resulted in endovenous ablation 
techniques replacing surgical stripping. Patient satisfaction is high and downtime is minimal, 
with 95% of patients reporting they would recommend the procedure to a friend (56-58). 
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This is important for avoiding complications. A CT Scan or MRI scan of heart chambers is 
useful for obtaining the detailed anatomy of the heart for RFCA procedures (59-61). 

RFA of the AV-junction followed by implantation of a pacemaker provides good control of 
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albeit without allowing it to produce rapid, irregular ventricular rates, so that patients may 
be unaware of being in PAF. RFA of the AV-junction followed by implantation of a 
pacemaker is increasingly reserved for patients with established/chronic AF in whom 
ventricular rate-control cannot be achieved with AV-nodal blocking drugs. In these patients 
AF persists in spite of treatment anyway, and RFA of the AV-junction with permanent 
pacing can give excellent symptom control (NICE 2006) (62). 

5. Combination of hyperthermia with radiotherapy in treatment of cancer 

Hyperthermia is a heat cancer treatment FDA approved in combination with low-dose-
radiation, applied to tumors, raising tumor temperature to about 42.5°C (108°F) for about 45 to 
60 minutes. Heat improves blood circulation and makes tumor cells more susceptible to the 
low-dose- radiation therapy, killing them more efficiently and quickly. Hyperthermia can be 
compared with an artificial fever that attacks cancer cells. Starting in the late 1970s, a major 
focus of many researchers was on achieving focal, cytotoxic temperatures of 42-45 oC within 
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clinical data has emerged from trials utilizing HT in the treatment of recurrent chest wall breast 
cancer, melanoma, esophageal cancer, locally advanced head and neck cancer, locally advanced 



 
Hyperthermia 164 

cervix cancer and gliomas. 1) Hyperthermia increases perfusion and oxygenation of neoplastic 
hypoxic cells, which are three times more resistant to ionizing radiation than normal cells. 
Consequently, the action of radiotherapy becomes 1.5-5 times more efficient. Hyperthermia has 
a direct cytotoxic action on cancer: due to the pathologic blood vessels, the thermal elevation 
persists inside the tumor, whereas neighboring normal tissues, adequately perfused, are cooled: 
at 43 °C, normal cells are not damaged, whereas tumor cells are damaged at the cell nucleus, 
plasmatic membrane and cytoskeleton, up to apoptosis. Hyperthermia acts mostly at an acid 
pH and in the S phase of the cell cycle, when cells are radioresistant. This means that 
radiotherapy and hyperthermia are complementary in their action: radiotherapy forms free 
radicals, which damage the DNA of tumor cells, whereas hyperthermia inhibits its reparation. 
2) Hyperthermic inhibition of repairing radiation damage has been suggested as an essential 
factor causing the synergistic cell-killing effect of X-rays and hyperthermia. Heating cells before 
X-irradiation has been shown to inhibit the repair of DNA strand breaks as well as the excision 
of base damage1. There are several DNA repair pathways involved in restoration of damage 
after ionizing irradiation and the kinetics of all of them are affected by heat shock. However, 
this does not imply that the inhibition of each of these pathways is relevant to the effect of heat 
on cellular radiosensitivity. Data reported by Kampinga et al showed that thermal inhibition of 
the non-homologous end-joining pathway plays a role in heat radiosensitization. Furthermore, 
limited data suggest that the homologous recombination pathway may not be a major heat 
target. The inhibition of base-excision damage repair could be, by deduction, the crucial step in 
the mechanism of radiosensitization by heat (63). 3) Hyperthermia enhances the sensitivity of 
cells to radiation and drugs and this sensitization is not directly related to altered heat-shock 
proteins (HSP) expression. Elevating HSP prior to heating makes cells thermo- tolerant and 
altering their expression will affect the extent of thermal action because the HSP will 
attenuate the heat-induced protein damage, responsible for radiation and drug sensitization. 
Nuclear protein damage is considered to be responsible for hyperthermic effects on DNA 
repair, especially base-excision damage repair (64). 

In an effort to provide a clearer picture of the interaction between hyperthermia and 
radiation, asynchronous CHO cell survivals for a matrix of doses of radiation and 
hyperthermia were determined. The survival matrix was then analyzed by fitting a survival 

function that was the product of survivals due to hyperthermia alone, to radiation alone and 
to the interaction of hyperthermia and radiation. This survival function is an expression for 
the survival surface, a surface in the space defined by the three axes of logarithm of cell 
survival, hyperthermia dose and radiation dose. The survival surface is a three dimensional 
extension of the two-dimensional survival curve (65). 

The two principal rationales for applying hyperthermia in cancer therapy are that: (a) the S 
phase, which is relatively radioresistant, is the most sensitive phase to hyperthermia, and can 
be selectively radiosensitized by combining hyperthermia with x-irradiation; the cycling tumor 
cells in S phase which would normally survive an x-ray dose could thus be killed by subjecting 
these cells to hyperthermia; and (b) the relatively radioresistant hypoxic cells in the tumor may 
be selectively destroyed by combinations of hyperthermia and x-irradiation. Both of these 
rationales have been mentioned as reasons for using high LET irradiation in cancer therapy; 
therefore where such irradiation may be of use, hyperthermia may also be advantageous. 
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It is a heat cancer treatment FDA approved in combination with low-dose-radiation, 
applied to tumors, raising tumor temperature to about 42.5°C (108°F) for about 45 to 60 
minutes. Heat improves blood circulation and makes tumor cells more susceptible to the 
low-dose- radiation therapy, killing them more efficiently and quickly As a result of these 
and other clinical applications, combined with a rapidly expanding research base, interest in 
thermal medicine is rapidly growing, attracting the attention of laboratory and clinical 
researchers, physicians, engineers, physicists and biotechnologists. 

6. Rationale for chemotherapy and hyperthermia association 
Hyperthermia can also be used to activate cytotoxic effects of chemotherapy within tumors, 
thereby sparing normal tissue, when the drugs are encapsulated in thermally sensitive 
nanoparticles. Hyperthermic drug sensitization can be seen for several anti-cancer drugs, in 
particular alkylating agents. The combined action between heat and drugs arises from 
multiple events such as drug accumulation, drug detoxification pathways and repair of 
drug-induced DNA adducts. Cells with acquired drug resistance can be made responsive to 
the same drugs again by combining drugs with heat. Hyperthermia, which increases tumor 
tissue perfusion, facilitates the absorption of chemotherapeutic drugs through cell 
membrane. The heat accelerates chemical reactions, so that chemotherapy becomes more 
effective, without being more toxic. Hyperthermia allows the response of tumors resistant to 
various chemotherapeutic drugs: doxorubicin, cisplatin, bleomycin, mitomycin c, 
nitrosoureas, cyclophosphamide. Use of liposomes, including adriamycin (Caelyx®) 
administered i.v., hyperthermia fuses and frees their content inside the heated tumor bed, 
thus obtaining a target chemotherapy, with reduction of side effects. 

On March 18, 2010, the Celsion Corporation (http://www.celsion.com, accessed 17 November 
2010) announced that an abstract about the phase I/II trial of ThermoDox® in recurrent chest 
wall cancer has been accepted for presentation at the American Society of Clinical Oncology 
(ASCO) 2010 Annual Meeting. The abstract presents the background, rationale and design of 
the DIGNITY study which is ongoing and evaluating ThermoDox® in combination with 
hyperthermia in women with recurrent breast cancer on their chest wall (66).  

In a separate trial with a similar design being conducted at Duke University Medical Center, 
researchers are reporting convincing evidence of clinical activity. The DIGNITY clinical trial 
is a phase I/II, open label, dose- escalating trial to evaluate the safety and efficacy of 
ThermoDox® with hyperthermia for the treatment of recurrent chest wall breast cancer, an 
aggressive form of cancer with a poor prognosis and limited treatment options. The primary 
end point in the DIGNITY trial is durable complete local response at the tumor site. Once 
the safe dose is determined, Celsion intends to enroll up to 100 patients to establish efficacy. 
The results from the DIGNITY trial are expected to build on the promising data from the 
phase I dose-escalation study currently being conducted at Duke University Medical Center. 
ThermoDox® has also demonstrated evidence of efficacy in a phase I study for primary liver 
cancer. Celsion has been granted FDA orphan drug designation for ThermoDox® and is 
conducting a pivotal 600 patient global phase III study in primary liver cancer under an 
FDA special protocol assessment, thus obtaining a target chemotherapy, with reduction of 
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cervix cancer and gliomas. 1) Hyperthermia increases perfusion and oxygenation of neoplastic 
hypoxic cells, which are three times more resistant to ionizing radiation than normal cells. 
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pH and in the S phase of the cell cycle, when cells are radioresistant. This means that 
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radicals, which damage the DNA of tumor cells, whereas hyperthermia inhibits its reparation. 
2) Hyperthermic inhibition of repairing radiation damage has been suggested as an essential 
factor causing the synergistic cell-killing effect of X-rays and hyperthermia. Heating cells before 
X-irradiation has been shown to inhibit the repair of DNA strand breaks as well as the excision 
of base damage1. There are several DNA repair pathways involved in restoration of damage 
after ionizing irradiation and the kinetics of all of them are affected by heat shock. However, 
this does not imply that the inhibition of each of these pathways is relevant to the effect of heat 
on cellular radiosensitivity. Data reported by Kampinga et al showed that thermal inhibition of 
the non-homologous end-joining pathway plays a role in heat radiosensitization. Furthermore, 
limited data suggest that the homologous recombination pathway may not be a major heat 
target. The inhibition of base-excision damage repair could be, by deduction, the crucial step in 
the mechanism of radiosensitization by heat (63). 3) Hyperthermia enhances the sensitivity of 
cells to radiation and drugs and this sensitization is not directly related to altered heat-shock 
proteins (HSP) expression. Elevating HSP prior to heating makes cells thermo- tolerant and 
altering their expression will affect the extent of thermal action because the HSP will 
attenuate the heat-induced protein damage, responsible for radiation and drug sensitization. 
Nuclear protein damage is considered to be responsible for hyperthermic effects on DNA 
repair, especially base-excision damage repair (64). 

In an effort to provide a clearer picture of the interaction between hyperthermia and 
radiation, asynchronous CHO cell survivals for a matrix of doses of radiation and 
hyperthermia were determined. The survival matrix was then analyzed by fitting a survival 

function that was the product of survivals due to hyperthermia alone, to radiation alone and 
to the interaction of hyperthermia and radiation. This survival function is an expression for 
the survival surface, a surface in the space defined by the three axes of logarithm of cell 
survival, hyperthermia dose and radiation dose. The survival surface is a three dimensional 
extension of the two-dimensional survival curve (65). 
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phase, which is relatively radioresistant, is the most sensitive phase to hyperthermia, and can 
be selectively radiosensitized by combining hyperthermia with x-irradiation; the cycling tumor 
cells in S phase which would normally survive an x-ray dose could thus be killed by subjecting 
these cells to hyperthermia; and (b) the relatively radioresistant hypoxic cells in the tumor may 
be selectively destroyed by combinations of hyperthermia and x-irradiation. Both of these 
rationales have been mentioned as reasons for using high LET irradiation in cancer therapy; 
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applied to tumors, raising tumor temperature to about 42.5°C (108°F) for about 45 to 60 
minutes. Heat improves blood circulation and makes tumor cells more susceptible to the 
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and other clinical applications, combined with a rapidly expanding research base, interest in 
thermal medicine is rapidly growing, attracting the attention of laboratory and clinical 
researchers, physicians, engineers, physicists and biotechnologists. 
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particular alkylating agents. The combined action between heat and drugs arises from 
multiple events such as drug accumulation, drug detoxification pathways and repair of 
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membrane. The heat accelerates chemical reactions, so that chemotherapy becomes more 
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side effects. It has been demonstrated that hyperthermia also has an anti-angiogenic action 
and an immunotherapeutic role, due to thermal shock proteins, which are produced by 
stressed tumor cells. Finally, hyperthermia substains the action of genic therapy (67). 

The immunotherapeutic role of hyperthermia is not yet completely understood. Especially, 
the effects on natural killer (NK) cell cytotoxicity against tumor cell targets have not been 
fully demonstrated. At treatment temperatures above 40 °C, both enhancing and inhibitory 
effects of cytotoxic activity of NK cells against tumor cells have been reported. In particular, 
an enhancement of human NK cytotoxicity against tumor cell targets has been 
demonstrated using a temperature of 39.5 °C10. Data in the literature indicate a strong 
potential for heat-induced enhancement of NK cell activity in mediating the improved 
clinical response. A better understanding in this field should be achieved in order to 
maximize the clinical benefits obtained by using hyperthermia for cancer therapy (68). 

