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Dear Reader, Dear Fellow 

Researchers, Dear Colleagues, 

 

You are reading now the 31st volume of 
Oncothermia Journal, the first in 2022. 
We are pleased to recognize that the 
popularity of our Journal grows as we 
have a rapid increase in the number of 
Oncothermia users worldwide, and the 
acceptance of this method gradually 

rises. The Oncothermia Journal became a regular resource for 
many physicians and an excellent option to publish new results. 
We follow the existing recently published litera ture and reprint 
them. 
We are presenting some important preclinical studies of 
modulated electro -hyperthermia (mEHT) in this volume. Prof. 
HamarƘs (Schwarcz et al. Semmelweis University Budapest, 
Hungary) group published results on the apoptosis and the 
genetic variation of mEHT at breast cancer model.  
We are pleased to see the extending number of clinical studies 
in modulated electro -hyperthermia. Prof. KanamoriƘs research 
group (Nagata et al., Toyama University, Japan) shows case 
reports with successful treatments on advanced breast 
cancers.  
Prof. KimƘs group (Kim et al. Ewha Womans University Mokdong 
Hospital, Seoul, S.Korea) shows the first results of KGOG3030 
clinical trial with mEHT complementary application to 
chemotherapies for gynecology patients.   
Prof. FiorentiniƘs group (Fiorentini at al., Azienda Ospedaliera 
ƚOspedali Riuniti Marche Nordƛ, Pesaro, Italy) shows important 
clinical results on esopharus, colorectal and pancreatic cancers.  
New biophysical results were published on various aspects o f 
bioelectromagnetic applications by Prof. SzaszƘs group (Szasz et 
al., The Hungarian University of Agriculture and Life Sciences, 
Godollo, Hungary) that compares the various technical solutions 
of capacitive couplings and shows the therapeutic basis of 
electromagnetic resonances. The same group showed some 
specialties of fractal physiology and bioscaling and a hypothesis 
about the bioelectromagnetics without fields; only potentials 
are active.  
We hope this volume also provides relevant and up-to-date 
information for your daily practice. I would like to draw your 
attention to the importance of reading the Oncotherm 
Newsletter as well. This monthly summary provides 
information of the most recent articles published on 
international domains and brings all the news about events and 
actualities related to hyperthermia in oncology. These 
newsletters also highlight such clinical information like 
Oncothermia Journal. We would be happy to hear your opinions 
or critical remarks and initiate open communi cation regarding 
the Journal or published articles. Your help and attention is 
highlyappreciated. 
We would like to wish you a successful and prosperous 2022. 
Enjoy this 31th volume of the Oncothermia Journal. Follow us in 
the new year as well.  
 

 
Dr. Andras Szasz 
Professor, Chair, Biotechnics Department of St. Istvan University  
 

 

 

 

 

 

 

 

 

Liebe Leserinnen und Leser, liebe Forscherkollegen, liebe 

Kolleginnen und Kollegen,  

 

Sie lesen nun die 31. Ausgabe des Oncothermia Journal, die erste 
im Jahr 2022. Wir stellen erfreut fest, dass die Popularität 
unseres Journals wächst, da die Zahl der Oncothermie-
Anwender weltweit rapide zunimmt und die Akzeptanz dieser 
Methode allmählich steigt. Das Oncothermia Journal ist für viele 
Ärzte zu einer regelmäßigen Quelle geworden und eine 
hervorragende Möglichkeit, neue Ergebnisse zu veröffentlichen. 
Wir verfolgen die bestehende, kürzlich veröffentlichte Literatur 
und drucken sie nach. 
Die Gruppe von Prof. Hamar (Schwarcz et al. Semmelweis 
Universität Budapest, Ungarn) veröffentlichte Ergebnisse über 
die Apoptose und die genetische Variation von mEHT im 
Brustkrebsmodell.  
Wir freuen uns über die wachsende Zahl klinischer Studien zur 
modulierten Elektro -Hyperthermie. Die Forschungsgruppe von 
Prof. Kanamori (Nagata et al., Toyama University, Japan) zeigt 
Fallberichte mit erfolgreichen Behandlungen von 
fortgeschrittenem Brustkrebs.  
Die Gruppe von Prof. Kim (Kim et al. Ewha Womans University 
Mokdong Hospital, Seoul, Südkorea) stellt die ersten Ergebnisse 
der klinischen Studie KGOG3030 vor, bei der die mEHT 
ergänzend zur Chemotherapie bei gynäkologischen Patienten 
eingesetzt wird.  
Die Gruppe von Prof. Fiorentini (Fiorentini at al., Azienda 
Ospedaliera "Ospedali Riuniti Marche Nord", Pesaro, Italien) zeigt 
wichtige klinische Ergebnisse bei Speiseröhren-, Dickdarm- und 
Bauchspeicheldrüsenkrebs.  
Die Gruppe von Prof. Szasz (Szasz et al., Ungarische Universität 
für Landwirtschaft und Biowissenschaften, Godollo, Ungarn) hat 
neue biophysikalische Ergebnisse zu verschiedenen Aspekten 
bioelektromagnetischer Anwendungen veröffentlicht, die 
verschiedene technische Lösungen für kapazitive Kopplungen 
vergleichen und die therapeutische Grundlage 
elektromagnetischer Resonanzen aufzeigen. Dieselbe Gruppe 
zeigte einige Spezialitäten der fraktalen Physiologie und 
Bioskalierung sowie eine Hypothese über die Bioelektromagnetik 
ohne Felder; nur Potentiale sind aktiv.  
Wir hoffen, dass dieser Band auch für Ihre tägliche Praxis 
relevante und aktuelle Informationen enthält. Ich möchte Sie 
darauf aufmer ksam machen, wie wichtig es ist, auch den 
Oncotherm Newsletter zu lesen. Diese monatliche 
Zusammenfassung enthält Informationen über die neuesten 
Artikel, die auf internationaler Ebene veröffentlicht wurden, und 
bringt alle Neuigkeiten über Ereignisse und Aktualitäten im 
Zusammenhang mit der Hyperthermie in der Onkologie. In 
diesen Newslettern werden auch klinische Informationen wie 
das Oncothermia Journal hervorgehoben. Wir würden uns 
freuen, Ihre Meinungen oder kritischen Anmerkungen zu hören 
und eine offene Kommunikation bezüglich des Journals oder der 
veröffentlichten Artikel zu initiieren. Wir wissen Ihre Hilfe und 
Aufmerksamkeit sehr zu schätzen.  
Wir wünschen Ihnen ein erfolgreiches Jahr 2022. Viel Spaß mit 
dieser 31. Ausgabe des Oncothermia Journals. Folgen Sie uns 
auch im neuen Jahr.  
 

 
Dr. Andras Szasz 
Professor und Vorsitzender der Fakultät für Biotechnik an der 
St. Istvan Universität
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As the editorial team we are committed to a firm and coherent editorial line and the highest possible printing standards. 

But it is mainly you, the author, who makes sure that the Oncothermia Journal is an interesting and diversified 

magazine. We want to thank every one of you who supports us in exchanging professional views and experiences. To 

help you and to make it easier fo r both of us, we prepared the following rules and guidelines for abstract submission.  

Als redaktionelles Team vertreten wir eine stringente Linie und versuchen, unserer Publikation den höchst möglichen 

Standard zu verleihen. Es sind aber hauptsächlich Sie als Autor, der dafür Sorge trägt, dass das Oncothermia  Journal zu 

einem interessanten und abwechslungsreichen Magazin wird. Wir möchten allen danken, die uns im Austausch 

professioneller Betrachtungen und Erfahrungen unterstützen. Um beiden Seiten die Arbeit zu erleichtern, haben wir 

die folgenden Richtlinien  für die Texterstellung entworfen.  

1. Aims and Scope 

The Oncothermia Journal is an official journal of the Oncotherm Group, devoted to supporting those who would like to 
publish their results for general use. Additionally, it provides a collection of different publications and results. The 
Oncothermia Journal is open towards new and different contents but it should particularly contain complete study -
papers, case-reports, reviews, hypotheses, opinions and all the informative materials which could be helpful for the 
international Oncothermia  community. Advertisement connecte d to the topic is also welcome.  

¶ Clinical studies: regional or local or multilocal Oncothermia or electro cancer therapy (ECT) treatments, case -
reports, practical considerations in complex therapies, clinical trials, physiological effects, Oncothermia in 
combination with other modalities and treatment optimization  
¶ Biological studies: mechanisms of Oncothermia, thermal - or non-temperature dependent effects, response to 

electric fields, bioelectromagnetic applications for tumors, Oncothermia treatment combination with other 
modalities, effects on normal and malignant cells and tissues, immunological effects, physiological effects, etc.  
¶ Techniques of Oncothermia: technical development, new technical solutions, proposals  
¶ Hypotheses, suggestions and opinions to improve Oncothermia and electro -cancer-therapy methods, intending 

the development of the treatments  

Further information about the journal, including links to the online sample copies and content pages can be found on 
the website of the jou rnal: www.oncothermia -journal.com  

Umfang und Ziele  

Das Oncothermia Journal ist das offizielle Magazin der Oncotherm Gruppe und soll diejenigen unterstützen, die ihre 
Ergebnisse der Allgemeinheit zur Verfügung stellen möchten. Das Oncothermia Journal ist neuen Inhalten gegenüber 
offen, sollte aber vor allem Studienarbeite n, Fallstudien, Hypothesen, Meinungen und alle weiteren informativen 
Materialien, die für die internationale Oncotherm ie-Gemeinschaft hilfreich sein könnten, enthalten. Werbung mit Bezug 
zum Thema ist ebenfalls willkommen.  

¶ Klinische Studien: regionale, lokale oder multilokale Oncothermie oder Electro Cancer Therapy (ECT) 
Behandlungen, Fallstudien, praktische Erfahrungen in komplexen Behandlungen, klinische Versuche, 
physiologische Effekte, Oncothermie in Kombination mit anderen Modalitäten und Behandlungsop timierungen 
¶ Biologische Studien:  Mechanismen der Oncothermie, thermale oder temperaturunabhängige Effekte, Ansprechen 

auf ein elektrische sFeld, bioelektromagnetische Anwendungen bei Tumoren, Kombination von Oncothermie und 
anderen Modalitäten, Effekte auf  normale und maligne Zellen und Gewebe, immunologische Effekte, 
physiologische Effekte etc.  
¶ Oncothermie-Techniken: technische Entwicklungen, neue technische Lösungen 
¶ Hypothesen undMeinungen, wie die Oncothermie- und ECT-Methoden verbessert werden können, u m die 

Behandlung zu unterstützen 

Weitere Informationen zum Journal sowie Links zu Online-Beispielen und Inhaltsbeschreibung sind auf der Website zu 
finden: www. oncothermia -journal.com    

2. Submission of Manuscripts  

All submissions should be made online via email: info@oncotherm.org  

Manuskripte einreichen  

Manuskripte können online eingereicht werden: info@oncotherm.org

Rules of submission 
 
 
 

Rules of submission 
 

Rules of submission 
 
 
 

Rules of submission 

http://www.oncothermia-journal.com/
mailto:info@oncotherm.org
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3. Preparation of Manuscripts  

Manuscripts must be written in English, but other languages can be accepted for special reasons, if an English abstract 
is provided. 
Texts should be submitted in a format compatible with Microsoft Word for Windows (PC). Charts and tables are 
considered textual and should also be submitt ed in a format compatible with Word. All figures (illustrations, diagrams, 
photographs) should be provided in JPG format. 

Manuscripts may be any length, but must include:  

¶ Title Page: t itle of the paper, authors and their affiliations, 1 -5 keywords , at least one corresponding author should 
be listed, email address and full contact information must be provided  
¶ Abstracts: Abstracts should include the purpose, materials, methods, results and conclusions.  
¶ Test: unlimited volume  
¶ Tables and Figures: Tables and figures should be referred to in the text (numbered figures and tables). Each table 

and/or figure must have a legend that explains its purpose without a reference to the text. Figure files will ideally 
be submitted as a jpg-file (300dpi for photos).  
¶ References: Oncothermia Journal uses the Vancouver (Author -Number) system to indicate references in the text, 

tables and legends, e.g. [1], [1-3]. The full references should be listed numerically in order of appearance and 
presented following the text of the manusc ript.  

Manuskripte vorbereiten  

Manuskripte müssen in englischer Sprache vorliegen. Andere Sprachen können in Ausnahmefällen akzeptiert werden, 
wenn ein englisches Abstract vorliegt.  
Texte sollten in einem mit Microsoft Word für Windows (PC) kompatiblen Format eingereicht werden. Tabellen sollten 
in einem Word-kompatiblen Format eingefügt werden. Alle Graphiken (Illustrationen, Diagramme, Photographien) 
sollten im jpg Format vorliegen.  
Manuskripte können jede Länge haben, müssen aber die folgenden Punkte erfüllen:  

¶ Titelseite: Titel der Arbeit, Autor, Klinikzugehörigkeit, 1-5 Schlüsselworte , mindestens ein Autor muss genannt 
werden, E-Mail-Adresse und Kontaktdetails des Autors  
¶ Abstracts : Abstracts müssen Zielsetzung, Material und Methoden, Ergebnisse und Fazit enthalten. 
¶ Text: beliebige Länge 
¶ Abbildungen und Tabellen: Abbildungen und Tabellen sollten im Text erläutert werden (nummeriert). Jede 

Abbildung / Tabelle muss eine erklärende Bildunterschrift haben. Bilder sollten als jpg e ingereicht werden (300 
dpi). 
¶ Zitate: Das Oncothermia Journal verwendet die Vancouver Methode (Autornummer), um Zitate auszuweisen, z.B. 

[1], [1-3]. Die Bibliographie erfolgt numerisch in Reihenfolge der Erwähnung im Text. 

4. Copyrigh t  
It is a condition of publication that authors assign copyright or license the publication rights in their articles, including  
abstracts, to the  publisher. The transmitted rights are not exclusive, the author(s) can use the submitted material 
without limitations, but the Oncothermia Journal also has the right to use it.  

Copyright  

Es ist eine Publikationsvoraussetzung, dass die Autoren die Erlaubnis zur Publikation ihres eingereichten Artikels und 
des dazugehörigen Abstracts unterschreiben. Die überschriebenen Rechte sind nicht exklusiv, der Autor kann das 
eingereichte Material ohne Limitation nutzen. 

5. Electronic Proofs  

When the proofs are ready, the corresponding authors w ill receive an e-mail notification. Hard copies of proofs will not 
be mailed. To avoid delays in the publication, corrections to proofs must be returned within 48 hours, by electronic 
transmittal or fax.  

Elektronische Korrekturfahne  

Wenn die Korrekturfahne n fertig gestellt sind, werden die Autoren per E -Mail informiert. Gedruckte Kopien werden nicht 
per Post versandt. Um Verzögerungen in der Produktion zu verhindern, müssen die korrigierten Texte innerhalb von 48 
Stunden per E-Mail oder Fax zurückgesandt werden. 

6. Offprints and Reprints  

Author(s) will have the opportunity to download the materials in electronic form and use it for their own purposes. 
Offprints or reprints of the  Oncothermia Journal are not available. 
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Sonderdrucke und Nachdrucke  

 

Die Autoren haben die Möglichkeit, das Material in elektronischer Form herunterzuladen, Sonderdrucke und Nachdrucke 
des Oncothermia Journals sind nicht erhältlich.  

7. Advertisement  

The Oncothermia Journal accepts advertising in any language but prefers advertisements in English or at least partially 
in English. The advertising must have a connection to the topics in the Oncothermia Journal and must be legally correct, 
having checked that all information is true.  

Werbung  

Das Oncothermia Journal akzeptiert Werbeanzeigen in allen Sprachen, bevorzugt, aber die zumindest teilweise 
Gestaltung in englischer Sprache. Die Werbung muss eine Beziehung zu den Themen des Oncothermia Journals haben 
und der Wahrheit entsprechende Inhalte aufweisen. 

8. Legal responsibility  

Authors of any publications in the  Oncothermia Journal are fully responsible for the material which is published. The 
Oncothermia Journal has no responsibility for legal conflicts due to any publications. The editorial board has the right  
to reject any publication if its validity has not been verified enough or the board is not convinced by the authors.  

Haftung  

Die Autoren aller im Oncothermia Journal veröffentlichten Artikel sind in vollem Umfang für ihre Texte verantwortlich. 
Das Oncothermia Journal übernimmt keinerlei Haftung für die Artikel der Autoren. Die Redaktion hat das Recht Artikel 
abzulehnen. 

9. Reviewing  

The Oncothermia Journal has a special peer-reviewing process, represented by the editorial board members and 
specialists, to whom they are connected. To avoid personal conflicts the opinion of the reviewer will not be released 
and her/his name will be handled confidentially. Papers wh ich are not connected to the topics of the journal could be 
rejected without reviewing.  

Bewertung  

Die Texte für das Oncothermia Journal werden durch die Redaktion kontrolliert. Um Konflikte zu vermeiden, werden die 
Namen des jeweiligen Korrektors nicht öffentlich genannt. Artikel, die nicht zu den Themen des Journals passen, können 
abgelehnt werden.



Oncothermia Journal Volume 31, March 2022  
 

 

 

Schvarcz, C. A. et al.: Modulated Electro Hyperthermia Induces a Prominent Local Stress 
Response and Growth Inhibition in Mouse Breast Cancer Isografts  ......................................... 8 

 

Nagata, T. et at.: Clinical study of modulated electro hyperthermia for advanced 
metastatic breast cancer .................................................................................................................. 32 

 

Kidong, K. et al.: Modulated electro hyperthermia with weekly paclitaxel or cisplatin in 
patients with recurrent or persistent epithelial ovarian, fallopian tube or primary 
peritoneal carcinoma: The KGOG 3030 trial ................................................................................ 42 

 

Szász, A.: The Capacitive Coupling Modalities for Oncological Hyperthermia ...................... 51 
 

Szász, A.: Therapeutic Basis of Electromagnetic Resonances and Signal-Modulation .... 100 
 

Szász, A.: Vascular Fractality and Alimentation of Cancer  ..................................................... 131 
 

Szász, A.: Allometric Scaling by the Length of the Circulatory Network  ............................ 147 
 

Szász, A.: Time-Fractal in Living Objects .................................................................................... 159 
 

Szász, A.: Time-Fractal ModulationƖPossible Modulation Effects in Human Therapy .... 184 
 

Fiorentini, G.: Updates of the application of Regional Hyperthermia in the treatment of 
esophageal, colorectal and pancreatic cancers. ...................................................................... 228  

 

Chi, M. A.: Marked local and distant response of heavily treated breast cancer with cardiac 
metastases treated by combined low dose radiotherapy, low dose immunotherapy and 
hyperthermia: a case report  ......................................................................................................... 243  

Contents 
 
 

Contents 
 
 

Contents 
 
 

Contents 
 



 
8 Oncothermia Journal Volume 31, March 2022  
 
 

 

Modulated Electro Hyperthermia Induces a Prominent Local Stress 
Response and Growth Inhibition in Mouse Breast Cancer Isografts 

 

Csaba András Schvarcz, Lea Danics, Tibor Krenács, Pedro Viana, Rita Béres, Tamás Vancsik, Ákos 
Nagy, Attila Gyenesei, József Kun, Marko Fonovi´c , Robert Vidmar, Zoltán Benyó, Tamás Kaucsár 

and Péter Hamar* 

 
Institute of Translational Medicine, Semmelweis University, 1094 Budapest, Hungary  

1st Department of Pathology and Experimental Cancer Research, Semmelweis University,  
1085 Budapest, Hungary 

Molecular Oncohematology Research Group, 1st Department of Pathology and Experimental Cancer  
Research, Semmelweis University, 1085 Budapest, Hungary 

Bioinformatics Research Group, Genomics and Bioinformatics Core Facility, János Szentágothai Research 
Centre, University of Pécs, H-7624 Pécs, Hungary 

Department of Pharmacology and Pharmacotherapy, Medical School & Szentágothai Research Centre, 
Molecular Pharmacology Research Group, Centre for Neuroscience, University of Pécs, H-7624 Pécs, 

Hungary 
Department of Biochemistry and Molecular and Structural Biology, JoŲef Stefan Institute, 

 1000 Ljubljana, Slovenia  

* Correspondence: hamar.peter@med.semmelweis -univ.hu 

 

 

 

 

 

 

Cite this article as:  
Schvarcz, C. A. et al. (2021): Modulated Electro Hyperthermia Induces a Prominent Local 

Stress Response and Growth Inhibition in Mouse Breast Cancer Isografts, Cancers 13, no. 7: 
1744. https://doi.org/10.3390/cancers13071744   

 
Oncothermia Journal 31, 2022 March: 8-31 

www.oncotherm.com/sites/oncotherm/files/2022 -03/ Schvarcz_Modulated.pdf   
.  
 
 
 

https://doi.org/10.3390/cancers13071744
http://www.oncotherm.com/sites/oncotherm/files/2022-03/Schvarcz_Modulated.pdf


 
                 Oncothermia Journal Volume 31, March 2022   9 

 
 

Simple Summary:  Here we investigated the most aggressive type of breast cancer (triple negative  breast 
cancer (TNBC)) for which no effective therapies exist. Modulated electro -hyperthermia (mEHT) utilizes the 
altered bioelectric properties of tumors to implement a select ive energy-transmission of an electromagnetic 
field and induce thermal and non-thermal anti -tumor effects. In our present study, repeated mEHT treatment 
effectively inhibited growth and proliferation and caused significant, destruction of TNBC tumors when applied 
alone without any other therapy in mice. Immunohistochemistry and multiplex analysis revealed that mEHT 
treatment induced protective mechanisms, like upregulation of heat shock proteins and other stress -related 
genes. Inhibition of these factors ma y serve as therapeutic approach to enhance the efficacy of mEHT.We were 
able to inhibit one of these protective proteins in cell culture. We aim to study the possibility of enhancing 
mEHT and other cancer therapies by inhibiting the identified protective s tress response.  
Abstract:  Modulated electro -hyperthermia (mEHT) is a selective cancer treatment used in human oncology 
complementing other therapies. During mEHT, a focused electromagnetic field (EMF) is generated within the 
tumor inducing cell death by t hermal and nonthermal effects. Here we investigated molecular changes elicited 
by mEHT using multiplex methods in an aggressive, therapyresistant triple negative breast cancer (TNBC) 
model. 4T1/4T07 isografts inoculated orthotopically into female BALB/c mi ce were treated with mEHT three 
to five times. mEHT induced the upregulation of the stress -related Hsp70 and cleaved caspase-3 proteins, 
resulting in effective inhibition of tumor growth and proliferation. Several acute stress response proteins, 
including protease inhibitors, coagulation and heat shock factors, and complement family members, were 
among the most upregulated treatment -related genes/proteins as revealed by next -generation sequencing 
(NGS), Nanostring and mass spectrometry (MS). pathway analysis demonstrated that several of these proteins 
belong to the response to stimulus pathway. Cell culture treatments confirmed that the source of these 
proteins was the tumor cells. The heat -shock factor inhibitor KRIBB11 reduced mEHT-induced complement 
facto r 4 (C4) mRNA increase. In conclusion, mEHT monotherapy induced tumor growth inhibition and a complex 
stress response. Inhibition of this stress response is likely to enhance the effectiveness of mEHT and other 
cancer treatments.  

Keywords:  modulated electr o-hyperthermia; triple negative breast cancer isograft; tumor growth  

inhibition; antiproliferative effect; stress response  

1.  Introduction  

In our previous study we demonstrated that modulated electro-hyperthermia (mEHT) induced Hsp70 
upregulation, and exhaustion of this defense mechanism resulted in apoptotic cell death of the mouse 4T1 triple 
negative breast cancer (TNBC) model. Hsp70 inhibition synergistically enhanced the tumor-killing effect of 
mEHT [1]. In the present study, our aim was to investigate the molecular effects of mEHT using multiplex 
methods.  

Loco-regional deep hyperthermia (mEHT) is a type of medical hyperthermia usually used as supplementary 
treatment for cancer patients [2]. mEHT is applied together with conventional modalities like chemo, radio or 
immunotherapy to enhance their effect and tumor-specificity [3]. mEHT can also boost the effect of targeted 
therapies, e.g., angiogenesis inhibition by Bevacizumab (Avastin­) in different types of malignancies, including 
breast cancer [4]. Hyperthermia decreases the activity of hypoxia-inducible factor 1 (HIF-1) and contributes to 
the vascular endothelial growth factor (VEGF)-mediated angiogenesis inhibition of Bevacizumab [5]. mEHTƘs 
potential as a monotherapy is currently under investigation [1,6]. mEHT uses a 13.56 MHz frequency capacitively 
coupled electromagnetic field that transmits energy to the tumor. mEHT utilizes the bioelectrical difference 
between the tumor tissue and healthy tissues [7]. The difference in bioelectrical properties results from the 
higher aerobic glycolysis of cancer cells, known as the Warburg-effect, that causes higher lactate and ion levels 
in the cancer cells and thus elevates electric conductivity of the tumor [8]. Due to these factors, the energy of 
the electromagnetic field is absorbed mainly by the tumor.  

mEHT can effectively induce caspase-dependent apoptosis as demonstrated by elevated cleaved caspase 3 
(cC3) expression in mEHT-treated tumors [1,9]. mEHT induces a heat shock response and subsequent heat 
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shock protein (Hsp70) upregulation in treated tumors [1,10]. In addition, mEHT potently inhibits tumor cell 
proliferation indicated by the attenuation of Ki67-positive cell nuclei [11,12], a widely used proliferation marker.  

Breast cancer is the most frequently occurring cancer type among women worldwide [13]. Fifteen percent of 
all breast cancers are triple negative, with no hormoneƖ (estrogen, progesterone) and human epidermal growth 
factor (HER2) receptors on the surface of the cells. Consequently, hormone and anti-HER2 therapies are 
ineffective and, as TNBC is the most aggressive breast cancer type, prognosis is poor [14]. Thus, complementary 
therapies are needed to improve the outcome.  

The most commonly used mouse TNBC models utilize cell lines derived from mouse mammary carcinoma cell 
line 410.4 isolated from a single spontaneous tumor in the BALB/c mouse. Cell lines 4T1 and 4T07 are the most 
aggressive and invasive subclones derived from the 4104 cell line [15,16]. Implantation of these cell lines creates 
isografts in BALB/c mice. Thus, after the inoculation of syngeneic cells, immune mechanisms can be investigated 
under conditions very similar to those of human TNBC [17,18].  

