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Editorial

Dear Reader, Dear Fellow
Researchers, Dear Colleagues,

| recommend the 33rd volume of
our Oncothermia Journal to the
readers' attention. Essential new
results are published and
presented in this volume.

| published two basic articles to
clarify the role of resonances in
modulated electro-hyperthermia
(mEHT) applications.

As discussed in the article of Cancer-Specific Resonances a
possible stochastic explanation is given on the topic, that the
resonant phenomena provide a selection possibility of
malignant cells.

The publication of Stimulation and Control of Homeostasis
presents another perspective on the topic of the importance
of homeostasis in clinical practice and shows its stimuli by
vagus-nerve excitation, used by meHT.

Furthermore, another article focuses on the complementary
applications of mEHT with radiotherapies. New results draw
attention to critical facts in the relationship between ionizing
and non-ionizing radiations applied in radiation oncology. The
article comprehensively presents the most recent theoretical
results with modern clinical radiology practice.

The heat-shock-proteins (HSPs) challenge the efficacy of
hyperthermia due to their ability to develop heat resistance.
The article of Dr. Minnaar demonstrates how mEHT goes over
this problem and uses HSPs for apoptosis of malignant cells.

In Dr. Marcell Szasz' article, a comprehensive investigation is
carried out on the similarities and differences between the
mEHT and the TTF methods, pointing out the advantages of
the electric field effects.

Prof. Lee's publication validates and provides additional
support for the special results of mEHT in cancer of the uterus
cervix.

Prof. Wust's article is a new milestone in showing the effect
of modulation in mEHT success. The preclinical results prove
the basic impacts of modulation on cell killing.

A strong international team of medical professionals leading
by Prof. Arrojo wrote comments on Liebl et al. article, which
made the incorrect evaluation of hyperthermia and presented
false and misunderstood data.

| hope you will enjoy reading these articles and using the
provided information in your medical practice.

e

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

Liebe Leserinnen und Leser, liebe Forscherkollegen, liebe
Kolleginnen und Kollegen,

Ich empfehle den Lesern den 33. Band unseres Oncothermia
Journals zur Kenntnis zu nehmen. In diesem Band werden
wesentliche neue Ergebnisse veroéffentlicht und vorgestellt.

Prof. Szasz veroffentlichte zwei grundlegende Artikel zur
Klarung der Rolle von Resonanzen bei Anwendungen der
modulierten Elektrohyperthermie (MEHT).

In dem Artikel Krebsspezifische Resonanzen wird eine
mogliche stochastische Erklarung dafiir gegeben, dass die
Resonanzphanomene eine Selektionsmdoglichkeit bosartiger
Zellen darstellen.

Die Publikation Stimulation and Control of Homeostasis stellt
eine weitere Perspektive zum Thema der Bedeutung der
Homodostase in der klinischen Praxis dar und zeigt deren
Stimulierung durch Vagusnerv-Erregung, die von mEHT
genutzt wird.

Ein weiterer Artikel befasst sich mit den komplementaren
Anwendungen der mEHT mit Strahlentherapien. Neue
Ergebnisse lenken die Aufmerksamkeit auf kritische Fakten in
der Beziehung zwischen ionisierenden und nicht-
ionisierenden Strahlen, die in der Radioonkologie eingesetzt
werden. Der Artikel stellt umfassend die neuesten
theoretischen Ergebnisse mit der modernen klinischen
Radiologiepraxis dar.

Die Hitzeschock-Proteine (HSP) stellen aufgrund ihrer
Fahigkeit, Hitzeresistenz zu entwickeln, die Wirksamkeit der
Hyperthermie in Frage. Der Artikel von Dr. Minnaar zeigt, wie
die mEHT dieses Problem umgeht und HSPs zur Apoptose
bosartiger Zellen nutzt.

Im Artikel von Dr. Marcell Szasz werden die Gemeinsamkeiten
und Unterschiede zwischen der mEHT- und der TTF-Methode
umfassend untersucht und die Vorteile der elektrischen
Feldeffekte herausgestellt.

Die Publikation von Prof. Lee validiert und untermauert
zusatzlich die besonderen Ergebnisse der mEHT bei
Gebarmutterhalskrebs.

Der Artikel von Prof. Wust ist ein neuer Meilenstein in der
Darstellung des Modulationseffekts fiir den Erfolg der mEHT.
Die praklinischen Ergebnisse belegen die grundlegenden
Auswirkungen der Modulation auf die Zellabtotung.

Ein starkes internationales Team von Medizinern unter der
Leitung von Prof. Arrojo hat Kommentare zum Artikel von
Liebl et al. verfasst, der eine falsche Bewertung der
Hyperthermie vornimmt und falsche und missverstandene
Daten prasentiert.

Ich hoffe, Sie werden diese Artikel mit Vergniigen lesen und
die darin enthaltenen Informationen in |lhrer medizinischen
Praxis nutzen.

A e

Dr. Andras Szasz
Professor und Vorsitzender der Fakultat fir Biotechnik an der
St. Istvan Universitat
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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 for both of us, we prepared the following rules and guidelines for
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international Oncothermia community. Advertisement connected to the topic is also welcome.
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the website of the journal: www.oncothermia-journal.com

Umfang und Ziele

Das Oncothermia Journal ist das offizielle Magazin der Oncotherm Gruppe und soll diejenigen unterstiitzen, die ihre
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- 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 Modalitaten und Behandlungsoptimierungen

- Biologische Studien: Mechanismen der Oncothermie, thermale oder temperaturunabhangige Effekte,
Ansprechen auf ein elektrischesFeld, bioelektromagnetische Anwendungen bei Tumoren, Kombination von
Oncothermie und anderen Modalitaten, Effekte auf normale und maligne Zellen und Gewebe, immunologische
Effekte, physiologische Effekte etc.

+ Oncothermie-Techniken: technische Entwicklungen, neue technische Lésungen

- Hypothesen undMeinungen, wie die Oncothermie- und ECT-Methoden verbessert werden kdnnen, um die
Behandlung zu unterstitzen

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

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

Manuskripte einreichen
Manuskripte kénnen online eingereicht werden: info@oncotherm.org

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 submitted in a format compatible with Word. All figures (illustrations, diagrams,
photographs) should be provided in JPG format.
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Manuscripts may be any length, but must include:

- Title Page: title 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.
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[1], [1-3]. Die Bibliographie erfolgt numerisch in Reihenfolge der Erwahnung im Text.

. Copyright
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 dazugehorigen Abstracts unterschreiben. Die Uberschriebenen Rechte sind nicht exklusiv, der Autor kann das
eingereichte Material ohne Limitation nutzen.

Electronic Proofs

When the proofs are ready, the corresponding authors will 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 Korrekturfahnen fertig gestellt sind, werden die Autoren per E-Mail informiert. Gedruckte Kopien werden
nicht per Post versandt. Um Verzégerungen in der Produktion zu verhindern, miissen die korrigierten Texte innerhalb
von 48 Stunden per E-Mail oder Fax zurlickgesandt werden.

. 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.

Sonderdrucke und Nachdrucke

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

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.

Oncothermia Journal, Volume 33, May 2023



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.

. 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 veroffentlichten Artikel sind in vollem Umfang flr ihre Texte verantwortlich.
Das Oncothermia Journal Ubernimmt keinerlei Haftung fir die Artikel der Autoren. Die Redaktion hat das Recht Artikel
abzulehnen.

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 which are not connected to the topics of the journal could be
rejected without reviewing.

Bewertung

Die Texte flir das Oncothermia Journal werden durch die Redaktion kontrolliert. Um Konflikte zu vermeiden, werden
die Namen des jeweiligen Korrektors nicht 6ffentlich genannt. Artikel, die nicht zu den Themen des Journals passen,
kénnen abgelehnt werden

Oncothermia Journal, Volume 33, May 2023



Contents

Szasz, A.: Cancer-SpeCific RESONGNCES. ... e e 8
Szasz, A.: Stimulation and Control Of HOMEOSTASIS ...ttt sbe e b bens 37
Szasz, A.: Heterogeneous Heat Absorption Is Complementary to Radiotherapy.......coevncnncnnicinnicn, 70
Minnaar, C.A. et al.: Forcing the Antitumor Effects of HSPs Using a Modulated Electric Field.......cooovvvenienee 14

Szasz, A.M. et al.: Meta-Analysis of Modulated Electro-Hyperthermia and Tumor Treating Fields in the
Treatment Of GLODLASTOMAS ... ek bbbkt be s e s be bbb 146

Lee, S.Y. et al.: Modulated electrohyperthermia in locally advanced cervical cancer Results of an
observational STUAY O 95 PatiENTS ...t 165

Wust, P. et al.: Radiofrequency Electromagnetic Fields Cause Non-Temperature-Induced Physical and
Biological Effects iN CanCer CRLLS ...tttk bbb bbbttt st en 174

Arrojo, E. et al.: Commentary on "Systematic review about complementary medical hyperthermia in
ONCOLOBY" DY LIBDL BT @l uciiiiiiiecirrieeenrrr stttk bbbk bbb e e b bbbt besesnsnbnbes 195

Oncothermia Journal, Volume 33, May 2023



Cancer-Specific Resonances

Andras Szasz

Department of Biotechnics, Hungarian University of Agriculture and Life Sciences, Godollo, Hungary

Cite this article as:
Szasz, A. (2022) Cancer-Specific Resonances. Open Journal of Biophysics, 12, 185-222.
https://doi.org/10.4236/0jbiphy.2022.124009

Oncothermia Journal 33, May 2023: 8 - 36.
www.oncotherm.com/sites/oncotherm/files/2023-05/5zaszA_Cancer_Specific_Resonances.pdf

Oncothermia Journal, Volume 33, May 2023



Abstract

The research of cancer-specific resonances started with Raymond R. Rife's controversial results. The
intensive debate began on the topic, and various interpretations of the results deepened after his
death. This theme presently sparks desperate debates with extreme opinions, from the dangerous
quackery to the brilliant discovery. A part of medical practices applies the resonance principle in
various anticancer therapies and uses a variety of devices. Most medical experts refuse such
“resonance therapies” due to their confidence in their quackery. | summarized some present problems
and proposed a possible solution. My present article aims to discuss some aspects of the biological
resonances, trying to clear some vague details of this subject and give a possible stochastic
explanation of some resonances in cancer therapy. However, when considering the stochastic
explanations of resonance frequencies, there are as many of these as there are enzymatic processes
affecting the biological systems.

Keywords:
Rife Frequencies, Pythagorean Mystics, Resonances, Noises, Fluctuations, Stochastic Processes,
Enzymatic Resonances

1. Introduction

The resonance embraces a broadcategory of systems, especially reaction on a periodic excitation. Resonance
occurs in many interactions: mechanical (e.g. strings, acoustic, tuned vibrations, etc.), electrical (e.g. tuned
circuits for selectivity, impedance extremes, etc.), atomic (e.g. Mossbauer effect, nuclear magnetic
resonance, electron spin-resonance, etc.) or optical (e.g. laser, spectral lines, etc.) and many of their
combined effects. In some cases, the phenomenon of harmony is also related to resonances, for example,
musical harmony which is composed of various mechanical resonances, or the homeostatic balance created
by a complex set of selected bio-interactions.

The role of bioelectromagnetics in the resonance phenomena has turned into a “battlefield” in science. The
medical facts and their interpretations are mixed with quackeries and medically not proven theories [1]. These
unsatisfactory proofs make the “healing electro-therapeutics” highly controversial. For example, electro
homeopathy (or Mattei cancer cure [2] [3]) proposes different resonant optical “colors” of electricity to treat
cancer. Experts described it as “utter idiocy” [4].

Severe medical doubts make this topic an impossible research venture. The broad legal and illegal medical
applications draw attention to this attention grabbing topic despite its great challenge with multiple unclear
details. Differentiating the quackeries from scientifically approved facts confuses the discussion.
Unfortunately, these concepts have been adopted and misinterpreted by the non-scientific community,
resulting in the development of pseudoscientific beliefs. A further complication is that almost all unscientific
explanations include well-proven facts within their unproven or false statements. Unfortunately, these
concepts have been adopted and misinterpreted by the non-scientific community, resulting in the
development of pseudoscientific beliefs. This further contributes to the poor acceptance of the topic by
professionals. The judgment of a great scientist, Stephen Hawking, summarized it: “The greatest enemy of
knowledge is not ignorance , it is an illusion of knowledge " [5]. An example of the misuse of a scientific
concept involves mechanical resonance, a condition in which a mechanical system responds with increased
amplitude when the frequency of the system'’s oscillations matches the system's natural vibration frequency.
A frequency limit and definite boundary conditions are disregarded when the concept is used to describe
pseudoscientific theories. Another frequent “shift” uses the well-proven quantum-mechanical effects in the
micro-world atoms and molecules to explain macroscopic bodies. Therefore, the use of resonance in
oncological applications requires in-depth investigations to filter out the facts from the pseudoscience. The
question is: “Who is the fake one now?" [6]. | try to collect many ideas connected to resonance phenomena,
point out the dubious parts, and focus on possible developments.

2. ThePythagorean Harmony

The ancient Greek culture developed the first resonance theory. Centered on the mechanical resonances of a
tense string, Pythagoras introduced a set of resonances that explained leading musical harmony in European
culture. The Pythagorean school developed mystic numerology by observing the connections between the
mechanical resonance of the tense string and its environmental matter (musical sound). Pythagoras created
an approach to the vibration of string using ratios of integers. His discovery became the basis of some
geometric and musical works, establishing the numerological harmony of musical tuning [7].

Oncothermia Journal, Volume 33, May 2023 9



When one string is exactly half the length of another string, the notes will have different pitches but will till
be in harmony. The interval between the two notes is called an octave. The Pythagorean tuning system,
eveloped by Pythagoras, is based on a frequency ratio of musical intervals of 2:3, or the “perfect fifth”
(3/2). In musical Pythagorean tuning, the power function of the ratio of “perfect fifth” (gj
2

The structure forms a scale and the 2-? transposes the scale to the fundamental octave [8]. The perfect fifth
can be divided further on the same ratio following the 2"3™ (where n and m are integers) division rates on the
string. This way the Pythagorean music makes the sounds based on the length of tense strings in a scale,
where the template is the “perfect fifth” which divides the string by 2/3 portion. Hence, the correct set of

1 U s
tense string vibrations has a 272 [8] divisions in musical structure.

The subjective human sense enjoys musical harmony, which does not fit properly with the mathematical
construction. A dissonance appears in senses, the “Pythagorean comma,” or “wolf fifth". A critical feature
appears here: the “dissonance” of the wolf-fifth, a fundamentally psychological rather than based on
mathematical objectivity.

o] w

The “magic” also appears in other ancient science. Aristotle, a significant influencer of the European
culture of ancient times and the middle ages, observed the same ratio between the volumes of the cylinder
and its inner nesting sphere, which is valid for their surfaces. Kepler also applied the musical ratio in the
cosmos' harmony, forming the cosmic monochord of the universe [9]. Kepler's observation of the planets’
distances follows a musical harmony (music of spheres). The proof of this theory, of course, considers the
limited possibilities of the observations in Kepler's time.

Interestingly this early mysticism has some real roots in nature, mainly due to the standing harmonic waves

A A

formed in the tense string with fixed ends showing 2 , where nis integer and 2 isthe half-wavelength of
the formed wave. The hypothesis of applying ancient numerical wisdom in modern physics surprisingly
supported the other “Pythagorean quantization”. The mathematical apparatus of such modern fields as
quantum mechanics [10] and the structure of DNA [11] apply the Pythagorean symmetries. The wave quanta
with integers appear in the string theory of the standard cosmologic model [12].

The other Pythagorean discovery is the triplets of the right triangle drive obtaining Sommerfeld's fine-
structure constant and show similarities with the quantum Hall effect. It could be applied in the time-

dependent quantum mechanics connected to the time-dependent complex nonlinear Riccatti equations [13],
e’ e

and the ¢ e in Sl units] least Coulombic action. The generalized Pythagorean theorem appears in

many topics in physics [10]. It also appears in the space-time distances in special relativity [14], and could be
connected to optical imaging by the reciprocal values [15]. The applied Pythagorean triplets are well
described theoretically [16] [17]. The applicability's main origin covers the fundamental distance-like values
in the Cartesian coordinate system or the law of cosines in any coordinates. However, the similarities of the
Pythagorean triplets and numerical string theory with the quantum effects and differential equations do not
mean the quantum-mechanical application or relevance of Pythagorean theorems. These similarities are
formal. The simple deterministic mechanical concept has no fundamental connection with the probability-
based quantum ideas.

3. Therapies with Bioelectromagnetic Resonant Frequencies

The mechanical behavior of the electromagnetic phenomenon is nonlinear in space distances, causing many
complications for the first modern scientific investigators, Coulomb and Ampere. The electric and magnetic
fields introduced by Maxwell [18] solved this problem by linearizing the forces depending only on the fields
and the resting or moving electric charges. These new constructions could only be detected in specific
materials with charges and currents and were otherwise insensible to the human senses. The concept of the
electric and magnetic field was therefore perceived as a “miracle” by many laypeople, and many
pseudoscientific beliefs targeted it. The main controversial “battlefield” is bioelectromagnetism, the effect of
electromagnetic fields on living objects. Heated debates have emerged on the effects of environmental
factors on health and on the development of malignancies, for example, induced by the energy transfer
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networks (like powerlines) [19] [20] [21] [22] [23]. However, the explanations proved controversial and often
found to be inconsistent [24]. Broad approaches are discussed in the topics of “electrosmog” [25] [26],
“magnetic field medicine”, [27], “new biophysical field", “force-free actions” [28], “scalarwave effects" [29],
and “subtle energies” [30]. These topics have created upheaval in the field of bioelectromagnetics, with
strong opposing arguments from physical [31] and mathematical points of view [32] [33]. Most of the
measured and medically proven but contradictory results in bioelectromagnetism characterize the complex
behavior of the biosystems, which has a “Janus face” feature because it inherently depends on internal and
external conditions. The same “electrosmog” radiation could be “healthy” or “unhealthy” depending on the
conditions [34]. Most of the bioresonance theories involve electromagnetics and/or quantummechanical
explanations. Nikola Tesla considered resonances as the most general law of nature [35], which focused
attention on this topic. Tesla applied electromagnetic resonance in most of his numerous patents, like the
alternative current [36] and wireless communication [37], founding a unique bioelectromagnetic view [38].
Tesla worked out a method for electro-therapeutics, using “ultraviolet rays” [39].

The other influence on the bioresonances has a quantum-mechanical origin. The Aharonov-Bohm effect [40]
led to new ideas. This quantum-mechanical in terference phenomenon may be applied in the concept of the
“field-free"” vectorpotential with possible biological application [41] [42]. The vector potential deals with the
influences of the inherent fluctuations that allow the unmeasurable field-effect in a macroscopic
spatiotemporal measurement, the vector-potential acts in macro ranges [43].

The “resonance topic” in cancer therapy started with a revolutionary step of optical microscopy, developed
by Raymond Royal Rife [44]. The Rifemicroscope had the ultimate resolution at that time [45]. The microscope
was able to observe the cellular morphology and changes in cell culture in natural, time-lapse conditions
with as high as 31,000 resolution with low aberration, while the standard laboratory microscopes at that time
had only 2000 to 2500 [46].

The great advantage of the microscope was its resolution and the possibility of observing the time-lapse
dynamics of living microbes [47]. The Rife microscope does not harm the specimens under observation. The
microscope's ability allowed researchers to study the processes caused by environmental interactions. The
time-lapse facility was an extraordinary chance to study living interacting cells by visualization and
registering the dynamics of cells alive over a long time [48] [49] [50]. Recording the time-lapse microscopy
movies of microbes excited the researchers of the time. Note, the time-lapsing nowadays remained very
popular and used in many microscopic solutions, mostly applying modern, extreme high-resolution live-cell
imaging without Rife's microscopy.

Using Tesla's arc lamp idea [51], Rife constructed arc radiation (“beam ray”) in an argon-filled glassflask,
pumping it with various modulated radiofrequency (RF) power [52], and he used its radiation for microbes
under his microscope [53]. He observed “resonant frequencies,” where the pathogens will perish [54] [55] [56]
[57]. Rife collected these unique frequencies and registered the “mortal oscillatory rate” (MOR) for various
pathogenic organisms. The resonance idea spread rapidly among the experts and laypersons, assuming the
same “curative effect” in vivo, without proof. The new claim declares the cure of cancer without relevant
observations. The rigorous theoretical and clinical studies are nowadays also largely missing. Later
Rifemodified the cancer-cure idea, saying that he may devitalize the disease.

After the death of Raymond Rife, a large market developed, using his work to provide false hopes for cancer
patients (at this point, the market-related profitmaking substantially impacted the field). The new “Rife-
machines” do not use plasma radiation. Instead, they apply only minimal current (milliamperes) of various
modulated RF carrier frequencies, which promises to kill the cancer cells in the whole body. Most of the
devices were utterly deceptive, and while they directly did not harm the patients, those who used these were
isolated from the benefits of proven treatments by their firm belief that the Rifemachine helps. More and
more publications were available by elapsing time, showing the problems with the original Rife frequencies
and its “theory” behind them. The theoretical part was fragile; the experimental results had no explanations,
while the publications did not describe the experimental conditions professionally. The lack of evidence and
the presentation of only a selection of favorable cases supposedly treated by Rife resulted in the
development of a field of “pseudomedicine” supported by electronics [58] [59]. The fraudulent activities were
punished [60] [61]. Such "Rife devices" have figured prominently in several fraud cases in the US, typically
centered around the uselessness of the devices contrary to their marketed grandiose claims. In a 1996 case,
the marketers of a "Rife device" claiming to cure numerous diseases, including cancer and AIDS, were
convicted of felony health fraud [62]. The sentencing judge described them as “target[ing] the most
vulnerable people, including those suffering from a terminal disease,” and providing false hope [63].
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Rife machines have been blamed for the deaths of cancer patients who might have been cured with
conventional therapy [64].

Unfortunately, many questionable methods use the “phenomenon” of generating profit from believers
without acceptable scientifically and medically approved evidence. Rife devices are currently classified as a
subset of radionics devices generally viewed as pseudomedicine by mainstream experts [65]. No evidence
was produced [66], and it was declared quackery [67] [68]. The Rife frequency generator is an electronic
device purported to cure cancer by transmitting radio waves. Authorities in the UK and the US studied this
device: “there is no evidence to show that the Rife machine does what its supporters say it does" [69].

However, the appearance of the bioelectromagnetic resonance needs clarification despite many
unsuccessful experiments and sometimes misleading or even falsified data. The mixture of the facts and the
hidden false statements using scientific language makes the debate too complicated. Such patented ideas as
Lakhovsky's radio-cellular-oscillator [70] [71], Rife'sresonant waves [57] [72], Priore's electromagnetic
therapy [73] [74] [75], are unproven in systematic studies, but some positive case reports were published.
However, these selected results do not provide enough proof to verify the effect. On the other hand, the
missing proofs do not mean directly that the idea is quackery. Future discoveries may find the missing proofs
with new research facilities like Gurwitsch's morphogenesis-based mitotic wave in mitosis [76] [77] [78] and
some enzymatic reactions [79]. Gurwitsch's pioneering work has a revision integrating the bioelectric
interactions [80] [81]. However, presently we have only indirect proofs in this field as well. Not enough
sensitive tools exist to measure the supposed effects [82].

The psycho-effects of otherwise safe (maybe ineffective) methods keep many of these therapies alive,
providing a placebo for the patient [83]. The placebo treatment does not mean “no treatment” [84]; it could
help with belief. This psychological issue is mostly palliative [85]. The missing efficacy becomes harmful
because the patient remains without professional medical care, and the disease may become irreversible.

Low-level, non-stationary magnetic fields have been observed [86] and adopted [87] as a nonthermal
electromagnetic effect. One of the essential nonthermal processes is the so-called "window" effects [88],
which shows significant calcium influx to the cell at the low-frequency modulation of radiofrequency around
16 Hz frequency “window", having an optimum frequency and amplitude to interact with cellular membranes
[89]. The window effects have some resonance characteristics. The measured frequency dependence varies
based on the experimental conditions and could act in a synergistic way with chemical processes [90]. The
“window" was measured in multiple power ranges [91]. These experiments were considered to be nonthermal
due to the low energy (max5 uW/g energy). The maximum of the active Na+ flux was observed between 0.1
- 10 MHz [92], which "window" effect could be well explained by the active transport system model in the
membrane [93].

4, Controversial "Quantum Resonance” Based on Pythagorean Harmony

The quantum-mechanical resonances attracted the attention of many researchers. For example, the
“orchestrated objective reduction of the quantum state” [94] concentrates on microtubules in the cells; the
quantum-field approach of the water [95]. Many publications were devoted to living organisms’
healthsustaining coherent, decoherent frequencies (detrimental) [96]. The idea has a root in the interference
of waves. The interference pattern could be constructive and destructive, giving the biological rationale of
the wave harmony [97]. These facts prompted the application of the Pythagorean wave harmony on strings
to explain the resonance frequencies, including the Rife frequency spectrum. This resulted in a shift from the
integer-based ancient set of wavenumbers to the quantum-mechanical energy eigenvalues starting from a
reference frequency ( ref THz f =, due to practical reason) set of frequencies, defined by the formula called
“GM scale” [98]:
E = /gf;_cf 23" (2” ) = hﬁ),,ef 2me3m (1)

where E" is the energy values of the discrete coherent electromagnetic waves, h is the Planck constant, and
n, m, and p, are selected integers [99]. Analyzing the powerdensity of this generated Pythagorean spectrum,
it follows a scaling law of S (f) noise density: S (f) = f ~« shown in Figure 1. By sorted number sequences of
n, m, and p.
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This mathematically correct scaling requests in (1) n = 0.5 (wolf sound) too, which is not an integer. The

) .
=| =3">p

Pythagorean musical structure 2P\2) [6] limits the “freedom” of (1), so the spectrum differs from the
assumptions of [99].

The consequences of the quantum wave in musical harmonic ratio had induced some doubtful research using
the “cosmic musical master-code” [100]. The “mastercode” follows the Pythagorean harmony, with an
extended anthropomorphic presentation of the human musical sense of harmony. Dubious research explains
some fundamental problems in quantum mechanics with the ancient Pythagorean numerology. The
descriptions include Bohm's implicate order [101], quantum coherence in living processes [102] [103], and even
attempting to explain the origin of life with mineral interactions [104].
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Figure 1. The frequency spectrum of the Geesink-Meijer “GM scale”
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(a) The spectrum in frequency;
(b) The noise of the spectrum;

(c) The S(f) fit with Fourier transformation (FT, a = 0.965 , Microsoft excel), which practically approaches

the pink-noise spectrum [99].

The consciousness is described with the help of the generalized Pythagorean musical harmony [105]. The
theory also supports such mystique as the afterlife [106].

The theory and its presented proofs have serious challenges:

1)

2)

3)

4)

5)

The Pythagorean harmony is valid in a tense string. The waves are formed in fixed boundary conditions,
and these determine the waves in a system. What are boundary conditions fixed in this harmony
concept? Where are these “strings” which resonate with the Pythagorean scale? How could the tense
string waves be formed in the macroscopic cells?

The h = 6.6x1073* J -s , which means subtle energy by (1). The quantum energy is enough to act in a
guantum-mechanical object (like an electron in the atoms). However, the proteins are macroscopic (the
cells are even more on a macro-scale) and immersed in the environment with thermal fluctuation in body
temperature, which drastically exceeds the subtle energy transfer: 126 meV 4.2102' JBk T = = x — [107].
One of the lowest binding energy in biosystems are the hydrogen bonds in various structures, having
6 - 30 kl/mol (=2 - 12 kBT) [108] [109] [110]; which are 2 - 12 times more than the thermal fluctuation in
the living body. How is the energy of “quantum resonance”, which is =1013 times less than the energy in
hydrogen bonds, expected to alter the cancer cells? A question also arises: which signal pathway is
chosen and which molecules are involved?

The description of (1) uses the 1D string vibrations and the wave-forming on the plane sheets [111].
However, the plane waves (membrane resonances) depend on the shape and thickness of the vibrating
sheet (boundary conditions) [112] [113] and are not as simple to interpret as is proposed by the analogy f
the tense string vibrations. A detailed and correct description is necessary to explain the proposed
effects.

This quantum hypothesis continues the Pythagorean number-mystique as a mathematical algorithm for
coherent quantum frequencies, used to support the Rife frequencies [114]; and the nonthermal
electromagnetic interactions [96]. The Geesink Meijer “GM" scale appears to use similar divisions as the
cents. It ranks from 1.0 to 1.898 for “coherent” (“GM-scale") and from 0.974 to 1.837 for “"decoherent” "GM
spectra”, with the same twelve divisions of the "octave" [115]. The normalized frequency spectrum of the
“beneficial” vs. “"detrimental” signals [96] shows a continuation of the spectrum in an extensive range of
frequencies. The slope of the beneficial vs. detrimental plot shows a =3.4% deviation from the equality
of the two opposite effects increasing the doubt about the validity of the hypothesis Figure 2.

The further dubious consequence of the GM scale is the identical frequency dependence in Hz and GHz
regions Figure 2. This contradicts the expectations of different mechanisms in these scales. The low
frequency is principally active in the extracellular matrix and the cellular membrane, while the high
frequency penetrates the cytosol and changes the molecular processes intracellularly.
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Figure 2. The "beneficial” vs. “"detrimental” frequencies of "GM scale" [96]-[101]. A comparison of the GHz
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and Hz spectra shows complete identical slopes (slope = 1.03, R? = 0.998).
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6) The fundamental doubt about this hypothesis comes from the harmony itself. The living systems have
heterogenic “strings” and “plates” with complex interactions. The existence of these strings and plates
resonatingin “harmony” is illusory because all the strings and plates have different boundary conditions,
so their resonances are far from the same, so their harmony needs much more conditional assumptions
than Equation (1) describes. The healthy “harmony” is regulated and controlled by homeostasis, which
induces 1/f noise calculated by multiple entropy analyses [116].

7) The data contain 219 and 123 separate biomedical studies for healthy homeostatic and cancerous
situations, respectively [117]. The essential request of the statistical evaluation is cohort homogeneity
which does not exist in the data for the GM-scale. The vast number of observations collect various
experimental setups and use various substances, so these do not fit one unified GM-scale. The data do
not belong to the same group of experiments, so their interpretation as a cohort is incorrect. We must
have data collection and clinical trials according to international standards to surmount the trap of
dubious assumptions.

8) According to the above doubts, the Pythagorean quantum coherence is a proofless continuation of the
ancient Pythagorean number mysticism. The Pythagorean vibrating strings concept deals with
mechanical conditions in a deterministic way. How does it fit the stochastic probability methodology of
quantum mechanics? It is not as universal as quantum mechanics and has no such probability-
dependent, stochastic phenomena, which are regarded as the corner point of quantum phenomena [118].

5. Doubts on Cancer-Specific "Resonant Harmony”

The health-supporting and detrimental signals from only a few Hz to THz frequencies are included in the
massive set of “resonant” frequencies [119], mostly corresponding with Rife-frequencies results.
Decoherence as the hypothetical cause of cancer [120] is also a noteworthy hypothesis. However, there are
also numerous open, unanswered questions:

1) Cancer cells are “softer” than their normal host cells, and their membrane tension increases [121]. At
the same time, their tumor is "harder” due to the place-demanding proliferation. Cancer elevates the
lateral motility of membrane compartments [122], and at the same time, the membrane becomes
more rigid in the perpendicular direction [123]. How do these cellular effects act positively or
negatively on the resonances of tumor cells?

2) The tumor cells have lower membrane potential than their healthy host cells [124] [125], having
shallower potential-well. Consequently, the probability of fixing the wave function inside the well is
low (the tunnel effect dominates). How does the strict spectrum form?

3) The extracellular matrix in the cancer cells' microenvironment is highly disordered [126] [127]
because the tumor cells break their networking connections (these are primarily individual,
“autonomic” cells). How could resonances modify the harmony between them?

4) The minimal change which we need to modify the cellular structure is the transition of the unfolded
state of polypeptides to the «-helix, when the entropy changes (decreases) by

S, =-138 2 2 J/K = -4.95 RIIK . :
AS g 113 ><]n(6 )xlO /K =-495x10" J/K which means the change of the internal energy

AU =TAS,,,; =1.4x107°]
E,, =10""]

quant —

quant

[128]. This is considerable energy compared to from (1), where
up to fisin kHz-region. From where does the energy come? Note, the THz frequency
or higher (like optical) would be enough to provide the missing energy, but the RF range can not.

5) Cancer cells differ by size and shape from normal cells [129] and from each other [130] and even vary
by metastatic potential [131]. How could the resonances with a single frequency modify these objects
with various forms and conditions?

6) Thebeneficial and detrimental frequencies are linearly connected. The general biological frequencies
[117] differ from cancerous frequencies in Figure 3. An explanation is needed, why are they generally
“beneficial” frequencies not beneficial for cancer, and the opposite is that the systemic noncancerous
“detrimental” frequencies differ from the detrimental resonances of cancer? Does this mean that the
cancerous state is not detrimental?
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7) Multiple measurements also show the effects of various parts of the cells in low-frequency regions.
These changes are chemical and have nothing to do with such energy described by (1). These effects
are induced by the electric field interaction in the classical energy exchanges, such as the Drude-
model, frequency dispersions, or charge movements. These exchange energies are much higher than
the supposed quantum-mechanical effect in (1). According to our current knowledge, the quantum
description of the macro-particles and giant molecules like proteins or DNA is missing. Consequently,
the wavefunction and the eigenvalues used in (1) do not describe the macro-objects in such small
energies as supposed in (1).
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Figure 3. The normalized “beneficial” vs. “"detrimental” frequencies (low-frequency spectrum) in
cancerous and healthy states. It looks that the “detrimental” frequencies in a healthy state are not
parts of the cancerous “detrimental” frequencies, and those frequencies which are “beneficial” in a

healthy state are not parts of the beneficial frequencies of the cancer states showing the difference
of the “"detrimental” categories. A question arises: What do the defined “detrimental” and
“beneficial” categories mean?

6. The Clinical Renewal of the Rife Concept

The resonant frequencies’' concept was renewed about ten years ago [132]. The "Rife machine”, which uses
galvanically coupled current through the body from the electrodes in hands or feet, had been modified for
under tongue electrode, providing high RF-frequency (27 MHz) as a carrier and delivering the “resonant
frequencies by amplitude modulation of this carrier [133]. The in vitro experiments based on the historical
roots [134], including Rife, Laskowski, and others, were used to prove the subtle energy application’s clinical
effect [135]. The method could also influence the effect of the cancer stem cells on chemoresistance [136]. A
remarkable effect is shown for brain metastases on mammary carcinoma [137] and applied to one of the great
challenges of the current oncology approach to hepatocellular carcinoma [138]. The method looks like a ‘shift
again' [139] after the long and complicated hectic changes in resonant frequencies" history.

The protocol of the treatment is simple and ultimately differs from GM-scale. The patient receives the
electrode intra-orally, and nothing else is necessary for the process. The applied modulation frequencies are
mainly in audio, but in some tumors, it goes up to 100 kHz range [140]. According to the protocol [140] | visually
show the spectra for different cancer locations (Figure 4).

The patient receives every individual frequency for 3 s and sorts up to the higher values. Spectrum modulation
frequencies are provided. The entire therapy session has 1 h duration, where the scan of frequencies is

repeated when all the “prescribed” resonances were given [141] (Figure 5).

Together with the questioned, unknown molecular mechanisms of the method, the technical realization of
the treatment has many challenges and doubts.
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Figure 5. Example of breast treatment frequency applications.
(a) the discrete frequencies by time

(1step = 3 s) [142]. Treatment repeats it until 60 min;
(b) the spectral power density S(f ) fit by FFT (a = 0.895, Dplot);
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(c) Breast treatment in other publication;

(d) its spectral density by FFT
(a=0.6885, Dplot).
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1) Only a single electrode, the intrabuccal spoon-shaped one, exists immersed in a saline
environment. This single electrode does not form a definite RF electric circuit. The missing fixed
RF circuit occasionally closes capacitively, coupled to the actual, uncontrolled environment of the
patient [143].

2) The patient receives uncontrolled minimal (subtle) current intensity (uA) on an uncontrolled path
of the current flow. How does it act selectively on the malignant cells throughout the whole
body?

3) Notably, the shown SAR is =5 W/kg which is shown in the many independent parts of the body
[143], implying the homogeneous SAR in the entire system. In the case of a 60 kg patient, it
requests tremendous 300 W power homogeneously distributed into the body. From where this
extreme power is coming? It is not possible to introduce such high power intrabucally, and the
power supply is via a rechargeable battery.

4) Thereis no information on how the frequencies were chosen. Was it measured (not published) or
is there a principal hypothesis? The frequency's power density has a slope of =0.6 - 0.8 on the
double logarithmic scale. A publication referring to the treatments of breast cancer,
hepatocellular carcinoma (HCC) [142] shows inhibited cancer-cell proliferation by specific
modulation frequencies compared to random frequency reference. Frequencies differ by the
individuals [140], while the power density fits well to the different diseases: for breast cancer

Sy (/) =1.533-0.879710g( £); HCC: Syee (f)=1.554—-0.87901og( 1)
and the random frequencies although the method of randomizing the frequencies was not

oublished) Srordon (/) =1.598-0.8754log (/).

5) Technical details are missing about the modulation depth, accuracy of the frequencies, and the
applied voltage.

6) The patient's impedance is very personal. No information was given about how it was tuned for
personal parameters.

7) Thein vitro and in vivo applications have no adequate technical description of the method, and it
appears as if these have much higher energies per unit mass than the subtle (nonthermal) energy
in human applications (=1 W/(wholebody)). The cell sizes and shapes differ in vitro, in vivo, and
ex vivo conditions [144] and significantly depend on their tumor microenvironment [145] and the
signaling processes [146]. How can the resonances be compared?

8) Case reports show the efficacy. However, the reports on the clinical trials which were started 14
years ago [147] [148] are not available on scientific or academic platforms. The design of a new
clinical trial is also announced, but no further information is available [149]. Despite the dubious
theoretical concepts, the in-vitro and in-vivo experiments and the clinical data support the
resonant phenomena. In the following, | am trying to give a possible stochastic explanation of the
observed results.

7. Stochastic Processes

The living systems form a complex dynamic equilibrium that allows adaptation to the environmental
conditions and internal regulative actions on broad scales in space and time [150]. The dynamic living
structures perform random stationary stochastic self-organizing processes. Fractal physiology describes
the system with interconnected self-similar spatiotemporal composition by fractal structures in space and
time [151] [152] [153]. Moreover, the fractal physiology approach has practical medical applications in
diagnoses [154] and therapies [155].

The conventional deterministic descriptions are insufficient to explain he observations, and stochastic
processes determine the living objects [156]. The deterministic description is valid only in broad averages in
space and time. The averages are macroscopic and could mislead microscopic research, which is necessary
for resonance phenomena. Understanding the biological dynamism requires stochastic methodology, using
probability “decisions” in all steps, and going over transition states that frequently have enzymatic
assistance. The often ignored homeostatic balance governs the living processes in all spatiotemporal scales.
Involving homeostasis in explanations is mandatory in order to understand the living complexity [157].
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Due to the stochastic phenomena, the signals of the diagnostic parameters of the living processes fluctuate
around the average of the band of acceptance signal level. The dynamical changes of microstates of the
processes vary the fluctuations, regulated by feedback mechanisms. The negative feedback is the easiest
way to regulate the desired values because when it stimulates the suppressor, the promoter limits the
changes when it increases. The positive feedback triggers the development of a dynamic step, using the
suppressor-promoter actions to reach a new equilibrium state. The overlapping signals and their

interconnection create noise. The relatively constant noise time averages <Di> of the microscopic diagnostic
states D; and standard deviation (o D; ) varies according to internal and external conditions. The homeostasis
controls the complete spatiotemporal setting, regulates the order of noise structure, and keeps the signal
within a tolerance band around the LD; (Figure 6).

The subject is healthy when the homeostatic control faultlessly keeps the LD; bands. Fluctuations

Jo =D <D'> carry the details of the microscopic changes. The change of regulative processes drastically
varies the f D;, delivering information about the transformation of the microscopic interactions. The
decomposition of the dynamically varying signals to periodic components (Fourier transformation) allows
the signals’ frequency, amplitude, and phase changes as components of the “noises”. The noise varies when
the immune system develops new functions by “learning” to fight against pathogens. The variation could be
observed in cancer development, too [158]. Healthy dynamism correlates with metabolic circles and other
fundamental living processes. The emitted (measured) fluctuation components characterize the time-set of
different interactions and energy exchanges, showing a correlation of the signal with its earlier value at time-
lag t. The time delay describes the similarity of the signal parts when the exact microscopic change happens
in the repeated molecular signal pathways. The timelag of the autocorrelation function informs the
dynamism of the microstates.
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Figure 6. Example of a bio-signal and its noise.
(a) the measured signal
(b) the enlarged part of the signal,
(c) the signal's noise. The usual approach considers the average as the value of a measurement, despite the
time dynamics of the signal and the standard deviation being different. The homeostatic control keeps the
signal in a tolerable band in equilibrium, and the noise must not exceed the tolerance limit.
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The homeostatic balance determines the correlating set of signals involved in the biological changes [159]
[160]. The autocorrelation shows the preferences of possible variants of the molecular reactions [161],
selection of their timing, and ordering for the desired signal-pathway or enzymatic actions. The
frequencydependent power density spectrum S(f ) is a fundamental characterization of the stochastic
signals. The commonly studied simple noise is Gaussian (the amplitudes have normal distribution). The
power function of the Gaussian noise is self-similar through many orders of magnitudes showing a simple
power function with «

s(f)= fi 2)
As a consequence of the self-similar, self-organizing processes, the a = 1 (1/f noise or pink noise) appears in
the timing of healthy life's dynamism [162], [163]. Self-organizing happens in structural and time
arrangements [164] and dynamically regulates the processes in the living matter [165]. Halving or doubling
the frequency carries an equal amount of noise energy in the 1/f noise, which has some similarities with
musical harmony indeed. The self-organized symmetry of the healthy living system transforms the white
noise into pink [166], forming the most common signal in biological systems [167].

8. Effect of Low-Frequency, Low-Intensity Intrinsic Excitation

The literature on cellular resonances concentrates on the low-frequency electromagnetic field (LFEMPF),
which appears in most of the technics of cancerspecific resonance considerations. Numerous reviews [168]
[169], and articles eport the response of biological matter to LFEMF [170] [171] [172]. The current expectation
is that the periodic intrinsic signal of the low-frequency region s biologically active. The earlier model
approximations conclude that external excitation with low frequency is not able to make any effects
connected to the cellular membrane. The early models assumed that changes in the field strength result from
fluctuations of charges on both sides of the cellular membrane, and this fluctuation completely overwhelms
the external excitations [173]. The thermal noise fluctuations at the cell membrane exceed any possible
LFEMF-induced signals by some orders of magnitudes [173] [174], so thermal noise limits the electromagnetic
influences.

Following the method of symmetrical components (zero-mode) of noise [175], a successful model was
developed [176]. The noise of electric current mostly follows a directional symmetry between the electrodes.
The zero-mode is a noise-sequence of the RF current inducing electrical energy of the cellmembrane capacity
and has a uniform potential in spherical symmetry on the membrane, despite the unidirectional current [176].
The low-frequency zero-mode of noise enables the effect of the subtle external excitation in a relatively high
thermal noise environment around the cells [177]. The zero-mode noisesequence excitation produced by an
external periodic signal is symmetrical around the cell.

The complete symmetry required in order to induce a pure zero-mode field at a single cell using outer field
generators is impossible because most applied external fields are unidirectional. However, there are self-
induced and non-direct methods of constructing zero-mode noise components by applying external energy.
Dynamic changing of the extracellular matrix (ECM) composition induces ionic currents producing zero-mode
noise around the cell. The thermodiffusion offers another possibility of zero-mode noise. It could be achieved
by capacitively coupled electromagnetic field within a specific frequency range [178] [179] [180] provided the
RF current is able to penetrate directly into the cytosol.

Only negligible field penetrates the cell in low-frequency RF current (<10 kHz). The ECM absorbs the vast
majority of the energy at these frequencies. The deviation of current flow leads to thermal gradients (thermal
currents) from the ECM to the inside of the cell [181]. This thermal current also carries ions through, leading
to thermo-diffusion, thus creating the symmetric electric current, which induces a zero-mode noise in the
cell membrane. Both methods generate a centrally symmetric effect by the ionic and/or thermal gradient
through the cellular membrane (Figure 7); therefore, even small fields with zero-mode components could
elicit biological effects. The isotropic membrane appears as a condition of the symmetrical zero-mode noises.
However, all cells have anisotropy on their membranes, especially the unhealthy cells (like malignant cells).
Here various membrane segments with different electrical properties exists, allowing additional ionic
exchanges. The anisotropy increases the non-zero noise mode, having less possibility of direct excitation
with signal amplification of the membrane by ion-diffusion. In these conditions, thermal diffusion and its
assistance for ionic exchanges remain the option to produce zero-mode noise.
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9. Stochastic Resonance

The resonant behavior of stochastic processes is a noise-guided phenomenon [182]. Adding noise to an
external deterministic signal of a nonlinear system produces a stochastic resonant (SR) output. The
processes in living objects are inherently nonlinear and have bifurcative and probability-determined
(stochastic) decisions of the promoter-suppressor actions at all levels of the organism [183]. The anharmonic
factor of the potential well of molecules does not allow deterministic decisions. The applied external signal
modulation is intended to go over the energy barrier AE(x ) between the targeted initial substrate material
(S) and the final product (P). The amplitude A of periodic external signal is small compared to the internal
noises of the system, and so the provided formation does not become compelling enough.

Thermal gradig n"

rrent-flow
Bnsity gradient

Field gradient

Figure 7. The various gradients at the cell membrane created by the RF-current.

Nevertheless, considerable amplification of the weak periodic signal could be observed by SR, depending on
the strength of additional external noise to the intended excitation signal (Figure 8). The SR is only possible
in nonlinear systems like living matter when the exciting signal is “noisy”. In the models and also in a majority
of the practical situations, external or internal Gaussian white noise [184] [185], pink noise [186], Gaussian
colored noises [187], or non- Gaussian noises [186] [188] accompany the specific periodic signal.

The signal-to-noise ratio (SNR) amplification has a broad peak in SR conditions, depending on the noise
intensity [189] (Figure 9). The optimal noise intensity appears in the maxima of SNR. When the external noise
level or the external periodic signal is kept fixed, the SNR has a saturation of increasing frequency or noise
intensity, respectively [190]. However, the residence time intervals between consecutive signal peaks have
SR peaks depending on the noise intensity or frequency of the external signal [190]. The SR peak limits the
lower and upper levels of SNR, creating a window of the periodic frequency at constant noise. The internal
noises adapt to the complex living system by a negative feedback correction of the optimal noise [191] [192].
The optimal noise induces the maximal SNR, dominating all other states. When the noise intensity deviates
from the optimal, the signal weakens. The resonant signal obtains its maximum at some noise intensity,
which makes the coherence of the multiple resonating units easier, creating feedback driven by the
collectivity of the complex system. The optimizing driving force creates collectivity, which surmounts the
individual needs of the cells.
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Figure 8. The mixture of the deterministic periodic signal with noise. The resulted “noisy” exciting can
induce optimal stochastic resonance.
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Figure 9. Noise dependence of the parameters of stochastic resonance.
(a) Signal intensity.
(b) Phase shift.

The cell waives a part of its energy for collective utilization in exchange for some shared services and enjoys
systemic functions connected to its alimentation, optimal survival with the lowest energy consumption, and
overall surveillance against pathogens and other invaders. The collectivity works like some kind of
democracy [193] within the tissues. The cell became a part of a network exchanging information and
materials as well, and in case of damage, the injured tissue has immediate help from its environment. Cancer
follows the opposite way [194]. Its stateis a "dismantling of multicellularity” [195], and the cellular collectivity
disappears [196]. This development is similar to atavism [197]. In this way, cancer development opposes the
collective driving force, its “"Achillesheel” [198]. While the collectivity emits pink noise [116], the cancer cells
deviate in their nose spectrum.

The applied single, noiseless frequency excitation was declared effective in various tumor-specific
resonance studies [132] may use the internal noises for SR. However, the internal noise differs between
healthy and cancerous emissions. The SR is sensitive to the noises, allowing its tuning to the optimal
conditions.
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Different noise spectra develop a variation of the amplitude maxima of resonant frequencies. The original
Rife studies [54] [55] [56] [57], used an argongas-filled arc-lamp as the source. It differs from other cancer-
specific resonant descriptions because the arc-discharge provides white noise for the carrier frequency and
improves a well-formed SR's probability. The enzymes execute the molecular biological changes. Most intra
and extracellular molecular reactions have a catalytic boost by enzymes to ease the reactions by transition
states and the chemical reactions [199]. A simple, early model, the Michaelis-Menten enzyme model [200]
(MME), describes the dynamism of the processes where the quantum mechanical rules govern the transition
states [201]. The transition changes the cluster configuration and activates the transitional complex [202].

The MME description involves an enzyme (E) starting the formation of the product (P) from a substrate
material (S) through a transition state ( Ex ) with different conversion rates from S to Ex for progressive and
reverse C,, G, rates respectively, and finally from Ex to P with C;.

c

E+.Sc(i>5' —>A+P

The first step from the substrate to the transition state is reversible, and the conditions drive its balance in a
negative feedback loop while getting the final product is an unconditional change, the result of the positive
feedback process: The enzymatic processes regenerate the original conformal state of the E enzyme for
reuse in a catalytic way. The Ex state has two sub-states (E* and Ez* ) in the reaction: the E* = ES complex
transforms to P product, via E;* = EP complex, while the enzyme transforms back to E state at the end of the
process. Like all reactions, chemical activity steps are reversible; the progress < reverse interaction rate
balances all steps. The production mechanism must have positive feedback to force P product from the S
substrate and shift the equilibrium to a definite direction. The driving force is usually the standard
environmental living condition that ignites and controls the process. After finishing the production, the
enzyme returns to its initial conformal state and may restart the action. This form of a loop (“catalytic wheel"
[203], Figure 10), is driven by negative feedback.