7. Heat-activated drug delivery  

An exciting new generation of clinical trials is now harnessing drug-containing thermosensitive 
liposomes, and other nanoparticle drug carriers, that release contained chemotherapy agents 
upon heating above ~40 °C. Combined with localized heating methods as described above, this 
allows for targeted chemotherapy delivery to tumors. Thermal ablation or hyperthermia can be 
combined with heat-activated drug carriers to selectively deposit chemotherapy in the heated 
area. Initial clinical trial results suggest patient benefits from this combination and thus there is 
considerable excitement among members of our Society in this approach. 

8. Conclusions 

Hyperthermia, thanks to the improved systems for achieving an optimal distribution of heat 
inside the tumor and precise and noninvasive thermometry, is today an important treatment 
modality in the treatment of cancer, and its results are strongly supported by criteria of 
evidence-based medicine. Hyperthermia is an important treatment modality in cancer 
treatment and its results are strongly supported by criteria of evidence-based medicine. 
Hyperthermia is a therapeutic modality that, employing nonionizing radiations, can be used 
not only by radiation oncologists but also by clinical oncologists. Its addition to 
radiotherapy with or without chemotherapy is important when it is necessary to treat 
advanced or high-risk tumors, or to retreat a relapse in a pre-irradiated area. Hyperthermia 
appears to be the fourth pillar besides surgery, radiotherapy and chemotherapy.   
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1. Introduction 

In recent times, different strategies for thermal ablation therapy have been in use. They 
include radiofrequency ablation, cryoablation therapy, laser ablation therapy, microwave 
ablation and high intensity focused ultrasound ablation, among others. Radiofrequency 
ablation (RFA) is used to destroy pathological tissue by inducing tissue necrosis through the 
heating of targeted tissue [1]. While ablation is currently used in the treatment of different 
diseases, tumour ablation is considered here, i.e. the treatment of cancerous tumours. Apart 
from RFA, thermal ablation therapy involves other strategies employed in the destruction of 
cancerous tumours. Cryoablation therapy (or cryotherapy) uses liquid nitrogen (or the 
expansion of argon gas) to freeze and kill abnormal tissue. After numbing the tissue around 
the mass, a cryoprobe, which is shaped like a large needle, is inserted into the middle of the 
lesion. An ice ball forms at the tip of the probe and continues to grow until the images 
confirm that the entire tumour has been engulfed, killing the tissue [2], [3]. The whole 
process involved in cryotherapy takes about 10 – 20 minutes to complete. The temperature 
and duration of freezing necessary to induce complete killing and necrosis are based on 
numerous in vivo and in vitro animal studies, some of which have been reviewed by Gage 
& Baust [4]. Generally, it has been accepted that a minimum freezing temperature of -40oC 
must be reached for at least 3 minutes for complete eradication of the tumour [5]. A rapid 
freeze followed by a slow thaw is the most damaging to cells, and a minimum of two freeze-
thaw cycles (freeze-thaw-freeze-thaw) was necessary for effective cryonecrosis to take place 
than a single cycle [6]. The cost of a cryoablation unit ranges upwards from $190,000, and 
each multi-use cryoprobe costs approximately $3,750 [7]. Laser Ablation (or interstitial laser 
photocoagulation) uses a highly concentrated beam of light to penetrate the cancerous tissue. 
The laser energy is emitted from an optical fibre placed within a needle positioned at the 
centre of the tumour using either stereotactic guidance or Magnetic Resonance Imaging 
(MRI) [8], [9]. Two methods for delivery of light have been described to produce larger 
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1. Introduction 

In recent times, different strategies for thermal ablation therapy have been in use. They 
include radiofrequency ablation, cryoablation therapy, laser ablation therapy, microwave 
ablation and high intensity focused ultrasound ablation, among others. Radiofrequency 
ablation (RFA) is used to destroy pathological tissue by inducing tissue necrosis through the 
heating of targeted tissue [1]. While ablation is currently used in the treatment of different 
diseases, tumour ablation is considered here, i.e. the treatment of cancerous tumours. Apart 
from RFA, thermal ablation therapy involves other strategies employed in the destruction of 
cancerous tumours. Cryoablation therapy (or cryotherapy) uses liquid nitrogen (or the 
expansion of argon gas) to freeze and kill abnormal tissue. After numbing the tissue around 
the mass, a cryoprobe, which is shaped like a large needle, is inserted into the middle of the 
lesion. An ice ball forms at the tip of the probe and continues to grow until the images 
confirm that the entire tumour has been engulfed, killing the tissue [2], [3]. The whole 
process involved in cryotherapy takes about 10 – 20 minutes to complete. The temperature 
and duration of freezing necessary to induce complete killing and necrosis are based on 
numerous in vivo and in vitro animal studies, some of which have been reviewed by Gage 
& Baust [4]. Generally, it has been accepted that a minimum freezing temperature of -40oC 
must be reached for at least 3 minutes for complete eradication of the tumour [5]. A rapid 
freeze followed by a slow thaw is the most damaging to cells, and a minimum of two freeze-
thaw cycles (freeze-thaw-freeze-thaw) was necessary for effective cryonecrosis to take place 
than a single cycle [6]. The cost of a cryoablation unit ranges upwards from $190,000, and 
each multi-use cryoprobe costs approximately $3,750 [7]. Laser Ablation (or interstitial laser 
photocoagulation) uses a highly concentrated beam of light to penetrate the cancerous tissue. 
The laser energy is emitted from an optical fibre placed within a needle positioned at the 
centre of the tumour using either stereotactic guidance or Magnetic Resonance Imaging 
(MRI) [8], [9]. Two methods for delivery of light have been described to produce larger 
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volumes of necrosis: multiple bare fibres in an array and cooled-tip diffuser fibres. The 
major drawback to this technique is its cost, requiring $30,000 to $75,000 for a portable, 
solid-state laser and $3,000 per set of multiple (50) user fibres [10]. Microwave ablation (MWA) 
or microwave coagulation uses microwave tissue coagulator for irradiation. Ultra-high 
frequency (2450 MHz) microwaves are emitted from a percutaneously placed microwave 
electrode inserted into the target tissue under ultrasonographic guidance. Microwave 
irradiation is carried out for about 60 seconds at a power setting of 60W per pulse. During 
irradiation, the ultrasonographic probe is placed adjacent to the microwave electrode to 
monitor the effectiveness of the tumour coagulation [11], [12]. A typical microwave 
generator costs approximately $65,000 [13].  High Intensity Focused Ultrasound (HIFU) ablation 
is a non-invasive treatment modality that induces complete coagulative necrosis of a deep 
tumour through the intact skin. HIFU uses sound energy to produce heat [14]-[16]. HIFU 
treatments are usually carried out in a single session, often as a day case procedure in the 
doctor’s office, with the patient either fully conscious, lightly sedated or under light general 
anaesthesia. One major advantage of HIFU over other thermal ablation techniques is that 
the transcutaneous insertion of probes into the target tissue is not necessary. The high 
powered focused beams employed in the procedure are generated from sources placed 
either outside the body (for treatment of tumours of the liver, kidney, breast, uterus, 
pancreas and bone) or in the rectum (for treatment of the prostate), and are designed to 
enable rapid heating of a target tissue volume, while leaving tissue in the ultrasound 
propagation path relatively unaffected [17]. Numerous extra-corporeal, transrectal and 
interstitial devices have been designed to optimise application-specific treatment delivery 
for HIFU procedures.  

This chapter focuses on the discussion of principles and application of the radiofrequency 
ablation therapy system as a minimally invasive treatment modality for hyperthermia 
therapy. Detailed work completed in the use of radiofrequency (RF) energy in cancer 
management by developing and testing an economical and effective thermal probe that will 
effectively destroy volumes of pathological tumours by means of hyperthermia is presented.  

2. Radiofrequency energy and the RF ablation system 

Basically, the term radio-frequency refers not to the emitted waves, but rather to the 
alternating electric current that oscillates in the high frequency range. Radiofrequency is a 
form of electromagnetic energy. This energy is formed from waves of electromagnetic 
energy moving together (or radiating) through space at the speed of light. Unlike ionizing 
radiation (e.g. gamma rays and x-rays), which affects the chemical makeup of cells and 
alters their genetic code, electromagnetic energy is non-ionizing. This means that it is not 
strong enough to ionize atoms and molecules in cells or alter their genetic makeup. 
Radiofrequency energy is safer than many cancer therapies because it is absorbed by living 
tissue as simple heat. Regardless of the heat source, cells die when they reach a certain 
temperature. The main tumoricidal effect of RF ablation occurs because the absorption of 
electromagnetic energy induces thermal injury to the tissue. But RF energy and the heat it 
generates does not alter the basic chemical structure of cells. A very important part of the RF 

 
Principles and Application of RF System for Hyperthermia Therapy 173 

ablation system is the RF signal generator. This is where the energy deposited by the needle-
like active electrode is generated. The system comprises of a closed circuit consisting of a 
radiofrequency generator circuit, a power amplifier circuit, and the control circuit. A power 
supply circuit is also included to meet the power supply requirements of the system. The 
energy generated by the system is delivered to the tissue by the active electrode, whereas a 
dispersive electrode that acts as a patient plate provides a return part to complete the circuit. 
A simplified block diagram of the whole system is shown in figure 1 below.  

 
Figure 1. Block diagram of the RF ablation circuits 

2.1. Hyperthermic (thermal) coagulation necrosis 

Coagulation necrosis denotes “irreversible thermal damage to cells even if the ultimate 
manifestations of cell death do not fulfill the strict histological criteria of coagulative 
necrosis” [18]. The nature of the thermal damage caused by radiofrequency heating is 
dependent on both the tissue temperature achieved and the duration of heating. Here is 
what happens at various temperatures: 

 At 42oC, cells die but it may take a significant amount of time (approximately 60 min). 
 Between 42oC and 45oC, cells are more susceptible to damage by other agents like 

chemotherapy and radiation. 
 Over 46oC irreversible damage occurs depending on the duration of heating. 
 Between 50oC and 55oC, the duration necessary to shorten irreversible damage to cells is 

shortened to 4 – 6 minutes. 
 Between 50oC and 100oC there is near immediate coagulation of tissue, almost 

instantaneous protein denaturation, melting of lipid bilayers, irreversible damage to 
mitochondrial and cytosolic (key cellular) enzymes of the cells, DNA and RNA. 

 From 100oC to 110oC, tissue vaporizes and carbonizes, all of which decrease energy 
transmission and impede ablation. 
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Figure 2 shows tissue reaction to thermal injury at different temperatures [19]. For 
successful ablation, the tissue temperature should be maintained in the ideal range (50 – 
100oC) to ablate tumour adequately and avoid carbonization around the tip of the electrode 
due to excessive heating. For adequate destruction of tumour tissue, the entire volume of a 
lesion must be subjected to cytotoxic temperatures. Hence effective heating throughout the 
target volume (i.e. the tumour and about 5mm thickness around normal tissue) is required 
as shown in figure 3. Thus, the main objective of radiofrequency ablation therapy is to reach 
and maintain a temperature range of 50o – 100oC throughout the entire target volume for at 
least 4 – 6 minutes. However, the relatively slow thermal conduction from the electrode 
surface through the tissues increases the duration of application to 10 – 30 minutes. 

 
Figure 2. Tissue reaction to thermal injury at different temperatures 

 
Figure 3. Schematic diagram illustrating RF ablation 

Recommendations of heating for these extended durations are based on experimental and 
clinical data suggesting that thermal equilibrium and, hence, complete induction of 
coagulation are not achieved for a given radiofrequency application until these thresholds 
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are achieved. The development of a radiofrequency ablation system in this study is aimed at 
producing a device that is able to satisfy the minimum requirement for effective tumour 
ablation at the ideal (cytotoxic) ablation temperature. 