In the present study we investigated the molecular effects of mEHT using multiplex methods at the RNA (NGS 
RNA seq, Nanostring) and the protein level (mass spectrometry). The multiplex data revealed that one of the 
most significant responses to mEHT was the upregulation of acute stress response proteins. These proteins 
are part of the innate immune systemƘs nonspecific humoral response as an ancient defense mechanism and 
have been reported to participate in the immunomodulation of cancer [19], as well as in supporting cancer cells 
by the formation of extracellular matrix of the tumor microenvironment (protease inhibitors, fibrinogens, 
haptoglobin, pentraxin). These stress proteins are induced by several forms of tissue injuries, inflammation and 
in different chronic diseases. They are also often upregulated in cancer patientsƘ serum [20]. These proteins are 
regarded collectively as acute phase proteins (APPs). However, according to the generally held concept, the 
major source of APPs is the liver, and only scarce literature demonstrates local production of these proteins 
upon tissue injury. However, these factors can be induced by different forms of cell stress, like ischaemia [21] 
or heat [22], and they can contribute to disease elimination and the restoration of homeostatic conditions via 
different mechanisms [23,24]. The local production of these stress proteins (protease inhibitors, coagulation 
and complement factors, as well as heat shock proteins) in tumors has been reported to contribute to tumor 
progression by supporting carcinogenesis, tumor growth, proliferation and angiogenesis [25], and their 
elevation is considered as a poor prognostic factor [20]. Therefore, inhibition of some of these stress-response 
proteins such as heat shock proteins [1,9], complement [26], haptoglobin [27] or fibrinogen [28], has recently 
been proposed as a promising new direction for cancer treatment. However, this is the first report 
comprehensively demonstrating the local production of several stress-induced proteins in TNBC as a defense 
to treatment, using multiplex methods. Furthermore, we demonstrate that the specific heat shock inhibitor 
KRIBB11 abrogates complement upregulation (C4). Thus, our data support that besides inhibition of the heat-
shock response, complement inhibition may be utilized in cancer therapy and may synergistically improve the 
therapeutic effectiveness of mEHT.  

Results   

2.1. mEHT Reduced Tumor Growth 

Follow-up measurements of the tumors by ultrasound (US) and a digital caliper demonstrated a decline in the 
tumor growth rate in the mEHT-treated group (Figure 1) Tumor volume significantly decreased after three 
treatments in the mEHT-treated group as measured both by caliper (p = 0.0363) and US (p < 0.0001) (Figure 
1A). Further (4ƕ5) treatments were able to reduce tumor size. The difference in volume became even larger 
after five treatments (US: p < 0.0001, caliper: p = 0.0003) (Figure 1B). Comparison of the final and initial tumor 
volumes demonstrated a higher growth ratio in sham-treated (three treatments: US: 5.0, caliper: 2.7; 5 
treatments: US: 4.7, caliper: 6.0), than in mEHT-treated (three treatments: US: 2.1, caliper: 1.8; 5 treatments: 
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US: 2.0, caliper: 3.0) tumors. The weights of the excised tumors were also significantly smaller in the mEHT-
treated than in the sham group after three (p = 0.0091) and five treatments (p = 0.0206) (Figure 1C,D). The 
excised tumors were significantly smaller in the mEHT-treated versus sham-treated mice (Figure 1E,F). After 
five treatments in one mEHT-treated mouse, ultrasound demonstrated a small tissue at the site of the tumor. 
However, by dissection and histological analysis, this tissue was shown to contain no tumor cells, only fat and 
connective tissue. Therefore, this tumor was regarded as treated (Figure 1F) and its data were included in the 
tumor growth (Figure 1B) but not in the tumor weight (Figure 1D) data.  

2.2. mEHT Induced Caspase-3-Positive Tumor Tissue Destruction  

 The tumor destruction ratio (TDR), evaluated in hematoxylin and eosin (H&E) sections, demonstrated 
remarkable tumor tissue destruction in the mEHT-treated tumors (TDR: mEHT: 78.9 _ 5.1% vs. sham: 52.8 _ 
10.3%) (Figure 2A,B). Besides the three small tumors in the sham group, TDR was not significantly smaller in 
the sham-treated animals than in the mEHT group (Figure 2C). The destroyed area identified on the H&E sections 
stained cleaved caspase-3 (cC3) positive on consecutive cC3-stained sections, confirming a caspasedependent 
manner of tumor destruction (Figure 2DƕF). The complete set of all tumors (H&E and cC3 staining) is presented 
in the Supplementary Material (Figure S1). 410.4-derived tumors developed a necrotic core after reaching a 
certain size [29]. In the present study TDR strongly correlated with tumor size (Figure 2G). Comparison of TDR 
in tumors of similar size (sham vs. mEHT, Figure 2H) demonstrated a significant increase (p = 0.0167) in TDR by 
mEHT treatments, corroborating that in the sham group TDR elevation was size-dependent, whereas in the 
mEHT group it was size-independent but treatment-related (Figure 2I). 

    
 
 
 
 
 
 

Figure 1. Effect of repeated modulated 
electro-hyperthermia (mEHT) treatments 
on tumor size and weight. Digital caliper 
and ultrasound data after three (A,C,E) and 
five (B,D,F) treatments (dotted lines, A,B). 
Tumor weight (C,D), scale images of the 
excised tumors (E,F). (AƕE) n(sham) = 7, 
mEHT) = 18. sham) 9, n(mEHT) = 7. Mean _ 
SEM, (A,B) two-Bonferroni correction, 
(C,D) Mann-Whitney test, *: p < 0.05, ***: p 
< 0.001, ****: p < 0.0001. Cell line: 4T07, 3ƕ
5_ treated.  

 

 

2.3. mEHT Induced Heat Shock Protein 70 (Hsp70) Accumulation  

Specific Hsp70 immunostaining in mEHT-treated animals was intense brown (DAB) in the living cells around the 
damaged core are of the tumor. Such intense (specific) staining was absent in sham-treated tumors (p=0.0008) 
(Figure 3A-C).  

2.4. mEHT Reduced Ki67 Expression 

Most cell nuclei in sham tumors were intensely positive for the Ki67 proliferation marker in the living tumor 
area (Figure 4A,B). mEHT treatment significantly decreased Ki67 positivity (p = 0.0120) (Figure 4C). The number 
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of total cell nuclei counted in the living tumor area was also significantly lower in the mEHT-treated compared 
to the sham-treated group, with a significantly less dense tissue structure due to mEHT treatments (p = 0.0048) 
(Figure 4D). 

 

 

 
Figure 2. Effect of mEHT treatment on tumor destruction ratio (TDR) in hematoxylin-eosin-(H&E)-stained, and 
cleaved caspase-3 (cC3) immunohistochemistry-stained sections 24 h after the 5th mEHT treatment. 
Representative H&E-stained tumors from sham and mEHT-treated groups with 0.9Ö (A) and 40Ö (B) 
magnification. Destructed area is annotated (red). TDR (%) evaluated on H&E (AƕC) and cC3 (DƕF) sections. 
Representative cC3 (D,E) stained tumors with low (0.9Ö, D) and high (40Ö, E) magnification. Correlation between 
tumor weight and TDR (%) in sham animals (G). Three smallest sham tumors with weights similar to those of 
mEHT tumors (H). Comparison of TDR (%) of sham and mEHT tumors of similar weight (I). Mean ° SEM, Mann-
Whitney test, n = 7ƕ9/group, *: p < 0.05. Cell line: 4T07, 5Ö treated. 
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Figure 3. Effect of mEHT treatment on Hsp70 expression 24h after the 5th mEHT treatment. Representative 
tumors from sham and mEHT-treated mice with Hsp70 staining (0.9Ö magnification), black rectangles 
magnified at ƗBƘ (A). Representative sections of Hsp70 express ion near the damaged tumor area (blue 
annotation), 40Ö magnification (B). Expression of Hsp70 evaluated in the intact tumor tissue (blue annotations) 
significantly increased in mEHT-treated tumors (C). In one case, TDR appeared to be 100% and no living area 
remained to be evaluated for Hsp70 expression. Mean ° SEM, Mann-Whitney test, n = 6ƕ9/group, ***: p < 0.001. 
Cell line: 4T07, 5Ö treated. 
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Figure 4. Effect of mEHT treatment on Ki67 expression 24h after the 5th mEHT treatment. Representative 
tumor sections from sham and mEHT-treated mice with Ki67 staining (A,B). Blue annotations: intact area where 
Ki67+ nuclei were evaluated (0.9Ö magnification, bla ck rectangles magnified at ƗBƘ (A), 40Ö magnification (B)). 
Area-proportional number of strongly Ki67 positive (C) and all nuclei in the intact tumor area (D). Mean ° SEM, 
Mann-Whitney test, n = 6ƕ9/group, *: p < 0.05, **: p < 0.01. Cell line: 4T07, 5Ö treated. 

 

 

2.5. Multiplex Analysis of mEHT Effects on Gene Expression 

Next-generation sequencing of RNA (NGS RNA Seq) was performed from 4T1 tumor samples 24 h after the 
third mEHT treatment to investigate gene changes induced by mEHT. Two hundred ninety genes were 
differentially expressed (DE, criteria: p < 0.05 or log10(p) < 1.30103; Fold Change (FC) > 2 or logFC > 1). Heat 
map visualization clustered with KendallƘs Tau distance measurement clearly showed that the vast majority of 
DE genes were upregulated due to the treatments: one hundred eighty-five upregulated and one hundred five 
downregulated genes appeared (Figure 5A) A dendogram labeled with gene names is presented in our 
Supplementary Material (Figure S2). A Volcano plot visualization of gene logFC and ƕlog10(p) values is 
presented in Figure 5B. For validation of gene expression at the mRNA level, individual mRNA molecular 
counting was performed with Nanostring nCounter­ Technology (Nanostring Technologies, Seattle, WA, USA). 
One hundred and thirty-four DE target genes from NGS data were sorted to create a custom Nanostring gene 
panel. One hundred and four target genes were identified with Nanostring. All of the target genesƘ direction of 
change (up or downregulation) was the same as that detected by NGS. Three genes didnƘt fulfill the DE criteria 
(Figure 5C). 
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Figure 5. Heat map and volcano plot visualization of DE genes after three mEHT treatments. Heat map 
clusterization with dendograms (Kendall tauƘs method, dendogram details: Figure S2) of differentially 
expressed (DE) genes according to the next generation sequencing (NGS) RNA seq data. Columns 
represent samples, rows represent genes. Red = upregulation, green = downregulation (A). Volcano 
plot of all genes according to the NGS RNA seq data (B). Volcano plot of DE genes from the Nanostring 
data (C). (B,C) ƿlog10(p) values plotted against fold changes (logFC). Vertical dotted line: logFC = 1, 
horizontal dotted line: ƿlog10(p) = 1.30103. n = 4ƕ6/group. Red dots with numbers mark genes identified 
in Table 1. Cell line: 4T1, 3Ö treated. 
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Table 1. Absolute mRNA Count of cellular stress response factors from the Nanostring data. Individual data of 
sham and mEHT group members and group averages. Bold letters: genes with highest mRNA absolute count 
and fold-change between the two groups. Background values measured in negative, synthetic probe RNA counts 
were between 0ƕ16. Cell line: 4T1, 3x treated. 

 
 

 

 

 

We focused on the upregulated DE genes. These genes were sorted into nineteen functional categories created 
by us, based on a literature search. Gene ontology (GO) pathway analysis of upregulated genes 
(DEListEnrichment_upR) revealed that most upregulated genes (38 genes) clustered into the response to 
stimulus pathway (GO:0050896; pathway p value: 0.00012, Figure 6). Tabular display of the pathway is 
presented in our Supplementary Material (Table S1). Various types of stress-related genes (coagulation factors, 
protease inhibitors, complement factors) are included in this pathway. Therefore, we investigated these genes 
further.  

mEHT treatment induced innate immune-response reactions, among others, in the tumor. Thirteen stress-
related genes were observed to be significantly upregulated, including protease inhibitors (Itih2, Itih4, Serpina3n, 
Serpina3c, Serpina3c), coagulation factors (Fbg, Fgg), the free hemoglobin-binding haptoglobin (Hp), and 
complement cascade-related genes including secreted pattern recognition receptor (PRR), pentraxin-related 
protein 3 gene (Ptx3), classical pathway (C1s1, C4b), alternative pathway (Cfd) and terminal pathway (Hc) 
complement components. Fold-changes and p values of the aforementioned significantly upregulated genes, 
detected with NGS RNA Seq and Nanostring, are presented in Table 2. To investigate if APP upregulation appears 
not just at the mRNA but also at the protein level, mass spectrometry (MS) examination was performed 
fromwith the same samples. Eight out of thirteen APPs detected with NGS also appeared at the protein level, 
and demonstrated significantly upregulated levels when examined by MS. Four heat shock proteins were 
detected as significantly upregulated by MS, but not by NGS. Label-free quantification intensity difference (LFQ 
Int. Diff.) values of the given proteins detected by MS are shown in Table 2.  
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Figure 6. Response to stimulus 
pathway based on the gene-
ontology (GO) analysis of the NGS 
data. Dotted line: FC = 2. Red 
frames: further analyed genes. 
Gene names, p values and further 
pathways containing stress-
related genes analyzed with the 
DEListEnrichment_up R module 
are presented in Table S2. **: p < 
0.01, ***: p < 0.001. Cell line: 4T1, 
3Ö treated. 
 
 

 

Table 2. Cellular stress response upregulated by mEHT treatment. Genes (official name abbreviations as used 
in all multiplex platforms and descriptions of the coded proteins) detected as upregulated with all three 
multiplex methods (NGS RNA Seq, Nanostring, MS) are designated with bold letters. Nanostring validated all 
NGS hits with a similar FC value. Hspa1a and Hspa1b are the most common isoforms of Hsp70. Cell line: 4T1, 3Ö 
treated. 

 
 

Nanostring data provided absolute RNA count cellular stress response factors (Table 1). These data further 
oriented our research, since those targets that demonstrated low absolute expression despite fulfilling DE 
criteria (p < 0.05, FC > 2) were excluded from further investigation. Thus, we focused on Serpina3n, haptoglobin 
(Hp), pentraxin (Ptx)3, and the complement factors (Cfd, C4b) with high absolute RNA counts and high FC 
without overlapping values between the groups (bold letters in Table 1).  
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2.6. The Heat-Shock Factor-1 Inhibitor KRIBB11 Reduced C4b Expression In Vitro  

One of the most upregulated genes/proteins with significant upregulation on all three screens was the mouse 
C4 complement C4b. C4b mRNA was measurable by qPCR from in vitro 4T1 cell culture, demonstrating that 4T1 
tumor cells produce C4b. mEHT treatment in monotherapy induced a significant upregulation of C4b mRNA 2 h 
after treatment in vitro (p < 0.0001; Figure 7A). We demonstrated in our earlier paper [1] that KRIBB11 (N(2)-(1H-
indazole-5-yl)-N(6)-methyl-3-nitropyridine-2,6-diamine) reduced the cellular heat shock response of 4T1 cancer 
cells through inhibiting the heat-shock factor (Hsf)-1. Therefore, we hypothesized that heat shock-related 
complement production can be targeted by KRIBB11. KRIBB11 significantly reduced baseline C4b mRNA compared 
to Dimethyl sulfoxide (DMSO)ƕtreated cells in the 37 ¯C control group (p = 0.0256; Figure 7A). After mEHT 
treatment, the mEHT-induced C4b elevation was also significantly inhibited by KRIBB11 compared to DMSO 
treatment (p < 0.0001; Figure 7A). Moreover, C4b correlated significantly with Hsp70 expression (p < 0.0001; 
Figure 7B) 

 
Figure 7. KRIBB11 effect on mEHT-induced C4b production. C4b mRNA relative expression, 2 h post-mEHT, 
normalized to 18S, with KRIBB11 treatment, vs. DMSO (A). Correlation between C4b and Hsp70 expression (B). 
Mean SEM, Two-way ANOVA, n = 5ƕ15/group, *: p < 0.05, ***: p < 0.001, ****: p < 0.0001. Cell line: 4T1. 

Discussion  

In our previous paper [1] we presented the LabEHY200 treatment apparatus with newly developed electrodes, 
able to perform selective mEHT treatment in a TNBC mouse model. It clearly demonstrated the antitumoral 
effects of mEHT, which resulted in elevated tumor tissue destruction and reduced cell viability in vivo, even 
after a short-term protocol (1Ö or 2Ö mEHT). Our current paper describes the long-term effects of repeated 
mEHT treatments on tumor progression in a triple negative mouse breast cancer model for the first time. This 
is the first comprehensive, multiplex analysis-based investigation of the overall anticancer effects of mEHT at 
both the gene and protein level. Here, we report that mEHT, even in monotherapy, was able to reduce the growth 
rate of the highly aggressive triple negative 4T07 isografts. In the background of this strong tumor-inhibitory 
effect of mEHT we observed reduced proliferation of tumor cells, and heat shock-induced caspase-mediated 
tumor tissue damage. Multiplex analysis of the mEHT-treated 4T1 tumors revealed massive, local upregulation 
of protease inhibitors and coagulation and complement factors as a response to cellular stress. These factors 
are part of the innate immune systemƘs acute phase reaction. However, being produced locally in tumors, they 
have a more complex role, depending on the tumor microenvironment and cellular source [23].  

 Tumor growth was significantly inhibited by mEHT as demonstrated by digital caliper and ultrasound 
measurements and confirmed by the dramatically smaller weights of the excised tumors in mEHT-treated 
mice. Moreover, mEHT-treated tumors began to shrink only after the fifth treatment. Tumor shrinkage was not 
observed after only two treatments, despite a significant induction of tumor cell damage [1]. The tumor growth 
inhibitory effects of mEHT monotherapy in other tumors were quite similar in previously published studies.: A 
single (colorectal cancer (CT26) isografts [30,31]) or three (squamous cell carcinoma (SCCVII) isografts [32]) 
mEHT treatments induced slower tumor growth, but no decline in tumor volume. In our experimental design 
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we applied noninvasive temperature detection during the experiments. Animals were randomized based on 
tumor size (Table S1) before treatment initiation, overcoming some shortagescomings of previous experiments 
[30,31]. Similar to our study, five mEHT treatments induced a measurable tumor shrinkage of HepG2 hepatic 
cancer xenografts [33] and U87-MG rat glioma xenografts [34]. One possible explanation for the lack of 
measurable tumor shrinkage after three treatments, despite obvious tumor destruction, is a delayed clearance 
of the apoptotic tumor cells. APPs have a major role in apoptosis, e.g., Pentraxin 3 (PTX3) binds to apoptotic 
cells and facilitate their clearing by macrophages via the Fcɾ receptor [35] and dendritic cells [36]. An 
immunologically silent clearance of apoptotic tumor cells was reported to be mediated by an opsonizing effect 
of complement factors [37]. Thus, the detected upregulation of PTX3 and C4 may contribute to the clearance 
of apoptotic cancer cells and tumor shrinkage after five treatments.   

As we demonstrated in our previous paper [1], Hsp70 is a reliable marker of mEHT treatment effects and, 
similar to two treatments, in our current paper five mEHT treatments resulted in strong upregulation of Hsp70. 
The MS study demonstrated the upregulation of several heat shock proteins (Hspɼ1, Hsp70-1A, Hsp70-1B, 
Hsp105), corroborating our IHC data. These proteins were also detected at the RNA level by NGS, but there was 
no significant difference between the two groups. This finding is in accordance with our previous findings, 
demonstrating that 24 h after mEHT treatment the Hsp70 response returns to baseline at the mRNA level but 
not at the protein level [1].   

In this study we observed a significant tumor size reduction by mEHT treatment, but the damaged area (tumor 
destruction ratio, TDR) in the mEHT-treated tumors did not differ significantly from the TDR in large sham-
treated tumors. The explanation for the extensive destruction in sham tumors is spontaneous necrosis due to 
their large size. Spontaneous necrosis, due to low oxygen and nutrient supply, is well-known in fast progressing 
tumors such as the 4T1/4T07 [38,39,40,41]. Consequently, the degree of destruction is consistent with tumor 
size [42,43,44]. As sham tumors in our study were very large, a central necrosis developed. In contrast, mEHT-
treated tumors were much smaller, but their TDR was comparable to that of sham tumors. This implies that 
the increase of tumor tissue destruction was only size-related in the sham group, but treatment-related in the 
mEHT group.   

Furthermore, mEHT was able to diminish Ki67+ proliferation of this highly proliferative tumor. Ki67 is strongly 
correlated with aggressiveness and worse prognosis, especially in breast carcinomas, where it is a prognostic 
marker and one of the molecular features of disease classification [45,46,47]. In our study, not only the 
proliferative activity, but also the cell density of the tumor tissue was reduced. Only one laboratory reported 
similar results after a single mEHT treatment of C26 colorectal cancer isografts, but they detected loss of Ki67 
expression in the already damaged and early apoptotic areas, while the living tumor around the destructed area 
seemed to be strongly Ki67-positive [11]. In the present study we demonstrated the loss of proliferating activity 
of viable tumor cells, which may have led to the diminished tumor growth rate in the mEHT-treated mice.   

mEHT activated the local production of several stress-related factors (protease inhibitors: Itih2, Itih4, 
Serpina3n, Serpina3c, Serpina3m, coagulation related factors: Fgb, Fgg, Hp, and complement related factors 
(Cfd, C4b, Hc, C1s1, Ptx3)) both at the mRNA and protein level. In fact, induction of these proteins was most 
significant, with the highest fold-change values in our multiplex next generation sequencing (NGS RNA seq), 
Nanostring and mass spectrometry (MS) study. Despite the different methods, fold-change mRNA values were 
very similar with NGS and nanostring, demonstrating good reliability of these methods. A great advantage of 
the nanostring method is that it detects the absolute copy number of the RNA molecules directly, without 
reverse transcription and amplification. Moreover, gene ontology (GO) analysis revealed that the most 
differentially expressed (DE) upregulated genes were related to the response to stimulus pathway 
(GO:0050896). Thus, in our further studies, we focused on the abundant genes (high RNA copy number) with 
significant induction by mEHT (no overlap in RNA copy number and FC > 4). The lack of detection of some genes 
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with mass spectrometry may be due to the time lapse between mRNA (as detected by NGS, nanostring) and 
protein (MS) expression. Here we would like to emphasize that we detected messenger RNA and protein from 
the tumor tissue, indicating local production of these stress related proteins by the tumor, contrary to the 
general view about the liver-driven acute phase response [48]. Extra-hepatic synthesis of these proteins has 
been documented before [49]. Often these genes are regulated by mechanisms different from those acting in 
hepatocytes [50]. Production of these proteins as a cellular stress-response has been demonstrated before by 
us [21] and others [51,52], and in the case of cancer cells [53,54]. Similar to our results, photodynamic therapy 
of fibrosarcoma induced production (mRNA) of other acute phase proteins (serum amyloid-P (SAP) mannose 
binding lectin (MBL) and c-reactive protein (CRP)) [53]. A recent review demonstrated association of different 
patterns of acute phase protein production with various types of cancers [54]. A possible interpretation of this 
finding is that the different patterns are due to protein production by the cancer itself, and not by the liver.  

The genes we found massively upregulated by mEHT are all related to cellular stress response and appear to 
have a general, tumor-protective role in different types of cancer.   

The protease inhibitors (serpins and ITIHs) have been described as ancient markers of cell stress [55]. Serine 
protease inhibitor family A member 3 (Serpina3) was reported as an antiapoptotic factor in trophoblast cells 
[56]. Furthermore, high expression of Serpina3 was reported in colon [57] and endometrial [58] cancers, and 
in melanoma [59]. Serpina3n was described as a cellular stress response gene in different types of stress and 
has been associated with a wide range of diseases such as photoreceptor cell loss in a retinal degeneration 
mouse model [60], and muscle atrophy in mice and humans [61]. The other members of these protease 
inhibitors detected, namely Itih2,4 and SerpinA3c,m, had very low absolute mRNA copy numbers, especially in 
the sham animals, hardly exceeding background values. Even in the mEHT-treated animals, copy numbers were 
low. Thus, we did not investigate these factors further.   

The association of coagulation factors and cancer was first described in 1865 [62]. Fibrinogen (especially Fgg) 
production by breast cancer cells has been demonstrated before [63]. The production of fibrinogen without 
fibrin formation contributed to extracellular matrix (ECM) production in breast cancer [64]. Fibrin(ogen) 
surrounding tumor cells may protect them by acting as a barrier [65]. Thus, fibrinogen synthesized by tumor 
cells promoted tumor growth [63]. Inhibition of fibrinogen (Fgg) production reduced chemotherapy resistance 
[28] and growth [63] of breast cancer. Thus, inhibition of mEHT-induced fibrinogen upregulation may have 
tumor inhibitory effects through diminishing the supportive tumor microenvironment and could synergize with 
mEHT.   

Taken together, the upregulation of both protease inhibitors and fibrinogens seem to contribute to stability of 
the tumor microenvironment (TME). Thus, the inhibition of these proteins may aid several cancer-treatment 
forms by inhibiting the formation of a protective tumor microenvironment and facilitating the access of the 
therapy to the tumor cells.   

The primary role of haptoglobin (Hp) is the binding of free Hb released by erythrocytes upon hemolysis. As cell-
free hemoglobin is an oxidant, Hp protects from oxidative stress [66]. However, in breast cancer, the Hp mRNA 
level was significantly higher in the tumor tissue compared to normal breast tissue. Hp production was also 
reported to be tumor promoting by inducing glycolysis, whereas Hp inhibition by siRNA was antiproliferative and 
reduced tumor size [27]. Thus, Hp inhibition should be antiproliferative and could synergize with mEHT.   

The complement system has been considered for a long time as a simple lytic cascade, aimed at killing bacteria. 
Nowadays, it is well accepted that complement is a complex innate immune surveillance system, playing a key 
role in host homeostasis, inflammation, and defense [37]. In the tumor microenvironment, complement factors 
can perform nocanonical functions [23], such as stimulation of angiogenesis, inflammation, proliferation and 
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migration, and they can even attenuate immunotherapy [25,67]. The therapeutic inhibition of complement 
components for cancer treatment has been well described [26], and the angogenesis-stimulating role of 
complements advocates the concept of applying mEHT in combination with angiogenesis inhibitors like 
Bevacizumab, which has been demonstrated to be beneficial for patients [4]. In our multiplex studies of isolated 
tumor tissue, the mouse complement C4 (C4b) gene was detected as one of the most upregulated 
genes/proteins with all three methods (NGS, Nanostring, MS). The complement factor C4 has two isotypes 
encoded by the C4A and C4B genes in humans, as well as in mice (C4a, C4b). The C4A/C4a (Rodgers blood group) 
gene encodes the acidic form, whereas the C4B/C4b (Chido blood group) encodes the basic form. Their role in 
the complement cascade is identical [68]. Production of C4 by nonhepatic (endothelial cells, fibroblasts) cells 
in the TME has been well described [23,69]. However, we detected C4 in cultured 4T1 cells, demonstrating that 
C4 was produced by the tumor cells themselves. Production of C4 by 4T1 cells has not been described before. 
mEHT treatment further upregulated the production of C4, 2 h after treatment in vitro, corroborating our in 
vivo multiplex data. As mEHT induced a heat shock response, as demonstrated by Hsp70 upregulation, inhibition 
of HSR by the specific heat-shock factor-1 inhibitor KRIBB11 synergized with mEHT, as demonstrated in our 
previous paper. Here, we demonstrated that KRIBB11 significantly decreased C4 mRNA. This is a newly described 
effect of KRIBB11. C4 has been reported to be important for the growth of cervical (TC-1) tumors [70]. Moreover, 
serum C4 levels may have a prognostic value [71] correlating with tumor size [72]. Finally, inhibition of C4 along 
with VEGFA inhibition inhibited tumor progression [73]. C4 may act by activating C3 and C5 into their active 
forms. Furthermore, the alpha chain may be cleaved to release C4 anaphylatoxin [37]. Taken together, the C4-
inhibiting effects of KRIBB11 may be beneficial in anticancer therapies and can synergize with mEHT in clinical 
practice.   