The wheel model describes a cyclic catalytic reaction with two conformation states of the process's speed,
described by a steady-state technique [204]. The catalytic wheel decreases the energy barrier (activation
energy E,) between the substrate and product. The E, has thermal (enthalpy factor) and nonthermal (entropy
factor) components, and the change of the activation energy (AE.). The subthreshold signal induces SR
resonance which causes modification even in single cells [205], controlling the gating membrane channels
and selecting ions, and molecules' entry to the cytosol [205]. While experimental general Arrhenius law
considers a single step jump over the Ea energy barrier, in real processes, the substrate state never transform
into products in a single direct step [206] [207], [208]. In this transition, the thermal and electric effects have
similarities, unifying the phenomena in a complex unit [209]. Additionally, a typical quantummechanical
phenomenon, the tunneling effect through the barrier, could modify the transition [210].

. product

substrate-enzyme
complex

enzyme-product
complex
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Figure 10. The enzymatic changes during the S — P transformation. The well applied ECC conditions drive
the relation ksz < ke1, Ksez < kser, kepz < keprand |, keez < kperso the “wheel” works in one direction, by the
Michaelis-Menten process.

The electric field of various electromagnetic signals could actively ignite, modify or block the enzymatic
wheels by electro-conformal coupling (ECC, [211] [212]). ECC uses oscillatory SR stimulation to promote the
transition of the substrate to the product [213]. The SR controls the probability of the S — P enzymatic process
fixing it in the homeostatic dynamic equilibrium [214]. The environmental thermal noise drives the SR
providing energy to this process by the Brownian engine [215] [216]. A periodic electric field may convert the
accessible energy-producing transports to chemical reactions coupled through enzymatic processes [217].
The ECC rectifies the thermal fluctuations, driving one-directional dynamics [218] [219], representing a
“ratchet"” like behavior pumping the processes in one direction only, blocking the opposite turn. The thermal
fluctuations, together with the electric noises of the incident signal, provide the available free energy [218].
The thermal energy is high: the ATP hydrolysis has =10-16 W, while the thermal factor of dynamic molecular
scattering provides 10-8 W [220]. The Brownian engine processes work with irreversible thermodynamics
with an external periodic perturbation [221]. The thermal components of the micro and macro environment
of the tumor cells determine the ECC. When the noise is thermal (white), the ECC has an optimal temperature,
but in colored noise (like 1/f noise) conditions, the temperature dependence is weaker.

A considerable number of enzymes and enzymatic reactions exist in human biology. The cancer metabolic
pathways alone have many enzymatic processes [222] [223], which is a small part of the complete number
of enzymes involved in various homeostatic bioreactions. The complexity makes the huge adaption of the
system to environmental changes possible when the homeostatic network substitutes a missing process
with others. The enormous number of enzymatic reactions determines the number of SR resonant
frequencies. Due to the noise dependence of SR, the actual resonance sharply depends on the reaction's
environmental temperature and the excitation signal's noise. Consequently, the same bioreaction may have
various exciting signals for effective and optimal SR. Complicates the selection of SR that the excitation could
also be effective on other nonlinear bistable structures, like the activation of voltage-gated ion channels. The
electrically generated subthreshold stimuli affect the transition state of molecular reactions in various
biological processes [224]. One of the explanations of the Rife resonant frequencies could involve the SR
phenomena. However, in this case, the resonant frequencies express a dense spectrum. It has as many
resonances as enzymatic reactions that exist in the target. However, another request is to drive the cancer
cell's cell death when we do not expect prompt necrosis. The SR amplification has to be multiple, with steps
of the signal pathway involving different enzymatic processes and resonances. The complexity offers
multiple signal variants, which could direct the pathway to the different final results.

Consequently, the stable solution needs a set of SR frequencies in an appropriate time set. The networking
has chain reactions through the signal pathways. The subsequent reactions in the chain define the order of
the necessary enzymatic action, which can be modified by external signals when their autocorrelation
supports the reaction sequences. The optimally chosen exciting signal with properly fitting autocorrelation
can drive the ordered chain reaction with subsequent SRs [225].

10.Conclusions

The enzymatic stochastic resonance defines specific resonant frequencies [226] [227] on the molecular level.
The stochastic resonance (SR) describes the interaction of a deterministic subthreshold signal and a
fluctuation (noise) spectrum. The phenomenon inherently depends on temperature. The resonant
frequencies of neuronal-like healthy and cancer cell membrane channels differ and are excitable [228]. The
SR may explain the Rife frequencies. The response to weak external electric fields by definite modulation
frequencies could remain active far below the thermal noise limit and ignites some molecular processes by
the stochastic resonance. The number of resonant frequencies acting in the cellular processes is at least as
many as enzymatic activities. Multiple conditional factors modify the resonance and the frequency of the
peak, producing a vast number of different resonances.

Additionally, the SR depends on the temperature and pH in the cell's microenvironment. Furthermore, the
cellular structure (like size, form), state (like age, stress), and dynamic development (like chemotaxis and
cellular division) certainly affect the resonance and shift or even block the resonant frequency. The size of a
studied group of molecules offers a typical size dependence of resonances, including harmony between the
group members [229]. The intercellular interaction changes the resonances and multiplies the observable
resonant peaks. The modulation excitation of membrane rafts [230] [231] considers this possibility with a
well-defined spectrum of modulation frequencies [226] [232]. The resonant reaction complexity operates in
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a network of interactive intra- and extracellular functions. The interconnection of the intracellular complex
multi- pathway feedback loops and the multicellular interactions does not allow for the division of the
resonance into two distinct “detrimental” and “beneficial” categories. The biological complexity does not
permit the black-and-white categorizing and does not allow to deterministically determine that some
resonances are healthy and some are not. The “beneficial” signal pathways may work “detrimentally” among
various tumor microenvironment conditions. All the participating molecules of the complex network have a
“double-edged sword" quality, having optimal molecular reactions in a narrow range of conditions. The
molecular change presents deterministic-like processes only when we form a large average of the
considered parameters on the macroscale. The microscale offers only probabilistic considerations. The
apparent deterministic Pythagorean harmony of numbers is valid only in macroscopic averages, but the
resonance is microscopic. The explanation of molecular resonance processes incorrectly describes the
phenomena in a classical deterministic way.

Electromagnetic medicine represents a new modality, using molecular biology for therapy [233], including
oncology [234]. The molecular excitation by using resonances [235] has enormous opportunities. Some
bioresonances, like cyclotron resonance [236], are well proven and hypothesized for new kinds of vaccination
[237]. The antitumoral vaccination forces tumor-specific immune reactions ignited by thermal and
nonthermal effects of nonionizing RF radiation. Bioelectromagnetismactivates both the innate and adaptive
immune system [238], promoting the abscopal effect [239] [240], and becomes a part of the complementary
clinical therapies [241] [242]. However, presently our knowledge about bioelectromagnetic resonances is
somewhat limited. Rigorous theoretical and experimental investigations with randomized prospective
clinical studies are mandatory for the further clearance of the cancer-specific resonant frequencies.
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Abstract:

Healthy homeostasis is a principal driving force of the dynamic equilibrium of living organisms. The
dynamical basis of homeostasis is the complex and interconnected feedback mechanisms, which are
fundamentally governed by the nervous system, mainly the balance of the sympathetic and
parasympathetic controlling actions. The balancing regulation is well presented in the heart's sinus
node and can be measured by the time-domain heart-rate variation (HRV) of its frequency domain to
analyze the constitutional frequencies of the variation. This last is a fluctuation that shows 1/f time
fractal arrangement (f is the composing frequency). The time-fractal arrangement could depend on the
structural fractal of the His-Purkinje system of the heart and personally modify the HRV. The cancers
gradually destroy the homeostatic harmony, starting locally and finishing systemically. The controlling
activity of vagus-nerve changes the HRV or the power density spectrum of the signal fluctuations in
malignant development, presenting an appropriate control of the cancerous processes. The modified
spectrum by a non-invasive radiofrequency treatment could arrest the tumor growth. An appropriate
modulation could support the homeostatic control and force reconstructing of the broken complexity.

Keywords:
Homeostasis, Vagus Stimulation, Heart-Rate Variability, Immune-Stimuli, Cancer, Time-Fractal
Modulation, Bifurcations, 1/f Noise, mEHT, Personalized Therapy

1. Introduction

Homeostasis is the vital basis of the dynamic stability of living organisms. The network of negative and
positive feedback reactions creates the backbone of complex regulatory processes. The synergy of chemical
and physical actors generates homeostasis in a stochastic harmony. The water is a mandatory constituent.
The aqueous electrolytes provide the active fundament of various changes in the living systems. The water
molecules participate in the harmonization of the complex processes in the separated solutions. The cellular
lipid structures (membranes) and some specialized tissues divide the electrolytes, but at the same time,
these surfaces regulate most of the chemical reactions for living equilibrium by intensive dynamic processes
of various ionic exchanges and electromagnetic forces.

The control of the stochastic regulatory processes has highly self-organized accuracy creating the
appropriate products, but some perturbances could disorient the standard mechanisms. The homeostatic
system has a variety of tools to correct errors. A significant challenge arose when the collaborative networks
were disrupted, and the natural processes could not correct this fault. Such complication happens in the
development of malignancy, driven by the unicellular individualism of the involved cells. The malignant
structure breaks the multicellular organization (healthy networking). The autonomous cells adapt to the
challenges and avoid homeostatic control. These cells hide their erroneous structure, imitate a wound, and
force the homeostatic control to heal, support them [1]. This activity changes the micro and macro
environment of the malignant cells,disorganizing the network and the harmonic interactions of the
multicellular structure. Due to the high individual energy demand, these cells use a primitive transcriptional
program [2]. The tumor organizes a unicellular autonomy to safeguard the survival of the “colony” of
malignant cells [3]. The healthy host provides active support to cancer, trying to “heal” the abnormality. Neo-
angiogenesis, induced injury current, and numerous other boosts appear, guided by misled general
homeostatic regulation of the body.

Cancer starts locally but becomes systemic when the structurally and dynamically disordered tissue appears
inthe body. The dynamic controlis not able to repair the local malignant development due to various reasons:
genetic aberration [4], mitochondrial dysfunction [5], and other intra [6] and extracellular [7] hallmarks of
cancer. Furthermore, the permanent uncontrolled stress [8], the recognition of the lesion as an unhealed
wound [9], the permanent inflammation [10], and the missing apoptotic activity [11] worsen the situation.

Cancer is the disease of the multicellular system disrupting the organized network, exchanging the
cooperative advantages to the selfish individual demands [12]. One therapeutic help could support
multicellular harmonic control, boosting the standard natural homeostatic regulation for effective action.
The task is as complex as life itself, so the external actions are limited. We do not expect any changes from
the therapy alone. The intention is only backing the natural control to do the job. Our approach is an
electromagnetic action [13]. The fundamental tool for this task is the amplitude-modulated radiofrequency
(RF) carrier with 1/f spectrum, which supports the homeostatic multicellular harmony, helps to correct the
malignant lesion's cellular disorder, and induces apoptosis of the malignant cells. The forcing cooperative
harmony may influence the precancerous cells to return to the healthy network. Our objective is to study this
possibility considering the personalization of the modulation.

38 Oncothermia Journal, Volume 33, May 2023



2. Method—The 1/f Spectrum
2.1 Embedded Bifurcation Dynamism

The control of life reaction has stochastic feedbacks [14], which drive all the processes in complex, embedded
structures. Positive feedback is a process to generate a specific new product or state, with a point of no
return. The positive feedback mechanisms are usually complex and have some intermediate potential wells
keeping the process controlled and avoiding the expansive quick unregulated outcome. A characteristic
example is the catabolism of humans, where the positive feedback is driven with the never-resting electrons:
“Life is nothing but an electron looking for a place to rest” [15]. In the metabolism of the eukaryotic cells, the

glucose has a degradation, and finally, the process ends in CO2 + H20 products, while the liberated energy
kept the cells living Figure 1.

The positive feedback has no direct general balancing, but the subsequent steps in this have metastable
positions, requiring some extra energy to overcome the barriers. The simplest and most common negative
feedback regulation processes in a living system have two opposite regulation effects: the promoter and
suppressor balance each other. This balancing process compensates for the opposite factors, fluctuating
between two possible states Figure 2. When the negative feedback is out from the pre-set limits, the process
becomes unbalanced, the negative feedback weakens, and a sign of irregularity appears. The bifurcation
potential wells usually have a longer chain of embedded bifurcations as part of the complex process. In this
way, the complexity develops a multifurcation system at the level of the entire living organism.
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Figure 1. The approximate “degradation” of glucose to the final molecules CO2 + H20 of catabolism. All
peaks are transition states assisted by devoted enzymes, and the wells are metastable intermediate states.

The primary step of the embedded multifurcation starts with the water structure. The hydrogen bridges allow
a chain transport of H+ ions, creating a fundamental mechanism in living systems [16]. The proton tunneling
(jumping) between the water molecules forms low dissipation ionic transport (the proton migrates) [17] [18].
The involved ion multifurcates in the potential wells of the chain connected by the bifurcative hydrogen
bridges, connecting the water molecules dynamically. Such construction from bifurcative to multifurcative
connection appears in the whole organism following the hydrogen-bridge mechanisms [19] [20] [21]. The
bifurcative steps appear in structural connections of the DNA helix connecting the nucleotides, which may
cause protein's bending and be involved massively in the stochastic processes of life. Self-organized
processes connect the bifurcation steps, which are arranged in fractal structure Figure 3.

The amplitudes of the harmonically oscillated particles of the bifurcative potential wells in the self-
organized setting form a Cantor set, which is in mathematical expression:
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where r is the section removed from the middle of the Cantor's template. The vibration produced by the k-th
bifurcation-set (multifurcation) has the following shape

x (1)=4,sin(2nfit +¢,) (2)

The power spectrum of the vibration superimposed on these in the case where fi is a multiple of f;
fundamental frequency. The average of x?is:

1
L ) 1T s LI ] (L A )

Figure 3. The self-similarity produces the embedded multifunction system. Stochastic resonances promote
the bifurcation steps. The probability distribution follows a Cantordust fractal.
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This is a discrete power spectrum, but their amplitudes follow the assumed 1/f pink noise (4). In the above
described discrete subsequent embedding, the particles oscillate in one dimension and are independent from
each other. However, the reality differs. The oscillation is three-dimensional. All the directions of the space
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could be active, and these oscillating dimensions could be dependent. Weak interactions connect the wells,
forming networks and dynamical harmony. The net of the weak interactions ensures a stable system with
low vulnerability [22]. The natural overlaps create a continuous 1/f spectrum, even in this simple model. Self-
similarity and self-organization are the general features of the living system, generalizing pink noise in
stationary random stochastic processes [23].

The living systems are far from thermodynamical equilibrium, seeking to realize the lowest available energy
with the highest efficacy in dynamic stability (homeostasis), balancing the energy incorporation and the
energy combustion. The natural processes seek to minimize their energy consumption, using the least-action
principle, which drives the biological processes and the biological evolution.

2.2. The Frequency-Order

The living systems show 1/f noise in homeostasis, a distribution of the stochastic processes keeping the
system in dynamic equilibrium. However, this character does not identify the system because the 1/f is a
spectrum, a distribution of the frequencies by their power density, without the time series of signals in the
organism. The time-dependence vanishes with the Fourier transformation, and the obtained power density
gives general information like the status of self-organizing, the scaling, and the dynamic equilibrium of the
body; the time-function disappears. Some general info about the interaction chains could be derived from the
autocorrelation function, but the actual time-dependent signal remains hidden.

The 1/f frequency spectrum is a distribution, which defines various frequencies, taking no attention to their
sequences in the actual signal. For example, most musical pieces have near 1/f distribution, but they are, of
course, very different in their musical sounds. The frequency distribution does not inform us about the
temporal sequences of the frequencies. However, the temporal signal is used for modulation, so derive this
information from the spectral density function to increase the theranostics approach’s efficacy and accuracy.
Facing this problem, study first the power spectrum of pink noise, assuming a trivial, energetic criterion for
self-similarity. When f (t) is a self-similar function on the whole real axis, we know:

f(er)=7"1(1) (8)
when the function in (8) is chosen as integrally quadratic:
o< [”|£(r )|1 dt < 9)

The used |f (t)| is the absolute value of the signal allows complex functions. This is physically a possibility to
examine self-similar function pairs. The above criterion for physical signals usually means that the energy of
the signal is finite. This is true of all physically meaningful signs [24]. Note the integral of the quadratic
function with E:

E=["|r ()] ar (10)
So using (8):
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:r(r"):_]'il‘/'(:i:(l: (11)
= r"zk'f_x_"f(:){: dz
- z_l-l"«'E

with substitution of € from (10) to (11):

1
142k _ e M
T =lok= ‘, (12)

Below we prove that Equation (12) leads to the 1/f power spectrum. The quadratic integrity (finite energy
signals) has a Fourier transform, which is also self-similar in a frequency domain, so:
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Taking advantage of this, the Wiener-Khinchin theorem [25] states that
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Hence the power spectrum of the self-similar finite energy signal is 1/f . Note that the signal can also be
deterministic, and even as we show below, the theorem does not apply to stationary noises in the above form.
In the case of the principle of infinitely long stationary self-similar signals, finite energy cannot be
guaranteed. In this case, the physically meaningful claim is the finiteness of the average:

o<pml [ lrofass

The repeated above calculation resulting (12), the average power of (15) delivers the same result, namely that
the power spectrum of the self-similar signals with finite average power is 1/f . We have to make some
theoretical remarks and move on to ergodic signals and correlation functions to discuss the stochastic
processes in the above way. In the case of stationary ergodic signals, the correlation functions can be formed
from each representation by forming the following limit value:

R(r)::}iili%.[fr::f(l)f(’_r)d’ (16)

Because we assumed finite mean performance, this correlation function exists. Introduce the notation for the
T-length representation of the signal. This is defined as:
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l 0 otherwise
The Fourier transform of the T-length representation:
. 1 (12 ot
X(jo,T)= 'f_r f(r)e’™dr (18)

2n

The average power density of T-length representations approaches the Fourier transformation. Based on
this, it might be supposed that every single being's autonomic nervous system produces an individually coded
1/f homeostatic noise.

In this sense, we can talk about personalized 1/f noise. Transform of the autocorrelation function [26], so
X(jo.T)X (jo.T)
- =

, 1 o - jor
(I)((')):}l_l'lln EL{R(r)e dr (19)

Conversely, the inverse Fourier transform of the average power density is the autocorrelation function, so

R(z—)zﬁ—l_tj;(l)((-))e””(l(o (20)

From this, we obtain the average performance of

. 12, 2 |
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expression, which is the Wiener-Khinchin theorem for stochastic signs. As shown above, the Fourier
transform of the self-similar signal is a self-similar signal in the frequency domain. With the substitution in
(21):
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According to (11), R(0) is self-similar. The power spectrum S(®) equal

with @ (®), as it is shown in (19), which is its definition, so
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The power density spectrum is the product of the signal and its conjugate spec-

(23)

trum. Then the temporal representation of the stochastic signal is:
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where the phase ¢(®) is an arbitrary function that can be deterministic but
can also be random, characterized by its distribution functions. When an ergodic

function represents the stochastic process, it facilitates the characterization.

Like it is shown in (24) that each 1/f signal differs in the distribution (power spectrum) of a random variable
in phase. Since the phase is the carrier of the information, its distribution determines the signal's temporal
form, which allows a better understanding of the step-by-step changes of the signal in the biological
processes, while the power spectrum gives systemic information.

The scaling of the power density by frequency is a piece of general information about the system. The
cancerous lesion is a local disorder that hurts the standard healthy conditions. Consequently, cancer cannot
accept harmonic modulation. The signal attacks the cells by absorbing energy, while in the healthy harmonic
tissues, these absorptions are much weaker, keeping the harmony in proper rhythm.

It is essential to identify when the system does not work correctly, so have tissues out from the overall self-
organized control. The general request of the homeostatic harmony can be forced by a compulsory force by
the 1/f signal. The following ways could personalize the general harmonization attempt:

1) Apply a 1/f random spectrum. This spectrum generates the frequency components randomly, but
their distribution is strict. This method well shows the general harmony of the homeostasis, but no
information about the actual processes in the molecular reactions of the cells. However, with the
relatively high frequency (in the audio range up to 20 kHz, which changes 20.000 times in a second)
and the vast number of enzymatic reactions, this method satisfactorily approaches reality stochastic
meaning. The reactions occur in a randomized fashion in a large target. There are stochastically
several proper excitations from the few billion excited molecular reactions. This is presently the best
harmonizing approach.

2) Measure one of the personal electric signals (like heart rate, nerve-activity), and apply it as a
compulsory modulator. This approach is very personal, but the signal depends on the patient's actual
state, stress, mood, or the development of the disease, so it may be that its power density function
deviates from the ideal 1/f scaling. In such a case, the modulation is suboptimal.

3) The local physiological signals could detect the target-oriented control signal. This method could
compare the harmonic healthy host tissue with the anharmonic malignant tumor. This simple
principle, however, has complications:

a) Thenon-invasive impedance measurement is inaccurate, depends on many internal and external
modifying factors, so it is unsatisfactory. If the impedance measurement is not accurate, then
why accurate enough treatment with a non-invasive impedance basis? The treatment uses a
high-frequency carrier of the modulation, and the radiofrequency delivers the information to the
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target, and the electrical nonlinearity of the cellular membrane applies the info directly to the
targeted cells.

b) Choosing the control target is not easy in such a complex disease as malignancy, where we have
no precise information about the systemic effect of the tumor. (The present imaging and
measuring technique or not cellular accurate.)

c) An electric signal is requested directly from the control target to measure its physiological
harmony. This is usually the local arterial blood-flow fluctuation. In most cases, it needs invasive
measurements, and even with this, the accuracy to form an appropriate signal is low.

4) The modulation signal may be applied not only for the treated target but also for the central energy
supply manifested in the heart rate. The heard delivers the oxygen, nutrients, and electrolyte
components (including special cells and compounds) which energize the dynamics all over the body.
The heart-rate variation is the result of the parasympathetic and sympathetic controller signal
summary in the sinus nodes [27]. The 1/f signal of the vagus nerve could harmonize the overall
metabolism by nerves' action and control the oxygen supply by the heart rate, which determines the
homeostatic stochastic process.

3. Result—The Personalization
The template will number citations consecutively within brackets [1]. The sentence punctuation follows.

The study of biomarkers evaluates the actual status of the organism with possible indications of the presence
of locally systemically derail of homeostasis, forming pathological condition [28]. A particular group of
biomarkers is the tumor markers, which refers to an elevated amount of body-identical substance in a
tumorous patient, while it has only a low amount or not at all in a non-tumor patient. The tumor markers do
not have enough diagnostic value in prevention, so the biomarkers have emerging importance indicating
deviation from the healthy homeostatic balance. The deviation of the biomarkers from the healthy standard
has three values [29], which are especially important for cancer [30].

1) Diagnostic biomarkers help the accurate analysis [31], and the design of clinical trials [32];
2) The prognostic biomarkers can indicate the possible prognosis of the disease [33];
3) The predictive markers can inform about the efficacy of the applied therapy [34].

The medicine practice needs reliable biomarkers indicating a disease/tumor early, showing its growth,
spreading, being effective, or ineffective in therapy. It is extremely important to assess and monitor the
general condition of patients during treatment to assess how well they are receiving the therapy they are
receiving, but we can also obtain the information needed to maintain an adequate quality of life. The
Karnofsky scale (in the range of 0 to 100, the patient's state of health), the ECOG system (scale of 0 to 5) may
be helpful. In addition, questionnaires assessing physical, social, emotional, and functional well-being, such
as EORTC QLQ-C30 or FACT-G [35].

According to the present practice, sampling is necessary to determine the prognosis of the cancerous patient.
The pathologist provides staging and grading based on the standardized categories. The basic guidelines and
protocols describe a generalized proposal for treating patients considering the pathological results.
However, the prognostic factors used at present lack stable reliability [36]. Although it would be desired to
provide personalized prognosis and decision- making, taking into account the patient's individual
clinicopathological and psychological status. Any new reliable prognostic factor and connected therapies
(theranostic methods) are expected to step towards personalized treatment. According to the principal
considerations [13] [14], and the emerging practices [37], the modulation of a carrier signal could be a reliable
option of personalized therapy. The application of modulated carrier presently applied mostly on oncology,
but its non-oncological applications are also possible [38] [39] [40] [41].

3.1 Systemic Regulation
The homeostatic regulation shows some measurable electric signals for non-invasive detection of its proper

functioning. The non-invasive detection of biomarkers has an extra advantage: less burdensome for the
patient and more straightforward for the physician. This practical request emerges the various
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electromagnetic signal detection, like the Electroencephalogram, (EEG); Electrocardiogram, (ECG);
Electromyogram, (EMG); Electrooculogram, (EOG); Electroretinogram, (ERG); Electrogastrogram, (EGG);
Galvanic skin response, (GSR); electrodermal activity, (EDA), electrical impedance tomography (EIT), etc.
These signals have not only prognostic and diagnostic value but could be active therapeutic option to correct
the deviations [42] [43] [44] [45]. In the following, we study two undoubtfully systemic regulatory signals:
the heart rate and the nervous activity.

3.1.1. Vagus Nerve Signal

There are several methods for studying the autonomic nervous system. There are studies based on
cardiovascular reflexes elicited by provocative maneuvers. Neurotransmitter levels can also be examined.
The cholinergic part of the autonomic nervous system can be performed, for example, by examining
sudomotor function (the reaction of sweat glands to various stimuli) [46].

The vagus nerve has an important homeostatic role. Its efferent position gives regulation signals for many
muscles and various organs. It participates in the cardiovascular, respiratory, gastrointestinal, metabolic,
control, and glucose homeostasis (pancreas, liver, kidney) regulation and controls inflammation by the
spleen [47]. The afferent activity includes a significant part (>80%) of the nervous structure transmitting
information to the central nervous system about the functioning of the organs of the body [48].

Several studies proved the therapeutic effect of vagus nerve stimulation (VNS) [49]. The emerging application
of VNS is transcutaneous, primarily focusing on the auricular branch of the vagus nerve [50]. This non-
invasive method targets several disorders, like migraine, tinnitus, headache, pain, applied in both cervical and
ear sides. Importantly intensive studies started to clear the possible application of the VNS autoimmune and
autoinflammatory diseases [51] and immunity [47].

The importance of studying the autonomic nervous system, among other sciences, is already outlined in
oncology. Autonomic neuronal dysfunction has been shown to affect 80% of patients with advanced cancer
[52]. The vagus nerve controls glucose homeostasis [53], which is particularly important for cancerous
processes. Vagus nerve activity affects tumor growth by inhibiting tumor-promoting mechanisms. The
significance of its study in a wide variety of tumors is known. The results of several articles show that vagus
activity may play a prognostic role in cancer.

Tumor cells can take advantage of the benefits provided by factors secreted by nerve fibers to produce a
stimulating microenvironment for the survival and proliferation of their cells. A reciprocal interaction exists
between tumor cells and nerves in humans [54]. Tumor cells induce nerve growth in the tumor
microenvironment by secreting neurotrophic factors. The nerves show up as essential regulators of tumor
progression. Sympathetic nerves drive tumor angiogenesis with noradrenaline release, increases the
migration capacity of tumor cells, and determines the direction and development of metastases, while the
cholinergic fibers of the parasympathetic nervous system, in turn, infiltrate tumor tissue and affect tumor
cell invasion, migration, and distant metastases [55]. The sensory and parasympathetic nerves stimulate
tumor stem cells, while at the same time, the parasympathetic nerves tend to inhibit tumor progression. This
balance forms the dynamic complexity of the nervous interactions [56].

The vagus has been an essential pathway in the early preclinical stage of tumorigenesis through the
information to the brain about preclinical tumors with an immune-nerve information transformation. It
partially regulates tumor formation and progression [57].

The tumor microenvironment has a fundamental influence on its features [58]. It contains innate and adaptive
immune cells [59], which have Janus-face behavior, could inhibit [60] or support tumorous processes [61]. A
clinical trial shows the feasibility of vagal neuroimmunomodulation as the prognostic factor for pancreatic
cancer, and so, the method offers a new prognostic biomarker of advanced cancers [62]. Furthermore, active
adjuvant therapy of neuromodulation of cancers improves the quality of life in advanced cases [63]. It is
clinically shown that the VNS increases the complexity of heart-rate variability, allowing more stable
homeostatic control [64], having a higher probability of a better quality of life and more prolonged survival.
The experimental and clinical observations indicate that one of the most promising and far more objective
methods for studying the autonomic nervous system is to analyze heart rate variability (HRV).
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3.1.2. Heart Rate Signal

It was a long time ago realized that the chaos in physiology has special meaning [65]. The “constrained
randomness” [66] is usual in physiology, and its study is a valuable tool to understand its mechanisms as well
as recognize the deviation from “normal”. The analysis of the noise-like profile of hear-beat in the healthy
subject shows 1/f power-law distribution was recognized early [67], and this “chaos” was associated with
time-fractal processes in the living organisms. The heart frequency components' expected flat or normal
distribution became long-tail, self-similar distribution with scaling possibility.

The heart rate variability (HRV) describes the variability in the intervals between heartbeats. The temporal
fluctuation of heart rate is due to autonomic nervous system regulation; it is created by interacting the
sympathetic and parasympathetic nervous systems contributing to the measured variation of the signals
[68]. HRV strongly correlates with vagus activity [69]. The most common area of HRV analysis is the study of
cardiological problems [70]. However, it is often used for other diseases, like diabetes [71], renal failure [72],
neurological [73], and psychiatric changes [74], but it is also used for sleep disorders [75] and some
psychological phenomena [76]. The viability of using HRV measurement is based on non-invasiveness, ease
of construction, and reproducibility [77]. Nowadays, the HRV offers a possible prediction of disease onset and
prognosis [78], and so, its application has a significant increase in oncology [79].

The change in heart rate from beat to beat (RR [ms] intervals, the most observable peak in QRS complex in
ECG signals) results from the balancing interaction of parasympathetic and sympathetic effects on the sinus
node [80]. The RR is frequently estimated by heart rate (HR [beat/min]), which is easy to measure in daily
practices. The variability is most frequently measured by time-domain analysis. The basic parameters to

l N
(RR) =L 3, (RR)

evaluate its uses the nth RR interval ((RR)n), and the average value " The calculated time-

domain evaluation parameters are:

RR (SDNN[ms] = \/\,lef_l[(RR ), ~(RR)]")

e the standard deviation of
e the square-root differences between the successive RR intervals:

(RMSSD[ms] = \/\_L_lzf_’l‘[( RR),, ~(RR), ] ).

Some other characterization of the time domain of HRV is used for particular purposes, like

e NNxx [beats], is the number of successive RR interval pairs that differ more than xx [ms];
e  pNNxx [%] is the NNxx divided by the total number of RR intervals.

The time-domain of HRV changes is analyzed for its short-range (5D1), which is connected to the RMSSD [81]
and long-range (5D2) features [82]. The Poincare plot is an excellent visualization of the short and long-range
changes by studying the subsequent RR-intervals; plots each 1 RR..1as a function of the previous RR, interval
[83].

Poincare plot analysis gives info about long-range by the RR..; = RR, line visualizing how continuous the
development in stepby- step points, while its perpendicular line in the midpoint (zero points) shows how the
short-range deviates from the long trends, compared the beat-to-beat info to the expectation of the longer
performance of the heart [84]. The nonlinear homeostatic regulation could be followed by Poincare sections
[85], with “stroboscopic flashes" synchronized to the neuron activity. Due to its simplicity and clearness, an
emerging quantitative-visual technique categorizes the degree of heart failure by functional classes in
patients [86]. The SD1and SD2 can be calculated with standard time-domain parameters [87]. The calculation
needs to introduce the standard deviation of the successive differences of the RR intervals,

denoted by SDSD = \/<( ARR, )3>—<ARR,, )", where the () a sign denotes the
mean (average) value, and so (ARR,)=(RR,)—-(RR, ;). The short and long-
range characteristic values are: (SD1)3 = %( SDSD)3 and

. i 1 r
(SD2)" =2(SDNN)" - :(SDSD )" . In stationary conditions:

(ARR,)=(RR,)—(RR,.;)=0. In this case, we get statistically: RMSSD = SDSD.

n+l
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In consequence, RMSSD has a role in both the short- and long-range interactions in stationary conditions.
Naturally, the HRV results and parameters depend on the time length of the registration [88].

The detrended fluctuation analysis (DFA) method is devoted to the scaling of correlation inside the time-
domain of the signal [89]. This particular method scales the slopes (trends) of the linear regression fit to the
n-length grouped segments of measured points in various scales. The sum of actual deviation of the points

yv(k)= Zf-](RR} _<RR>) :

in the group from their average value is:

Fit a linear regression (least-squares method) to these points. The obtained regression line is y,(k), and so

1 N 2
F(”)=\/—,Z:_,LJ'(H—J'"(/\')] ;
the detrended series F (n) is scaled by n: N calculating it with different
segments and shown in double logarithmic scale vs. n, [90] Figure 4. The categorization of the noises is similar
to the power density, but the DFA slopes differ from the power density slopes.

The relation of the SDNN and the DFA shows a connection to predicting the survival of patients studyingin 7
years intervals [91]. When both parameters (SDNN and DFA) are high, all patients survived 7.5 years. When
both were low, 50% of the patients involved in the study died within 2 years. In the groups with high DFA and
low SDNN 60% died under 2.5 years, while the SDNN was high and, DFA low, 70% died within 3.5 years. Results
support the idea that the health status needs high self-organizing in the system. When the self-organized
chaos starts to disappear, and a series of subharmonic bifurcations appear, the ventricular fibrillation
becomes more likely [92] [93], the bifurcation phenomena are pathological [94]. Note, the bifurcation in this
meaning decreases the self-similar time-fractality, which appears again when the bifurcative processes are
sequentially inserted into each other (fractal process) and form Cantor-like fractal in the dynamics, shown
in Figure 3.

The variation evaluation with time-domain has some problems because the form of the signal could
substantially differ while the RR average and the RR standard deviation could be identical [95]. The frequency
domain, determining the S (f ) power density, gives information about the distribution of the frequency
components, so it clears the form of the signal [96]. The spectral analysis is a valuable tool in the analysis of
the autonomic function of HRV [97]. The study of the frequency spectra reveals the healthy dynamics of the
heart and is related to the overall homeostatic condition.

10°
F(N)

©

(]

10°

107

0 200 400 600 800 1000
Beat Number, k
(a) (b)

Figure 4. The detrended fluctuation analysis (DFA) method [90]. (a) The process of evaluation of scaled
groups of noise parts by the linear regression model. Red lines are the best fit for the subsequent intervals
counting 100 beats. The blue fits 200 beats and so on with all possible groups of the beats. (b) The
measured slopes from (a). The points for red and blue fits are indicated on the line. The scaling clearly
shows linear dependence of grouped slopes.

The frequency domains divided by the physiological ranges [98] like:

e Power (Suce(f )[ms?]) ultra-low frequency range (=0.003 Hz) power density (Su.r (f )[ms?]), follows the
change s of the body's core temperature, the circadian rhythm, the renin-angiotensin controlling
system, and the metabolic processes;

e Power (Sye(f )[ms?]) of the very-low-frequency range (0.0033 - 0.004 Hz) observes the long-range
controlling mechanisms, hormonal processes, heatcontrol;
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e Peak frequency (Pu(f )[Hz]) in the low-frequency range (0.004 - 0.15 Hz) is connected to the
baroreflex activity and the balancing of sympathetic and parasympathetic nerve actions;

e Power (Si(f)[ms?]) in the low-frequency range (0.004 - 0.15 Hz) is connected to the baroreflex
activity and breathing;

e Peak frequency (Pue(f )[Hz]) in the high-frequency range related to vagus nerve tone;
o foradults (0.15 - 0.40 Hz);
o for babies (and sometimes after sports activity) (0.24 - 1.04 Hz);
e Power (S(f )[ms?]) in the high-frequency range related to vagus nerve tone (0.15 - 0.40 Hz);
e Sometimes the ratio of the power of low (0.004 - 0.15 Hz) and high (0.15 - 0.40 Hz) frequency bands

Sir () %
Sur (f)

used to study the balance of the vagal and sympathetic activity.

Through the connections of the autonomic nervous system, vegetative, somatic, and psychic effects are
integrated into the instantaneous heart rate and variability [99]. Due to the neuro-controlled
(sympathovagal) balancing, the HRV is a feasible parameter to quantify homeostasis [100]. In consequence
of the homeostatic character, its measurement could be a valuable tool in clinical practices [101].

The vagus-mediated HRV may be associated with higher-level (brain) executive functions. One region, the
anterior cingulate cortex, was interestingly found to be associated with both vagus activity and cellular (NK-
cell) antitumor immunity [102].

Inflammatory markers and HRV parameters show correlation. The LF-HRV was inversely proportional to CRP,
IL-6, fibrinogen, and HF-HRV was inversely proportional to CRP and fibrinogen. These also supported the
existence of the vagal anti-inflammatory pathway [102] [103].

Vagus tone (measured by HRV) influences the nervous-immune response to acute stress. This was
demonstrated in a study in which people with low and high baseline HRV participated and were presented
with a learning task (acute stress factor). With this acute stress, NK-cell and noradrenaline levels in
peripheral blood changed only in the high HRV group. Both prefrontal cortex and striatum activity correlated
only with values indicative of the immune system only in the high HRV group. It is hypothesized that high
vagus tone may mean a more flexible top-down (brain) -down (immune system) regulation [104].

The frequency domain is a helpful tool for analyzing the signal components, but the obtained frequency
distribution does not inform us about the signal trends and how the segments correlate. For the
personalization, the amplitudephase has to be considered, as shown in (24).

The HRV can be a valuable biomarker to assess disease progression and outcome, and even it could be the
future remote, wearable biomarker technology [99], which controls not only the diseases, b but also nutrition
and wellness [104].

The HRV contains the homeostatic stage of the patient, so it mirrors the various, not disease-connected
parameters (like the age, gender, medications, physical and mental status, and even such simple parameters
as the body-position, respiratory rhythm, stress) [105]. This sensitivity of general conditions could influence
the medical decisions, which develops a distrust in the method. High practical routine and well-controlled
conditions are necessary to obtain the medical value of the results. Furthermore, HRV does not directly
measure parasympathetic or sympathetic activity. Its features are indirect, only qualitative information on
the autonomic activity, the quantitative measures need independent methods. In addition to methodological
errors, there may also be technical pitfalls in data collection, signal processing, and interpretation, leading to
inaccurate HRV measurement, | and wrong medical decisions [106] [107]. The mixed information causes that
the HRV application as a diagnostic tool does not widely apply in medical practice.

3.2 Local Effects

The modulation is well applied locally in the tumor treatment [108] by forcing the local arrangement order in
space-time to fit homeostasis. The local application has similar goals that the systemic VNS, forcing the
healthy balance. However, the local application is only in the small part act on the nervous system (mainly
on parasympathetic, while the selection is connected to the function of the vagus). The dominant effect
forces the healthy local arrangement in space (intercellular bonds) and in time (intracellular signal-
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transmissions). The practice of local application is the modulated electrohyperthermia (mEHT, trade name:
oncothermia®), which is widely applied in clinical practice [109].

3.2.1. Pattern and Molecular Recognition

The differences between the tumor and healthy host tissue are significant. The tumor cells have a higher
metabolic rate than the host because of proliferative energy demand, have no networking connection with
the neighboring cells, separate individually, have different membrane structures with more
transmembrane lipid rafts, and differ in their overall structure too. This last is used by the pathologist
when studying the pattern of the specimens and recognizing the pattern deviation from the expected
healthy order. This pattern recognition is one of the factors of the diagnosis, staging, and prognosis too.
So, the tumor structure differs, which can be recognized by the homeostatic signal, due to the missing
dynamic harmony. In this way, the disordered tumor selectively absorbs energy from the harmonic
fluctuation (modulation with 1/f noise), and the various consequences kill the cells. The free genetic
information allows recognizing the deviation by the adaptive immune system, which may act against [110]
[111].

A part of the modulation effect is the broken cadherin complexes' re-bonding and allowing the
intercellular connections again [112] [113]. This reconstruction turns the individual precancerous cells to
the network and blocks their movement, decreasing the risk of metastases. The rebuild network allows
the intercellular connections, gives the cell a chance to return to normal conditions, or has a signal, and
turns to apoptosis.

The physical analysis of temperature-dependent effects of mEHT [114] calculated that the most likely
effect is electromagnetic excitation, which develops non-thermal effects of radiofrequency
electromagnetic fields [115]. The physical assumptions successfully indicated the possibility that the
physical methods may recognize and use the heterogeneity of the target [116]. The vagus nerve assists
the body's thermal sensitivity and thermoregulation [117].

3.2.2. Molecular Excitation

Other important local effects of mEHT are the molecular excitations of the cellular receptors and, in
general, the transmembrane proteins. The nonthermal membrane's temperature-independent effects of
electromagnetic fields had serious debates and controversial opinions. The present research provides
some preclinical and clinical data for the nonthermal antiproliferative effects of exposure to mEHT. The
excitation promotes membrane vibrations at specific resonance frequencies, which explains some
nonthermal membrane effects, and/or resonances causing membrane depolarization, promoting the
Ca2+ influx [118], or even form a hole on the membrane. mEHT may be tumor-specific owing to cancer-
specific ion channels and because, with increasing malignancy, membrane elasticity parameters may
differ from that in normal tissues. The Arrhenius plot fits the thermal properties in mEHT experiments
[119], so the treatment is a complex mixture of the thermal and nonthermal processes [120]. The protecting
chaperones induced by the heat shock are exhausted [121], so the safeguarding does not suppress the
electromagnetic reaction. This mechanism resolves the radiotherapy resistance of pancreas
adenocarcinoma cells [122].

The molecular excitation is proven in vitro, showing how different the mEHT complex electromagnetic
therapy is from conventional heat-therapies [112]. The recent review of the tumor-damage mechanisms
collects the preclinical results [113].

4. Discussion

The modulation of the external bioelectromagnetic signals has well-explained principles [13]. The carrier
frequency helps in the selection mechanisms, while its modulation acts. The modulation supports
homeostasis by its time fractal (1/f) frequency distribution [108]. The modulation could have multiple effects
locally and systematically. The local force for the homeostatic control acts as a further selection factor
regarding the lost control of the tumorous cells. Furthermore, the modulation forces the healthy dynamical
order providing a compulsory process for apoptosis of the out-of-control cells. HRV may characterize the
homeostasis [124], presenting the complexity of the system.

The well applied time-fractal current flow may activate the structural fractals in the living systems, and the
personal fractal structure could modify the time-fractal pattern, too [125]. The fundamentally non-linear
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physiological system dynamics work on the edge of chaos, a border of order and disorder showing a constant
dynamic interplay between these states [126]. The challenge of the homeostatic equilibrium is the apparent
chaos. The chaos looks complete randomness which is only ostensible. The chaos in biosystems results from
the stochastic self-organizing and the energetically open system, which directly and permanently interacts
with the environment. Its structural and temporal structure is fractal, which appears in the fundamental
arrangements of the self-similar building and dynamism of the energy exchanges internally and externally.
The living processes are complex. They are in self-organized criticality (50C) [127], which is formulated, as
the “life at the edge of chaos” [128]. This chaos is the realization of a well-organized stochastic (probabilistic)
system [129]. The disordered chaos is apparent [130].

A simple bifurcation could help to understand this “edge of the chaos” phenomenon. The processes must keep
their dynamic energized form. When their energy at the energy breaking point is too low, the process stops
and “freeze” in one of the potential wells. However, when the provided energy is too high, the system loses
its control, the promoter-suppressor balance can't regulate the processes Figure 5. (Like Einstein formulated:
“Life is riding a bicycle. To keep your balance, you must keep moving." [131]) The common idea that bio-
systems evolve toward equilibrium is a misperception of reality.

Self-organized chaos was studied in all the living processes like, for example, in immune activities [132], in
nerve system [133], in genetic phenomena [134]. The realization of the "edge of chaos” is very personal due to
the determining parameters, and their intensity differs from person to person [135]. This character of the
living complexity requests personalized treatments.

DFA evaluation of the signal measures the self-similarity scaling of the fluctuations by scaling parameter.
This evaluation is similar to the box methods in structural evaluation of the fractals when the scaling is the
size of the box like in DFA, the size of the scaling interval. The other time-domain studies focus on the
standard deviations of the fluctuations (like the HRV methods the SDNN), which also depends on the length
of the investigated interval so also has similarities with boxing evaluations. The standard deviation changes
by the s box-sizes in the Ns step-number, and has a scaling behavior:

The exponent is named in honor of HE. Hurst, who first observed this scaling at the water level fluctuations

3 o -g
at the Aswan dam in Egypt. The Hurst exponent, H characterizes the scaling exponent of the S(f)=1
power density function (PDF, frequency domain) fitted to the scaling function (calculated for g = 2) in the
time domain:

' [2H-1 if -1< B <1 (PDF)
[_[2H+l if +1< <3 (PDF) (26)
a=H+1 (DFA)

\1
> gf’o
0 $ :
O QQ Too high energy absorbed
& ~ A
- = dissipation
Upper control limit —dE
<E> Bt ] [ \ A I"V I ,[ “ T l' rl l' l H
"'hin .w\\e %er. aa\e’ m wmﬂ i le [ rY
Lower control limit +dE
E, | driving

Too low energy dissipated energy
9‘°‘° U

“pump” energy from environment

Figure 5. Permanent dynamic changes of the energetically open system cause a never rest situation. The
dissipation consumes the energy, while the open, energetic situation drives the process. Promoters and
suppressor balance never stop, the dynamism makes life on the “edge of chaos".
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Intime series: 0<H<1.The 0 <H < 0.5 describes anticorrelation, while 0.5 < H <1 characterizes the correlation,
long-memory process. There are two border values: H = 0.5 is the while noise (no correlation), H = 1is the pink
noise [136].

However, most complex systems have no single scaling. The living body contains variants of fractal
templates in space-time, and so the exponents of selfsimilarity could change by parts. The multifractal
analysis considers the scaling as not a global behavior but local (multifractality). The multifractality appears
in the dynamics of the biological processes. The scaling varies in time. The nonlinearity of the processes
strongly influences the multifractality.

In the case of multifractality since the scaling property is heterogeneous, H will be different for smaller and
larger fluctuations in the process and thus the generalized Hurst exponent, H(q) is obtained as a function of
g [137]. It is the scaling of the qth momentum of the fluctuation and called generalized Hurst exponent. The
generalized scaling function is:

g

( 1 N, Px
S((/S) :] .\_.Z('\-z _<'\.'>),:

H(q)
zL S

(27)

% i H
The generalized multi-scaling gives back the mono-scaling Hurst exponent when q = 2 so S(25)%s™ |y the

case of monofractality, the scaling property is homogeneous and thus independent of g. With the growth of
the "box-size" by growth of s the different variances (scaling functions by q) approaches each other, and at
] S(¢.L)=SD(L)¥

the largest size (the L size of the entire sample) point on a common focus [138 4> where

SD(L) is the standard deviation character of the entire signal.

The fingerprint of the personalized “chaos” is the self-similar noise of interconnected HRV and VNS in both
the time (variation-based evaluations) and frequency (S(f) based evaluation) domains. The characteristic
behavior of the frequency-based approach is the 1/f noise. Consequently, forcing the homeostatic control
needs 1/f spectrum in the frequency domain. In an ideal case, the frequency domain has a single exponential
character. However, it is not the general case; it only approaches a part of the anyway curved double
logarithmic plot of the spectral density S(f) , which characterizes a multifractal behavior of the system's
dynamics.

The multifractal structure changes the frequency by time, so the Fourier transformation, which produces
S (f) power density function (PDF) in the monofractal approach, is not constant in all the observed time. The
problem of the multifractal analysis has similarity to the Heisenberg principle: one cannot get the infinite
AtAE :/—’ AtAf zl.
time and frequency resolution beyond Heisenberg's limit: 4 so 4 Consequently, one can
calculate high-frequency resolution accompanied by an insufficient time resolution or has high resolution in
time with a poor frequency resolution. The method of wavelet transformation was developed for space-time
multifractal description [139].

For proper multifractal analysis, a local power-law had been developed. This method approaches the
function with its Taylor series and observes the scaling in the difference of the real and approached function:

, . ‘
S(x)=-Y 5, (x—x, )| < Clx—x, ki (28)
, k=0

The h(xo) value is the Hélder exponent. This is a local power-law, showing local self-similarity in a given
discrete t time-point. In the case of any (multi or mono-fractal) approach h(t ) is the power of the scale. In
monofractals the exponent is constant: h(t) = const . The Hélder exponent forms trajectories when calculated
in real-time. The fractal dimension of disjunct sets of the same Holder exponents in the histogram approach
is the multifractal or singularity spectrum, with generalized dimension D(h) , which is mostly used for
D(h

multifractal characterization. The “size" of the singularity components is e The monofractal Hurst
exponent H (2) tightly connected (but not equivalent) to the maximum (middle) Hélder exponent of the
singularity spectra, while the AH (n) ,the multifractal character described by AH (n) = H (-n) - H (n) is the
width of the multifractal spectra. The maximum of D(h) is connected to the autocorrelation and the width of
the non-linear character of the processes, introducing the multifractal scale exponent t (q) from wavelet
transformation [140]. This exponent connects all the multifractal characters:

o §

r(q)=qH(q)-1 h(g)=222

., D(h)=mfgh(q)-7(q) (29)
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The behavior of 1 (q) describes the locally changing dynamic fractals, specifying the details that distinguish
these from the global single-exponent character [141], Figure 6.

The well-established, widely applied and approved methods of evidence-based medicine (EBM) work with
averages in many respects, as the inclusion criteria, like the sub-grouping of the eligible patients by various
aspects. The monofractal application fits this approach, representing an overall average of the homeostatic
control of the patients. However, the averaging has multiple pitfalls [135] [142].

The primary challenge is the averaging, despite that no such “average patient” who is supposed in the study
exists. More personalization is necessary to avoid the averaging errors.

5 mono 0.70
D(h) @
multi
0 0.65
-5
h q
- - 0 i M 1 1 i 1 A - 4
-10 -5 0 5 10 04 06 08 1 12 14 16 18 -10 -5 0 5 10
(a) (b) (c)
Figure 6. The changes of characteristic scaling exponents in mono-fractal and multifractal stochastic
pproaches.

(a) scaling exponent by g momentum;
(b) multifractal spectrum;
(c) the generalized Hurst exponent does not change by q=H (2).