2.2. Principles of radiofrequency ablation  

Radiofrequency ablation is physically based on radiofrequency current (about 460 kHz) that 
passes through the target tissue from the tip of an active electrode (RF thermal probe) 
towards a dispersive electrode which serves as the grounding pad. These two electrodes are 
connected to a radiofrequency generator. The active electrode has a very small cross-
sectional area (a few square millimetres) with respect to the passive electrode. The active 
electrode is usually fashioned into the form of a needle-like probe that is inserted into the 
tumour. The dispersive electrode has a much larger area than the active electrode, on the 
order of 100cm2 or larger, and is usually placed firmly behind the right shoulder or the thigh 
of the subject, depending on the location of the tumour in the body. Current flowing into the 
dispersive electrode is the same as the current flowing into the active electrode. But since the 
active electrode has a far smaller cross-sectional area than the dispersive electrode, the 
current density in amperes per square meter (A/m2) is far greater. As a result of the 
difference in current density between the two electrodes, the energy at the tip of the probe 
leads to ionic agitation with subsequent conversion of friction into heat. The tissue ions are 
agitated as they attempt to follow the changes in direction of alternating electric current as 
shown in figure 4 below.  

 
Figure 4. Ionic agitation by alternating electric current 

The agitation results in frictional heat around the electrode. The marked discrepancy 
between the surface area of the needle electrode and the dispersive electrode causes the 
generated heat to be tightly focused and concentrated around the needle electrode. The use 
of a large grounding pad ensures maximum surface area for dispersion of current from the 
needle electrode. The grounding pad also maximizes dispersion of equal amounts of energy 
and heat at the grounding pad sites, thereby minimizes the risk of burns. The tissue 
underneath the passive electrode heats up only slightly, while the tissue in contact with the 
active electrode is resistively heated to elevated temperatures sufficient for tumour ablation 
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(coagulative necrosis). The strategy of RF ablation is to create a closed-loop circuit including 
the RF generator, the needle electrode, the patient (tissue) and the passive electrode 
(grounding pad) in series. The heating of tissue is due to the power dissipated in the tissue, 
which is found from the expression 

 2 dP VI  (1) 

where P is the power in watts (W),  is the resistivity of the tissue in Ohm-metres (-m), V is 
the tissue volume in cubic metres (m3), and Id is the current density in amperes per square 
metre (A/m2).  

Appreciable advances have been made over the past decade to produce application devices 
for RFA. The Radionics probe is an internally cooled device that also uses pulsing sequences 
to improve heating. It is available in one size (17Ga) and 10, 15, and 25cm lengths. It comes 
with a single electrode with a tip exposure of 2-4cm, or cluster electrode [20]. The RITA probe 
is a 15Ga device that comes with various arrays. It has a thermocouple at the tip of the probe 
that registers the tissue temperature, and that is used to monitor its effect. The LeVeen probe 
has multiple (36, 37) tines. There are 2.0, 3.0, 3.5 and 4.0cm diameter needles from which the 
tines are deployed. The LeVeen needle electrode is designed to deliver a consistent pattern 
of heat throughout the lesion [21]. These and other application devices for RFA are available 
for use in the USA and some parts of Europe. In spite of technical progress in the 
development of various application devices for radiofrequency ablation therapy, most 
patients with malignant tumours, especially in Sub-Saharan Africa, have not yet benefitted 
from this technology due to their limited availability and exhorbitant cost. A typical RF 
generator costs $25,000 and each single use probe costs approximately $800 to $1200 [22]. 
This paper presents the structure and experimental results of a low cost minimally invasive 
radiofrequency thermal probe developed for hyperthermia therapy. The probe developed is 
effective and economical, and represents more than 70% in cost reduction compared to 
commercially available reusable RF thermal probes reviewed.  

3. Materials and methods 

The RF thermal probe developed was designed on a SolidWorks platform and 
manufactured according to design specifications. The device consists of an RF shielded 
insulated handle with a needle probe. The shaft of the needle is also insulated except for the 
tip which makes physical contact with the tumour or volume to be treated. A coaxial cable 
connects the device to the RF power unit. The RF thermal probe uses a stainless steel needle 
(size 14G x 3-1/4) with a diameter and length of 2.1 x 80 mm, connected to the conducting 
coaxial cable in one end, and housed in an epoxy resin holder (probe handle) that is 120 mm 
long and 15 mm in diameter. The stainless steel needle is insulated, except for the exposed 
20 mm tip that makes direct contact with tissue. The insulation prevents normal tissue from 
being destroyed along with cancerous tissue during thermal ablation treatment. The probe 
(as shown in figure 5) is reusable and is made of epoxy-resin material that can be easily 
steam-cleaned.  
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An essential objective of radiofrequency ablation therapy is to achieve and maintain a 
temperature range of 50 – 100oC throughout the entire target volume for at least 4 – 6 
minutes [23-25]. From equation (1), power dissipated (P) is directly proportional to volume 
(V). Tumour is usually treated as a sphere, and volume of a sphere is given by, 

 3  (4 / 3)V r  (2) 

where r is the radius of the sphere. It follows that, power dissipated is directly proportional 
to the cube of the radius. The temperature rise follows the accepted cube root heating 
function. This means that the outer limit of critical cell temperature where cell necrosis takes 
place is reasonably well-defined by the applied power and will be spherical around a point 
source if the impedance remains constant. In practice, we have a short cylindrical contact 
volume in the tumour with non linear impedances. This results in an egg shaped volume 
being treated. 

 
Figure 5. RF thermal probe 

To verify that the radiofrequency thermal probe developed is a device that is able to satisfy 
this minimum requirement for effective tumour ablation at the ideal cytotoxic temperature, 
experimental tests were done with different tissues types to determine how each tissue type 
responds to RF energy by observing and recording the temperature change at the probe tip. 
Liver, lung, brain, kidney and soft tissue were tested at different power settings to 
determine which power setting gives the best results with each tissue type in terms of the 
minimum time to reach the ideal temperature range, and the maximum time to remain 
within this range without charring or vapourizing. An RF generator (460 KHz) was 
connected in a closed circuit with the RF thermal probe, tissue sample, and dispersive 
electrode in series. Each tissue type was tested with different power settings, and each test 
was done for about 15 minutes.  
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4. Results and discussion 

The extent of coagulation necrosis is dependent on the energy deposited, local tissue 
interaction minus the heat lost.  

        –   Coagulation necrosis energy deposited local tissue interactions heat loss   

Heat efficacy is defined as the difference between the amount of heat produced and the 
amount of heat lost. Therefore, effective ablation can be achieved by optimizing heat 
production and minimizing heat loss within the area to be ablated. The relationship 
between these factors has been well characterized as the “bio-heat equation.” Heat 
production is correlated with the intensity and duration of the radio-frequency energy 
deposited. Heat conduction or diffusion is usually explained as a factor of heat loss in 
regard to the electrode tip. Heat is lost mainly through convection by means of blood 
circulation. Therefore, the cooling tissue by perfusion can limit the reproducible size of 
the ablation lesion in vivo.  

Macroscopic and microscopic examination of tissue samples tested show clear evidence of 
coagulation necrosis. A tissue volume of up to 20 mm diameter was necrosed with the 
single-tine probe developed. The plots of temperature versus time for different tissue types 
tested using different power settings are presented in the following figures: 

 
Figure 6. Lung tissue results. 

From figure 6, it is seen that, while 1 watt was inadequate for coagulation necrosis in lung 
tissue, 3 watts showed evidence of carbonization, leading to a drop in temperature as 
further conduction is inhibited. The best result was achieved with 2 watts, which showed a 
steady rise in temperature maintained within the ideal ablation temperature range. 

The plot in figure 7 shows that, while 2 watts was below the ideal temperature range, and 
therefore inadequate for effective tissue necrosis, 4 watts was too high and showed 
evidence of carbonization, resulting in a drop in temperature due to inhibition in 
conduction. The best result in terms of effective tissue necrosis was achieved with the 3 
watts power setting. 
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Figure 7. Brain tissue results. 

 
Figure 8. Liver tissue results. 

In figure 8, the plot shows that, while 5 watts and 6 watts are within the ideal ablation zone, 
the 7 watts setting is too high for liver tissue as it produced carbonization resulting in 
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4. Results and discussion 

The extent of coagulation necrosis is dependent on the energy deposited, local tissue 
interaction minus the heat lost.  

        –   Coagulation necrosis energy deposited local tissue interactions heat loss   

Heat efficacy is defined as the difference between the amount of heat produced and the 
amount of heat lost. Therefore, effective ablation can be achieved by optimizing heat 
production and minimizing heat loss within the area to be ablated. The relationship 
between these factors has been well characterized as the “bio-heat equation.” Heat 
production is correlated with the intensity and duration of the radio-frequency energy 
deposited. Heat conduction or diffusion is usually explained as a factor of heat loss in 
regard to the electrode tip. Heat is lost mainly through convection by means of blood 
circulation. Therefore, the cooling tissue by perfusion can limit the reproducible size of 
the ablation lesion in vivo.  

Macroscopic and microscopic examination of tissue samples tested show clear evidence of 
coagulation necrosis. A tissue volume of up to 20 mm diameter was necrosed with the 
single-tine probe developed. The plots of temperature versus time for different tissue types 
tested using different power settings are presented in the following figures: 

 
Figure 6. Lung tissue results. 
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In figure 9, the results show that 15 watts produced temperature above the ideal ablation 
range, leading to carbonization and consequently a drop in temperature. Both 10 watts and 
13 watts are suitable for ablating kidney tissue as seen, with 13 watts giving the best results 
since it allows the use of a higher temperature. 

 
Figure 10. Soft tissue test results. 

In figure 10, the results show that, while 15 watts produced temperature within the ideal 
ablation range, the best result was obtained with the 20 watts power setting since the 
temperature is higher. This means that the ideal temperature range for treatment will be 
reached quicker with 20 watts. The 10 watts power setting produces temperature below the 
ideal range, and was therefore inadequate for ablating soft tissue. 

5. Summary of results 

The above results have been summarized in table 2 below showing the different tissue 
types, the best power settings suitable for each tissue type, the minimum and maximum 
time required to keep the temperature within the ideal ablation range of 50 to 1000C, and the 
total duration. The total duration is the difference between the maximum time and 
minimum time. 
 

Tissue Type Power (w) Min. Time 
(min) 

Max. Time 
(min) 

Duration 
(min) 

Brain 3.0 4.30 15.0 10.30 

Kidney 13.0 1.30 15.0 13.30 

Liver 6.0 0.30 15.0 14.30 

Lung 2.0 2.30 15.0 12.30 

Soft tissue 20.0 1.30 15.0 13.30 

Table 1. Summary of results 
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6. Conclusion 

The search for less morbid and less invasive techniques for cancer treatment has led to a 
strong drive within the global oncology community to develop and implement even more 
minimally invasive diagnostic and therapeutic procedures. The goals of these minimally 
invasive therapies for the treatment of cancerous tumours that have made them attractive to 
both patients and physicians are summarized as:  

 Viable and effective treatment options and eradicate in situ local disease 
 They are minimally invasive and less traumatic 
 Real-time imaging guidance is possible 
 Most procedures require only local anaesthesia, and recovery time is faster 
 Procedure can be repeated in case of cancer recurrence  
 They are safer, with minimal side effects, and limit postoperative morbidities and 

mortality 
 Real-time imaging guidance is possible 
 Non-surgical candidates can benefit from these treatment modalities 
 They can be performed as an outpatient procedure, or with only a short hospital stay 
 Shorten the time to return to daily function and work, and  
 Their low-cost make them cheaper and ultimately reduce the overall cost of cancer 

treatment.  