Pentraxin 3 (PTX3) is another ancient molecule involved in various cell stress responses, such as oxidative stress 
[74], a key player in the innate immunity involved in inflammatory responses and wound healing and is a 
component of the extra-cellular matrix (ECM). Most cell types, including tumor cells, are able to produce PTX3. 
The PTX3 interactome includes complement [75] and ECM components and apoptotic cells [76]. In breast 
cancer, PTX3 was induced by hypoxia and correlated with poor prognosis, inducing stem-cell-like characteristics 
and metastasis formation [76]. Although, antitumoral effects have been also reported, overexpression of PTX3 
accelerated metastasis [77], whereas knockdown suppressed tumorigenicity [78]. Thus, PTX3 inhibition may 
synergize with anti-tumor therapies, including mEHT.   

In conclusion, modulated electro hyperthermia (mEHT) has effective antitumor effects, even in monotherapy, 
in our highly aggressive and rapidly growing 4T1/4T07 triple negative breast cancer in vivo mouse model. The 
mEHT-induced significant tissue stress was indicated by the upregulation of Hsp70 and cleaved/activated 
caspase-3, and by the local production of other ancient stress response proteins. The exhaustion of these 
protective mechanisms resulted in diminished cancer proliferation and caspase-mediated apoptotic tumor cell 
death. Inhibition of the protective heat shock response and complement C4 production by a specific heat-shock 
factor inhibitor, KRIBB11, suggests that inhibitors of such stress response proteins may synergize with antitumor 
therapies such as mEHT.  

4.  Materials and Methods  

4.1. Tumor Model 

410.4 cell-line derived triple negative murine breast cancer cells (4T1/4T07) were grown in cell culture and 
processed for inoculation as described previously by Ostrand- Rosenberg et al. [79]. Previously [1], we 
demonstrated significant tumor inhibition after 2 mEHT treatments enhanced by simultaneous inhibition of the 
heat-shock response by KRIBB11. In the present studies we investigated the proteomic response after three 
treatments and long-term effects on tumor progression after five treatments. The experiments investigating 
mEHT effects on tumor progression after three or five treatments were performed on the more immunogenic 
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4T07 tumors. However, the multiplex and in vitro studies were performed from the more commonly used and 
more aggressive 4T1 cell line to obtain results which are more generally applicable.  

Six- to eight-week-old female BALB/c mice were kept under 12 h dark/light cycles with ad libitum access to food 
and water in the animal department of Basic Medical Center, Semmelweis University. For tumor-cell inoculation, 
animals were narcotized with isoflurane (Baxter International Inc., Deerfield, IL, USA), 4ƕ5% for induction, 1.5ƕ
2% to maintain anesthesia, with compressed air (0.4ƕ0.6 L/min). Cells were inoculated in standard, 1  106 cells 
/50 L PBS (Phosphate Buffered Saline without Calcium and Magnesium #17- 516F, Lonza A. G., Basel, 
Switzerland). Inoculations were performed subcutaneously by a Hamilton syringe (Hamilton Company, Reno, 
NV, USA) into the inguinal mammary fat pad of each mouse. On the sixth day after inoculation, tumor size was 
measured by digital caliper and ultrasound as described earlier by Danics et al. [1] (Figure 8). In the short-term 
experiment (3 mEHT), measurements were made at the sixth day after inoculation and at the day of termination, 
while in the long-term experiment (5 mEHT) tumor size was measured on every other day beginning on day six 
after inoculation until the termination of the experiment. Animals were randomized into mEHT-treated and 
sham-treated groups according to tumor size (Figure S3). Tumors were treated three or five times. Tumors 
were removed 24 h after the last treatment. Multiplex analyses were performed after three treatments, 
whereas long-term effects of repeated treatment were investigated after five treatments. Mice were 
euthanized by cervical dislocation, tumors were resected, cleaned and precisely cut in half along the longest 
diameter. One half was fixed in 4% formaldehyde solution (Molar Chemicals Ltd., Halàsztelek, Hungary) and 
transferred for histological processing. The other half was stored in liquid nitrogen for molecular analysis (RNA 
isolation). Interventions and housing of the animals conformed to the Hungarian Laws No. XXVIII/1998 and 
LXVII/2002 about the protection and welfare of animals, and the directives of the European Union. All animal 
procedures were approved by the National Scientific Ethical Committee on Animal Experimentation under the 
No. PE/EA/50-2/2019, date of approval: 01 November 2019. 

 
 

Figure 8. Timeline of in vivo experiment 
protocols. Cell inoculation was performed at day 
zero, randomization at day six in both short- and 
long- term experiments. Modulated 
electrohyperthermia treatments were 
performed at day 7, 9, 11 in the short and at day 
7, 9, 11, 13, 15 in the long-term experiment. 
Ultrasound, caliper measurements were 
performed at day 6 and 12 in the short-term, and 
at day 6, 8, 10, 12, 14, 16 in the long-term 
experiment. Harvests were performed in the 
short- and long-term experiments at day 12 and 
16, respectively. 
 

 
 

 

4.2. In Vivo Treatments  

Tumors were treated 3ƕ5 times with the newly developed rodent modulated electro hyperthermia device as 
described in detail in our previous paper [1]. The principle of the treatment is a capacitively coupled, amplitude-
modulated, 13.56 MHz electromagnetic field which transfers energy to the tumors. The electromagnetic field 
was established between two electrodes in the inguinal region. The mobile (upper) electrode was a 2 mm 
diameter column-shaped plastic case filled with stainless steel rods, covered with 3.1 cm2 silver-plated textile, 
positioned on the tumor. Animals were placed on a heating pad (in vivo applicator), functioning as the lower 
electrode, and connected to the LabEHY modulated electro hyperthermia 200 device with heating and 
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radiofrequency (RF) cable. The abdominal area below the mobile electrode and the back of the mice was shaved 
before the treatments to enable electric coupling. Treatments were performed with a LabEHY 200 device in a 
temperature-driven way, for 30 min with 0.7 _ 0.3 watts after a 5-min-long warmup. Temperature monitoring 
was performed with a four-channel TM-200 thermometer (Oncotherm Ltd., Budaõrs, Hungary). Temperature 
sensors were placed (1) on the skin above tumor, (2) in the rectum for core temperature monitoring, (3) on the 
heating pad and (4) nearby the treatment setup for room temperature monitoring. Skin temperature was kept 
at 40 _ 0.5 _C during the treatments, as it assured the required 42 _C inside the tumor. Rectal temperature was 
kept in the physiologic range (37.5 _ 0.5 _C), and the lower electrodeƘs temperature was set at the same 
temperature. Room temperature was at 25 _ 1 _C. During sham treatments, the electromagnetic field was 
turned off but all other conditions (heat pad temperature, upper electrode position) were similar to the mEHT 
treatment. A schematic illustration of the treatment procedure is presented in Figure 9. Numbers of animals in 
the three-time treatment experiments were nsham = 7, nMeht = 18, and nsham = 9, nmEHT = 7 in the five-time 
treatment experiment. 

 

 
Figure 9. Schematic illustration of mEHT treatment setup. Mice were placed on the lower electrode (in vivo applicator) in 
isoflurane anesthesia. The upper electrode was positioned on the tumor in the inguinal region. The LabEHY200 was 
connected with the lower elect rode with a radiofrequency (RF) and a heating cable. Temperature monitoring of tumor 
surface (red: skin temp. sensor), rectum (blue), heating pad (yellow) and room temperature (green) was performed by a 
TM-200 thermometer and the data were registered with a computer during the treatment. 

 

As demonstrated in the H&E and cC3 stained sections, five treatments had such a strong effect on the 
tumors that RNA isolation was troublesome, and we were not able to isolate sufficient quality RNA or protein 
from tumors treated three times. Thus, mRNA and proteomic studies were performed after three mEHT 
treatments, when tumor size reduction was already significant, but RNA and protein isolations were still 
possible. 

4.3. In Vitro Treatments  

In vitro treatments were performed as described by us earlier [1]. Briefly, 1 Ö 106 4T1 cells were pretreated in 
cell culture with 5 ´M KRIBB11 (#385570, Sigma-Aldrich Co., St. Louis, MO, USA) or 0.01% DMSO (#D2438, 
Sigma-Aldrich Co., St. Louis, MO, USA) for 1h before mEHT. The cell suspension was transferred into a plastic 
bag for treatment with the LabEHY 200 in vitro applicator. A thermosensor (TM-200 thermometer, Oncotherm 
Ltd., Budaõrs, Hungary) was inserted into the bag for temperature follow-up. The unit was placed in glass 
cuvette (filled with distilled water), which was inserted between the two electrodes of the in vitro applicator 
(Oncotherm Ltd., Budaõrs, Hungary). An average of 4 ° 1 Watts was applied with the same amplitude-
modulation (AM) as in the in vivo experiments. The temperature rise of the cell suspension was around 2.3 ° 
0.8 ¯C/min. Cells were treated for 30 min in a temperature-driven way to maintain 42 ¯C in the cell suspension. 
Cells were collected 2 h after mEHT treatment, lysed with Tri-Reagent (#TR118/200, Molecular Research Center, 
Inc., Cincinnati, OH, USA) and processed for RNA isolation. 
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4.4. Histopathology and Immunohistochemistry  

Formalin-fixed tumor samples were dehydrated and embedded in paraffin. Serial sections (2.5 _m) were cut 
for hematoxylin-eosin (H&E) staining or dewaxed and rehydrated for immunohistochemistry (IHC) using a 
polymer-peroxidase system (Histols, Histopathology Ltd., Pécs, Hungary). Evaluation of Tumor Destruction 
Ratio (TDR%) on H&E and cC3 and digital evaluation of Hsp70 and Ki67 stainings was performed as described 
earlier [1]. The antibodies used are listed in Table 3. 

Table 3. Antibodies and conditions used for immunohistochem istry and immunofluorescence. pAb: 
polclonal antibody, Hsp70: heat shock protein -70, Ki67: marker of proliferation.  
 

 

 

 

 

4.5. RNA Isolation and RT-PCR 

RNA isolation was performed with TRI reagent (Molecular Research Center Inc.,Cincinatti, OH, USA) according to 
the manufacturerƘs instructions. Isolated RNA was reverse transcribed by a High-Capacity cDNA Reverse 
Transcription Kit (Applied Biosystems, Carlsbadm, CA, USA). The amplified cDNA was used as a template for 
RT-PCR. Messenger RNAs were detected in the samples by SYBER Green based RT-PCR with SsoAdvancedƹ 
Universal SYBER­ Green Supermix and the CFX96 Touch Real-Time PCR Detection System (Bio Rad, Hercules, 
CA, USA). Expressions were normalized to 18S. The primers used are listed in Table 4. 

4.6. Next -Generation Sequencing and Bioinformatic Analysis  

Five sham and five mEHT-treated samples were chosen based on the quality and quantity of the isolated RNA 
and the relative Hsp70 expression (used as a marker of effective treatment), measured by 
immunohistochemistry. RNA integrity and RNA concentration were assessed by the RNA ScreenTape system 
with the 2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and the RNA HS Assay Kit with the Qubit 
3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The DNaseI treatment (Thermo Fisher 
Scientific, Waltham, MA, USA), the Ribo-Zero rRNA removal (Illumina, San Diego, CA, USA) and the KAPA 
Stranded RNA-Seq libraries (Roche Diagnostics, Indianapolis, IN, USA) were prepared according to 
manufacturerƘs protocols. The quality and quantity of the libraries were determined by the High Sensitivity 
DNA1000 ScreenTape system with the 2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and 
dsDNA HS Assay Kits with Qubit 3.0 Fluorometer (Thermo Fisher Scientific,Waltham, MA, USA). Pooled libraries 
were diluted to 1.6 pM for 2 80 bp paired-end sequencing with 150-cycles of the High Output v2 Kit on the 
NextSeq 550 Sequencing System (Illumina, San Diego, CA, USA) according to the manufacturerƘs protocol. Raw 
sequenced reads >50 M per sample were demultiplexed and adapter-trimmed by using the NextSeq Control 
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Software, whilst the FastQ Toolkit (Illumina, San Diego, CA, USA) was applied to trim bases at the 30- and the 
50-ends with a quality score <30. Reads with mean quality score <30 and shorter than 32 bp were filtered out.  

Reads were compared with the Mus musculus reference genome (GRCm38 Ensembl release, STAR v2.6.1c) 
[80]. After alignment, the reads were associated with known proteincoding genes and the number of reads 
aligned within each gene was counted using the HTSeq tool v0.6.1p1 [81]. Gene count data were normalized 
using the trimmed mean of M values (TMM) normalization method of the edgeR R/Bioconductor package (v3.28, 
R v3.6.0, Bioconductor v3.9) [82]. For statistical testing, the data were further log transformed using the voom 
approach [83] in the limma package [84]. TMM normalized counts were represented as transcripts per million 
(TPM) values. Fold-change (FC) values between the compared groups, resulting from a linear modeling process 
and modified t-test p-values,  were produced by the limma package. FC > 2.0 and p-value < 0.05 thresholds 
were used for filtering the differentially expressed (DE) genes. Based on intensive literature search on PubMed, 
UniProt, Protein Atlas, nonprotein-coding genes, previously unidentified (no literature search possible) genes 
and those that had no/insufficient literature (lack of information on expression, function, and regulation) were 
excluded from further analysis. Remaining DE genes were grouped into functional categories created by us. 
Functional analysis was performed to consider the functional annotations of genes using the gene ontology 
(GO) database. Detection of functional enrichment was performed in the differentially expressed gene list (DE 
list enrichment) and towards the top of the list when all genes were ranked according to the evidence for being 
differentially expressed (ranked list enrichment) applying the topGO v2.37.0 packages. We show results of the 
GO analysis of significant upregulated genes (DEListEnrichment_upR). A heat map was created from the 
normalized NGS RNA Seq data with Kendall tauƘs method at heatmapper.ca (Wishart Research Group, University 
of Alberta, Canada) [85]. Raw RNA-Seq data sets generated as part of this study will be publicly available at 
the European Nucleotide Archive (https://www.ebi.ac.uk/ena, accessed on 19 March 2021), under study 
accession number PRJEB43813. 

 
4.7. Mass Spectrometry Analysis  

Mass spectrometry analysis of the same samples used for NGS was performed as described earlier by Ròka 
et al. [19]. Briefly, liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis was done using 
an EASY-nanoLC II HPLC unit (Thermo 

Fisher Scientific, Waltham, MA, USA) coupled with an Orbitrap LTQ Velos mass spectrometer (Thermo Fisher 
Scientific, Waltham, MA, USA). Samples containing 0.1% FA were loaded onto a C18 trapping column (Proxeon 
Easy-column, Thermo Fischer Scientific, West Palm Beach, FL, USA) and separated on a C18 PicoFrit Aquasil 
analytical column (New Objective, Inc.,Woburn, MA, USA). The peptides were eluted using a 5ƕ40% (v/v) 90 min 
linear gradient of acetonitrile in a 0.1% formic acid solution at a constant flow rate of 300 nL/min. The full MS 
mass spectra were acquired with the Orbitrap mass analyzer in the mass range of 300 to 2000 m/z at a 
resolution of 30,000. The MS/MS spectra were obtained by higher-energy collisional dissociation (HCD) 
fragmentation of the nine most intense MS precursor ions and recorded at a resolution of 7500. Only the 
precursor ions with assigned charge states (>1) were selected for MS/MS fragmentation. The dynamic exclusion 
was set to a repeat count of 1, repeat duration of 30 s, and exclusion duration of 20 s. For data analysis, the 
MaxQuant proteomics software (version 1.6.0.13; Max-Planck Institute for Biochemistry, Martinsried, Germany) 
was used for database search and quantification by spectral counting [86]. The database search was performed 
against a Mus musculus Uniprot database (database date 15.10.2017, 16,923 entries). For the database 
searches, methionine oxidation (+15995 Da) and protein N-terminal acetylation (+45011 Da) were set as variable 
modifications. Carbamidomethylation of cysteines (+57021 Da) was set as a fixed modification. Trypsin cleavage 
at arginine and lysine residues was used as enzyme specificity. For the database search, one missed cleavage 
was allowed. In addition, precursor ion and fragment ion mass tolerances were set to 20 ppm and 0.5 Da, 
respectively. A reversed database search was performed, and the false discovery rate was set to 1% for peptide 
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and protein identifications. Raw data and database search files are available at ProteomeXchange (identifier 
PXD024150) [87]. Relative quantification of identified proteins was performed by label-free quantification (LFQ) 
algorithm in MaxQuant. 

4.8. Nanostring Analysis  

RNA samples from the same tumors used for sequencing (NGS), and two further samples per group, were 
chosen for gene expression validation by nanostring. RNA concentrations measured by a Qubit 4 Fluorometer 
(Thermo Fisher Scientific, USA). RNA samples with adequate concentrations were hybridized to the customized 
nCounter­ gene panel (NanoString, Redwood, CA, USA). The applied custom gene panel was composed of 134 
genes identified by NGS as differentially expressed with the highest FC and lowest p values. Genes with no or 
deficient information according to the literature were excluded. Samples were transferred to the nCounter Prep 
Station for further processing. The gene expression profiles of the samples were digitized with the nCounter 
Digital Analyzer. Results were quantified using the nSolver 4.0 Analysis Software (NanoString, Redwood, CA, 
USA). Background was determined with synthetic negative probes provided by the Nanostring company, 
calculating the background level at maximum negative control count number. 

4.9. Statistical Analysis  

GraphPad Prism software (v.6.01; GraphPad Software, Inc., La Jolla, CA, USA) was applied for statistical analysis. 
Unpaired Mann-Whitney nonparametric tests were performed in the comparison of sham and mEHT treated 
groups. Follow-up examinations were statistically evaluated with two-way ANOVA with Bonferroni correction. 
Differences were considered statistically significant as * p < 0.05, ** p < 0.01, *** p < 0.001, **** p < 0.0001. 
Data are presented as mean ° SEM. 

5.  Conclusions  

Here, we demonstrated that modulated electro-hyperthermia (mEHT) effectively inhibited tumor growth and 
proliferation. Moreover, mEHT activated several stress response genes such as members of the heat shock 
response, complement factors such as C4, fibrinogens, haptoglobin and pentraxin, locally in the tumor. Applying 
KRIBB11 + mEHTin combination may have a synergistic effect in vivo, potentiating mEHTƘs antitumor effects. 
Therefore this will be the focus of our future work. Inhibition of these protective mechanisms has the potential 
to enhance the effectivity of anticancer therapies, including mEHT and other clinically applied, traditional 
treatment modalities like chemo, radio and immunotherapy. 
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APPs   Acute phase proteins 
C4    Complement component 4  
cC3    Cleaved caspase-3 
DE    Differentially expressed  
EMF   Electromagnetic field  
FC    Fold change 
H&E   Hematoxylin and eosin 
HER2   Human epidermal receptor growth factor receptor 2  
Hsp70   Heat shock protein 70 
IHC    Immunohistochemistry  
LFQ   Label-fr ee quantification 
mEHT   Modulated electro -hyperthermia  
mRNA   Messenger ribonucleic acid 
MS    Mass spectrometry  
NGS RNA seq  Next-generation sequencing ribonucleic acid sequencing 
RF    Radio frequency 
RT-qPCR   Real-time quantitative polymerase chain reaction  
TDR   Tissue damage ratio 
TNBC   Triple-negative breast cancer 
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Patients and methods  

Patients. Ten patients with advanced or recurrent breast cancer participated in the present study since 
November 2015. All patients had undergone conventional therapies following standard protocols for breast 
cancer. Patients received hormonal therapy, external irradiation, surgery, various chemotherapies, targeted 
molecular treatment, and other available state of the art therapies (15). The selected patients were treated with 
mEHT coupled with adjuvant therapies (chemotherapy, hormone therapy or irradiation) when possible (6 cases); 
in case of complete failure of conventional methods, monotherapy was used (4 cases). The adjuvant therapies 
were trastuzumab emtansine (TDM1; 1 case), mammalian target of rapamycin (mTOR; 3 cases), eribulin (1 
case), irradiation (1 case) and fulvestrant (1 case). The study was approved by the local ethics committee of the 
University of Toyama (approval no. 2613), and the patients provided written consent for the treatment, as well 
as for the research and publication of their data and images. 

Procedure of mEHT. mEHT was performed twice a week in 7 patients and thrice a week in the other 3. The 
session lasted for ~60 min, with at least 1 day in between. The treatment was performed using the EHY2000+ 
device (Oncotherm Kft.). The electrode used was 30 cm in diameter. Patients were placed in the supine position 
on the water mattress of the treatment bed. A stepup heating protocol was used, starting with 60 W, which 
was then increased to 140 W. The average number of treatments performed per patient was 48.6 (range, 890). 
The average dose of 374.6 (range, 371376) kJ was administered. 

Procedure and display of the analytical results. The endpoint of the study was local control (response rate). A 
followup examination of local control was conducted via inspection, computed tomography (CT), or magnetic 
resonance imaging, and was compared with that at baseline before the start of the mEHT treatment process. 
The age, estrogen receptor (ER)/progesterone receptor (PgR)/human epidermal growth factor receptor type 2 
(HER2) status, actual status of metastases, and pretreatment for each patient are shown in Table I. The number 
and duration of mEHT sessions and the total amount of mEHT energy delivered to each patient are summarized 
in Table II. The complementary therapies and local responses are shown in Table III. The statistical analysis 
results are shown in Table IV. 

Statistical analysis. The comparison of the distribution between the two groups of partial response (PR)+stable 
disease (SD) cases and progressive disease (PD) cases was conducted using unpaired ttest for continuous 
variables [age, total mEHT, mEHT/w, mEHT period, mEHT dose, pretreatment, preCT, precarcinoembryonic 
antigen (CEA) and postCEA] and the MannWhitney test for categorical variables (Stage). P<0.05 was 
considered to indicate a statistically significant difference. All analyses were performed using the JMP15.0 
software.  
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Results  

Statistics of mEHT. Out of the 10 cases registered, 5 were stage 3 or 4 preoperatively (Table I). The ER status 
was positive in all cases, and HER2 was positive in 1 case. In 9/10 cases, some treatments were performed 
before mEHT; however, due to the lack of a satisfactory antitumor effect, mEHT was performed or combined 
with other treatments (Table I). Case 2 received the most treatments prior to mEHT, including two types of 
postoperative adjuvant chemotherapy, 5 types of chemotherapy for tumor recurrence, two types of hormone 
therapy, and irradiation. In addition, Case 2 received two types of chemotherapy in combination with mEHT 
(Table III). On the other hand, Case 10 received no treatment prior to mEHT, following the patient's request. The 
statistics of the mEHT are shown in Table II. As a result, 890 mEHTs were performed. The decision to 
discontinue was entirely based on the request of the patient; the most common reason identified was difficulty 
in continuing the treatment. Case 7 underwent mEHT only 8 times. The reason for this was that the combined 
use of irradiation and mEHT reduced the metastatic skin cancer to PR; the patient hoped that mEHT would be 
terminated at the same time as the termination of irradiation. There were no apparent complications during 
mEHT. 

Clinical estimation of the PD case. A summary of the local responses is presented in Table III. Patients felt 
comfortable with warming around the targeted area during treatment. The elevated body temperature 
observed was mild, and some patients presented with sweating without discomfort. In addition, there were no 
adverse effects, such as skin blisters, erythema, or dermatitis. PR was achieved in 3/10 (30%) patients, and so 
was SD. A total of 4/10 patients (40%) showed PD. All 3 patients (cases 2, 4 and 6) that were treated with a 
combination of mEHT and mTOR achieved PD. They had multipleorgan metastases from the breast cancer and 
had undergone multiple sessions of mEHT (4690). Only case 2 received anthracycline and taxane for the 
treatment of breast cancer. Cases 4 and 6 refused chemotherapy and only approved the use of mTOR, which 
has relatively few side effects, such as hair loss and malaise. Therefore, these cases might have deviated from 
the usual treatment for advanced breast cancer and do not indicate a low therapeutic effect of the combination 
of mEHT and mTOR. However, 2/3 PR patients exhibited a reincrease in tumor size after the followup period. 
By contrast, another patient recovered and underwent curative surgery. At the time of writing, she was still 
alive with no signs of recurrence (9 months after initial mEHT therapy). A total of 4 patients judged as PD 
exhibited worsening of the local tumor and metastases. Three patients died of cancer during (2 patients) or 
after the completion of mEHT (1 patient). Case 2 was a 66yearold woman. Bt+Ax was performed in the right 
breast. After administering two types of postoperative adjuvant chemotherapy, hormone therapy was 
performed. Five years after the operation, lung, liver and bone metastases occurred. Following recurrence, 
seven types of treatment were performed (five types of chemotherapy, one type of hormone therapy, and 
radiation therapy). In addition, case 2 received two types of chemotherapy in combination with 90 sessions of 
mEHT for 30 weeks. The tumor did not grow until 24 weeks after the start of treatment, but thereafter, lung 
metastasis gradually worsened, with the eventual occurrence of pleural effusion. Due to dyspnea, the patient 
could not visit the hospital; therefore, mEHT was discontinued. Three months later, the patient died of cancerous 
pleurisy. Case 5 was a 74yearold woman. Bt+SLN was performed for left breast cancer. She continued 
hormone therapy following surgery. Three years after the operation, liver, bone and lymph node metastases 
occurred. Two types of chemotherapy, activated autologous lymphocyte therapy and dendritic cell vaccine 
therapy were then performed; however, tumor growth was observed. At her request, mEHT alone was 
performed for 24 weeks and 73 times without chemotherapy. The symptoms of cough and dyspnea gradually 
worsened, and mEHT was discontinued due to difficulty in visiting the hospital. One month later, the patient died 
of cancerous pleurisy. Case 7 was a 75-year-old man with skin metastasis, lung. Preoperative chemotherapy 
was performed for stage IV breast cancer. Although lung metastasis was reduced, skin metastasis did not 
change. Eight sessions of mEHT+radiation therapy were performed, and a reduction in skin metastasis was 
observed (PR). Following treatment, he was recommended to undergo surgery but refused. Two months after 
the follow-up, chest CT revealed an exacerbation of lung metastases. Although anticancer drug treatment was 
restarted, progressively worsening lung metastases and dyspnea were observed. The patient eventually died 
of cancerous pleurisy 6 months after the completion of mEHT. 
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mEHT monotherapy. A total of 4 patients were treated with mEHT alone, following their request. As a result, 
one patient showed PR, two showed SD, and one showed PD. Case 3 had undergone breast cancer surgery and 
postoperative chemotherapy 22 years ago, and a recurrence of lung metastases was observed 19 years later. 
Hormone therapy was continued; however, an exacerbation of lung metastases was observed. Nevertheless, 
this time, the patient refused to receive anticancer drug treatment and only mEHT was performed 47 times. 
During that time, chest CT revealed no exacerbation of lung metastases; therefore, the patient was judged to 
be SD. Case 5 had undergone breast cancer surgery 5 years ago; 2 years later, she was diagnosed with liver, 
bone and lymph node metastases and received chemotherapy, hormone therapy and activated dendritic cell 
therapy. This time, the patient refused to receive anticancer drug treatment; therefore, only mEHT was 
performed 73 times. During that time, the level of the tumor marker CEA was elevated and an abdominal CT 
revealed aggravation of liver metastases; therefore, the patient was judged as PD. Case 8 had multiple lung 
metastases on preoperative chest CT; however, the patient refused any treatment other than surgery; 
therefore, only mEHT was performed 40 times after mastectomy. During the treatment period, no obvious 
subjective symptoms were observed and chest CT revealed no exacerbation of lung metastases. Therefore, the 
patient was considered to be SD. Details regarding the status of case 10 are provided later. 
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Statistical evaluation of mEHT. Univariate analysis of the number of various treatments performed before 
mEHT and their therapeutic effects are shown in Table IV. PD patients received more types of treatments before 
mEHT than PR+SD patients. CEA levels before and after mEHT were significantly higher in PD patients than in 
PR+SD patients (P=0.017, 0.009), and mEHT was performed in patients with more advanced cancer. Statistical 
analysis of the various parameters of mEHT and their therapeutic effects are shown in Table IV. The average 
number of treatments for PR+SD patients (6 cases) was 31.6 times, and the treatment period 14.8 weeks, which 
was significantly less than that for PD cases (number of treatments, 74.0; treatment period, 30.2 weeks; 
P=0.002). There were many advanced cancer patients with PD, and mEHT was often performed in combination 
with chemotherapy (75%); however, no clear mEHTrelated side effects were observed, and treatment for long 
periods was possible. 