The fine-tuning of the information has to consider the time-domain signal analysis. The personalization
principle is the inverse transformation of the timeseries from the personally S ( f) by the distribution of the
amplitude phases (¢ (w ) ) shown in (24). The precise time domain is reconstructed, but it has also averaged
in the distribution function of the phase ¢ (w ) . The HRV time-domain has also high averaging due to the form
of the signal is not present, only the mean and its standard deviation. However, the HRV and the inverse
transformation of the amplitude of S ( ) by (24) represent different information about the person, so the
combination of the two methods looks the most accurate in our present knowledge. The complex number of

A =4[ =|4|| cos(@(@))+i-sin(g(w
the amplitude l | l |[ (9()) (o( ))] of S (f) in (24) contains the personal frequency
order. The geometric representation of the single term of S (f) in the complex sheet is a circle with the radius

| 4| en;o( @)

R=|A|,and a vector with angle of ¢ (w ) . The personal order by geometric description of Jo from (24)
44

o . . ® 27 .
connects these vectors where their size is proportional with \/— f Figure 7.
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Figure 7. The series of the in personalization.
(a) the vector representation of a single component. The vector rotates as the ¢ (w ) phase angle changes
by the changing S(f) .
(b) an example of the series of S(f) s, when the vectors jointly follow each other. The S(f) changes hectically
(noisy).
(c) another example of the S(f) series with monotonously growing phase angle ¢ (w ) in a series.
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In reality ¢ () has a personal distribution, which arranges the frequency order. In a random distribution, we
may check the system how we construct the Si (t) time-series of the signal from frequency series with inverse
Fourier transformation Figures 8-10. Noteworthy that the S(f) function is identical in all reconstruction
processes from the ¢ ( f ) series, because the phase angle does not change the value of the amplitude, only
its direction changes on the complex coordination system.
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Figure 8. Reconstruction of the time-series from the power density function (PDF)
(a) when the ¢ (w ) phase has a random distribution.
(b) The distribution of phase by frequency from the S ( f) phase function on the (a).
(c) The signal function in time (the time series); (c') the enlargement of the signal function in a small time
interval;
(d) the correlation function of the Si(t ) signal function.
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Figure 9. Reconstruction of the time-series from the power density function (PDF) when the ¢ (w ) phase
has 1/f distribution. [this figure well follows Figure 8; the difference is most obviously seen on the incoming
excitation and the Si(t ) spectrum]

(a) distribution of phase by 1/f frequency;

(b) the S (f) function from the phase shown in (a) [it is identical with that, repeated only for the control of
the calculation];

(c) the signal function in time (the time series); (c') the enlargement of the signal function in a small time-
range;

(d) the correlation function.

The strong, definite Weibull distribution causes only minimal and mostly regular time series. Probably this is

irrealistic in living systems. The periodicity-like formin correlation length is also the consequence of the well-
defined original distribution shown in Figure 10(a).

4.1. Forcing Homeostasis by Modulation

The next step of the personalized idea needs to force healthy homeostasis in the patient, who lost it due to
the disease. First, the deviation from the healthy state must be measured, which could be checked with the
time-(HRV) or frequency- (S (f )) domain as well. This global information could be the reference for the
development of the disease and the chosen treatment's success. Increased risk of progressive disease is

connected with the gradual loss of complexity in the decrease of the HRV in patients with cardiovascular
diseases [64].
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Figure 10. Reconstruction of the time-series from the power density function (PDF) when the ¢ (w ) phase
has Weibull distribution.
(a) distribution of phase by frequency;
(b) the S (f) function from the phase shown in (a) [it is identical with that, repeated only for the control of
the calculation];
(c) the signal function in time (the time series); (c') the enlargement of the signal function in a small time-
range;
(d) the correlation function.

It is observed that the VNS associated to the parasympathetic tone, decreases the heart rate accompanied
with increased complexity (increased HRV) especially in sleep [64]. The higher HRV values in various bands
were positively correlated with disease regression in the actual band category. Higher HRV meant more
advanced coping ability and thus better prognosis.

Together with the dynamic equilibrium's general character, it might be supposed that every person has an
individual part of homeostatic control. The overall neuronal surveillance by the autonomic nervous system,
the immune system, the transport systems, etc., has a particular path specific for a person and produces an
individually coded 1/f homeostatic noise. In this sense, we can talk about personalized 1/f noise. As the (24)
shows, the 1/f noise spectrum carries many kinds of information which are hidden in the ¢ (w ) phases of the
amplitudes. The phase distribution carries the sequential information of the frequency series.

In the case of one individual subject, the information in the homeostatic noise has the same phase code since
these are all results of the work of the same regulatory system. Important perspectives open with the
personal homeostatic noise:

e Indiagnostics, the measured noise spectrum's irregularities could signal that specific organs do not
work correctly.

e In control of the therapy control, the measured changes of the noise spectrum could show the
direction of the treatment triggered changes.

e In prognosis, the stored spectrum in individual “noise bank" taken when the patient is healthy could
be compared with the actually measured noise prognoses the possible start of the irregularities in
the body.

e In therapy, when the healthy fluctuation forces the homeostasis to correct the irregularities and
blocks the iatrogenic processes, the healing is actively forced.

The last pointis an active function of the noise. We concentrate on this application by personalization forming
uniform general 1/f signal it is power spectrum. Like all the homeostatic control, the nervous system also
follows 1/f power spectrum. The general regulator of physiological responses to internal and external stimuli
is the nervous system. It is based on two large nervous sets like promoter/suppressor pairs: the sympathetic,
which mediates catabolic responses, and the parasympathetic, which regulates anabolic responses. The
main component of the parasympathetic nervous system is the vagus nerve. The vagus innervates most
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tissues dealing with nutrient metabolism, which is crucial for many body functions and cancer development
[102] and therapy [58]. The balance of vagus activity with sympathetic regulation needs proper homeostasis
[53]. The vagal nerve signals contribute to the care of homeostasis [143] [144].

The homeostatic time-fractal frequency domain (in general, the 1/f* noise) is optimal forcing information
when no more personal parameters are available This average contains the optimal time-domain

. . . - r > 1
fluctuations also when the sole in log-log scale is near to a = 1. The deviations of = mean more step-

0<ax

bystep regulated dynamics (like the brown-movements) while : goes to the white noise direction, to

uncorrelated noise.

A possible constraint of proper homeostasis could be an external electromagnetic compulsory signal. The
electromagnetic forceis an overall effective influence because electromagnetism represents the biologically
active force. Choosing the 1/f signal is a natural selection to induce a forceful corrective action. The
penetration of the electric field into the body depends on the frequency of the signal. The penetration of the
high frequencies is shallow, while the low frequencies penetrate deep.

On the other hand, the low frequency does not radiate, so the energy-coupling needs excellent contact in safe
voltage application; otherwise, no effect exists. This condition complicates the non-invasive applications.
Due to the signal having intensive low-frequency components and the broad spectrum of higher frequencies,
the penetration will be heterogeneous; the proper frequency distribution cannot be overcome. The solution
could be choosing the higher frequency carrier, which delivers its 1/f modulation with approximately proper
amplitudes [145]. This modulation solution has a further advantage by its energy delivery, which makes
additional mild heating [146], supporting the healthy enzymatic reactions in the body.

Afurther advantage is that the properly chosen carrier frequency delivers the information to selected regions
of the heterogeneous target [147]. Furthermore, the current of the amplitude modulated signal flows through
the fractal structures of the living organism, and the necessary frequencies could be selected by the
structural dynamism as well. The broad modulation spectrum offers various frequency subgroups, which
allows complying with the local demands.

However, it has a disadvantage: demodulation is necessary for the system, which dominantly performs by
the cellular membrane nonlinearity [14]. The modulation keeps the system in the regulatory interval, helps
the complex living processes correct the faulty regions, and re-establish the healthy control [148] [149].

4.2, Immune Effect of Forcing Homeostasis

One of the effective systemic regulators of homeostatic controls is the immune system. Immune-system
terminates many diseases and helps balance the symbiotic life with biotas and broader meaning, as the
fundamental cellular reaction, control some inter and extracellular events by molecular chaperone functions
[150] [151].

Research on the neural control of the immune response has traditionally focused on the role of the
sympathetic nervous system and sensory nerves. However, recent studies have highlighted the role of the
efferent parasympathetic system, particularly the vagus nerve, in immunomodulatory actions [58] [152]. The
nervous and immune systems communicate in two-way pathways to limit inflammation and maintain
homeostasis [58]. The vagus nerve stimulation activates neuroimmune reactions [153].

The vagus nerve is one of the modulating components of innate (like NK-cells) and adaptive (like T-cells)
immunity [58]:
e inhibits the TGF-f1, which increases NK

e supports the expression and activity of cytotoxic T-lymphocytes;

e down-regulates the helper T-cells (CD4+ function).

Efferent hepatic vagus activity has anti-inflammatory effects through local IL-18 and IL-6 secretion. This may
be an important part of the theory of the beneficial outcome of the relationship between vagus and tumors
[154].
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The vagal activity reduces the inflammatory response by reducing cytokine release [103]. The B, and C fiber
subtypes of the vagal nerve are involved in regulating the heartbeat [103]. This neuroanatomy suggests that
the regulation of heart and inflammation by the efferent vagus can be separated. Electrical stimulation (1V,
5Hz, 2 ms) was found to be sufficient to elicit an anti-inflammatory effect but did not affect heart rate. Higher
striding results decrease in heart rate; consequently, the vagal A fibers are connected to the anti-
inflammatory signals. This separation limits the correlation between HRV and vagus-mediated anti-
inflammatory effects [103].

The vagal immunomodulatory effect (cholinergic anti-inflammatory pathway) is intertwined with
acetylcholine activity. Various immune cells (lymphocytes, macrophages, mast cells, dendritic cells, and bone
marrow lymphoid and myeloid cells) express the significant components of cholinergic systems
(acetylcholinesterase, choline transporters, AchE, nAChR) and produce acetylcholine. Consequently, the
cholinergic system may play a role in regulating the immune response through immune cells [58].

Other systemic effects of vagus nerve stimulation were observed in better outcomes in conditions such as
irritable bowel syndrome, metabolic syndrome, diabetes, sepsis, pancreatitis, depression, pain, and epilepsy
[102]. Low vagus nerve activity correlates with worse outcomes [102].

An important observation of the modulated treatment is the immunogenic hyperthermic action [155], which
can be improved by the independent stimuli of the immune system by dendritic cell therapy [156] [157], or
viral therapy [158].

4.3. Cancer and Homeostasis

Tumor cells and the connective tissue surrounding them contain immune cells. However, these cells are
double-edged weapons; they can inhibit but also promote tumor growth. The inhibition processes are:

1) activated lymphoid cells can control the tumor growth and malignancy;
2) dense infiltration of T lymphocytes correlates with better prognosis.

While there are promoters:
e tumors often break down the tumor-infiltrating lymphocyte activity;

e supports the differentiation of tumor-associated macrophages (TAMs) and myeloid-derived
suppressor cells (MDSCs), promote tumor growth by secretion of growth factors, and inhibition of T
lymphocytes.

Mediators and cellular implementers of inflammation are essential components of the local environment of
tumors. In some tumor types, inflammatory conditions are already present before malignant transformation
occurs. Inflammation promotes proliferation, survival of malignant cells, angiogenesis, metastasis, weakens
the adaptive immune response, alters the response to hormones and chemotherapeutic agents. The
molecular mechanism of this tumor-associated inflammation may be an important therapeutic and
diagnostic target [1]. In some types of tumors, oncogenic transformation induces an inflammatory
microenvironment that promotes tumor development [159]. The stimulated vagal activity suppresses the
inflammatory developments [58]. Most articles examining the relationship between HRV and tumor
prognosis consider vagus activity to be systemic as a positive effect. Analysis of the 12 studies yielded
consistent results: HRV has prognostic value in tumors, predictive: for both survival and tumor markers [102].
The analysis also showed that the predictive value of HRV may be strong primarily in the advanced stages,
the higher initial vagus activity predicted a better prognosis [102]. However, although the vagus effect
systemically slows tumorigenesis, its major neurotransmitter the acetylcholine (Ach), promotes local tumor
formation [102]. In other study, anti-inflammatory effects of vagus nerve via ACh - «7nAChR. The a7nAChR is
expressed on a number of immune cells, suggesting that the vagus may have an effect on the tumor
microenvironment and antitumor immunity [58].

Vagus activity may slow tumor progression in pancreatic tumors because it reduces inflammation. A new

RMSSD
CRP

NIM =

vagus index was introduced for pancreatic tumors, the neurocimmunomodulation index: where
CRP is the C-reactive protein. Following more than 200 patients with pancreatic cancer, the NIM index was
found to have a protective value (relative risk: (0.688)) [62]. Initial higher vagus activity (characterized by
HRV) was significantly correlated with a lower risk of death in pancreatic tumors regardless of age and
treatment received [160]. The possible mediating role of C-reactive protein (CRP) was tested in non-small cell
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lung cancer (NSCLC) [8], where the CRP was not found to mediate the relationship between HRV and survival
time in patients younger than 65 years, but did not predict overall survival. The NIM index was characteristic
also in the study NSCLC; where the NIM index indicated also the protective relative risk. Furthermore, a high
NIM index correlates with longer survival [62]. However, for advanced NSCLC, HRV should be used to monitor
overall patient well-being rather than to judge survival [161].

Another study with meta-analysis (6 studies analyzed, with 1286 patients) also found that HRV has predictive
value in cancer patient survival. Also, higher vagus activity may predict longer survival [162]. Similarly, in a
study of hospice patients, it was found that HRV (SDNN value) is a prognostic factor in terminal cancer
patients [163].

A meta-analysis of 19 high-quality observational studies [164] shows that higher HRV positively correlates
with patients’ progression of disease and outcome. The individuals with higher HRV and advanced adapting
mechanisms seem to have a better prognosis in cancer progression. HRV appears to be a useful aspect to
access the general health status of cancer patients.

A study investigating the role of HRV in gastric cancer patients found that HRV decreased in advanced clinical
stages (progression) and correlated with tumor size, tumor infiltration, lymph node metastasis, and distant
metastasis. Thus, gastric cancer patients had a lower HRV that correlated with the tumor stage. In this
research, they also claim that; HRV may serve as a factor in assessing stage and progression in gastric cancer
patients [165]. Based on this, HRV can be a promising biomarker, a prognostic factor in gastric cancer patients.

It was also shown that SDNN value significantly predicted the development of CEA levels in colon tumors 1
year after onset. However, when the patient sample was divided into curative and palliative care, it was found
that the HRV-CEA relationship could only be demonstrated in palliative care [166].

In the study of liver tumors, it was found that the indices of HRV, including the previously detailed HF, show
a significant correlation with the survival time of patients in patients with end-stage hepatocellular tumors
[167]. The HRV significantly positively correlated with survival time in HCC patients [154].

Patients with prostate carcinoma (PC) were examined for vagus tone (with HRV measuring the SDNN and
RMSSD). HRV shows a significant inverse correlation with PSA levels at follow-up at 6 and 24 months. This
correlation was particularly true in metastatic PC patients [168].

Research on breast tumors (metastatic or recurrent) has hypothesized that high-frequency HRV (HF-HRV), a
characteristic of parasympathetic nervous system function, may correlate with survival. Vagus activity was
found to be strongly associated with survival (well-predicted survival) [169].

One study examined the association between HRV and brain metastases. Low HRV and a low score on the
Karnofsky status rating scale were adverse prognostic factors for survival in patients with cerebral
metastases. Based on these, it is thought that HRV may also be a prognostic factor in brain metastases [170].

5. Conclusions

The living cellular structures are energetically open. They need transport of the energy sources in and
transport of the waste out. The homeostasis drives the complex system to be balanced, structurally, and
dynamically tailored to stochastic (probability-based) equilibrium. Without direct cellular communication (no
“social signal”), this organized transport would be missing. The malignant transformation breaks this
organized transport and seeks to build up new for the new demands. However, there is a fundamental
difference that exists: the healthy construction is driven by the collective signal and seeks to optimize the
energy use for the highest efficacy. The malignant structure is driven by the topology and biophysical
interactions of the competing cells, irrespective of the efficacy of the energy conversion. This collectivism
makes a difference in the geometric arrangement, not only in the cell-cell correlations but the autonomic
behavior that forms cells individually.

Different pathophysiological mechanisms and risk factors lead to altered signaling of a common homeostatic
pathway indicating various diseases. Consequently, its indication has significant biomedical potential. The
homeostatic actions are based on self-similarity, leading to structural changes and information flows, which
drive the system'’s dynamics. Many interacting signals in the complex system produce a noise-like summary,
which can be measured in variations of the signal in time-domain, and have a definite frequency distribution
in noise power, following inverse dependence, called 1/f noise. This noise is meaningful and feasible,

58 Oncothermia Journal, Volume 33, May 2023



regardless of whether the system's signal is deterministic or stochastic. Forcing the 1/f signal is a possibility
to stimulate the homeostatic control of the system. The heart rate variability (HRV) presents a feasible
measuring of the individual status of the patient. The activity and effect of the vagus nerve drive numerous
pathways of homeostatic control and are well connected to the HRV too.

Some common mechanisms inhibit the vagus activity in the tumorous situation [171], like the local oxidative
stress and DNA damage, the inflammatory reactions, and excessive sympathetic activity. Stimuli may correct
the inhibitions, either the vagus-nerve directly or by the compulsory spectrum on the local place of the
disease.

The active vagus nerve can reduce the risk of cancer and cardiovascular disease, Alzheimer's disease, and
metabolic syndrome by influencing their possible common underlying mechanism. The stimulation of the
vagus nerve (VNS) could be a helpful tool fighting to re-establish healthy homeostasis. There is growing
evidence that vagus activity slows tumorigenesis, primarily by inhibiting inflammation. Recent studies have
shown that neuroimmune modulation increases cytotoxic immunity in the tumor microenvironment. Thus,
we appear to modulate the tumor microenvironment and antitumor immunity by influencing vagus nerve
activity [58]. It is thought that vagus stimulation, in addition to conventional therapeutic methods, may
improve tumor prognosis by aiding in antitumor immunity [58]. The vagus activity and the changes by VNS
are well measurable by HRV, and vica versa, the changes of HRV could modify the vagal processes.

Based on the interconnection, measuring vagus activity (primarily by HRV determination) can be a huge help
to choose therapies in many diseases. The method has multiple benefits from this safe, complex therapeutic
option that improves prognosis in various diseases. It is easy to apply and can be used in conjunction with
other routine treatments. It can also be suitable for screening and prevention; it is inexpensive, non-invasive
[171]. The HRV controlled VNS is a new direction of the physiologic and psychologic applications [172].

The healthy HRV spectrum shows 1/f on average. The averaging is a standard method for investigating
diseases, like the evidence-based medicine averages by its various parameters determining the general
probability of the studied phenomena. The 1/f spectrum is satisfactory for the VNS and HRV, but for
personalization, we need differentiation, which means obtaining personal information about the systemic
control. However, the frequency distribution shows only which frequencies produce the noise, but no idea
about its sequences in time. We had shown the method to analyze the real-time sequences as a basis of
personal treatment and follow-up.

The average 1/f frequency spectrum is a valuable tool to force the homeostatic arrangement. In therapy, this
forcing can be safely and non-invasively administered by modulating a well-chosen radiofrequency carrier
and using it to improve the patient's status. The improvement may be measured with conventional checks,
but also, the HRV analysis gives information about the achievements of the modulated therapy.

Acknowledgements
This work was supported by the Hungarian National Research Development and Innovation Office PIACI KFI
grant: 2019-1.1.1-PIACI-KFI-2019-00011.

Conflicts of Interest
The author declares no conflicts of interest regarding the publication of this paper.
References

[1] Dvorak, H.F. (2015) Tumors: Wounds That Do Not Heal—Redux. Cancer Immunology Research , 3, 1-11.
https://doi.org/10.1158/2326-6066.CIR-14-0209

[2] Trigos, AS., Pearson, R.B., Papenfuss, A.T., et al. (2016) Altered Interactions between Unicellular and
Multicellular Genes Drive Hallmarks of Transformation in a Diverse Range of Solid Tumors. PNAS, 114, 6406-
6411. https://doi.org/10.1073/pnas. 1617743114

[3] Davidson, C.D., Wang, W.Y., Zaimi, ., et al. (2019) Cell Force-Mediated Matrix Reorganization Underlies
Multicellular Network Assembly. Scientific Reports , 9, Article No. 12. https://doi.org/10.1038/s41598-018-
37044-1

Oncothermia Journal, Volume 33, May 2023 59



[4] Balmain, A., Gray, J. and Ponder, B. (2014) The Genetics and Genomics of Cancer. Nature Genetics , 33, 238-
244, https://doi.org/10.1038/ng1107

[5] Szigeti, G.P., Szasz, 0. and Hegyi, G. (2017) Connections between Warburg's and Szentgyorgyi's Approach
about the Causes of Cancer. Journal of Neoplasm, 1, 1-13.

[6] Hanahan, D. and Weinberg, R.A. (2000) The Hallmarks of Cancer. Cell , 100, 57-70.
https://doi.org/10.1016/50092-8674(00)81683-9

[7] Hanahan, D. and Weinberg, R.A. (2011) Hallmarks of Cancer: The Next Generation. Cell , 144, 646-674.
https://doi.org/10.1016/j.cell.2011.02.013

[8] Dyas, F.G. (1928) Chronic Irritation as a Cause of Cancer. JAMA, 90, 457.
https://doi.org/10.1001/jama.1928.92690330003008c

[9] Dvorak, H.F. (1986) Tumors: Wounds That Do Not Heal, Similarities between Tumor Stroma Generation and
Wound Healing. The New England Journal of Medicine , 315, 1650-1659.
https://doi.org/10.1056/NEJM198612253152606

[10] Platz, E.A. and De, Marzo, A.M. (2004) Epidemiology of Inflammation and Prostate Cancer. The Journal of
Urology , 171, S36-540. https://doi.org/10.1097/01.ju.0000108131.43160.77

[11] Punyiczki, M. and Fesus, L. (1998) Heat Shock and Apoptosis: The Two Defense Systems of the Organisms
May Have Overlapping Molecular Elements. Annals of the New York Academy of Sciences, 951, 67-74.
https://doi.org/10.1111/j.1749-6632.1998.tb08978.x

[12] Aktipis, C.A., Bobby, A.M., Jansen, G., et al. (2015) Cancer across the Tree of Life: Cooperation and Cheating
in Multicellularity. Philosophical Transactions of the Royal Society B , 370, Article ID: 20140219.
https://doi.org/10.1098/rstb.2014.0219

[13] Szasz, A. (2020) Preface. In: Szasz, A., Ed., Challenges and Solutions of Oncological Hyperthermia ,
Cambridge Scholars Publishing, Newcastle upon Tyne, 8-13.
https://www.cambridgescholars.com/challenges-and-solutions-of-oncological-hyperthermia

[14] Szasz, A. (2021) Time-Fractal Modulation—Possible Modulation Effects in Human Therapy. Open Journal
of Biophysics, 12, 38-87. https://doi.org/10.4236/0jbiphy.2022.121003

[15] Conley, B. (2019) Microbial Extracellular Electron Transfer Is a Far-Out Metabolism. The American Society
for Microbiology, Washington DC. https://asm.org/Articles/2019/November/Microbial-Extracellular-
Electron-Transfer-is-a-Far

[16] Szasz, A., van Noort, D., Scheller, A., et al . (1994) Water States in Living Systems. I. Structural Aspects.
Physiological Chemistry and Physics, 26, 299-322.

[17] Agmon, N. (1995) The Grotthuss Mechanism. Chemical Physics Letters, 244, 456-462.
https://doi.org/10.1016/0009-2614(95)00905-)

[18] Markovitch, 0. and Agmon, N. (2007) Structure and Energetics of the Hydronium Hydration Shells. The
Journal of Physical Chemistry A, 111, 2253-2256. https://doi.org/10.1021/jp068960g

[19] Tuckerman, M.E., Laasonen, K., Sprik, M., et al. (1995) Ab Initio Molecular Dynamics Simulation of the
Solvation and Transport of Hydronium and Hydroxyl lons in Water. The Journal of Chemical Physics, 103,150-
161. https://doi.org/10.1063/1.469654

[20] Tuckerman, M.E., Laasonen, K., Sprik, M. and Parrinello, M. (1995) Ab Initio Molecular Dynamics Simulation
of the Solvation and Transport of H30+ and OH- lons in Water. The Journal of Physical Chemistry , 99, 5749-
5752. https://doi.org/10.1021/j100016a003

[21] Marx, D., Tuckerman, M.E., Hutter, J., et al. (1999) The Nature of the Hydrated Excess Proton in Water.
Nature, 397, 601-604. https://doi.org/10.1038/17579

60 Oncothermia Journal, Volume 33, May 2023



22] Csermely, P. (2009) Weak Links: A Universal Key of Network Diversity and Stability. Springer, Berlin.
https://doi.org/10.1007/978-3-540-31157-7_3

[23] Szendro, P., Vincze, G. and Szasz, A. (2001) Pink-Noise Behaviour of Biosystems. European Biophysics
Journal, 30, 227-231. https://doi.org/10.1007/s002490100143

[24] Lakhtakia, A. (1995) Physical Fractals: Self-Similarity and Square-Integrability. Speculation in Science and
Technology, 18, 153-156.

[25] Zbilut, J.P. and Marwan, N. (2008) The Wiener-Khinchin Theorem and Recurrence Quantification. Physics
Letters A, 372, 6622-6626. https://doi.org/10.1016/j.physleta.2008.09.027

[26] Lin, Y.K. (1967) Probabilistic Theory of Structural Dynamics. McGraw-Hill, New York.

[27] Aselli, G.B., Porta, A., Montano, N., Gnecchi-Ruscone, T., Lombardi, F. and Cerutti, S. (1992) Linear and Non-
Linear Effects in the Beat-by-Beat Variability of Sympathetic Discharge in Decerebrate Cats. 14th Annual
International Conference of the IEEE Engineering in Medicine and Biology Society , Vol. 7, 482-483.
https://doi.org/10.1109/IEMBS.1992.5761070

[28] Strimbu, K. and Tavel, J.A. (2010) What Are Biomarkers? Current Opinion in HIV and AIDS, 5, 463-466.
https://doi.org/10.1097/C0OH.0b013e32833ed177

[29] Dash, P.K., Zhao, J., Hergenroeder, G. and Noore, A.N. (2010) Biomarkers for the Diagnosis, Prognosis, and
Evaluation of Treatment Efficacy for Traumatic Brain Injury. Neurotherapeutics , 7, 100-114.
https://doi.org/10.1016/j.nurt.2009.10.019

[30] Henry, N.L. and Hayes, D.F. (2012) Cancer Biomarkers. Molecular Oncology , 6, 140-146.
https://doi.org/10.1016/j.molonc.2012.01.010

[31] Byrnes, S.A. and Weigl, B.H. (2018) Selecting Analytical Biomarkers for Diagnostic Applications: A First
Principles Approach. Expert Review of Molecular Diagnostics , 18, 19-26.
https://doi.org/10.1080/14737159.2018.1412258

[32] Boessen, R., Heerspink, H.l.L., De Zeeuw, D.D., Grobbee, D.E., Groenwold, R.H.H. and Roes, K. (2014)
Improving Clinical Trial Efficiency by Biomarker-Guided Patient Selection. Trials , 15, 103.
http://www.trialsjournal.com/content/15/1/103 https://doi.org/10.1186/1745-6215-15-103

[33] Ru, V., Dancik, G.M. and Theodorescu, D. (2011) Biomarkers for Prognosis and Treatment Selection in
Advanced Bladder Cancer Patients. Current Opinion in  Urology , 21, 420-427.
https://doi.org/10.1097/MQU.0b013e32834956d6

[34] Sindo, Y., Hazama, S., Suzuki, N., Iguchi, H., Uesugi, K., et al. (2017) Predictive Biomarkers for the Efficacy
of Peptide Vaccine Treatment: Based on the Results of a Phase Il Study on Advanced Pancreatic Cancer.
Journal of Experimental and Clinical Cancer Research, 36, 36. https://doi.org/10.1186/s13046-017-0509-1

[35] Luckett, T., King, M.T., Butow, P.N., Oguchi, M., et al. (2011) Choosing between the EORTC QLQ-C30 and
FACT-G for Measuring Health-Related Quality of Life in Cancer Clinical Research: Issues, Evidence and
Recommendations. Annals of Oncology, 22, 2179-2190. https://doi.org/10.1093/annonc/mdg721

[36] Evelyne (2018) Heart Rate Variability as a Prognostic Factor for Cancer Survival—A Systematic Review.
Frontiers in Physiology , 9, Article No. 623. https://doi.org/10.3389/fphys.2018.00623

[37] Lee, S.Y., Fiorentini, G., Szasz, A.M., Szigeti, Gy., Szasz, A. and Minnaar, C.A. (2020) Quo Vadis Oncological
Hyperthermia (2020)? Frontiers in Oncology, 10, Article No. 1690. https://doi.org/10.3389/fonc.2020.01690

[38] Lu, Y.M,, et al . (2013) Deep Regional Hyperthermia Combined with Traditional Chinese Medicine in
Treating Benign Diseases in Clifford Hospital. Oncothermia Journal , 7, 157-165.

[39] Casadei, V., Sarti, D., Milandri, C., Dentico, P., Guadagni, S. and Fiorentini, C. (2020) Comparing the

Effectiveness of Pain Therapy (PT) and Modulated Electro-Hyperthermia (mEHT) versus Pain Therapy Alone
in Treating Patients with Painful Bony Metastases: An Observational Trial. In: Szasz, A., Ed., Challenges and

Oncothermia Journal, Volume 33, May 2023 61



Solutions of Oncological Hyperthermia , Cambridge Scholars, Washington DC, Ch. 15, 337-345.

[40] Hegyi, G., Molnar, I., Mate, A. and Petrovics, G. (2017) Targeted Radiofrequency Treatment—Oncothermia
Application in Non-Oncological Diseases as Special Physiotherapy to Delay the Progressive Development.
Clinics and Practice, 14, 73-77. https://doi.org/10.4172/clinical-practice.100098

[41] Zais, 0. (2013) Lyme Disease and Oncothermia. Conference Papers in Medicine , 2013, Article ID: 275013.
https://doi.org/10.1155/2013/275013

[42] Theodor, W.H. (2003) Transcranial Magnetic Stimulation in Epilepsy. Epylepsy Currents , 3, 191-197.
https://doi.org/10.1046/j.1535-7597.2003.03607.x

[43] Nussbaum, E.L., Houghton, P., Anthony, J., Rennie, S., et al. (2017) Neuromuscular Electrical Stimulation
for Treatment of Muscle Impairment: Critical Review and Recommendations for Clinical Practice.
Physiotherapy Canada, 69, 1-76. https://doi.org/10.3138/ptc.2015-88

[44] Liu, A, Voroslakos, M., Kronberg, G., Henin, S., et al. (2018) Immediate Neurophysiological Effects of
Transcranial Electrical  Stimulation. Nature Communications , 9, Article No. 2092.
https://doi.org/10.1038/s41467-018-07233-7

[45] Gershon, A.A., Dannon, P.N. and Grunhaus, L. (2003) Transcranial Magnetic Stimulation in the Treatment
of Depression. American Journal of Psychiatry, 160, 835-845. http://ajp.psychiatryonline.org
https://doi.org/10.1176/appi.ajp.160.5.835

[46] Zygmunt, A. and Stanczyk, J. (2010) Methods of Evaluation of Autonomic Nervous System. Archives of
Medical Science, 6, 11-18. https://doi.org/10.5114/aoms.2010.13500

[47] Andersson, U. and Tracy, KJ. (2012) Neural Reflexes in Inflammation and Immunity. Journal of
Experimental Medicine , 209, 1057-1068. https://doi.org/10.1084/jem.20120571

[48] Berthoud, H.R. and Neuhuber, W.L. (2000) Functional and Chemical Anatomy of the Afferent Vagal
System. Autonomic Neuroscience , 85, 1-17. https://doi.org/10.1016/51566-0702(00)00215-0

[49] Howland, R.H. (2014) Vagus Nerve Stimulation. Current Behavioral Neuroscience Reports , 1, 64-73.
https://doi.org/10.1007/s40473-014-0010-5

[50] Yap, L.Y.Y., Keatch, C., Lambert, E., Woods, W., et al. (2020) Critical Review of Transcutaneous Vagus Nerve
Stimulation: Challenges for Translation to Clinical Practice. Frontiers in Neuroscience, 14, Article No. 284.
https://doi.org/10.3389/fnins.2020.00284

[51] Koopman, F.A., Chavan, S.S., Miljko, S., Grazio, S., et al. (2016) Vagus Nerve Stimulation Inhibits Cytokine
Production and Attenuates Disease Severity in Rheumatoid Arthritis. PNAS, 113, 8284-8289.
https://doi.org/10.1073/pnas.1605635113

[52] Guo, Y., Koshy, S., Hui, D., Palmer, J.L,, Shin, K., Bozkurt, M. and Yusuf, S.W. (2015) Prognostic Value of Heart
Rate Variability in Patients with Cancer. Journal of Clinical Neurophysiology , 32, 516-520.
https://doi.org/10.1097/WNP.0000000000000210

[53] Teff, K.L. (2008) Visceral Nerves: Vagal and Sympathetic Innervation. Journal of Parenteral and Enteral
Nutrition, 32, 569-571. https://doi.org/10.1177/0148607108321705

[54] Mancino, M., Ametler, E., Gascon, P. and Almendro, V. (2011) The Neuronal Influence on Tumor
Progression. Biochimica et Biophysica Acta (BBA)—Reviews on Cancer, 1816, 105-118.
https://doi.org/10.1016/j.bbcan.2011.04.005

[55] Wang, L., Xu, J., Xiai, Y., Yin, K., Li, Z., Li, B., Wand, W., Xu, H., Yang, L. and Xu,Z. (2018) Muscarinic
Acetylcholine Receptor 3 Mediates Vagus Nerve-Induced Gastric Cancer. Oncogenesis , 7, 88.
https://doi.org/10.1038/s41389-018-0099-6

[56] Faulkner, S., Jobling, P., March, B. and Jiang, C.C. (2019) Tumor Neurobiology and the War of Nerves in
Cancer. Cancer Discovery, 9, 702-710. https://doi.org/10.1158/2159-8290.CD-18-1398

62 Oncothermia Journal, Volume 33, May 2023



[57] Gidron, Y., Perry, H. and Glennie, M. (2005) Does the Vagus Nerve Inform the Brain about Pre-Clinical
Tumours and Modulate Them? The Lancet Oncology , 6, 245-248. https://doi.org/10.1016/51470-
2045(05)70096-6

[58] Reijmen, E., Vannucci, L., De, Couck, M., De, Greve, J. and Gidron, Y. (2018) Therapeutic Potential of the
Vagus Nerve in Cancer. Immunology Letters, 202, 38-43. https://doi.org/10.1016/j.imlet.2018.07.006

[59] De, Visser, K.E. and Coussens, L.M. (2006) The Inflammatory Tumor Microenvironment and Its Impact on
Cancer Development. Contributions to Microbiology, 13, 118-137. https://doi.org/10.1159/000092969

[60] Pages, F., Galon, J., Dieu, Nosjean, M.C., Tartour, E., Sautes, Fridman, C. and Fridman, W.H. (2010) Immune
Infiltration in Human Tumors: A Prognostic Factor That Should Not Be Ignored. Oncogene, 29,1093-1102.
https://doi.org/10.1038/0nc.2009.416

[61] Qian, B.Z. and Pollard, J.W. (2010) Macrophage Diversity Enhances Tumor Progression and Metastasis.
Cell, 141, 39-51. https://doi.org/10.1016/j.cell.2010.03.014

[62] Gidron, Y., De Couck, M., Schallier, D., De Greve, J., Van Laethem, J.L. and Marechal, R. (2018) The
Relationship between a New Biomarker of Vagal Neuroimmunomodulation and Survival in Two Fatal Cancers.
Journal of Immunology Research, 2018, Article ID: 4874193. https://doi.org/10.1155/2018/4874193

[63] De Couck, M. and Caers, R. (2018) Why We Should Stimulate the Vagus Nerve in Cancer. Clinical Oncology,
3,1515. https://doi.org/10.1155/2018/1236787

[64] Balasubramanian, K., Harikumar, K., Nagaraj, N. and Pati, S. (2017) Vagus Nerve Stimulation Modulated
Complexity of Heart Rate Variability Differently during Sleep and Wakefulness. Annals of Indian Academy of
Neurology, 20, 403-407. https://doi.org/10.4103/aian.AIAN_148_17

[65] Goldberger, A.L. and West, B.J. (1987) Chaos in Physiology: Hearth or Disease? In: Degn, H., et al., Eds.,
Chaos in Biological Systems, Springer Science + Business Media, New York, 1-4. https://doi.org/10.1007/978-
1-4757-9631-5_1

[66] Mandell, A.l., Knapp, S., Ehlers, C.L. and Russo, P.V. (1983) The Stability of Constrained Randomness:
Lithium Prophylaxis at Several Neurobiological Levels. In: Post, R.M. and Ballenger, J.C., Eds., Neurobiology of
the Mood Disorders , Williams & Wilkins, Baltimore, 744-776.

[67] Kobayashi, M. and Musha, T. (1982) 1/f Fluctuation of Heartbeat Period. IEEE Transactions on Biomedical
Engineering, 29, 456-457. https://doi.org/10.1109/TBME.1982.324972

[68] Trimmel, K., Sacha, J. and Huikuri, H.V. (2015) Heart Rate Variability: Clinical Applications and Interaction
between HRV and Heart Rate. Frontiers Media, Lausanne. https://doi.org/10.3389/978-2-88919-652-4

[69] Kleiger, R.E., Stein, D.S. and Bigger, M.D. (2005) Heart Rate Variability: Measurement and Clinical Utility.
Annals of Noninvasive Electrocardiology , 10, 88-101. https://doi.org/10.1111/].1542-474X.2005.10101.x

[70] Malik, M. (1996) Heart Rate Variability. Standards of Measurement, Physiological Interpretation, and
Clinical Use. Task Force of the European Society of Cardiology and the North American Society of Pacing and
Electrophysiology. European Heart Journal, 17, 354-381.
https://doi.org/10.1093/oxfordjournals.eurheartj.a014868

[71] Benichous, T., Pereira, B., Mermillod, M., Tauveron, |., et al. (2018) Heart Rate Variability in Type 2 Diabetes
Mellitus: A Systematic Review and Meta-Analysis. PLoS ONE, 13, e0195166.
https://doi.org/10.1371/journal.pone.0195166

[72] Chou, Y.H., Huang, W.L., Chang, C.H., Yang, C.CH., Kuo, T.B.J,, et al. (2019) Heart Rate Variability as a
Predictor of Rapid Renal Function Deterioration in Chronic Kidney Disease Patients. Nephrology (Carlton), 24,
806-813. https://doi.org/10.1111/nep.13514

Oncothermia Journal, Volume 33, May 2023 63



[73] Da, Silva, V.P., Oliveira, B.R.R., Mello, R.G.T., Moraes, H., et al. (2018) Heart Rate Variability Indexes in
Dementia: A Systematic Review with a Quantitative Analysis. Current Alzheimer Research, 15, 80-88.
https://doi.org/10.2174/1567205014666170531082352

[74] Jung, W., Jang, K.I. and Lee, S.H. (2018) Heart and Brain Interaction of Psychiatric IlLness: A Review Focused
on Heart Rate Variability, Cognitive Function, and Quantitative Electrocephalography. Clinical
Psychopharmacology and Neuroscience, 17, 459-474. https://doi.org/10.9758/cpn.2019.17.4.459

[75] Sajjadieh, A., Shahsavari, A., Safaei, A., Penzel, T., Schoebel, C., et al. (2020) The Association of Sleep
Duration and Quality with Heart Rate Variability and Blood Pressure. Tanaffos, 19, 135-143.

[76] Kopp, W.1., Synowski, S.J., Newel, M.E., Schmidt, LA, et al. (2011) Autonomic Nervous System Reactivity to
Positive and Negative Mood Induction: The Role of Acute Psychological Responses and Frontal Electrocortical
Activity. Biological Psychology, 86, 230-238. https://doi.org/10.1016/j.biopsycho.2010.12.003

[77] Sarlis, N.V., Skordas, E.S. and Varotsos, P.A. (2009) Heart Rate Variability in Natural Time and 1/f “Noise” .
EPL, 87,18003. https://doi.org/10.1209/0295-5075/87/18003

[78] De Couck, M. and Gidron, Y. (2013) Norms of Vagal Nerve Activity, Indexed by Heart Rate Variability in
Cancer Patients. Cancer Epidemiology , 37, 737-741. https://doi.org/10.1016/j.canep.2013.04.016

[79] Arab, C., Dias, D.P.M., Barbosa, R.T., de Almeida, de Carvalho, T.D., et al. (2016) Heart Rate Variability
Measure in Breast Cancer Patients and Survivors: A Systematic Review. Psychoneuroendocrinology, 68, 57-
68. https://doi.org/10.1016/j.psyneuen.2016.02.018

[80] Lombardi, F., Montano, N., Finocchiaro, M.L., Gnecchi, Ruscone, T., Baselli, G., Cerutti, S. and Malliani, A.
(1990) Spectral Analysis of Sympathetic Discharge in Decerebrate Cats. Journal of the Autonomic Nervous
System, 30, $97-599. https://doi.org/10.1016/0165-1838(90)90109-V

[81] Task Force of the European Society of Cardiology the North American Society of Pacing Electrophysiology
(1996) Heart Rate Variability: Standards of Measurement, Physiological Interpretation, and Clinical Use.
Circulation, 93, 1043-1065.

[82] Tulppo, M.P., Makikallio, T.H., Takala, T.E.S., Seppanen, T. and Huikuri, H.V. (1996) Quantitative Beat-to-
Beat Analysis of Heart Rate Dynamics during Exercise. American Journal of Physiology, 271, H244-H252.
https://doi.org/10.1152/ajpheart.1996.271.1.H244

[83] Acharya, R.U., Sing, 0.W., Ping, L.Y. and Chua, T.L. (2004) Heart Rate Analysis in Normal Subjects of Various
Age Groups. BioMedical Engineering OnLine , 3, 24. https://doi.org/10.1186/1475-925X-3-24

[84] Kamen, P.W., Krum, H. and Tonkin, A.M. (1996) Poincare Plot of Heart Rate Variability Allows Quantitative
Display of Parasympathetic Nervous Activity. Clinical Science, a1, 201-208.
https://doi.org/10.1042/cs0910201

[85] Roth, Y. (2018) Homeostasis Processes Expressed as Flashes in a Poincaré Sections. Journal of Modern
Physics, 9, 2135-2140. https://doi.org/10.4236/jmp.2018.912134

[86] Woo, M.A,, Stevenson, W.G., Moser, D.K., Trelease, R.B. and Harper, R.H. (1992) Patterns of Beat-to-Beat
Heart Rate Variability in Advanced Heart Failure. American Heart Journal , 123, 704-707.
https://doi.org/10.1016/0002-8703(92)90510-3

[87] Brennan, M., Palaniswami, M. and Kamen, P. (2001) Do Existing Measures of Poincare Plot Geometry
Reflect Nonlinear Features of Heart Rate Variability? IEEE Transactions on Biomedical Engineering , 48, 1342-
1347. https://doi.org/10.1109/10.959330

[88] Thu, T.N.P., Hernandez, A.l., Costet, N., Patural, H., Pichot, V., et al. (2019) Improving Methodology in Heart
Rate Variability Analysis for the Premature Infants: Impact of the Time Length. PLoS ONE, 14, e0220692.
https://doi.org/10.1371/journal.pone.0220692

64 Oncothermia Journal, Volume 33, May 2023



[89] Peng, C.K., Havlin, S., Stanley, H.E. and Goldberger, A.L. (1995) Quantification of Scaling Exponents and
Crossover Phenomena in Nonstationary Heartbeat Time Series. Chaos , 5  82-87.
https://doi.org/10.1063/1.166141

[90] Goldberger, A.L., Amaral, L.A.N., Hausdorff, .M., lvanov, P.C., Peng, C.K. and Stanley, H.E. (2002) Fractal
Dynamics in Physiology: Alterations with Disease and Aging. PNAS, 99, 2466-2472.
https://doi.org/10.1073/pnas.012579499

[91] Ho, K.K.L., Moody, G.B., Peng, CK., et al. (1997) Predicting Survival in Heart Failure Case and Control
Subjects by Use of Fully Automated Methods for Deriving Nonlinear and Conventional Indices of Heart Rate
Dynamis. Circulation, 96, 842-848. https://doi.org/10.1161/01.CIR.96.3.842

[92] Goldberger, A.L., Bhargava, V., West, B. and Mandell, A.J. (1985) Some Observations on the Question: Is
Ventricular Fibrillation “Chaos"? Physica D, 19, 282-289. https://doi.org/10.1016/0167-2789(86)90024-2

[93] Goldberger, A.L., Bhargava, V. and West, B.J. (1985) Nonlinear Dynamics of Heartbeat, Il. Subharmonic
Bifurcations of the Cardiac Interbeat Interval in Sinus Node Disease. Physica D, 17, 207-214.
https://doi.org/10.1016/0167-2789(85)90005-3

[94] Goldberger, A.L. and West, B.J. (1987) Applications of Nonlinear Dynamics to Clinical Cardiology. Annals
of the New York Academy of Sciences, 504, 195-213. https://doi.org/10.1111/j.1749-6632.1987.tb48733.x

[95] Goldberger, A.L. (2006) Complex Systems. Proceedings of the American Thoracic Society , 3, 467-472.
https://doi.org/10.1513/pats.200603-028MS

[96] Turner, J.D. (1988) Frequency Domain Analysis. In: Instrumentation for Engineers, Palgrave, London, Ch.
7,159-179. https://doi.org/10.1007/978-1-4684-6300-2_7

[97] Li, K., Rudiger, H. and Ziemssen, T. (2019) Spectral Analysis of Heart Rate Variability: Time Window
Matters. Frontiers in Neurology , 10, Article No. 545. https://doi.org/10.3389/fneur.2019.00545

[98] Shaffer, F. and Ginsberg, J.P. (2017) An Overview of Heart Rate Variability Metrics and Norms. Frontiers in
Public Health, 5, Article No. 258. https://doi.org/10.3389/fpubh.2017.00258

[99] Owens, A.P. (2020) The Role of Heart Rate Variability in the Future of Remote Digital Diomarkers.
Frontiers in Neuroscience, 14, Article ID: 582145. https://doi.org/10.3389/fnins.2020.582145

[100] Fossion, R., Rivera, A.L. and Estanol, B. (2018) A Physicist's View of Homeostasis: How Time Series of
Continuous Monitoring Reflect the Function of Physiological Variabilities in Regulatory Mechanisms.
Physiological Measurement, 39, Article ID: 084007. https://doi.org/10.1088/1361-6579/aad8db

[101] Riganello, F., Garbarino, S. and Sannita, W.G. (2012) Heart Rate Variability, Homeostasis, and Brain
Function: A Tutorial and Review of Application. Journal of Psychophysiology , 26, 178-203.
https://doi.org/10.1027/0269-8803/a000080

[102] De Couck, M., Caers, R., Spiegel, D. and Gidron, Y. (2018) The Role of the Vagus Nerve in Cancer Prognosis:
A Systematic and a Comprehensive Review. Journal of Oncology, 2018, Article ID: 1236787.
https://doi.org/10.1155/2018 /1236787

[103] Cooper, T.M., McKinley, P.S., Seeman, T.E., Choo, T.H., Lee, S. and Sloan, R.P. (2015) Heart Rate Variability
Predicts Levels of Inflammatory Markers: Evidence for the Vagal Anti-Inflammatory Pathway. Brain,
Behavior, and Immunity, 49, 94-100. https://doi.org/10.1016/j.bbi.2014.12.017

[104] Ohira, H., Matsunaga, M., Osumi, T., Fukuyama, S., Shinoda, J., Yamada, J. and Gidron, Y. (2013) Vagal Nerve
Activity as a Moderator of Brain-lImmune Relationships. Journal of Neuroimmunology , 260, 28-36.
https://doi.org/10.1016/j.jneuroim.2013.04.011

[105] Young, H.A. and Benton, D. (2018) Heart-Rate Variabiity: A Biomarker to Study the Influence of Nutrition
on Physiological and Psychological Health? Behavioural Pharmacology, 29, 140-151.
https://doi.org/10.1097/FBP.0000000000000383

Oncothermia Journal, Volume 33, May 2023 65



[106] Hayano, J. and Yuda, E. (2019) Pitfalls of Assessment of Autonomic Function by Heart Rate Variability.
Journal of Physiological Anthropology, 38, Article No. 3. https://doi.org/10.1186/s40101-019-0193-2

[107] Quintana, D.S. and Heathers, A.J. (2014) Considerations in the Assessment of Heart Rate Variability in
Biobehavioral Research. Frontiers in Psychology ' 5, Article No. 805.
https://doi.org/10.3389/fpsyg.2014.00805

[108] Szasz, A. and Szasz, 0. (2020) Time-Fractal Modulation of Modulated Electro-Hyperthermia (mEHT). In:
Szasz, A, Ed., Challenges and Solutions of Oncological Hyperthermia , Cambridge Scholars, Washington DC,
Ch. 17, 377-415.

[109] Szasz, A.M., Minnaar, C.A., Szentmartoni, Gy., et al . (2019) Review of the Clinical Evidences of Modulated
Electro-Hyperthermia (mEHT) Method: An Update for the Practicing Oncologist. Frontiers in Oncology , 9,
Article No. 1012. https://doi.org/10.3389/fonc.2019.01012

[110] Szasz, 0. (2020) Local Treatment with Systemic Effect: Abscopal Outcome. In: Szasz, A., Ed., Challenges
and Solutions of Oncological Hyperthermia , Cambridge Scholars, Washington DC, Ch. 11, 192-205.