With several ablation techniques available, the ablation characteristics and method of 
application will differentiate one ablation method from another. Though RF ablation is 
more widely used, it has its limitations. Most thermo-ablative procedures could be 
performed in the doctor’s office as an outpatient procedure with mild or no sedation. 
With RF ablation, it requires an increase in temperature to induce necrosis (tissue death). 
The heat needed for this necrosis requires that large amount of local anaesthetic be 
infused around the treatment site. This excess fluid blurs the ultrasound visualization of 
RFA and other heat-based ablation techniques. Though all the available literature agree 
that thermal ablation therapy is relatively safe and much less traumatic than radical 
surgical procedures, some complications and side effects have been reported. Some of 
these complications and side effects have been associated with probe design, probe 
placement, or the use of multiple probes. The use of both single and multiple probe 
placements have been described in many studies. Both have their advantages and 
disadvantages. Though multiple probes appear to be more successful in destroying larger 
tissue volumes, their use increases the risk of complications in the procedure. Finally, the 
high cost of RF ablation equipment, coupled with their limited availability has placed 
these treatment procedures above the reach of most patients and physicians in Sub-
Saharan Africa. This project work which aims to investigate the design and development 
of a minimally invasive thermo-active oncology probe, will narrow this price gap and make 
treatment more affordable, and readily available to the ordinary patient in Sub-Saharan 
Africa. 
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disadvantages. Though multiple probes appear to be more successful in destroying larger 
tissue volumes, their use increases the risk of complications in the procedure. Finally, the 
high cost of RF ablation equipment, coupled with their limited availability has placed 
these treatment procedures above the reach of most patients and physicians in Sub-
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1. Introduction 

Low dose radon therapy is a traditional treatment in Central and Eastern Europe typically 
applied to alleviate chronic pain derived from inflammatory and non-inflammatory 
disorders of the musculoskeletal system. Additionally it has also been reported to be 
effective for the treatment of chronic airway inflammation and inflammatory conditions of 
the skin.  

Radon (222Rn) is a radioactive alpha particle emitting inert gas, present in natural soil and 
water at several European, Japanese and American health resorts and is administered either 
transcutaneously by balneotherapy or per inhalationem by balneotherapy or per 
inhalationem by speleotherapy either at „cold“ ambient temperature of 20° to 23° C (RnT) or 
at „hot“ ambient temperatures between 37° and 41.5° C (RnHT). Speleotherapy is performed 
in curative caves and tunnels where radon emanation occurs due to the presence of uranium 
containing soil. Low dose 222Rn - balneotherapy is performed in bath tubs filled with 222Rn 
containing thermal water at a concentration typically found in the respective region but 
usually between 370 and 1600 Bq/L. Whereas 222Rn-containing water is typically applied at 
37.0° C, speleotherapeutic administration is performed either as RnT [1] or RnHT. The latter 
treatment regime is uniquely performed at the Gasteiner Heilstollen in Bad Gastein, Austria, 
which offers an average 222Rn concentration of 44000 Bq/m³ in a hyperthermic atmosphere 
between 37.0° and 41.5° C with high humidity between 70 and 100% that facilitates a mild 
increase of the body’s core-temperature of 0.5 - 1° Cdue to prevention of heat loss via 
evaporation confirmed by rectal measurement. A typical low-dose 222Rn-therapy consists of 
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nine to ten treatment units within a period of three weeks and an effective dose of 0.05 to 2 
mSv for balneotherapeutic and speleotherapeutic regimen, respectively [2]. 222Rn has a half-life 
of 3.8 days and decays via several short-lived daughters into the beta-emitting 210Plumbum 
with a half-life of 22.3 years. In general, radionuclide-based therapy has a long history in the 
management of rheumatic diseases and has been proven to alleviate pain and inflammation 
upon intraarticular or intravenous injection. Apart from conventional corticoid or cytostatic 
based therapy, radiosynoviorthesis is an alternative approach for the management of synovitis 
in course of chronic inflammatory arthropathies. The intraarticular injection of colloidal beta-
emitters, e.g. 90Yttrium, 186Rhenium or 169Erbium, lead to reduction of pain and joint swelling 
via abrogation of synovia hypertrophy by radiation-induced inhibition of the proliferative 
activity of synovial cells. The applied dose depends on the magnitude of the affected joint(s) 
and the severity of inflammation, whereas factors like intraarticular distribution of the 
radionuclide and thickness of the synovia dictate the absorbed dose. Therapeutic benefits in 
terms of pain and reduction of the inflammatory symptoms occur in 40 to 80% of the patients 
and manifest several months after therapy. However, numerous side effects like headache, 
fatigue, nausea and sometimes lymphedema, radiation-induced synovitis and periarticular 
necrosis due to aberrant injections have been reported [3]. 

Positive therapeutic effects of 224Radiumchloride-injections for patients suffering from 
ankylosing spondylitis were reported from Koch and Reske in 1952[4], after this therapy had 
been abolished due to the high incidence of malignant bone tumours and leukaemia in 
children and young adults previously treated for tuberculosis. Until now several studies 
have been conducted with a reduced dose regimen of 10 weekly injections with 1 MBq each 
resulting in an effective dose of 2.5 Sv [5] and a cumulative bone dose of 0.6 Gy [6]. The 
short-lived 224Radium has a half-life of 3.6 days and preferentially accumulates in the bone 
and in recently formed tissue calcifications when introduced into the body. In 2000 it was re-
approved in Germany by the German Federal Institute for Drugs and Medical Devices 
(Bundesinstitut für Arzneimittel und Medizinprodukte) as a pharmaceutical product for 
patients suffering from ankylosing spondylitis with stage II and III spinal ossification, 
provided that other therapy options had either failed or been contraindicated. However, 
recent findings clearly demonstrated an increased incidence of leukaemia and other 
malignant diseases in patients that were treated between 1948 and 1975 [6]. Despite the 
analgesic effects elicited by 224Radiumchloride-injections, the risk for malignant diseases 
exceeds the benefit and therefore, the committee for quality assurance of the German Society 
for Rheumatology no longer recommends this kind of therapy. Compared to a 222Rn-
speleotherapy regimen according to dosimetric calculations by Hofmann [7], the average 
dose to bone achieved by 224Radiumchloride injection regimen is approximately a factor 
3x105 higher. In contrast to the bone-seeking 224Radiumchlorid, inhalation of 222Rn and its 
daughters lead to a dose distribution that predominantly affects the bronchial epithelium in 
the upper tracheobronchial tree. When administered balneotherapeutically, diffusion of 
222Rn through the skin results in a uniform dose distribution throughout the organism [7]. To 
the best knowledge of the authors up to date no evidence points to an increased risk for the 
development of malignant diseases in context with RnHT [1, 2, 8].  
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Hyperthermia treatment (HT) has been reported to exert analgesic effects in rheumatoid 
disorders, to reduce systemic levels of the pro-inflammatory cytokines TNF-alpha, IL-1beta, 
and IL-6 [9, 10] and to accelerate the healing of sport injuries [11]. The postulated 
mechanisms include increased blood perfusion of the affected tissues and relaxation of 
muscle tissue. Given the fact, that combined RnHT or hyperthermia alone has been reported 
to alleviate pain in rheumatic conditions, presently, it cannot clearly be distinguished to 
which extent each of the active components – 222Rn and/or hyperthermia – are efficient for 
achieving the clinical-therapeutic benefits. According to empirical observations described 
below, these two agents may rather act in a synergistic manner.  

Apart from clinical observations, evidence from several controlled trials, one meta-analysis 
and numerous clinical observational studies further substantiate the beneficial effects of 
intermediate up to long term pain relief and functional improvement in patients suffering 
from rheumatic disorders of inflammatory or degenerative etiology. From a health economic 
point of view, cost effective therapies in the prevention or management of rheumatic 
diseases are of great importance since rheumatic disorders state a relevant cost factor due to 
the need for long term medication, frequent hospitalizations, joint arthroplasty and loss of 
productivity. The dramatically increasing proportion of aged individuals further aggravates 
the health economic issue of rheumatic diseases since at least the prevalence of non-
inflammatory, degenerative rheumatic disorders increases with progressing age [12].  

The long term intake of typically employed corticosteroids and non-steroidal anti-inflammatory 
drugs (NSAID) for the treatment of rheumatic disorders are reported to cause severe side effects 
that - apart from the primary disease - result in additional medical interventions and 
dramatically reduce the life quality of the affected individual. Some years ago, the mortality rate 
caused by gastrointestinal side effects due to NSAID intake was about 2000 per year in 
Germany [13] and 16.500 per year in the USA [14]. Despite the additional intake of gastro-
protective drugs, the ratio of NSAID-consumers suffering from gastrointestinal ulcers was 1 in 
400 and the ratio of those who died was 1 in 8000 [15]. The generation of cyclooxygenase-2 
inhibitors diminished the risk for gastrointestinal complications, however, the elevated risk for 
cardio-vascular events remained [16-18]. Taken together, from the patient´s as well as from the 
socio-economic point of view there is an urgent need for therapeutic strategies that allow either 
a reduction or discontinuation of medicament intake [19]. Combined RnHT can be regarded as 
a promising candidate in addressing these issues. Lind-Albrecht et al. demonstrated a long term 
reduction of analgesics during a 12-years follow-up in patients suffering from ankylosing 
spondylitis,  who regularly received combined RnHT [20]. 

A recently published meta-analysis including 338 patients suffering from rheumatic 
disorders showed a superior effect of combined RnHT compared to hyperthermia therapy 
in terms of pain reduction [21]. Although there was no difference between the treatment 
groups immediately after the therapeutic regimen, the group receiving the combination of 
222Rn and hyperthermia showed a significantly lower pain score during the three - and six - 
months follow-up. Prospective, randomized studies comparing the effect of combined RnTT 
with either HT or no treatment were included in the meta-analysis and are described along 
with more recently published findings in detail below.  
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Franke et. al demonstrated an intermediate to long term pain reduction in patients suffering 
from rheumatoid arthritis during a nine month follow-up after combined RnHT. This 
randomized, double-blinded study included 134 patients and compared the efficacy of 
balneotherapeutic regimen applied at 37° C either with or without 222Rn. Although both 
groups showed a beneficial effect immediately after therapy, the radon group predominated 
significantly at the three and six months follow up. Similar results were obtained concerning 
cut-down in NSAID and corticosteroid intake [22]. Consistent with these findings, a 
previous study including 60 patients with rheumatoid arthritis clearly demonstrated pain 
reduction and functional improvement of affected joints after a typical regimen of thermal 
water baths. However, patients receiving 222Rn thermal water showed a significantly 
pronounced effect on the analyzed parameters [23]. 

Van Tubergen et al. investigated in course of a randomized, controlled study the efficacy of 
speleotherapeutically applied RnHT combined with a complex rehabilitation program 
including gymnastics, hydro – and sport therapy. 120 patients suffering from ankylosing 
spondylitis were enrolled in the study and randomized in two treatment and one control 
group. Whereas the control group maintained its regular physiotherapeutic program at 
home, the intervention groups received the complex rehabilitation program either 
concomitantly with hyperthermia treatment in form of sauna regimen or concomitantly with 
speleotherapeutic combined RnHT. Bath Ankylosing Spondylitis Functional Index (BASFI), 
quality of life assessment score, pain score on a visual analogue scale and duration of 
morning stiffness were taken together to a Pooled Index of Change (PIC) as primary 
endpoint. Immediately after therapy both intervention groups showed a 20 to 30% 
improvement in contrast to the control group that remained unaffected. In the six to nine 
months follow up only the 222Rn group significantly prevailed [24, 25].  

In line with these results, Lind-Albrecht demonstrated a significant long-term pain 
reduction, improved mobility of the spine and reduced drug intake of patients with 
ankylosing spondylitis receiving a rehabilitation program combined with speleotherapeutic 
RnHT compared to those, who exclusively received the rehabilitation program [26, 27]. 

According to two double-blinded randomized studies by Pratzel et al., an intermediate-term 
pain reduction could be achieved by serially applied thermal water baths with or without 
222Rn in patients with non-inflammatory cervical syndrome and degenerative disorders of 
spine or joints, respectively. Immediately after therapy both treatment groups benefitted 
from an elevated threshold of pressure-provoked pain in the paravertebral muscles. A 
sustainable and significant pain reduction lasting until the two and four months follow-up 
could be demonstrated only in the 222Rn group [28, 29].  

A recent prospective study including 222 patients suffering from non-inflammatory, 
degenerative rheumatoid disorders investigated the sustainability of beneficial effects 
achieved by serially applied 222Rn containing thermal water baths. Compared to baseline 
levels, pain score and functional restriction of affected joints were significantly reduced up 
to twelve or six months, respectively. The fraction of patients with sickness absence was 
significantly reduced within one year after versus one year prior to therapy [30]. 
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Although the clinical benefit of combined RnHT has been investigated, to date little is 
known about the underlying cellular and molecular mechanisms of action. According to 
findings of Reinisch et al., suppression of the oxidative burst in neutrophil granulocytes of 
patients suffering of ankylosing spondylitis may be at least one key element explaining the 
therapeutic efficacy of speleotherapeutically applied combined RnHT. Reactive oxygen 
species (ROS) are released from activated phagocytes in course of inflammation and play a 
major role in tissue destruction in rheumatoid disorders. Neutrophil granulocytes isolated 
from peripheral blood of patients produced significantly less superoxide anions when 
restimulated ex vivo after a regimen of ten to twelve units of combined RnHT [31]. 