Clinical estimation of the PR cases. Showing the details, 2 PR cases are described. The PR cases 1, 7 and 10 had 
progressionfree survival rates of 2, 7 and 9 months, respectively. 

Case 1. Seven years ago, a 58yearold woman visited our hospital due to left breast cancer recurrence. The 
TNM classification was T1N1M0 stage IIA at that time. Breastconserving operation and additional dissection of 
left axillary lymph nodes were performed. However, the patient (then aged 65 years old) developed lung, skin 
and lymph node metastases. She was positive for the expression of HER2, ER and PgR. Postoperative radiation 
therapy (55 Gy) was performed on the left residual breast tumor area, and 50 Gy radiotherapy on the left 
clavicular region. Hormone therapy (aromatase inhibitor) was continued after the completion of radiation 
therapy. A fluorodeoxyglucose-positron emission tomography scan revealed left chest wall skin invasion (or 
metastasis). Left cervical, subclavian and right axillary lymph node metastases were also observed. Although 
intravenous chemotherapy of trastuzumab was administered, metastatic skin lesions did not respond to these 
treatments. Combination chemotherapy with trastuzumab, pertuzumab and docetaxel was administered; 
however, intolerable diarrhea occurred. Since an exacerbation of skin metastasis was observed after this 
treatment, the drug was changed to TDM-1. However, there was no improvement in the skin lesions (Fig. 1A). 
Finally, mEHT was used for adjuvant therapy using TDM-1. As a result of the combination of anticancer drug 
treatment (TDM-1) once every 3 weeks and mEHT thrice a week, a marked improvement in skin invasion and 
metastases was observed (Fig. 1B). During mEHT, right axillary lymph node metastasis was also reduced 
without direct intervention. However, the tumor re-increased after 2 months of post-treatment evaluation. The 
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tumor metastasized to the brachial plexus. The patient was alive with disease 1.2 years after the final mEHT 
treatment. 

 

 

 

 

 

 

 

 

 

 

Case 10. A 71-year-old woman had observed the presence of a mass in her right breast for >15 years but decided 
to ignore it. Two years ago, she was referred to our university hospital for the assessment of apparent 
discharge and bleeding from the protruding right breast mass. The definite diagnosis was breast cancer. The 
patient was recommended to undergo chemotherapy, hormone therapy and radiation therapy, but she rejected 
these treatment plans, out of fear of developing adverse effects. Therefore, she was followed up without any 
treatment. However, after the tumor increased in size with exudation and a foul-smelling odor, she accepted 
mEHT monotherapy. At the start of mEHT, an initial blood test showed a CEA level of 10.4 ng/ml and cancer 
antigen 15-3 (CA 15-3) of 132 U/ml. CT and magnetic resonance imaging revealed the presence of a massive 
tumor measuring 15 cm in diameter in the right breast (Fig. 2A). Swelling of the axillary lymph nodes was also 
observed; however, distant metastasis to other organs was not detected. mEHT therapy was continued twice a 
week for 6 months, resulting in tumor shrinkage, as observed by CT; therefore, the patient was judged to have 
achieved PR (Fig. 2B). The preoperative diagnosis was T4cN3bM0 stage IIIB, which was an indication for right 
mastectomy (combined resection of the chest skin and partial large pectoral muscle), right axillary dissection, 
and second-stage skin transplantation. Intraoperative findings revealed that infiltration into the large pectoral 
muscle was mild and that it was possible to avoid total resection of the chest muscle. The skin with changed 
color was excised, and the tumor resection margin was histologically negative. The axillary lymph nodes were 
dissected to level II, and it was evaluated that only level I lymph node was positive for metastasis. The 
postoperative course was unremarkable, and she was discharged on postoperative day 14. The pathological 
diagnosis of the resected specimen was pT3N1 (level I, 2/24; level II, 0/14; level III, 0/2) M0 stage IIIA. The tumor 
was removed at the curative margin, due to the effectiveness of mEHT. After 3 weeks, the artificial dermis was 
affixed to the mastectomy part and grafting was performed from the thigh part of the patient. Postoperatively, 
the tumor did not reccur. The CEA level normalized to 2.1 ng/ml 1 month after the surgery. CA15-3 also 
normalized to 18.6 U/ml 3 months after the surgery. Nine months after the surgery, she showed no evidence 
of the disease (Fig. 2C). 
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Discussion  

As the general lifestyle of people changes, the type and structure of malignant diseases also changes. The 
clinical course of cancer and its treatments have diversified. Furthermore, the growing of available openaccess 
information has allowed patients to select their preferred therapies. The widely published adverse effects deter 
some individuals from receiving conventional therapies and favor conservative treatments with the hope of 
maintaining a normal life despite the occurrence of cancer. Hyperthermia is considered a less aggressive 
antitumor treatment strategy and sometimes could be applied even in patients who are unresponsive to 
conventional treatments (surgery, radiation or chemotherapy), as well as to new cancer immunotherapies, 
suchas checkpoint inhibitors, cancerspecific cytotoxic T lymphocytes or chimeric antigen receptorTcell 
therapy. 

In general, cancer cells proliferate autonomously and randomly. The cytoskeleton and genomic structure of 
malignant cells have an inherent instability; therefore, they are more sensitive to heat than normal cells (16). 
Utilizing this feature, the concept of hyperthermia has been established and various therapeutic approaches 
have been developed (17), including heating the lesion isothermally. Most hyperthermia methods use 
bioelectromagnetic energyabsorption heating of the cancer tissue of up to 43ŸC or higher temperatures to kill 
them, mainly by inducing local necrosis, such as the hyperthermia dose (CEM43ŸCTx) calibrated in vitro. 
Moreover, many experimental studies have shown that the obviously heterogenic solid tumors and their blood 
flow derail the developed temperature distribution, despite the use of isodose focusing. The usual 
vasodilatation that occurs in the vivid part of the tumor and its healthy neighborhood increases blood flow, 
possibly facilitating the delivery of chemotherapeutic drugs and increasing the reaction rate, as well improving 
the efficacy of ionization radiation therapies by delivering oxygen (18). Despite the advantages of high blood 
flow, it has several disadvantages, including delivering nutrients that support tumor growth and helping the 
dissemination of the malignant cells by the blood stream, thereby increasing the incidence of distant metastases 
(19). On the other hand, the heavily developed tumors have neoangiogenetic vessels that form vasocontraction, 
increasing the severity of hypoxia and assisting rapid temperature growth in that part of the tissue (20,21). This 
is the reason why local control is significantly good following the use of this method; however, overall survival 
is decreased due to metastases (2226). 

Due to the complex physiological feedback and the attempt to reestablish thermal homeostasis by increasing 
blood flow, as well as by other methods, the effects of conventional hyperthermia are not stable and mostly 
insufficient for a lifetime increase in blood flow. At the end of the 20th day of treatment, the clinical results for 

Figure 7. A representative case. (A) Exacerbation of 
skin metastasis from the breast cancer is presented 
before mEHT treatment. (B) Skin lesions responded 
very well to the treatment, whereas the tumor 
invasively penetrated into the large pectoral 
muscle. 

Figure 2. A second representative case. (A) CT 
showing the presence of a large tumor 15 cm in 
diameter. (B) Following mEHT treatment (twice 
a week), the tumor reduced in size after 6 
months. (C) The tumor was removed at the 
curative margin due to the eff 
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local control following radiation therapy alone vs. treatment with radiation+hyperthermia for advanced, 
recurrent breast cancer were reported to be 41 vs. 59%, respectively (26). Therefore, many patients and 
medical doctors who continue to treat various types of cancer, including advanced pancreatic cancer and other 
advanced cases, without further conventional treatment options are looking for a more effective therapeutic 
method, including the safe and secure hyperthermia treatment. Based on these backgrounds, mEHT is 
conducted in accordance with basic and clinical research data, which is based on the cellular selection of tumor 
cells, inducing programmed cell death (apoptosis), in various cancer cells by causing a temperature gradient 
and prompting extrinsic pathways to produce damageassociated molecular patterns (27) and immunogenic 
cell death (28,29), thereby producing tumorspecific immune reactions (30) and an abscopal effect (31). The 
inhibition of protective autophagy via sublethal hyperthermia in hepatocellular carcinoma has been shown to 
enhance hyperthermiainduced apoptosis via the ATP/AMPK/mTOR signaling pathway (32). Furthermore, it has 
been reported that the inhibition of protective autophagy could be a therapeutic strategy for RASinduced 
pancreatic cancer (33). Unfortunately, the combination therapy with mTOR inhibitor and mEHT used in the 
present study resulted in PD in all cases; however, it is possible to continue longterm treatment for advanced 
breast cancer cases with multiple organ metastases. More studies with more cases are needed to explore the 
combined treatment of mTOR inhibitor and mEHT. The following clinical advantages have been reported from 
this therapeutic principle: i) Very high heating efficiency for cancer with a low power (150 W) (34); ii) modulated 
electromagnetic waves do not result in burns on the skin (35), and (3) these waves adequately reach tumors 
deep within the body, such as those in the pancreas (36), lung (37), liver (32) and cervix (38). 

Due to the lack of awareness and delay in discovery, elderly patients with breast cancer are sometimes at a 
very progressive stage, with skin invasion or other metastases upon first diagnosis. Therefore, it is essential to 
consider the risks and benefits of surgery and anticancer drug treatment for these patients. When conventional 
therapies with standard protocols fail, only palliative care is selected after informed consent. However, mEHT 
is recommended as a valid option with few adverse effects for patients with advanced cancer. 

In conclusion, it was reported in the present study that the use of mEHT is feasible for advanced or recurrent 
metastatic breast cancer where pretreatment is ineffective. The results suggested that mEHT has no side 
effects and could be combined with various treatments for a long time. 
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Abstract. The present study (KGOG 3030) aimed to evaluate the safety of modulated elect ro hyperthermia 
(mEHT) therapy with weekly administration of paclitaxel or cisplatin in female patients with recurrent or 
persistent epithelial ovarian, fallopian tube or primary peritoneal carcinoma. A total of 12 patients were 
randomized into the paclita xel or cisplatin arm at a 1:1 ratio. Patients received weekly administration of 
paclitaxel (70 mg/m2) or cisplatin (40 mg/m2) intravenously on days 1, 8 and 15, and underwent mEHT therapy 
for 1 h on days 1, 4, 8, 11, 15, 18, 21 and 24 for each 4week cycle. The primary endpoint was the occurrence of 
dose limiting toxicity (DLT). The secondary endpoints were treatment emergent adverse events (TEAEs), 
objective response rate, carbohydrate antigen 125 (CA125) response rate, progression free survival (PFS) and 
overall survival (OS). In total, 16 patients were recruited, but four patients dropped out. None of the 12 
remaining patients (6 each in the two arms) experienced DLT. Overall, 0 and 4 grade 3 TEAEs (anemia, nausea, 
neutrophil count decreased and plate let count decreased) occurred in the paclitaxel and cisplatin arm, 
respectively. Furthermore, one confirmed partial response and two CA125 responses were observed in the 
cisplatin arm. The median PFS time in the paclitaxel and cisplatin arms was 3.0 months  (range, 1.74.6 months) 
and 6.8 months (range, 3.9 11.8 months), respectively, while the median OS time was 11.5 months (range, 
8.4 28.8+ months) and not reached (range, 3.9 38.5+ months), respectively. In conclusion, mEHT therapy with 
weekly paclitaxel o r cisplatin appeared safe and warrants further investigation. The present trial was 
registered with www.clinicaltrials.gov on January 22, 2015 (trial registration no. NCT02344095).  

Key words:  cisplatin, induced hyperthermia, ovarian epithelial carcinoma, paclitaxel, toxicity  

Introduction  

Recurrent ovarian cancer is incurable and, accordingly, has poor prognosis. In a study analyzing survival data 
from clinical trials of ovarian cancer, the median overall survival (OS) after the first, second, third, fourth and 
fifth recurrence was 17.6, 11.3, 8.9, 6.2 and 5.0 months, respectively (1). Therefore, novel treatment options are 
urgently required for such patients. Radiofrequency hyperthermia (RFH) therapy involves heating of the body 
using radiofrequency energy. While it has been applied for the treatment of different cancer types, its efficacy 
remains conflicting. For instance, in a randomized trial of 73 patients with advanced ovarian cancer, those who 
received chemotherapy with RFH achieved better tumor remission rates than those who received 
chemotherapy alone (2). However, in a randomized trial of patients with cervical cancer, there was no significant 
difference in survival between those who received RFH with radiotherapy and those who received radiotherapy 
alone. In addition, acute toxicity was significantly worse in the RFH plus radiotherapy arm (3). 

Modulated electrohyperthermia (mEHT) is a type of RFH that uses impedance coupling with 
amplitudemodulated 13.56 MHz carrier radiofrequency (4). Similar to conventional RFH, mEHT is usually 
administered for 60 min, 13 times per week (3,57). However, unlike conventional RFH, the energy of 
radiofrequency is selectively absorbed by the tumor cells in mEHT (8). In addition, an in vitro study reported 
that the cellular response to mEHT is different from that to conventional RFH. Specifically, in contrast to 
conventional RFH, mEHT activates caspasedependent pathways and induces apoptosis (9). Therefore, it was 
hypothesized that the oncologic effect of mEHT may be different from that of conventional RFH. 

To the best of our knowledge, only 3 trials investigating the effects of mEHT therapy on cancer have been 
published to date. Although the trials were on different cancers, the results all suggested that the addition of 
mEHT was beneficial for achieving a higher response rate (5) and better local control (6) than conventional 
treatments and was highly feasible (7). However, evidence on the usefulness and safety of mEHT combined with 
chemotherapy in the treatment of ovarian cancer is currently lacking (10). Thus, the present study aimed to 
evaluate the safety of mEHT therapy with weekly paclitaxel or cisplatin administration in females with recurrent 
or persistent epithelial ovarian, fallopian tube or primary peritoneal carcinoma. 
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Materials and methods  

Trial design and randomization. The present trial (KGOG 3030) was a phase 1 trial with 1 dose level performed 
at three tertiary hospitals (Seoul National University Bundang Hospital, Seongnam, Gyeonggi; Gangnam 
Severance Hospital, Seoul; Ewha Womans University Mokdong Hospital, Seoul) in the Republic of Korea between 
February 2015 and November 2017. The study was conducted according to the tenets of the Declaration of 
Helsinki and its later amendments, and the protocol was approved by the Institutional Review Board (IRB) of 
each hospital (Seoul National University Bundang Hospital IRB, approval no. E1407/258001, approval date 17th 
Sep 2014; Yonsei University Gangnam Severance Hospital IRB, approval no. 320140272, approval date 14th 
January 2015; Ewha Womans University Medical Center IRB, approval no. EUMC 201409009, approval date 1st 
December 2014) and registered at www.clinicaltrials.gov (on January 22, 2015; registration no. NCT02344095). 
Written informed consent was obtained from all subjects. The present study was reported in line with the 
Consolidated Standards of Reporting Trials guidelines (11). 

There is already a widely used protocol for mEHT therapy and numerous cases in which mEHT therapy was 
combined with various chemotherapy modalities were encountered in our clinical practice. Therefore, the widely 
used protocol for mEHT therapy (1 h; 2 sessions per week; maximum energy, 140 W) (10) was adopted. In 
addition, it was decided not to test several dose levels of chemotherapy and adopt a 3+3 design with only 1 dose 
level (70 mg/m2 for paclitaxel, 40 mg/m2 for cisplatin). Specifically, 3 patients were enrolled and underwent 
therapy with a dose level of chemotherapy plus mEHT. If doselimiting toxicity (DLT) was observed in <2 of 3 
patients, 3 more patients were enrolled. If DLT occurred in <2 of 6 patients, it was concluded that the dose was 
safe enough for use in a further investigation. There was no dose escalation or deescalation. Therefore, the 
anticipated number of patients was 12 (6 in each arm). 

The optimal chemotherapy drug to be combined with mEHT therapy in recurrent ovarian cancer has remained 
undetermined. In vitro studies suggested that hyperthermia potentiates the cytotoxic effects of cisplatin (12,13). 
Furthermore, weekly paclitaxel administration is an effective regimen in recurrent ovarian cancer (14). After a 
thorough review of the literature and discussion, paclitaxel and cisplatin were selected (1214). To determine 
which drug should be selected for further investigation at the completion of the present trial, both the paclitaxel 
and cisplatin arms were launched and compared using randomization. Patients were randomized into the 
paclitaxel arm or the cisplatin arm at a 1:1 ratio using block randomization with ƗhospitalƘ as a stratification 
factor. Randomization and notification of results were performed by the independent data center and the 
randomization result was not concealed. 

Eligibility and intervention. The inclusion criteria were as follows: i) Recurrent or persistent epithelial ovarian, 
fallopian tube or primary peritoneal carcinoma; ii) tumor evaluable with radiologic study or serum carbohydrate 
antigen (CA)125; and iii) Eastern Cooperative Oncology Group performance status score (15) of 02. The 
exclusion criteria were as follows: i) Tumor located in previously irradiated area; ii) brain metastasis; iii) residual 
neurotoxicity or history of severe neurotoxicity; iv) hypersensitivity to paclitaxel or cisplatin; and v) pacemaker 
or metal implants. The number of previous chemotherapy regimens was limited to <3 at initiation. However, 
due to slow accrual, the limit was changed to <4 in August 2015 and was removed in July 2016. 

Patients in the paclitaxel arm received 4 cycles of mEHT therapy with weekly paclitaxel chemotherapy, with 
each cycle lasting 4 weeks. After steroids and antihistamines were administered to prevent infusion reactions, 
70 mg/m2 of paclitaxel was intravenously infused for 1 h on days 1, 8 and 15 every 4 weeks. Within 3 h of 
completion of paclitaxel infusion, mEHT therapy was initiated. The mEHT therapy was performed 2 times 
weekly (days 1, 4, 8, 11, 15, 18, 21 and 24 per cycle) using an EHY 2000 plus device (Oncotherm GmbH) and each 
mEHT therapy session lasted 60 min. During the mEHT therapy, patients were placed in a supine position and a 
30cm diameter circular mEHT electrode was attached to the abdominal wall over the tumor. No precise 
targeting of the tumor was performed. Starting from 60 W, energy was gradually increased to 140 W. If the 
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patient felt hot or had any discomfort, the energy was decreased to the previous level and then maintained at 
that level throughout the duration of the session. When tumors were present in the abdomen and chest area, 
mEHT therapy was performed sequentially (starting at the abdomen and then the chest). 

Patients in the cisplatin arm received 4 cycles of mEHT therapy plus weekly cisplatin chemotherapy, with each 
cycle lasting 4 weeks; 40 mg/m2 of cisplatin was intravenously infused for 1 h on days 1, 8 and 15 every 4 
weeks. The mEHT therapy protocol was the same as that for the paclitaxel arm. 

Endpoints. The primary endpoint was the occurrence of DLT from enrollment to fourth cycle completion in 
evaluable patients of each arm. DLT was defined as the occurrence of any of the following: i) Neutropenic fever 
requiring inotropics or intensive care unit admission; ii) hematologic toxicity not recovered to grade 1 or 2 within 
3 weeks (except anemia); iii) nonhematologic toxicity not recovered to grade 1 or 2 within 3 weeks (except 
alopecia); and iv) death. Evaluable patients were defined as patients who completed the second cycle. 

The secondary endpoints were safety and preliminary efficacy. Safety was measured according to the type, 
grade and incidence of treatmentemergent adverse events (TEAEs) evaluated using the Common Terminology 
Criteria for Adverse Events version 4.0 (16). The efficacy endpoints were objective response rate in patients 
with measurable disease as evaluated using the Response Evaluation Criteria in Solid Tumors version 1.1 (17), 
CA125 response rate in patients with elevated baseline CA125, progressionfree survival (PFS) and OS.  

 

 

 

 

 

 

 

 

 

 

 

Figure 8. Flowchart depicting the movement of patients throughout the present trial. 
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The CA125 response was defined as a decrease of >50% from the baseline with confirming repeat test results. 
During treatment, physical examination and CA125 test were performed every cycle. After treatment was 
completed, patients were followed up every 3 months until death. CA125 and imaging tests were performed at 
the discretion of the physician.  

Statistical analysis. All statistical analyses were performed using SPSS version 25 (IBM Corp.). Continuous 
variables were presented as the median and range. Categorical variables were presented as counts and 
percentages. PFS and OS were estimated using the KaplanMeier method. 

Results  

Baseline characteristics. In total, 16 patients were recruited for the present study. A flowchart depicting the 
movement of the patients throughout the study is provided in Fig. 1. Of 16 patients, four patients in the cisplatin 
arm did not complete the first cycle and were not evaluable. The timepoint and reasons for treatment 
discontinuation of the 4 patients were as follows: Patient 1 (prior to cycle 1, withdrawal of consent), patient 2 
(cycle 1 day 1, withdrawal of consent), patient 3 (cycle 1 day 15, clinical deterioration due to presumed cancer 
progression) and patient 4 (cycle 1 day 8, withdrawal of consent). No TEAEs of grade 3 or above were observed 
in the 4 patients. The 4 patients were excluded from the efficacy and safety analysis according to the protocol.  

The baseline characteristics of the 12 evaluable patients are summarized in Table I. The median age was 64 
years and the highgrade serous type was the most common histological type. The number of previous 
chemotherapy regimens ranged from 1 to 5 and most of patients were platinumresistant or refractory. 

Safety. None of the 12 evaluable patients experienced DLT. No severe TEAE occurred in the paclitaxel arm. The 
common TEAEs were constipation, dyspepsia, headache and neutropenia. A total of, four grade3 TEAEs 
occurred in the cisplatin arm. These were grade3 anemia (n=1), nausea (n=1), neutropenia (n=1) and 
thrombocytopenia (n=1). The common TEAEs were neutropenia and nausea. TEAEs according to type and grade 
in the paclitaxel and cisplatin arms are summarized in Tables II and III, respectively. 

Efficacy. Of the 12 patients, 9 patients (5 in the paclitaxel arm, 4 in the cisplatin arm) had measurable disease 
at baseline. Of the 9 patients, 1 confirmed partial response was observed in the cisplatin arm 
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(platinumresistant, highgrade serous). The duration of response was 4 months. Furthermore, 9 of the 12 
patients (4 in the paclitaxel arm, 5 in the cisplatin arm) had elevated baseline CA125 levels. Among them, 2 
CA125 responses (2 in the cisplatin arm, both were platinumresistant, highgrade serous) were observed. The 
duration of response was 4 and 10 months. Progression was observed in all patients. The median PFS in the 
paclitaxel and cisplatin arms was 3.0 months (range, 1.74.6 months) and 6.8 months (range, 3.911.8 months), 
respectively. At the cutoff of September 12, 2018, 5 of the 12 patients had died (4 in the paclitaxel arm, 1 in the 
cisplatin arm). The median OS in the paclitaxel and cisplatin arms was 11.5 months (range, 8.428.8+ months) 
and not reached (range, 3.938.5+ months), respectively (data not shown). 

Discussion  

In a previous study, chemotherapy combined with 
conventional RFH was reported to be more effective 
than chemotherapy alone for the treatment of 
advanced ovarian cancer (2). However, to the best of our 
knowledge, no previous study has examined the 
efficacy and safety of chemotherapy combined with 
mEHT for ovarian cancer. Therefore, the present study 
is novel and it is the first to examine the safety and 
efficacy of chemotherapy combined with mEHT for the 
treatment of ovarian cancer. 

The results of the present phase 1 trial indicated that 
mEHT therapy combined with weekly chemotherapy is 
safe enough to proceed to be investigated in further 
clinical trials. Specifically, no DLT occurred in both the 
paclitaxel and cisplatin arms, and only 4 grade 3 TEAEs 
were observed. Therefore, both modalities appeared 
tolerable. The safety of RFH therapy combined with 
chemotherapy has been reported in previous studies. In 
a trial on RFH therapy combined with weekly docetaxel 
in patients with locally advanced nonsmall cell lung 
cancer, grade 3 or 4 neutropenia occurred in only 24% 
of the patients (18). In a randomized trial comparing RFH 

plus chemotherapy with chemotherapy alone in advanced ovarian cancer, toxicity was similar between arms 
(2). Collectively, these findings and the results of the current trial indicated that mEHT therapy may be safely 
combined with chemotherapy. 