[111] Minnaar, C.A., Kotzen, J.A., Ayeni, O.A., et al . (2020) Potentiation of the Abscopal Effect by Modulated
Electro-Hyperthermia in Locally Advanced Cervical Cancer Patients. Frontiers in Oncology, 10, Article No. 376.
https://doi.org/10.3389/fonc.2020.00376

[112] Andocs, G., Szasz, 0. and Szasz, A. (2009) Oncothermia Treatment of Cancer: From the Laboratory to
Clinic. Electromagnetic Biology and Medicine , 28, 148-165. https://doi.org/10.1080/15368370902724633

[113] Yang, K.L., Huang, C.C., Chi, M.S., Chiang, H.C., Wang, Y.S. andocs, G., et al. (2016) In Vitro Comparison of
Conventional Hyperthermia and Modulated Electro-Hyperthermia. Oncotarget, 7, 84082-84092.
https://doi.org/10.18632/oncotarget. 11444

[114] Wust, P., Ghadjar, P., Nadobny, J., et al. (2019) Physical Analysis of Temperature-Dependent Effects of
Amplitude-Modulated Electromagnetic Hyperthermia. International Journal of Hypertension, 36, 1246-1254.
https://doi.org/10.1080/02656736.2019.1692376

[115] Wust, P., Kortum, B., Strauss, U., Nadobny, J., Zschaeck, S., Beck, M., et al. (2020) Non-Thermal Effects of
Radiofrequency  Electromagnetic  Fields.  Scientific Reports , 10, Article No. 13488.
https://doi.org/10.1038/s41598-020-69561-3

[116] Wust, P., Nadobny, J., Zschaeck, S. and Ghadjar, P. (2020) Physics of Hyperthermia—Is Physics Really
against Us? In: Szasz, A., Ed., Challenges and Solutions of Oncological Hyperthermia , Cambridge Scholars,
Washington DC, Ch. 16, 346-376.

[117] Chang, R.B. (2019) Body Thermal Responses and the Vagus Nerve. Neuroscience Letters , 698, 209-216.
https://doi.org/10.1016/j.neulet.2019.01.013

[118] Andocs, G., Rehman, M.U., Zhao, Q.L., Tabuchi, Y., Kanamori, M. and Kondo, T. (2016) Comparison of
Biological Effects of Modulated Electro-Hyperthermia and Conventional Heat Treatment in Human
Lymphoma U937 Cell. Cell Death Discovery, 2, 16039. https://doi.org/10.1038/cddiscovery.2016.39

[119] Andocs, G., Rehman, M.U., Zhao, Q.L., Papp, E., Kondo, T. and Szasz, A. (2015) Nanoheating without
Artificial Nanoparticles Part Il. Experimental Support of the Nanoheating Concept of the Modulated Electro-
Hyperthermia Method, Using U937 Cell Suspension Model. Biology and Medicine , 7, 1-9.
https://doi.org/10.4172/0974-8369.1000247

[120] Szasz, A. (2019) Thermal and Nonthermal Effects of Radiofrequency on Living State and Applications as
an Adjuvant with Radiation Therapy. Journal of Radiation and Cancer Research, 10, 1-17.
https://doi.org/10.4103/jrcr.jrcr_25_18

[121] Danics, L., Schvarcz, Cs., Viana, P., et al. (2020) Exhaustion of Protective Heat Shock Response Induces
Significant Tumor Damage by Apoptosis after Modulated Electro-Hyperthermia Treatment of Triple Negative
Breast Cancer Isografts in Mice. Cancers, 12, 2581. https://doi.org/10.3390/cancers12092581

66 Oncothermia Journal, Volume 33, May 2023



[122] Forika, G., Balogh, A., Vancsik, T., Zalatnai, A., et al. (2020) Modulated Electro-Hyperthermia Resolves
Radioresistance of Pancl Pancreas Adenocarcinoma and Promotes DNA Damage and Apoptosis in Vitro.
International Journal of Molecular Sciences, 21, 5100. https://doi.org/10.3390/ijms21145100

[123] Krenacs, T., Meggyeshazi, N., Forika, G., et al. (2020) Modulated Electro-Hyperthermia-Induced Tumor
Damage Mechanisms Revealed in Cancer Models. International Journal of Molecular Sciences , 21, 6270.
https://doi.org/10.3390/ijms21176270

[124] Scheff, J.D., Griffel, B., Corbett, S.A., Calvano, S.E., et al. (2014) On Heart Rate Variability and Autonomic
Activity in Homeostasis and in Systemic Inflammation. Mathematical Biosciences , 252, 36-44.
https://doi.org/10.1016/j.mbs.2014.03.010

[125] Goldberger, A.L., Bhargava, V., West, B.J. and Mandell, A.J. (1985) On a Mechanism of Cardiac Electrical
Stability, the Fractal Hypothesis. Biophysics Journal , 48, 525-528. https://doi.org/10.1016/50006-
3495(85)83808-X

[126] Kauffman, S.A. and Johnsen, S. (1991) Coevolution to the Edge of Chaos: Coupled Fitness Landscapes,
Poised States, and Coevolutionary Avalanches. Journal of Theoretical Biology, 149, 467-505.
https://doi.org/10.1016/50022-5193(05)80094-3

[127] Bak, P., Tang, C. and Wiesenfeld, K. (1988) Self-Organized Criticality. Physical Review A , 38, 364-374.
https://doi.org/10.1103/PhysRevA.38.364

[128] Lewin, R. (1992) Complexity, Life at the Edge of Chaos. University of Chicago Press, Chicago.

[129] Ito, K. and Guniji, Y.P. (1994) Self-Organisation of Living Systems towards Criticality at the Edge of Chaos.
Biosystems, 33, 17-24. https://doi.org/10.1016/0303-2647(94)90057-4

[130] Prigogine, I. and Stengers, |. (1985) Order out of Chaos. Flamingo, London.
https://doi.org/10.1063/1.2813716

[131] Calaprice A. (2000) The Expanded Quotable Einstein. Princeton University Press, Princeton, 456.

[132] Bernardes, A.T. and dos Santos, R.M. (1997) Immune Network at the Edge of Chaos. Journal of Theoretical
Biology, 186, 173-187. https://doi.org/10.1006/jtbi.1996.0316

[133] Bertschinger, N. and Natschlager, T. (2004) Real-Time Computation at the Edge of Chaos in Recurrent
Neural Networks. Neural Computation, 16, 1413-1436. https://doi.org/10.1162/089976604323057443

[134] Stokic, D., Hanel, R. and Thurner, S. (2008) Inflation of the Edge of Chaos in a Simple Model of Gene
Interaction Networks. Physical Review E, 77, Article ID: 061917. https://doi.org/10.1103/PhysRevE.77.061917

[135] Kauffman, S., Hill, C., Hood, L. and Huang, S. (2014) Transforming Medicine: A Manifesto, Scientific
American-World View.
https://web.archive.org/web/20140713110927/http://www.saworldview.com/specialreport-
cancer/transforming-medicine-a-manifesto

[136] Eke, A., Herman, P., Bassingthwaighte, J.B., Raymond, G.M., Percival, D.B., Cannon, M., Balla, I. and lkrényi,
C. (2000) Physiological Time Series: Distinguishing Fractal Noises from Motions. Pfliigers Archiv—European
Journal of Physiology, 439, 403-415. https://doi.org/10.1007/s004249900135

[137] Barunik, J. and Kristoufek, L. (2010) On Hurst Exponent Estimation under Heavy-Tailed Distributions.
Physica A Statistical Mechanics and Its Applications, 389, 3844-3855.
https://doi.org/10.1016/j.physa.2010.05.025

[138] Beran, J. (1994) Statistics for Long-Memory Processes. Taylor & Francis, London.

[139] Arneodo, A. Audit, B., Kestener, P. and Roux, S. (2008) Wavelet-Based Multifractal Analysis.
Scholarpedia, 3, 4103. https://doi.org/10.4249/scholarpedia.4103

Oncothermia Journal, Volume 33, May 2023 67



[140] lvanov, P.Ch., Amaral, L.A.N., Goldberger, A.L., Havlin, S., Rosenblum, M.G., et al. (2001) From 1/f Noise to
Multifractal Cascades in Heartbeat Dynamics. Chaos, 11, 641-652. https://doi.org/10.1063/1.1395631

[141] lvanov, P.Ch., Amaral, L.A.N., Goldberger, A.L., Havlin, S., Rosenblum, M.G., Struzik, Z.R. and Stanley, H.E.
(1999) Multifractality in Human Heartbeat Dynamics. Nature , 399, 461-465. https://doi.org/10.1038/20924

[142] Kravitz, R.L., Duan, N. and Braslow, J. (2004) Evidence-Based Medicine, Heterogeneity, and the Trouble
with Averages. The Milbank Quarterly , 82, 661-687. https://doi.org/10.1111/j.0887-378X.2004.00327.x

[143] Imai, J. (2021) Regulation of Adaptive Cell Proliferation by Vagal Nerve Signals for Maintenance of
Whole-Body Homeostasis: Potential Therapeutic Target for Insulin-Deficient Diabetes. Tohoku Journal of
Experimental Medicine , 254, 245-252. https://doi.org/10.1620/tjem.254.245

[144] Matteoli, G. and Boeckxstaens, G.E. (2013) The Vagal Innervation of the Gut and Immune Homeostasis.
Gut, 62,1214-1222. https://doi.org/10.1136/gutjnl-2012-302550

[145] Szigeti, Gy.P., Szasz, 0. and Hegyi, G. (2020) Experiment with Personalised Dosing of Hyperthermia. In:
Ito, S., Ed., Current Topics in Medicine and Medical Research, Chapter 15, Vol. 3, Book Publisher International,
New York, 140-157.

[146] Szasz, A. (2013) Challenges and Solutions in Oncological Hyperthermia. Thermal Medicine , 29, 1-23.
https://doi.org/10.3191/thermalmed.29.1

[147] Ferenczy, G.L. and Szasz, A. (2020) Technical Challenges and Proposals in Oncological Hyperthermia. In:
Szasz, A, Ed., Challenges and Solutions of Oncological Hyperthermia, Ch. 3, Cambridge Scholars, Cambridge,
72-90.

[148] Szasz, A. (2014) Oncothermia: Complex Therapy by EM and Fractal Physiology. 31th URSI General
Assembly and Scientific Symposium (URSI GASS ), Beijing, 20 October 2014, 1-4.
https://doi.org/10.1109/URSIGASS.2014.6930100

[149] Szasz, A. (2015) Bioelectromagnetic Paradigm of Cancer Treatment Oncothermia. In: Rosch, P.J.,, Ed.,
Bioelectromagnetic and Subtle Energy Medicine , CRC Press, Boca Raton, 323-336.

[150] Zhao, H., Raines, L.N. and Huang, S. (2020) Molecular Chaperones: Molecular Assembly Line Brings
Metabolism and Immunity in Shape. Metabolites, 10, 394. https://doi.org/10.3390/metabo10100394

[151] Prohaszka, Z. (2007) Chaperones as Part of Immune Networks. In: Csermely, P. and Vigh, L., Eds.,
Molecular Aspects of the Stress Response : Chaperones , Membranes and Networks , Landes Bioscience and
Springer Science + Business Media, Ch. 14, Berlin, 159-166. https://doi.org/10.1007/978-0-387-39975-1_14

[152] Chavan, S.S., Pavlov, V.A. and Tracey, K.J. (2017) Mechanisms and Therapeutic Relevance of Neuro-
Immune Communication. Immunity , 46, 927-942. https://doi.org/10.1016/j.immuni.2017.06.008

[153] Kuwabara, S., Goggins, E. and Tanaka, S. (2021) Neuroimmune Circuits Activated by Vagus Nerve
Stimulation. Nephron, 1-5. https://doi.org/10.1159/000518176

[154] Parent, R. (2019) The Potential Implication of the Autonomic Nervous System in Hepatocellular
Carcinoma. Cellular and Molecular Gastroenterology and Hepatology, 8, 145-148.
https://doi.org/10.1016/j.jcmgh.2019.03.002

[155] Szasz, A. (2020) Towards the Immunogenic Hyperthermic Action: Modulated Electro-Hyperthermia,
Clinical Oncology and Research. Science Repository, 3, 5-6. https://doi.org/10.31487/j.COR.2020.09.07

[156] Tsang, Y.W., Huang, C.C., Yang, K.L., Chi, M.S,, Chiang, H.C., Wang, Y.S., Andocs, G., Szasz, A., Li, W.T. and
Chi, K.H. (2015) Improving Immunological Tumor Microenvironment Using Electro-Hyperthermia Followed by
Dendritic Cell Immunotherapy. Oncothermia Journal, 15, 55-66. https://doi.org/10.1186/s12885-015-1690-2

[157] Qin, W., Akutsu, Y., Andocs, G., et al . (2014) Modulated Electro-Hyperthermia Enhances Dendritic Cell
Therapy through an Abscopal Effect in Mice. Oncology Reports , 32, 2373-2379.
https://doi.org/10.3892/0r.2014.3500

68 Oncothermia Journal, Volume 33, May 2023



[158] Van, Gool, S.W., Makalowski, J., Feyen, 0., Prix, L., Schirrmacher, V. and Stuecker, W. (2018) The Induction
of Immunogenic Cell Death (ICD) during Maintenance Chemotherapy and Subsequent Multimodal
Immunotherapy for Glioblastoma (GBM) . Austin Oncology Case Reports, 3, 1-8.

[159] Mantovani, A., Allavena, P., Sica, A. and Balkwill, F. (2008) Cancer-Related Inflammation. Nature , 454,
436-444, https://doi.org/10.1038/nature07205

[160] De Couck, M., Marechal, R., Moorthamers, S., Van, Laethem, J.L. and Gidron, Y. (2016) Vagal Nerve Activity
Predicts Overall Survival in Metastatic Pancreatic Cancer, Mediated by Inflammation. Cancer Epidemiology ,
40, 47-51. https://doi.org/10.1016/j.canep.2015.11.007

[161] Kim, K., Chae, J. and Lee, S. (2015) The Role of Heart Rate Variability in Advanced Non-Small-Cell Lung
Cancer Patients. Journal of Palliative Care, 31, 103-108. https://doi.org/10.1177/082585971503100206

[162] Zhou, X., Ma, Z., Zhan, L., Zhu, S., Wang, J., Wang, B. and Fu, W. (2016) Heart Rate Variability in the
Prediction of Survival in Patients with Cancer: A Systematic Review and Meta-Analysis. Journal of
Psychosomatic Research, 89, 20-25. https://doi.org/10.1016/].jpsychores.2016.08.004

[163] Kim, D.H., Kim, J.A., Choi, Y.S., Kim, S.H., Lee, J.Y. and Kim, Y.E. (2010) Heart Rate Variability and Length of
Survival in Hospice Cancer Patients. Journal of Korean Medical Science , 25, 1140-1145.
https://doi.org/10.3346/jkms.2010.25.8.1140

[164] Kloter, E., Barrueto, K., Klein, S.D., Scholkmann, F. and Wolf, U. (2018) Heart Rate Variability as a
Prognostic Factor for Cancer Survival—A Systematic Review. Frontiers in Physiology , 9, Article No. 623.
https://doi.org/10.3389/fphys.2018.00623

[165] Hu, S., Lou, J., Zhang, Y. and Chen, P. (2018) Low Heart Rate Variability Relates to the Progression of
Gastric Cancer. World Journal of Surgical Oncology, 16, 49. https://doi.org/10.1186/s12957-018-1348-z

[166] Mouton, C., Ronson, A., Racavi, D., Delhaye, F., Kupper, N., Paesmans, M., Moreau, M., Nogaret, J.M,,
Hendisz, A. and Gidron, Y. (2012) The Relationship between Heart Rate Variability and Time-Course of
Carcinoembryonic Antigen in Colorectal Cancer. Autonomic Neuroscience : Basic and Clinical , 166, 96-99.
https://doi.org/10.1016/j.autneu.2011.10.002

[167] Chiang, J.K., Moo, M., Kuo, T.B.J. and Fu, C.H. (2010) Association between Cardiovascular Autonomic
Functions and Time to Death in Patients with Terminal Hepatocellular Carcinoma. Journal of Pain and
Symptom Management, 39, 673-679. https://doi.org/10.1016/].jpainsymman.2009.09.014

[168] De Couck, M., Van Brummelen, D., Schallier, D., De Greve, J. and Gidron, Y. (2013) The Relationship
between Vagal Nerve Activity and Clinical Outcomes in Prostate and Non-Small Cell Lung Cancer Patients.
Oncology Reports, 30, 2435-2441. https://doi.org/10.3892/0r.2013.2725

[169] Giese-Davis, J., Wilhelm, F.H., Tamagawa, R., Palesh, 0., Neri, E., Taylor, C.B., Kraemer, H.C. and Spiegel, D.
(2015) Higher Vagal Activity as Related to Survival in Patients with Advanced Breast Cancer: An Analysis of
Autonomic Dysregulation. Psychosomatic Medicine, 77, 346-355.
https://doi.org/10.1097/PSY.0000000000000167

[170] Wang, Y.M., Wu, H.T., Huang, E.Y., Kou, Y.R. and H, S.S. (2013) Heart Rate Variability Is Associated with
Survival in Patients with Brain Metastasis: A Preliminary Report. BioMedResearch International , 2013, Article
ID: 503421. https://doi.org/10.1155/2013/503421

[171] De Couck, M., Mravec, B. and Gidron, Y. (2012) You May Need the Vagus Nerve to Understand
Pathophysiology and to Treat Diseases. Clinical Science , 122, 323-328. https://doi.org/10.1042/C520110299

[172] Kaniuysas, E., Kampusch, S., Tittgemeyer, M., Panetsos, F., Gines, R.F., et al. (2019) Currentdirections in
the Auricular Vagus Nerve Stimulation I—A Physiological Perspective. Frontiers in Neuroscinece , 13, Article
No. 854. https://doi.org/10.3389/fnins.2019.00854

Oncothermia Journal, Volume 33, May 2023 69



70

Heterogeneous Heat Absorption Is Complementary
to Radiotherapy

Andras Szasz

Biotechnics Department, Szent Istvan University, H-2040 Budaors, Hungary; Szasz.Andras@gek.szie.hu

Cite this article as:
Szasz, A. (2022) Heterogeneous Heat Absorption Is Complementary to Radiotherapy. Cancers 2022, 14, 901..
https://doi.org/10.3390/cancers14040901

Oncothermia Journal 33, May 2023: 70 - 113.
www.oncotherm.com/sites/oncotherm/files/2023-05/SzaszA_Heterogeneous_Heat.pdf

Oncothermia Journal, Volume 33, May 2023



Simple Summary

This review shows the advantages of heterogeneous heating of selected malignant cells in harmonic
synergy with radiotherapy. The main clinical achievement of this complementary therapy is its extreme
safety and minimal adverse effects. Combining the two methods opens a bright perspective,
transforming the local radiotherapy to the antitumoral impact on the whole body, destroying the distant
metastases by “teaching” the immune system about the overall danger of malignancy.

Abstract:
(1) Background:
Hyperthermia in oncology conventionally seeks the homogeneous heating of the tumor mass.
The expected isothermal condition is the basis of the dose calculation in clinical practice. My
objective is to study and apply a heterogenic temperature pattern during the heating process
and show how it supports radiotherapy.

(2) Methods:
The targeted tissue's natural electric and thermal heterogeneity is used for the selective heating
of the cancer cells. The amplitude-modulated radiofrequency current focuses the energy
absorption on the membrane rafts of the malignant cells. The energy partly “nonthermally”
excites and partly heats the absorbing protein complexes.

(3) Results:
The excitation of the transmembrane proteins induces an extrinsic caspase-dependent
apoptotic pathway, while the heat stress promotes the intrinsic caspase-dependent and
independent apoptotic signals generated by mitochondria. The molecular changes synergize the
method with radiotherapy and promote the abscopal effect. The mild average temperature (39-
41 C) intensifies the blood flow for promoting oxygenation in combination with radiotherapy.
The preclinical experiences verify, and the clinical studies validate the method.

(4) Conclusions:
The heterogenic, molecular targeting has similarities with DNA strand-breaking in radiotherapy.
The controlled energy absorption allows using a similar energy dose to radiotherapy (J/kg). The
two therapies are synergistically combined.

Keywords:
loco-regional hyperthermia; oncology; modulated electro-hyperthermia; cellular selection;
bioelectromagnetics; complexity; immune-effects

6. Introduction

Nowadays, oncology is one of the most complex interdisciplinary experimental and clinical research fields.
Clinical success often relies on the sensitive balance between cure and toxicity, providing the most effective
but at the same time the safest treatment. Hyperthermia (HT) has promised a simple way to solve the
frequent dilemma of complementary treatment choice. Despite its promise and a long history with ancient
roots, oncological hyperthermia has had a long and bumpy road to modern medicine, and even today, it has
no complete acceptance among oncology professionals. The original ancient idea of hyperthermia is
relatively simple: heat the tumor, which forces it to use more resources from the host tissue due to
accelerated metabolism, but no extra supply is available. The “starving” tumor destroys itself by acidosis. A
deep belief in the curative effect of the feverlike processes, which force self-control of the body, drives the
medical concept of “Give me the power to produce fever and | will cure all diseases" [1]. Hippocrates
successfully applied radiative heat to treat breast cancer [1]. In vitro measurements have proved this idea [2],
measuring a significant impoverishment of Adenosine triphosphate (ATP) and lactate enrichment in treated
tumors.

The large group of HT methods contains various therapies using various electromagnetic and mechanical
(ultrasound) energy sourses. The attention of hyperthermic oncology presently focuses on local-regional

heating (LRHT) methods by electromagnetic effects.

There are two basic categories of LRHT heating; Figure 1.
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1. External radiation focused on the target, trying to heat the tumor mass as homogeneously as possible
without considerably heating surroundings tissues. The heating intention is isothermal, but due to the
heterogeneity of the target and the heat distribution dynamics controlled by blood flow, the temperature
is not homogeneous (see later). The intensive heating of a larger volume (regional heating) achieves an
approximately controllable condition in the tumor at the central position. The treatment evaluation
involves the ratio of the isothermal areas. The specific power density (SAR) ranges from 4.6 to 89 W/kg
[3], depending on the location and size of the tumor, determining the heated volume and its blood flow.

2. Heating good energy absorbers in a localized area by electromagnetic effects, which heats these materials
extensively, and in the next step, the absorbers heat up their host tissues. The heating intention is
heterogeneous, targets only the dedicated particles (like nanoparticles, seeds, rods, etc.). The dose
homogeneity characterizes this method because of the dispersed absorbers. The particles heat up their
environment by heatconduction, realizing more localized heating in the volume. The SAR in nanoparticle
methods is surprisingly large because the absorbers have only a tiny mass compared to the surrounding
tissue. The small mass (ranging density of 1 mg/cm3 specifically absorbs extralarge SAR >>1W/g =1
kW/kg or higher [4], because of the absorption on the tiny target. When it heats the neighboring tissues,
the average SAR corresponds to the isothermal heating conditions in the range of about a few W/kg.
Targeting various chemical bonds uses even higher SAR because the absorbing mass is lighter than the
metallic nanoparticle. These methods focus on molecular changes. The temperatureis a possible cofactor.

R isodose
isotherm C,///’ LRHT % non-temperature characterized

temperature characterized

[ homogen heating intention ]

[ heterogenic heating intention

%

N e S — [ l
Radiative Capacitive (e.g. Magnetic (e.g. Artificial local absorbers Naturally selected absorbers
(e.g. antenna array) plane-wave) Eddy current) (nano-particles, seeds, rods) (like RT mostly selects the DNA strands)
- y \

'y AN )
Y 4

Various technics uses various radiative frequencies with Various technics uses various frequencies with the
the same intention to deliver high specific absorption rate intention to deliver high specific absorption rate (~1
(4 — 90 W/kg) focused homogeneously to the tumor MW/kg) to low amount (~1 g/kg) of particles

Figure 1. The two essential branches of electromagnetic LRHT methods. The majority of applications use
the conventional focusing with isothermal intention. The method requests to measure the temperature as
dose characterization. Heterogeneous (non-isothermal) heating is an emerging category of LRHT
applications with nanoparticle insertion (mainly magnetic suspension). The heterogenic heating methods
do not need direct temperature measurement. The dose measures the absorbed energy (J/kg = Ws/kg), so
the tumor’s temperature develops by the heat-conduction from the targeted particles. The figure does not
show the popular non-electromagnetic LRHT methods (e.g., HIPEC and HiFu).

The success of LRHT is unquestionably conclusive. Results regarding many tumors, including breast [5], head
and neck [6], cervix [7], pancreas [8], soft-tissue sarcoma [9], and others [10], provide convincing proof of its
place in the field of oncotherapies. In particular, LRHT has had remarkable success, such as in a
complementary application with radiation therapy (RT) [11-14], showing a solid synergy [15,16] and being
applied successfully in various curative therapies [17-19]. The success of complementary RT + LRHT has a
broad spectrum of clinical evidence [20-24], and has been well-reviewed in its details [25-28]. The
introduced thermal enhancement ratio (TER) characterizes LRHT's additional gain over RT [29].

Together with the high rate of successes, challenges, of course, also appear. To fulfill our strong motivation
to popularize LRHT among oncology professionals, we analyze some of the apparent controversies in LRHT
applications, studying these challenges in the search for a solution. The challenges are not limiting but
oppositely motivate us to solve the actual difficulties and thereby seize the extreme medical value of
hyperthermia in oncology. The challenge guides us to new developments and improvements in the otherwise
broad spectrum of hyperthermia facilities in oncology.
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6.1. Heating Challenge

The skeptical opinion concerning hyperthermia in oncology was developed in parallel with expectations. A
half-century ago, in 1964, a leading German oncosurgeon expressed his doubts [30]: “All of these methods
impress the patient very much; they do not impress their cancer at all”. His skepticism towards oncological
hyperthermia became widespread among medical experts, who eclared hyperthermia to be of no benefit to
cancer patients and so did not propose it enter actual therapy protocols. Unfortunately, the method has to
fight hard for its well-deserved place among stable routine therapies in oncology. Our task is to show the
place of HT as the regular fourth column in the oncology arsenal, together with surgery, chemo, and
radiotherapies.

The challenges always concern the complex behavior of living organisms, which balances multiple
oppositional regulatory feedbacks. The balance gives a character a "double-edged sword”, which determines
a window of positive actions. When applied outside this window, the helpful actions act oppositely, the
difference between support or degradation being only the dose.

The primary challenge connects hyperthermia to the standard systemic homeostatic thermal control
according to the complexity. The body temperature provides fundamental conditions of the proper
physiologic and molecular processes, so its stability is essential and ranges in a narrow 7/273 (~2.6%)
interval in humans. The homeostatic control regulates the system, keeping it stable and adaptable. Heating
locally or systemically attacks the regulatory stability, igniting non-linear physiological reactions to correct
the system [31]. The body's homeostatic control monitors thermal conditions and regulates its temperature
and parts compared to a set-point in the hypothalamus [32], trying to re-establish the unheated temperature.
The feedback regulation non-linearly increases the blood-flow (BF) [33,34], as an effective heat exchanger,
as well as the regulation intensifying other physiological mechanisms to control conditions [35]. The reactive
BF change causes most of the challenges in LRHT applications.

On the other hand, the reaction to the growing temperature also has a supporting behavior. It induces
relatively significant protective heat shock proteins (HSPs) in the targeted cells. The extra stress by heating
increases the HSPs only slightly in the otherwise heavily stressed malignant cells but causes a drastic gain
(8-10 times) in the healthy ones [36]. The difference makes the malignant cells more vulnerable to the
temperature increase than the well adapting healthy cells.

6.2. Complementary Challenge

The correct dose application of LRHT is a critical issue in the future of hyperthermia in oncology [37].
Furthermore, the complementary therapy of LRHT and RT requires the precise dosing of both components to
ensure safe and reproducible effectivity. RT has a traditional, well-applicable, accepted dose, which
determines the isodose by the equal energy absorption in Gy (= ] kg ) in the chosen target. The isodose energy
absorption is not directly dependent on the size of the tumor. The dose is homogeneously distributed across
the entire tumor volume, independently of its size; the same dose is maintained in all volume units. The
treatment defines the isodose (e.g., fractional dose for daily application) equally, and the complete sum of
fractions composes the final dose, which depends on the tumor conditions (localization, size, stage,
conditions, cellular specialties, etc.). It is fixed through the planning process and the focusing adjustments
realized.

LRHT uses the temperature as an active part of the treatment, applying it for dose characterization.
Contrarily, RT regards it as an adverse effect, causing burns and fibrotic conditions [38,39]. A fundamental
difference between RT and LRHT appears in their treatment length, and consequently, the applied energies.
RT applies a short shot with only a negligible effect on the physiological regulation, while the LRHT treatment
time is long (usually 60 min), so homeostatic control is activated. The radiation focus also shows significant
differences: the heating produced with LRHT spreads into non-targeted volumes in conductive and
convective ways, while RT remains local, being well focused on the planned volume. The frequency of the
standard treatments differs too: while fractional RT treats daily, LRHT, due to the HSP protection that
develops, cannot be applied so frequently, requiring at least a 48 h break between applications.
Unfortunately, the LRHT-produced HSP could be associated with radioresistance too, but on the other hand,
LRHT influences numerous other molecular parameters which could sensitize to the RT [40].

RT and LRHT achieve therapeutic synergy in their complementary application despite the differences. The

LRHT supports the RT by the thermosensitizing [41] and oxygenation of the target [42]. The active arrest of
the cell cycle can realize an essential synergy in different phases by the RT and LRHT. RT is most active in the
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mitosis phase, while moderate heat shock arrests G1/S and G2/M cell-cycle checkpoints [43]. The LRHT
predominantly acts in the S phase of the cell cycle [44] in moderately acidic, hypoxic regions, complementing
the cell cycle arrest. Various molecular parameters support the RT efficacy [45], e.g., a heat-induced decrease
in DNA-dependent protein kinase [46].

The physiological regulation compensates for the heating effect of LRHT, increasing the BF by vasodilatation
to maintain thermal homeostasis. The BF counterbalances the increased temperature by intensive heat-
interchange, which in exchange delivers an extended oxygen supply for radio-effects, fixing the DNA breaks
[47,48].

The possible synergy of RT and LRHT has a contradictory process. The high BF naturally opposes the
Hippocratic “thermal starvation” concept. Nevertheless, the higher metabolic rate of the proliferating mass
compensates for the missing supply by non-linearly increasing BF [49-51]. The effects of higher
radiosensitivity compete with the increased volume of delivered nutrients due to vasodilation and the heat-
promoted perfusion through the vessel walls. On the other hand, the neo-angiogenic arteries do not
vasodilate in massive tumors, as they lack musculature in their vessel-wall [52].

Consequently, the reaction to heat differs in the healthy and malignant tissues, exhibiting approximately 38
C when the BF in the tumor lags the BF in the healthy host [53]. Additionally, the temperature increase can
produce vasoconstriction in certain tumors, which decreases the BF and the decrease in heat exchange offers
a relatively higher temperature in these regions [54]. This effective heat trap [55] lowers the available oxygen,
affecting the efficacy of RT. Parallel at the same time, vasodilatation in healthy tissues increases the relative
BF, presenting more cooling media in the volume [56,57], and increases the RT effect in the healthy host tissue
counterproductively to clinical safety.

The BF has a central role in maintaining the overall homeostasis. Besides the temperature, it regulates
essential parameters like the acid-alkaline equilibrium, glucose delivery, immune actions, and numerous
blood-delivered molecular feedback loops in the body. In the precise interaction of RT with LRHT, these
parameters may also have remarkable modifying factors. The vascular response of tissues has a tumor-
specific temperature threshold, indicated by the kink in the Arrhenius empirical plot [58,59], in consequence
of a structural phase transition in the plasma membrane [60].

The above contradictory processes are natural in complex systems, where the suppressor-promoter pairs
have an essential role in the dynamic regulation of the homeostatic balance. As always, the regulative
processes balance the progressor and suppressor action, so not surprisingly, the radiotherapy-induced
damage could cause the activation of damage-repair mechanisms, and survival signaling adds to other
factors of tumor-resistive effects [61]. This complex dynamic behavior otherwise guarantees the robust
stability of homeostasis as the regulator of healthy processes. The complementary LRHT and RT synergy also
require consideration of the system's complexity. The sum of its distinct parts does not describe the natural
cooperating procedures.

The interactions are essentially nonlinear, representing that the whole is more than the sum of the parts. The
living structures, in their complexity, have a universal behavior: they are self-organized [62]. The basic
synergistic possibilities of LRHT and RT are collected in Table 1.

Table 1. The synergistic possibility shows a broad range of advantages
for combined therapy of LRHT and RT.

Oncological Hyperthermia Including All

Tumor Characteristics A A
Technical Solutions

Synergy with Radiotherapy

Arrests the cycle of cells at the S stage, activates the
Cell cycle malignant cell from its dormant (G0) phase making
attack possible for chemo- and radio-therapies

Radiotherapy arrests the M/ G2 stages of the cell cycle well
mmplclc\ the arrest

Kills cancer cells in an acidic environment It kills cancer cells in an alkaline environment, completes the

pH dependence e P S TR Al A o
F P (Hippocrates” original idea) cell desertion in all environmental conditions

Oxygenation Acts in the hypoxic state Acts in an oxygenated state
. . Makes strand breaks on DNA, the fixing of which means
Increased temperature Heated tumor mass increases the oxygen delivery =
/ / oxygen blocks the reparation
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6.3. Dosing Challenge

The present dose of HT measured with cumulative equivalent minutes compared to the 43°C basepoint, (CEM
43 °C) [63,64] fit to the complete necrotic cell killing in vitro [65]. This reference is far from the reality of
human medicine. The principal challenge of this dose is that homogenous heating is only an illusion. The
approximately isothermal x percent of the heated area at T temperature completes the correct dose. The CEM
43 °C Tx [65], where T, refers to the x% of the heated mass is approximated with the isothermal conditionat
temperature T. The dose is, of course, lowered by the growing x value; Figure 2. The isothermal approach tries
macroscopically equalizing the temperature with high SAR. The T, estimation makes macro characterization
and does not consider the tissue-defining microheterogeneity of the target.
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Figure 2. The heated focus rapidly spreads, so the temperature increases in a broader region.
(a) The CEM43 dose depends on the isothermal areas, which differ by distance and develop by time.
(b) The temperature distribution across the tumor after 64 min of treatment was measured by MRI (Pat.10.
relapsed rectum carcinoma) [66].

The dosing of LRHT has serious challenges. It is much less reproducible and controllable than the dosing in
RT. LRHT has huge anatomical, physiological, bio-electromagnetic, mechanical, and thermal heterogeneities,
limiting the isodose-type approach of LRHT. The associated isothermal heating uses the temperature as a
defining factor of the dose. However, the homogeneity and the lengthy treatment time do not maintain the
otherwise precise focus. When the temperature stabilizes in a tiny region, the heat spreads from the targeted
volume, and in this way, the intended isothermal region represents only a decreasing fraction of the target.
The temporarily defined homogeneous volume may dynamically change by elapsed time; the situation is far
from equilibrium [67], and the temperature and space distribution vary. The nonlinear BF and other
homeostatic regulatory effects, together with the regular heat flow, destroy the homogeneity.

For example, when the measured temperature is actually Ty in 90% of the monitored sites (referred to as
the thermal isoeffect dose in 90% of the area), considering the average (assumed homogenous) volume, the
Too > Tgo > . . . > Tqo, and the T could be achieved only in a WBH situation. This construction certainly
contradicts the homogenous idea. Due to technical and safety issues in clinical conditions, achieving the 43 C
temperature requires enormous efforts. The challenge is heating the surrounding healthy host by the spread
of heat that cannot be avoided with any precise focusing of the radiation beam. Clinical safety requests that
the heating not exceed 42 C in the healthy tissue. The blood flow increases more in the healthy host tissues
than in the tumor, causing a particular gradient of the flow intensity to heat the tumor's boundary. The tumor
periphery contains the most vivid, mostly proliferative malignant cells. The temperature differences at the
tumor border develop a certain BF gradient, which could wash out the aggressive malignant cells, increasing
the risk of dissemination.

The CEM 43T, dose has numerous principal challenges [68]. It failed to show the local control
characterization of clinical results in soft tissue sarcomas [69] and does not correlate with clinical results for
superficial tumors [70]. Complete homogeneity in the heating of living objects could be achieved only in the
whole-body hyperthermia (WBH) process. It represents an entirely isothermal CEM 43 °C Ty Situation.
Contrary to isothermal heating, the non-isothermal LRHT shows better clinical results [71], and the results of
complementary application to chemotherapy also remain behind the chemotherapy alone [72,73]. However,
administering a dose of CEM 43Ty LRHT also did not show a correlation between dose and clinical outcomes
(such as local remissions, local disease-free survival, and overall survival) [74].
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Measuring the isothermal situation, determining the CEM 43T, dose has practical challenges. Reliable
temperature measurement is an unachievable goal; Figure 3.

1. The invasive temperature sensors available are point detectors. When the point is near the arteries of a
highly vascularized area, the temperature is less than in the low vascularization part, so many
independent sensors are necessary to attain objective results. However, this induces safety and treatment
problems.

2. Usually, a near lumen (such as the esophagus, bronchus, colon, or vagina) offers the possibility to
approximate the temperature in the distant tumor, but this is again far from the reality in the target.

3. The most effective temperature mapping can be done with MRI measurement, using a phantom for
reference, usually unionized water. The MRI measurement depends on the temperature, but also strongly
depends on the structure of the measured volume. In the temperature measurement, both factors are
included in calculating the result, but the calibration does not consider a final element: the changes in the
structure, which is the goal of the LRHT treatment.

mperature sensor
a)

Figure 3. Challenges of temperature measurements:
(a) the invasively inserted point sensors detect the very local temperature and not the average isothermal;
(b) the semi-invasive temperature sensing catheters in lumens measure the temperature in near lumens,
which could be far from the actual tumor temperature.

6.4. Challenge of the Heated Body

It looks evident that WBH offers the best heating possibility because of its easy control (measurements in
body lumens) and the realized complete isothermal load on all the malignant cells and tissues. Notably, the
WBH method does not show such good results in the high-temperature regime (=41 °C). The prospective
double-arm study shows that the overall survival was less in a combined hyperthermia application than in
cases when only chemotherapy (ChT) was administered [72]. The same result was obtained in malignant
pleural mesothelioma [73] when the toxicity was also higher in the combined treatments. Contrary to the 10+
times higher CEM 43 °C dose of WBH producing isothermal temperature (CEM 43 °C Tioo), a fourfold
development of metastases was measured in canine sarcomas with radiation therapy with or without WBH
compared to the local heating [71]. The mild temperature WBH (mWBH < 40 °C and

dose, ay < 2CEM43°CTion
*“mWBH treatment was effective [75]. (The additional parameter T100 to CEM 43 C denotes that

100% of the tumor received the dose). The mWBH activates the immune reactions, and so it could be a good
complementary treatment for other therapies [76-78]. However, the demand for higher temperatures for
direct cellular degradation challenges such applications and favors the LRHT application. Contrary to WBH,
LRHT does not load the patient's herat, and negligible electrolyte loss happens, and consequently, the
inclusion criteria allow more patients.
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6.5. Challenge of Homogeneity

The challenge of LRHT differs from that of WBH. While WBH ensured a homogeneous loading of the tumor,
achieving homogeneity in LRHT is complicated. The well-focused heated volume spreads by heat-conduction
over time, heating larger and larger body regions. The spread of heat triggers BF and so supports the delivery
of necessary nutrients (glucose and others) to the tumor. A further challenge is an increasing difference
between the BF of the tumor and its healthy host, BF to the host increasing much more quickly than in the
tumor. This flow gradient promotes the invasion and dissemination of the cancer cells from the most vivid
near-surface region of the proliferating tumor. An early phase Il clinical study faced this problem, the
straightforward local advances of HT + RT compared to RT alone not appearing in the survival time in breast
tumors [79]. Another study obtained the same controversy: local remission success and the opposite in the
overall survival [80]. The development of distant metastases was also observed [81]. The same reason led to
a debate about LRHT results for the cervix, showing both advantages [17] and disadvantages [82] in survival.

A further study of cervix carcinomas supports the survival benefit [83], but again a critic has questioned this
result [84,85]. Another phase Il trial of cervical carcinomas with HT plus brachytherapy involving 224
patients noticed the same controversies between survival time and local control [86]. The controversy was
observed in a study of locally advanced non-small-cell lung cancer (NSCLC) having a significant response
rate improvement, although there was no change in overall survival [87]. A multicenter phase Il trial for
NSCLC also showed no improvements in overall survival in the hyperthermia cohort [88]. The cause was
directly shown: the appearance of distant metastases was five times higher (10/2; p = 0.07) in the HT + RT
group than in the RT cohort [88]. The study of the surface tumors had the same contradiction between the
local control and survival rate [89].

Most likely, the improved dissemination of malignant cells forming micro- and macrometastases causes
contradictory results. We must learn from the contradictions and follow the admonishment of Dr. Storm, a
recognized specialist of hyperthermia: “The mistakes made by the hyperthermia community may serve as
lessons, not to be repeated by investigators in other novel fields of cancer treatment” [90].

Our task is to improve the controllability of LRHT, ensure the stable, successful applicability of heat therapy
combined with RT in oncology, and fulfill the authentic promise that LRHT is an excellent complementary tool
for RT [91]. Serious analysis is necessary as has recently been started [92]. | would like to continue this
approach and add biophysical aspects. The data showing a highly significant improvement of local control
obtained with LRHT and RT represent facts that we must consider as the basis for the further development
of oncological hyperthermia and the correction of the problems with overall survival. We must concentrate
on blocking invasion and reducing dissemination to overcome the issues. The task is to prevent the formation
of metastases caused by heating. Furthermore, we may eliminate the metastases formed earlier, prior to
thermal treatment, with the primary tumor's local hyperthermia.

7. Materials and Methods

The radiation similarity of LRHT and RT induces the proposal to characterize the target volume with the
sodose load. The isodose concept ensures reproducibility, safety, and efficacy too. The isodose in RT is simply

kg

the energy-dose of ionizing radiation measured in Gy - and applied to the tumor volume in daily
fractions. The energy dosage may be reached in a session during a short time. The heating conditions limit
the provision of the necessary energy. The LRHT needs a significantly longer time for a session than RT needs.
(power, P [ L = WJ).

Consider power, the applied energy per unit time
):;zu P;T;).

The energy dose is the sum of the

power P;during the time tiwhen it is applied(E - The power in the unit of mass is the specific

w
absorption rate (SAR = P/m, where m is the mass of the target) measured in kg units. The energy (E/m) is
L4
the dose considering the duration of the SAR load in the target, measured in kg units, like the dose Gy in RT.
In this way, the SAR offers the possibility to unite the doses of LRHT and RT. The energy increases the

temperature, so in an ideal case, the SAR could be applied as the isothermal dose of LRHT.

The heating process starts with an approximately linear rate of temperature growth. It is quasi adiabatic. The
relatively slow homeostatic feedback does not disturb the heating [93], and the SAR is proportional with this

(t): SAR = 4T

development in time Car [31].
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Physiological regulation and safety issues challenge this concept. The homeostatic regulation increases the
BF in the targeted volume, and like a heat exchanger, cools it down. In this way, higher power is necessary
than it otherwise would be desired without this physiological control. The systemic control increases rapidly
and non-Llinearly [31] with different speeds as the BF changes. The treatment’s safety requires an intensive
cooling of the body surface where the heating power penetrates. The cooling takes away a large amount of
the applied energy, not contributing to the heating. The cooling and other energy losses (like radiation, heat
diffusion, convection, etc.) limit the application of E as the dose because the actual energy absorbed in the
body is uncontrolled. Consequently, temperature measurement is mandatory to estimate the amount of the
absorbed power (SAR) in the target.

A new paradigm solves the challenge when the heating does not target the whole mass of the tumor, but the
individual malignant cells are in focus [94]. This case avoids overly intensive feedback of the homeostatic
regulation, and the various other losses also become more easily manageable. The individual cellular heating
breaks the homogeneous isothermal requirement. The absorption is heterogeneous and microscopically
individual, using the tumor's natural thermal, electromagnetic, mechanical, and physiological heterogeneity
[95].

The heterogeneous molecular actions in the selected volume do not contradict the isodose concept. The
apparent contradiction originates from the false expectations of the isodose effect. The isodose does not
mean that the action in the target involves all molecules and structures. It means that the isodose grants the
desired molecular and structural changes in all isodose volumes. Nevertheless, the required molecular
actions areindividual and heterogenic. This homogenous-heterogenic vision is well observable in medication.
When the body takes a dose intravenously, orally, or in other ways homogeneously in the body, the dose is
calculated from the body's volumetric parameter (BMI). However, the expected action of the drug is
heterogenic, selectively targeting molecular structures. The ionizing radiation-activated DNA damage is the
heterogenic goal of RT. LRHT targets other molecular effects, but the expected effect is incidental due to the
averaging of the energy by the isothermal conditions.

The crucial point of the new paradigm is to select the malignant cells and concentrate the energy absorption
upon them. The new paradigm is electromagnetic heating, as most applied hyperthermia methods use
radiofrequency (RF) current. The current delivers energy to depth, its parameters (amplitude, frequency, and
phase) being chosen optimally to find the heterogeneities produced by the malignant cells; Figure 4. All three
parameters have dynamic changes by time variation, improving the selection mechanisms. The carrier
frequency is amplitude modulated, and the modulation frequency is not constant, but follows the demands
of the homeostatic control, representing a spectrum suitable for the spatiotemporal distribution of the
cancer cells.

intensive heating of the absorbing microregions
complete mass

(malignant cells)

77

(@ (b)

Figure 4. Draft presentation of the heating paradigms:
(a) Homogeneous mass heating trying to achieve isothermal conditions. It intensively heats the surrounding
healthy tissues as well.
(b) Selective, heterogeneous (heterothermal) heating. It creates a high temperature in the absorbing points,
but mild average temperature (<40 °C) in the surrounding healthy tissue.

The heterogeneous heating has a crucial behavior: it provides a high temperature for the selected malignant
cells, but the average temperature of the tumor remains under 40 C. A temperature of over 40 C
downregulates the cytotoxicity of innate immune attacks [96,97], including those of the natural killer cells
(NKs) [98]. On the other hand, substantial cellular thermal damage has been observed at temperatures above
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41-42 C [99]. Modulated electro-hyperthermia's (mEHT's) heterogenic heating could harmonize these two
otherwise contradictory demands.

Time-fractal modulated electro-hyperthermia (mEHT) supports the selection and induces programmed cell-
killing processes, genuinely breaking the isothermal approach. Instead of homogenous heating of the target,
mEHT uses excellent selection to force energy absorption on the malignant cells, heating them locally to the
hyperthermia temperature to induce cellular changes in the targeted cells by thermal and nonthermal
mechanisms [100]; Figure 5. The thermal component of the absorption heats the selected membrane rafts,
which is the source of the temperature of the tumor, as is standard in heterogenic seeds or nanoparticle
heating processes. In contrast, the nonthermal component causes molecular excitation for programmed cell
death [101]. The excitation by electric field E has similar increase like the temperature increases the molecular
reaction rate [102]. The cell-membrane represents decreasing impedance with increasing frequency, so the
field penetrates the cell with improved intensity. The membrane practically shortcuts and does not
significantly influence the RF current flow over ~25 MHz [103].

Nevertheless, the difference between the energy absorption between the membrane and intra- and
extracellular electrolytes remains on high frequencies [104]. The primary energy absorption happens in the
transmembrane proteins and their clusters on the rafts [105]. The density of membrane rafts is significantly
higher than in the nonmalignant cells [106]. The absorbed energy makes the molecular excitation nonthermal
and the temperature an essential joint conditional factor, promoting the reaction rate [107].
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Figure 5. The transmembrane proteins of malignant cells absorb the energy in thermal and nonthermal
forms. The amplitude-modulated carrier frequency's nonthermal effect gives the apoptotic signal pathway
(see below in results). The carrier frequency delivers the modulated signal and selects the malignant cells,

while the modulation with homeostatic autocorrelation (time-fractal) constrains the apoptotic pathway.

The applied selective energy-absorption works like RT and realizes isodose conditions, too, concentrating on
very local (nanoscopic) molecular effects, mostly to break the DNA strands in the isodose-defined volume. In
this meaning, mEHT and RT have a similar nano targeting philosophy; Figure 6. The target is the natural
heterogeneity of the tissues, as RT targets the DNA. The method recognizes the particularities of tumor cells'
microenvironment (TME) [108].

Two essential effects are considered for selection: thermal absorption and nonthermal excitation. The
thermal component provides the appropriate temperature of the TME by heating the membrane rafts [105].
Another general thermal action affects the extracellular matrix (ECM) and a part thereof, the TME. This acts
mechanically and molecularly [109], accompanying the thermal absorption of transmembrane protein
clusters.
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Figure 6. The conceptual similarity of RT and mEHT. Both therapies target molecular bonds, so the
primary energy absorption is heterogenic. The result is cellular degradation in various ways.

The nonthermal effect happens when “under the influence of a field, the system changes its properties in a
way that cannot be achieved by heating” [110]. The nonthermal component excites the membrane receptors
of the cells. The well-chosen electric current an deliver energy for molecular excitations involving various
ionic and molecular interactions [31]. The process only has a subtle thermal effect and excites the molecules
or structures that fit the applied resonant conditions [111].

The apoptotic signal by the mEHT excited membrane receptors and the apoptosis by the single or double-
strand breaking of DNA for cellular degradation are strong similarities of RT and mEHT. Nevertheless, despite
conceptional similarities, RT and mEHT have an essential difference: the additional thermal component in HT,
which is absent in RT. Thermal absorption is mostly an unwanted side effect in ionizing radiation. The goal is
only the molecular effects.

The excitations of transmembrane proteins need low frequency [111], but their neuronal excitation, which may
rise to 10 kHz [112], is not safe with the applied power. On the other hand, the frequency for selective heating
is in the high RF frequency range. The mEHT solves the challenge of the contradictory simultaneous
requirement of high and low frequencies. It uses the appropriate low frequency to modulate the high-
frequency carrier; Figure 7 [113]. The membrane rectifies. The carrier frequency in the rectified signal remains
active, but mainly at the cellular membrane (b-dispersion, see later). In this way, the original modulation
signal makes the excitation process.

quency (hig

modulating signal (detailed information)

NN

modulated signal |

W rectified signal
Figure 7. The modulation process compromises between the contradictory high- and low-frequency
demands. The unification of the low-frequency modulating signal and the high-frequency carrier
forms the modulated signal, a frequency spectrum on the carrier 13.56 MHz. The cell membrane

rectifies and works for the excitation of apoptotic pathways. The high-frequency carrier gives the
optimal thermal condition for the excitation by the low-frequency info signal in the selected cells.
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mMEHT is a complex method, which complicates its technical realization. The technical details (Figure 8) need
further explanation. | will discuss it in the discussion section of this article.
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Figure 8. The technical conditions of mEHT. The realization of the method rigorously accommodates and
utilizes the complexity of the heterogenic impact of mEHT to arrest the proliferation of cancer and degrade
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the developed tumor cells.