According to a previous study by Shehata et al., pain alleviation in ankylosing spondylitis 
correlates to an elevation in post-treatment serum levels of the anti-inflammatory cytokine 
TGF-beta [32]. 

Apart from its role as an immune-modulator, TGF-beta1 also plays a crucial role in bone 
homoeostasis, particularly by acting as differentiation factor for osteoclasts and via 
stimulation of osteoblast and downregulation of osteoclast activity [33]. TGF-beta1 exerts its 
effects in concert with other cytokines and hormones by influencing the 
OPG/RANKL/RANK system, which is crucial in the control of osteoblast and osteoclast 
interplay. Receptor activator of nuclear factor κB-ligand (RANKL) is a potent stimulator of 
osteoclast-mediated bone resorption and promotes osteolysis. It acts via binding to receptor 
activator of nuclear factor-κB (RANK) on osteoclasts. Osteoprotegerin (OPG) is the 
functional antagonist of RANKL as it acts as a soluble RANKL decoy receptor that, upon 
engagement with RANKL, abrogates the interaction with RANK and consequently inhibits 
maturation and activation of osteoclasts and their precursors. The relative concentrations of 
OPG and RANKL determine the status of bone metabolism and thus, the OPG/RANKL ratio 
has become an important marker to assess the prevailing metabolic bone turnover situation. 
An increased OPG/RANKL ratio indicates an anabolic and a decreased ratio a katabolic 
bone metabolism state. Chronic inflammatory processes give rise to increased bone 
resorption, which frequently results in secondary osteoporosis, a typical complication in 
rheumatic diseases. Moreover, osteoporosis is further aggravated by functional and pain-
related disuse bone atrophy and frequently employed glucocorticoid medication hence, 
predisposing the patient to a high risk of bone fracture [34]. In line with the results of 
Shehata et al. and the osteoimmunologic context explained above, a recently published pilot 
study confirmed the elevation of TGF-beta1 and demonstrated an increase of the 
OPG/RANKL ratio, thus indicating a shift of bone metabolism towards anabolic processes 
after speleotherapeutically applied RnHT [35, 36]. 

2. Conclusions 

Numerous studies have demonstrated a sustaining beneficial effect of combined low-dose 
RnHT when serially applied either by speleotherapy or balneotherapy to patients suffering 
from inflammatory or non-inflammatory degenerative disorders of the musculo-skeletal-
system. Of note, the most dominant effect is recognized several months rather than 
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immediately after therapy. Combined RnHT represents a cost effective method that 
alleviates pain and, thus, allows reducing drug intake which, in turn, may contribute to the 
prevention of adverse events caused by NSAIDs and glucocorticoids. As mentioned above, 
radionuclide-based therapy has been employed in the management of rheumatic disorders 
for decades. However, the poor benefit-risk ratio led to severe limitations or complete 
discontinuation in clinical use. RnHT poses doses to the patients which are in magnitude 10-

5 lower in respect to the bone dose compared to 224Radiumchloride-injection regimens. 
However, further studies are necessary to evaluate potential risks of low-dose RnHT. 
Although some studies implicate a beneficial effect of hyperthermia therapy for rheumatic 
diseases, combined RnHT turned out to be more effective than sauna or balneotherapy at an 
ambient temperature of 37° C lacking 222Rn. As combined RnHT may also exert beneficial 
effects in other disease entities, further studies are necessary to prove its place among the 
current treatment options.  
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immediately after therapy. Combined RnHT represents a cost effective method that 
alleviates pain and, thus, allows reducing drug intake which, in turn, may contribute to the 
prevention of adverse events caused by NSAIDs and glucocorticoids. As mentioned above, 
radionuclide-based therapy has been employed in the management of rheumatic disorders 
for decades. However, the poor benefit-risk ratio led to severe limitations or complete 
discontinuation in clinical use. RnHT poses doses to the patients which are in magnitude 10-

5 lower in respect to the bone dose compared to 224Radiumchloride-injection regimens. 
However, further studies are necessary to evaluate potential risks of low-dose RnHT. 
Although some studies implicate a beneficial effect of hyperthermia therapy for rheumatic 
diseases, combined RnHT turned out to be more effective than sauna or balneotherapy at an 
ambient temperature of 37° C lacking 222Rn. As combined RnHT may also exert beneficial 
effects in other disease entities, further studies are necessary to prove its place among the 
current treatment options.  
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1. Introduction 

The role of histamine signaling in the brain in thermoregulation has been unraveled in 
various organisms. The preoptic area/ anterior hypothalamus (PO/AH), region which 
contains thermoeregulatory neurons, is the main locus in which histamine affects body 
temperature. Histamine has a complex influence on thermoregulation and its circadian cycle 
and appears to be involved also in numerous pathological responses that involve changes in 
core body temperature. The neurotransmitter activates several signaling pathways 
involving H1, H2 and H3 subtype receptors and recruits distinct neuronal networks to 
modulate body temperature. In this review we describe the mechanism involved in the 
hypothalamic control of thermoregulation, the signaling mechanisms activated by histamine 
in the brain, the evidence for its role in thermoregulation as well as recent advances in the 
understanding of the cellular and neural network mechanisms involved. 

2. Hypothalamic control of thermoregulation 

Homeothermia is present in mammals and birds and enables them to maintain their deep-
body temperature (Tcore) at stable levels. Tcore can physiologically deviate from its normal 
value (the value at rest in thermoneutral environment) under the influence of the day-night 
cycle, the menstrual cycle, or seasonal cycles, such as hibernation. Pathophysiological 
changes in Tcore include fever (a hyperthermic response to infections), dehydration 
hyperthermia, and starvation-induced hypothermia. The key role played by the preoptic 
area/anterior hypothalamus (PO/AH) in the regulation of Tcore was recognized more than a 
100 years ago, based on experiments using experimental brain lesions, and selective 
hypothalamic cooling and heating with chronically implanted thermodes (reviewed in [1]). 
Sustained or alternating PO/AH cooling and heating induce thermoregulatory activities 
(physiological or behavioral), causing Tcore to change in the direction opposite to that of the 
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hypothalamic temperature (Thy). Hammel and collegues  proposed that a particular net 
thermoregulatory response was proportional to (Thy –Tset), where Tset was conceived as a 
hypothetical set reference, a complex parameter representing the state of activity of 
thermosensitive neuronal populations [2]. 

Since the first extracellular single-unit study [3], which found that some PO/AH neurons, 
termed “warm-sensitive”, increase their firing rates when Thy increases, it has been 
considered that they represent the central thermoreceptors. The other PO/AH neurons, 
which display little temperature-dependent changes in firing rate, are considered 
temperature-insensitive. PO/AH thermosensitive neurons respond not only to changes in 
local and peripheral temperature, but also to hormones, osmolarity and glucose 
concentration (reviewed in [1]). These findings suggest that these neurons, or a subgroup of 
them, also play a role in the integration of thermoregulation with other homeostatic 
processes such as control of metabolic rate (glucose sensing). The thermosensitivity of 
PO/AH neurons is a plastic property both in vivo and in vitro. It has been found that the 
thermosensitivity can change rapidly in the presence of the pyrogens PGE2 [4] or IL-1 [5,6].  
Slower changes are observed in some warm-sensitive PO/AH neurons which decrease their 
thermosensitivity during NREM sleep [7].  

The mechanism of intrinsic thermosensitivity of PO/AH neurons is controversial. Boulant 
and colleagues consider that the increased firing rate is solely due to an increased rate of rise 
of the prepotential which precedes an action potential (reviewed in [8]. Other studies 
describe strong depolarizations (10 mV or larger) in response to heating which cause the 
increased firing rate in warm-sensitive neurons ([9]). In cultured PO/AH neurons both 
phenomena are present, however they occur also in temperature-insensitive neurons [10]. 
Finally, the warming-activated inward current was found to be tetrodotoxin (TTX)-
insensitive in some studies [9,10,11] and TTX-sensitive (i.e. mediated by voltage-gated Na 
channels) in others [12]. The question remains open as to whether all warm-sensitive PO/AH 
neurons have some intrinsic thermosensitivity or if they can also display thermosensitive 
firing that is synaptically-driven [10]. We have shown that prostaglandin E2 (PGE2), a well 
established endogenous pyrogen, increases the thermosensitivity and firing rates of PO/AH 
neurons by decreasing the frequency of IPSPs [4]. In contrast, IL-1β hyperpolarizes a 
different set of PO/AH neurons and reduces their thermosensitivity by increasing the 
frequency of IPSPs and of miniature IPSPs [5,13].  

3. Thermoregulatory neuronal networks comprising PO/AH 
thermosensitive neurons  

The neuronal network controlling brow adipose tissue (BAT) thermogenesis and the fever 
response has been studied extensively. Thermal and chemical stimulation in the PO/AH 
combined with selective hypothalamic transections have shown that warm-sensitive PO/AH 
neurons send efferent signals to loci involved in the control of BAT thermogenesis) [14,15]. 
PO/AH warming or injection of glutamate suppressed BAT thermogenesis thus suggesting 
that it is controlled by warm-sensitive neurons ([14]). Studies using combined retrograde 
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labeling and immunocytochemistry revealed that EP3 prostanoid receptor-positive 
GABAergic PO/AH neurons project to the sympathetic premotor neurons in the rostral 
raphe pallidus (rRPA). The projections are either direct or via the dorsomedial 
hypothalamus (DMH) [16,17]. Bilateral microinjections of GABA-A receptor agonists or 
antagonists into the rRPa or DMH, blocked the fever induced by intra-PO/AH PGE2 
applications. The central role of EP3-receptors in PO/AH neurons in the fever response was 
demonstrated also by local knockdown of its expression [18]. The role of the DMH in the 
control of BAT thermogenesis was proven also by direct chemical or electrical stimulation 
[19]. These studies clearly revealed a tonic GABAergic inhibition of the DMH and rRPA by 
the PO/AH as crucial for basal thermoregulation and hyperthermic responses.  

Recent studies have established also the existence of direct glutamatergic projections from 
the PO/AH [20,21] as well as from the lateral hypothalamus [22] to the rRPA that control 
thermoregulation. Some glutamatergic PO/AH neurons projecting to rRPa are also 
peptidergic [20]. 

Shivering, a different mechanism of thermogenesis, is also controlled by the PO/AH. 

Injections of excitatory amino acids as well as PO/AH warming inhibited cold-induced 
shivering suggesting that this mechanism, similar to BAT thermogenesis, is controlled by 
PO/AH warm-sensitive neurons [15]. In contrast, cooling of the PO/AH had little effect on 
cold-induced shivering. The efferent signals mediating shivering descend in the medial 
forebrain bundle [23]. 

Evaporative heat loss is also controlled by a network originating in the PO/AH since it is the 
only brain region that induces salivary secretion when warmed [23]. Preoptic warming, 
glutamate injections as well as electrical stimulation facilitate salivary secretion [5,13,15] as 
well as body extension [24], another aspect of evaporative heat loss. 

The neuronal network controlling cutaneous blood flow also originates in the PO/AH. 

Warming the PO/AH elicits skin vasodilation [25], by activation of warm-sensitive neurons 
[15]. The efferent pathway descends through the medial forebrain bundle [23]. It is believed 
that warm-sensitive neurons in PO/AH send excitatory signals to vasodilator neurons and 
inhibitory signals to vasoconstrictor neurons. PO/AH neurons controlling cutaneous blood 
flow project to the rostral medullary raphe region directly [26], suggesting that distinct 
populations of PO/AH neurons control thermogenesis and cutaneous vasomotion.  This 
concept is supported by the observation that the two thermoregulatory mechanisms are 
activated at different threshold temperatures [27]. 

Little is known about the local networks comprising warm-sensitive and temperature-
insensitive neurons. One study found little thermosensitivity in the frequency of 
spontaneous IPSPs and EPSPs recorded in either warm-sensitive or temperature-insensitive 
PO/AH neurons, suggesting that the former do not send local projections [28]. This study 
also compared the morphologies of w-s and t-i PO/AH neurons filled with Lucifer yellow or 
biocytin. The dendritic arbors were characterized, however the axonal projections could not 
be described. This finding may reflect technical limitations or the fact that PO/AH neurons 
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hypothalamic temperature (Thy). Hammel and collegues  proposed that a particular net 
thermoregulatory response was proportional to (Thy –Tset), where Tset was conceived as a 
hypothetical set reference, a complex parameter representing the state of activity of 
thermosensitive neuronal populations [2]. 