To the best of our knowledge, no study has reported superiority of RFH with chemotherapy over chemotherapy 
alone in the treatment of platinumresistant ovarian cancer. In the present study, mEHT therapy combined with 
weekly chemotherapy showed intermediate efficacy. Of the 9 patients, only 1 partial response was confirmed 
(response rate, 11%). Response based on CA125 was observed in 2 of 9 patients (22%). All responses were 
observed in the cisplatin arm. Specifically, in the cisplatin arm, 1 of 4 patients with measurable disease 
responded (response rate, 25%), and 2 of 5 patients with elevated baseline CA125 levels exhibited CA125 
response (40%). This suggests that when combined with mEHT, while cisplatin appeared to be slightly more 
toxic, it was also more efficacious than paclitaxel. Supporting the present results, previous cell line studies 
suggested that hyperthermia enhanced the cytotoxicity of cisplatin but inhibited that of paclitaxel (12,13,19,20). 
Thus, mEHT therapy combined with weekly cisplatin administration should be considered a regimen for further 
investigation. 
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Of note, one radiologically confirmed partial response and two CA125 responses were observed in the present 
study in platinumresistant patients in the cisplatin arm. A singlearm trial testing the efficacy of oral etoposide 
plus weekly cisplatin reported a 46% response rate in platinumresistant patients and highdose intensity 
achieved by weekly dosing was suggested as a mechanism for overcoming platinum resistance (21). Both 
weekly dosing and synergy between cisplatin and mEHT may be the mechanisms accountable for the responses 
observed in the present study. 

The present study has certain limitations. First, the safety of therapy was determined using data from only 6 
patients per group. Therefore, the safety of therapy should be considered preliminary and only be used to make 
decisions for further investigations. As another limitation, the present trial did not test multiple dose levels and 
did not investigate the maximum tolerated dose of mEHT. This may have resulted in undertreatment. However, 
a recent study indicated that the optimal dose of mEHT in the treatment of recurrent ovarian cancer is 150 W 
for 1 h (7), and that dose is similar to the energy used in the present study (140 W). Nevertheless, a strength of 
the present study was that it was a multicenter study. 

Our group is planning a subsequent phase 2 trial, testing the efficacy and safety of weekly cisplatin plus mEHT 
for recurrent ovarian cancer, and efficacy will be evaluated in platinumsensitive and resistant subgroups 
separately. 

In conclusion, mEHT therapy with weekly paclitaxel or cisplatin appeared safe in female patients with recurrent 
or persistent epithelial ovarian, fallopian tube, or primary peritoneal carcinoma, thus warranting further 
investigation in clinical trials.  
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Abstract  
The local-regional oncological hyperthermia has various electromagnetic methods for energy-transfer. The 
differences involve conceptual considerations and technical solutions. The most frequently applied energy 
transfer is capacitive coupling, concentrating the electric field to be the active heating component. The 
realization of the capacitive coupling set-up is divided into two different categories based on their goals for 
heating: 1) the homogeneous (conventional) heating, using isothermal conditions for dosing, and 2) the selective 
heterogeneous heating, using cellularly absorbed energy for dosing. The homogeneous heating utilizes plane-
wave matching, absorbing the wave for energy transfer. The heterogenic heating uses impedance matching, 
selecting the malignant cells by their electromagnetic specialties, like their heterogenic impedance, higher 
membrane-raft density, and different spatio-temporal (pathologic pattern) arrangements. This articleƘs 
objective is to compare and discuss the details of the two kinds of capacitive coupling techniques. 
 
Keywords  
Plane-Wave Matching, Impedance Matching, Apoptosis, DAMP, ICD, Selective Heating, Electromagnetic 
Heterogeneity, Membrane Raft 
 

1. Introduction  

1.1. Strategy in the Fight against Cancer  

Life is based on energetically open systems, where environmental conditions determine their equilibrium. The 
general systemƘs theory [1] was one of the early efforts to show the complexity of open living systems focusing 
on the deep embedment of its processes in the environmental interactions. Due to the environmental actions, 
the physical laws work well to explain the evolutionary processes [2]. The energetically open living system 
intensively interacts with its environment, exchanging molecules and various thermodynamic and 
electromagnetic parameters. Simply speaking: our focus differs from living motility to the energy-transfer. A. 
Szent-Gyorgyi described the life-energy relationship using the analogy that it is not important that the monkey 
goes through the jungle, what is important is how the jungle goes through the monkey, in the form of nutrition, 
water, and oxygen, keeping the monkey alive using the environmental energy-sources [3]. The living system is 
complexly controlled, to maintain homeostasis. Diseases, especially cancers, break the relative equilibrium and 
risk the systemƘs relative instability. The human body tries to re-establish homeostasis in many ways by 
enhancing the negative feedback controls. Multiple actions of human physiology try to compensate and correct 
the damage caused by cancer. 

Healthy homeostasis struggles to control the malignancy. The first few attempts block the proliferation and 
start intracellularly controlling the DNA replication. It fails for various reasons, including genetic aberration [4], 
mitochondrial dysfunction [5], or other intracellular [6], and additionally extracellular [7] hallmarks of 
malignancy. 

The malignancy in this general meaning is a distortion of the healthy cellular network, the rules of a 
multicellular organization being broken. The breaking of cellular networks is a general behavior of all tumors 
independent of their locations within the body. In this sense, cancer is an organizing (networking) disease, where 
the cells unleashed from their networks abandon the living advantages of collectivism, and individualism 
prevails [8]. Cancerous and bacterial proliferations have a lot in common [9]. The tumor itself has atavism 
qualities [10], in the sense that the malignant cells act like self-ruled unicellular organisms. The atavism-like 
process is general, not only with the loss of cellular connections but also with the altered intracellular genetic 
structures. The unicellular individualism develops the great potential for adaptability to environmental changes, 
making these cells more vigorous than those in the multicellular network. The modified genetic activity at the 
active boundary between unicellular and multicellular areas, causes disorganization of the multicellular 
structure, promoting primitive transcriptional programs [11]. However, the similarity with atavism is only formal. 
The atavistic development is supported by the environment which is rich in energy-resources needed for the 
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proliferation. Still, the active use decreases the valuable matter around the bacteria, and only some physical 
processes (like diffusion, flows in aqueous solution, etc.) may passively replace the missing materials. In cancer 
conditions, the proliferating cell actively changes its environment, forcing the healthy host to supply the needed 
materials [12]. The cancer is afforded a friendly environment by the host, which tries to ƚhealƛ the abnormality 
by strengthening angiogenesis, injury current, and numerous other supportive mechanisms. There are telling 
arguments for the likening of the cancerous process to wound repair [13]. The bio-system falsely recognizes 
the tumorƖas a wound and stimulates its environment to heal the irregularity (meaning to produce cells to 
heal) [14]. 

We are in a war against this disease [15]. The end of this war seems to be far away [16]. This warƘs strategic 
decision may be borrowed from the military: attack the enemyƘs weakest point, and avert to direct fight with 
its strongest forces. The most vital force of the malignancy is its uncontrolled proliferation, while the weakest 
side is the autonomy of the proliferated cells, and their isolation from the regular cellular network. The 
cooperation of the healthy cells regulates, controls, and supplies the members of the network. The malignant 
cells are ƚindividual fightersƛ competing against all healthy and malignant cells for the energy sources to 
proliferate. This ƚlonelinessƛ behavior makes the malignant cells vulnerable. They miss the complex support 
from the network. The missing network otherwise helps the proliferative development due to the easy motility 
and forming micro and macro metastases. Following this strategy, the final aim of cancer treatments is to 
eliminate the cancer cells throughout the body. 

1.2. Some Tactical ǪWeaponsǫ 

To follow the strategic goal to attack the malignant cellsƘ individualism, we have multiple ƚtacticalƛ possibilities 
to choose from. The lack of coherence and support it in the network modifies the cells and their 
microenvironment. This modification could be used to select and kill the cells. The most characteristic changes 
are a result of the cellsƘ autonomy: 

ǒ The individual cells are more vulnerable than the cells connected via the network. Healthy cells may share 
their extra absorbed energy with the neighbors, while the autonomous cells are at risk of being overloaded by 
the absorbed energy can be overloaded. 

ǒ The autonomy means that the cellƘs microenvironment is like an ocean around it, only with a few, if any, 
connections. The molecular ƚbridgesƛ that made the bonds in the network are broken, and numerous 
transmembrane proteins remain unconnected and free to move along the membrane and form clusters. 

ǒ A large part of the homeostatic control is missing due to the autonomy, and the cells live unregulated. This 
allows the use of metabolic mechanisms which are rare in networked systems. The mitochondrial symbiosis 
with the cell has less importance and becomes mostly dysfunctional. 

ǒ The autonomy promotes cellular motility that uses the transport systems (lymph and blood), and once 
separated from the group, these cells more vulnerable. 

ǒ Consequently, the energy-demand massively increases in malignant cells as the cells require the extra energy 
to produce the daughter cells and to support the entire division process. 

ǒ The basic chemical reactions are out of systemic harmony. The long-range, and broadly scaled fluctuation 
and constant multiscale entropy is broken by autonomy, producing easily distinguishable fluctuations (noises) 
in measurable electromagnetic signals. 
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The above points are interconnected, and the ƚtactical actionsƛ could affect many of them simultaneously. Some 
of the popularly applied treatments are as follows: 

ỏ Change the conditions by special, strict diets (like GersonƘs diet), constraining the body back to the previously 
working equilibrium. However, in many cases, it works against the natural homeostasis; the constrained action 
induces new negative feedbacks from the living object. The living organism starts to fight against our 
constraints together with the fight against the disease itself, which unnecessarily overloads the controlling 
system and could lead to its collapse, causing serious side effects. 

ỏ An interesting tactic is to put out the fire with fire. This method increases the already significant metabolic 
rate of the malignant cells without allowing an increased delivery of the supplies. This was the original idea of 
hyperthermia: to locally heat the malignant tissue, and force the cellsƘ metabolism, without allowing the 
replacement of the energy. This method is against the general physiological control, which is governed the 
blood-flow. The higher local temperature increases the blood-flow to cool-down the targeted volume. The extra 
blood delivers nutrients, and oxygen, so the method could easily turn in the opposite direction. 

ỏ Some proposed treatments favor fasting or supplying the body with only one kind of nutrient, like blocking 
carbohydratesƘ consumption and expecting that the limited supply will starve the malignant cells. 

The above treatments do not work, mainly because the living complexity does not isolate one of the otherƘs 
dynamic characters, so the action easily turns to the opposite. The general problem with these is proposed 
methods is that the complexity is not accounted for in the applied principles, the principles involve oversimplified 
mechanisms, due to the lack of complex knowledge. This problem is well formulated by a playwriter Berthold 
Brecht: ƚThe aim is not to open the door to the infinite wisdom, but to circumscribe the infinite fallacyƠ The 
main reason for the poverty in science is the conceited property.ƛ [17]. The physicist Stephan Hawking 
formulated the same: ƚThe greatest enemy of knowledge is not ignorance, it is an illusion of knowledgeƛ. 

The dark-side of the tactical elements is the multiple quackeries distributed by social media. This approach uses 
the ƚformal knowledgeƛ of the complexity, declaring their method as a special secret, which drives the complex 
processes. This could be characterized by the statement of Frederici Di Trocchio ƚSwindle was used to art. 
Nowadays, it became a science tooƠƛ [18]. 

1.3. Oncological Hyperthermia  

Hyperthermia in oncology appeared in ancient medicine. Today heating processes for medical purposes have 
become a vital ƚhome remedyƛ, from the sun-bathing to the hot-bathes, including the Japanese high-
temperature bath and Finish sauna. Hippocrates first described the application of heat in oncology in European 
medicine. The use of heat therapy to cure cancer has since emerged in various settings in the medical field. The 
appearance of electromagnetism in medicine renewed the heating efforts, and extended the applications for 
various cancers. Two main categories divide the electromagnetic-based heating applications: the local deep 
heating which results in local-regional hyperthermia (LRHT), and the whole-body hyperthermia (WBH). Just as 
the categories of chemotherapy and radiotherapy include many different modes of treatments, ƚhyperthermiaƛ 
is also a large category with different technical aspects. Figure 1 maps the main differences between the 
technical solutions. 
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Figure 9. The major categories of hyperthermia methods. 
 
The relatively simple physical-physiological heating concepts do not mean a simple application in humans. The 
complexity of human physiology, and the non-linear feedbacks of the homeostatic regulation, limits the heating 
possibilities. Despite the proven in vitro benefits of heating in cancer treatment, the clinical results have strongly 
demonstrated how the control of treatment is often influenced more by the human body than by the treatment 
intention. This complication made the development of oncologic hyperthermia non-monotonic, having both 
great successes and failures [19]. It was clear from the beginning of oncological applications that the real, local 
cell-distortion must have a high temperature, higher than the physiological limit of 42ŸC. However, this limit 
restricts the high temperature application of WBH which has moved towards mild temperature range, 
promoting the reactivation of the immune system. Contrary to WBH, LRHT does not limit by the temperature 
in the tumor. When the high temperature targets the healthy host tissues around the tumor, it could produce 
unintended necrotic burns with serious damage to the treated organƘs function. 

Consequently, the energy absorption during the heating process significantly depends on the technique applied. 
No unified protocol for the various technologically determined targets of the heat has currently been described. 

The category ƚhyperthermiaƛ includes various energy-absorption methods, and each individual solution requires 
its own protocol. It is very similar in this regard to the chemo-variants of oncological therapies. Chemotherapy, 
depending on the targets of the drug, has different protocols. Mixing these could cause serious adverse effects 
and even fatal events such as poisoning. Homogeneous targeting in most of these therapies requires very 
different protocols to the local or cell-sensitive selection. For example, chemotherapy is administered 
intravenously (i.v.), at different doses to the doses administered with chemoembolization or other types of local 
administration. Isodose homogeneity, as in radiotherapy, is also not used in most brachytherapies, radiation 
seed, or nanoparticle administration. We are sure that the hyperthermia variants also have specific differences 
in their dose and protocol, sharply depending on their technical solution and targeting method. Defining a 
general dose and protocol for all hyperthermia methods is a misleading request. The methods are not equal. 
Their effects are different, so the dose and protocol have to fit the specific situation. 
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The heating techniques determine the result of the clinical treatment. Just as the categories of chemotherapy 
or radiotherapy, which include many different treatments, ƚhyperthermiaƛ is also a large category with different 
technical aspects. We have seen that exposing the tumor to 42ŸC in whole-body hyperthermia has entirely 
different results than the same temperature in any local treatment. Characterization of the temperature alone 
is not enough to categorize the technical solutions. 

A water bath is used in many experimental models to achieve hyperthermia, and this models homogeneous 
heating solutions. The various electromagnetic heating technologies also have their specialties. The 
bioelectromagnetic action of the technology determines the actions. Evaluating the applied technique, we 
consider the kind of energy delivery, the method of heat absorption, and handling the target tumorƘs 
physiological reactions, together with their inhomogeneities. The targetƘs absorbed energy, and its temperature 
distribution are not the same [20], and these characteristics are largely determined by the blood-flow. The 
technical solutions must handle how the provided energy I transformed into the desired temperature. 

1.4. The Electromagnetic Coupling Modalities  

Variants of energy-transfer realize the absorption in the target. Various ƚantennasƛ (sources) couple the energy 
to the target (Figure 2 ). The homogeneity of the absorption defines the main character of the actual coupling. 
The inductive arrangements have two heating forms. One is the Eddy-current (induced current loop in the body) 
and the other uses magnetic materials for heating. In living objects, both the Eddy-current and magnetic 
approaches are applied. Life does not have natural inherent magnetic properties. Artificial magnetic materials 
(like nanoparticles, seeds, rods, etc.) orient the energy for heating. Internal Eddy-current induction needs an 
extra high magnetic field, and the induced current has no specified orientation but is sensitive for 
inhomogeneities inside the body. Consequently, both induction methods heat in a heterogenic way. The 
conventional relative antenna solution radiates the electromagnetic energy, which is absorbed by the target. It 
is less sensitive to heterogenic structures, so is usually applied for homogeneous heating to use the dosing of 
isothermal volumes. The capacitive coupling has two major kinds of energy transfers: 1) the plane-wave antenna 
process, which aims to achieve similar isothermal absorption of the electromagnetic waves as the radiative 
applications; 2) the impedance coupling process, which uses the precise impedance-matching of the target. The 
isothermal kind of capacitive coupling requires high energy transferred via the plane-wave, while the impedance 
matching (mimics the galvanic match), uses less energy provided the heterogenic absorption processes are 
exploited and dominate. The galvanic coupling firmly touches the actual target. In non-living applications, this is 
the simple discrete resistor situation. The galvanic coupling in the case of living items applies tightly connected 
electrodes invasively with direct solid contact with the bodyƘs surface. 

 

Figure 10. The major coupling methods for local-regional heating. (a)-(d) Homogeneous (non-living) targets; (e)-
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(h) Heterogeneous (living) target. The energy-absorption induces different effect in various couplings. 
 
Applications using capacitive and radiative (microwave) solutions are the most popular methods used in the 
technical realization of the treatments; however, due to the sharp decrease of penetration depth with the 
increase of frequency, microwave solutions are mainly applied for surface lesions (see later). Capacitive 
coupling of energy delivery has become the most frequently applied technique, and the frequency of choice for 
the technique is the so-called ƚfree-frequencyƛ of 13.56 MHz, approved for industrial, scientific, and medical use 
(ISM frequency) [21]. Different effects in the human applications are observed, based on the coupling effects of 
the applied technique, Figure 3 . 

 

Figure 11. The local-regional treatment intends to select the cross-section of the body for energy absorption. 

2. The Capacitive Coupling 

Two kinds of capacitive couplings exist, depending on how the matching tunes the antenna, how the antenna 
structureƘs method and the electronical environment incorporates the tumor in the body as part of the 
regulated electric circuit. The concept of the complete electric circuit defines the matching method. The 
complete system, not only the capacitive arrangement of the electrodes, defines the coupling. 

2.1. Plane-Wave Matching  

The conventional solution involves plane-wave matching, in which the antennaƘs plane-parallel plates are tuned 
as per the standard antenna-tuning method. This solution does not consider the energy losses by various 
electric circuit elements and their interactions with the environment. In this case, the increased power (ὖ) 
compensates for the lost energy. Due to the relatively high complex impedance, the voltage (ὠ) is high, while 
the current (Ὅ) is low. The product of voltage and current defines the useful power, ὖ ὠϽὍϽÃÏÓ •, while 
the reactance (the power refused by the load) is ὖ ὠϽὍϽÓÉÎ •. The possible timing delay of the complex 
fit of the voltage with current is characterized by the cosine of the phase angle (ÃÏÓ •)) of the complex values. 
In case of dielectric losses and/or radiations π • ωπ. Due to the losses, the impedance of the system (ὤ ) 
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from the radiofrequency (ὙὊ) source to the target is large. The capacitance (ὅ) describes the dielectric 
(isolating) resistivity, and the conductive part (defined by the real resistivity (Ὑ) defines the reaction time of the 
system (time-constant, † ὙϽὅ). The circuit for the hyperthermia plane-wave system has many various 
capacitances and resistivities additional to the target in the human body, and then we have to calculate the time-
constant in a more complicated way (open-circuit time constant method [22] ). 

The time constant, in the case of plane wave solution, is relatively high, limiting the tuningƘs reaction time. This 
delay could cause a challenge when the physiological changes (breathing, heart-rate, etc.) are quicker than the 
reaction time. The plane wave method applies conventional antenna tuning where the antenna is fixed, so the 
reaction time has no relevance. 

The plane-wave matching radiates RF-waves for energy-absorption, and direct heating, and necrotic cell-death 
(CEM43ƥCTx dose) is expected. This matching technology aims to reach at least 43ŸC temperature in 
the Tx effective percentages of the temperature measurement in the tumor. 

The wave matching induces extensive radiation, due to the wave-transmission adding a significant factor to the 
energy-loss, and this could produce safety issues for operating staff. An important phenomenon of this coupling 
is that it could tune on the air without a patient in the active radiation zone. 

2.2. Impedance Matching  

The impedance matching of capacitive coupling does not use the wave concept. The system construction 
approaches the galvanic touch of the electrodes. The normal resistor has the maximal power in the galvanic 
coupling: ὖ ὟϽὍ,, where U is the galvanic potential (voltage), and I is the current (Amps). In the case of a 
patientƘs complex impedance (ὤ ) the imaginary part limits the effective power. When ὤ  coupled 
galvanically, it modifies the maximal efficient power to: ὖ ὟϽὍϽὧέί•. A resonance solution of the 
components approaches the minimal imaginary part of the Zpat impedance [23], and maximizes the power on 
the patient. The resonance uses a near-zero phase angle •ḙπconsequently ÃÏÓ • ḙρ [24]. The low imaginary 
part decreases the voltage 

and increases on the same ratio the RF-current, [ 25] [26]; because Ὅ , and Ὗ ὖ Ͻὤ .  

 

Approaching the proper impedance matching, the solution has negligible reflected power (order of 1 W), 
mimicking the skinƘs galvanic contact as much as possible. When the electrodes directly touch the targeted 
volumeƘs surface, the galvanic situation, without any isolating materials, offers the most amount of available 
current. The impedance matching aims to mimic the galvanic situation as much as possible. This solution 
minimizes the reactive part and maximizes the real power on the load. 

The main principle of impedance matching is to approach the ƚgalvanic-like-touchingƛ that would be the best 
available non-invasive electromagnetic energy-delivery. The invasive method (when electrodes are inserted into 
the body) is also ƚgalvanicƛ, but its invasivity has multiple medical complications, such as bleeding, a high risk of 
infections, ulcer formation, and inflammation. One of the invasive ƚgalvanicƛ methods is ablation technology, 
which has remarkable successes in local, small tumors [27]. With minimal energy loss, impedance matching 
allows the concentration of the energy on the malignant volume [28]. Due to the selection, this solution has 
better efficacy and offers a safer treatment because the voltage could be less than in higher resistivity isolation 
cases, at the same power application, while the current is increased. 
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The full arrangement of impedance matching minimizes the losses in the circuit ( ὤ ὤ ὤ ᵼάὭὲȢ). The 
minimal loss allows optimization of the reaction time with a low time-constant. The small delay of the reaction 
to the physiological changes allows prompt adaptation to alterations during the treatment; even small animals 
in preclinical experiments have a significantly higher heartbeat and breathing frequency than humans [29]. 

The impedance matching needs a conductive media between the electrodes, and the RF-current flows through 
it. Consequently, the system cannot tune on the situation when a patient does not present in the active radiation 
zone. The technique therefore induces minimal radiation to the environment, and it is safe. 

Due to the forced RF-current, the patient becomes an electric component of the real-time adaptive tuned 
electric circuit, representing active electrical impedance. In this matching, the patient is not simply an ƚenergy 
absorbentƛ but an active electric element of the serial circuit. 

2.3. Comparison of Capacitive Couplings  

In general, all capacitive couplings are equal based on the formal capacitive arrangement level, however their 
technical details differentiate them. The variation could be so significant that it producesƖeither homogeneous 
or heterogeneous heating in the target. 

Comparing the variants of capacitive couplings requires a detailed study of the electronic, structural, and 
material design differences of the circuits. All capacitive couplings involve a capacitor used for energy 
transmission to the target, emphasizing the electromagnetic interactionsƘ electric field component, using 
electrodes with the target volume placed between them. 

The plane wave capacitive coupling transmits the radiofrequency by the plane antenna, and some of the 
radiofrequency is even transmitted through the air, Figure 4 . A popular hyperthermia technique applies a typical 
radiative plane-wave solution [30], but the high voltage for radiation necessitates enormous power (600 W for 
a mouse with tumors weighing 2 g) [31] [32]. However, the plane-wave solution could work with a lower power 
when the distance (space in the air) between the electrode and the body surface is small, or negligible, or the 
matching parameters allow high voltage and low current for the applied power. 

Importantly, impedance matching of capacitive coupling does not work when isolated (i.e. when there is a space 
or air between the electrode and body surface), Figure 5. 

 
Figure 12. The plane-wave radiation works 
through the air, and so it is not sensitive for 
electrode fixing. 
 

 
Figure 13. The impedance matching uses the RF-
current-flow through the body and does not work 
when an air slit exists between the electrode and 
the body. 
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All capacitive couplings have an engineering control point to optimize and maximize the provided power from 
the RF source and, using the power-supply safely, to avoid its overheating. The measuring points fit the circuitƘs 
impedance to the sourceƘs internal resistivity, using the conventional standard 50 Ž. However, this engineering 
control does not take into account the medical control. The medical control or reference point refers to the 
point at which there is minimal loss of energy to the environment and maximal absorption in the patient while 
ensuring the safety of the patient and minimizing unwanted hot spots. 

The optimal engineering settings do not necessarily align with the optimal requirements for the patient safety 
and treatment, Figure 6 . 

 

Figure 14. All losses are minimized by proper geometry, material-selection, careful design of specialized 
electronics, super-low imaginary (reflected) power, ( ʒḙ0ʒḙ0 ) etc. 
 
There are decisional differences between the realization of capacitive coupling methods at the level of simple 
measuring observations. The two major categories are the plane-wave and impedance matching 
techniques Figure 7 , and other solutions combine these two categories. 

 

Figure 15. The matching arrangements. (a) The plane-wave matching uses a forwarded power and measures 
the reflected one to deduct and calculate the resulting radiative power; (b) The impedance (quasi-galvanic) 
matching uses the current-flow of the free charges (ionic species in aqueous electrolytes on the body) and the 
rotational or gradient-induced linear movements of dipoles in the tissues. 
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The observed differences could be technically detected by measuring the engineering reference point (optimal 
engineering set-up), and the medical reference-request point. The inequality between the reference points is 
due to the losses in the circuit, including the matching tuner, cables, radiation processes, used materials, and 
structures, as well as the capacitive coupling with the environmental objects (like walls, other types of 
equipment nearby, or the operating personnel). At this point, the engineering control and the medical control 
could significantly differ from each other, Figure 8 . 

 

Figure 16. All losses are minimized by proper geometry, material-selection, careful design of specialized 
electronics, super-low imaginary (reflected) power, ( ʒḙ0ʒḙ0 ) etc. The matching has to accurately control 
the medical point shown in the figure. 
The tuner electronically compensates for the overall losses, and the power- supply increases the power to 
replace the missing, lost energy. This type of matching procedure favors plane-waves on the patient, which 
uses wave-absorption, with a particular exponential decrease from the surface incident energy in the body, and 
is intended to create homogeneous heating in an actual depth. 

The compensation of the general losses by the circuit components and environmental interactions do not 
optimize the patient-power from a medical point of view. After the medical point (which begins at the electrode), 
the initial RF-current enters the ƚcoupling complex,ƛ including the patientƘs targeted volume. After this point, 
new unwanted losses challenge the optimization of the treatment. These include the electrode structure, 
electrode material, the bolus system, the patientƘs surface adipose tissue, the healthy impedance, etc. This extra 
impedance is the vital target: the impedance of the tumor. Hence the optimization of the treatment point is 
crucial in order to successfully heat the tumor. How this is optimised defines the type of capacitive coupling 
(Figure 9 ). 