The chosen optimal carrier frequency is 13.56 MHz, which belongs to the freely applicable ISM band [114]
and does not need shielding.

The energy is capacitively coupled, but it does not use the plane-wave approach. Planewave radiation is
devoted to isothermal heating.

There is precise impedance matching [108] in the mEHT method. Proper impedance matching produces
negligible reflected power (order of 1W), mimicking the galvanic contact with the skin as much as possible.

It has resonant matching with micro-selection ability, which fits the impedance [109]. It eliminates the
imaginary part of the impedance. It differs from the usually applied plane-wave matching.

The maximum adequate output power of mEHT is limited. The power limit depends on the size of the
electrode. In device EHY2000+, the maximal power is 150 W, while in the model of EHY2030, which has
optionally larger electrodes too, the limit is 250W. The applied power in therapy depends on the
localization and size of the tumor. The power limitation keeps the SAR less than for isothermal heating,
but high enough to select and excite the membrane rafts of the malignant cells [100] and sensitizes to the
RT [115,116].

The modulation spectrum is a low-frequency time-fractal [113], described by fractal physiology [117-120],
which agrees with the homeostatic molecular temporal balance [113]. mEHT extensively uses the
modulation technique to identify fractal structures in space and time (dynamics) in spatiotemporal
identification [113]. The electric parameters (resistance and capacity) depend on the malignant status
[121). The selection between malignant and healthy cells was measured as a characteristic time-fractal
[122]. The modulation delivers temporal information executing enzymatic processes at the cell
membranes [123], promoting the consequence of the excitation.

The membrane rectifies [124,125], and considerably gains the strength of signal intracellularly [103,104].
The rectified signal acts in the low- and high-frequency ranges.

The correct impedance matching provides an appropriate electric field that ensures the current density
(j). The j is the parameter of the isodose conditions, ensuring the constant current density in the target. A
complex value describes the current depending on the phase shift from the applied signal voltage. The
dominant dielectric actions (heating and excitation energies) produce thermal and nonthermal effects.
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9) Themodulated j-current density actively produces both the thermal and nonthermal effects.

10)The patient is interactively connected to the electric circuit, like a discrete element of the RF-net. This
solution allows the real-time control of the patient due to the treated tumor being actively sensed and
targeted as part of the tuned electric circuit.

Further technical details can be found elsewhere [108].
8. Results

The mEHT method is the focus of intensive research regarding all attributes. Phantom experiments show the
proof of the thermal concept, measuring the temperature development in well-chosen chopped-meat
phantoms [126,127], and computed results show the validity of heat selection using tissue heterogeneities,
also proven in experimental setups [128].

These macro approaches are well completed with the micro-approach, calculating the nano-range thermal
and nonthermal components [105]. In vitro experiments fixed the thermal effects to the reference calibration
using the U937 human lymphoma cell line [95], and the HT29 and A431 [94] cell lines. The quantitative dose
equivalence of mEHT with RT defines the harmonizing basis of cellular degradation in two different lung
cancer cell lines, A549 and NCI-H1299 [129].

mMEHT is a mild LRHT in the conventional meaning. The temperature dynamically grows in the mass of the
liver when there is no tumor inside because selective targeting does not modify the distribution, as
temperature measurement in the liver of an anesthetized pig shows [130]. The thermal component of mEHT
heats the target, which may be used for temperature mapping in a preclinical murine model [131] at a mild
level. A mild hyperthermia temperature level in humans could be measured in cervical cancer, which
increases the peritumoral temperature to 38.5 C, with proper blood flow for the complementary treatments
[132].

The comparison of mEHT to wHT and to plane-wave fitted, non-modulated capacitive hyperthermia (cHT) at
the same temperature shows a significant improvement of apoptosis with mEHT in the HepG2 cell line [133].
It showed that the wHT and cHT (the homogeneous heating) cause approximately the same low apoptotic
rate, which reveals the advantage of the mEHT heterogeneous concept. The breaking of DNA measured with
subG1 also significantly improves with mEHT as compared to the conventional homogeneous methods [133].
Radioresistant pancreatic cell lines show extensive DNA fragmentation measured with subG1 after mEHT
[134].

The effect has given a possibility to make a reference calibration of mEHT compared to wHT on HepG2 cells
shown at ~5 C[133], while in the U937 cell-line [95], it shows a >3 C shift to the advantage of mEHT over wHT
(Figure 9), it is supposed that the difference indicates a 3+ C higher temperature of rafts than of the TME. The
gain of tumor destruction at 42 Cis ~~4.9 fold, which corresponds well with the in vivo experiments (~~4.3)
in HT29 colorectal carcinoma [135].
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Figure 9. The calibration of the thermal factor of mEHT.
(a) The homogeneous HT (water-bath hyperthermia, wHT) is used to calibrate apoptosis. The mEHT causes
effective apoptosis at 42 C, corresponding to the calibration at 5 C higher (HepG2 cell-line) [133]. The mEHT
affects the rafts on the cell-membrane with a 5 C higher temperature than the average medium indicates.
(b) Another calibration measurement with the U937 cell line [95,136]. The mEHT shows a >3 C temperature
difference in apoptotic efficacy at all measured points.
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A critical thermal factor is that the possible touching point of two cells has a drastically increased heat-
production due to the extensive SAR at that point [105]. The telophase of the cell cycle naturally forms a tight
touching of the two just-created daughter-cells, where the increased SAR could block the finalizing of the
cycle and cause the daughter to degrade [137]. Like all complex phenomena, the cytoskeleton's effect could
also act oppositely. The reorganization of actin filaments and microtubules by an outside modulated electric
field can support the proper polymerization of the cytoskeleton when the cell is only pre-malignant [138].
The close independent malignant cells attract each other by the induced dielectrophoretic forces and the vast
electric field gradient between the cells [105].

This makes it possible to reconstruct the intercellular E-cadherin connection, allowing the regular
networking of the cells [133]. The deformation of the cells by external field depends on the frequency [139].
The carrier of mEHT is high enough that the deformation is negligible due to the higher conductivity in the
ECM than in the cytoplasm [104].

The molecular models concentrate on the membrane effects, showing the thermal and nonthermal results.
The same heat conditions force the same processes in the cytosol ER and other cellular organelles, and the
heat-sensitive transient receptor potential vanilloid receptor (TRPV) also senses the same temperature for
action. The excess ionic concentration is caused by mEHT [140], which increases the influx of Ca2+ ions from
the ECM to the cytosol. The high iCa2+ promotes apoptosis in the mitochondria-dependent intrinsic signal
pathway [141]. The decreased membrane potential of mitochondria [136] well supports the mitochondria-
associated apoptotic process. The mEHT induces the Ca2+ influx with the assistance of E2F1 [142], which
regulates the HSPs without heat-shock [143], supporting the possible factors of the nonthermal effect of
applied electric current.

Research of the nonthermal effects on HT29 and SW480 human colorectal cancer cell lines shows a
significant nonthermal impact on the ionic fluxes, and mEHT has doubled the antiproliferative and
anticlonogenic effects of conventional water-bath heating (WHT) at 42 C [144].

There are tumor-specific thermal and nonthermal stresses with mEHT related to the metabolic profiles of
the targeted malignant cells having elevated glycolysis [145]. The efficacy of mEHT may correlate with the
tumor metabolic profile by the targeted selection [146)].

The nonthermal activity causes structural changes affecting the intracellular polymerization of filaments
[138]. The fluctuations also have an essential role in the electromagnetic interaction, showing thermal and
electric noise limitation in the TME connected membrane [147].

mEHT applications focus on induced apoptosis [148,149]. The method may cause caspase-dependent paths
through Cas8 (extrinsic way) and Cas9 (mitochondrial, intrinsic way) [133,150] and independent [151,152]
apoptosis. A notable factor is the arrest of the XIAP effect to block the main path of caspase-dependent
apoptosis by the secretion of SMAC/Diabolo [153] and Septin4 [154].

Experiments show that the aggressively radioresistant cell (L9) could be resensitized by mEHT [155], and also,
radio-resistive pancreatic cells (Pancl, Capanl) show extended apoptosis when treated with mEHT
[134,156,157]. mEHT also destroys these adenomacarcinoma cell lines [148]. The radiosensitization of mEHT
significantly intensifies the autophagy and apoptosis in SCC VIl and SAS cell lines compared to RT and wHT
[158]. The massive apoptotic activity could be used for thermal dose calibration and energyabsorption-based
temperature mapping [159].

Curiously, a notable reduction of apoptosis was measured with the addition of artificial gold suspension
nanoparticles (NPS) to the targeted volume [160].

DNA fragmentation drives tumor-cell degradation [152]. The induced stress by mEHT upregulates the tumor
suppressor p53 protein, a cell-cycle regulator, one of the key cell-cycle regulation and DNA repair players.
mMEHT activates DSB production. The phosphorylated form of histone family member X (gH2AX) as a DSB
marker can activate p53.

mEHT significantly upregulates the gH2AX producing DSB in treating a BI6F10 melanoma murine tumor model
[161], in C26 colorectal allografts [101]. The subG1 cell fraction grows significantly in a radioresistant ductal
adenocarcinoma cell-line (Panc1) combined with mEHT + RT 24 h posttreatment [134]. In the same study, the
cellular viability drastically decreased in these resistant tumors in mono and complementary therapies with
mEHT.
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As independently expected [162], the thermal component of mEHT acts in synergy with the electric excitation,
affecting the repair of DNA. The induced upregulation of cyclindependent kinase inhibitor protein (p2Twa f 1)
and the reduced Ki67 proliferation marker correlates with gH2AX, showing that the DSB is related to mEHT
treatment [101,163]. The suppression of Ki67 and the significant growth inhibition has been shown in breast
cancer murine isograft [164].

The heatmap of the gene expression chip shows the gene regulations of the mEHTtreated samplesinan HT29
xenograft [165], in various gliomas [142], and also in vitro in the U937 cell line [136]. The gene map shows a
distinct difference in the gene regulations between the homogeneous wHT and inhomogeneous mEHT
treatments [136] at the same 42 C temperature.

Extended research deals with the possible tumor-specificimmune processes of the heterogenic thermal and
nonthermal effects and supports the emerging science of immunooncology. This examination's direction is
focused on the abscopal effect, an emerging approach in RT research [166], also recognized by the ASCO [167].
The expectation is a tumor-specific immune situation, considering that cancer precludes regular immune
attacks. The mEHT being concentrated on the tumor cells provides immunogenic information for the adaptive
immune system about the malignant state and simultaneously sensitizes the tumor to the innate immune
attack. This situation could extend the RT + mEHT local synergy to be active in the entire system.

The research concentrates on the optimal liberation of the genetic information from the cancer cells during
their degradation. We found that the best process to achieve our goals is “soft” killing, not degrading the
secreted molecules with too large an energy load. So, we suppressed the necrosis and the observed
apoptosis based on the immunogenic efforts. One particular type of apoptosis, immunogenic cell death (ICD),
was the aim, which is associated with a damage-associated molecular pattern (DAMP) as expected in the
abscopal activity of RT too [168]. The promotion of damage-associated molecular pattern signals in an HT29
xenograft clearly showed a DAMP when treated with mEHT [165]. In parallel research, the innate NK*-cell
activation to attack the selected malignant cells was also proven in A2058 melanoma in a murine xenograft
model [169].

DAMP productive mEHT has been supported with various immune supports, which otherwise had no impact
on cancer alone. The support by dendritic cells (DCs) has shown to be an excellent addition to mEHT, despite
its inactivity alone. The combined treatment showed a perfect abscopal effect on the preclinical murine
model, using SCC VII malignant cell inoculation to the animal [170], detecting CD3+, CD4+, and CD8+ T-cells
resulting from DC maturation create antigen-presenting cells (APCs), increasing the 5100 DC marker [171]. The
presence of killer-T-cells (CD8+) increased significantly. The mice had two distant tumor lesions (in the
femoral and chest region) modeling metastases. The femoral region was treated, and the chest remained
untreated. After multiple treatments, an apparent abscopal effect was observed, and the tumor growth was
completely blocked in the untreated chest tumor and the treated femoral [170]. Importantly the Treg
protumoral activity was blocked as well, measured with Foxp3 suppression.

The abscopal effect of multiple mEHT treatments alone has been shown in B16F10 melanoma pulmonary
metastases, where a significant anti-tumor effect, reducing the number of pulmonary metastatic nodules,
and high immune cell infiltration was also present [163].

Similar results were obtained in another study, significantly improving the immunological tumor
microenvironment with mEHT followed by dendritic cell immunotherapy [172]. This study also showed that
no immune-effect happens with wHT at the same 42 C temperature. A remarkable result of this study was
that the rechallenge of the cured animals with the same malignant cell-line was rejected, observing the
adaptation of the immune system, behaving like “tumor-vaccination”.

A natural herbal immune-support, Marsdenia tenacissima (MTE), caused a similar arrest of the tumor
development systemically after mEHT, despite it being ineffective alone [173,174].

MEHT's combination with the simple conventional tumor-suppressive drug Doxorubicin (Dox) shows a robust
immune activation observed with ICD, DAMP, and APC production and having a solid synergy with mEHT in
intensively producing DSB, measured by gH2AX [175].

The starting point of human applications is safety. One of the most sensitive organs, the brain, was tested by
dose escalation to measure the safety in human glioma cases, proving the safety of mEHT [176]. Many RT-
related clinical therapies combine the heat effects with radio-chemotherapy (ChRT). The reason is to be
effective systemically by using the drug when LRHT and RT are only local. The ChRT could be a complete
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game-changer because the reaction rate of chemo-agents exponentially rises by reciprocal temperature
(Arrhenius law) and makes cell death independent from RT or HT effects.

A Phase Il trial comparing randomized cohorts of ChRT mEHT in clinical practice showed an excellent
response to the combination with mEHT compared to the ChRT alone [177], and the toxicity was also low [178].
The abscopal effect was directly measured in addition to the Phase Il study [179,180], showing a significant
increase compared to the otherwise expected systemic effect of the ChRT. RT in combination with mEHT with
checkpoint inhibitors also shows the abscopal effect in various tumors [116], supposing the immune-
modulator function of mEHT [181]. Tumor-directed immunotherapy in the combination of RT and mEHT is also
a possible option [182]. Table 2 lists 25 studies using mEHT complementarily to RT or ChRT, but the complete
study list also contains monotherapy and chemotherapy.

Some recent reviews are available for references regarding conceptual [31,111], technical [94,108], preclinical
[101,108], and clinical [183-185] aspects of the mEHT method, showing its efficacy in oncology.

Table 2. The table refers only to the clinical results obtained with mEHT complementary to RT or ChRT.

Number of

No. Tumor Site Patients Treatment Used Results Reference
CR=1,PR=2,RR = 25% Median duration of
1 Advanced gliomas 12 mEHT + RT + ChT response = 10 m. Median survival =9 m, 25% Fiorentini, et al., 2006 [186]
survival rate at 1 year.
SN 7 iy fo ol .
2 Various brain-gliomas 140 mEHT + RT + ChT 05=204m. ""‘l'lltl:!‘::;\ safe and well Sahinbas, et al., 2007 [187]
3 High-grade gliomas 179 mEHT + RT + ChT Longstanding complete and partial remissions Hager, et al., 2008 [185)
after recurrence in both groups.
5y-0S = 83% (AST) in mEHT vs. 5y-0S = 25%
Glioblastoma & by BSC. 5y-OS = 3.5% in mEHT vs.
1 o 149 mEHT + RT + ChT (BSC, palliative range) 5y-05 = 1.2% by BSC for GBM. Fiorentini, et al., 2019b [189]
: Median OS = 14 m of mEHT for GBM and
OS =165 m for AST.
Preliminafy data for the first 100 participants.
. . A positive trend in survival and local disease
5 Advanced cervical cancer 236 Random. ll)}::\“l’":llll:t{r]\' :1"“)"]1' £ mEHT control by mEHT. There were no significant Minnaar, et al., 2016 [190]
P ke differences in acute adverse events or quality of
life between the groups.
vod carcal Fains - S - CR + PR = 73.5%; SD = 14.7%. The addition of . .
6 Advanced cervical cancer 72 mEHT + RT + ChT mEHT increased the QoL and OS. Pesti, et al., 2013 [191]
— mEHT increases the peri-tumor temperature
7 Ad‘:_“:";‘“‘l,‘;:“ ical 20 mEHT + RT + ChT and blood flow in human cervical tumors, Lee, etal, 2018 [132]
promoting the radiotherapy + chemotherapy
2 Advanced cervical ” Random. Phase III (RT + ChT £ mEHT) The abscopal effect grows significantly with = . SN 1P
8 carcinoma o5 [abscopal effect] mEHT complementary to ChRT. Minnaar, et al., 2020 [175]
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Table 2. Cont.

No. Tumor Site Patients Treatment Used Results Reference
Advanaed cervical Random. Phase Il (RT + ChT + mEHT) mEHT does not increase the toxicity of ChRT =
i carcinoma 206 [toxicity & Quality of lise] but increases the quality of life Minnaa, etal,, 2020 [175]
Six-month local disease-free survival (LDFS) =
Advanad 1 38.6% for mEHT and LDFS = 19.8% without
10 N0 ORrVICH: 202 mEHT + RT + OhT mEHT (p = 0.003) l.ul.nummmmm) Minnaas, et al, 2019 [177]
O = 455% with mEHT LDC = 24.1% without
mEHT; (p = 0.003)
‘tdun (};s“_ 94mw nh1 mug (Y‘-PPZG m
" . without m < 0L0001). ian 3m pon
1 Advanaed NSCLC 7 mEHT + RT + ChT for MEHT and PRS < 1.85 t without mEHT, p < Ou, etal, 2020[192)
0.000L
Two centers PFY (n = 61), HTT (n = 197) control
(n=53). 80% (PFY), 80% (HTT) had distant
: e metastases, conventional therapies failed. Dani, et al, 2011 + Szasz,
12 Advanaed NSCLC 311 (61 +197 +53) mEHT + RT + CNT Median 05164 m (PFY) 156 mn (1T1) 141 5014 (193]
(control); 1st y survival 67.2% (PFY
(HTT), 26.5% (control).
Downstaging + tumor regression, ypT0, and
13 Advanced rectal cancer 76 mEHT + RT + ChT ypNO were better with mEHT than without You et al, 2020 [194]
No statistical significance.
Various types of “HT + Primary, recurrent, and metastatic sarcomas . pe
1 sarcoma » SRR+ RO+ ChE responded to mEHT, the masses regressed. Jeung, et al, 2015[195)
After 3 m, PR =22 (647%), SD = 10(29.4%), PD
= 2 (8.3%) with mEHT after 3 m of the therapy.
Advanced pancreas HT » In group without mEHT in the same time: PR = y .
15 acec pe 106 mEHT + RT + ONT > G SD =10 %) PDa 25 (oLo%) The  Fioventini, etal, 2019 19)
median OS = 18 mwith mEHT and OS =109 m
without mEHT.
l'n 0 centers PFY (n = 26), HTT (n = 73) control
= 34). 59% (PFY), 88% (ll r&n had distant
Advanced pancreas - . mrusu-n s, conventional therapies failed. .
16 carcinbaa il EH RY £ ChY Median OS = 120 m (PFY), 127 m (HTT), 65 m Deni, et al, 2008 [197)
(control); 1st y survival 46.2% (PFY), 52.1%
(HTT), 26.5% (control) Qol. was improved.
OS5 and time to progression (TTP) were
influenced by the number of chemotherapy
Metastatic cancers cycles (p < 0.001) and mEHT sessions (p<
17 (colorectal, ovarian, 3 mEHT + RT + ChT 0.001). Bev acizumab-based chemothe erapy with Ranieri, et al, 2017 [198])
breast) mEHT has a favorable tumor response, is
feasible, and well-tolerated for metastatic
cancer patients.
i : In mEHT group, 807% showed down-staging ’ ¢
18 Rectal cancer 120 mEHT + RT + surgery compared with & 2% in non-mEHT group. Kimet al, 2021 [199]
19 Gliomas 164 mEHT + RT + OhT CR+ PR ';1:1':::;;{‘:&:&'““ for Fiorentini et al, 2020 [200]
20 Ovarian, cervical cancer mEHT + RT + OhT The feasibility ‘:’;:‘:: of oncothermia Wookyeom, et al, 2018 [201],
Preliminary results show promising survival
. - . e i trapctories. mEHT is a safe treatment with very a
21 Various sites 784 mEHT + RT + ChT + surgery e e e e s, allowing Parmar et al, 2020 [184)
patients to maintain a higher quality of life.
2 Various sites mEHT « RT + ChT Planned trial. Arrojo et al,, 2020 [202]
2 Vacioussiias mEHT + RT + ONT The feasibility and success of oncothermia Szasz AM etal, 2019 [183]
are proven.
No added toxicity by immunotherapy. Median
= R . progression-free survival (PFS) = 13 m. Median e
24 Advanced glioblastoma &0 mEHT + RT + ChT follow-up 17 m, median OS was not reached Van Gool, et al, 2018 [203]
The estimated OS at 30 m was 58%.
CR = 2 (61%), Very good PR = 5 (15.2%), PR =
Different types of n'::("‘il"-) SD I:ld 3%), PD = 4 (12.1%)
9 tents (9.1%) autoimmune
P st/ e »n mEHT + RT e AR M s Chi et al, 2020 [116]
¢

long-lasting abscopal responses outside the
irradiated area

9. Discussion

All complex therapies overcome a contradictory process by considering one of the robust behaviors of this
complexity: self-organization and the consequent self-similarity [204]. Recent decades have seen the
development of various approaches describing the complexity of systems with self-organization [205,206].
The homogenous approach does not consider the natural heterogeneity of complex living systems. mEHT

applies the selection of microtargets to distinguish the various parts and functions of the living organism.

9.1. The Electromagnetic Selection

The selection at the macro scale uses the intensive metabolic activity of the malignant cells to produce
increased ionic density in the TME of the cells. In this way, the entire tumor has a higher complex conductivity

(@) for the electric current than its healthy environment [105,207-210]. The conductivity is proportional with

*
the imaginary part of the complex dielectric function (&), , depending on the ionic density (strength) of the

target.
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A part of the high conductivity could be followed using positron emission tomography (PET). The PET
measures the intensified glucose metabolism, producing enhanced ionic concentration (primarily lactic acid).
The PET results could be considered in the planning of RT [211], as it is a good addition for mEHT seeing the
tumor activity, which is connected to the selectivity of the method. The electric current will choose the most
accessible route (the most conductive one), flowing through the tumor.

Another electromagnetic selection mechanism concentrates on microregions (TMEs) using distinct
structural heterogeneity. The individual autonomic development of cancer cells weakens the intercellular
connections, breaking the E-cadherin protein connections. The malignant processes' breaking of the
networking order also differentiates them in this parameter. In this way, the TME starts becoming gradually
disordered by the development of the malignant network-breaking character shown in early observations by
NMR measurements [212-214]. The disorder increases the dielectric permittivity (#) of the microregion [215-
218]. The high # drives the mainly chosen radiofrequency (RF) current like the high s does. The plasma
membrane and the TME absorbs the central part of the energy in the MHz region of the RF current [104]. The
microregion of the tumor cells has considerable gradients of the electrolyte constituents of the electrolyte.
The TME is in direct contact with tumor cells, containing molecular bonds to the membrane surface, while
ECM is wide. Its primary function is connected to the transport processes. The water content of the TME
interacts with the membrane [219], having variant bonds [220], and critically alters the membrane effect,
showing a low SAR but high voltage drop [221], which can help the signal's excitation of the raft proteins
[222]. The electrostatic charge of the membrane attracts the ions from the ECM, whose very different effect
is sufficient to establish a transmembrane potential [223].

The rafts operate as a trigger of the cellular processes [224]. The rafts collect dynamic proteins [225],
including proteins with high lateral mobility in the membrane [226]. The cataphoretic forces generated by
modulated electric fields induce lateral movements and are sensed by the rafts in the membrane [140]. The
size of these clusters is in the nano range. It depends on the ratio of protein to lipid content, different ranges
of their horizontal diameters have been measured: 10-100 nm [227]; 25-700 nm [228]; 100-200 nm [229]. The
width of the membrane is 5 nm [230], but the thickness of rafts, due to their transmembrane proteins, has a
larger size. Note that the temperature increase of the nanoparticle (NP) is proportional to the square of its
radius [231], which gives an easy comparison of the temperature using the sizes of the particles. The standard
applied SAR in nanoparticles, considering their weight heating is 100-1500 MW/kg [4]. The mEHT heats not
only the rafts but heats the TME and also the tissues to a lesser extent. Rough approximation of the absorbed
power of rafts by mEHT is SAR >1 MW/kg [105]. However, the role of absorption differs in nanoparticle and
raft heating. The absorbed energy in nanoparticles produces only heat, while in the rafts with excitable
structures, the energy divides into thermal and nonthermal effects.

The relatively large rafts contain approximately half of the membrane mass because of their relatively large
mass compared to the lipids, representing only 2% of the membrane components [104]. The targeting of the
rafts induces accurate energy absorption. The incorporation of energy happens at clusters of
transmembrane proteins [95,140]. The temperature of the selected rafts is over the thermal averaging of the
tissue. On average, the relatively small SAR is high in the rafts, similarly to the nanoparticle selective heating.

The selection of mEHT is demonstrated in an experiment with artificial NPs added from suspension to the
targeted volume [160]. The injecting gold NPs or other artificial good energy absorbers produce a higher
quantity of energy absorption in the target. The temperature grows by the diffuse heating from these too.
Despite the more intensive energy absorption, the observed apoptosis in these cases decreases [160].
Probably, the sharing of the energy between the membrane rafts and the NPs causes this contradictory
effect. The phenomenon supports the proofs of the selection by mEHT.

The selection appears in the ECM too. The current which flows in the extracellular electrolyte heats it more
in the areas of selected TMEs than in the membrane-isolated cytosol. The energy analysis of the heating
differences explains how this effect contributes to cell-killing mechanisms [109].

Well-defined conditions limit the SAR in the target, which limits the average power provided.
1) The thermal effect happens in nanoscopic local “points”, the rafts. These NPs are molecular clusters and
sensitive to overheating. When the absorbed energy is too large, it destroys the rafts by overheating. The

mEHT loses its most significant advantage, the excitation of signal-transports for apoptosis and
immunogenic cell death (ICD).
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2) The selection mechanisms of mEHT also limit the SAR, which forces temperature development. At high
temperatures, the heat spreads extensively, and the microscopic differences vanish on average. A
macroscopic average will characterize the target, as in WBH. The limited energy absorption is mandatory
for the selection of rafts.

3) The appropriate frequency is selected around 10 MHz [94]. When the frequency is larger (>15 MHz), the
membrane impedance becomes too small to select the disordered TME accurately. The current will flow
through the entire target tissue almost homogeneously, neglecting the selection heterogenic selection
factors of malignant cells. When the carrier frequency does not ensure selection, the modulation also
activates the healthy cells. The significantly larger amount of membrane rafts between healthy and
malignant cells [106] remain selective factors only.

9.2. Nonthermal Processes

Healthy dynamism realizes a certain and strictly ordered set of molecular signals in space and time to
maintain homeostatic control. The functional signals repeatedly correlate with the given functions (for
example, the metabolic cycles), causing an autocorrelation of the resultant signal [232,233]. Note that spatial
autocorrelation is a valuable tool in studying the microarchitecture of TME [234]. A significant periodic
component in a data set has data points in a time series that correlate with the preceding data points in time,
consequently measuring the self-similarity of different delay times in the signal. The autocorrelation could
be simply visualized in the particular self-overlapping value of the signal (how the signal correlates with its
earlier values). Hence, when the signal is shifted with a time lag, it correlates with earlier values.

The autocorrelation makes preferences of bioeffect variants [235], changing chemical reactions, selecting
them by their timing, and ordering them by the time required for the desired signal-pathway or enzymatic
actions. The biological effects happen on a broad time-scale. An adequately chosen time-fractal modulation
promotes the desired autocorrelation of the signal. This modulation noise regulates the biosystems to their
normal homeostasis [236], and the spatial autocorrelation also ensures the harmlessness of white-noise
excitation [237]. On the other hand, the otherwise healthy support has an opposite impact on malignant
processes. It does not harmonize with the malignant processes, is absorbed in an anharmonic way (heating),
and does not excite the molecular signals. The modulation signal selectively supports or blocks the cellular
membrane's preferred (healthy) or avoidable (malignant) processes. This dynamic effect expands the
electrodynamic selection mechanisms, taking effect not only in structural but also in dynamical malignant
irregularities in the health system. Both the structure and dynamics of living organisms have a fractal
pattern. The spatiotemporal structure and its consequence, the signal character measured by the
fluctuations, differentiate malignant tissue from healthy [121] and are measurable by the RF current [122].
The fluctuation difference between malignant and healthy tissues grounds the applied modulation on the RF
carrier. The mEHT therapy uses a pattern recognizing and harmonizing fractal modulation [113] to keep the
natural homeostatic control as effective as possible. The well-chosen fractal modulation favors the healthy
homeostatic control and combats malignancies outside this regulation [113]. The applied modulation in mEHT
considers the natural heterogeneity in space and dynamics, including the autocorrelation of living processes.

Depending on the RF frequency, various processes happen in biomaterials, described by frequency
dispersions [238]. The a-dispersion covers the low-frequency interactions (~10 Hz-~10 kHz). This dispersion
affects the molecules near the cell membrane interacting with the TME, the various membrane components,
and the transmembrane proteins. lonic electrodiffusion affects the dielectric loss of bound water in
molecules. Intercellular charging appears as the main change in a-dispersion. This region signifies our
excitation activity. However, its direct application is limited by its missing selectivity and the risk of dangerous
nerve stimulation. The task was to find a frequency that selects, does not make nerve stimuli safe, and
penetrates deeply into the body. The higher frequencies are satisfactory, and the combination of those with
low frequency in modulation solves this complex problem by applying 13.56 MHz carrier frequency and
modulating it with a spectrum of frequencies in a-dispersion range.

The 13.56 MHz belongs to the b-dispersion. The broad range of b frequency dispersion [111,239] (known as the
interfacial polarization effect) allows selective treatment [240]. The chosen 13.56 MHz select the cellular
formations [241] interacting with the interface of membrane-electrolyte structures, using Maxwell-Wagner
relaxation [239] causing interfacial polarization of the cell membranes [242]. It changes the charge
distribution at the cellular or interfacial boundaries [219]. A part of b-dispersion takes effect in the torque of
biological macro-molecules (like proteins) and orients these contrary to the thermal background [243].
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The range of the d-dispersion [244,245] overlaps with b-dispersion interacts with the dipolar moments of
proteins and other large molecules (like cellular organelles, biopolymers) [246], and affects the suspended
particles in TME [247]. The d-dispersion is primarily selective for water-bonded lipid-protein complexes in
the membrane rafts [219].

Important practical point to choose the carrier frequency in the b/d interval, and internationally approved for
industrial, scientific, and medical use. A total of 13.56 MHz was ideal for these requests. The model calculation
also shows the importance of the 13.56 MHz [248]. The electrolyte and membrane differences between the
malignant and healthy tissue [249,250] are involved in the selection. The membrane lipid targeting has
recently come into focus, and it is recognized as having potential for cancer therapy [251]. Note that the
rearranging (disordering) of the water structure at the membrane is clearly visible in the absorption spectra
and needs energy [252], which could be obtained from the RF current density.

The carrier frequency's RF energy ensures the selection and absorbs on the membrane rafts [105]. The
modulation in a-dispersion makes the requested excitation affects their receptors [140], which destructs the
malignant cells dominantly in an apoptotic way [253]. Theoretical considerations also prove the nonthermal
effect of mEHT, showing that the observed effects could not have a solely thermal origin [254]. The physical
origin is also explained [255] and centers on the effect of the modulation.

The bioelectromagnetism determines various features of homeostasis [256]. The modulation is not a single
frequency. It is a spectrum of 1/f spectral density in the audio range (<20 kHz), improving the electric field's
homeostatic connection by a similar timefractal structure. The autocorrelation of the signal prefers the
external apoptotic pathway. The membrane gains the rectified signal [106], so the 10% modulation depth
satisfies theexpected signal excitation. The adaptation of this spectrum is in its 1/f (“pink") noise structure
[236,237] which depends on the target and automatically modifies the effect of modulation by the noise
structure in the TME [147].

This dynamic selection and distortion of malignant cells detect and treat. In this way, the mEHT is a kind of
theranostic method.

9.3. Effect of RF Current Density and the Dynamic Heating

Impedance-matched mEHT uses the current density j as an isodose parameter. The current density does not
depend on the technical losses outside of the target. It considers only the power which goes into the body.
The isodose of j is approximative. It is rigorously true only for homogeneous targets. A large average
statistically offers a quasi-homogeneity. This homogeneity expectation is a typical challenge in doses of
chemotherapies, which expect the homogeneously transported drug in the body, which selectively destroys
the malignancy. In the mEHT method, the same challenge appears in the homogeneity concept.

i =oE (4).
The j depends on the conductivity (o) and the electric field strength vector (E): = (’““> The j vector and
the s conductivity are complex numbers, and due to the biomaterial not being a perfect conductor, it is lossy.
The electric field drives both the thermal heating and the nonthermal excitation processes, and it is linearly

: _ 1
proportional with the complex jr (= 2j) so the current density well describes the amount of excitation, so
linearly generates a nonthermal effect. In a good approximation, j does not depend on the size of the applied
.2
A=rim of the circular electrode with radius r. The
— v
current (1) depends on the electrode voltage (V) and the resistivity (R) between the electrodes: R The
Vo

e

capacitor plates. The size of the plate defines the area

O [ S | . .
current density / = # While R =57 \where d is the distance between the electrodes. Consequently 4

depends on only the constant parameters and does not depend on the area or radius of the electrode. The j
can be kept constant when the electric potential is constant. The volume between the plates has an equal
dose, as with the homogeneity principle of systemic chemotherapy.

P=oE2=12(X
The power (P) as the absorbed thermal energy depends on the square of the field: ‘ & (K> In
homeostatic conditions, when the general energy loss is negligible, the measurement of the incident power

(correlation with j?) offers a dose identification. The dose, in this case, is the time summary of the power
(dose = mergy — I Pdt = I ’(—:df, lll_\'])

mass

The high efficacy of current matching [257], and the low value of the
cooling energy-loss allows this simple dose monitoring [68,258] instead of by the local temperature.
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Consequently, mEHT has no compulsory demand to measure the temperature. It has enough accuracy to
measure the absorbed energy by the incident, not forced RF current density [68].

When the temperature grows, the heating period demands a higher dose than when keeping the temperature

constant [150,159]. The higher power increases the dose by | VP.

The heating excites the selected molecular clusters and actively promotes the ICD and the essentialimmuno-
related processes [31]. Maintaining the temperature compensates for the energy losses, so it needs a smaller
dose. The unchanged temperature with lower current density produces significantly less apoptosis as the
active heating period raises the temperature [259]; Figure 10. The amount of apoptosis increases by the
synergy of the temperature dynamics and the electric field, but practically does not change when the
temperature stabilizes and remains approximately constant. Stochastic explanation describes this
phenomenon [31]. This complexity involves the similarity of the temperature and the electric field to improve
the chemical reaction rate [102]. This effect provides a possibility to improve the heterogenic selective cell
destruction by mEHT in clinical practices. The therapy needs a protocol that keeps the temperature
development’'s dynamism [31]. Step-up heating considering the blood flow washing time (approximately 6
min) works approximately well.

Contrary to the homeostatic balancing, intensive cooling supports the growth of the incident power. Forced
intensive cooling increases the current density because the incident power must increase quadratically,
replacing the power taken by the cooling. Due to the applied cooling (energy loose), significantly modifying
the incident power does not provide accurate dose measurement. The dose needs other direct registering,
like temperature or current density j. The j flows through the patient practically independent from the energy
losses, characterizes the absorbed SAR only. Consequently, the direct measurement of the current density
appears as the dose in an intensive cooling process instead of the power.
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Figure 10. The effect of heating and maintaining the temperature on apoptosis. The mEHT had significantly
higher apoptotic cells than the wHT at the same temperature.
(a) The apoptosis saturated when the temperature became constant at the temperature maintenance
period of treatment.
(b) The temperature dependence of apoptosis shows a limit at the saturated temperature.

The apoptosis of malignant cells shows the efficacy of mEHT therapy. The apoptotic cellular degradation
could be used for dosing in the active heating period [259]; Figure 11. Consequently, the connection of the
apoptotic cell degradation and current density appears like an essential task of the new dose when the j is
enhanced by cooling.

90 Oncothermia Journal, Volume 33, May 2023



41°C 36°C 36°C

J 1 1

~
o

" Y ai
= 60 s g
o ”
L =
5 50 55 7
S i A i r
240 © ~
-~ 7~
- o -
o 1] e
< 30 $ s
2 = s
® € -~
4 S s Measured apoptosis
€20 2 s A
8 ; )i 7 V'  Control ( 36°C)
§ 10 > Approximation ( 36°C)
0
2.5 3.0 35 4.0 4.5 5.0
Current (A)

Figure 11. The apoptosis linearly increases by the increase of current density. The higher current density
was reached by intensive cooling of the sample, keeping the medium at 36 C, while the standard treatment
was at 41 C. The difference in the approximated apoptosis at low current at 36 and at 41 Cis produced by
the thermal effect.

The current density is proportional to the percentage of apoptosis. Measurements on the U937 cell line well
prove this concept [136]. The concentration of apoptotic cells grows linearly with the current density j of
mEHT; Figure 11. The standard mEHT treatment was performed at 41 C, with a standard current density. The
control is a sham experiment, which fits a linear line. The heat effect of the standard treatment could be
approximated from this experiment.

The current density j appears as an optimal dose of mEHT. On the other hand, the j does not offer a dose
solution for conventional LRHT methods, where the patient impedance matching is far from the resonance.
The measured current density in LRHT does not show the effective targeting of the tumor, having reflected
imaginary parts and various other impedance losses. Temperature measurement remains mandatory in the
conventional homogeneous mass heating of LRHT.

The percentage of the apoptotic processes induced by mEHT grows by increasing current density, which
participates in both fundamental processes of this method: in the thermal and nonthermal action
components. The thermal effects ensure the conditions for optimal nonterminal (excitation) processes and
the rates of chemical reactions (mostly enzymatic assistances) afterward. We may regard the current density
as a treatment dose, having the same role in mEHT as the ionizing isodose in RT.

The j represents an isodose distribution in the target with mEHT, like the beam isodose in the RT method. Note
that this dose could happen only when the energy loss is low, and the overall energy intake is not as high as
the heterogeneity differences that may appear with massive heating. Hence, the sensing heterogeneity limits

the incident power. When the heating forces isothermal conditions, the SAR ~j? dominates, and the
heterogenic structure becomes thermally homogeneous. The isothermal temperature overshadows the
electrical differences in the target. The electromagnetic differences become gradually visible when the
incoming energy decreases. The electromagnetic effects distinguish the electrical differences when its
average absorption intensity does not exceed the distinct energy levels of the difference between the

iz

absorption values of the desired differentiable units, so when the So, in conditions when J=1 the

selection of tumor cells is effective.

The proper modulated signal may trigger resonant excitations of the proteins [111], which initiates extrinsic
signal pathways for apoptosis [101,253] in a dose-dependent way [259]. Consequently, the thermal factor
generating hyperthermia temperatures creates an appropriate condition for the nonthermal electric field
effect by optimizing the reaction rates and enzymatic reactions. The direct thermal and nonthermal effects
complete each other, creating a complex synergy of mEHT actions; Figure 12.
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Figure 12. The measured thermal and nonthermal effects of mEHT. The thermal effect has an Arrhenius
character, while the nonthermal effects are quantum-mechanical, promoting enzymatic processes, pushing
through the transitional state. The nonthermal processes use the thermal conditions for optimal reaction
rates. (For details, see in the text.). The * denotes metastable transitional state.

9.4. Complementary to Radiotherapy

The temperature distribution in the hyperthermic process also has complex balancing. The homogeneously
high temperatures (>42 C) in LRHT could block the enzyme activity [260] and so arrest the DNA-repairing
enzymes and optimize the cellular degradation of malignant cells [261]. However, they produce massive
necrosis, which makes the DAMP release unstable, as well as the high temperature (>40 C) blocking the
immune-cell activity [96], which would be necessary for APC production to form tumor-specific processes.

The heterogenic heating of mEHT unites the advantages of the high cellular temperature with the mild
average. The thermal component of mMEHT (Tmesr) produces a mild hyperthermic average

(38 °C < Tuent < 40°C), \whichis enough for a blood-flow increase [132] to sensitize the RT, but less than the
immune-cell inactivation limit [96]. The temperature of the selected cells (T ) is well over the average

(Teenn > TwEeHT): gt least by 3 C as obtained from the apoptotic rate [95,133] and tumor degradation [135,150]
(see Figure 9). Complex balancing appears in various features of the hyperthermia processes. LRHT
accelerates the distortions ofmalignant cells, reducing the a/b ratio in the linear-quadraticmodel (LQM) of
cell-survival in RT [262]. The LQMneglects the third termof the Taylor expansion of the function of dose
(f (D)) in an exponential dependence from the efficacy (RTess), which is reciprocal with the cellular survival
(Scen1 = ml—) supporting Sy = ¢~ /(D) e—aD—pD?,

High efficacy means a quick decrease of the Scell by the applied RT dose, so the quadratic term is expected
to be high. The hypo- or hyper-fractionating tries to fit the a/b ratio to the survival of cellular variants [263].
It is predicted that LRHT optimizes the a/b ratio [264], which can be used for quantitative reference for an
equivalent radiation dose of mEHT [129]. Due to the LRHT effect varying by types of cancer cells, the
guantitative dose reference was measured on two different lung cancer cell lines, A549 and NCI-H1299. The
dose escalation by mEHT well fits LQM and made it possible to estimate the reference dose determined by
equivalence.

The daily RT fractions destabilize the cellular membrane [265], which is a possible general target for cancer
therapy [266]. The mEHT attacks the membrane by thermal and electric field load, supporting the membrane
destabilization. The double stress of mEHT (heat and field) probably also destabilizes the plasma membrane.
The observed intensive apoptosis in many mEHT measurements in various tumors and the synergy with
fractional RT concludes that the membrane destabilization helps the apoptosis and does not lead to necrotic
cell death. The tripling of the apoptotic bodies in radioresistant pancreas tumors in mono-mEHT and mEHT +
RT combined therapies [134] supports the idea that the destabilized membrane helps form apoptotic bodies.
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Both the RT and the mEHT induce reactive oxygen species (ROS) as well as damaging subcellular structures
and organelles (such as the cytoplasmic membrane, endoplasmic reticulum (ER), ribosome, mitochondria,
and lysosome), affecting various biological activities globally altering the living processes of cancer cells,
and possibly promoting autophagy too [61]. Results show the intensive promotion of autophagy with meEHT
and mEHT + RT to produce apoptosis [158].

The synergy has been proven clinically in the combination of mEHT compared to RT or ChRT alone [116,179].
The frequency of LRHT and the timing with RT are essential considerations in the clinical practice of
complementary therapy. The combined application of these methods has synergy, considering the complex
regulations connected with both parts. The central focus of the RT makes a single or double break of a DNA
strand (SSB or DSB). Inhibiting the DNA repair is the expected primary support from LRHT. RT needs
radiosensitive conditions to fulfill its task, while LRHT (as shown with mEHT too [132]) gives oxygenation for
the inhibition of the repair and/or arrests the activity of repair enzymes. The gH2ZAX monitors the repair after
RT is connected to the DSB of DNA.

9.5. Sequences and Timing of Treatments in Complementary Therapy

Both therapies, mEHT and RT, could cause cellular destruction in their stand-alone application, inducing
necrosis. mEHT in monotherapy produces massive apoptosis [134,142,150], even in radioresistant cases [148].
These distortion mechanisms are mostly independent of the subsequent therapy,while in the application as
the second in the sequence, a strong dependence could be formed.

The optimal timing between RT and mEHT has a spatiotemporal complexity, challenging the sequencing and
frequency of the combination. The RT defines the application sequence:

e When the oxygenation (blood flow intensity) is high, we expect sensitivity for RT, so apply it first. The
maximal frequency of mEHT is every second day.

e When the tumor has hypoxic conditions (low oxygen content), apply the first mEHT to increase it and
sensitize the RT. Further considerations can modify the above sequences depending on the tumor and its
grade. The temperature effect also modifies the clinical issues, so we list some features in general for HT
effects, where mEHT could also be involved.

o When HT is applied first, it sensitizes the RT by oxygenation of the tumor, but there could also be an
inhibitory effect when HT induces hypoxic conditions, which may happen at higher temperatures than 43
C, which usually does not happen with mEHT.

e Both HT and RT produce heat shock proteins (HSPs). The RT-induced stress also produces these
chaperone proteins in different amounts and types. For example, HSP70 and HSP27 are involved in
regulating the base excision repair (BER) enzymes in response to RT stress [267].

e Developing an antiapoptotic HSP70 chaperone defines the minimal time between the repeated HT
treatments. Due to the HSP70 back to the baseline 48 h post-treatment. Consequently, every second day
is recommended as the most frequent application. The maximal time between the HT treatments is one
week when the possible buildup of the adaptive immune system finishes.

e HT has effects that are not dependent on enzyme activity, such as a variety of irreparable DNA
mismatches, heat-activated methylation, hydrolysis, mono- or di-adduct damages, etc. The activity of
repairing enzymes grows by temperatures, but at high temperatures (generally 43 C) it blocks their
activity. The enzyme block could be helpful. The high temperature causes intense hypoxia in the tumor
and suppresses the RT efficacy, so mild heating of mEHT is optimal.

e HT at lower temperatures is sufficient to enhance perfusion [70] and the formation of numerous reactive
oxygen species (R0OS), such as hydrogen peroxide, superoxide anions, nitric oxide, hydroxyl radical, etc.
Superoxide dismutase (S0D) forms an essential component in the defense against ROS. Heat stress could
cause a decrease in SOD levels, which also leads to cell death [268].

e There is a risk that HT could support the activity of DNA repairing enzymes when it is applied after RT,
even also when the end temperature is as high to block the enzymatic activity, because the first part of
the heating is a "warming up”, presenting a preheating, which could increase the activity of reparation
enzymes [269].

The DSBs are typically repaired within two to six hours following RT. A higher rate of the TH2AX expression
was observed at three hours as compared to one hour post-RT treatment, signaling that the DSBs are still
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left unrepaired [270] 3 h posttreatment. However, this could depend on the type of malignant cells [271]. By
6 h posttreatment, TH2AX decreases approximately to half the amount [272]. Combining LRHT with 2 Gy
radiation, the concentration of TH2AX after 1h at 42 Cis higher than at 39 °C [273], and it is observed that a
shorter time between the treatment parts results in a higher number of TH2AX

A 90 min timing between LRHT and RT significantly decreases the treatment efficacy in clinical practice
compared to a shorter (60 min) delay [274]. The subsequent in vitro modeling on SiHa and Hela cell lines [275]
did not significantly impact the time interval as in the clinical data, while earlier in vitro studies showed a
significant difference preferring the treatments to follow each other quickly [276]. Another in vitro
experiment supports quick sequences, observing that the DSB of DNA, measured with TH2AX yanishes after
2 h of RT [274]. Earlier, it was shown that simultaneous application has the highest efficacy [277].

A high number of patients was studied, and a large impact of timing between LRHT and RT of 4 h was not
observed [278]. This contradictory result started an intensive debate between the research groups [279,280].
The discussed disagreement of the two clinical studies is confusing indeed. The reasons could have multiple
components. The different devices, the sequence order of the treatments, and the frequency of the LRHT
application could represent differences between the therapies and lead to a contradictory conclusion.

The first thirty minutes of “warming up” could be considered preheating, which could increase the activity of
reparation enzymes, including a risk that LRHT increases the DNArepairing enzyme activity and supports the
repair of DNA when LRHT is applied second in the sequence [269]. The warming-up period is mostly
technically dependent, but dependson the nonlinear physiologic control of the complex regulation of the
patient, which could rely on the bolus cooling and other device-dependent conditions. The warmingup period
with the non-homogeneous thermal effect by mEHT behaves oppositely than conventional LRHT. mEHT
generates the most significant apoptotic activity in the warmingup period [259]. When the LRHT-induced
temperature is high enough (>42.5 C), it could imply the blocking of the repairing enzymes. However, the
necrotic cell-killing is also intensive in this high-temperature regime so that the DNA damage could have
secondary importance in cellular degradation.

Note, the murine models in vivo (C3H mammary carcinoma) [281] show the thermal enhancement ratio (TER)
extensively decreases and at the end vanishes after 4 hin both sequences when the LRHT precedes or follows
RT, while the tumor control has a much narrower (30 min) and non-symmetric interval.

The cell-cycle arrest is connected to the electric field activity and is primarily nonthermal [282]. A part of the
electric field penetrates the cell through the voltage-sensitive phosphatase (VSP) [283] and modifies the
cytoskeletal polymerization [138). The field controlled phosphorous hydrolysis could have an essential role
in cytoskeleton restructuring and resonant-type behavior phenomena. The amplitude-modulated carrier
frequency can produce stochastic resonance, selectively inducing biological enzymatic reactions and
polymerization [111].

With care about the physiologic complexity, mEHT takes this contradictory situation seriously and defines
the clinical guideline for the complementary therapy, considering the BF as the primary factor [284]. When
the BF is low, the RT efficacy is suboptimal; the guideline proposes applying mEHT first, increasing the
oxygenation, and helping the set of RT reactions be more effective with the higher reaction rate of molecular
changes promoting the fixing of the strand break in the DNA. The mild hyperthermic factor of mEHT optimizes
the blood-perfusion to support the RT, and the most optimal frequency of mEHT is every two to three days
[285], which well correlates with the timing relaxation of the induced protective HSP70 in the heated
malignant cells [253]. This frequency of mEHT treatment fits well with the clinical evaluations, which are
fixed in the internationally accepted guideline of mEHT therapy [284].