Since the first extracellular single-unit study [3], which found that some PO/AH neurons, 
termed “warm-sensitive”, increase their firing rates when Thy increases, it has been 
considered that they represent the central thermoreceptors. The other PO/AH neurons, 
which display little temperature-dependent changes in firing rate, are considered 
temperature-insensitive. PO/AH thermosensitive neurons respond not only to changes in 
local and peripheral temperature, but also to hormones, osmolarity and glucose 
concentration (reviewed in [1]). These findings suggest that these neurons, or a subgroup of 
them, also play a role in the integration of thermoregulation with other homeostatic 
processes such as control of metabolic rate (glucose sensing). The thermosensitivity of 
PO/AH neurons is a plastic property both in vivo and in vitro. It has been found that the 
thermosensitivity can change rapidly in the presence of the pyrogens PGE2 [4] or IL-1 [5,6].  
Slower changes are observed in some warm-sensitive PO/AH neurons which decrease their 
thermosensitivity during NREM sleep [7].  

The mechanism of intrinsic thermosensitivity of PO/AH neurons is controversial. Boulant 
and colleagues consider that the increased firing rate is solely due to an increased rate of rise 
of the prepotential which precedes an action potential (reviewed in [8]. Other studies 
describe strong depolarizations (10 mV or larger) in response to heating which cause the 
increased firing rate in warm-sensitive neurons ([9]). In cultured PO/AH neurons both 
phenomena are present, however they occur also in temperature-insensitive neurons [10]. 
Finally, the warming-activated inward current was found to be tetrodotoxin (TTX)-
insensitive in some studies [9,10,11] and TTX-sensitive (i.e. mediated by voltage-gated Na 
channels) in others [12]. The question remains open as to whether all warm-sensitive PO/AH 
neurons have some intrinsic thermosensitivity or if they can also display thermosensitive 
firing that is synaptically-driven [10]. We have shown that prostaglandin E2 (PGE2), a well 
established endogenous pyrogen, increases the thermosensitivity and firing rates of PO/AH 
neurons by decreasing the frequency of IPSPs [4]. In contrast, IL-1β hyperpolarizes a 
different set of PO/AH neurons and reduces their thermosensitivity by increasing the 
frequency of IPSPs and of miniature IPSPs [5,13].  

3. Thermoregulatory neuronal networks comprising PO/AH 
thermosensitive neurons  

The neuronal network controlling brow adipose tissue (BAT) thermogenesis and the fever 
response has been studied extensively. Thermal and chemical stimulation in the PO/AH 
combined with selective hypothalamic transections have shown that warm-sensitive PO/AH 
neurons send efferent signals to loci involved in the control of BAT thermogenesis) [14,15]. 
PO/AH warming or injection of glutamate suppressed BAT thermogenesis thus suggesting 
that it is controlled by warm-sensitive neurons ([14]). Studies using combined retrograde 
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labeling and immunocytochemistry revealed that EP3 prostanoid receptor-positive 
GABAergic PO/AH neurons project to the sympathetic premotor neurons in the rostral 
raphe pallidus (rRPA). The projections are either direct or via the dorsomedial 
hypothalamus (DMH) [16,17]. Bilateral microinjections of GABA-A receptor agonists or 
antagonists into the rRPa or DMH, blocked the fever induced by intra-PO/AH PGE2 
applications. The central role of EP3-receptors in PO/AH neurons in the fever response was 
demonstrated also by local knockdown of its expression [18]. The role of the DMH in the 
control of BAT thermogenesis was proven also by direct chemical or electrical stimulation 
[19]. These studies clearly revealed a tonic GABAergic inhibition of the DMH and rRPA by 
the PO/AH as crucial for basal thermoregulation and hyperthermic responses.  

Recent studies have established also the existence of direct glutamatergic projections from 
the PO/AH [20,21] as well as from the lateral hypothalamus [22] to the rRPA that control 
thermoregulation. Some glutamatergic PO/AH neurons projecting to rRPa are also 
peptidergic [20]. 

Shivering, a different mechanism of thermogenesis, is also controlled by the PO/AH. 

Injections of excitatory amino acids as well as PO/AH warming inhibited cold-induced 
shivering suggesting that this mechanism, similar to BAT thermogenesis, is controlled by 
PO/AH warm-sensitive neurons [15]. In contrast, cooling of the PO/AH had little effect on 
cold-induced shivering. The efferent signals mediating shivering descend in the medial 
forebrain bundle [23]. 

Evaporative heat loss is also controlled by a network originating in the PO/AH since it is the 
only brain region that induces salivary secretion when warmed [23]. Preoptic warming, 
glutamate injections as well as electrical stimulation facilitate salivary secretion [5,13,15] as 
well as body extension [24], another aspect of evaporative heat loss. 

The neuronal network controlling cutaneous blood flow also originates in the PO/AH. 

Warming the PO/AH elicits skin vasodilation [25], by activation of warm-sensitive neurons 
[15]. The efferent pathway descends through the medial forebrain bundle [23]. It is believed 
that warm-sensitive neurons in PO/AH send excitatory signals to vasodilator neurons and 
inhibitory signals to vasoconstrictor neurons. PO/AH neurons controlling cutaneous blood 
flow project to the rostral medullary raphe region directly [26], suggesting that distinct 
populations of PO/AH neurons control thermogenesis and cutaneous vasomotion.  This 
concept is supported by the observation that the two thermoregulatory mechanisms are 
activated at different threshold temperatures [27]. 

Little is known about the local networks comprising warm-sensitive and temperature-
insensitive neurons. One study found little thermosensitivity in the frequency of 
spontaneous IPSPs and EPSPs recorded in either warm-sensitive or temperature-insensitive 
PO/AH neurons, suggesting that the former do not send local projections [28]. This study 
also compared the morphologies of w-s and t-i PO/AH neurons filled with Lucifer yellow or 
biocytin. The dendritic arbors were characterized, however the axonal projections could not 
be described. This finding may reflect technical limitations or the fact that PO/AH neurons 
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send few local projections [28]. Our studies in mice have not found evidence for local 
projections of PO/AH GABAergic neurons but have revealed reciprocal connections of 
PO/AH glutamatergic neurons [21]. 

4. Histamine signaling in the brain 

Histamine is synthesized in the tuberomammilary nucleus (TMN) neurons from histidine by 
the specific enzyme histidine decarboxylase (HDC). After release histamine is methylated by 
histamine N-methyl-transferase (which is located postsynaptically and in glia). The turnover 
of neuronal histamine is high, with its half-life being ~ 30 min. The histaminergic TMN 
neurons project their axons throughout the brain and they control arousal, attention, energy 
expenditure, feeding, and thermoregulation. Histaminergic fibers are especially dense in the 
cortex, hypothalamus, amygdala and striatum (reviewed in [29]). In the hypothalamus the 
histaminergic fibers are particularly dense in the anterior part [30]. Another source of 
histamine in the brain is represented by resident mast cells [31].  

Four histamine receptors, which are GPCRs, have been cloned (H1-H4R). The H1R, H2R and 
H3R are expressed in distinctive patterns in the brain [32] and all three receptor types are 
highly expressed in the hypothalamus. The H1Rs mediate excitatory actions on central 
neurons. At the cellular level, excitation is achieved by activation of Gq/11 and PLC, which 
leads to the formation of the two second messengers, diacylglycerol (DAG) and inositol-
1,4,5-triphosphate (Ins(1,4,5)P3). Ins(1,4,5)P3 releases Ca2+ from internal stores, and this 
activates at least four Ca2+-dependent processes. First, the opening of a cation channel, 
which causes depolarization [33]. Second, activation of the electrogenic Na-Ca exchanger in 
supraoptic neurons, which also causes depolarization [34]. Third, formation of nitric oxide 
and cyclic GMP [35]. And finally, opening of K+ channels, resulting in hyperpolarization 
[36]. Furthermore, blocking a leak potassium conductance through direct G-protein action, 
or through PLC, DAG and PKC, can cause excitation in the thalamus [37], and in the 
striatum [38].  

The H2Rs are coupled to Gs, adenylyl cyclase (AC) and PKA, which phosphorylates proteins 
and activates the transcription factor cyclic-AMP-response element (CRE)-binding protein 
(CREB). The direct action on neuronal membranes is usually excitatory or potentiates 
excitation. Like other transmitters that use this signaling pathway histamine blocks the 
small Ca2+-dependent K+ conductance ([39]). This conductance causes a long-lasting 
afterhyperpolarization and affects the accommodation of firing. A cortical neuron under 
active histaminergic input remains quiescent until it is reached by a sensory stimulus, which 
will then cause an enhanced and long-lasting response. Activation of H2Rs, by increasing 
cyclic AMP concentration, shifts the activation of the inwardly rectifying Ih towards a more 
positive voltage and contributes to a depolarization that modifies the thalamic relay of 
sensory input [37].  

The H3Rs are located on histaminergic and other cell somata, dendrites and axons 
(varicosities), where they provide negative feedback to restrict histamine synthesis and 
release. They also provide negative feedback on the release of other transmitters, such as 
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glutamate [40], acetylcholine and noradrenaline [41]. H3Rs are coupled to Gi/o and inhibit 
high voltage activated Ca2+ channels, a typical mechanism for the regulation of transmitter 
release. In rat, there are three functional splice variants of the H3R. In mouse, both RNase 
protection assay experiments and PCR results indicate that only one isoform of the H3R is 
present [42] which is coupled negatively to cAMP. H3Rs also activated the phospholipase 
A2 (PLA2) via the Gi/o proteins which results in production of arachidonic acid [43]. 

In summary, H1Rs and H2Rs have mostly excitatory actions on neurons or potentiate 
excitatory inputs. By contrast, H3-receptor activation causes autoinhibition of TMN neurons 
and inhibition of neurotransmitter release. Recent morphological and physiological studies 
suggest the presence of H3 receptors also postsynaptically [21,44,45].  

5. Central histaminergic modulation of core body temperature 

The role of CNS histamine in thermoregulation has been established in various organisms 
from invertebrates [46] to lower vertebrates [47] as well as mammals. Early studies in 
mammals have reported a role of hypothalamic histamine in the control of body 
temperature [48]. The preoptic area/ anterior hypothalamus (PO/AH), region which contains 
temperature-sensitive neurons and regulates the thermoregulation setpoint, is the main 
locus in which histamine affects body temperature [49].  Histamine injected in the medial 
preoptic nucleus (MPON) induces hyperthermia. Similarly, intra-MPON injection of a 
histamine-N-methyltransferase inhibitor (which results in a local increase of histamine 
concentration) also produces hyperthermia [50]. Behavioral temperature selection studies 
suggest that preoptic histamine signaling affects both the set point of the hypothalamic 
thermostat, as well as heat loss mechanisms [51]. Both H1 and H2 receptors have been 
implicated in these responses.  

Some studies suggest a hyperthermic tone due to histamine signaling. Thus, premedication 
with a H2R antagonist before general anesthesia augments core hypothermia during this 
procedure [52]. In pathological conditions histamine appears to mediate hypothermic 
responses. Ionizing radiation induces hypothermia that can be blocked by H1R and H2R 
antagonists applied centrally [53]. Exposure of the head to ionizing radiation appers to 
stimulate histamine release from brain-resident mast-cells [53]. 

Peripherally, histamine is involved in the rise of skin blood flow during whole body heating 
[54]. Similarly, combined H1R and H2R antagonists diminish the alcohol-induced flushing 
in individuals of Oriental origin [55]. 

More recent observations using transgenic models further indicate a role of histamine 
signaling in thermoregulation are. Thus H3R-/- transgenic mice display a lowered core body 
temperature suggesting that these receptors mediate a tonic hyperthermic action [56]. Other 
studies point to a hypothermic action of histamine, mediated by H1 subtype receptors. 
Thus, anaphylaxis induced hypothermia is not observed in HDC(-/-) mice or in the presence 
of H1R antagonists [57]. Also,  IL-1β-induced thermogenesis is potentiated by depletion of 
hypothalamic histamine [58].  
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send few local projections [28]. Our studies in mice have not found evidence for local 
projections of PO/AH GABAergic neurons but have revealed reciprocal connections of 
PO/AH glutamatergic neurons [21]. 