 

Figure 17. (a) The plane-wave matching allows a lazy connection of the electrode for various reasons; (b) The 
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impedance (quasi-galvanic) matching does not work with improper impedance between the ƚmedical pointƛ and 
the body surface. 
The impedance matching focuses on the medical control-point, minimizing the impedance of components that 
derail the primary targetƘs energy, the tumor. Without taking into account the medical point, the RF-current 
flows through two different impedance categories: the objectsƘ impedance, which fits the current transfer to 
the body, and the body impedance. 

The various components of object impedance challenge the conductive approach (Figure 10 ). 

 

 
 
 
 
 
 
 
 
 
 
Figure 18. Numerous serial impedances modify the energy-distribution in capacitive coupling. (a) The main 
structure of the conventional capacitive coupling with water-bolus; (b) The draft of the impedance of the 
conventional electrode structure. 
 
 
 
The best solution would be the galvanic contact of electrodes (Figure 11 ), which may be approached by the 
electrode design accompanied with the resonant compensation. 

 

Figure 19. The draft of the design of impedance matching, which is (a) quasi-galvanic, or (b) the solution mimics 
the galvanic touching with a precise resonant compensation. 
The body impedance contains a very heterogenic structure. Each of which represents a resistor and a serial 
capacitor (the inductive parts are missing) (Figure 12 ). 
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Figure 20. The major layers of the human 
bodyƘs targeted volume show the serial RC 
parts in every layer. 
 

 

 

The compensation procedure in impedance matching minimizes the capacitive (imaginary reactance) factor, and 
the resistive part remains in focus. A particular category of impedance matching is the modulated electro-
hyperthermia (mEHT) which selects the malignant cells in this heterogeneity, and the tumor-cells concentrate 
the primary energy absorption (see later text below). Consequently, the dominant resistivity part is the set of 
the tumor-cells in the targeted volume. On this basis, we approximate the effect of the different resistivities 
and the resistivity of the healthy tissues is negligible in the first attempt (Figure 13 ). 

 

Figure 21. The voltage and current generation with the same value of power in plane-wave matching (a), and in 
impedance (quasi-galvanic) matching solutions (b). 
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All of these considerations involve a resonant matching method. AC/RF circuits imply a certain frequency 
determined by the values of the resistance, capacitance, and inductance of the serial circuit (Figure 14 ). 

 

Figure 22. The discrete representation of the circuit 
describing the impedance matching. ὠ, ὠ and ὠ are 
the voltage drop on the discrete elements. The 
resonant compensation produces the ὠ. 
 
 
 
The dielectric permittivity and the conductivity affect 
the RF-current differently, and the result is called 
impedance. Mathematics using complex numbers 

describe the two independent effects showing the conduction on the real conductor while the dielectric 
permittivity defines the isolators, where the conduction of the RF-current is imaginary. The patientƘs impedance 
represents the real part (Ὑ ), and the reactive part (ὣ ), and ὤ Ὑ Ὥὣ , where Ὥ Ѝ ρ denotes the 
imaginary part. In geometrical representation, it shows a vector (Figure 15 ). 

 

Figure 23. The vector picture of the impedance in living objects. 
The Ὑ real resistance and ὣ imaginary reactance produces 
the ὤ impedance with the ʒ phase angle. Due to the only 
capacitive part (no inductive element exists in the living orga 
 

 

 

The impedance minimum characterizes the serial resonance. The impedance from the imaginary parts of 
capacity (ὅ), and inductivity (ὒ) are ὣ ,, and ὣ ‫ὒ, respectively, and the impedance is ὤ

Ὑ ὣ ὣ . Hence, when ‫
ЍϽ
then ὣ ὣ, and the resulting minimal impedance is ὤ Ὑ with zero 

phases. The selectivity of a circuit depends on the circuitƘs serial resistance. 

The ὣ  depends on the applied frequency (Ὢ), while the real conductor does not depend on f. The living matter 
has a negligible inductive (coil-like) component in ὣ . Mostly the membranes, and the other isolation layers 
form ὣ , which act as a C capacitor, ὣ Where ‫ ς“Ὢ. Applying the vector representation of the 

impedances (Figure 15), the variation of the major layers in the target volume of a human body gives a resultant 
impedance Ὑ В Ὑi, and Yὣ В . Using the resonance frequency ‫

ЍϽ
, an additional 

inductive factor would compensate the ὣ  to minimize the impedance of the target. The necessary inductivity 

for resonance is ὒ ‫ В  (Figure 16). 
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Figure 24. The patient is an electric 
component of a precisely tuned 
resonant circuit. The compensation 
clears the target impedance 
minimizing its reactance. 
 
 
 
 
 
 

The compensation transforms the impedance near a real resistance value as shown in vectorial representation 
(Figure 17 ). The vectors show the complex impedances of some critical layers in the body during the RF-current 
flow. The horizontal axis is the real part (the real conduction), while the perpendicular one is the imaginary part, 
representing the isolation. All tissues have isolation also due to the various membranes. The electrode 
isolations are neglected, so the resulting impedance vector shows a decline, which a single inductive resonance 
could easily compensate for. 

 

 

 

 

 

 

The original current was Ὅ , the new current in resonance is higher Ὅ Ὅ , and in 

resonance depends only on the real resistivity. The current changes by resonance. The RF-current flowing 
through the target depends on the values of the components of the circuit. The well-selected situation filters a 
relatively small part of the targeted volume, the malignant cells, so their resistivity is small compared to the 
complete targeted volume. The small resistivity increases the peak of the current in resonance, Figure 18 . 

 

Figure 25. The vector diagram of the 
cross-sectional impedances in the 
average human body. Only the major 
components are shown, and for clarity, 
they are regarded as a discrete 
element. 
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Since this power depends on the square of the current the resonant curves appear steeper and narrower in the 
presence of lower resistivity. The quality factor Q is defined by ὗ

Ў
where Ƽʖ is the width of the resonant 

power curve at half maximum (Figure 19 ). 

 

 

 

 

 

Since that width turns out to be Ў‫ , the value of Q can also be 

expressed as ὗ . The Q is a commonly used parameter in 
electronics, with values are usually in the range of Q = 10 to Q = 100 
for circuit applications. The smaller the resistance, the higher the 

ƚQƛ for given values of L and C. The power, of course, depends on the product of actual current and voltage. 
When the current increases due to the resonance, the voltage decreases, while maintaining the same power. 

The resonant approach uses the minimizing of the reactance (imaginary part) of impedance. Physiological 
regulation also has a vital role in the process. One of the reasons for using the plane-wave capacitive coupling 
is the surface adipose tissue challenge, forming an isolator-like layer at the skin. In a plane-wave situation, the 

Figure 18. The RF-current distribution in the resonant 
conditions. The resistivity is decisional; when it is low, the 
peak is sharper ( Ὑ Ὑ Ὑ). The Ὢ  is the 
resonant frequency. 

 

Figure 19. The resonance quality factor (ὗ) defines the 
average power in resonance. Ὑ Ὑ Ὑ, and so ὗ

ὗ ὗ. The Ὢ is the resonant frequency. 

 

Figure 20. The cooling of the bolus 
produces uncontrolled energy-loss and 
induces a positive-feedback physiological 
regulation. (see the text) 
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voltage is increased to surmount the gap by the isolator of the adipose layer. However, this way, the energy-
absorption in this layer is extremely large, so the risk of burn increases. In order to avoid this risk, the plane-
wave method uses intensive cooling of the skin by using the bolus system, Figure 20 . 

However, this cooling has unexpected positive feedback reactions from the physiological control of the body 
homeostasis: the cooled skin lowers the blood- flow in the subcutis, which increases the layerƘs isolation 
towards RF-current. This induces a higher voltage request, which increases the risk of burn, so a further 
increase of the cooling is necessary. It further increases the isolation, and so on, the situation would be hard to 
control. Furthermore, the intensive cooling absorbs a large part of unmeasured energy, which makes the 
therapy dosing with incident energy impossible, as is similar in the case of ionizing radiation. Consequently, the 
impedance matching takes attention to the cooling process and keeps the homeostatic control stable in the 
subcutis layer under the electrodes. 

In summary, the strategy of impedance matching concentrates on increasing the current as much as possible. 
The major factors to maximize the current are: 

ǒ the resonance approach, 

ǒ the design, structure, materials of the electrode system, 

ǒ the grounding optimization to lower the radiation, and coupling to environmental objects, 

ǒ the regulation of the homeostatic status of the skin blood-flow (which regulates the imaginary part of the 
skin-structure of the patient), 

ǒ eliminating the losses in an electric circuit as much as possible, 

ǒ the high current value (in the unchanged power conditions) makes a more effective selection, 

ǒ the high current accompanied with low voltage at the constant power, increasing the safety of the treatment. 

3. The Modulated Electrohyperthermia (mEHT)  

3.1. The Challenge of Homogeneous Heating 

The classical heating concept applies a mass-heating of the entire tumor. The mass heating tries to be 
homogeneous in temperature (isotherm), and uses the temperature as the only control parameter. 

The control of homogeneous (conventional) heating is problematic because 

1) the local blood-flow is enhanced, which increases the risk of dissemination and metastases, 

2) colossal power is necessary to ensure quasi homogeneity, which again involves many safety issues, 

3) due to the heterogeneity of the target, the control of homogeneity is very complicated, in most cases it could 
not be achieved, 
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4) the homogeneous hyperthermia thermally kills the cells and occasionally triggers immunogenic effects in 
the area, 

5) the challenge of measuring temperatures at has not been solved; MRI thermometry is promising but still has 
challenges, 

6) the only homogenous (and large CEM43T100) solution is the whole body treatment (WBH), which does not 
show the expected success. 

The invasive measurement of the tumorƘs temperature has multiple problems, as a result the temperature is 
typically measured in the nearby lumina or cavities of the body. So the mass heating must be regional, having 
comparable temperature in the nearby lumen (like oesophagus, bronchus, colon, vagina). The same isotherm 
heating appears in the plane-wave concept of capacitive coupling. The modulated electro-hyperthermia (mEHT) 
method uses impedance matching of capacitive coupling with some unique features, which have been developed 
over the past 32 years, and documented and patented. The mEHT method harnesses the impedance matching 
shown above with additional elements, improving its efficacy. 

The present technical challenges are: 

1) The energy selection ensures the local place of energy absorption. It has major complications due to the 
normal physiological movements caused by breathing; and the technical solution has limitations when 
attempting to heat deep-seated tumors without considerable heating of other tissues. 

2) The dose determination, which controls the medical application, is a mandatory parameter, but the heating 
techniques determine the clinical results. We have seen that exposing the tumor isothermally to 42ŸC in whole-
body hyperthermia, has entirely different results than the same temperature in any local treatment. The 
technical solutions based on the temperature alone do not characterize the applied method. 

3) The role and measurement of temperature in the treatment efficacy are challenging. The value of the 
temperature in the target supposes an isothermal mass-heating, which never happens in LRHT. The 
temperature measurement approximates the tumorƘs value, checking the temperature in the nearby lumen 
(like esophagus, bronchus, colon, vagina). This method assumes that the heating does not focus on the tumor-
mass, but equally heats its healthy environment. 

Due to the above challenges, temperature measurement is mandatory to approximate the absorbed energy, 
which differs from the technically provided value. The high energy losses (like various electric losses, losses 
from cooling water, etc.), and the need to control safety (avoid burns) are fundamental reasons to measure the 
temperature. 

3.2. Heterogeneous Heating  

The mEHT chooses a new paradigm, it heats the cancer-cells selectively in the tumor, using the malignant cellsƘ 
unique thermal and electromagnetic characteristics. The structural change of the local heat-capacities, heat-
conduction differences, heat transfer by blood, and lymph electrolytes cause the thermal heterogeneity. 
Significant differences in the electric behavior of micro-states of living matter determine the electromagnetic 
heterogeneity. The variation of electric conductivity and dielectric permittivity by the living processes and the 
differences of lipid-protein structures in the cell-membranes and the cellsƘ cooperative differences appear to 
be the most influential factors for electric heterogeneity. Further differences between the malignant cells and 
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their healthy counterparts develop as a result of the heat-resistance, motility of the cells, and cellular and 
extracellular mechanical properties. 

Some other significant differences are present at a molecular level, but these are less effective in distinguishing 
the malignant cells from their healthy counterparts. Using heterogeneity offers a valuable tool to select the 
malignant cells in the heterogenic tissue. The RF-current presents a possible tool for clear recognizing of the 
heterogeneities. The current-flow changes based on the electric heterogeneities and its heating effects connect 
the current to the thermal properties. An essential component of tissue heterogeneity involves molecular 
reactions, which differ depending on the tissue and cells. For example, the apoptotic control, a well-known 
regulation in healthy tissues, is almost entirely missing in malignant tissue, as described in the hallmarks of 
apoptosis could happen through multiple molecular mechanisms, which do not work in cancer. 

3.3. Considering the Homeostatic Regulation  

From the beginning of human medicine, physicians recognized the equilibrium of the living organisms, which 
defines the healthy state, and has multiple dynamic components which are finely balanced. This was the first 
recognition of homeostasis, which has definite lower and upper limits of the interactions and conditions. The 
body homeostasis is stable within a certain interval of the parameters; the level of any interactions is 
determined and measured by the harm caused at the extreme limits. However, the harm is a relative notion: the 
safety and the harmless categories are not identical. The ƚno actionƛ treatment can be safe but harmful because 
the uncontrolled disease harms, which we can stop by action. The acceptable changes in medical actions 
attempt to reestablish the normal, healthy homeostasis; or if it is not possible anymore, then it attempts to 
approach it as close as possible. The Hippocrates-phrase, ƚNil nocereƛ also has to be understood in this way. 
Otherwise, the meaning is ƚDo nothingƛ. 

The internal transports, like the blood-stream, have a central role in keeping homeostasis. The blood circulation 
regulates multiple vital processes, including the heat exchange, to ensure the bodyƘs proper functional 
conditions. The blood-stream tries to compensate for the overheating by intensive perfusion and regulation of 
the vesselsƘ flow-capacity. However, the regulation process of the blood-stream is non-linear. The quantitative 
analysis [33] shows the non-linear changes of the blood-flow in characteristic tissues varying by the 
temperature. The deviation (selection) of the tumor blood-flow starts just above 38ŸC, Figure 21 . 

 

Figure 21. Relative quantitative changes of the blood-flow by 
a temperature increase in muscle, adipose tissue, and tumor 
lesion. 
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Due to the variation of the blood-flow, the necessary energy in a mass unit (specific absorption rate; SAR [W/kg]) 
non-linearly changes in the range between 39ŸC - 42.5ŸC [34] by the actual temperature, Figure 22 . 

 
 

Figure 22. Variation of the requested specific absorption 
rate (SAR) to keep the given temperature in the tissue. 

 

 

The non-linear regulation is general, using physiologic control by negative feedbacks. The promoter-suppressor 
action realizes the contraction of the feedbacks, which has a broad response-time for intervention. 

3.3.1. The Selection Mode  

The classical heating concept applies mass-heating of the entire tumor. The mass heating tries to be 
homogeneous in temperature (isotherm) and uses the temperature as the only control parameter. As 
previously discussed the temperature is usually measured in the nearby lumina or cavity and the same 
temperature must therefore be achieved in the lumina/cavity. The mEHT method uses a different paradigm, its 
heats the cancer-cells selectively in the tumor (Figure 23 ), using the malignant cellsƘ unique thermal and 
electromagnetic characteristics. 

Figure 23. The differences between the heating 
paradigms: (a) Plane wave matching homogeneous 
heating causes energy-absorption in the complete 
target, while (b) impedance matching could be 
selective, heats only selected parts in a heterogenic 
manner, heating up the surrounded tissue by heat 
conduction (mEHT principle). 

The selection uses the natural heterogeneity. The RF-current recognizes the electrical heterogeneity, and its 
heat effect results in thermal heterogeneity, resulting in the complex synergy of electric, and thermal 
processes [35], induces molecular changes driven by mEHT. The malignant differences make it possible to 
distinguish malignant cells from healthy cell structures [36]. The amount and composition of the extracellular 
aqueous electrolyte in the micro-environment of tumor cells massively differs from healthy tissues. 

The malignant cells need a significantly higher energy amount than the healthy cells due to the intensive 
metabolism required to supply their proliferation [37]. The metabolic rate in most of the tumors is higher than 
their healthy counterpart (at least 15%, [38] ), which selectively increases their temperature. The process has 
positive feedback because the higher temperature decreases the tissueƘs impedance [39]. Their metabolism 
requests a robust amount of nutrients which in the simplest way demands glucose. Due to the high level of 
necessary ATP production, the tumor cells predominantly perform simple anaerobic glycolysis instead of 
mitochondrial phosphorylation. The positron emission tomography (PET [40] [41] ) identifies the extreme 
glucose intake in cancer cells. The rapid, intense fermentative process produces lactate, increasing the 
electrolyteƘs ionic conductivity in the cellular microenvironment, jointly with the higher in- and outflux transport 
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of other ionic species. The increased ionic concentration means higher conductivity [42] of the 
microenvironment of tumor-cells, so it lowers the whole tumorƘs resistivity. This can be used to distinguish 
between healthy and malignant situations [43]. The RF-current selectively flows through the low resistance 
(highly conductive) tumor rather than the more resistive healthy environment. 

Malignant cells are autonomic, independently fighting for the energy against all other cells irrespective of 
healthy or fellow cancer-cells. For autonomy, they break their networking bonds and stop direct intercellular 
communications. The bonds formed by adherent proteins and junctions mostly vanish. Due to the missing 
cellular network, the extracellular matrix of malignant cells has high dielectric permittivity, which can be used 
for selection [43]. The structure of the microenvironment rearranges due to the missing bonds [44]. The altered 
structure allows the recognition of the malignant cells by their dielectric properties, which modifies the applied 
RF current [45] [46]. A well-developed diagnostic method uses this phenomenon [47], and it is applied in 
mammography [48]. 

The permittivity and the conduction modify the complete impedance in the microenvironment of the malignant 
cells [5], allowing their selection in an automatic way, while the RF-current flows in the direction of low electric 
impedance. The RF-current-density (specially chosen frequency and modulation) self-selectively flows toward 
the malignant cells, which is measurable by MRI current density imaging, [49] [50] [51]. This effect is completely 
automatic, it follows all movements of the cells in real-time, actually solving the challenge of focusing. The 
direct MRI electrical impedance tomography confirms the feasibility of using the impedance differences for 
selection [52]. 

The broken bonds between the cells leave the transmembrane proteins unconnected. These transmembrane 
proteins group by lipid-protein interaction in the membrane. The concentration of lipid rafts on malignant cellsƘ 
membranes is significantly higher than on the membrane of non-malignant cells. The impedance-selected 
malignant cellsƘ dense lipid rafts become an easy target of energy absorption. The raftsƘ clusters absorb the 
energy from the RF-current selectively [53] because the rafts have significantly lower electric impedance than 
the surrounding isolating lipid membrane. The selective energy-absorption promoted by a characteristic 
frequency dispersion in the applied 13.56 MHz frequency range (ɼ/ɿ dispersion [54] ), and the Schwan effect 
[55] ), targets the lipid-protein interactions and selects water-bound states [56] at the membrane, effectively 
focusing the energy on the target [57]. This way, the natural electric heterogeneities drive the selection for 
energy absorption automatically, constructing an ƚautofocusingƛ process. 

Further selection could be realized by the structural differences of the malignant tissue from their healthy 
counterpart. Usually, the pathological investigation of biopsies utilizes these differences by image pattern 
recognition in the samples. The pathological pattern naturally affects the RF-current in-situ, allowing additional 
selection of cancer tissue in the body. The alterations of the pattern modify the cellsƘ spatiotemporal 
interactions, which dynamically act via intercellular interactions. The well-chosen noise could transduce free 
energy for the cellular reactions [58]. The dynamic relations produce a noise of homeostatic equilibrium, which 
is measured as a peculiar signal [59] [60]. This noise differs in malignancy versus healthy tissue and is 
measurable by the RF current [61]. The noise difference is the basis for the applied modulation on the RF carrier 
in the mEHT method [62]. The modulation is an information delivery to the malignant lesion. The applied time-
fractal has such autocorrelation time-lags that well fit the apoptotic excitation processes and may also act in 
enzymatic catalysis [58]. The spectrum of the reaction-times and rates appears in the modulation frequencies. 
The mEHT method applies such modulation, which is in harmony with the homeostatic collective network. 

The collective excitations comprise the non-local waves and activate the energy-flow in the homeostatic 
networks. These excitations are mostly in a low-frequency range, and the expected frequency spectrum follows 
the natural 1/f fluctuations. Simply speaking, the modulation acts in harmony with the natural collective 
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processes, promoting them, like keeping the swing in motion using harmonic push. Both the multicellular 
networked and the unicellular autonomic states of cells maintain a balance which is probably realized by an 
electromagnetic route [63]. The FDA-approved TTF also uses this kind of interaction to arrest malignant cell-
division [64]. The method of mEHT uses an electrical field to modify the polymerization processes in the mitotic 
phase of the cellular division [65] with fractal noise modulation for a complex effect. 

Furthermore, the applied noise is an active harmonizing factor [66], which has an emerging physiological 
application [67]. The fluctuations of electrical properties have unique information related to cell-membrane 
processes [68]. The monitoring of the noise as fluctuations in the complex system could be a factor in its 
surveillance [69]. Forcing harmony reconstructs the broken E-cadherin-beta- catenin cellular connections [70], 
which as was effectively and repeatedly demonstrated in an independent study [71]. The malignant cellsƘ 
membrane is more rigid [72], while the cells themselves are softer than their neighboring healthy cells. The 
adherent connections and junctions could be formed only when the reactive ligands are close to each other. 

As a result, the cellular connections have a geometric requirement to be re-established. The fermentative way 
of metabolism of malignant cells develops a strongly negative glycocalyx shell, which works against the proper 
geometric order, blocking bonding between the appropriate ligands. However, the extremely high fluctuating 
cataphoretic forces from the pink-noise modulation compensate the repulsion, and make the adherent 
connections possible. 

The modulated carrier signal targets the selected malignant cells, and the cells rectify (demodulate) the 
received signal. The demodulation process uses two factors: 

normal rectification by the highly polarized cell-membrane, [73] [74] [75]. 

stochastic resonance that makes the rectification, [76] 

The non-temperature dependent rectification (non-linearity) was a question-mark for a long time because only 
linear attenuation was measured through the living object. The double membrane effect causes this apparent 
linearity. The challenge is to measure the rectification in a tissue in which every cell with its opposite positions 
of the entry and exit points on the cell membrane acts like two diodes connected oppositely. So no rectification 
could be detected by measuring the tissue alone, Figure 24 . 

 

Figure 24. The symmetric but opposite rectification of the cell-membrane when the current goes through the 
cell makes the measured material linear, the rectification is not visible. 
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The mEHT impedance-matched capacitive coupling has four interconnected mechanisms for selection: the 
heterogeneities in conductivity and dielectric permittivity select the tumor, and its independent, while the 
membrane rafts absorb the energy in selected cells (the hyperthermia step), and the spatiotemporally 
distinguishable tumor-pattern provides an additional factor for selectivity, and isolation of the malignant 
cells, Figure 25 . 

 

Figure 25. The steps of the mEHT action. (0) The conventional imaging supports the diagnosis; (1) The macro 
selection by conductive heterogeneities; (2) The micro-selection by the permittivity heterogeneities; (3) The 
energy absorption (the hyperthermia step) on the nano-range membrane raft; (4) A broad time-fractal 
spectrum recognizes and corrects the spatiotemporal pattern irregularities in the body. 

Contrary to the above complex focusing (selection) mechanisms of mEHT, the plane-wave capacitive coupling 
methods regulate their approximate focussing of the energy by the size of the electrodes. The appropriately 
chosen electrode size is their focusing mechanism and their homogeneous mass-heating does not select on the 
cellular level. 

The homogeneous heating has to balance the higher temperature and the increased blood-flow, induced by the 
intensive heating. The bloodstreams are a promising sensitizer of chemo- and radiotherapies, but are also a 
potential promoter of metastases resulting from the massive transport possibility of the cancer-cells. This 
process risks increase the metastases by forming circulating tumor cells (CTC). The CTCs could produce 
micrometastases throughout the entire body, which are not observable by the present imaging techniques. 
Heterogenic heating with microscopic (cellular) selection does not have such a challenge: the targeted particles 
can be supposed to have equal absorbed energy-doses, so the absorbed energy is the measured parameter. 
While the homogeneous heating method heats all parts of the target from outside, the heterogenic heating 
heats only the selected particles, and those heat the tumor where they are located. The selected particles are 
heated up intensively to have a higher temperature than their environment. The RF current at the <15 MHz 
frequency predominantly flows in the extracellular electrolyte. Its energy-absorption creates an active 
temperature gradient through the membrane [77], converting the electric heterogeneity to a thermal one. The 
mEHT heating does not make a massive general temperature increase of the targeted volume, macroscopically 
it presents a moderate temperature increase, but microscopically mEHT could produce extreme hyperthermia 
[78] [79]. The gradient causes the complete targetƘs heating to the level of mild hyperthermia [80], which 
complements the applied chemo- and radiotherapies [81], but reduces the risk of metastases by CTCs. Notably, 
the pharmacokinetics of drugs are promoted by mEHT selective heating [82] [83]. 
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The mEHT limits the increase of the SAR, which forces the development of the temperature. At a high 
temperature, the microscopic selection disappears, and an average temperature characterizes the target, like 
in plane-wave energy absorption Figure 26 . For mEHT, the limited energy-absorption is mandatory. 

 

Figure 26. When the energy is too high, then everything is heated up, no selection could be seen. The selection 
factors became negligible. The selectivity has been lost, like the difference between the medicament and poison. 

The electromagnetic selection mechanisms are general, and valid to all electromagnetic absorption methods 
treating cancer. However, the careful design with focus on the precise selection emphasizes the anyway small 
effect. The emphasis of the selection over the thermal averaging needs the above factors, which consistently 
exceed the selection effects over the massive trend to homogeneous temperature averaging. On average, the 
relatively small SAR is high in the rafts, similar to the nanoparticle selective heating. However, the nanoparticles 
in mEHT are molecular clusters, which are sensitive to overheating. When the absorbed energy destroys the 
rafts by overheating them then the mEHT loses its largest advantage: the excitation of signal-transports for 
apoptosis and immunogenic cell-death. 

A natural question arises: without the modulation is the effect of mEHT the same as other capacitive plane 
wave techniques applied at a lower power? The answer is yes, if their technical solutions fit the low energy, 
then they could form such complex situations as the modulation and the low-energy selection does. 

However, it is not enough to have low energy alone; it must be that the energy is there where we need it, inside. 
For this, absolute fine-tuning (resonance to kill all imaginary part of the impedance), in order to promote the 
high current instead of the high voltage at the coupling, and the well-controlled radiation losses. An example 
for this fine tuning is how: the same Otto engine works in the high and low category cars. However, the same 
petrol makes different values for dynamism, the fuel consumption of the cars or the same electromotor 
principle gives different ƚoutputƛ efficiency in the electric car. 