When LRHT or mEHT is the first in the chosen sequence, it provides oxygenation, which sensitizes the RT and
produces protecting HSPs. The RT-induced stress also produces repairing chaperone proteins, like HSP70 and
HSP27, which regulate the base excision repair (BER) enzymes in response to RT stress [267]. In addition, the
heat effect has other enzyme-independent effects such as sensitizing to the RT: it could cause a variety of

irreparable DNA mismatches, heat-activated methylation, hydrolysis, etc. Mild heating also produces a
sufficient enhancement of blood perfusion [70] and enhances the formation of numerous reactive oxygen
species (ROS), such as hydrogen peroxide, superoxide anions, nitric oxide, hydroxyl radicals, etc. The heat
stress could decrease the superoxide dismutase (S0D) level, weakening the defense against ROS, leading to
cell death [268]. mEHT increases the ROS level more extensively than homogeneous (isothermal) heating
[136], supporting the RT. Other physiological effects of heating (such as the increase in the electrolyte
transport systems like the blood flow and lymph) could enhance the success of RT, together with the
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increased oxygenation. However, there could also be an inhibitory effect when LRHT induces hypoxic
conditions, which may happen at higher temperatures, while mEHT reduces the hypoxic level [286], vastly
promoting the better efficacy of RT.

9.6. Immunogenetic Effects

The heat and electrical stresses produce HSP chaperone proteins with mEHT to protect the cells from stress
damage. The most characteristic protein family of chaperones, HSP70, acts like a “double edge sword”
[287,288], exhibiting both inflammatory and anti-inflammatory, protumoral or antitumoral, immune
stimulator or immune suppressor, etc. functions. The role of HSPs depends on the conditions of their activity
forming “friends or foes" [289-291]. The primary function of intracellular HSPs (iHSPs) is to avoid the cell's
apoptosis and protect the cell's living conditions irrespective of its malignant or healthy state. Nevertheless,
certain conditions may promote the secretion of HSPs in the transmembrane position (mHSPs) or their escape
extracellularly to the TME milieu (eHSPs). mHSPs may signal to make malignant cells recognizable to NK cells
[169]. eHSPs could offer even more help in the elimination of malignancies. The mHSP70 carries an “info
signal” [292], with the genetic properties for producing antigen-presenting cells (APCs) and creating killer T-
cells [293], by the maturation of dendritic cells (DCs) [294]. This process requires that the destruction of the
cellis “gentle enough” and does not degrade the DAMP proteins.

When the appropriate molecules have a particular spatiotemporal order (immunogenic cell death, ICD), the
set of molecules ensures that the mHSP70 becomes a forceful “friend” losing its “double-edge sword"
behavior, and the genetic info well maturates the DCs forming APCs. The process directly applies immune-
oncology principles, and so ICD is of tremendous clinical interest [295].

The major achievement of mEHT is activating the innate and adaptive immune system to eliminate tumor
cells both locally and systemically in the whole body. The induced mHSPs mark cancer such as to be
recognized by the innate immune action with NK cells [169]. The secretion of eHSPs and the correct
spatiotemporal set of DAMP may develop tumor-specific adaptive immune processes to attack the cancer
cells all over the body.

In such a way, mEHT turns the local treatment systemic (abscopal), as proven preclinically [170,174] and
clinically too [116,179,296].

The abscopal effect was discovered in RT more than 60 years ago [297], but its application was hindered
because it was observable only in low radiation doses, limiting the expected direct local degradation. The
recent rediscovering of the abscopal effect with RT shifts the idea from myth to reality [298] and sees it
explained by molecular processes [299]. The synergy of RT with the emerging checkpoint inhibitor and
antibody immune-therapies provides new curative possibilities [300-302]. This field could have a new
combination: mEHT supported TSI develops immune adaptation by the tumor antigens providing an abscopal
addition to local RT.

The synergy of mEHT and RT turns these local treatments systemic, creating tumorspecific immune
processes (TSI) that extend the abscopal effect. The immunotherapy strategy optimizes the RT with mEHT
for the best efficacy [303] and highest safety [178]. The abscopal effect could renew the complementary
applications of RT with this theranostic synergy and well fits to the emerging trend of immuno-oncology too.
This function connects mEHT to the emerging trend in the field, to immuno-oncology [304]. The in-situ
feedback loop of the immune effects of mEHT is shown in Figure 13.

Finally, we may conclude that the thermal and nonthermal effects represent the nonlinear (~ j2) and linear

(~j) dependence of the current density and in consequence of the electric field, but their functions differ. The
thermal effect ensures the general energy background, while the nonthermal is resonant; Figure 14.
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Figure 13. The negative feedback structure of the abscopal effect shows a complex loop from recognizing
the antigens to their use in tumor-specificimmune processes. The experiments are from various
publications. The loop summary only demonstrates how the loop works. The measurements are from the
following publications: the selection line reviewed [101], TRAIL-R2-FAS-FADD complex [153]; apoptosis
[133,150], ICD [305]; DAMP [174], APC [163] immune [172], NK, Granzyme [169], IFN- g [182], CD3+, CD8+
[163,170].
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Figure 14. The process of thermal and nonthermal effects of selective, heterogenic heating. The field-
induced actions are complex, requiring both the thermal (conditional) and nonthermal (excitation)
processes.

The synergy of mEHT with radiotherapy completes the advantages with essential factors additionally to the
conventional heating processes; Table 3.

Table 3. The essential addition of mEHT to the synergistic RT-with-hyperthermia methods
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Synergistic Addition of Modulated Electrohyperthermia

Selects malignant cells and nonthermally excites, marginal heating of the healthy cells renders less

Nanoscopic action s R, e
P vulnerable to ionizing radiation

Mostly natural apoptosis, no inflammation, no large cytokine liberation, no extra injury current, no extra

Apoptotic effect pH hypoxia

Immunogenic processes, abscopal effect. Both the innate and adaptive immune system are activated,

Immune effect vaccination facility (patented)

Harmonized with homeostatic controls, the temperature increase in the nuclei is moderate, does not make

Homeostatic effect was . i -
an additional enzy matic activity for reparation

Side effects Lower incident power puts less load on the skin, which is anyway irritated by radiotherapy, so the
i ) synergy has fewer adverse effects

Quality of life Improves quality of life by reducing side effects

Possible to combine with radiotherapy in localizations which were not possible with radiative

The broad range of application hyperthermia (like the brain)

Resensitizes to radiotherapy in highly metastatic advanced refractory cases, when conventional therapies

Applicable for palliative conditions S e
are ineftective

Long-time application mEHT is applicable as a chronic treatment for as long as is necessary with radiotherapy complementation
Applicability mEHT is applicable with most comorbidities as well as in combination with any other oncotherapies
10.Summary

To solve the challenges of conventional LRHT, mEHT has modified the isothermal concept of oncological
hyperthermia, focusing on the cellular distortion of malignant cells. The new paradigm strongly considers
the goal of LRHT, concentrates on the malignant cells, and destroys them in the targeted volume. The
principalideais to use the natural heterogeneity of the cancerous tissue, using the particular living conditions
of malignant cells, making them different from healthy cells and healthy host tissue. mEHT has an isodose.
The RF current density is defined similarly to the ionizing isodose in RT practice. The degradation of the
malignant cells and controllable stable dosing guides the efforts in synergy with RT.

Modulated electro-hyperthermia complements radiotherapy with the precise heterogenic cellular selection
of malignant cells. The transmembrane protein clusters (rafts) are excited by mEHT and heated in synergy
with the double-strand breaking of the DNA by RT. The synergistic harmony of ionizing, thermal, and
nonthermal effects allows the immunogenic cell death of the malignant cells and develops tumor-specific
immune actions in both the innate and adaptive immune system in situ during the treatment. The recognition
characteristic is amalgamated with the curative therapy, so the mEHT + RT synergy is theranostic.

The selection process of mEHT uses the malignant attributes that characterize all malignancies: the
metabolic, dynamic, and structural differences. This universality of mEHT does not depend on the mutation
variants of cancer. Consequently, mEHT—like RT—independently breaks the DNA strands of various
malignant mutants, so the synergy of the two methods may form a forceful cancer therapy. The final result
is a systemic abscopal) effect that destroys the malignant cells in the entire body irrespective of the
possibility of its visual imaging. The complex integrating effect of mEHT + RT triggers physiologic and cellular
changes by thermal and ionizing components. Additionally, the complementary application to RT triggers
molecular and immunological changes with resonant and ionizing excitation. All complex balances have
progenitors of functioning promoters and suppressors for balancing.

mEHT changes the LRHT paradigm from homogeneous mass heating to a heterogeneous selective one. The

difference between the two approaches has been proven in various experiments. Figure 15 shows a rough
comparison of mass heating with selective heating.
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Isothermal mass Selective heating of
heating of tumor molecular clusters

Diffuse, non-selective

Intensive intracellular HSP
production, antiapoptotic

Necrotic,
inflammatory

Immune suppression over
40C

Disables enzymes over 42°C

Concentrated, selective

Triggering apoptotic
pathways through TRAIL

Apoptotic, anti-
inflammatory

Innate and adaptive
immune stimulation

Causes DNA degradation by

massive apoptosis

Figure 15. The major differences between isothermal and selective paradigm heating
are listed in the columns.

11. Conclusions

mMEHT results well prove the nanothermia efficacy and its conceptual success. The synergy with RT delivers
effective cell degradation in tumors and develops an abscopal effect, using the homeostatic adaptation of
the healthy immune regulation to degrade the malignant cells systemically in the entire body. The synergy is
verified by preclinical and validated by clinical results.
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Abstract:

The role of Heat Shock Proteins (HSPs) is a “double-edged sword" with regards to tumors. The location
and interactions of HSPs determine their pro- or antitumor activity. The present review includes an
overview of the relevant functions of HSPs, which could improve their antitumor activity. Promoting the
antitumor processes could assist in the local and systemic management of cancer. We explore the
possibility of achieving this by manipulating the electromagnetic interactions within the tumor
microenvironment. An appropriate electric field may select and affect the cancer cells using the electric
heterogeneity of the tumor tissue. This review describes the method proposed to effect such changes:
amplitude-modulated radiofrequency (amRF) applied with a 13.56 MHz carrier frequency. We
summarize the preclinical investigations of the amRF on the HSPs in malignant cells. The preclinical
studies show the promotion of the expression of HSP70 on the plasma membrane, participating in the
immunogenic cell death (ICD) pathway. The sequence of guided molecular changes triggers innate and
adaptive immune reactions. The amRF promotes the secretion of HSP70 also in the extracellular matrix.
The extracellular HSP70 accompanied by free HMGB1 and membraneexpressed calreticulin (CRT) form
damage-associated molecular patterns encouraging the dendritic cells’ maturing for antigen
presentation. The process promotes CD8+ killer T-cells. Clinical results demonstrate the potential of
this immune process to trigger a systemic effect. We conclude that the properly applied amRF promotes
antitumor HSP activity, and in situ, it could support the tumor-specific immune effects produced locally
but acting systemically for disseminated cells and metastatic lesions.

Keywords:
oncology; hyperthermia; modulation; modulated electro-hyperthermia; bio-electromagnetics;
transmembrane protein; raft; immunogenic cell-death; abscopal effect; nonthermal field effect

1. Heat Shock Proteins

The stress- or heat shock proteins (HSPs) represent a large family of highly conserved molecules vital in
almost every living cell, on their surfaces, and in their extracellular microenvironments, throughout the cells’
lifetime regardless of their evolutionary level [1]. Their regulatory roles are complex and diverse, including
protection from stresses, regulation of neurodevelopment [2], and modulating immune functions [2]. Some
HSPs are present at relatively constant levels, while the large quantities of the expression of others appear
only in response to stress [3]. Most HSPs act as molecular chaperones which play a role in protein maturation
or degradation and can either reverse or inhibit the denaturation or unfolding of cellular proteins in response
to stress. There are many different families of HSP chaperones. Each family acts differently to aid protein
folding, as summarized by Horvath and colleagues in their review [4]. Additional functions include blocking
aggregation, facilitating protein translocation through intracellular compartments, and the maintenance of
steroid receptors and transcription factors [4].

Any change in the dynamic equilibrium of the cell’s life, such as environmental stresses [5], pathogenic
processes [6], diseases [7], or even psychological stresses [8], activates the synthesis of HSPs. The genetic
orchestrator of the HSPs is the master transcription factor, the heat shock factor (HSF) [9], which plays a role
in disease and aging [10]. The HSF1 [11], and some other inducers, such as hypoxia-inducible factor 1 (HIF-1)
[12], matrix metalloproteinase 3 (MMP-3), and heterochromatin protein 1 [13], trigger the production of the
relevant HSPs in a coordinated manner.

The roles and impacts of HSPs are highly complex. The complexity determines their role in immune
modulation and in cancer development. For example, increased expressions of the members of the HSP70
family HSPala, HSPalb, and HSPa7 are associated with a poor prognosis in human colorectal cancer observed
in the comparison of the pretreatment tumor samples with the clinical data. However, the increased
expression of the same family member, HSPa9, in tumors was associated with a favorable prognosis [14].
Heat shock proteins also play a role in many human pathologies. Low levels of HSPs are typically seenin Type
Il Diabetes and neurodegenerative diseases, while malignant cells have abnormally high levels [15].

While the primary function of most HSPs is the protection of cells against stresses, their function is not
limited to protection on a cellular basis. Under certain conditions, they participate in the collective protection
of multicellular structures and tissues and may even play a role in systemic processes [16,17].

HSPs are able to transport intracellular antigenic peptides to antigen-presenting cells (APCs), which produce
antigen-specific cytotoxic T-lymphocytes (CD8+). During this process, the intracellular HSPs (iHSPs) transfer
through the cellular membrane and into the ECM [18]. The secretion of HSPs on the membrane (mHSPs), or
release of them into the ECM (eHSPs), appears to be associated with lysosomal endosomes or via the release

Oncothermia Journal, Volume 33, May 2023 115



of exosomes containing HSPs [19]. The iHSP may be translocated to the cellular membrane via the same
transport pathway of secretory lysosomes during this process. A fusion between the lysosome and cell
membrane occurs, followed by the insertion of the lysosomal membrane protein LAMP1 into the extracellular
portion of the cell membrane and the secretion of the HSPs, along with other lysosomal proteins, into the
ECM [20]. All three variants of HSPs concerning their position to the plasma membrane (iHSP, mHSP, eHSP)
regulate the complex interactions of the cells with their environment but have different roles. Intracellular
HSPs are typically cytoprotective, while membrane-associated and extracellular HSPs are not.

Furthermore, iHSPs have active essential functions in various locations within the cell, including the nucleus,
the mitochondria, the endoplasmic reticulum (ER), and the cytosol [21]. The mHSPs and eHSPs have a
physiological role in inflammation and pro-, and antitumor activity [22].

Intracellularly, the HSPs as molecular chaperones assist in maintaining the balance between the intracellular
proteins, participate in the regulation of apoptosis, and protect the cells from stress [23] caused by various
external stressors, such as hypoxia, thermal or oxidative stress, mechanical stressors, or even
electromagnetic interactions. Membrane-bound HSPs modulate membrane characteristics such as fluidity,
permeability, and secretary routes, while eHSPs are important mediators of intercellular signaling [4].

The different families of HSPs represent the further functional division at numerous locations. Therefore,
each has specific activities and functions in a cooperative network of homeostatic control.

HSPs: Friend or Foe in Oncology

The multifunctional behavior of HSPs results in opposing actions. They may either support cellular defense
[1] or, in some instances, promote cellular death [24]. This dual function of HSP has led them be classified as
a “friend” or “foe" [25-27]. The HSPs participate in the maintenance of the dynamic and complex homeostatic
balance. The stochastic mechanisms of the HSPs' balance their contribution to regulative processes,
participating as promoters or suppressors. The decision between the two opposing behaviors depends on
their microenvironment’s conditions and interactions. The balancing creates a "double-edged sword" [28,29]
exhibiting both sides: inflammatory and anti-inflammatory; protumoral and antitumoral; immune-
stimulatory and immune-suppressant, etc. In standard homeostatic conditions, HSPs support cell protection
in the case of healthy functioning cells and support cellular death in the case of cellular dysfunction.

The distinction of functions in malignancy is rather complex. The individually wellfunctioning cells with
unicellular preference renounce multicellularity, causing fundamental challenges in malignancy decisions
[30]. The malignant cells vividly function, immortally proliferating as unicellular units, but their activity is
destructive to the system, in part, where they are located. In this meaning, the malignant proliferation and
the evolutional unicellular invasion have a lot in common [31]. The phenomenon is similar to atavism [30],
considering the self-ruled unicellular activities. The loss of multicellular connections potentiates
adaptability. These cells are robustly vivid. The malignant cells do not use the living advantages of
collectivism; their individualism is predominant [32]. However, unicellular autonomy requires nutrition-rich
environmental conditions for survival [33]. Cancer has a supportive environment provided by their healthy
host. Cancer modifies its environmental conditions for support, and the homeostatic control tries to “heal”
the abnormality [34]. The cancerous process avoids natural apoptosis [35]. The HSPs protect the malignant
cells and appear as a “foe" of the organism in these processes. The curative task is straightforward: favor
converting the role of HSPs to support cellular death.

Sensing the immunosurveillance of the system could serve as the reversing factor from a foe to a friend. The
effects of the stress proteins were recognized early on in immunology [36] and have become a popular topic
in the emerging field of immunooncology [37]. Furthermore, the use of HSPs as biomarkers of environmental
analyses [38], prognoses [39], immune surveillance [12], and as therapeutic targets in malignant [40,41] and
other diseases [42], is rapidly expanding.

Most oncological treatment methods cause extra stress, which induces HSPs. The increased HSP synthesis
is seen after conventional hyperthermia [43], chemotherapy [44], radiotherapy [45], and even phototherapy
[46]. The protection of the malignant cells depends on the chaperone functions of iHSPs from the HSP70,
HSP27, and HSP90 families [13,47]. Overexpression of specific HSPs provides a selective advantage for
malignant cells to inhibit apoptosis, promoting tumor metastasis and influencing immune responses for their
benefits [48-50].

Stress also induces the translocation of iHSPs to the malignant cell's membrane [51], forming mHSPs [23].
The mHSP is dual-action [52] as well, and could support [53] and suppress the survival abilities [54] of the
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malignant cells. The signaling of mHSPs may subsequently alert the NK cells to the presence of the malignant
cells [55] as the first sign of immune activation. The extracellularly released HSPs could play a crucial role in
tumor immunity [56]. In addition to the iHSP - mHSP - eHSP conversion sequences, the iHSP may be
liberated directly into ECM from necrotic cells, providing eHSP without intermediate location on the plasma
membrane.

2. Electromagnetic Method of Hyperthermia in Oncology

Electromagnetism is one of the active factors in biological processes, and it has a broad therapeutic
application in oncology. One of the widely used treatments is the local-regional heating of the tumor and its
environment. The absorption of electromagnetic energy heats the tissues in these therapies utilizing
radiofrequency (RF) and microwaves [57,58]. It is a complementary oncological treatment applied in
combination with the relevant standard protocols to support and enhance the effects of various other
oncotherapies.

The heat stress-induced iHSPs present a significant challenge for oncological hyperthermia treatment
because these chaperones' elevated level develops treatment resistance and promotes the malignant
processes [59]. The HSP27, HSP70, and HSP90 chaperone families reduce the tumor-suppression ability to
support angiogenesis and metastases [59,60]. The Cells 2022, 11,1838 4 of 32 heat shock regulator HSF1 plays
a considerable role in tumorigenesis, thus, its knockdown significantly reduces the proliferation of cancer
cells [61]. Consequently, developments of HSP inhibitors became a target of tumor research [62]. The
disruption of HSP47 shows substantial sensitizing of such chemoresistant cancer as pancreatic ductal
adenocarcinoma [63]. The inhibition of lactate dehydrogenase impairs the stress response and increases the
radiosensitivity of many aggressive, otherwise radioresistant, tumors [64].

Paradoxically, hyperthermia has shown profound success in inhibiting cancerous growth. Hyperthermia
combined with conventional chemo- and radiotherapies, surgery, and the emerging immunotherapies [65]
achieved significant tumor destruction in clinical practices. It is an effective radio- and chemosensitizer and
cooperates well with the immune system [66]. Multiple high evidence levels of the clinical studies prove the
method's success [67]. The strengths, weaknesses, and opportunities of hyperthermia applications in
oncology have been analyzed in detail, showing general overall promise for exceptional success in treating
tumors [68].

The apparent controversy between supporting or inhibiting tumor growth indicates, again, the complex
behavior of heating interventions, which appears in the “double-edged sword"” phenomena Cooperation with
the natural homeostatic regulations could be a decisional factor to push the balance to the favorite side. One
of the overall regulators of the homeostatic control is the immune-surveillance, which may have an excellent
partner to win [69].

The bioelectromagnetic interactions potentially manipulate the locations and functions of the HSPs, driving
the complex challenge of cooperating with the immune effects and re-establishing the healthy homeostatic
balance.

Bioelectromagnetic energy absorption heats the targets. Heating has two fundamental concepts in
oncological practice:

e One way is to heat the whole tumor volume isothermally. The applied focusing techniques intend to
maximize the temperature of the tumor volume and minimize it in healthy surroundings [70]. The
original heating goal is necrosis. The applied dose compares the actual cellular distortion to the
necrosis achieved in vitro at 43 C [71];

e Another way heats small selected targets, either artificially or naturally available centers in the
tumor volume:

o Themethod injects artificial (mostly inorganic metallic nanoparticles) into the tumors. These
invasively placed exclusive energy absorbers [72,73] distribute locally throughout the tumor,
absorb the energy selectively, and transfer heat to their environment;

o The tumor's heterogenic structure offers natural targets. The optimally chosen
electromagnetic properties such as the frequency, the intensity, the phase, and the delivered
time-information (modulation) allow for tuning to select the chosen particle (molecular
cluster). For example, the membrane rafts (lipid micro-domains found in the plasma
membranes of cells [74]) offer the perfect opportunity. The high electromagnetic contrast
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allows selection between the lipid-supported transmembrane proteins (membrane rafts)
and their pure double lipid holding membrane material.

All heating methods induce the expression of various HSPs [75]. While homogeneous heating and the heating
of artificially injected particles act only with their thermal activity, the natural particles may have additional
nonthermal excitation by the field [76,77]. Note that an effect is considered nonthermal “when, under the
influence of a field, the system changes its properties in a way that cannot be achieved by heating” [78].

The lipid raft micro-domains respond to electromagnetic fields [79]. Membrane rafts are highly
heterogeneous and dynamic sterol- and sphingolipid-enriched domains, which may also involve protein
interactions and compartmentalize cellular processes [80]. The rafts operate as a trigger of the intracellular
processes [4]. The rafts collect dynamic proteins [74], including proteins with high lateral mobility in the
membrane [81]. The raft's size varies within the nano range, depending on the protein content in the cluster.
The membrance of the malignant cells presents a significantly higher number of transmembrane proteins
and their clusters than their nontumorigentic counterparts. [82].

The heating of the molecular clusters on the tumor cells causes extreme stress on the cells, which can trigger
programmed cell death [83]. The electromagnetic field extends the production of active HSPs [84,85]. The
absorbed energy results in the heating of the target and resonantly excites the molecules, driving the
signaling and the development of HSPs. A great part of the energy absorbed by the natural heterogeneities is
nonthermal [86], and if characteristic, the optimally tuned electromagnetic wave could deliver energy for
molecular excitations. The excitations focus on signal triggering and transmission and are involved in the
various ionic and molecular interactions, focused on re-establishing the missing apoptosis in malignant cells.
The process results in a subtle heterogeneously distributed thermal effect with the resonant conditions
[87,88]. Research shows that the nonthermal resonant absorption adds to HSP expression [89] and function
[90].

This review focuses on hyperthermia driving HSP activity in a “friendly way". Our goal is to convert the HSPs'
role from “foe” to “friend”, promoting ICD of the tumor cells. This could shift the approach to treating
malignancy with hyperthermia from targeting local disease to producing systemic activity.

The heterogenic selection principle proposes a solution to the challenge of tissue selection in hyperthermia
[91] by applying non-isothermal heating [92]. We use the principles of modulated electro-hyperthermia
(mEHT), which has already demonstrated its clinical benefits, improving outcomes for patients when
combined with chemotherapy and radiotherapy [93-95]. The mEHT synergically utilizes mild heating, which
improves blood flow and perfusion [96] and the modulated electic field [97]. The heterogenic characteristics
guide the mEHT-induced electric current through the target tissue. The unique attributes of malignant cells,
such as their high proliferation rates, produce enhanced concentrations of ions in the ECM, resulting in their
particular electromagnetic properties. As a result, the tumor microenvironment (TME) is more conductive and
drives the flow of current through the target tumor using an appropriate frequency and modulation [87],
Figure 1a,b.
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Figure 1 Schematic illustration of the current focus using impedance selection: (a) the microscopic illusion
of an increase in absorbed energy by the malignant cell compared to the healthy cell, and (b) macroscopic
illustration of the energy flowing more easily through malignant versus healthy tissue.

The selection uses the relatively high number of membrane rafts on the surface of malignant cells [82], which
have a selectively high energy absorption rate of RF current [98] and appear to be the highest energy

absorbers in the malignant tissue [98] (Figure 2).

RF current

Y

cells in
the tissue

current- current-
density  density

Figure 2. Nano-heating: schematic representation of the flow of current through malignant tissue, between
the cells, and the absorption of the energy in the membrane rafts, leading to areas of high current density.

The mEHT technology applies capacitive-coupled energy, using precise impedance matching [99] in order to
create an electric field with characteristics that ensure the appropriate current density (j). The j acts
thermally (Joule heat) and nonthermally (molecular excitation). The power of the thermal energy production
depends on the j?, while the j excites the molecules linearly. The j has to over-dominate the j? otherwise the
electrical selection becomes negligible to the increased heating. A low current density (low power) must be
applied to prevent the over-powering heat and ensure electrical selection. The mEHT uses a much lower
power output than conventional hyperthermia [97]. This solution allows for the real-time control and
adaption of the treatment to the patient, as the treated tumor forms a part of the tuned electric circuit [100]
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(Figure 3). Cells 2022,11,1838 7 of 32 must be applied to prevent the over-powering heat and ensure electrical
selection. The mEHT uses a much lower power output than conventional hyperthermia [97]. This solution
allows for the real-time control and adaption of the treatment to the patient, as the treated tumor forms a
part of the tuned electric circuit [100] (Figure 3).

RF
source

Figure 3. Schematic representation of the patient forming part of the tuned electric circuit. The low
impedance of the tumor drives the current to select the malignant cells. There is precise, real-time control
of the impedance matching of the patient and the tumor in situ.

3. The Effect of MEHT on HSPs

The mEHT treatment induces up-regulation and increased expression of all major HSPs at an mRNA [101] and
protein level [102] in HT29 xenografts. These preclinical studies have demonstrated the effects of mEHT on
the up- and down-regulation of specific genes [83].

The heat-map of gene expression showed that mEHT induced significant up- or down-regulation of 48
transcripts of 39 genes compared to controls in the study on HT29 xenografts. The relative mRNA expression
of HSP70 reached maximum expression four hours post-treatment [101]. Gene coding for members of the
HSP70 family were upregulated, including HSPala, HSPalb, HSPa4, HSPa6, and HSPa8, and their co-
chaperones HSP40 (DNAJB1and DNAJB4) and Bag3. The transcription of HSP90 alpha (HSP90AAT) and HSP60
(HSPD1) was also up-regulated in HT29 xenografts. An increase in a broad spectrum of HSP families at an
mRNA level was observed in HT29 xenografts four hours post-treatment [103].

The up-regulation of several genes, including HSPb1, HSPala, HSPalb, and HSPh1, was also seen in triple-
negative 4T1 breast cancer isografts treated with mEHT. This observation was noted 24 h post-treatment
and was associated with inhibiting tumor growth and proliferation. HSPala and HSPalb are the most common
isoforms of the HSP70 family. The RNA sequencing showed significant HSP70-1(HSP72), HSP70-2, HSPBT, and
chaperone HSP105 development 24 h after treatment, along with the up-regulation of the associated genes
[104]. An increase in the HSP70 concentrations around the peripheral margin of the tumors 24 h post-
treatment was observed.

A gene chip analysis of the U937 (human lymphoma) cell line showed an activation of the cytoprotective gene
network in samples heated with water-bath homogeneous heating (wHT). The up-regulation of genes, such
as HSP105 and HSP90A, have been shown to block apoptosis by interfering with caspase activation and
directly and indirectly inhibit apoptosis. In this study, the HSPs appeared to play an antiapoptotic role as they
prevented apoptotic cell death in the cells heated with wHT, but not in the cells heated with mEHT [105]. Here
the gene map showed a distinct difference in the gene regulations between the water-bath and mEHT-
treated samples at the same temperature. The ingenuity pathway analysis revealed the cell death's specific
gene network, including EGR1, JUN, and CDKN1A genes. Despite the same thermal condition, the mEHT
treatment does not appear to activate the cytoprotective network while the water-bath treatment activates
it. The activation of the ERK-JUN pathway was present only in the mEHT-treated samples. The FAS, c-JUN N-
terminal kinases (JNK), and ERK signaling pathways dominate the apoptotic pathway. The ingenuity pathway
study uncovered the HSP network (Figure 4a-c), which significantly differs from the wHT at the same
temperature. As the temperatures in both heating methods were the same, the difference in pathway
activations is most likely due to the electric field effects [105].
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Figure 4. Ingenuity analysis of the network of HSP-related interactions at a genetic level [105]:

(a) control samples (38 °C),
(b) wHT-treated samples (42 °C),
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(c) mEHT (42 °C). Important differences between wHT and mEHT treatments at the same temperature: the
less intensive tumor-protective HSP functions in the mEHT sample; the pro-tumor BAG3 remains
nonregulated in the mEHT sample.

The level of mRNA-associated iHSP70 peaks at four hours post-treatment in 4T1 isograft models [104], while
the HSP protein-associated expression reaches its maximum between 12 and14 h (Figure 5a), and decreases
to the baseline concentration after 48 h in the 4T1isograft [106] and the HT29 xenograft [101] samples (Figure
5b).
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Figure 5. Development of iHSP by mEHT.
(a) The HSP70 peak is indicated at mRNA level (dots, left axis) approximately eight hours earlier than the
measured HSP70 folded protein peak (triangles, right axis).
(b) The HSP peak has similar features in the measurements of the 4T1isograft (square, left axis) and HT29
xenograft (diamond, right axis). The curves are for guiding the eye.

It is clearly shown that the up-regulation of the HSP70 in the HT29 xenograft model treated with mEHT
increases, peaking at 14 h post-treatment, followed by a decline and a return to baseline levels at 48 h. The
distribution of HSP70 shows a large increase in iHSPs during this first peak. The second peak in HSP
expression occurs between 72 and 120 h posttreatment, followed by a return to baseline levels after 168 to
216 h post-treatment (Figure 6). The second peak is likely a result of the release of mHSPs into the
extracellular environment producing eHSPs [101].
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Figure 6 The measured development of HSP70 (dots, solid line). The dual peak pattern represents two types
of HSP70. The first is primarily anti-apoptotic connected to the chaperone functions, while th second is pro-
apoptotic as a part of the immunogenic cell death. The dashed line approximately represents the two preak
separations. The dotted line shows the development of HSP70 in the untreated tumor of the
immunocompromised murine HT29 xenograft model. The asterisks on the top indicate significant
differences between the HSP70 recorded on the treated side and the untreated side. The curves are for
guiding the eye. * p < 0.05.

The levels of mHSP70 and eHSP70 also show an increase in B1I6F10 melanoma allograft models treated with
mMEHT, compared to the control, at 24 h post-treatment (Figure 7).
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Figure 7. The localization distribution of HSP70s in B16F10 melanoma allografts at 24 h [107]. Massive
apoptosis appeared despite increased chaperoning by iHSP70.

Yang et al. Showed that heat stress in the HepG2 cell line produces massive increases in iHSPs following all
heating methods. The secretion of eHSP70 also appears post-treatment between 24 and 48 h in all heating
methods. However, the levels of eHSPs are significantly higher following mEHT treatments [75] (Figure 8).
The data of 24 h post-treatment show an accelerated increase in the eHSP concentration. The increase in the
eHSP70 expression was also noted in vivo in BI6F10 melanoma allografts [107] and in HT29 colorectal
xenografts [105].
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Figure 8 eHSP concentrations following water heating (wHT), capacitive heating (cHT) and heating using
mMEHT. The increase in eHSPs is significantly higher following mEHT heating compared to the other heating
techniques [75].

The inoculation of tumors into two different regions in vivo, e.g., the left and right femoral region [108], or the
femoral and thoracic region [109], is a popular method for evaluating tumor responses to treatment as each
tumor has its control in the same animal. When both mice's femoral regions were inoculated with
xenografted human colorectal cell line (HT29) tumors [108], the right tumor of each mouse had a treatment
with 30 min of mEHT, and their left tumor remained untreated. After treatment, resected samples showed an
increase in HSP60 and HSP70 concentration in the treated tumors, peaking at eight hours post-treatment
[102] (Figure 9a,b).
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Figure 9 Relative protein expressions of
(a) HSP60 and
(b) HSP90 in murine models. The diamonds represent HSP levels in treated tumors and the squares
represent untreated tumors in the same mouse [102].

In a follow-up study by Andocs et al., mice were inoculated with HT29 xenograft cells in both hind legs. One
of the resulting tumors in each model was treated with mEHT and the other was left untreated. A consistent
increase in HSP90 was observed in the tumors treated with mEHT. In these tumors, two peaks in the
expression of iHSP90 were observed; the first at ~24 h post-treatment and the second between 168 and 216
h post-treatment [101] (Figure 10). Anincrease in HSP90 expression was also observed in the untreated tumor
in each model [101]. In the untreated tumor, the HSP90 expression peaked at ~14 h posttreatment, reaching
levels close to those seen in the treated tumor at ~14 h post-treatment, before declining. The observation
that the untreated tumor also responds with an increase in the level of HSP90 may suggest the presence of
cross-talk between the two tumors, although this is speculative and further investigation is needed to
confirm this.
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Figure 10. Graph showing the significant increase in HSP90 in the relative mask area (rMA—calculated by
dividing the stained area by the whole annotation area), seen between 24 and 216 h posttreatment in the
treated tumor cells (solid square markers) compared to the untreated tumor cells (empty square markers)
in the morphologically intact areas from excised murine-model tumors (* p < 0.05) [101].

4. The Effect of mEHT on Apoptosis

The results of the preclinical apoptosis studies suggest that despite the increased expression of iHSPs, the
mMEHT has the potential to inhibit tumor growth and support the development of an apoptotic process [110].
When HSP70s reach a peak at approximately 12 h post-treatment, the complex stress on the cells exhausts
the HSP response and the subsequent protection capability of the HSPs at 24 h in 4T1 isografts [106]. In the
event that the protective mechanisms from the iHSPs are unable to restore normal cell functions after
exposure to stress, the stress on the cell results in cell cycle arrest, which is typically by caspase-dependent
apoptosis [106]. During caspase-dependent apoptosis, caspase-3 is activated, forming cleaved caspase-3
(cCas3). To understand HSPs and their role post-induction from mEHT treatments, several markers, including
cCas-3, have been studied alongside HSPs. The expression of iHSPs were found to peak at approximately 4 h
post-treatment with mEHT and returned to normal levels at approximately 24 h post-treatment with meHT
[101,106]. The tumor destruction ratio (TDR,%) also peaked at approximately 24 h after the final meHT
treatment, suggesting that the protective mechanisms from the HSPs had been exhausted by this time.
Furthermore, the proportion of the cCas3-positive regions overlapped extensively with the damaged regions
of the tumor seen on consecutive sampling [106]. The progress of the development of HSP70 and the tumor
destruction ratio alongside cCas3 shows well how the tumor-degradation overthrew the HSP70 protection
(Figure 11). The timing suggests that the cCas3-dependent apoptosis plays a major role in destroying the
tumor post-mEHT treatment in the 4T1 murine tumor isograft.
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Figure 11. The trend of the development of tumor destruction, HSP expression, and cleaved caspase-3 at
discrete time-points in 4T1 murine tumor isograft. The x-axis contains discrete steps, the curves are only to
guide the eye.

Apoptosis-inducing factor (AIF), a flavoprotein that resides in the mitochondrial intermembrane space, may
also have a role in apoptosis caused by mEHT [111]. Following cellular stress, AIF translocates to the nucleus
and triggers chromatin condensation and large-scale DNA degradation, inducing caspase-independent
apoptosis [112]. AIF expression provides an additional signal pathway for apoptosis [110,111]. This process has
the potential to affect untreated tumors as well [108].

The mEHT may induce other apoptotic pathways detected in vitro [75] (Figure 12). Various studies have shown
that the complex apoptotic pathways triggered by mEHT result in higher rates of programmed cell death
after cHT and wHT under the same thermal conditions (42 C, 30 min) [75,113]. The multi-path apoptotic
processes ensure massive apoptosis despite the various protective mechanisms of HSPs and XIAP.

wHT 42°C cHT42°C mEHT 42 °C

_ 5.5
£ 5
E 5
v
& a
o 4
K]
®
- 3
c
S
g 2 = 15 : 15 15
® ’ ' 13
3
g 1
]
o

0

Cas-8 Cas-9 Cas-3

Figure 12. Apoptosis markers: cCas-3, -8, and -9, are increased in samples treated with mEHT compared
with samples treated with water heating (wHT) and capacitive heating (cHT) [75].

The comparison of the wHT and mEHT under the same thermal conditions also shows significant differences
in the intercellular calcium ( iCa?* ) concentration [77,105,114]. An overload of Ca%* intracellularly is
detrimental to the health of the cell as it may increase their susceptibility to apoptotic cell death. The Ca?*
overload also causes the apoptitic destruction of tumor cells following the application of a modulated field
[114]. Furthermore, mEHT treatment triggers the up-regulation of the E2F1 protein, which is involved in E2F1-
mediated apoptosis [83] in various glioma cell lines. Apoptosis facilitators (such as PUMA and p21*2" (also
known as wild-type p53-activated fragment 1:

WAF1) [115]), increased rapidly following the preclinical treatment of melanoma with mEHT and a significant
reduction in tumor size was observed following a stress response signaled by iHSP70 and mHSP70 [107].

Another preclinical study on a melanoma model treated with mEHT [116] showed NK-cell infiltration into the
tumor. The mHSP facilitates the NK-infiltration [117], which can explain the role of mEHT. Myeloperoxidase
(MPQO, peroxidase enzyme) positive neutrophil granulocytes (and monocytes) were significantly elevated in
xenografts treated with mEHT compared to control tumors from 48 h to approximately 216 h post-treatment
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[103] in HT29 xenograft studies. The enrichment of MPO may further enhance cell destruction in mEHT-
treated samples, which has support from the peak of the CD3+ T-cells' density at the same peak as MPO at

168 h (Figure 13).
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Figure 13. Induced immune reactions appear in both the Myeloperoxidase (MPQO) and the CD3*-T-cells' peak
at one-week post-treatment in the HT29 xenograft [103]. (* means that p < 0.05).

Modulated electro-hyperthermia may improve the immunological tumor microenvironment, followed by
dendritic cell (DC) immune support [113]. This additional DC therapy is significant for advanced cases
accompanied by worsening immune surveillance. The genetic information release delivered by eHSPs results
in antigen-presenting and consequently elevated levels of cytotoxic T cells in the region. The increased
activity of the CD8+ cytotoxic T-cells by mEHT treatment appeared in a squamous cell carcinoma SCCVII
allograft after adding DCs to boost immune activity [109] (Figure 14a,b).
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Figure 14. The mEHT treatment produced increased CD3+ and CS8+ cells, and the addition of immanentizing
DC therapy enhanced this. (a) The distribution of CD3+ and CD8+ T-cells shows increased concentration
after mEHT. (b) The optical density measurements of S100 DC and Foxp3 Treg markers show the increased
antitumor immune activity of mEHT and the addition of DC enhances the effects.

The additional DCs appear to boost the leukocyte invasion of the tumor and support the macrophages and
eosinophils (the T-cell organizers) in the CT26 allografts [113] (Figure 15).
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Figure 15. Increased concentration of leukocytes, macrophages, and eosinophils seen after the
administration of mEHT combined with DC therapy.

The eHSP70 appears together with a set of other molecules, forming a damageassociated molecular pattern
(DAMP), which includes the release of calreticulin (CRT), high-mobility group Box 1 (HMGBT1), and adenosine
triphosphate (ATP). The cytoplasmic CRT translocates to the plasma membrane during the early stages (four
hours) after treatment with mEHT in HT29 xenografts [103]. The DAMP activity measured in C26 allograft is
illustrated in Figure 16 [108].
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Figure 16. DAMP-related activity in C26 allografts following treatment with meHT

The addition of other stimuli supporting mEHT has enhanced the success of tumorspecificimmune activation.
The combination with fluorescently labeled primary NK cells (NK92MI) increased the NK cell penetration to
the tumor [116], and the herbal immunestimulator marsdenia tenacissima (MTE) enhanced the DAMP and the
DC maturation by genetic information; delivered by eHSP70 [116].

5. Clinical Evidence of a Systemic Immune Effect Induced by mEHT
The radiation-induced abscopal effect does not frequently appear in clinical practice. Radiation therapy
demonstrated the first observable abscopal effect [118] as a less common systemic response to ionizing

radiation in which non-irradiated lesions respond after irradiation of the primary treatment site [119,120].
Unlike the bystander effect, the abscopal effect describes the response to ionizing radiation in which non-
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irradiated lesions respond after irradtiation of the primary treatment site [119, 120]. Unlike the bystander
effect, the abscopal effect describes the response of untreated distant metastases to the local treatment of
the primary tumor [121]. Activating tumor-specific immune mechanisms is responsible for the abscopal effect
[120,122,123]. Only a few case studies deal with the abscopal phenomenon yearly [122,123]. However, the
mEHT actively produces clinically observed abscopal phenomena. Following the preclinical studies of
abscopal effects [108,109,124,125], case reports [126-129] demonstrated the clinical applicability. Some
clinical studies validated the effects for various tumor entities [130-133]. Clinical trials for brain tumors show
the combination of mEHT with viral immuno-boosting. The treatments showed significant improvements
[134-138]. The combination with viral immune support also works for ovarian cancers [139].

Minnaar et al. (2019), in a Phase Il mEHT study, described the possible observation of the abscopal effect in
24% of women with locally advanced cervical cancer and extrapelvic nodal disease [140]. Cisplatin (either
one or two doses) was also administered to some patients considering their renal function and hematological
toxicity. In the subgroup, the frequency of the visualized abscopal effect (evaluated by 18F-FDG PET/CT scans
pre-treatment and at six months post-treatment) was not associated with chemotherapy administration.
The administration of mEHT significantly predicted the likelihood of complete metabolic resolution of all
pelvic and extra-pelvic malignancies.

6. Discussion

The high biological heterogeneity of the tumor, and its structural and functional differences from the healthy
host tissue, are apparent from the electromagnetic and thermal variability of the energy transmission and
absorption [141]. These differences allow the targeting of malignant tissue over healthy tissue, using energy
deposition and heat. When applied correctly, the energy deposition stimulates the production of HSPs in
malignant tissue to act in favor of the host organism, supporting the immunogenic-related cell death of the
malignant cells, potentially promoting a systemic immune response.

Immunogenic cell death describes the cellular death pathway triggered by the chronic exposure of DAMPs to
the immune system. This immune-stimulatory form of apoptosis promotes an adaptive immune response to
the dying cell. In oncology, this process appears to promote the immune recognition of malignant cells and
anti-tumor immunity [142].

The electromagnetic interaction resulting from the electric heterogeneities in the tumor tissue offers a
selection opportunity for malignant cells, causing stress, which allows for the manipulation of HSP
production. Therefore, the applied electric field causes stress via both thermal and nonthermal processes.

The malignant cells have a higher concentration of membrane microdomains (rafts) than the nontumorigenic
cells [82]. These rafts are selectively heated and reach a higher temperature than the TME [98,143]. The
temperature increase of these nanoclusters is more rapid than the increase in the associated TME [105,144].
Some of these rafts act as stress sensors, operating as a trigger for the apoptotic cellular processes [4]. The
cataphoretic forces generated by the modulated electric field induce lateral movements of electrically
charged particles sensed by the rafts in the membrane. This results in the activation of the HSF1 and
ultimately in the modulation of the actual HSP (mainly HSP70) levels. The heating creates optimal thermal
conditions for the nonthermal molecular excitation of the transmembrane proteins in the lipid rafts, exciting
the TRAIL death-receptor complexes and triggering the intrinsic apoptotic signals [109].

The initial peak of HSPs between 12 and 24 h post-treatment likely represents a coexistence of iHSPs and
mHSPs. The second peak of HSPs seen several days after treatment with mEHT (Figure 6) is likely due to the
extracellular expression of HSP70 proteins [101]. The intensive iHSP70 production characteristically follows
all thermal shocks, independent of the heating technique [75], followed by the movement of iHSP70 to the
cell membrane, forming mHSP70. The liberation of mHSP70 into the ECM appears only in the early stages of
apoptosis in the studied preclinical models [106,107].

The gradual temperature increase applied in the step-up heating protocol of mEHT induces more HSPs in
healthy cells than in the heavily stressed malignant cells [15]. The difference in the chaperone development
results in a moderate increase in the expression of protective, antiapoptotic iHSP70 in the malignant cells
compared toits drastic increase in the neighboring healthy cells [15]. This phenomenon provides an additional
selective opportunity in the targeting process as the difference makes the malignant cells more vulnerable
to stress than healthy cells. Moreover, step-up heating accounts for the blood wash-out time, maintaining
the homeostatic equilibrium during the heating periods. Despite the development of the protective iHSP in
malignant cells, thermo-resistance does not conflict with the administration of concurrent oncologic

Oncothermia Journal, Volume 33, May 2023 129



treatments as the natural physiological regulation boosts the blood circulation in the heated volume, which
increases drug delivery in the case of chemotherapy, and increases oxygen perfusion necessary for the radio-
sensitization of the tumor. During the heating-up period of mEHT treatments, the apoptosis rate is
significantly higher than during the stable power output periods [113]. The applied step-up heating procedure
could use this difference to improve the apoptotic processes [92]. As the temperature increases, the thermal
effect could increase, and the excitation (nonthermal effect) may also increase due to the increased
molecular excitation rates. During the periods of stable temperature, the thermal and nonthermal factors are
constant, and the absorbed energy replaces the heat loss in the system.

In the pre-clinical studies, temperature measurements were taken during mEHT and classical heating
techniques, such as water bath heating and capacitive heating. Most of the studies evaluated the samples
from the different heating methods at the same temperature. However, Andocs et al. also compared mEHT
heating at 38 degrees Celsius and 42 degrees Celsius to other heating methods at 42 degrees Celsius. This
study revealed the nonthermal effects (field effects) as well as the thermal effects of mEHT. During mEHT,
the thermal and nonthermal effects occur together, working synergistically [92,145]. The precise
electromagnetic impedance tuning optimizes the synergy [146]. The two effects rely on the electromagnetic
stimuli's adherence to an intensity limit. A thermal load that is too high may destroy the excited receptor
proteins, which could block the major pathways of the nonthermal effects.

Furthermore, high nonthermal doses can stop, or even decrease, the expression of iHSPs [147,148]. The
overheating of tissues also cause a significant technical challenge. The forced absorption of high amounts of
energy heats up the tissues non-selectively, producing isothermal conditions, marginalizing the selection
conditions and overemphasizing the thermal component of the complex treatment effect.

In the case of high nonthermal doses, the strong apoptotic forces overcome the protection facility of the
iHSPs, destroying the cellular integrity [106]). The iHSPs may translocate to the plasma membrane [51],
forming mHSPs. The membrane expression of the major HSPs (HSP25, HSP60, HSP70, HSP90) has been
observed [149], but their function was not readily apparent. They appear to either protect the cell [150] or
participate in the immune stimuli [151,152], which act against the cell, resulting in mixed theories regarding
the prognostic value of mHSPs on malignant cells [153,154]. The translocation process from iHSP to mHSP is
also not yet completely understood. One proposal involves the “flip-flop” transition following the binding of
iHSP to phosphatidylserine (PS) in tumor cells, facilitating the transport of HSP70 from inside the cell to the
outer leaflet of the cell membrane [155]. This proposal aligns with the vibrational effect of the modulated
electric field and the associated electro-osmotic process [156]. However, HSP expression on the cell surface
alone does not provide enough signal for immune stimulation. The mHSPs must first form a complex tumor
peptide to signal the apoptotic process [157]. Proteotoxic stresses, such as heat and chemical, pathological,
and electromagnetic stresses, result in the formation of unfolded, aggregated, and ubiquitinated proteins.
Heat shock proteins, such as iHSP70 and mHSP90, stabilize and refold these proteins, preventing their
degradation [158]. The mHSP90 may, however, also trigger the DC activation signal required for a cell-to-cell
interaction between the dying tumor cell and DCs [159].

The tumor-specific mHSP70 enables the recognition of the malignant cells by NK cells [55,160]. The mHSP70,
found mainly in the cholesterol-rich microdomains of the cell membrane [161], activates the NK cells during
an immune response [55,117]. ThemEHT process supports the expression of mHSPs and promotes the NK-cell
migration to the treated malignant cells (Figure 17) [111]. This extensive ecrishment of NK cells in the tumor
was measured in human melanoma (A2058) xenografts. The granzyme B expression increased such that
100% of the population stained positive in flow-cytometry measurements. The dead area of the tumor was
measured by staining and fluorescent visualization in vivo. The dead area was also significantly increased
following mEHT, and the cleaved Caspase3 was visualized with high intensity, indicating the pathway of the
apoptotic cell death (Table 1).
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Figure 17. The enrichment of NK cells after 24 h of mEHT treatment in xenograft models for human
melanoma and colorectal tumors [116]. * p < 0.05, ** p < 0.01.

Table 1. NK cell activity and mEHT (** means p < 0.001 and *** means p < 0.0005).

Tumor Dead Area (%) FI Signal Intensity cCas3 (%)
(A2058 L EHT+ mEHT + mEHT +
Melanoma e mEHT + mEHT Pibiiia mEHT + mEHT T mEHT + mEHT
(24 h)) NK" NK92MI  Alone NK"’ NK92MI  Alone NK"’ NK92MI  Alone
Untreated
control 5 9 7 09 0.8 0.9 5 6 8.5
(%)
Treated

by mEHT 63 90 60 1.35 1.39 1.26 26 33 19
(%)

Significance

The therapeutic goal in the case of mEHT is to both induce the local (treated tumor) and systemic (distant
tumors and tumor cells) effect, and the local treatment could produce tumor-specific immune reactions
which tackle the systemic targets. We propose using electromagnetically triggered apoptosis to target the
local tumor to achieve this. While the local excitation triggers the increased expression of iHSPs, the electric
field triggers the transition of iHSPs to the ECM and promotes apoptotic cell death. The overexpression of the
iHSPs in the malignant cells is quickly exhausted, paving the way for apoptosis [106]. Additionally, the
expressed HSP60 activates cCas3 [162], promoting caspase-dependent apoptosis.