4. Histamine signaling in the brain 

Histamine is synthesized in the tuberomammilary nucleus (TMN) neurons from histidine by 
the specific enzyme histidine decarboxylase (HDC). After release histamine is methylated by 
histamine N-methyl-transferase (which is located postsynaptically and in glia). The turnover 
of neuronal histamine is high, with its half-life being ~ 30 min. The histaminergic TMN 
neurons project their axons throughout the brain and they control arousal, attention, energy 
expenditure, feeding, and thermoregulation. Histaminergic fibers are especially dense in the 
cortex, hypothalamus, amygdala and striatum (reviewed in [29]). In the hypothalamus the 
histaminergic fibers are particularly dense in the anterior part [30]. Another source of 
histamine in the brain is represented by resident mast cells [31].  

Four histamine receptors, which are GPCRs, have been cloned (H1-H4R). The H1R, H2R and 
H3R are expressed in distinctive patterns in the brain [32] and all three receptor types are 
highly expressed in the hypothalamus. The H1Rs mediate excitatory actions on central 
neurons. At the cellular level, excitation is achieved by activation of Gq/11 and PLC, which 
leads to the formation of the two second messengers, diacylglycerol (DAG) and inositol-
1,4,5-triphosphate (Ins(1,4,5)P3). Ins(1,4,5)P3 releases Ca2+ from internal stores, and this 
activates at least four Ca2+-dependent processes. First, the opening of a cation channel, 
which causes depolarization [33]. Second, activation of the electrogenic Na-Ca exchanger in 
supraoptic neurons, which also causes depolarization [34]. Third, formation of nitric oxide 
and cyclic GMP [35]. And finally, opening of K+ channels, resulting in hyperpolarization 
[36]. Furthermore, blocking a leak potassium conductance through direct G-protein action, 
or through PLC, DAG and PKC, can cause excitation in the thalamus [37], and in the 
striatum [38].  

The H2Rs are coupled to Gs, adenylyl cyclase (AC) and PKA, which phosphorylates proteins 
and activates the transcription factor cyclic-AMP-response element (CRE)-binding protein 
(CREB). The direct action on neuronal membranes is usually excitatory or potentiates 
excitation. Like other transmitters that use this signaling pathway histamine blocks the 
small Ca2+-dependent K+ conductance ([39]). This conductance causes a long-lasting 
afterhyperpolarization and affects the accommodation of firing. A cortical neuron under 
active histaminergic input remains quiescent until it is reached by a sensory stimulus, which 
will then cause an enhanced and long-lasting response. Activation of H2Rs, by increasing 
cyclic AMP concentration, shifts the activation of the inwardly rectifying Ih towards a more 
positive voltage and contributes to a depolarization that modifies the thalamic relay of 
sensory input [37].  

The H3Rs are located on histaminergic and other cell somata, dendrites and axons 
(varicosities), where they provide negative feedback to restrict histamine synthesis and 
release. They also provide negative feedback on the release of other transmitters, such as 
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glutamate [40], acetylcholine and noradrenaline [41]. H3Rs are coupled to Gi/o and inhibit 
high voltage activated Ca2+ channels, a typical mechanism for the regulation of transmitter 
release. In rat, there are three functional splice variants of the H3R. In mouse, both RNase 
protection assay experiments and PCR results indicate that only one isoform of the H3R is 
present [42] which is coupled negatively to cAMP. H3Rs also activated the phospholipase 
A2 (PLA2) via the Gi/o proteins which results in production of arachidonic acid [43]. 

In summary, H1Rs and H2Rs have mostly excitatory actions on neurons or potentiate 
excitatory inputs. By contrast, H3-receptor activation causes autoinhibition of TMN neurons 
and inhibition of neurotransmitter release. Recent morphological and physiological studies 
suggest the presence of H3 receptors also postsynaptically [21,44,45].  

5. Central histaminergic modulation of core body temperature 

The role of CNS histamine in thermoregulation has been established in various organisms 
from invertebrates [46] to lower vertebrates [47] as well as mammals. Early studies in 
mammals have reported a role of hypothalamic histamine in the control of body 
temperature [48]. The preoptic area/ anterior hypothalamus (PO/AH), region which contains 
temperature-sensitive neurons and regulates the thermoregulation setpoint, is the main 
locus in which histamine affects body temperature [49].  Histamine injected in the medial 
preoptic nucleus (MPON) induces hyperthermia. Similarly, intra-MPON injection of a 
histamine-N-methyltransferase inhibitor (which results in a local increase of histamine 
concentration) also produces hyperthermia [50]. Behavioral temperature selection studies 
suggest that preoptic histamine signaling affects both the set point of the hypothalamic 
thermostat, as well as heat loss mechanisms [51]. Both H1 and H2 receptors have been 
implicated in these responses.  

Some studies suggest a hyperthermic tone due to histamine signaling. Thus, premedication 
with a H2R antagonist before general anesthesia augments core hypothermia during this 
procedure [52]. In pathological conditions histamine appears to mediate hypothermic 
responses. Ionizing radiation induces hypothermia that can be blocked by H1R and H2R 
antagonists applied centrally [53]. Exposure of the head to ionizing radiation appers to 
stimulate histamine release from brain-resident mast-cells [53]. 

Peripherally, histamine is involved in the rise of skin blood flow during whole body heating 
[54]. Similarly, combined H1R and H2R antagonists diminish the alcohol-induced flushing 
in individuals of Oriental origin [55]. 

More recent observations using transgenic models further indicate a role of histamine 
signaling in thermoregulation are. Thus H3R-/- transgenic mice display a lowered core body 
temperature suggesting that these receptors mediate a tonic hyperthermic action [56]. Other 
studies point to a hypothermic action of histamine, mediated by H1 subtype receptors. 
Thus, anaphylaxis induced hypothermia is not observed in HDC(-/-) mice or in the presence 
of H1R antagonists [57]. Also,  IL-1β-induced thermogenesis is potentiated by depletion of 
hypothalamic histamine [58].  
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Our studies have established that in mice histamine induces hyperthermia when 
administered in either the medial or the median preoptic nuclei [59]. Similarly, when the 
endogenous concentration of histamine was raised in either nucleus by local injection of 
histamine N-methyl transferase inhibitor a hyperthermia of similar amplitude was observed 
[59]. H1R and H3R specific agonists were equally potent in inducing a hyperthermia when 
infused in the median preoptic nucleus [21]. In contrast, H2R specific agonists mimicked the 
histamine effect when administered intra-MPON, while H1R specific agonists had little 
effect [60]. Surprisingly, H3R specific agonists were without effect in this nucleus [60].  

Our experiments have also revealed that histamine modulation of the activity of GABAergic 
PO/AH neurons provides a mechanism for selective modulation of body temperature at the 
beginning of the active phase of the circadian cycle [61]. Thus, injection of a H3 antagonist in 
the MnPO induces a delay in the onset of the rise of the body temperature associated with 
the active phase of the circadian cycle [61]. 

6. Histaminergic control of energy expenditure 

Maintenance of core body temperature represent a major energy expenditure of a 
homeothermic organism. Uncoupling proteins (UCPs) are inner mitochondrial membrane 
transporters of free fatty acids, which dissipate the proton gradient by releasing stored 
energy as heat, without coupling to other energy consuming processes [62]. UCP1 in 
brown adipose tissue (BAT) plays a crucial role in regulating energy expenditure and 
thermogenesis in rodents and neonates of larger mammalian species, including humans. 
UCP2 and UCP3 are not involved in adaptive thermogenesis, however their activation in 
vivo by physiological activators or pharmacological intervention has the capacity to be 
significantly thermogenic [63]. The hypothalamus controls UCP1 and UCP3 expression in 
BAT and white adipose tissue (WAT) via the sympathetic neuron system. Infusion of 
histamine in the third ventricle or in the preoptic area (POA) produces similar increases in 
BAT sympathetic nerve activity (SNA) and in the UCP1 mRNA expression [64]. By 
contrast injections of histamine in the lateral hypothalamus or the ventromedial 
hypothalamic nucleus were without effect ([64]), suggesting that the POA is the principal 
hypothalamic site which mediates the stimulatory effect of histamine of this efferent 
pathway. Histamine-deficient animals (HDC-/-) have an impaired ability to express UCP1 
in BAT [65] further suggesting a role of histamine signaling in the control of energy 
expenditure. Similarly, the upregulation of UCP1 mRNA expression induced by central 
infusion of leptin is attenuated in H1R-/- mice [66] suggesting a role of this receptor 
subtype in mechanisms regulating energy expenditure. The role of the other histamine 
receptor subtypes also present in the PO/AH in this effect remains to be determined. 
Increased hypothalamic histamine also results in a decreased respiratory quotient, which 
indicates increased lipid oxidation [67].  

In our study [59] we have determined the effects of activation of histamine receptors in the 
preoptic area by increasing the concentration of endogenous histamine or by local injection 
of specific agonists. Both approaches induce an elevation of core body temperature and 
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decreased respiratory exchange ratio (RER). The hyperthermic effect is associated with a 
rapid increase in mRNA expression of uncoupling proteins in thermogenic tissues, the most 
pronounced being that of uncoupling protein (UCP) 1 in brown adipose tissue and of UCP2 
in white adipose tissue. In diet-induced obese mice histamine had much diminished 
hyperthermic effects as well as reduced effect on RER. Similarly, the ability of preoptic 
histamine signaling to increase the expression of uncoupling proteins was abolished. We 
also found that the expression of mRNA encoding the H1 receptor subtype in the preoptic 
area was significantly lower in obese animals [59].  

Several H1R and H2R antagonists are clinically used in the treatment of several diseases. 
H1R antagonists (e.g. diphenhydramine hydrochloride, trade name Benadryl) are clinically 
used in the treatment of histamine-mediated allergic conditions. Clinically-relevant 
histamine H2R antagonists (e.g. ranitidine and cimetidine, trade names Zanatac and 
Tagamet, respectively) are used to reduce the secretion of gastric acid by acting on H2 
receptors found principally in the parietal cells of the gastric mucosa. Interestingly, few side 
effects related to thermoregulation have been reported, due probably to the fact that these 
compounds cross the blood-brain barrier to a small extent. More recently, H3R antagonists 
have received a great interest from the pharmaceutical industry, with some drugs being in 
phase I or phase II of clinical trials [68]. Some projects have proposed H3R antagonists for 
the treatment of narcolepsy and/or cognitive disorders while others are trying H3R 
antagonists for the treatment of obesity and diabetes mellitus. All these drugs act at central 
H3Rs and produce increased levels of histamine in the brain, in particular in the 
hypothalamus. Since these compounds are designed to work centrally, the possibility of 
thermoregulatory side effects is significantly enhanced. 

H1R antagonists have been reported to increase seizure susceptibility in patients with febrile 
seizures [69,70]. These observations strengthen the idea that these drugs can act centrally to 
influence body temperature and other centrally regulated functions. Thus, H1R antagonists 
in most cases should not be prescribed to patients, particularly young infants, with febrile 
seizures and epilepsy. Drug-induced fever due to H2R blockers was also encountered, 
however the effect appears to be mediated by an allergic reaction to the drugs, characterized 
by a marked increase in IgE [71].  

7. Cellular mechanisms involved in histamine induced hyperthermia 

An early extracellular recording study found that most rat PO/AH neurons, irrespective to 
their thermosensitivities were excited by histamine, effect which was blocked by a H1 
antagonist in most neurons [72]. In few neurons the excitation was blocked also by an H2 
antagonist [72]. Our recent studies have revealed that histamine acts differentially on 
neurons of the median and medial preoptic nuclei (MnPO and MPON respectively). The 
neurotransmitter reduced the spontaneous firing rate of thermoregulatory GABAergic 
MnPO neurons by activating H3 subtype histamine receptors [21]. This effect involved a 
decrease in the level of phosphorylation of the extracellular signal-regulated kinase 



 
Hyperthermia 198 

Our studies have established that in mice histamine induces hyperthermia when 
administered in either the medial or the median preoptic nuclei [59]. Similarly, when the 
endogenous concentration of histamine was raised in either nucleus by local injection of 
histamine N-methyl transferase inhibitor a hyperthermia of similar amplitude was observed 
[59]. H1R and H3R specific agonists were equally potent in inducing a hyperthermia when 
infused in the median preoptic nucleus [21]. In contrast, H2R specific agonists mimicked the 
histamine effect when administered intra-MPON, while H1R specific agonists had little 
effect [60]. Surprisingly, H3R specific agonists were without effect in this nucleus [60].  