In summary, the specialization operates with precise electromagnetic impedance selection [84], using the heat 
on membrane rafts [53], and makes harmony by applying thermal [85], and non-thermal effects [86] [87]. The 
applied modulation well supports the precise selection of the malignant cells [85]. The mEHT breaks the 
paradigm that the physical conditions do not allow the proper biological effects, as researchers show from 
Charite University [88]. The electric concept in sequential magnification summarizes the main principle, Figure 
27 . 
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Figure 27. The series of the action of mEHT shows how it matches the focus on the tumor. 

3.3.2. Penetration Depth  

The penetration depth in the case of wave-absorption is the radiative penetration depth defined by the planar-
wave absorption [89] [90], which is a loss of the absorbed specific energy or field in the body. The definition of 
the penetration depth of energy-absorption is the distance in the body when the initial 100% of energy from the 
surface decreases by 1/e (remains only 37% of the energy). This does not mean blocking the beam deeper. It is 
an exponential function. We have practical knowledge about the X-ray diagnosis, which sees the deep lesions in 
the body. However, these X-rays have less penetration depth than 10 cm, Figure 28 [91]. 

 

Figure 28. Diagnostic and therapeutical 
photon beams in X-ray radio diagnosis and 
therapy. Typical dose curves by photon (X-
ray, ɾ-ray) radiation with typical penetration 
into dense tissues. 

 

The beam continues its way in the body with 37% intensity, reaching the doubling of the penetration depth with 
13.7% intensity, and so on, Figure 29 . 

 

 

 

Figure 29. The principle of the definition of penetration depth: when 
the energy loss is 63% (remains 37%). Four times of penetration-
depth, about 2% of the energy of the incident beam remains. This is 
the basis of X-ray diagnostic detection. 
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Assuming a patient with 20 cm thickness, the X-ray detection has less than 2% of the initial 100% beam 
intensity, but this is enough to construct an image, Figure 30 [92]. 

 

Figure 30. Typical intensities (percentage of the incident 100% beam) can be detected for X-ray images through 
the patient. In this case, and this tube voltage, the 20 cm patient thickness is approx. four times larger than the 
penetration depth. (a) Dependence of the voltage of the tube; (b) Dependence of the thickness of the patient at 
80 kVp tube voltage. 

In the case of electron-beam, the exponential loss is sharper, decreasing quickly, Figure 31 [93]. 

 

Figure 31. Penetration of electron-beam has a sharper decrease by depth. The definitive penetration depth is a 
few cm, shown with a dashed line. 

In the case of non-ionizing radiation, the penetration is longer depending on the applied frequency (Figure 32 ) 
[94] and conductivity of the tissue (Figure 33 ) [94]. 
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Figure 32. The penetration depth (37%) depends on the 
conductivity of the tissue. The average conductivity of 
muscle is approximately 0.5 S/m, so the penetration 
depth at 13.56 MHz frequency is about 17 cm. (at 8 MHz, 
it is approx. 20 cm.) 

 

 

 

Figure 33. While the penetration depth is high in the fat, 
that absorbs a high energy value, leading to adipose burn. 
The apparent contradiction is the constrained increased 
voltage of the electrode required to push through the 
fatty tissue. 

 

 

The jump of the electric field vector on the surface layer causes energy-absorption. 

Measurements of the frequency dependence of the penetration depth in ex-vivo tissues show the correctness 
of the above considerations, Figure 34 [95]. 

 

Figure 34. The penetration depth in various tissues vs. applied frequency. The 13.56 MHz is over 10 cm in all of 
the cases (the lowest is for blood, which is very good for selection). The penetration is rapidly decreasing by 
increasing frequency. 
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It is clear that the same forwarded energy exposition with identical energy-flow [W/m2] can cause different 
energy-absorptions depending on the given conditions [96] [97], the actual organ [98], and the actual frequency 
[99]. The penetration depends on the electromagnetic parameters but does not depend on the patientsƘ 
thickness. The impedance matching increases the penetration depth in homogeneous media by an additional 
38%. (Note that the measurements and calculations assume homogeneous media.) The impedance matching 
selection focuses on the tumor-cells. The mEHT maximizes the RF-current, and only the focusing and the 
original energy deposit has importance [28]. The selection means that the real penetration is much more, and 
crosses the entire body. 

3.3.3. Action Depth 

Plane-wave capacitive coupling and all the homogeneous heating methods use only the heat to destroy the 
cancer-cells. The mEHT in its selective (heterogenic) heating combines the heat effect with the excitation of 
cellular signals. This fact modifies the induced processesƘ action depth as mEHT does not need such a massive 
energy-absorption as homogeneous heating needs in order to heat for the entire tumor-mass. We know very 
well that the real depth where the action is effective is an interval. For example, the effects of X-ray for 
apoptosis do not follow the decreasing energy-curve at the penetration. Even oppositely, it increases when the 
energy drops below a specific level, Figure 35 [100]. This is because the smaller energy can generate bystander 
effects and so it can trigger apoptotic signals. This makes a complete interval for the apoptosis, which does not 
correlate with the penetration depth. 

 

Figure 35. The number of cells with micronuclei, apoptosis as a medium depth function for 100 MU/min, and 
600 MU/min dose rates, p < 0.05. Each point represents the mean value of three experiments; MUƖMonitor 
Units (arbitrary). 

The mEHT method also kills the malignant cells with apoptosis [101]. The apoptotic signal needs much less 
energy (and field) than the necrotic process [102], shown in the strict synergy of the heat and field effects [35]. 
The selection and initialization of the process are essential for this, which could happen by a few watts in-depth 
only. This is even more trivial when we see the immune effects, which are generated, act at distant sites [103], 
and have no real boundary with the observed abscopal effect [104]. In this meaning, instead of the penetration 
depth, we have to use the ƚdepth of action,ƛ which defines the depth when the mEHT is active, even when the 
energy is less than the 37% of the incident beam, Figure 36 . 
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Figure 36. The active depth of mEHT is deeper than the average penetration 
depth because even 5 W could cause lethal apoptotic signals in selected cells. 
When the incident beam has 100 W energy, the depth when the mEHT is active 
could be three times the definitive (37 W) penetration depth. 

 

 

The increased drug penetration and intensified pharmacokinetics by mEHT [82] [83] promote further elongation 
of the action depth. 

In summary, the action depth for mEHT is deeper than the thickness of the patientƘs treated cross-sectional 
distance up to 60 cm (~200 cm circumflex of the cross-section). 

3.3.4. The Dosing 

Oncological hyperthermia presently faces multiple problems [19], where the most challenging is the lack of a 
clearly defined and measurable dose for clinical and research applications. The correct dose-definition of 
hyperthermia therapy is a critical issue in research and is crucial to the future of hyperthermia in oncology 
[105]. 

In a homogeneous heating approach, the dose considerations concentrate on the volume percentage, which 
could be considered having isothermal status. Complete homogeneity of heating of living objects could be 
achieved only in the WBH process, as LRHT has huge anatomical, physiological, bio-electromagnetic, and 
thermal heterogeneities, limiting the isodose-type approach. In the WBH process, the temperature was easily 
measurable and could be used for dosing the therapy. The proposed dose at present is the cumulative 
equivalent minutes referring to 43ŸC: CEM43Tx (measured in minutes) [106] [107] [108]; referring to necrotic 
cell killing at 43ŸC. Due to the natural inhomogeneities, this dose contains the percentage of the target which 
has an approximately isothermal condition, denoted by Tx at the end of the practical applications [107]. For 
example, when the measured temperature is actually T90 in 90% of the monitored sites (referred to as the 
thermal isoeffect dose in 90% of the area). 

In LRHT, the absorbed energy creates heat, but due to the non-linear feedback by transport properties 
(intensified blood and lymph flow), the situation is far from a state of equilibrium [109]. The blood-flow increases 
more in the healthy host tissues, causing a certain gradient of the flow intensity to heat the tumorƘs boundary. 
The most vivid, mostly proliferative layer of the tumor is near its border, so the cells which need the most heat-
treatment remain at a lower temperature than the internal part of the tumor lesion, so the basic homogenous 
requirement is less realizable in the vivid tumor part than inside of its volume, which is often necrotic, without 
transport activity. The temperature dosing is problematic not only by the missing the isotherm condition but 
also because of its very complicated measurement. 
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Moreover, CEM43Tx is controversial, it failed to show the local control characterization of clinical results in soft 
tissue sarcomas, [110], but was correlated with clinical results for superficial tumors [111]. When administering 
a dose of CEM43T90 for local hyperthermia, it did not show a correlation between dose and clinical outcomes 
(like local remissions, local disease-free survival, and overall survival) [112]. It is calibrated by in 
vitro experiments [110], which are far from the reality of human medicine. Its necrotic reference at 43ŸC makes 
this dose unrealistic because in most human hyperthermia treatments, such a temperature is not reachable in 
the whole tumor. While the high temperature is realized in the ablation-like locality, the dosing by CEM43Tx was 
false [113]. The inapplicability of this in-vitro calibrated dose is echoed in the whole-body hyperthermia (WBH) 
application, in which CEM43T100 is very high (T100 means the complete isothermal heating of the tumor by the 
whole-body heating), but the results are very different from the same dose provided by local hyperthermia of 
the tumor lesion [114]. 

However, the challenge is that due to the considerable energy-loss in homogeneous heating processes, the 
temperature measurement is mandatory because otherwise there is no idea about the actual absorbed power 
in the target. In the method of mEHT, the measurement is not necessary in order to determine the absorbed 
power. The technique is able to accurately measure the absorbed energy by the incident beam [84]. Due to the 
high efficiency of current matching [115], the dosing of the treatment is simply calculable by the absorbed 
energy [64] [116] instead of by the complicated, inaccurate, and mostly invasive measurement of local 
temperature. 

3.3.5. Heating Process 

The homeostatic concept allows adaptation time for the physiological regulations to stabilize the actual 
homeostatic status. This complex approach requests a non-constant power during the treatment [117]. The 
simplest realization of the complex process involves step-up heating. The step-up heating is crucial. It has 
multiple additions to the success of mEHT: 

ǒ At electromagnetic heating, the stress is considerably focused on the cells which develop stress-proteins 
(HSPs) (chaperons to defend their status). The healthy cells rapidly develop 10-times more protective 
intracellular HSPs than the base level, while the stressful malignant cells only develop a maximum of 30% - 
50% more of these intracellular proteins. This makes the healthy cells more protected compared to their 
malignant counterparts. 

ǒ The gradually increased HSP chaperones in malignant cells have time to go to the membrane and be liberated 
from the cell when the rafts are excited and the signals force their release (such selection does not occur in 
healthy cells). This liberation process is one of the factors of immunogenic cell death. 

ǒ The step-up heating supports the heating periods and upregulates the power when it starts to be saturated, 
which is optimal for the mEHT selection system. 

ǒ The step-up fits the homeostatic equilibrium, and so mEHT remains within the well-controllable quasi-linear 
physiological reactions. 

ǒ The sudden heating causes non-linear, non-controllable conditions, and the power shoots over the burning 
limit, and in most of the cases causes blisters (as is frequently reported by radiate heating methods). So the 
step-up method allows the control of homeostasis and helps the patient adapt to the actual energy-increase (I 
quote a famous experiment when a frog is in the water, which is slowly but gradually heated-up, the animal 
remains in hot water, even to its death, however, when you try to put a frog in hot water directly, it immediately 
tries to escape). 
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When the mEHT is applied strictly as a monotherapy, then step-down heating is necessary to block the 
neoangiogenic vessels. Due to the missing radio- or chemotherapy effect, the serious casesƘ metastatic spread 
has a higher probability, so blocking the vesselsƘ immediately is crucial. But of course, the operating control in 
these cases has to be more strict. 

Even in the step-up approach, the longer heating time tends to the homogenic temperature distribution due to 
the thermal equalization processes. To keep the non-homogeneous selection, periodic heating is also applicable, 
but it was only shown in preclinical applications [118]. 

3.4. Molecular Differences between the Effects of Impedance, and Plane -Wave Matching  

The high energy absorption excites the rafts to trigger a signal transmission [78] [79]. The extrinsic signal 
transfer ignites apoptosis [101] [119] [120], Figure 37 . 

 

Figure 37. Late apoptosis measurement with TUNEL FICT method (Annexin V positive cells %) in HT29 cells (in 
vivo) 42ŸC 30 min treatment parameters, two tumor animal models (a), results show a significant increase of 
apoptosis in the treated side. 

The difference between the molecular effect of the two matching methods of capacitive coupling techniques 
has been effectively demonstrated in vitro [71]. The plane-wave capacitive hyperthermia (PWCHT) gives the 
same results as the naturally homogeneous water-bath hyperthermia (WBHT), as seen by the apoptotic 
processes including the reactive oxygen species (ROS) and calreticulin (Figure 38 ) [121]. 
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Figure 38. Molecular changes in Hepatoma (HepG2) cell-line in vitro. Apoptosis final state TUNEL (Annexin V 
positive cells %). WBHTƖwater bath hyperthermia (homogeneous heating reference at 37ŸC and 42ŸC); 
PWCHTƖplane-wave capacitive hyperthermia at 42ŸC, mEHT at 42ŸC. 

It is important to note that the purely homogeneous heating resulting from the water-bath hyperthermia 
(WBHT) produces comparable results to the plane-wave matching, indicating that plane-wave matching 
techniques also favour homogeneous heating, while mEHT differs significantly in the effects and outcomes. The 
apoptotic process involves a change in the potential of the mitochondriaƘs membrane and the Ca2+ influx into 
the cell, Figure 39 [122]. 

 

Figure 39. Comparison of heterogeneous heating caused by mEHT with homogeneous heating. (a) Fraction of 
cells with lowered mitochondrial membrane potential; (b) The calcium influx and intracellular ionic 
concentration (homogeneous (WBHT) heating reference at 37ŸC and 42ŸC, mEHT at 42ŸC). Abb: WBHTƖwater 
bath hyperthermia, mEHT: modulated electro-hyperthermia. 

The caspase developmentsƘ variants during the apoptosis require the extrinsic and intrinsic pathways (involving 
Caspases 8 and 9 Figure 40 ), and the caspase-independent signal routs [101]. Additionally, Septin4 blocks the 
XIAP, which makes free the extrinsic pathway from this suppressor [123]. All of these factors combined ensure 
apoptosis is the final result. 

 

Figure 40. Caspase activation shows Caspase 8 and Caspase 9 for extrinsic and intrinsic pathways, respectively. 
WBHTƖwater bath hyperthermia (homogeneous heating reference at 37ŸC and 42ŸC); PWCHTƖplane-wave 
capacitive hyperthermia at 42ŸC, mEHTƖmodulated electro-hyperthermia at 42ŸC. 
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The homogeneous heating results in energy-absorption in the tumor-mass, in an attempt to realize an 
isothermal situation. However, mEHT focuses the energy absorption on membrane rafts (nanoscopic size). The 
excess energy makes the extrinsic excitation of the apoptotic pathways (TRAIL-FAS-FADD complex), and makes 
the gradients through the cell-membrane, producing various thermal effects [79]. It increases the extracellular 
and the raft temperature to a level much higher than their environment. In consequence the calibration curves 
by measuring the apoptotic intensity significantly differ, Figure 41 [35] [79]. It is clear that mEHT produces the 
same 25% relative cell-death as homogeneous heating in ǃ3ŸC lower temperature, which is an approximate 
difference between the local nano-temperature (at the membrane rafts) and the tumor-average temperature. 

 

Figure 41. The relative cell-death (%) (a) invitro [U937 cell-line] and (b) in vivo [HT-29 cell-line, xenograft]. The 
mEHT heterogeneous heating is >4 times more effective than the homogeneous technique at the 42ŸC reference 
temperature. (IRHTƖinfrared, homogeneous heating technics). 

In another experiment, a rough calibration comparison between mEHT and water-bath homogeneous heating 
shows even higher differences between the nano-scale and macro-average temperature, Figure 42 . 

 

Figure 42. The temperature dependence of the apoptosis. The mEHT at 42ŸC produces such apoptotic level, like 
homogeneopus heating does at >45ŸC (WBHTƖwater bath hyperthermia (homogeneous heating reference); 
PWCHTƖplane-wave capacitive hyperthermia at 42ŸC, mEHT at 42ŸC). (Apoptosis final state TUNEL (Annexin V 
positive cells %)) 

A direct temperature measurement of membrane rafts also shows a significant difference in a pilot 
experiment, Figure 43 [124]. 
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Figure 43. Membrane temperature measurement in vivo (mice, HT29 cells) 42ŸC, 30 min. 
(a) DIL (Dilatometry)temperature calibration; (b) Fluorescent measurement, show the much higher 
temperature on the membrane of mEHT treated sample than on the membrane of the homogeneously (WBHT) 
heated one. 

The heating certainly causes stress, producing chaperone proteins. The most characteristic protein family of 
chaperons is the heat shock protein 70 (HSP70). This protein has a double edge sword reaction: intracellularly 
it tries to avoid the cellƘs apoptosis, extracellularly it acts oppositely: it promotes the cellular apoptosis. Any 
kind of hyperthermia results in the expression of HSP70, but at different levels. Due to the large 
electromagnetic load that accompanies the heating processes, mEHT trigger the expression of more HSP70 
than homogeneous heating, Figure 44 . This difference is most significant 48 hours after treatment. 

 

Figure 44. Comparison of the cleaved Caspase CD3+ expression. (WBHTƖwater bath hyperthermia 
(homogeneous heating reference); PWCHTƖplane-wave capacitive hyperthermia at 42ŸC, mEHT at 42ŸC). 

However, the location of the measured HSP70 is different. After 48 hours the concentration of the intracellular 
HSP70 returns to the level it was before the heating, but the extracellular levels increase, Figure 45 [125]. 
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Figure 45. Development of HSP70 after mEHT treatment of in vivo xenograft mouse model (HT29 cell-line, at 
42ŸC, 30 min). (a) The level of HSP70 returned to the baseline level at 48 h post-treatment; (b) The development 
of the extracellular HSP70 only returns to the baseline level after a week. 

A detailed review of cancer models describes the molecular mechanisms of mEHT [126]. 

3.4.1. Immunogenic Cell-Death 

The apoptosic process caused by mEHT causes special immunogenic type of changes, allowing the genetic 
information to form antigen-presenting cell (APC) by the maturation of the dendritic cells (DCs) or the 
macrophages. The excitation of the actual membrane rafts initiates immunogenic cell death (ICD). This process 
starts by producing a particular damage-associated molecular pattern (DAMP) (Figure 46 ) [127]. 

 

Figure 46. The DAMP development in vivo in an 
allograft mouse model (CT26 cells). 

 

 

The proper signal transfer, and DAMP production could be limited or blocked by too much energy absorption 
on the rafts, which destroys it instead of exciting the transmembrane proteins, and receptors. The high energy-
absorption may ignite phase transition mechanisms. For example, the kink in the Arrhenius plot at ~42.5ŸC is 
probably a lipid-associated phase transition [128] [129] [130], which could lower the activation energy needed 
to facilitate the desired changes [131]. The change in the kink is expected to be influenced by the blood flow [33]. 
Among such conditions, the immunogenic cell-death is seldom, and also the APC and the immune actions will 
not be produced, because the temperature is high, and the membrane phase-transition makes hard producing 
apoptotic bodies. Well-defined sequences and spatio-temporal actions are necessary for the DAMP, which high 
energy technologies are not able to do. The possible small amount of proper DAMP production by high energy 
technologies would be disrupted, resulting in a mixture of effects, as is often observed many hyperthermia 
studies. This causes inconsistent results as there is no control of the processes in the complex dynamical 
network seen at a nanoscopic level. 
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3.4.2. Tumor-Specific Immune Effect  

The main effect of mEHT is the energy absorption, like in all hyperthermia treatments, but it is further enhanced 
by the selection mechanisms, which makes it heterogenic, targeting, and energy-focused. The bio-
electromagnetic and structural differences of malignancies appear in their spatial and temporal self-organized 
fractal structure, harnessed by the modulation effect. The DAMP-ICD associated tumor-specific immune effect 
is active in the entire body and therefore acts as vaccination. The re-challenge of the body with the same 
malignancy therefore be expected to be unsuccessful [121]. It is an excellent advantage that without any invasive 
sampling and extra laboratory preparation, the immune effect is in situ and real-time. 

Studies with DC, Figure 47 [121]; and Marsdenia Tenacissima (MTE), Figure 48 [127] as an immune-support 
suggest that when the patientƘs immune system is weak, due to tumor-development and the side effects of the 
previous treatments, additional immune support could help for complete action. 

 

Figure 47. Immune invasion at the tumor 24 h post-
treatment (DCƖdendritic cell injection). 

 

 

 

 

Figure 48. Effect of the immune-support Marsdenia 
Tenacissima (MTE). 

 

This way, mEHT can create a favorable tumor microenvironment for an immunological chain reaction, improving 
the success rate of intratumoral dendritic cell immunotherapy [104] [121]. The applied paradigmƘs strategic 
point is that our task is to help the body recognize and destroy the malignancy. Targeting a product (such as 
weak points of tumor growth or simple destruction of the cell by thermal necrosis) could not repair the complex 
system. The entire process has to be targeted in order to re-establish the healthy state [132]. Developing a 
tumor-specific immune reaction directly drives the immune system to reparation. The mEHT method 
recognizes the tumor by its biophysical, mainly electric impedance parameters, which at the same time has 
diagnostic value, Figure 49 [104] [133] [134]. 
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Figure 49. Producing the tumor-specific 
immune reaction. The gentle apoptosis 
produces DAMP and ICD presenting 
genetic information to antigen-presenting 
cells (APCs) which produces killer T-cells 
which are active in the entire body. (Works 
like a tumor-vaccination.) 

The mEHT in this combination is a typical theranostic [135] therapy, which could be applied in combination with 
other standard tumor therapies like chemotherapies [136] [137], radiotherapies [138] [139], or check-point 
inhibitors [140]. A promising immunological approach is the combination of mEHT with viral therapies [141] [142]. 

3.5. Clinical Applications  

A review of the clinical pieces of evidence of mEHT summarized essential clinical evidence [143]. The clinical 
trials are summarized in Table 1. 

No. Tumor site 

Number 

of 

patients 

Treatment used Results Reference 

1 
Relapsed high-

grade gliomas 
15 

mEHT + alkylating 

chemotherapy 

Tolerable and safe for patients with relapses 

by high escalation of the dose too. 

Wismeth, et al. 

2010 [144] 

2 
Advanced 

gliomas 
12 

Chemotherapy, 

radiotherapy + 

mEHT 

CR = 1, PR = 2, RR = 25%. Median duration of 

response = 10 m. Median survival = 9 m, 

25% survival rate at 1 year. 

Fiorentini, 

Giovanis, et al. 

2006 [145] 

3 

Relapsed 

malignant 

gliomas 

24 mEHT 
Median survival = 19.5 months, 55% 

survival rate at 1 year, 15% at 2 years. 

Fiorentini, Sarti, et 

al. 2018 [146] 

4 
Advanced 

glioblastoma 
60 

mEHT + 

immunotherapy 

No added toxicity by immunotherapy. 

Median progression-free survival (PFS) = 13 

m. Median follow up 17 m, median OS was 

not reached. Estimated OS at 30 m was 

58%. 

Van Gool, et al. 

2018 [142] 

5 
Various brain-

gliomas 
140 

Chemotherapy + 

radiotherapy + 

mEHT 

OS = 20.4 m. mEHT was safe and well 

tolerated. 

Sahinbas, et al. 

2007 [147] 

6 
High-grade 

gliomas 
179 

mEHT + 

radiotherapy + 

chemotherapy 

Longstanding complete and partial 

remissions after recurrence in both groups. 

Hager, 

Groenemeyer, et 

al. 2008 [148] 

Table 1. Clinical trials that used mEHT in combination with other treatments. 
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4. Conclusions 

The two variants of capacitive coupling, the plane-wave, and impedance matching, make different treatment 
applications in preclinical experiments and human medical applications. Technically the difference between 
these capacitive methods is the design for homogeneous or heterogeneous heating. The homogeneous heating 
needs to measure the targetƘs temperature, obtaining information about the amount of absorbed energy, while 
the impedance matching gets direct information about the energy-absorption. This results in a difference in the 
dosing method because, in the homogeneous approach, the temperature is the mandatory part of the heating 
dose, while in the heterogeneous case, the absorbed energy characterizes the process. The heterogeneous 
heating without artificial nanoparticles is realized in the mEHT method. This method has special qualities which 
improve the conventional hyperthermia results: 
1) Excites apoptotic signals by extrinsic pathways. 
2) Though the selected membrane rafts, mEHT excites the TRAIL DR5 death-receptor (with FADD and FAS 
complex), and this extrinsic excitation triggers the ICD. 
3) The raft excitation triggers the DAMP and ICD, crucial for the immunogenic (abscopal) effect. This turns the 
local treatment into a systemic treatment, shown in the elongation of the survival time, without being limited 
to local control. 
4) The immunogenic effect is vital for the cases with far advanced, relapsed, metastatic disease, and not only 
locally advanced cases. 
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Abstract  
The medical application of electromagnetic resonances is a controversial area of knowledge. Numerous 
unproven statements and some medical quackeries were published and distributed in informal channels among 
suffering patients. The fake information is hazardous in such severe diseases as cancer. The optimal, high 
efficacy energy transport by resonances attracts the interest of the experts and the public. The focus of the 
attention is technical and concentrates on the careful selection and excitation of the target compounds or cells, 
expecting helpful modifications. The complication is the complexity of the living systems. The targets are 
interconnected with an extensive network in the tissues where homeostasis, a dynamic equilibrium, regulates 
and controls changes. The broad range of energy-transfer variants could cause resonant effects, but the 
necessary criteria for the selection and proper action have numerous limits. The modulated high-frequency 
carrier may solve a part of the problem. This mixed solution uses the carrier and modulationƘs particular 
properties to solve some of the obstacles of selection and excitation processes. One of the advantages of 
modulation is its adaptive ability to the living complexity. The modulated signal uses the homeostatic time-
fractal pattern (1/f noise). The task involves finding and providing the best available mode to support the healthy 
state of the body. The bodyƘs reaction to the therapy remains natural; the modulation boosts the bodyƘs ability 
for the homeostatic regulation to reestablish the healthy state. 
 