The extrinsic excitationof rafts triggers the cooperationofTRAIL2 (DR5), FAS, and FADD[102]. The elevated
expression of the collective group of molecules appears eight hours after treatment with mEHT [110]. The
direct extrinsic path follows the Caspase-dependent pathway (Cas8 - Cas3 - apoptosis ) [75]. The RF
current actively changes various stress factors in the TME [163], potentially resulting in stress, which triggers
the intrinsic pathway, starting from the mitochondria and following the Cas9 -> Cas3 -> apoptosis pathway
[75]. The Caspase-independent pathway begins with the mitochondrial release of Cytochrome-C, the point of
“no return” in the apoptotic process [75], resulting in the expression of apoptosis-inducing factors [102].
Measurements in preclinical studies have confirmed the increase in apoptotic cell death in mEHT-treated
samples, resulting from the triggering of various signal pathways by the extrinsic excitation of death
receptors in the selected membrane rafts [109]. Eventually, the numerous potential pathways triggered
result in cell death via apoptosis (Figure 18). HSP70 impedes mitochondria-related apoptosis. The X-linked
inhibitor of apoptosis protein (XIAP) inhibits both extrinsic and intrinsic signal pathways by obstructing
cCas3. The mEHT treatment induces the expression of Septin4, impeding XIAP activity [164]. At eight hours
post-treatment, SMAC/Diabolo and HtrA2/0mi mitochondrial regulatory proteins are also expressed [102],
which also inhibit XIAP and support the caspase-dependent and -independent apoptotic pathways. The
HSP60 promotes the (Cas9 - cCas3) signal.
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Figure 18. The multiple pathways involved in the apoptotic process of cells after the thermal and
nonthermal energy absorption of mEHT. The exhaustion of the protective mechanism and the complex
network of pathways ensures apoptosis as a final and-point.

The set of DAMPs triggered by mEHT-induced apoptosis further paves the way toward promoting theimmune
targeting of systemic disease. DAMPs have variants of molecular sets expressed in response to different
stimuli, and these variants are all hallmarks of various types of cell death [165]. The mEHT technique produces
thermal and nonthermal mechanisms of electric fields synergistically promoting a specific set of DAMP
molecules (Figure 16) as a result of the applied modulation. Multiple mechanisms relate to DAMP release
[166]. The various DAMPs contain the HMGB1, eHSP70, and ATP, but numerous other molecules are released
together, including some inflammatory molecules.

The key to eliciting systemic immunogenic effects against malignant lesions with mEHT is the promotion of
the molecular sequences leading ICD [167]. The membrane rafts absorb the thermal and nonthermal energy,
while the applied modulation orchestrates the spatiotemporal order of the exported DAMP-associated
molecules to the TME, resulting in the desired ICD [101]. The ICD process releases a DAMP set of HMGB1, ATP,
and eHSP70 in a time sequence, starting with membrane secretion of CRT. The mEHT-induced apoptosis
delivers eHSPs together with other molecules to the TME, where the eHSP70 has a complex function [22] and
acts as an “info signal” [12], which is pivotal in the orchestration of the immune activities.

The extensive heating in conventional homogeneous hyperthermia processes causes necrosis. The heat
triggers the expression of iHSPs, which are mostly antiapoptotic. The necrotic cellular rupture also produces
eHSP70 as the iHSP70 is released into the extracellular matrix [168,169]. However, the necrosis-induced eHSP
does not offer a stable process to produce the desired antitumor immune promotion. Instead, in this instance,
the eHSP in the ECM could work against further degeneration of the malignant cells, acting as a pro-tumor
agent [170]; it may even regulate the DC capacity inducing immunosuppressive T.g cells [171]. The T
inhibition presents another example of the opposing actions of the HSPs.

During hyperthermia, the arteries deliver blood, which acts as a cooling media. However, the distribution of
the vasculature throughout the tumor is not even, resulting in hot spots in poorly perfused regions. There is
a risk that the control of the eHSP actionis lost in these overheated micro-regions. Furthermore, the relatively
high temperature in these heated regions (>=40 C) inactivates the immune cells [172], whose active
participation in the immunogenic processes is essential.

The mEHT method attempts to bypass the necrotic process, avoid inflammation, and suppress immunity
[173]. The mEHT treatment promotes optimal DAMP production in a natural molecular cascade, including CRT
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expression on the cytoplasmic membrane. In sudden necrosis, the DAMP is released together with tumor-
supportive inflammatory factors and mostly bypasses the membrane-secreted CRT.

Preclinical studies confirm that the DAMP-inducing apoptosis dominates in mEHT, and the necrotic cell
destruction is relatively low [111,164]. Therefore, the mEHT method can avoid sudden inflammatory reactions
and possible local toxicity associated with necrosis [174]. The more “gentle” apoptosis-associated cell death
presents the genetic information from the malignant cells in a controlled manner using molecular signal
pathways [101]. An advantage of the mEHT method is that the targeted malignant cells achieve a high enough
temperature to initialize apoptotic signals [79,144], while the relatively low temperature (<=40 C) in TME
promotes the infiltration of the immune cells in the tumor without affecting their functional form.

Furthermore, the apoptosis-inducing stress from mEHT does not degrade the various DAMP molecules, which
can deliver the necessary information and sensitizing actions for both the native and adaptive immune
processes, offering a way to develop tumor-specific immune effects. The eHSP presents the “info signal” as
the carrier [175] of tumor-specific antigens [13]. The peptides delivered by the released eHSP70 during
apoptosis can be recognized by the innate and adaptive immune system [176,177] and, with the support of
other molecular members of DAMP, can assist in priming the DCs for maturation [178].

Calreticulin acts as the “eat me” signal for phagocytosis [179,180], and its exposure is connected to the ER
stress response [181]. It also plays a complex regulatory function in homeostasis [182,183] and carefully
controls the intracellular influx of Ca?* [184]. Calreticuli is the first to appear in the set of DAMP molecules.
The CRT-controlled strong Ca2+ influx appears to significantly contribute to the electromagnetic stress-
induced apoptosis that follows mEHT [105].

The HMGB1, another member of DAMP, represents a “danger signal” [185]. The HMGB1 is usually present in
the nucleus; however, following appropriate stress conditions, it translocates to the cytoplasm and is
released to the ECM during cell death. The nonoxidized HMGB1 participates in immune activation; however, it
supports the inflammatory response in its oxidized form [186]. Furthermore, the oxidized HMGB1 participates
in immune tolerance [187] and may boost the immune checkpoint molecule PD-L1 expression, limiting the
anticancer immunity [188]. Therefore, the oxidation status of HMGB1 determines the role of HMGB1in DAMP
[189]. The mild thermal process favors conditions that do not support oxidization. The ATP released as a
stress response in the apoptotic phase [190] is the “find me" signal [191], and mostly follows an autophagy-
dependent pathway [192]. Again, due to the complexity of living conditions, ATP, as an energy source for
dynamic changes, could support other functions by supplying energy.

The DAMP, therefore, also has a “double-edged sword" effect [193], acting with or against the tumor by
causing apoptosis or promoting tumor progression [194], and the final outcome is the result of the complex
effects and interactions of the molecular components of the DAMP [195].

The nonthermal effects of mEHT influence the homeostatic control using the timefractal modulation [196].
The appropriate spatiotemporal order of DAMP molecules is crucial for their action. By applying the
appropriate modulation, mEHT may trigger the appropriate timing of the appearance of various DAMP
molecules in ECM [101,103] (Figure 19a,b).
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Figure 19. The time scale of the apoptotic processes:
(a) development of pro- and anti-apoptotic proteins on the first day (24 h) post-treatment;
(b) further developments with cellular reactions visible until the end of the apoptotic process (48 h post-
treatment) and the immune reactions that follow three days after treatment.

In this proposal, the electric field effectively participates in limiting the malignant growth [197], harnessing
the relatively low membrane potential of malignant cells [198], and creating clusters of cells [144]. The time-
ractal modulated electric field in mEHT could potentially force autonomic malignant cells into collective
groups [199], and the electromagnetic resonance may provide a reliable basis for molecular changes [87].

The tumor-specific immune activity of mEHT promotes the response of untreated distant metastases to the
local irradiation of the primary tumor, known as the abscopal effect.

The DAMPs with the delivered genetic information by eHSP70 activate DCs, generating antigen-presenting
cells (APCs) [200]. This process induces the production of T-cells specific to the genetic information of the
tumor cells supplied by eHSP70 [122,123]. The eHSP70 provides the genetic information, with the cooperation
of DAMP molecules, to form optimal conditions to maturate the DCs into APCs [201]. The APCs carry specific
information about the malignant cell, and this material is used as tumor antigen. The mature APC
subsequently provides immunogenic information and produces tumor-specific killers (CD8+) and helper
(CD4+) T-cells and activates antitumor T-cell immunity [202,203]. A noteworthy observation in cancer
yoT

experiments is that mEHT treatment enhances the -cell migration towards tumor cells even at

temperatures as low as 38 C [204]. The yoT -cell cells link the innate and adaptive immune systems [205],
participating in the development of immune defenses. The APC induces numerous systemically available

molecules (cytokines, chemokines), as well as NK, CD4+ and CD8+ cells and yoT -cells to form a complete
tumor-specific immune arsenal which can be used against the malignant cells (Figure 20).
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Figure 20. The apoptotic process exhausts the protective functions of iHSPs and secrets the cytoplasmic
membrane. The mHSP activates the NK-cells to attack the overstressed and the ICD process presents DAMP
which could result in the maturation of the DCs, forming antigen-presenting cells (APCs). The APCs trigger

the helper-T, killer-T, and yoT -cells, potentially resulting in a tumor-specific immune attack of the tumor
cells all over the body (abscopal effect). The adaptive immune response is engaged, and the associated
memory could protect the system from malignant relapse.

The various HSPs have crucial roles in forming immune-specific antitumor processes all over the body,
including targeting micro- and macro-metastaases (Figure 21). The information delivered by the eHSP
develops a tumor-specific adaptive immune response, which may even have the potential to prevent tumor
seeding after a tumor re-challenge [113]. Following this, the eHSP, supported by the DAMP cellular collection,
may promote antitumor immunity resulting in an anticancer vaccine effect [206].
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Figure 21. Summary of the role of HSP in the relevant process
7. Conclusion

Heat shock proteins have a complex “double-edged sword” effect, promoting and suppressing the malignant
processes. Our goal is to apply an external stimulus, such as an electric field, to induce immune effects and
tip the balance towards the side of tumor suppression, promoting the systemic immune recognition of tumor
cells. Despite the plethora of literature on heat shock proteins, the precise roles and mechanisms of each HSP
in adaptive and innate immunity are still not known. There is still much to learn about these molecules about
the precise effects of mEHT and electric fields on the immune modulation of malignant cells. Following a
review of the literature, we have proposed a potential mechanism for the outcomes seen in the preclinical
and clinical data on mEHT, in which HSPs play a crucial role. The electric field's synergistic action of the
thermal and nonthermal effects selectively heats the tumor cells and targets its membrane components [91].
The nonthermal processes following an applied modulated field dominate [114] and effectively excite the
voltage-related cellular receptors and channels on the plasma membrane, resulting in a significant reduction
in the proliferation and clonogenicity of the malignant cells [76]. The application of mEHT can promote the
antitumor HSP activity, and in situ it stimulates the tumor-specific immune effects, which act locally and may
also play a role in the systemic management of disseminated cells and metastatic lesions. Enriching of
mHSP70 activates the innate (NK-cell) immune attack on the selected malignant cells. The ICD-induced DAMP
starts preparing the adaptive immune reactions by forming APCs. The spatiotemporal arrangement of DAMP
complexly orchestrates the eHSP70 (“info”), CRT “eat-me", HMGB1 "danger,” and ATP “find me" signals. The
subsequent maturation of the DCs into APCs creates cytotoxic T-cells and triggers tumor-specific immune
processes with a solid potential to act systemically. Therefore, modulated electro-hyperthermia is a
potential tool for the manipulation of HSPs to achieve the goal of immunogenic recognition and targeting of
the tumor, resulting in the local and systemic control of the disease.
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Simple Summary:

Glioblastoma is a highly aggressive brain tumor, which has a very poor 5-year survival rate (<5%). In the
last decades, the concomitant use of two non-invasive, electromagnetic devices, modulated electro-
hyperthermia (mEHT) and Tumor Treating Fields (TTF) has been introduced. Both mEHT and TTF have
specific anti-tumor effects, which can help to achieve a more efficient treatment of patients and a higher
rate of therapeutic response. In this meta-analysis we investigated how patient survival rates change if
either device is used. The significant difference in the 1-year survival rates between the treated (>60%)
and untreated groups (historical data: <40%) confirms the observation that the use of both mEHT and
TTF in the treatment of glioblastomas benefits patients. In addition, it is important to emphasize that
most studies have proven that the mEHT or TTF-treated patients’ quality of life is much better than that
of the untreated patients.

Abstract:

Background: Glioblastoma is one of the most difficult to treat and most aggressive brain tumors, having a
poor survival rate. The use of non-invasive modulated electro-hyperthermia (mEHT) and Tumor Treating
Fields (TTF) devices has been introduced in the last few decades, both of which having proven anti-tumor
effects. Methods: A meta-analysis of randomized and observational studies about mEHT and TTF was
conducted. Results: A total of seven and fourteen studies about mEHT and TTF were included, with a total
number of 450 and 1309 cases, respectively. A 42% [95% confidence interval (95% Cl): 25-59%] 1-year
survival rate was found for mEHT, which was raised to 61% (95% Cl: 32-89%) if only the studies conducted
after 2008 were investigated. In the case of TTF, 1-year survival was 67% (95% Cl: 53-81%). Subgroup
analyses revealed that newly diagnosed patients might get extra benefits from the early introduction of the
devices (MEHT all studies: 73% vs. 37%, p = 0.0021; mEHT studies after 2008: 73% vs. 54%, p = 0.4214; TTF
studies: 83% vs. 52%, p = 0.0083), compared with recurrent glioblastoma. Conclusions: Our meta-analysis
showed that both mEHT and TTF can improve glioblastoma survival, and the most benefit may be achieved
in newly diagnosed cases.

Keywords: astrocytoma; glioblastoma; modulated electro-hyperthermia; tumor treating fields

1. Introduction

Based on the 2020 GLOBOCAN report, more than 300,000 new central nervous system tumors are confirmed
each year, with more than 250,000 deaths [1,2]. Among these, gliomas are the most common [3], which have
different origins (e.g., astrocytes and oligodendrocytes) [4,5]. As per the latest WHO classification (2021),
depending on the origin and the mutation of isocitrate dehydrogenase (IDH), three major types of diffuse
gliomas are known: astrocytomas (IDH mutant), oligodendroglioma (IDH mutant and 1p/19q co-deleted) and
glioblastomas (IDH wild type) [6]. Glioblastomas are known to be the most aggressive and the most occurring
type [6,7]. Up to 60% of all malignant primary brain tumors in adults are estimated to be glioblastomas [8].
For decades, the only treatment options for astrocytoma/glioblastoma patients were surgery and
radiotherapy [9], but with the introduction of concurrent and/or adjuvant temozolomide chemotherapy
patient survival significantly improved [10]. Thanks to the combined effect of temozolomide and
radiotherapy, 1-year survival has improved to 30-40%, and some studies reported even higher ones (>80%)
[11], however, only modest median overall survivals can usually be achieved [12,13].

In the last two decades, semi-invasive and non-invasive electromagnetic devices/ techniques with anti-
tumoral effects have been introduced that can be used concomitantly and/or palliatively in the treatment of
glioblastomas to supplement chemoradiotherapy. Magnetic hyperthermia, in which the local deposition of
magnetic nanoparticles is needed prior the application of an external alternating magnetic field, belongs to
the former type [14]. In contrast, modulated electro-hyperthermia (mEHT) and Tumor Treating Fields (TTF)
are non-invasive techniques; the devices only have be placed on the skin of the patients. In this article, the
latter type is presented in more detail. The most optimal is when the mEHT treatment is done three-times a
week, while TTF has to be worn for >18 h daily [15-23]. With an optimal frequency of 200 kHz, TTF focuses on
nonthermal effects on the cytokinetic “neck” using capacitive coupling [24,25]. The electric field of TTF
reorients the high polarizable microtubules and actin fibers, and it may arrest the cytoskeleton's
polymerization process and inhibit the assembling of the mitotic spindle, ultimately blocking the finalization
of the last phase of cell division and thus inhibiting further proliferation [26]. TTF also stimulates
macrophages, promoting immunogenic cell death via dendritic cell recruitment and maturation, reducing the
capacity of cancer cells for migration and invasion, preventing the inhibitory effects of the PI3K/Akt/mTORC1
signaling pathway on autophagy and increasing DNA replication stress and double-strand break formation
[27]. Moreover, the electric field generated by TTF increases membrane permeability enhancing the effect of
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chemotherapy significantly [28]. It has to be noted though, this latter effect is reversible [28], therefore, it
can be expected that the improved chemo-sensitivity will probably reduce when TTF is not in use.

In contrast, mEHT accurately balances both the nonthermal electric processes and the low-power thermal
effects. It operates in a precision capacitive coupled impedance matched way, working on a radiofrequency
of 13.56 MHz [29]. mEHT exploits various biophysical differences of cancer cells. For example, energy
absorption on the membrane rafts is different than those of healthy host cells, and damage-associated
molecular patterns (DAMPS) will also occur. All of these eventually lead to programmed or immunogenic
tumor cell death [30-32]. It has also been reported that mEHT can enhance DNA fragmentation of tumor cells,
increase the fraction of cells with low mitochondrial membrane potential, increase the concentration of
intracellular Ca2+, increase the Fas, c-Jun N-terminal kinases and MAPK/ERK signaling pathways, increase
the expression of pro-apoptotic Bcl-2 family proteins and can up-regulate the expression of genes
associated with the molecular function of cell death (EGR1, JUN, and CDKN1A) and silencing others associated
with cytoprotective functions [33,34]. It also has to be mentioned that the use of mEHT is also feasible in
tumors of other locations as well [34].

Although both mEHT and TTF have advantageous effects against cancer cells, their use in routine oncology
still awaits. The general acceptance of TTF—and perhaps also the awareness about it—is wider than that of
the mEHT. One of the latest developments in the widespread application of TTF is that the American Society
of Clinical Oncology (ASCO) guidelines recommend TTF therapy for newly diagnosed supratentorial
glioblastoma without isocitrate dehydrogenase mutations after the completion of chemoradiation therapy
[9]. In contrast, only clinical trial results and development reports are available for mEHT. Therefore, the main
purpose of this meta-analysis is to provide comprehensive data and a systematic literature review on the
clinical importance of mEHT in glioblastoma. Moreover, presenting the same information about TTF and, last
but not least, the direct comparison of the two devices were further goals of this study.

2. Materials and Methods

2.1. Search Strategy

The study was conducted following the Preferred Reporting Items for Systematic Reviews and Meta-
Analyses (PRISMA) guidelines [35]. Ethical approval was not required for the study due to the fact that the
article presents aggregate data from previously published studies. The meta-analysis was registered in the
PROSPERO database with the Registration Number: CRD42022385535. The search for eligible publications
was performed in the BioMed Central (BMC), ClinicalTrials.gov, Cochrane Library, European Union Drug
Regulating Authorities Clinical Trials Database (EudraCT), Excerpta Medica Database (Embase), PubMed—
Medical Literature Analysis and Retrieval System Online (MEDLINE), World Health Organization's
International Clinical Trials Registry Platform and in the University hospital Medical Information Network
(UMIN) Clinical Trials Registry (for Japan) databases from their inception to 30 June 2022. The following
search strings were used. The terms “glioblastoma” and “glioma” were combined with “electrohyperthermia”,
“electro hyperthermia”, “electro-hyperthermia”, “hyperthermia”, “modulated electrohyperthermia”,
“oncotherm”, “oncothermia”, “alternating electric fields", “TTFields”, “tumor treating fields" and “tumor-
treating fields” using the logical operator AND. Furthermore, individual searches for “EHY-2030", “EHY 2030"
and “EHY2030" were also performed. Language restrictions were not used.

Inclusion criteria for the studies were to contain survival data, either in the form of x-year survival rates, the
number of deaths in x-year or survival curves from which the proportion of patients alive at the specific
timepoints can be read. Concomitant or monotherapeutic use of mEHT/TTF was no limiting factor for
inclusion. Exclusion criteria included if the observation period of the study was shorter than 1 year, if the
patients treated with one of the two devices could not be separated from the controls (mixed study groups),
or if the study contained only median survival and/or hazard rates only.

Type of publications (review, conference abstract, etc.) and species information (human vs. other) were
retrieved from databases, where available. Publications belonging to the following categories were excluded
without further review: reviews, conference abstracts, in vitro and animal studies and theoretical works. No
automation tool was used during the literature search. The literature search was conducted independently
by two investigators (A.M.S. and Z.H.), and any discrepancies were resolved by consensus and, if necessary,
by the opinion of a third reviewer (M.D.).

2.2. Data Extraction

Collected data included general information about the study: name of author(s) and year of publication. The
following study characteristics were recorded from each publication: type of study [prospective
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observational study, retrospective observational study or randomized clinical trial (RCT)], sample size of
treated and/or control groups, median age of patients, percentage of females, 1-year, 2-year and/or 3-year
survival rate if available, and newly diagnosed or recurrent tumor. If the authors did not directly present the
x-year survival rate but the corresponding survival curve(s) of the cohort(s) was drawn, the percentage of
patients alive at the specific timepoints was read from the survival curve(s). It has to be noted, that grade 4
astrocytomas were previously termed as IDH-mutant glioblastomas, compared with the current WHO
classification [6], and most of the articles used for the meta-analysis are older than the current classification,
the differences in their nomenclature arise from this.

Statistical analyses were performed within the R forWindows version 4.2.1 environment (R Foundation for
Statistical Computing, 2022, Vienna, Austria) using the R package meta (version 6.0-0) [36]. Survival rate at
specific timepoints (1-year, 2-year or 3-year, if available) was used for the effect size measure and random-

effects models were performed. To estimate the heterogeneity variance measure (TZ) the restricted
maximume-Llikelihood method [37] was applied with the Q profile method for confidence interval [38].
Betweenstudy heterogeneity was described by the Higgin's and Thompson's 12 statistic [39], and publication
bias was tested using the Egger's regression test [40]. The Mantel-Haenszel method was used for group
comparisons [41,42], plural models (fixed-effects model between subgroups but studies within the
subgroups are pooled using the random-effects model) were used for subgroup analyses [38] and meta-
regression methods were used to assess possible confounding/biasing effects (e.g., publication year) over
effect size [38]. Forest plots were used to graphically represent study results.

3. Results

3.1. Studies Investigating Modulated Electro-Hyperthermia in Glioblastoma

The electronic database searches for studies about mEHT in glioblastoma patients resulted in a total of 2586
articles. After the removal of duplicates, non-human studies including animal and cellular research reports,
reviews and meeting/conference abstracts, 686 articles remained for title and abstract screening. In total,
650 articles were excluded because they either reported results from other tumors, presented results from
an animal and/or cellular experiment, were unavailable or had different study interests than the current
meta-analysis (e.g., health-economy). Thirty-six studies were considered for full text assessment; however,
twenty-seven further studies needed to be excluded. Of the remaining nine studies, two-two articles
belonged to the same work ([43-46]), of which only one-one paper ([43,46]) was used for the meta-analysis,
resulting in a total of seven available full text articles to be included in the analyses (Figure 1).

Details of the seven mEHT studies [43,46-51] selected for analysis can be read in Table 1. Six [43,46-50] and
one [51] studies investigated the effect of MEHT in recurrent/late stage and in newly diagnosed glioblastoma,
respectively. A comparison between mEHT-treated and control patients was only present only in one study
[46]. The total number of patients included in the meta-analysis was 450, of whom 292 (64.9%) died during
the first year after study inclusion. A 42.33% 1-year survival rate [95% confidence interval (Cl): 25.17-59.49%)]
was estimated (Figure 2). Although the heterogeneity between studies was high [91.3% (95% Cl: 84.6-95.1%)],
no publication bias was present based on the results of the Egger's regression test (p = 0.6449).

Table 1. Details of the selected studies investigating the effect of modulated electro-hyperthermia (mEHT)
in glioblastoma.

Author (Year) Type of Study ((";;‘\ mEHT Device A_;?:::‘:;:‘ﬂ (M?fi;il:m) Females
Douwes et al. (2006) [47] Prospective 19 Oncotherm EHY2000 nimustine 55 -1
Fiorentini et al. (2006) [48] Prospective 12 Oncotherm EHY2000 =1 =1 =1
temozolomide and/or
Sahinbas et al. (2007) [43] Retrospective 140 Oncotherm EHY2000 herbal medicines and/or 44 35.7%
irradiation

Hager et al. (2008) [49] Prospective 179 LRE-DHT -1 -1 -1

Heo et al. (2017) [50] Prospective 20 Celsius 42+ re-irradiation 56 60%

Ryabova et al. (2018) [51] Prospective 30 Celsius 42+ temozolomide + irradiation 56 36.7%
Fiorentini et al. (2019) [46] Retrospective 50 Oncotherm EHY2000 no 55 -1

! Not detailed in the original article. LRF-DHT: deep hyperthermia with low radiofrequency capacitive
coupled electrodes.
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Figure 1. PRISMA flow diagram of studies about modulated electro-hyperthermia. BMC: BioMed Central;
EMBASE: Excerpta Medica Database; EudraCT: European Union Drug Regulating Authorities Clinical Trials
Database; MEDLINE: Medical Literature Analysis and Retrieval System Online; WHO: World Health
Organization's International Clinical Trials Registry Platform; UMIN: University hospital Medical Information
Network Clinical Trials Registry (for Japan).

Author Naives ey Motal Survivalrate 95% Cl  Weight
Douwes 2006 4 19 ——+ 021  [0.06;0.46] 13.7%
Fiorentini 2006 3 12 —=— 025  [0.05;0.57] 12.2%
Sahinbas 2007 52 140 037  [0.29;0.46] 15.7%
Hager 2008 53 179 = 030  [0.23;0.37] 15.8%
Heo 2017 6 20| —=— 030  [0.12;0.54] 13.3%
Ryabova 2018 22 30 L —— 073  [0.54;0.88] 14.3%
Fiorentini 2019 38 50 L 076  [0.62;0.87) 15.1%
Random effects model 450 —mm— 042  [0.25; 0.59] 100.0%

[ I | I I 1
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Heterogeneity: /% = 91%, 1° = 0.0472, p < 0.0001

Figure 2. Effect of modulated electro-hyperthermia on 1-year glioblastoma survival rate [43,46-51].

Further analysis was performed to elucidate the confounding effects behind high heterogeneity. In total,
72.26% of the difference in the true effect sizes could be explained by the publication year (p = 0.0008).
Comparing the studies published before and after 2008, it was found that in early studies the 1-year survival
rate was 31.22% (95% Cl: 24.81-37.62%), while in the ones after 2008 it was 60.63% (95% Cl: 32.21-89.05%;
p = 0.0478; Figure 3). Recurrent glioblastomas had a 37.33% (95% Cl: 20.68-53.97%) and a 53.74% (95% Cl:
8.69-98.80%) 1-year survival rate for all and for the studies conducted after 2008, respectively, while the
single study investigating the effect of mEHT in newly diagnosed tumors [51] reported a 73.33% (95% ClI:
57.51-89.16%; vs. all studies: p = 0.0021; vs. studies after 2008: p = 0.4214) 1-year survival rate. Three studies
[43,45,47] investigated whether patients under or over 50 years of age have better 1-year survival rate, and
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no difference between these patients could be verified (p = 0.1129). No difference was found when the type
of study (prospective vs. retrospective; p = 0.3552), the type of device used during the study (p = 0.4273) or
the median age of patients (p = 0.6778) was compared.

Author Naivey e Motal Survival rate 95% Cl  Weight
Douwes 2006 4 19 —— 0.21 [0.06; 0.46]) 13.7%
Fiorentini 2006 3 12 —8— 0.25 [0.05; 0.57) 12.2%
Sahinbas 2007 52 140 —. 0.37 [0.29; 0.46]) 15.7%
Hager 2008 53 179 = 0.30 [0.23; 0.37) 15.8%

350 > 0.31 [0.25; 0.38] 57.4%
Heo 2017 6 20 — 0.30 [0.12; 0.54]) 13.3%
Ryabova 2018 22 30 P 0.73 [0.54;0.88] 14.3%
Fiorentini 2019 38 50 : — 0.76 [0.62;0.87) 15.1%

100 T ——— 0.61 [0.32; 0.89] 42.6%
Random effects model 450 T 0.42 [0.25; 0.59] 100.0%

[ ! | I I 1

0 02 04 06 038 1
Heterogeneity: 1% = 91%, t° = 0.0472, p < 0.0001
Test for subgroup differences: y_f =3.92,df=1(p =0.0478)

Figure 3. Effect of modulated electro-hyperthermia on 1-year glioblastoma survival rate, grouped by
studies published before and after 2008 [43,46-51].

3.2. Studies Investigating Tumor Treating Flields in Glioblastoma

The electronic database searches for studies about TTF in glioblastoma patients resulted in a total of 6036
publications. After the removal of duplicates, non-human studies including animal and cellular research
reports, reviews and meeting/conference abstracts, 323 articles remained for title and abstract screening.
Then, 278 articles were excluded because they either reported results from other tumors, presented results
from an animaland/or cellular experiment, were unavailable or had different study interests than the current
meta-analysis (e.g., health-economy). Of the remaining 45 studies considered for full text assessment, 18
further studies were removed because they did not include the target variable of this meta-analysis. Two,
five and nine articles reported results about the SPARE [52,53], EF-11 [15,16,54-56] and EF-14 [17-19,57-62]
studies, of which only one-one was used for the meta-analysis, resulting in a total of 14 available studies to
be included in the analyses (Figure 4).

Details of the fourteen TTF studies [15,21,22,26,53,57,63-70] selected for analysis can be read in Table 2. It
has to be noted that the EF-11 study results were gathered from the updated post hoc analysis of Kanner et
al. [15] instead of from the original [54], because none of those patients who did not finish at least one cycle
of therapy were removed from the original publication, causing a significant change in true survival results.
A comparison of TTF treatment to a control group was present in five of eleven studies [15,21,57,69,70].

Table 2. Details of the selected studies investigating the effect of Tumor Treating Fields (TTF) in
glioblastoma.
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Cases Controls Age

Author (Year) Type of Study P s Additional Therapy (Median) Females
Kirson et al. (2007) [26] Prospective 10 - temozolomide = -1
Kirson et al. (2009) [63] Prospective 10 - temozolomide . 1
Kanner et al. (2014) [15] RCT 93 117 no 54 =

; no restriction on any combination -
galaetal. (2 22 Prospective 457 - ; i . 55 32.4%
Mrugala et al. (2014) [22] rospective therapies, but not detailed

bevacizumab with or without

Wong et al. (2015) [64] Retrospective 37 - 6-thioguanine, lomustine, 57 37.8%
capecitabine, and celecoxib (TCCC)
Stupp et al. (2017) [57] RCT 466 229 temozolomide 56 32.2%

temozolomide + bevacizumab +
Lu et al. (2019) [65] Retrospective 48 - irinotecan or 55 33.3%
bevacizumab-based chemo regimen

Bokstein et al. (2020) [66] Prospective 10 - temozolomide + irradiation 60 20%

. ; chemotherapy after skull
Covahinatal 2020) [67 L = b P} 5 3.2%
Korshoej et al. (2020) [67] Prospective 11 amodeling surgery 57 18.2

Lazaridis et al. (2020) [68] Retrospective 16 - lomustine + temozolomide 50 43.8%
Liu et al. (2020) [69] Retrospective 37 67 temozolomide + irradiation 61 37.8%
Dono et al. (2021) [70] Retrospective 29 120 temozolomide + irradiation 58 34.5%
Miller et al. (2022) [53] Prospective 30 - temozolomide + irradiation 58 33.3%
Pandey et al. (2022) [21] Retrospective 55 57 temozolomide 59 30.9%

! Not detailed in the original article. RCT: randomized clinical trial.

The total number of patients investigating the effect of TTF in glioblastoma was 1309, of which 536 patients
(40.9%) died during the first year after study inclusion. A 66.65% pooled 1-year survival rate (95% Cl: 52.65-
80.65%) was observed for the total cohort receiving TTF, regardless of other clinical parameters. Similar to
that of the mEHT results, high heterogeneity [96.5% (95% Cl: 95.3-97.4%)] and no publication bias (p =
0.6652) was found for the TTF study results. The analysis to identify possible confounding effects revealed
1-year survival rates of 49.01% (95% Cl: 1.75-96.27%), 66.29% (95% Cl: 48.31-84.27%) and 73.11% (95% ClI:
48.89-97.34%) in RCTs, prospective and retrospective studies (p = 0.6680), respectively. The effect of when
TTF was introduced during the glioblastoma treatment was also investigated: a significantly better 1-year
survival rate was found in those patients with a newly diagnosed tumor [82.61% (95% Cl: 73.20-92.02%)],
compared with those with recurrent tumors [51.74% (95% Cl: 30.84-72.64%); p = 0.0083; Figure 5].

We were also able to compare the survival rates of 2 and 3 years for eleven and eight studies, respectively:
38.87% (95% Cl: 21.73-56.01%) and 34.19% (95% Cl: 13.33-55.04%) survival rates were estimated. Neither the
year of publication (p = 0.9755), the median age (p = 0.2682) nor the study type (p = 0.7085) affected the 2-
year survival rates, but the same difference between recurrent and newly diagnosed glioblastoma was
observable (newly diagnosed glioblastoma: 59.79%, 95% Cl: 34.40-85.17%; recurrent glioblastoma: 20.18%,
95% Cl: 8.18-32.18%; p = 0.0057; Figure 6) as described for the 1-year survival rates above. When investigating
the 3-year survival rates, patients with newly diagnosed tumors [47.24% (95% Cl: 18.31-76.16%)] benefited
significantly more from the TTF treatment than those who received TTF for recurrent glioblastoma [11.00%
(95% Cl: 4.75-17.26%); p = 0.0164; Figure 7]. No difference in 3-year survival rates could be justified for the
different study types (p = 0.2075), years of publication (p = 0.4123) or median ages of patients (p = 0.0935).
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Figure 4. PRISMA flow diagram of studies about Tumor Treating Fields. BMC: BioMed Central; EMBASE:

Excerpta Medica Database; EudraCT: European Union Drug Regulating Authorities Clinical Trials Database;

MEDLINE: Medical Literature Analysis and Retrieval System Online; WHO: World Health Organization's
International Clinical Trials Registry Platform; UMIN: University hospital Medical Information Network

Clinical Trials Registry (for Japan).
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Author Nawve, 0 Miotal Survival rate 95% Cl  Weight

Kirson 2009 10 10 ——= 100  [0.69;1.00] 7.4%

Stupp 2017 340 466 -'- 0.73 [0.69;0.77) 7.8%

Bokstein 2020 6 10 - 0.60 [0.26;0.88) 5.7%

Lazaridis 2020 14 16 - 0.88 [0.62,0.98]) 7.1%

Liu 2020 34 37 e 0.92 [0.78,0.98]) 7.6%
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Figure 5. Significantly better 1-ear survival rates were found when Tumor Treating Fields treatment was
introduced at an earlier stage of treatment (p = 0.0083) [15,21,22,26,53,57,63-70].

Author Naive, yoe Motal Survivalrate 95% Cl Weight
Newly diagnosed glioblastoma :
Kirson 2009 9 10 —_— 0.90 [0.55; 1.00] 8.7%
Stupp 2017 200 466 = 043 [0.38;0.48]) 9.6%
Lazaridis 2020 14 16 i 0.88 [0.62;0.98] 8.9%
Liu 2020 8 37 — 0.22 [0.10;0.38]) 9.1%
Pandey 2022 33 55 P 0.60 [0.46;0.73]) 9.2%
Random effects mode 584 r—————— 0.60 [0.34; 0.85] 45.5%
Recurrent glioblastoma :
Kirson 2007 3 10 0.30 [0.07;0.65] 7.6%
Kanner 2014 10 93 == 0.1 [0.05;0.19] 9.6%
Mrugala 2014 137 457 o 0.30 [0.26;0.34] 9.6%
Wong 2015 0 37 = 0.00 [0.00; 0.09] 9.6%
Lu 2019 11 48 —— 0.23 [0.12;0.37]) 9.2%
Dono 2021 11 29 —a 0.38 [0.21;0.58] 8.8%
Random effects mode 674  ——mm— 0.20 [0.08; 0.32] 54.5%
Random effects model 1258 : —cEm— 0.39 [0.22; 0.56] 100.0%

I I I I 1

0 02 04 06 038 1
Heterogeneity: /* = 98%, t* = 0.0790, p < 0.0001
Test for subgroup differences: xf =7.65,df =1 (p =0.0057)

Figure 6. Significantly better 2-year survival rates were found when the Tumor Treating Fields treatment was
introduced at an earlier stage of treatment (p = 0.0057) [15,21,22,26,57,63-65,68-70].
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Figure 7.Significantly better 3-year survival rates were found when the Tumor Treating Fields treatment was
introduced at an earlier stage of treatment (p = 0.0164) [15,21,57,63,65,68-70].

Only a limited number of the available studies (n = 5) investigated the effect of TTF over a control cohort. It
was found that patients on the TTF-treatment arm had significantly better 1-year [risk ratio (RR): 0.6481, 95%
Cl: 0.4345-0.9668; p = 0.0335; Figure 8A] and 3-year (RR: 0.9215, 95% Cl: 0.8819-0.9628; p = 0.0003; Figure
8C) survival rates. However, no difference could be observed in the 2-year survival rates of the patients
treated with or without TTF (RR: 0.9032, 95% CI: 0.7713-1.0576; p = 0.2062; Figure 8B).

A with TTF  without TTF
Author Ndiody yuue Motal Mdi0d, e Motal Risk Ratio
Kanner 2014 70 93 95 117 | = 0.93
Stupp 2017 126 466 80 229 H = 0.77
Liu 2020 3 37 23 67 : 0.24
Dono 2021 3 29 24 120 : 0.52
Pandey 2022 8 55 19 57 —— 0.44
Random effects model 680 590 —— 0.65
r T 1
0.07 05 2
Heterogeneity: /% = 63%, 1> = 0.1175, p = 0.0294
B . .
with TTF  without TTF
Author Ndied; 0u Motal Mdied; 0 Motal Risk Ratio
Kanner 2014 83 93 111 117 I 0.94
Stupp 2017 266 466 158 229 —= 0.83
Liu 2020 29 37 46 67 T 1.14
Dono 2021 18 29 74 120 —_— 1.01
Pandey 2022 22 55 38 &5 —=———: 0.60
Random effects model 680 590 " l.:- . 0.90
04 0.75 1 15

Heterogeneity: I° = 67%, 1° = 0.0205, p = 0.0176
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Kanner 2014 86 93 116 117 — 0.93 [0.88;0.99] 52.6%
Stupp 2017 345 466 192 229 —-- 0.88 [0.82;0.95] 31.4%
Liu 2020 32 37 60 67 —_— 0.97 [0.83;1.12] 8.4%
Dono 2021 23 29 90 120 —_—t 1.06 [0.85;1.31] 4.2%
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Figure 8. Glioblastoma patients treated with Tumor Treating Fields (TTF) has significantly better (A) 1-year
(p=0.0335) and (C) 3-year (p=0.0003) survival rates, while no difference in the (B) 2-year survival rates
could be justified (p = 0.2062) compared with those who did not receive TTF during their treatment
[15,21,57,69,70].

3.3. The Direct Comparison of Modulated Electro-Hyperthermia and Tumor Treating Fields Studies

We also examined whether there was a difference in the 1-year survival of the patients by directly comparing
the mEHT and TTF techniques. It has to be highlighted though that while the majority of the TTF studies were
conducted in the last decade, half of the mEHT studies were done prior the general acceptance and use of the
Stupp protocol [10,71]. Due to the former and to the fact that glioblastoma survival has significantly improved
over the last decade [72], we compared those mEHT studies only with TTF that were performed after 2008.
The 1-year survival rate of the 100 and 1289 glioblastoma patients treated with mEHT and TTF was 60.63%
(95% Cl: 32.21-89.05%) and 63.56% (95% Cl: 48.50-78.62%; p = 0.8583), respectively. The same results were
obtained if the two devices were compared in newly diagnosed glioblastoma (mEHT: 73.33%, 95% Cl: 57.51-
89.16%; TTF: 79.81%, 95% Cl: 70.97-88.65%; p = 0.4836; Figure 9) and in recurrent glioblastoma (mEHT:
53.74%, 95% Cl: 8.69-98.80%; TTF: 49.24%, 95% Cl: 25.90-72.57%; p = 0.8618; Figure 10).

Author Naive,.ea Motal Survivalrate 95% Cl  Weight
Heo 2017 6 20 —-'-—— 0.30 [0.12; 0.54] 11.8%
Fiorentini 2019 38 50 N 0.76 [0.62;0.87) 12.8%

70— 0.54 [0.09; 0.99] 24.6%

Kanner 2014 23 93 - 025  [0.16;0.35] 13.1%

Mrugala 2014 201 457 = 0.44 [0.39; 0.49] 13.4%
Wong 2015 5 37 - 0.14 [0.05; 0.29] 12.9%
Lu 2019 34 48 i —l— 0.71 [0.56; 0.83] 12.7%
Korshoej 2020 6 1 : 0.55 [0.23; 0.83] 10.3%
Dono 2021 26 29 : —- 0.90 [0.73;0.98] 12.9%

675 ——— 0.49 [0.26; 0.73] 75.4%
Random effects model 745 e 0.50 [0.31; 0.70] 100.0%

[ | | I I |

0 02 04 06 08 1
Heterogeneity: /% = 96%, t* = 0.0713, p < 0.0001
Test for subgroup differences: -/_f =0.03,df=1(p =0.8618)

Figure 9. In newly diagnosed glioblastoma, the non-inferiority (p = 0.4836) of modulated electro-
hyperthermia (mEHT) could be observed compared with the more widely applied Tumor Treating Fields (TTF).
It has to be noted that due to the wider acceptance of the Stupp protocol [10,71] and that patient survival
significantly improved in the last decade [72], only the comparison of studies conducted after 2010 were
compared [15,22,46,50,64,65,67,70].
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Lazaridis 2020 14 16 — 0.88 [(0.62;0.98] 11.9%
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Pandey 2022 47 55 — - 0.85 [0.73;0.94] 18.0%
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Heterogeneity: I° = 73%, t° = 0.0066, p = 0.0010
Test for subgroup differences: xf =049,df =1 (p = 0.4836)

Figure 10. In recurrent glioblastoma, the non-inferiority (p = 0.8618) of modulated electro- hyperthermia
(mEHT) could be observed compared with the more widely applied Tumor Treating Fields (TTF). It has to be
noted that due to the wider acceptance of the Stupp protocol [10,71] and that patient survival significantly
improved in the last decade [72], only the comparison of studies conducted after 2010 were compared
[21,51,53,57,66,68,69].

4. Discussion

Glioblastoma is a highly aggressive tumor with a 5-year survival rate of 1-5% [73]. Its standard treatment
includes surgery (if feasible) and radiation therapy with concomitant/ adjuvant chemotherapy: procarbazine,
lomustine and vincristine (PCV) and temozolomide in the early and late stages, respectively [9,10,74]. Lately,
the importance of molecular markers has also emerged [75], e.g., one of the bases of the latest WHO
classification of gliomas is the IDH mutation [6]. Additionally, in the last decade an emerging number of
reports came to light that the addition of non-invasive, device-based concomitant therapies, mEHT or TTF,
might further increase therapy response. Moreover, several studies reported that even if no large differences
in patient survivals could be justified, the quality of life of patients was much higher compared with those
without the additional treatment options [27,34,76].

A less than 20% 1-year survival rate was reported approximately twenty years ago [77], which has almost
doubled today [13,15], moreover, some studies achieved 1-year survival rates over 80% [11], but still, only
modest median overall survivals can be achieved [13,15]. If concomitant mEHT or TTF was added to the
treatment plan, an average 42% and 64% 1-year survival rate could be achieved, respectively. Similar to the
trend reported in the meta-analysis of Poon et al. [72], we observed that the 1-year survival rate significantly
improved in those mEHT studies, which were conducted later, than 2008. Taking into account this
observation, the adjusted 1-year survival rates were 61% and 67% for the mEHT and TTF studies, respectively,
both of which are significantly greater compared with those observed in patients treated without the devices
[12]. Survival rates for longer intervals were only available for the TTF studies, and a 39% 2-year and a 34%
3-year survival rate was found. For comparison, by treating glioblastoma patients with either the standard
(60 Gy irradiation + 6 cycles of temozolomide) or the extended (temozolomide cycles > 6) Stupp protocol, the
reported 2-year and 3-year survival rates are lower [12,71,78], but the opposite was also reported in another
study [11].

As a somewhat expected result, further findings of the current meta-analysis included that newly diagnosed
glioblastoma patients can benefit more from the early use of TTF: a 83% vs. 52% 1-year survival rate was
found for the newly diagnosed and recurrent glioblastoma patients, respectively, although some authors
assumed the exact opposite [69]. Similar results could be obtained in the case of mEHT (73% vs. 54%),
however, only one study investigated the effect of mEHT in newly diagnosed glioblastoma patients [51],
which immediately raises the need for additional studies investigating the effect of mEHT in this setting.
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A few studies also investigated whether the use of either of the two devices has a significant advantage
compared with conventional treatment. While in the case of TTF we managed to identify five studies that
compared patients treated with and without TTF, only one mEHT study made a similar comparison. It has to
be noted that the Fiorentini study [46] tested the palliative use of mEHT vs. other palliative options only. For
TTF, we found significantly reduced 1- and 3-year mortality rates in the treated with TTF groups, compared
with those without TTF. For mEHT, Fiorentini et al. [46] have described significantly longer overall survival
times in the mEHT-treated group.

By examining the details of the available clinical trial results, the following can be further confirmed about
the two devices. With the introduction of mEHT in the treatment plan, several studies could report improved
responses to the treatment [23,44-48], a better quality of life [44,46], increased functional activity of
patients measured by the Karnofsky Performance Score scale [51] and complete and/or partial response
could be maintained in some cases for longer periods of time as well [45-49,51]. It has to be noted, however,
the result on age response is controversial: Fiorentini et al. [46] found no difference between the survival of
patients over or under the age of 50 years, while Roussakow [44] and Sahinbas et al. [43] have found the
opposite. In this study, we could not justify difference between the younger and older cohorts. Furthermore,
in the Phase | study of Wismeth et al. [23] it has been reported that at least three mEHT treatments per week
are required for an effective response. As with other treatments options, a few complications of mEHT have
been confirmed. Basically, all of the mEHT studies reported only grade | and |l side effects: headaches, skin
redness and/or mild burning at the treatment site, nausea and vomiting, dizziness, neurological symptoms
(aphasia, seizures) and grade I/ll anemia and/or leukopenia and/or thrombocytopenia [23,43-48,50,51).

Most results about TTF are known from the EF-11 [15,16,54-56] and EF-14 [17-19,57-62] randomized trials.
The first study has investigated 120 chemotherapy-free, only TTFtreated and 117 control patients receiving
active chemotherapy, and it could report a marginal difference in survival only [54]. However, by further
analyzing the study results [15]—by excluding patients who did not finish at least a single cycle of therapy—
the therapeutic advantage of TTF over patient survival became verifiable. In contrast, the concomitant effect
of TTF over chemotherapy (first-line: temozolomide) was investigated in the EF-14 study; 466 and 229
patients were treated with and without TTF, respectively [57]. Similar to that of the results of the mEHT
studies, a more durable complete and/or partial response to therapy and/or stable disease was more
common in the TTF-treated groups [16,26,54,55,62], and TTF-treated patients had a better overall and
progression-free survival [18,19,21,22,26,54,57-59,62-64,67,68,70] and stable or improved quality of life
status (except for itchy skin [19,60,61,79]) [19,53,54,60,61]. A better compliance to the treatment can improve
treatment and prolong survival time [15-22], TTF plus chemotherapy was superior in all age groups compared
with chemotherapy alone [19,57], TTF alone is superior to bevacizumab-only chemotherapy [16] and its
efficacy might be further improved if 6-thioguanine, lomustine, capecitabine and celecoxib (TCCC) is in
combination with bevacizumab [64]. A higher local minimum filed intensity, power density and dose density
of the TTF-device is associated with better overall and progression-free survival [17], moreover, no difference
has been reported in the cognitive status changes between patients treated with or without TTF [60]. In
addition to the EF-11 and EF-14 study result findings, it has been reported that patients with PTEN
(phosphatase and tensin homolog) mutations have longer survival compared with those with wild type PTEN
(22 months vs. 12 months) [70]. TTF after skull remodeling surgery is safe and a positive correlation between
field enhancements and burr hole sizes with a plateau at 15-20 cm? has been described [67]. A triple-drug
regimen of temozolomide, bevacizumab and irinotecan with TTF is superior to other bevacizumab-based
chemotherapies with TTF [65). Scalp sparing radiation with concurrent temozolomide and TTF is well
tolerated by patients, furthermore, a better response for glioblastoma patients with methylated 0° -
methylguanine DNA methyltransferase (MGMT) promoter has been observed [52,53,80]. In contrast, IDH1
and/or IDH2 mutation status has not affected the survival of patients [80]. Mutations in the
phosphatidylinositol-4,5-bisphosphate 3-kinase catalytic subunit alpha and epidermal growth factor
receptor genes were associated with a decreased or no response to TTF, while the mutated
neurofibromatosis type 1 gene has been associated with better overall and progression-free survival, and the
tumor protein p53 gene mutations have had no effect on any outcome upon TTF therapy [21]. The following
common side effects of TTF have been observed: mild to moderate contact dermatitis (“medical device site
reaction beneath the transducer arrays”), headache, fatigue, convulsion or seizure, confusion, mental status
changes, mild anemia and/or lymphopenia and/or thrombocytopenia, diarrhea or constipation and
neurological decompensation [19,22,26,52-54,57-59,62-67,79]. Further results are expected after the
completion of the following TTF clinical trials: NCT05310448, NCT04223999, NCT03642080, NCT04469075,
NCTO4474353, NCT03477110, NCT04689087, NCT04471844, NCT04397679, NCT04671459, NCT04421378,
NCT04492163, ChiCTR2100047049, ChiCTR2100041969, JPRN-UMINO00041745 and ISRCTN14267833.
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To our knowledge, this is the first study that systematically reviewed the current knowledge about mEHT in
glioblastoma and compared mEHT and TTF directly. In relation to TTF, several reviews and a few meta-
analyses have already been published, which in certain aspects are much more detailed than the present
work, including but not limited to [27,81-85]. In the meta-analysis of Regev et al. [81], the pooled 1-, 2- and 3-
year survival rates were 73%, 45% and 29%, respectively, which are comparable to the ones calculated in the
current analysis (67%, 39% and 34%). Similarly, the pooled 1-year survival rate of 47.3% reported by Li et al.
[82] for recurrent glioblastoma is not different from the 52% we observed.