Our experiments have also revealed that histamine modulation of the activity of GABAergic 
PO/AH neurons provides a mechanism for selective modulation of body temperature at the 
beginning of the active phase of the circadian cycle [61]. Thus, injection of a H3 antagonist in 
the MnPO induces a delay in the onset of the rise of the body temperature associated with 
the active phase of the circadian cycle [61]. 

6. Histaminergic control of energy expenditure 

Maintenance of core body temperature represent a major energy expenditure of a 
homeothermic organism. Uncoupling proteins (UCPs) are inner mitochondrial membrane 
transporters of free fatty acids, which dissipate the proton gradient by releasing stored 
energy as heat, without coupling to other energy consuming processes [62]. UCP1 in 
brown adipose tissue (BAT) plays a crucial role in regulating energy expenditure and 
thermogenesis in rodents and neonates of larger mammalian species, including humans. 
UCP2 and UCP3 are not involved in adaptive thermogenesis, however their activation in 
vivo by physiological activators or pharmacological intervention has the capacity to be 
significantly thermogenic [63]. The hypothalamus controls UCP1 and UCP3 expression in 
BAT and white adipose tissue (WAT) via the sympathetic neuron system. Infusion of 
histamine in the third ventricle or in the preoptic area (POA) produces similar increases in 
BAT sympathetic nerve activity (SNA) and in the UCP1 mRNA expression [64]. By 
contrast injections of histamine in the lateral hypothalamus or the ventromedial 
hypothalamic nucleus were without effect ([64]), suggesting that the POA is the principal 
hypothalamic site which mediates the stimulatory effect of histamine of this efferent 
pathway. Histamine-deficient animals (HDC-/-) have an impaired ability to express UCP1 
in BAT [65] further suggesting a role of histamine signaling in the control of energy 
expenditure. Similarly, the upregulation of UCP1 mRNA expression induced by central 
infusion of leptin is attenuated in H1R-/- mice [66] suggesting a role of this receptor 
subtype in mechanisms regulating energy expenditure. The role of the other histamine 
receptor subtypes also present in the PO/AH in this effect remains to be determined. 
Increased hypothalamic histamine also results in a decreased respiratory quotient, which 
indicates increased lipid oxidation [67].  

In our study [59] we have determined the effects of activation of histamine receptors in the 
preoptic area by increasing the concentration of endogenous histamine or by local injection 
of specific agonists. Both approaches induce an elevation of core body temperature and 
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decreased respiratory exchange ratio (RER). The hyperthermic effect is associated with a 
rapid increase in mRNA expression of uncoupling proteins in thermogenic tissues, the most 
pronounced being that of uncoupling protein (UCP) 1 in brown adipose tissue and of UCP2 
in white adipose tissue. In diet-induced obese mice histamine had much diminished 
hyperthermic effects as well as reduced effect on RER. Similarly, the ability of preoptic 
histamine signaling to increase the expression of uncoupling proteins was abolished. We 
also found that the expression of mRNA encoding the H1 receptor subtype in the preoptic 
area was significantly lower in obese animals [59].  

Several H1R and H2R antagonists are clinically used in the treatment of several diseases. 
H1R antagonists (e.g. diphenhydramine hydrochloride, trade name Benadryl) are clinically 
used in the treatment of histamine-mediated allergic conditions. Clinically-relevant 
histamine H2R antagonists (e.g. ranitidine and cimetidine, trade names Zanatac and 
Tagamet, respectively) are used to reduce the secretion of gastric acid by acting on H2 
receptors found principally in the parietal cells of the gastric mucosa. Interestingly, few side 
effects related to thermoregulation have been reported, due probably to the fact that these 
compounds cross the blood-brain barrier to a small extent. More recently, H3R antagonists 
have received a great interest from the pharmaceutical industry, with some drugs being in 
phase I or phase II of clinical trials [68]. Some projects have proposed H3R antagonists for 
the treatment of narcolepsy and/or cognitive disorders while others are trying H3R 
antagonists for the treatment of obesity and diabetes mellitus. All these drugs act at central 
H3Rs and produce increased levels of histamine in the brain, in particular in the 
hypothalamus. Since these compounds are designed to work centrally, the possibility of 
thermoregulatory side effects is significantly enhanced. 

H1R antagonists have been reported to increase seizure susceptibility in patients with febrile 
seizures [69,70]. These observations strengthen the idea that these drugs can act centrally to 
influence body temperature and other centrally regulated functions. Thus, H1R antagonists 
in most cases should not be prescribed to patients, particularly young infants, with febrile 
seizures and epilepsy. Drug-induced fever due to H2R blockers was also encountered, 
however the effect appears to be mediated by an allergic reaction to the drugs, characterized 
by a marked increase in IgE [71].  

7. Cellular mechanisms involved in histamine induced hyperthermia 

An early extracellular recording study found that most rat PO/AH neurons, irrespective to 
their thermosensitivities were excited by histamine, effect which was blocked by a H1 
antagonist in most neurons [72]. In few neurons the excitation was blocked also by an H2 
antagonist [72]. Our recent studies have revealed that histamine acts differentially on 
neurons of the median and medial preoptic nuclei (MnPO and MPON respectively). The 
neurotransmitter reduced the spontaneous firing rate of thermoregulatory GABAergic 
MnPO neurons by activating H3 subtype histamine receptors [21]. This effect involved a 
decrease in the level of phosphorylation of the extracellular signal-regulated kinase 
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(ERK1/2) and was not dependent on synaptic activity. Single-cell reverse transcription-PCR 
analysis revealed expression of H3 receptors in the histamine responsive population of 
GABAergic MnPO neurons. Histamine applied in the MnPO nucleus induced a robust, 
long-lasting hyperthermia effect that was mimicked by H3 histamine receptor subtype-
specific agonists [21]. We have also established that an increase in the A-type K+ current in 
GABAergic MnPO neurons in response to activation of H3 histamine receptors results in 
decreased firing rate and hyperthermia in mice [61]. The Kv4.2 subunit is required for these 
actions since Kv4.2-/- preoptic GABAergic neurons are not affected by histamine or H3 
agonists. Moreover, Kv4.2-/- mice develop much reduced hyperthermias in response to 
histamine or H3 agonists. Dynamic clamp experiments demonstrate that enhancement of 
the A-type current by a similar amount to that induced by histamine is sufficient to mimic 
its robust effect on firing rates. These experiments reveal a central role played by the Kv4.2 
subunit in histamine regulation of body temperature and its interaction with pERK1/2 
downstream of the H3 receptor.  

Our studies have also established that a population of non-GABAergic MnPO preoptic 
neurons was depolarized, and their firing rate was enhanced by histamine acting at H1 
subtype receptors [21]. In our experiments, activation of the H1R receptors was linked to 
the phospholipase C pathway and Ca2+ release from intracellular stores. This 
depolarization persisted in TTX or when fast synaptic potentials were blocked, indicating 
that it represents a postsynaptic effect. Single-cell reverse transcription-PCR analysis 
revealed the expression of H1 receptors in these putative glutamatergic cells. The inward 
current is activated in a Ca-dependent manner. At high histamine (20 µM) concentration 
the excitation elicited by histamine in glutamatergic MnPO neurons has also a persistent 
component that can last for at least 40 min after the removal of the bioamine. TRPC1 and 
TRPC5 channels appear to be the channels that contribute most to the inward current 
activated downstream of H1Rs. H1 agonists also induced long-lasting hyperthermia when 
injected intra-MnPO.  These studies have shown that histamine modulates the core body 
temperature by acting at two distinct populations of preoptic neurons that express H1 and 
H3 receptor subtypes, respectively. 

The mechanisms activated by histamine in the MPON are different. Histamine activates H2 
subtype receptors in the MPON and induces hyperthermia [60]. We also found that a 
population of glutamatergic MPON neurons express H2Rs and are excited by H2R specific 
agonists. The agonists decreased the input resistance of the neuron and increased the 
depolarizing "sag" observed during hyperpolarizing current injections. Activation of H2Rs 
induced an inward current that was blocked by ZD7288, a specific blocker of the 
hyperpolarization activated cationic current (Ih). In voltage-clamp experiments, activation of 
H2R receptors resulted in increased Ih amplitude in response to hyperpolarizing voltage 
steps and a depolarizing shift in its voltage-dependent activation. The neurons excited by 
H2 specific agonism expressed the HCN1 and HCN2 channel subunits. Our data indicate 
that at the level of the MPON histamine influences thermoregulation by increasing the firing 
rate of glutamatergic neurons that express H2Rs [60]. 
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Figure 1. Simplified diagram of the neural pathways controlling thermoeffector mechanisms (Morrison 
and Nakamura, 2011). The diagram also illustrates the proposed cellular mechanisms activated by 
histamine. GABAergic neurons in the MnPOA tonically inhibit sympathetic premotor neurons in the 
rostral raphe pallidus. Histamine reduces the firing rates of GABAergic MnPO neurons. This results in 
stimulation of the sympathetic output system. Activation of H1 and H2 receptors expressed by MnPO 
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(ERK1/2) and was not dependent on synaptic activity. Single-cell reverse transcription-PCR 
analysis revealed expression of H3 receptors in the histamine responsive population of 
GABAergic MnPO neurons. Histamine applied in the MnPO nucleus induced a robust, 
long-lasting hyperthermia effect that was mimicked by H3 histamine receptor subtype-
specific agonists [21]. We have also established that an increase in the A-type K+ current in 
GABAergic MnPO neurons in response to activation of H3 histamine receptors results in 
decreased firing rate and hyperthermia in mice [61]. The Kv4.2 subunit is required for these 
actions since Kv4.2-/- preoptic GABAergic neurons are not affected by histamine or H3 
agonists. Moreover, Kv4.2-/- mice develop much reduced hyperthermias in response to 
histamine or H3 agonists. Dynamic clamp experiments demonstrate that enhancement of 
the A-type current by a similar amount to that induced by histamine is sufficient to mimic 
its robust effect on firing rates. These experiments reveal a central role played by the Kv4.2 
subunit in histamine regulation of body temperature and its interaction with pERK1/2 
downstream of the H3 receptor.  

Our studies have also established that a population of non-GABAergic MnPO preoptic 
neurons was depolarized, and their firing rate was enhanced by histamine acting at H1 
subtype receptors [21]. In our experiments, activation of the H1R receptors was linked to 
the phospholipase C pathway and Ca2+ release from intracellular stores. This 
depolarization persisted in TTX or when fast synaptic potentials were blocked, indicating 
that it represents a postsynaptic effect. Single-cell reverse transcription-PCR analysis 
revealed the expression of H1 receptors in these putative glutamatergic cells. The inward 
current is activated in a Ca-dependent manner. At high histamine (20 µM) concentration 
the excitation elicited by histamine in glutamatergic MnPO neurons has also a persistent 
component that can last for at least 40 min after the removal of the bioamine. TRPC1 and 
TRPC5 channels appear to be the channels that contribute most to the inward current 
activated downstream of H1Rs. H1 agonists also induced long-lasting hyperthermia when 
injected intra-MnPO.  These studies have shown that histamine modulates the core body 
temperature by acting at two distinct populations of preoptic neurons that express H1 and 
H3 receptor subtypes, respectively. 

The mechanisms activated by histamine in the MPON are different. Histamine activates H2 
subtype receptors in the MPON and induces hyperthermia [60]. We also found that a 
population of glutamatergic MPON neurons express H2Rs and are excited by H2R specific 
agonists. The agonists decreased the input resistance of the neuron and increased the 
depolarizing "sag" observed during hyperpolarizing current injections. Activation of H2Rs 
induced an inward current that was blocked by ZD7288, a specific blocker of the 
hyperpolarization activated cationic current (Ih). In voltage-clamp experiments, activation of 
H2R receptors resulted in increased Ih amplitude in response to hyperpolarizing voltage 
steps and a depolarizing shift in its voltage-dependent activation. The neurons excited by 
H2 specific agonism expressed the HCN1 and HCN2 channel subunits. Our data indicate 
that at the level of the MPON histamine influences thermoregulation by increasing the firing 
rate of glutamatergic neurons that express H2Rs [60]. 
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