Keywords  
ElectricImpedance, Coherency, Complexity, MolecularExcitations, Collectivity, Homeostasis, Entropy, ρȾὪ -
Noise, Time-Fractal 
 

1. Introduction  

The bioelectromagnetic effects attracted the significant attention of various researchers and laypersons in the 
last couple of centuries. The observation shows that the electric and magnetic fields influence the biological 
processes. However, the therapeutic applications of bioelectromagnetics cause heated debates from its start 
described it as ƚhumbugƛ [1] and ƚutter idiocyƛ [2]. The weak proofs well support the medical skepticism 
nowadays too [3] [4]. Many patented ideas like LakhovskyƘs radio-cellular-oscillator [5] [6], the PrioreƘs 
electromagnetic therapy [7] [8] [9], deal with the bioelectromagnetic therapy, without any proof, creditable 
systematic studies, only some positive case-reports were published. Others, like GurvichƘs mitotic wave in 
mitosis and some enzymatic reactions [10], have no tools, which are sensitive enough to measure the supposed 
effects [11]. Even such genius giant as Nikola Tesla had patented a method about the high-frequency oscillators 
for electro-therapeutics, using ƚultraviolet raysƛ, [12] presently also out of convincing data. 

One of the most influential ideas in the bioresonance field was developed by Royal Raymond Rife. The ƚresonance 
topicƛ started with a revolutionary step of optical microscopy [13]. The Rife-microscope had the ultimate 
resolution in that time [14], able to record time-lapse movies of microbes [15]. Various pathogen organisms 
show cellular damages at ƚresonant frequenciesƛ. The phenomenon was described with ƚmortal oscillatory 
rateƛ (MOR) [16] [17] [18] [19]. The cancer-cells had showed also mortality by resonances [19] [20]. Strong 
critical opinions appeared about the method [21] [22], and the electronic devices for cancer management [23]. 
The lack of pieces of evidence, the selected favorable cases formed the ƚpseudomedicineƛ supported by 
electronics [24]. The fraudulent activities were punished [25] [26]. 

The role of bioelectromagnetics and especially the resonance phenomena became the ƚbattlefieldƛ of science 
with multiple quackeries and unscientific theories. The serious doubts make this topic an impossible research 
venture. Notwithstanding the importance of this great challenge, this work aims to study the possible application 
of electromagnetic resonances and modulation in cancer therapies.  
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2. Challenge of Complexity  

The living systems are complex, well self-regulated, and controlled. The molecular biologyƘs deterministic 
approach, about the completeness of the molecular development, strictly follows the stored model of the 
whole system in the DNA. However, the living processes are more complex than enough computer capacity 
could describe the system. Reducing life to a simple deterministic approach (reductionism) loses the system as 
an interconnected and complexly regulated unit. The proper consideration is to handle the living system as a 
whole (holism). 

The biological systems have the same complementary duality as the particles in quantum mechanics have. 
Nested and overlapping levels of the observation depend on the scale of the studied part of the system [27], 
an inspection of the same living feature from different points of view. This phenomenon is similar to the 
quantum duality, the observation depends on the observer also: ƚA living thing cannot be explained in terms of 
its parts but only in terms of the organization of these partsƛ [28]. 

It is more challenging that the living complexity involves a logical incompleteness [29], discovered by Gõdel 
almost a century ago [30]. The incomplete, complex situation means that we may address valid questions which 
have no answer in a deterministic way. These questions have a loop with a self-reference: first, the hen or the 
egg? The answer goes to the evolutionary field; and necessarily leaves the deterministic thinking. Similarly, the 
answer to the question ƚwhat existed first: the promoter or the suppressorƛ has no direct answer. A loop also 
needs a developmental, non-deterministic consideration. The complex system is regulated and controlled by 
primarily negative feedback loops, having the Gõdelian incompleteness. Theoretical biology faces these 
challenges, which builds a ƚtragicomicƛ situation [31]. 

2.1. Homeostasis of Life  

Biological systems and their macro- and micro-parts are energetically open, operate on various in- and outputs, 
causing a specified event. The productƘs reaction could amplify/promote the further shift or inhibit/block it, 
suppressing the change. The promoter-suppressor pairs work in sensitive order, modified by the feedback loops, 
the processes maintain the dynamic equilibrium of the living system, forming homeostasis. The homeostasis is 
far from the static equilibrium, but in normal conditions, it has a self-adjusted stationery state, regulated by the 
negative feedback. The feedback control mechanism regulates the promoter-suppressor balance in a relatively 
narrow predetermined range around the set-point value. The dynamic homeostatic equilibrium keeps the 
system stable but constantly changing. The dynamic equilibrium approaches to count ƚdegrees of truthƛ rather 
than the usual ƚtrue or falseƛ decisions [32]. Numerous negative feedback loops control the homeostasis [33] 
[34] in the micro and macro-structures levels. 

The systemƘs open character needs positive feedback processes too, which are one-promoting/accelerating the 
started process. Positive feedback results in more of a product or accelerates the progress. 

The homeostasis governs the equilibria in all living ranges of space and time. 

It is tuned by the intertwining of processes, which at each step seeks to have a dynamic and interconnected 
balance of suppressor-promoter pairs of the regulatory process [35]. 

The dynamic behavior of the interacting complexity guarantees robust stability. The regulation and controlling 
process are essentially inherently dynamical, so the term ƚhomeodynamicsƛ describes it better than 
ƚhomeostasisƛ [36]. 

https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref27
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref28
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref29
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref30
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref31
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref32
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref33
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref34
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref35
https://www.scirp.org/journal/paperinformation.aspx?paperid=110673#ref36


 
                 Oncothermia Journal Volume 31, March 2022   103 

 
 

2.2. Self-Organizing  

The living system exchanges energy with its environment, and every part, like the cells, tissues, and organs, has 
open energy trade with other parts of the system. The spatiotemporal arrangement of the living organisms 
and their parts are self-organized [37] [38]. The self-organized feedbacks secure the stability against a relatively 
wide range of perturbations. The structuresƘ self-similar building simplifies their construction by 
deterministically or statistically repeating the same template and connecting them with the same structure 
[39], building a self-similar harmony. 

The systematically built structures are fractals, which commonly appear in natural forms [40]. The fractal 
description of living objectsƘ spatial irregularities allows for an objective comparison of complex morphogenetic 
differences [41], and provides a useful tool to follow the physiological changes in pathologic processes [42]. 
Fractal models explain the structural developments of life processes [43]. The collectivity of the organization 
also could be monitored by the fractal concept [44]. 

The structural fractals complete the dynamic properties of life. The dynamical structures develop a complex 
spatiotemporal approach of biology, the fractal physiology [45] [46] [47], dealing with random stationary 
stochastic self-organizing processes in physiologic phenomena. Fractal physiology offers practical applications 
recognizing the diseases [48]. The self-similarity allows modeling cancer tissues by fractals [49], described by 
a generalized model [50]. The fractal geometry helps to evaluate the various images in oncology [51], describes 
the pathological architecture of tumors and their growth mechanisms accompanying time-dependent 
processes [52], and prognostic value [53]. 

The self-similar self-organizing process is collective [54] and relates to the allometric scaling of living species 
[55] [56]. The collectivity subordinates the individual needs to the groups and optimizes the energy distribution 
for the best survival with the lowest energy consumption. This energy-share works like some kind of 
democracy [57]. 

2.3. Stochastic Processes  

The well-organized complex dynamic equilibrium characterizes the regulative activities of the living systems 
from genomic to global adaptation of the organisms to the environmental challenges [41]. The time-dependent 
processes realize the observed signal with a probability of requesting a stochastic approach instead of 
conventional thinking based on deterministic changes [58]. The homeostasis is often ignored and used as a 
static framework for effects [59]. The stochastic approach is fundamental in biological dynamism [60]. 
Deterministic reductionism can mislead the research. 

Diagnostic parameters (signals) characterize the living organism. The average in time represents the 
measurement of signals, which fluctuate around the average value in a controlled band. The fluctuation sets 
various actual microstates in the body, only for a short time regarded as a signalƘs noise. The homeostatic 
control of the body regulates the fluctuations. The homeostasis needs ƚorderƛ in noise structure parameters 
like frequencies, intensities, phases. The minimal number of diagnostic signals describing in a state is defined by 
the quasi-independent, weakly overlapping regulation intervals. The number of these quasi-independent 
diagnostic signals does not change during the system meets the conditions of the healthy dynamical equilibrium. 
However, together with the relative constant averages with a standard deviation in the fluctuation band, the 
distribution of the signal frequencies varies. The variation depends on the adaptation to internal and 
environmental conditions. The measured quantities appear an average ἂὈἃ of microscopic diagnostic states ἂὈἃ. 
If the change of Ὀ remains within a tolerance band ὰ around ἂὈἃ,  the homeostasis is considered faultless, the 
subject is declared healthy. 
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The fluctuation of the signals around the actual average Ὢ Ὀ ἂὈἃ opens a new possibility to study the 
living processes. The change in the fluctuation of the signal occurs sooner than the variation of the average 
value. However, the changing of the regulative processes could drastically modify the signalƘs fluctuation 
without changing their average value. The alterations in the noise spectrum can predict reorganizations of the 
regulative feedback, which could point a healthy adaptive process to the environmental challenges but could 
indicate disease as well. The various curative processes could reestablish the signal averages. Although the 
new reestablished average is the same as was the previous, the fluctuations around the average could differ 
from the previous dynamism. The interacting connections and regulating signal loops could vary the 
fluctuations from earlier. This variation happens for example, when the immune system develops new functions 
by ƚlearningƛ the fight against pathogens. The systemic control is modified, and the system reflects it in the 
regulative fluctuations. Nevertheless, it could happen that the therapy reestablishes the proper average of the 
diagnosis signal, but the patient remains ill. The noise spectrum examination may recognize such 
incompatibilities, when the problem does not appear immediately in the averages. The opportunity of noise 
analysis is an accurate novel approach to diagnose and follow the illness in its early stages. 

The power spectrum ὛὪcharacterizes the stochastic signal with the Ὢ frequency. The other important 
functional character of the signal is the autocorrelation (Ὑ ὸȟὸ )), which measures how the signal correlates 
with itself with a delayed copy of itself. The correlation is displayed as a function of time-lag 
† ὸ ὸin X position. The Ὑ ὸȟὸ  is the similarity of the signal-parts having time delay between them. 
The autocorrelation evaluation is a mathematical tool for finding repeating patterns, looking for periodicity in 
the signal. It is a useful tool also to find a missing periodic signal, which we regard as an important component 
when a set of repeated interactions form the investigated fluctuation. 

The simplest complex noise is Gaussian (the amplitudes have normal distribution), and its power function ὛὪ is 
self-similar through many orders of magnitudes. The ὛὪ is characterized with ɻ in a simple form, like in(1) 

ὛὪ      

    (1) 
The ‌ exponent is usually formally referred to on optics, noted as the ƚcolorƛ of the noise. The white-noise is 
flat (‌ π), the pink-noise has ‌ ρ, and other colors are described by various other numbers up to ‌ ς, the 
brown-noise. The ὛὪ of pink-noise inversely depends on Ὢ frequency, noted as ρȾὪ noise. The self-similar 
processes produce ρȾὪ (pink) noise covering the time-fractal of lifeƘs dynamism [61] [62]. This dynamical fractal 
structure marks the self-organizing both in structural and time arrangements [63] and dynamically regulates 
the living matter [64]. The ρȾὪ fluctuations [65] define time-fractal structure in a stochastic way of the living 
systems [66]. The physiological control shows ρȾὪ spectrum [67]. One of the most studied such spectra is the 
heart rate variability (HRV). 

Each octave interval (halving or doubling in frequency) carries an equal amount of noise energy in the ρȾὪ noise. 
The self-organized symmetry of living system transforms the white noise to pink [68], forming the most 
common signal in biological systems [69]. 
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3. Electromagnetic Effect  

Biology fundamentally depends on the water. The electromagnetic forces act on various aqueous electrolytes 
and some solids (like bones) in the systems. The external application of electromagnetic fields on living bodies 
has four basic categories: 

1) displacements of free charges, causing electric current in the system; 

2) vibrations of charges in chemical or physical bonds (electrons in atoms, atoms in molecules, surface 
adhesions, collective-networks); 

3) reorientation (torque, rotation, structural change) of dipoles (like water molecules proteins, complex 
structures); 

4) displacement and reorientation of complete cells. 

These above effects could make notable changes in the living object: 

ǒ heat (temperature growth) by energy absorption, 

ǒ ignite molecular and systemic excitation, 

ǒ modify some suppressor-promoter loops directly by altering the feedback set-point. 

These changes could trigger physiologic and biophysical changes of the homeostatic regulation and rearrange 
of the control. Electromagnetic resonance phenomena attract extensive attention, especially connected to the 
cells as the integrated carrier and ƚbuilding blocksƛ of the living organisms. The Rife resonances appear as a 
part of these efforts. The critical point is how the electromagnetic forces make an active selection and distort 
the targeted cells. 

The most trivial connection to how electromagnetism transformed to an obvious direct cellular effector is the 
heating by energy absorption. When the absorbed energy heats the target homogeneously, we may define the 
average energy-absorption measurable with the temperature. When the absorption is heterogeneous, the 
temperature as an average cannot be defined. 

The temperature can be replaced by electric fields using their similarities in the absorbed energy [70]. The 
similarity emphasizes the possibility of the non-temperature changing but due to the energy exchange thermal 
processes involving the В꜡Ὠὖ in the internal energy of electromagnetically heterogeneous media, Figure 1 . 

Less obvious and more complicated effects are ƚnonthermalƛ, meaning that the temperature change is not 
observable. Low-level, non-stationary magnetic fields have been observed [71] and adopted [72] as the 
nonthermal electromagnetic effect. One of the most important nonthermal processes is the so-called ƚwindowƛ 
effects [73], having an optimum both frequency and amplitude to interact with cellular membrane [74]. The 
window effects have some resonance characters. The measured frequency dependence sensitively varies on 
the experimental conditions and could be in synergy with chemical effects [75].  
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(a)
(b)  

Figure 1. The direct transition between A1 and A2 is impossible due to the energy barrier. Enzymatic reactions 
could lower the height of the barrier by a chemical transition state. (a) The electric field-assisted transition 
works in a similar way, excites the targeted molecules, and forms a transitional state as enzymes do; (b) The 
transition state A* is a complex molecular reaction, and the electric field pushes it to the point of no return to 
finish the transition process. 
 
The ƚwindowƛ was measured in multiple power ranges [76], depending on the applied power (amplitude of the 
signal at the same impedance load), with such small energy, which categorized these experiments definitely as 
nonthermal. (They used max. υАὡȾὫ energy). The active Na+ flux pumping was observed as the maximum 
between πȢρ ρπ ὓὌᾀ [77], which ƚwindowƛ effect could be well explained by the active transport system 
model in the membrane [78]. The ƚwindowƛ to increase DNA concentration in the specimen was measured at 
10 Hz between πȢπσ πȢπφ ὠȾά and τ υ АὃȾὧά electric field and current density, respectively. These low 
frequencies differ from the Rife-declared ones. 

The inherent heterogeneity of the living objects varies the electromagnetic processes in constituting parts of 
the target. The heterogenic electromagnetic effects sharply divide depending on the aqueous electrolytes or 
lipid substances (like membranes or adipose cells) or solids (like bones). The actions are frequency-dependent, 
which form dispersion relations. 

Schwan [79] measured the electrical properties of tissue and cell suspension over a broad frequency range. He 
observed three major frequency dispersions, introduced three dispersion mechanisms (ɻ, ɼ, ɾ) to characterize 
the anomalous electric properties of biomaterials. The high heterogeneity of the living tissue differentiation was 
since low-frequency, radiofrequency, and microwave effects have multiple relaxational processes in their 
interval [80], Figure 2 . They are considering different mechanisms at low frequency (ɻ), radio frequency (ɼ), 
and microwave frequency (ɾ) processes. 

The low frequency (approx. 10 Hz to 10 kHz) ɻ-dispersion. This frequency-range acts mainly in muscle tissue 
[81], and so it is connected to the tubular system [82]. The vanishing of the ɻ-dispersion frequencies indicates 
first the dying process of the tissue [83]. 

The ɼ-dispersion is superimposed to the high-frequency end of ɻ-dispersion. It has a link to the cellular structure 
of biological materials [84]. The ɼ-dispersion occurs at the interface of membrane-electrolyte structures, using 
Maxwell-Wagner relaxation [85]. Interfacial polarization of the cell membranes appears in this frequency range 
[86], connected to the charge distribution at the cellular of interfacial boundaries [87]. 
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Figure 2. The various frequency intervals of the dispersion phenomena. The overlapping of ɼ and intermediate 
band between ɼ and ɾ form a biologically important range. The protein-lipid interaction and the bound water 
could react in this frequency interval. 
 
 
The upper tail of the ɼ-dispersion continues to the ɿ-dispersion [88]. The dipolar moments of proteins and other 
large molecules (like cellular organelles, biopolymers) cause this frequency spectrum [89]. This second 
Maxwell-Wagner dispersion (ɿ) also depends on the suspended particles surrounded by cells [90], as well as 
the protein-bound water, and cell organelles such as mitochondria [91] [92] appear in the range. Furthermore, 
other relaxation processes like molecular side chains, bound water molecules, diffusion of charged molecules, 
and near membrane bounds change the ɿ-dispersion. The most frequently used ISM-frequency (spectrum 
reserved internationally for industrial, scientific, and medical use) is 13.56 MHz in the overlapped region ɼ- and ɿ-
dispersion range. The model calculation also shows the importance of the 13.56 MHz [93]. 

The plentiful tissue water causes the high-frequency dispersion (ɾ) at microwave frequencies [94]. The 
excitation of various electrolytesƘ water content in the cytoplasm and extracellular matrix (ECM) is responsible 
for this high-frequency end. The time constant is proportional to the third power of the moleculesƘ radius, and 
typical characteristic frequencies are, e.g., 15 - 20 GHz for associated with the polarization of water molecules 
and 400 - 500 MHz for simple amino acids. The gamma range locates the molecular resonance of proteins 
[95]. 

The dispersion effects overlap and depend on the target material and their environmental connections, so the 
electromagnetic fields could influence many parts simultaneously, even with constant frequency. 

4. Challenge of Resonant Energy -Absorption  

The resonances appear in various thermal, electrical, and mechanical properties of the cells, tissues, and 
organs. The well-tuned resonance minimizes the energy loss during its transfer, which is in harmony with 
natureƘs general thermodynamic rules. The application of the resonance phenomena for the living systems has 
two fundamental challenges: 

Which mechanism transfers the resonant energy to the cells? 

How can the cancer cells be selected to be destroyed by resonance, and how is it harmless for healthy cells? 
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RifeƘs original idea initialized the resonant phenomena to eliminate the ƚunhealthy living cellsƛ with the 
frequencies used for cellular resonances around kHz. The energies of these waves (in order of pico eV) are 
certainly less than the temperature backgroundƘs thermal energy ~300 K of the human body (250 meV). His 
experiments were completed in vitro on cell cultures, where the challenge of selection does not appear; all 
cells were malignant. His observations did not give any clue for the energy transfer mechanism, and the MOR 
investigation misses the statistical evaluation. Only the visually observed cell distortion was measured; no other 
parameters are available. So, these early observations were indicative only. 

4.1. Deterministic Resonance  

Rife declared a mechanical ƚblow upƛ of the cellular structures, investigating in vitro. The cavity may work as a 
resonator which could cause resonant energy absorption. There are plenty of cavities by a membrane with 
surfaces of lipid-constructed boundaries like cells, mitochondria, intracellular organelles (like tubes of tubulin, 
and various intracellular structures with cavities). However, cavity resonance would require a wavelength 
comparable to its size. The mechanical effect depends on the size and the actual form of the cells, which are 
well unified in bacteria culture but not unified in a tumor, where heterogeneity is a fundamental inherent 
behavior. The Rife frequenciesƘ wavelengths are many magnitudes longer than the cell sizes, so the direct 
mechanical cavity resonance does not fit. 

Additionally to the heterogenic form of the cellular cavities of malignancy, their electromagnetic and 
mechanical parameters (like dielectric constant, conductivity, density) change by their present activity 
depending on their functions in the systemƘs structure. Other resonance possibilities are represented by the 
different molecules, including the water. These molecular components have notable resonance bands, but their 
frequencies are too high to compare them to Rife declarations. 

A kind of mechanical resonance induced by ultrasound could exist [96] in the kHz-MHz region [97]. It could select 
the cancer cells [98], because they are softer than their healthy counterparts [99] [100], so the waves could 
interfere with the soft and individual cells. Nonthermal cellular resonant mechanisms which convert 
electromagnetic radiation to such mechanical frequency have no proof yet. 

One of the most proven resonance phenomena in living objects is the ion cyclotron resonance (ICR). The method 
has strong theoretical [101] [102], and experimental pieces of evidence [103]. We shall assume a long impact 
time at ionic cyclotron resonance so that the trajectories should form and endure for a long time. However, the 
ICR and the connected phenomena need a magnetic fieldƘs assistance, and the resonances happen in low 
frequencies, on the order of a few times ten Hz. This does not fit to RifeƘs assumptions. 

4.2. Stochastic Resonance  

A mixture of deterministic signals and noise could produce stochastic resonance output in a nonlinear system. 
Its autocorrelation function Ὑ ὸȟὸor power density spectrum ὛὪcould characterize the output noise. 

One of the origins of the stochastic (probability) behavior of the living matter is the intrinsic bifurcation in all the 
levels of the living organization [104]. The basic bifurcation mechanism could be introduced by a simple 
nonlinearity of the potential wells of chemical reactions [105] [106] showing nonlinear behavior by double-well 
potential (non-harmonic potential, chaotic arrangement). The simplest bifurcative phenomenon is when the 
active forces Ὂ ὼ are not linear with the displacements ὼ (or generally with the deformations): 

Ὂ ὼ ὥὼ ὦὼ (2) 
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where a and b are characteristic parameters of the interaction. The potential energy Ὁ ὼof this force 

Ὁ ὼ ὥὼ ὦὼ (3) 
which shows the bifurcative double potential well when ὥ π and ὦ π. This potential offers equal probability 
for the particle involved in the Ὂ ὼ being in both wells, so the particle bifurcates between the two 
positions ὼ and ὼ Figure 3 . There are particles in the potential valleys that perform a harmonic oscillation. The 
noise constrains the particle to oscillate between the wells randomly. 

An additional factor ὧὼ (3) breaks the equal probability, Figure 4 , and the bifurcation (or multifurcation), the 
probability distribution biases the jumps. 

The systemƘs noise adds an anharmonic factor to the potential, so the wellsƘ equivalence disappears. The change 
modifies the optimal energy situation and constrains the bifurcation, which could direct the particle movement 
in the series of jumps into one direction. The noise modifies the depth of the wells. When the force is periodical, 
the wells periodically fluctuate accordingly up and down in opposite directions. When the amplitude A of 
periodic force is small to compare ῳὉ ὼ the equality of the two wells of the potential periodically is 
oppositely broken, but in a long-time average remains equal (Figure 5 ). 

At the start in the time ὸ π the jump from right to left is more probable than a half period later, at time ὸ

“Ⱦς , and opposite in the time of ὸ “Ⱦ . 

 
Figure 3. The bistable potential-well. The system has two stable positions (two energy minima), and it is in 
dynamic equilibrium when the two states are occupied with equal probability by oscillation. When one state 
becomes fixed in one well, the system is ƚfrozenƛ, the equilibrium is broken. 
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Figure 4. The characterization parameters of the unbalanced bistable potential-well, Ὁȟ ὼ ὥὼ ὧὼ

ὦὼȟ   ὥ πȟὦ πȟὧ πȢ The oscillation is unbalanced, the probability being in the well at ὼ   is higher than 

at ὼȢ 

 

Figure 5. Changes of the bistable potential-well by elapsed time (one time period of the exciting signal is Ὕ

ς“Ⱦ , where   ς“Ὢ is the conventionally used circular frequency). 

 
In this way, the weak periodic signal compared to the activation energy ῳὉ ὼ synchronizes the jumps in a 
stochastic (not deterministic) way. Consequently, the jumping timeƘs distribution function through the barrier 
from the potential well in the noise, which is modulated with a weak periodic signal, will not be rigorously 
monotonic. A considerable amplification of the weak periodic signal could be observed depending on the 
strength of the noise. The amplification also increases by the decreasing frequencies at a constant amplitude 
of the periodic carrying signal. The amplification also increases by the decreasing amplitude of the periodic 
carrier on the same signal frequency, and suddenly (at a threshold), the resonance disappears (window 
phenomenon). Probably this is the reason for the observed Adey-window, [77]; and some other detected 
resonance phenomena with an application of outside periodic electric field. 

The resonance-like maximum depends on Ὀ noise energy or at Ὀ ὧέὲίὸ. the frequency determines the 
maximum. This is the typical frequency-amplitude window formulated before the experiments [84]. The 
amplitude has a resonance-like behavior, Figure 6 . White noise induces the resonance when Ὀ ὯὝ (thermal 
noise) and so the noise intensity is temperature dependent. 

A particularly notable application of this stochastic resonance is the possibility of using electrically generated 
subthreshold stimuli in various biological processes [107]. The stochastic resonance works, and it remains a 
vivid possibility to explain Rife frequencies. The entry of a molecule to the cell through gating membrane 
channels has Poisson distribution in the stochastic resonance study for single-cell [108]. The response to very 
weak external electric fields could be far below the thermal noise limit. We had shown for zero-order of the 
noise that thermal limitation does not exist [109]. 
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4.3. Enzymatic Resonance 

Enzymatic assistance boost most of the chemical reactions in living processes. The cellular machinery requests 
various and numerous catalytic reactions. The living systems have tremendous enzymatic processes (so-called 
ƚcatalytic wheelsƛ [110] ). The wheels model describes a cyclic catalytic reaction having two conformation states 
of the enzyme governing the actual processƘs speed. This classical model (Michaelis-Menten enzyme model, 
[111], MME) well describes the enzymatic procedures steady-state [112]. The simple mathematical description 
involves an enzyme (E) starting the formation of the product (P) from a substrate material (S) through a 
transition state ( Ὁᶻ): 

Ὁ Ὓ 
ự
ựự
  Ὁᶻ ự ὃ ὖ    

                                              (4) 

where the reaction rates characterize the reverse, forward, and final conversions ( ὅ , ὅ  and ὅ ), 
respectively. At first, the enzyme in conformal state Ὁ connected to Ὓ substrate state and form Ὁᶻcomplex: Ὁ

ὛO Ὁᶻ. The Ὁᶻ state is highly complex because it has two states ( Ὁᶻ and Ὁᶻ) in the reaction: the Ὁᶻ ὉὛ 

complex transforms to ὖ product, via Ὁᶻ Ὁὖ complex, while the enzyme transforms back to Ὁ state at the 
end of the process, Figure 7 . 

 
Figure 6. The stochastic resonance depends on the noise-density Ὀ. (a) Amplitude ὃὈ  ; (b) Phase-shift ‪Ὀ of 
the noisy carrier. The resonance depends on   ς“Ὢ circular frequency in stochastic processes. 

 

Figure 7. The enzymatic ƚwheelƛ. In practice Ὧ Ὧ  , Ὧ Ὧ , Ὧ Ὧ  and  Ὧ Ὧ , so the ƚwheelƛ works in 

one direction, by Michaelis-Menten process 
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