Strength and Limitations of the Study

To the best of our knowledge, we are the first to analyze mEHT and TTF study results in a single meta-
analysis. However, a few limitations of this analysis should be mentioned, including that only a limited
number of trials could be investigated and most of them were non-randomized trials. Although the number
of studies analyzed in the meta-analysis could have been slightly increased if median overall/progression-
free survivals were used instead of the x-year survival rate, their calculation would have given inaccurate
results [86]. Heterogeneity of the included studies was high, which might have also introduced some bias.
Another limitation of the current study was that the number of available studies investigating mEHT and TTF
were significantly different, which is due to the fact that, up to now, the number of centers adopting mEHT is
very limited around the world, as opposed to TTF. This ultimately might have affected the calculated pooled
effect sizes.

5. Conclusions

In conclusion, this study investigated the beneficial effects of (concomitant) mEHT and TTF over conventional
chemoradiotherapy in glioblastoma. It was found that both mEHT and TTF could significantly increase the
survival of glioblastoma patients and the same survival rates can be achieved using both devices in the
cohorts of newly diagnosed and recurrent glioblastomas. It has to be emphasized, however, that the small
number of centers using mEHT largely limits its application, and there is no data about the combined use of
the two devices, therefore, further studies are recommended.
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Abstract

Most federation of gynecology and obstetrics stage Il or higher locally advanced cervical cancer (LACC)
patients are treated with concurrent chemoradiotherapy (CCRT); however, recurrence is high, and the
prognosis is poor. In this observational retrospective study, data from LACC patients treated with CCRT
alone or combined with modulated electrohyperthermia (mEHT) were collected from 2011 to 2018.
Ninety-five LACC patients, including 53 (%) treated with CCRT alone and 42 (%) treated with CCRT +
mMEHT, were enrolled. The complete remission rate significantly increased with CCRT + mEHT compared
with CCRT alone among LACC cases with lymph node metastasis (45% vs 71%, P = .0377). Additionally,
at the last follow-up point, the no-evidence-of-disease rate significantly improved with CCRT + mEHT
compared with CCRT (58% vs 82%, P =.0315). Disease-free survival increased in the CCRT + mEHT group
with lymph node metastasis (P = .04). The addition of mEHT to CCRT led to a better therapeutic response
in LACC with regional lymph node metastasis without severe complications.

Abbreviations:

AEs = adverse events, CCRT = concurrent chemoradiotherapy, CR = complete remission, DFS = disease-
free survival, HIF-1a = hypoxia-inducible factor-1a, LACC = locally advanced cervical cancer, mEHT =
modulated electrohyperthermia, NED = no-evidence-of-disease, 0S = overall survival, RF = radio
frequency, VEGF = vascular endothelial growth factor.

1. Introduction

Cervical cancer is the fourth most common cancer in women, with 5,70,000 patients being diagnosed
and 3,11,000 deaths occurring in 2018 worldwide.[1] In particular, some developing countries, including
Africa, have the highest cancer incidence and mortality rates among women.[1,2] Treatment of cervical
cancer includes surgery, radiotherapy, and chemotherapy. For locally advanced cervical cancer (LACC),
cisplatin-based concurrent chemoradiation therapy (CCRT) is commonly accepted as the primary
treatment, and this treatment has been proven to lead to better outcomes than radiation alone.[3-6]
Surgical treatment for LACC usually requires adjuvant radiation and has a similar survival rate but is
accompanied by various complications.[7] Although the incidence of cervical cancer is decreasing due to
the development of screening tests and vaccines for human papillomavirus (HPV), patients diagnosed
with LACC still have a high recurrence rate and a poor prognosis even if they are treated with the
standard therapy, namely, CCRT.[8] Modulated electrohyperthermia (mEHT), which was used in the
present study, is a type of hyperthermia used in oncological treatments that avoids the drawbacks of
conventional electromagnetic heating.[9,10] This treatment device is designed to selectively heat
malignant tumors and tumor cells by modularly delivering 13.56 MHz radio frequency (RF).[11-14] This
method works by heating malignant cells, selectively and effectively acting on the cell membrane,[15]
and inducing apoptotic cell death.[9] This advanced treatment produces damage-associated cellular
patterns and promotes immunogenic cell death accompanied by the release of damage-associated
molecular signal patterns, such as ATP, HMGB1 and hsp70, which have the cytokine-like effects of
attracting immune cells.[16,17] The heat-induced increase in the tumor response to radiotherapy is due,
at least in part, to an increase in the oxygen supply via increased blood circulation in tumors. The
enhanced response of tumors to chemotherapy may be due to various factors. First, mild heating
increases the delivery of chemotherapeutic drugs to the tumors by increasing blood flow to and within
the tumor. Second, mild heating increases the cellular uptake of drugs by increasing cell membrane
permeability. Third, heating facilitates the reaction rate of drugs, which potentiates their
cytotoxicity.[11,16].

This method uses a modulated RF for energy delivery and achieves selective thermal action in
nonhomogeneous tissue.[18]

Itis also notably gentle, and its use on brain malignancies has been successful,[19-21] even at increased
doses for advanced cases.[12] In the present study, we analyzed whether there was a better treatment
by analyzing the treatment results and recurrence rates of the 2 treatment groups that underwent CCRT
alone or CCRT + mEHT for locally advanced cervical cancer.

2. Methods
2.1. Patient selection
All patients with LACC who were treated from January 2011 to December 2018 with CCRT and mEHT at

Jeonbuk National University Hospital were included, and patients who underwent follow-up for more
than 3 years were analyzed. Data were collected retrospectively, and patients were selected according
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to the following inclusion criteria: > 18 years of age, stage ll, lll, or IV cervical cancer, treatment with CCRT
alone or in combination with mEHT, and signed informed consent.

Routine pretreatment work-up consisted of gynecological examination, CT, and MRI scan. Lymph node
enlargement on CT or MRI scan is considered clinically positive. A total of 95 patients were enrolled.
Fifty-three (%) patients were treated with CCRT alone, and 42 (%) patients were treated with CCRT and
mMEHT. The patient group was classified using the cancer stage process presented in the 2008 federation
of gynecology and obstetrics guideline (Table 1).

2.2. CCRT
Most patients underwent chemotherapy with cisplatin alone, and a few were treated with cisplatin + 5-
FU, cisplatin + etoposide and oral 5-FU.

Chemotherapy was started at the same time as radiation therapy, and in the hyperthermia combination
group, treatment was carried out on the same day as chemoradiation therapy. Chemotherapy was
performed more than 5 times in most patients.

Chemotherapy-associated adverse events (AEs) were pancytopenia, nausea, vomiting, anorexia and
gastric discomfort. AEs were determined by investigator inquiry and by spontaneous patient reports.
The AEs were recorded with regard to the symptoms, signs, duration and severity (mild, moderate, and
severe). Clinical safety parameters, including blood glucose levels, vital signs, 12-lead ECG results and
clinical laboratory tests, were observed during the regular chemotherapy cycles. For radiation therapy,
after all patients received external radiation therapy with a mean total radiation dose of 54 Gy, an
additional boost was administered according to the patient's condition, brachytherapy (6 times, 24 Gy)
or external radiation therapy (mean 7 times, 12.4 Qy). Side effects related to radiation therapy included
abdominal discomfort and frequent urination, and no serious life-threatening side effects occurred
(Table 2).

| Table 1

Characteristics of patients with cervical cancer who had previously undergone chemoradiotherapy, who were subsequently
subjected to CCRT alone or who received CCRT combined with mEHT.

Parameter CCRT alone (n = 53, 56%) CCRT + mEHT (n = 42, 44%) Pvalue

Age,yr 58.7 (28-81) 51.8 (26-78) 25

mean

FIGO stage 2 (4%) 1(2%)

A 44 (83%) 32 (77%)

1B 2 (4%) 1(2%)

A 5 (9%) 8 (19%)

ns

Pathology

squamous cell 45 (85%) 37 (88%) 157
carcinoma 6(11%) 4 (10%)

adenocarcinoma 2 (4%) 1(2%)

other

Pelvic lymph 31 (58%) 34 (81%)
node status 22 (42%) 8 (19%)

positive

negative

CCRT = concurrent chemoradiotherapy, AGO = federation of gynecology and obstetrics, mEHT = modulated electrohyperthermia

Chemotﬂerapy treatment characteristics of CCRT alone and CCRT combined with mEHT.
CCRT alone (n = 53) CCRT + mEHT (n = 42)

Chemotherapy regimen

Cispiatin 52 (98%) 35(8
6 cycles 45 31
5 cycles 2
4 cycles

3 cycles
Cisplatin + 5-FU
(3—7 cycles)
Cispiatin + etopaside 0 1 (8 cycles, 2%)
5-A 1 (ora) (2%) 0

OCObW

6 (14%)

CCRT = concurrent chemoradiotherapy, mEHT = modulated electrohyperthermia
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Table 3
Clinical response of CCRT alone and CCRT-combined with mEHT following completion of treatment.

CCRT alone (n = 53) CCRT + mEHT (n =42) pvalue

response after 1% Tx
CR

Non-CR

response after last F/U
NED

Non-NED

-
S

~

-l

3

5

©

35 (83%) 0861

CCRT = concurrent chemoradiotherapy, CR = complete remission, mEHT = modulated electrohyperthermia, NED = no-evidence-of-disease

2.3. mEHT protocol and device

Modulated electrohyperthermia treatment was applied using an EHY2000 clinical heating device
(Oncotherm GmbH, Troisdorf, Germany) set at a 13.56 MHz carrier frequency, and the amplitude was
modulated according to a time fractal pattern. Modulated electrohyperthermia was performed for 60
minutes. The patients were placed in the supine position on a water mattress electrode. A circular upper
electrode (30 cm diameter) was coupled over the pelvic area. Prior to mEHT, all patients underwent a 2-
dimensional simulation. The treatment field encompassed the mass with a 3-cm margin in the X, Y
directions. Modulated electrohyperthermia was performed 3 times per week beginning at the initiation
of CCRT, and patients underwent 24 to 36 sessions (mean 28.6 times).

The power output was 80 W for the first 10 minutes, 120 W for the next 10 minutes, and 150 W for the
remaining treatment time. Self-calibration of the device was performed prior to each treatment. The
body temperature, blood pressure and pulse rate of each patient were measured prior to, during and
following treatment. Body temperature was measured using an infrared ear thermometer (Infrared
Thermometer IRT 4020; Braun GmbH, Kronberg, Germany), and the temperature of the abdominal skin
surface below the circular upper electrode probe was measured using a non-contact infrared
thermometer transmitter (Thermo Checker DT-060; Easytem Co., Ltd., Siheung, Korea). AEs associated
with hyperthermia and chemotherapy were monitored throughout the present study.
Hyperthermiaassociated AEs were warm sensation, skin burn and gastric discomfort.

2.4, Statistical analysis

The end points of the present study were tumor response with complete remission (CR) or partial
remission, stable disease or progressive disease, overall survival, final follow-up status and toxicity.
Student's t-test was used for treatment response analysis.

The time to an event variable was estimated using Kaplan- Meier analysis. The statistical analysis was
performed using SAS software (version 9.3; SAS Institute, Inc., Cary, NC). A P value < .05 was considered
statistically significant.

25. Ethics statement

The present study was approved by the Institutional Review Board of Jeonbuk National University
Hospital (Jeonju, Republic of Korea, JBNU IRB NO. 2018-06-009-002) and was conducted according to
the Declaration of Helsinki regarding biomedical research involving human subjects and the Guidelines
for Good Clinical Practice and written the informed consent was obtained from all patients legal
guardian.

3. Results

3.1. Patient characteristics
The study included 95 consecutive patients, 53 (56%) of whom received CCRT alone and 42 (44%) of
whom received CCRT and mEHT. The patient characteristics are summarized in Table 1.

The mean age, cancer stage, pathology type, and lymph node metastasis were not significantly different
between the 2 groups. The mean ages were 58.7 and 51.8 years, and all patients were diagnosed with
stage IIA-1IIB disease. Most patients were diagnosed with squamous cell carcinoma (P = .157) based on
cervical biopsy using the vaginal approach. The frequency of lymph node metastasis was higher in the
CCRT + mEHT group, but the difference was not significant.
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3.2 Outcome
Most patients were treated with cisplatin-based CCRT for 6 cycles. A small number of patients were
treated with other chemotherapies, but the number was not significant (Table 2).

The CR rates of the 2 groups were 53% and 71%, respectively (P = .0649), and the no-evidence-of-
disease (NED) rates at the last follow-up were 68% in the CCRT-alone group and 83% in the CCRT +
mEHT group (P = .0861); however, the differences were not significant (Table 3). There was also no
significant difference in disease-free survival (DFS) or overall survival (0S) (P = .166 and 0.079,
respectively) (Fig. 1).

However, in the separate analysis of patients with pelvic lymph node metastasis, significant variation in
the results was observed. More patients showed CR with CCRT + mEHT treatment (45% vs 71%, P =.0377)
and more NED (58% vs 82%, P =.0315) (Table 4). There was no difference in OS (P = .10), but a significant
difference in DFS was observed (P = .04) (Fig. 2).

3.3. AEs associated with hyperthermia and chemotherapy

Hyperthermia-associated AEs were warm sensation, skin burn and gastric discomfort. The 18 patients
(42.8%) complained of warm sensation in treatment area, 4 patients (9.5%) complained of first-degree
burns on treatment areas, and 6 patients (14.2%) complained of mild gastric discomfort. All patients’
AEs disappeared immediately after treatment without any additional treatment.

4, Discussion

The basic treatment principle of cervical cancer is to remove the primary cancer lesion and remove the
potential spread site. The primary treatment is to perform surgery or radiotherapy after setting the
clinical stage. Surgical treatment can be performed for cancers up to stage IIA that are limited to the
cervix and upper vagina. Radiation therapy can be used to treat all stages and has similar treatment
results to those of surgical treatment.
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- CCRT
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Figure 1. (A,B): Disease-free survival and overall survival of patients treated with CCRT alone compared
with those treated with CCRT combined with mEHT. CCRT combined with mEHT did not significantly
increase the disease-free survival rate or overall survival rate (P = .166 for DFS, P =.079 for 0S). CCRT =
concurrent chemoradiotherapy, DFS = disease-free survival, mEHT = modulated electrohyperthermia,
0S = overall survival.
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| Table 4|

Clinical response of CCRT alone and CCRT-combined with mEHT following completion of treatment in patients with pelvic lymph
node metastasis.

LN metastasis CCRT alone (n = 31) CCRT + mEHT (n = 34) pvalue

Response after 14 (45%) 24 (71%) 0377
1%Tx 17 (56%) 10 (29%)

CR

Non-CR

Response after 18 (58%) 28 (82%) 0315
last FU 13 (42%) 6 (18%)

NED

Non-NED

CCRT = concurrent chemoradiotherapy, CR = complete remission, mEHT = modulated electrohyperthermia, NED = no-evidence-of -disease

Several studies have shown that CCRT improves the therapeutic outcomes of LACC patients, whose
therapeutic outcomes would otherwise be poor with radiation therapy alone.[3,4,22] However, despite
treatment with CCRT, patients with LACC still have locoregional recurrence and distant metastasis at a
frequency of 27% to 35% and a high mortality rate and poor prognosis in cases of recurrence.[23]
Hyperthermia can directly kill cancer cells through heat and increase blood flow to the warmed area and
tumor oxygenation. In addition, the effect of chemotherapy can be improved by increasing the
intracellular drug concentration through an increase in permeability with membrane damage, an
increase in drug uptake, and a change in pH. By increasing the possibility of cell damage and preventing
damage recovery, the effect of radiation can be increased.[9] Conventional hyperthermia, at > 43°C or
higher, has several limitations. As normal tissue and malignant tissue receive homogeneous heat, the
focus of temperature does not match the focus of energy; therefore, temperature does not simply
correlate with energy to damage the cancer cell. The energy transfer to the tumoris indirect and difficult
to measure. In addition, this homogeneous heating of normal tissues surrounding tumors can increase
blood flow and the supply of nutrients to the tumor and can lead to an increase in invasion,
dissemination, and metastasis.[16]

Oncothermia is a modular electrohyperthermia based on energy dose control instead of a single
parameter of temperature, and this method accurately selects only tumor cells and heats them to
transfer a definite energy dose to more effectively lead to apoptotic cell death without unwanted
physiologic consequences.[11] Using anesthetized living pigs, Balogh et al[19] reported that 13.56
MHzmodulated RF can increase the temperature by 3 to 5°C in deep tissue. Kim et al[24] reported that
mild temperature hyperthermia suppresses hypoxia-inducible factor-1a (HIF-1a) and vascular
endothelial growth factor (VEGF), which are upregulated under hypoxic conditions. When only 15 Gy (60
Co) irradiation was performed in FSa fibrosarcoma allograte in C3H mice, blood perfusion was
decreased, hypoxia increased, and HIF-1a and VEGF were upregulated, but when mild temperature
hyperthermia treatment was performed after irradiation, blood perfusion and tumor oxygenation were
increased, and HIF-1a and VEGF were suppressed.[25] Lee et al[20] reported increased blood perfusion
to the tumor and increased peritumor temperature from 36.7 = 0.2°C to 38.5 = 0.8°C through mEHT in
patients with cervical cancer. Vancsik et al[17] reported that mEHT promotes doxorubicin uptake and
potentiates doxorubicin-induced cytotoxic effects in the case of a combination of doxorubicin and mEHT
in (26 mouse colorectal adenocarcinoma culture.
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Figure 2. (AB): Disease-free survival and overall survival of patients with lymph node metastasis
compared to patients without lymph node metastasis treated with CCRT alone and CCRT combined with
mEHT. DFS, but not 0S, was significantly different between the two groups (P = .04 for DFS, P =.104 for
0S). CCRT = concurrent chemoradiotherapy, DFS = disease-free survival, mEHT = modulated
electrohyperthermia, OS = overall survival.

Recently, several studies on the clinical effectiveness and stability of the combination of conventional
therapy and mEHT have been reported. Fiorentini et al[21] reported that when chemotherapy,
radiotherapy, and mEHT were combined in patients with stage lll-IV pancreatic cancer, the tumor
response was improved, and the median overall survival increased from 10.9 months to 18.0 months. A
study comparing the effects of supportive care and mEHT in relapsed malignant astrocytoma and
glioblastoma reported that the 5-year survival rate of astrocytoma was increased from 25% to 83% in
the mEHT group.[20] Gadaleta-Caldarola et al[26] reported that sorafenib plus mEHT combination
therapy in advanced hepatocellular carcinoma was feasible and well tolerated without major
complications. Grade 4 treatment-related toxicities were not observed, and grade 3 toxicities were
related to only sorafenib, not mEHT.[7] In our study, we compared the treatment response of the CCRT
treatment group and CCRT + mEHT treatment group for LACC. There was no difference in response rate
(CRand NED) between the 2 groups, and DFS and 0S also showed no significant difference. However, the
CR rate was significantly increased in the CCRT + mEHT group compared to the CCRT alone group in the
case of locally advanced cancer (stage IlIC) in women with lymph node metastasis (P = .0377).
Additionally, at the last F/U point, the NED rate also showed a significant improvement compared to the
CCRT alone group (P =.0315).

DFS also improved in the CCRT + mEHT group with lymph node metastasis (P = .04). In 1 study about
recurrent cervical cancer in women who were previously irradiated with chemotherapy combined with
mEHT compared with chemotherapy alone, the authors concluded that hyperthermia may be slightly
more effective for the treatment of abdominal lymph node metastasis.[27] In the 2018 International
Federation of Gynecology and Obstetrics staging system for uterine cervical cancer, pelvic or para-aortic
lymph node metastasis was classified as stage IlIC.[28] However, there is no change in therapeutic
modality, namely, CCRT. In our study, mEHT combined with CCRT led to a better therapeutic response in
patients with LACC with regional lymph node metastasis without severe complications. However, there
is a limitation in that this study is a single-center study, has a small number of participants, and cannot
explain the pathogenesis, namely, why better results were found in patients with lymph node
metastasis. In conclusion, to obtain better treatment results, further discussion or research regarding
combined hyperthermia therapy should be conducted. Additional cell-level studies and laboratory
studies are also needed to determine why mEHT is more effective in lymph nodes, and large-scale
prospective studies are needed in patients with federation of gynecology and obstetrics stage llic
disease.
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Simple Summary:

Radiofrequency electromagnetic fields are used for tumor heating as adjunct therapy, but it appears
that sufficient temperatures can sometimes not be reached. We therefore aimed to study potential non-
temperature-induced anticancer effects when adding amplitude modulation to the radiofrequency
waves. We could demonstrate in a colorectal cancer model that radiofrequency electromagnetic fields
do have anticancer effects when not being induced by increased temperature that can be further
increased by amplitude modulation. Therefore, this treatment could potentially serve as a more
effective tumor therapy.

Abstract

Non-temperature-induced effects of radiofrequency electromagnetic fields (RF) have been
controversial for decades. Here, we established measurement techniques to prove their existence by
investigating energy deposition in tumor cells under RF exposure and upon adding amplitude
modulation (AM) (AMRF). Using a preclinical device LabEHY-200 with a novel in vitro applicator, we
analyzed the power deposition and system parameters for five human colorectal cancer cell lines and
measured the apoptosis rates in vitro and tumor growth inhibition in vivo in comparison to water bath
heating. We showed enhanced anticancer effects of RF and AMRF in vitro and in vivo and verified the
non-temperature-induced origin of the effects. Furthermore, apoptotic enhancement by AM was
correlated with cell membrane stiffness. Our findings not only provide a strategy to significantly
enhance non-temperature-induced anticancer cell effects in vitro and in vivo but also provide a
perspective for a potentially more effective tumor therapy.

Keywords: radiofrequency; amplitude modulation; hyperthermia; colorectal cancer; anticancer effects
1. Introduction

Non-temperature-induced effects of radiofrequency electromagnetic fields (EMF) have been
controversial for decades. Electromagnetic fields can be applied either as continuous waves (RF) or
modified with additional amplitude modulation (AM), denoted as AMRF. In the literature, these effects
are also, somewhat imprecisely, referred to as "nonthermal” effects. However, non-temperature-
induced effects is a more suitable term, and it denotes the effects associated with the deposition of
either thermal or nonthermal/isothermal energy. In the context of this work, we introduce the term of
isothermal energy to denote energy absorption of a sample/tissue without resulting in a measurable
temperature increase. We follow the thermodynamic term of an isothermal process, where a change in
internal energy occurs without a concurrent temperature change. This is typically the case in slow
processes where the rate of heat exchange is fast enough to prevent a temperature increase, for
example, in cases in which the sample is in contact with a cooling reservoir. A non-temperature-induced
effect is considered proven if RF or AMRF exposure leads to an increased physical or biological effect
under otherwise identical conditions—in particular, identical temperature in the treated sample/region.
However, the characteristics of the effects might change with the temperature.

RFs have been used in cancer therapy for decades under the label hyperthermia [1] to improve the
effectiveness of chemotherapy [2] or radiation therapy [3,4]. According to the prevailing opinion, the
therapeutic effect of RF was attributed only to the temperature increase induced by RF [1]. Due to the
technical demands and limitations in achieving the required temperatures of >41 C for tumor therapy
[5,6], this therapeutic approach was only established for a few oncological indications.

Recently, non-temperature-induced antitumoral effects have been observed clinically. AMRF either at
13.56 MHz [7-9] or 27.12 MHz [10,11] were applied at rather low specific absorption rates (SAR) of 1 W/kg
(or E-fields of 45 V/m) up to an estimated 15-20 W/kg (or E-fields up to 200 V/m) and temperatures
below 40-41C or even at a normal body temperature. These AMRF techniques based on capacitive
coupling of the EM field could be used with much less effort than the current clinical techniques
centering around radiative EMF exposure and for significantly more indications in oncology.

Furthermore, preclinical studies showed various non-temperature-induced anticancer effects in vitro
and in vivo applying AMRF at 13.56 MHz [12]. However, to the best of our knowledge, the precise
contribution of AM was not investigated until now. This is considered a key question for our current
study, because RF at 13.56 MHz (without AM) also showed non-temperature-induced antitumor effects
when compared with water bath (WB) heating, both of which were carried out at 42 C [13].
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Calcium fluxes, which were observed in response to AMRF at 147 MHz, with low modulation frequencies
around 16 Hz, were considered a key effect [14-16]. The various biological endpoints of electromagnetic
radiation in the microwave range from mobile phones have also been investigated [17-19]. However,
these investigations were mainly made on older cellular systems with pure phase-modulated signals
and constant amplitude.

We believe that the long-standing apparent lack of clarification on the non-temperatureinduced effects
of harmonic RF or AMRF has two major reasons:

1) So far, no reproducible measurement method has been established that can clearly detect
differences in the power deposition in cells exposed either to RF or AMRF.

2) There is a lack of irrefutable in vitro and in vivo experiments that compare WB heating with RF
or AMRF and document additional RF and/or AMRF-induced anticancer effects. A typical
knockout argument is the assertion of hidden thermal effects (local temperature rises, so-called
hot spots). Therefore, such confounders must be methodically excluded using a thorough
analysis of the experimental setup.

Using a series of physical measurements and in vitro and in vivo experiments, we addressed the above
limitations and substantiated the non-temperature-induced anticancer effects of RF and AMRF. We also
aimed to decipher the biophysical mechanisms underlying the antitumoral effects and to open up an
innovative field for clinical application, particularly for treating cancer.

2. Materials and Methods

In this study we investigated the behavior of tumor cells in vitro and in vivo when exposed to RF and
AMRF versus temperature alone (WB). We analyzed the physical parameters of the sample directly
(measurement) or indirectly (system parameters), as well as the biological effectiveness of all
treatments. A thorough investigation of the temperature distribution in a heterogeneous in vivo scenario
was deciphered using EMF and temperature simulations.

2.1. Experimental System, Applicators, and Physical Parameters

We used the commercially available device LabEHY-200 (Oncotherm Kft., Budapest, Hungary) [20], as
described in Figure 1, for RF and AMRF treatment with dedicated applicators for preclinical in vitro
experiments with cell suspensions and in vivo experiments with mice tumors. The system consists of a
signal generator with a fixed carrier frequency of 13.56 MHz (Figure 1A) and optional AM with a
selectable pink noise spectrum with a noise density proportional to

fo/f (for f = fo with fo = 1,10, 100 Hz, or 1 kHz). pogutation is applied with a selectable modulation index

m (10-100%), where m defines the amplitude of the modulation wave with respect to the amplitude of
the carrier wave (A.). In the frequency spectrum, the (Au) wave is no longer represented by a single peak
(f- + fum).

at the carrier frequency (f.) but also exhibits two side peaks at the modulation frequency

Each of these peaks contributes to the total power carried by the EM wave:

Ac A.
E = A cos(wct) + mTL cos((we — wm)t) + mTL cos((we + wm)t)

A B Cross-section of the multilayer applicator

Computercontrol
Data acqusition

Generator
(13.56 MHz) 3 wi -
Thermometry Ampifier (1-20 W) Cell chamber 40x16x3 mm? with 1 Mio cells/ml
Tuning (V, C1, C2) . 40 mm

Applicators
in vitro, in vivo
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Figure 1.
(A) Experimental system. Schematic of LabEHY-200 system for preclinical in vitro and in vivo studies.
With reference to the clinical system EHY-2000+ [8], we initially set the AM-spectrum to

100/£ (f > 100 Hz).

B) In vitro applicator. Schematic cross-section of the in vitro applicator, which is suitable to adjust the
power density (via P.g;) and temperature (via water flow system) separately. The grid-shaped electrodes
(below) enabled enlargement of the cell chamber volume (green) up to ~2mL.

(O In vivo applicator. Components of the in vivo applicator in situ as positioned upon an implanted HT29
tumor in a nude mouse.

(D) Model of in vivo applicator. The exposed volume is much smaller than for the in vitro applicator,
resulting in a Padj = 1 W. Particularly, calculating temperature distributions is a nontrivial task because
of this complicated geometry.

(E) Tuning circuit. Tuning circuit for the in vitro applicator with adjustable capacitances C/C;, which are
controlled by the voltage V. The complex impedance Z is specified by the fixed inductance L (air coil) in
a pre-tuning unit, the capacitance C and a variable lossy resistance R, depending on the load and
operation mode. (F) Evaluation procedure for the temperature gradient after the power is turned on.

Standardized evaluation of AT/At(°C/min) the in vitro applicator after switching on the power
(Pagj = 10 W) under flow conditions in three steps (1-3): (1): Fixed tuning time of 25 s to achieve
<Pyiss> = Pagj with a reflected power of <5%. (2): Determination of the slope AT/At of the regression
line in the time interval 25-85 s (red line). (3): Correction of the temperature gradient with respect to

the mean Pgiss during this time interval.

From this, the proportion of the AM side band power of the total signal power can be calculated as:
2
m2
(24+m?) | yielding 11% for m = 0.5 and 24% for m = 0.8
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We used a novel in vitro applicator (Figure 1B) that allowed temperature regulation via temperature
control loop operating a water flow cooling system, which was not possible using the previous
applicator [13,21]. The in vivo applicator was used for small animal studies (Figure 1C) [22].

Each applicator can be interpreted as a series connection of capacitances (interfaces, deionized water,
cell culture growth medium (Gibco Roswell Park Memorial Institute (RPMI) 1640 Medium, Thermo Fisher
Scientific, Waltham, MA, USA), and tissues), the electrical parameters of which are listed in Table 1A. A

=gy X & X A/d

capacitance of C was calculated for each single component (A: electrode/interface

area, d: distance between electrodes/interfaces, €0 - vacuum permittivity, and fr_ _ relative
permittivity of medium). A basic network analysis shows that the applicators have a total capacitance

C=14pF in the series, with an inductance Lof=10 “Hforming a series resonant circuit, which, in the
lossless case, has the resonance frequency f:

f= — = 13.56 MHz

2/ LC

Table 1. (A) Electrical parameters (electrode size A, relative permittivity Er , and electric conductivity #
required to calculate the capacitances Cin vitro and in vivo and to simulate E-field distributions. (B)
List of thermal parameters required to calculate the temperature distributions for the in vivo
applicator, which is applied for nude mice.

(A)
Electrical Parameters In Vitro Applicator In Vivo Applicator
electrodes grid-shaped electrodes (steel) stainless steel
upper electrode 4 x 1.6 x 0.75 cm? o1=1cm, h=6cm
counter electrode electrode area reduced by 0.75 o02=(o 12 +d?)1/2
distance d (cm) between
clec(trod)cs 13 1.2 (mouse)
MI- i otw = 2/3 i
RPMI-Medium between ¢, =725, o=125/m &, : 1-09( /3 medium)
electrodes ¢, =79 (phantom)
e . o coverslips, polyolefin silver plated cotton
additional interfaces % 5 Dy, g% B2y . =
Table 1. Cont.
(B)
Thermal Parameters In Vivo Applicator

Electrode (steel): 20
Thermal conductivity A (W /m/°C) Cover (silver plated cotton): 90
Tissue (mixture muscle/fat): 0.5

Heat capacitance ¢ (Ws/kg/°C) Electrode (steel): 420

Tissue: 3600
Heat transfer HTC (W/m?2/°C) Mouse body: 6
Perfusion (mL/100 g/min) Tissue: 100
Heat generation (W /kg) Tissue: 10

Changes of the absorbed power in the sample represented by a loss resistance R in series with the
lossless applicator (Figure 1E) change the resonance frequency. Any change of this absorbed power in
the sample adds a slight frequency shift, resulting in detuning of the resonant circuit. A tuning circuit
operated by a control voltage V and mechanically adjustable capacitors C; and C. (Figure 1E)
compensates for a change in the absorbed power in order to achieve impedance matching and thereby
maximum power transfer to the resonator, i.e., the applicator for the fixed carrier frequency 13.56 MHz.
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Practically, the control voltage V is tuned until the internally measured dissipated power Pgiss (W)
approaches the value of the adjusted power P.q chosen for the treatment/experiment [22,23]. Typically,
small differences <5% between P4 and Pgiss are achieved. The complex impedance Z of the applicator
Z= R+i(wL— L) =Z.e 19

wC

unit depends on L, C, and R and is given by the equation with

e 2 1
/ 1 R? [p2 1 \~ wlL™ =
w = v,"' IC — w2 Z = / R + <(,UL —wC) - 0 = «]l’CCOt(ﬁz—“‘(—),
\ ' V « ) showing the influence of R on the

= 2nf of the circuit.

resonance frequency %
During measurements, Lab-EHY200 software automatically logs the internally measured values for the
tuning capacitances C; and Cz, power measurements (forward power Prorward, reflected power Preq, and
dissipated power Pgss) and temperatures every second and saves to an output file. We analyzed the
differences of the mean C; and C; between different cell lines and non-modulated RF versus AMRF,
assuming that they are indicative of changes in the sample's impedance, resulting in changes in the

deposited power AP.

Determining the dissipated power quantified by the specific absorption rate (SAR in W/kg) in the sample
is of particular interest and carried out as follows. At this point, it is important to note that the term of
dissipated energy in the physical sense directly refers to energy absorption leading to a change in
temperature, whereas the total absorbed power can contain isothermal energy in addition to dissipated
energy. If the power is switched on at the initial thermal equilibrium, the SAR can be derived from the

AT /At (in °C/min)

temperature gradient quantifying the temperature increase AT during a given

evaluated rising time At . The relationship between SAR and AT/At is derived from the bioheat transfer

727 _
equation that is analytically solved for ViT=0 (thermal equilibrium) [24,25]. The simple relationship:

SAR [W/kg] =60 x AT/At[°C/min] (1)

is sufficient if the perfusions w (mL/100 g/min) and time intervals Dt are small enough (1st-order term).
In our in vitro experiments, however, a high perfusion w must be assumed if the water flow is running in
the in vitro applicator (Figure 1B). Then, the 2nd-order term is non-negligible, yielding:

SAR [W/kg] =60 x (1 +wpAt/2) x AT/At[*C/min] (2)

If we apply our evaluation interval of At _ 60 s and a high w = 200 mL/100 g/min, this doubles SAR with

Equation (2) (compared to Equation (1)). This has previously been confirmed by temperature-time
measurements without the running water flow system at the same P.qj= 10 W that delivered about twice

as high AT/At compared to water flow cooling ([26]). If we perform experiments with RF and AMRF

At

under identical settings, a direct comparison of AT/ is possible after normalization to Pgiss in order to

compensate for slight inaccuracies in tuning < Pgiss > to Pag;: ("\T/"\t )corr. For each experiment, we

determined and recorded changes of temperature gradients ( AT/At )corr, as we compared AMRF to
unmodulated RF.

For the in vitro studies, we applied a standard procedure to determine ( AT/ At )corr from the respective
datasets. We selected a reasonable fixed ramp-up time after the power is on for Pdiss to approach P.g;
(25 s). During the evaluation time Dt (60 s), we determined the slope of the regression line of the
temperature-time curve. The length of Dt is a carefully considered tradeoff between statistics and
linearity (Figure 1F). We considered typical fluctuations of the temperature-time curves with cycle times
of 10-15 s to be related to the regulatory processes of the LabEHY-200 system.

For the in vivo studies, we had to carry out a graphically supported evaluation process (determination
of the tangent) due to the variable settings and adjustments.

2.2. Applicator Models, Simulation Studies, and Isothermal Energy
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In the case of the in vitro applicator, the temperatures in the cell suspension are assumed to be
sufficiently homogeneous if the water flow is running, given the small sample size and thickness and
the large contact area between the sample and the flowing water. The temperature is directly monitored
in the cell chamber and further analyzed (Figure 1B).

On the contrary, we expect nonhomogeneous SAR and temperature distributions for the in vivo
applicator (Figure 1C,D); therefore, we performed simulation studies for further clarification.

To determine the electric (E-) field, SAR, and temperature distributions, and particularly to exclude
undesired thermal effects in the larger and temperature-destabilized volume of the mice treated in the
in vivo applicator (Figure 1D), a realistic model of the applicator and a simplified model of a mouse were
implemented in Sim4Life V6.0 (ZurichMedTech, Zurich, Switzerland).

For the E-field simulation using the quasistatic solver (13.56MHz) of the FDTD (Finite Difference Time
Domain) algorithm, we implemented the electrodes with the dimensions measured at the in vivo
applicator (top electrode: @ =1cm, bottom electrode: 5.5 x 10.5 cm2). The top electrode was implemented
as a solid structure due to the high conductivity of all the components, neglecting its composition of
multiple thin rods held in place by a conductive textile to accommodate irregular surfaces. The voltage
was directly applied to the top electrode, while the bottom electrode was considered grounded (Dirichlet
boundary condition). After an initial simulation with U = 100 V, the voltage was adjusted until the
absorbed power matched the adjusted power P.qj = TWchosen for the in vivo experiments. It is important
to note that this power level refers to the continuous RF wave with constant amplitude, since
implementing amplitude modulation is not supported in our simulation software. Given the power
distribution between the carrier wave and the side bands of the modulation signal, this makes our
simulation an upper bound approach to the problem. The mouse was approximated by a rectangle of
6 x 3 x 1.2 cm3, consisting of a 200 pm layer of fat enclosing homogeneous muscle tissue. The
dimensions were both estimated from pictures taken during the in vivo experiments and adjusted to
match the approximate weight of the mouse (here: m = 23 g) for a matching power balance. The overall
resolution was set to 0.5 mm isotropic, with a high-resolution box (0.1 mm isotropic) centered
underneath the electrode. For model A, a representation of the small tumor shortly after induction, a
plane surface of the phantom was implemented. For model B, a sphere with a diameter of 8 mm placed
at a depth of 3 mm of the rectangle (representing tumor growth) was used to bulge the surface of the
phantom outwards by 1 mm. The superficial fat layer was maintained.

Note that, for in vivo experiments, a mixed tissue of muscle, fat, and intestine yields a mean heat

capacitance c = 3600 Ws/kg/°C, and the relationship SAR (W/kg) = 60 x AT/ At (°C/min) holds if the
time interval Dt is sufficiently small (Equation (1)) [27]. If high SAR of >1000 W/kg are calculated in a
small volume (approximated by a sphere with radius r (mm)), we can apply an analytical solution of the
bioheat-transfer equation to quickly estimate the temperature increase [25]:

ATsa [PCl=42 x 10 4 % 4r x SAR, at the center (3)

According to this equation, even an excessive SAR of 10,000 W/kg focused to a sphere of 1 mm would
result in a temperature increase of only 2 C, which is not sufficient for any relevant thermal effect.
However, accurate numerical calculations of temperature distributions are performed to confirm these
estimations.

For the steady-state temperature simulation, the electric loss density result of the EMF simulation with
Pyiss = TWwas used as the input. For this simulation, the full geometry, as shown in Figure 1D, was
implemented to include the heat sink of the metal electrode rod. The initial body temperature and
background temperature were set to 36 C and 22 C, respectively. All electrical and thermal properties
are listed in Table 1. Temperature simulations were performed for model A. As a worst-case
approximation, the perfusion in the tumor volume was set to zero. The temperature distributions

depend considerably on the thermal conductivities A of the electrode material and mouse tissue
(W/m/Q), the heat transfer coefficient HTC (W/m?/C), and the perfusion w (mL/100 g/min), according
to previous studies [28,29]. The HTC for nude mice (6-10 W/m?/C) was doubled in comparison to hirsute
mice (Mus musculus, 3-5 W/m?/C).We generated SAR volume histograms, 2D distributions, and cross-
profiles of calculated SAR and temperature datasets. Finally, a comparison of the calculated and

measured SAR (via a gradient of temperature increase AT/ At ) and the temperatures was performed.
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If we measure different ( AT/ At )corr(AMRF) < ( AT/At )corr(RF) after correction for Paiss (according to
Figure 1F), such a difference suggests that isothermal power is deposited in the sample, which is caused
by AM. Isothermal energy can primarily be stored electrostatically and chemically as quantified on a
microscopic level by the equations in Figure 2 (left panel). A long-term macroscopic correlate for
isothermal energy depositions are phase transitions (Figure 2, right panel), which we would expect
particularly in cell membranes that can exhibit a transition from a solid to a fluid state at a certain
temperature.

Isosthermal internal energy U

IU(AMRF) — U(RF)Il = AU(iso-thermal) = AU + AU, with

, - 9,4, 2

AUg 24 prppy— electrostatic energy Phase transition of the cell

' membrane from solid to fluid,
=~ if Poisson ratio o — % and

stiffness E Ll and shear
AUg = 2 M An, chemical energy modulus p

(g charge, r distance)

( U/ n, =y, chemical potential, An, molar change of k-th reactand)

-

Figure 2. Isothermal energy. Isothermal contributions to the internal energy of tumor cells. These energy
depositions do not cause a temperature increase, especially during the heat-up phase. In particular,
phase transitions substantially consume isothermal energy. Such phase transitions might occur at the
cell membrane under certain circumstances.

Under these conditions, an important aim of the present study was to evaluate the different physical

parameters (( AT/ At )corr, system parameters) for in vitro and in vivo studies, if either RF or AMRF is
applied.

2.3. In Vitro Studies

We used five human colorectal cancer cell lines: HT29 (obtained froma primary tumor), SW480 (primary,
Duke's B), LoVo (left supraclavicular metastasis), SW620 (lymph node metastasis), and HCT116, which
were originally purchased from the American Type Culture Collection (Manassas, VA, USA). The frozen
cells were grown in RPMI 1640 medium and maintained at 37 C in a humidified incubator with 5% CO..
We prepared cell suspensions with approximately one million cells per milliliter.

For thein vitro experiments, two milliliters of cell suspension were injected into the cell chamber of the
in vitro applicator (Figure 1B). After careful venting, a fluorooptic temperature sensor (FLUOROPTIC®
THERMOMETER m3300 Biomedical Lab Kit by Luxtron, @ = 0.5 mm) was positioned in the center via a
provided channel under visual control. We always selected 42 C as the target temperature for the flow
system and an adjusted power Padj of 10 W. In the case of AMRF, we selected 100/f (f 100 Hz) and a
modulation index of 50%. This particular AM is also used in clinical systems, e.g., EHY- 2000+
(Oncotherm Kft., Budapest, Hungary) and was utilized in two clinical studies [7,9]. The flow system runs
a few minutes ahead of the power onset for thermal equilibration at room temperature.

For each of the five cell lines and the RPMI medium, 6 short experiments, i.e., 2 triplicates, were

performed per arm (RF versus AMRF) to screen the physical data (( AT/ At )corr, Ci, Cz, tmeas = 10 min).
Four cell lines (HT29, SW480, LoVo, and HCT116) were selected for further analysis that showed the
highest differences in physical parameters between the medium and cell suspensions and between RF
and AMRF exposition.

We hypothesized that AM with modulation frequencies of Hz to kHz (audio frequencies) can deposit
energy in membranes by the excitation of mechanical vibrations [12]. The stiffness E (or Young's
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modulus) (Pa) is a decisive parameter to estimate the fundamental (or ground) natural (or eigen)
frequency fM (Hz) of a membrane sheet with dimensions a x b (HM?2) according to an equation derived in
[30] (Vol. VI, §25):

fy = 120 x EV/2 x (1/a2+1/b3) )

Therefore, we determined the stiffness E of normal cells (represented by hepatocytes and fibroblasts)
in comparison to our selected tumor cell lines (HT29, SW480, LoVo, and HCT116) at different
temperatures (37 C and 41 C) by indentation measurements using atomic force microscopy. The cells
were probed using Bruker (Newark, DE, USA) MLCTBIO- DC cantilevers with a spring constant of 0.01
N/m that were calibrated using a contact-based method on a JPK-NanoWizard® 4 atomic force
microscopy system. The cell culture dishes with the adherent cells were equilibrated at respective
temperatures in HEPES buffer for 30 min prior to the experimentation, using the JPK PetriDishHeaterTM
provided with the instrument. The actual temperature on the sample surface was checked with an IR
thermometer on the sample surface prior to the measurements. The indentation experiments were
performed at a setpoint of 1 nN and a relative setpoint of 0.8 nN to achieve an indentation depth of 500
nm, ensuring indentation at a larger surface area. A Z length of 4 MM with an extension speed of 1 HM /s
and sample rate of 2046 Hz were used for collecting the data. For singularized, nonconfluent cells, three
cells per sample were analyzed where five to six force curves were recorded for each cell in a
5x 5 M2 region. Each sample was analyzed in experimental triplicates. The analysis of the force curves
was performed using JPK data processing software, and the Young's modulus was calculated using the
Hertz-Sneddon model for a triangular pyramid cantilever of 17 half-angle.

The three cell lines with the lowest stiffness E were selected for further in vitro analysis (HT29, SW480,
and LoVo). We performed 4 triplicates per cell line and arm for the biological endpoint apoptosis (tmeas
= 65 MinN: theat = 5 MiN + tyeat = 60 min). In parallel, controls were run in a water bath at 37 Cand 42 C for
the same time. Apoptosis rates were determined using FACS (fluorescence-activated cell sorting) by
measuring the percentage of annexin V-positive cells. A direct comparison was performed by dividing
the percentages of RF or AMRF by the mean percentage of the 42 C water bath.

2.4, In Vivo Study

We used HT29 tumor s.c. xenografts for the in vivo study, because for HT29 cells, the largest differences
between RF and AMRF had been observed in the in vitro experiments. The animal study with 6-8-week-
old female NMRI nu/nu mice was performed at the Experimental Pharmacology & Oncology (EPO) GmbH
Berlin-Buch (Berlin, Germany). All animals were maintained in a sterile environment with a daily 12-h
light/12-h dark cycle, and sterilized food and water were provided ad libitum. Animals at 6-8 weeks old
with a body weight of 22-25 g were used for xenografting. All experiments were carried out in
accordance with the 3R (replace, reduce, and refine) and animal welfare (LAGESO Nummer 001/019), in
accordance with the German law and Directive 2010/63/EU.

Subcutaneous injection at the femoral region with 1 x 107 HT29 cells in 0.1 mL of phosphate-buffered
solution (PBS) was performed to form tumor xenografts. Forty mice were randomly assigned to 4 groups
of n =10 animals. We compared the control group and whole body water bath hyperthermia group (WB)
at 40 C for 35 min with the RF group and AMRF group, for both adjusting a total power of P.gj=1W and a
measurement time of 35 min (tmeas = 35 MiN: thest = 5 MiN + tyear = 30 min). Direct temperature
measurements were performed in the tumor center (as precisely as possible), at the skin in contact with
the tumor, and in the rectum with the same temperature probes as used for the in vitro experiments. We
determined the SAR after the onset of P.q by applying tangents to the temperature time curves using a
graphical method and registered Pyiss, G5, and C; similar to the in vitro studies.

During the induction time of approximately 16 days (series 1), we started with the respective treatments
on post-tumorinoculation days 7, 9, and 13. For this, the mice were anesthetized with isoflurane gas and
received an injection of 150 mg/kg D-luciferin (Biosynth, Staad, Switzerland). We monitored the
luciferase-expressing tumor xenograft activity by bioluminescence imaging using the NightOWL LB 981
imaging system (Berthold Technologies, Bad Wildbad, Germany). Images were analyzed by WinLight
software (Berthold Technologies) and quantified using Imagel) 1.48v. In addition, tolerability and
feasibility of the application were documented, i.e., potential skinirritations, treatment discontinuations,
and the number of regular sessions. We measured the tumor volume (TV) by a digital caliper on study
days 6 (baseline), 16, and 20.
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On day 20 during the tumor growth period, we started a comparison of RF and AMRF in the so-far-
untreated control group. We randomized 5 mice in each group and performed the three treatments on
days 20 (after baseline measurements), 23, and 27. Here, we measured the TV on days 20, 23, 30, and 34
and again conducted bioluminescence imaging on days 20, 29, and 34 as the endpoints.

The anesthetized mice in the WB, RF, and AMRF groups were sacrificed on day 13 and in the control group
on day 34 after the last TV measurement. The tumor samples were prepared for immunohistochemistry
(IHC) by staining and evaluation for Ki67, because Ki67 protein (pKi67) expression is associated with the
proliferative activity of intrinsic cell populations in tissues, including tumors. In evaluating the IHC
results, the relative percentage of the immunopositive cells was assessed in relation to the total number
of target cells. We defined a numerical Ki67 tumor score from 0 to 3.0 as follows: 0 (negative no stain),
0.5 (up to 12.5% of the cells show positive immunoreactivity), 1.0 (12.5-25%), 1.5 (25-37.5%), 2.0 (37.5-
50%), 2.5 (50-75%), and 3.0 (75-100%).

2.5. Statistics

We used the software package GraphPad Prism v.6 for the statistics. Variance analyses between several
series of measurements of two groups were performed by multiple t-tests and presented either as
standard boxplots or dot plots additionally showing mean and mean error bars. Significance was defined
as p < 0.05 and marked with * (<0.005 with **, etc.).

3. Results

3.1. Physical Parameters (In Vitro Applicator)
We compared RF at 13.56 MHz with AMRF, selecting the pink noise modulation frequency spectrum with

«100/f with f > 100 Hz m 2 50%.

a noise density and modulation index

We evaluated and compared three physical parameters in five colorectal cancer cell lines prior to the in

vitro and in vivo studies (Figure 3): temperature gradients ( AT/ At )corr (C/min) after power onset and
system parameters G and C..
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(A) Power deposition; Detected temperature gradients after radiation onset in the in vitro applicator (10

+ AM with > 100 Hz),
W with flow, which are significantly higher for RF in all cell suspensions than in the

medium. For RPMI medium, a slight nonsignificant increase is observed for AMRF versus RF. In contrast,
for each cell line, a significantly lower value is observed (significance level is shown above the bars: p <
0.05 and marked with *, < 0.005 with **, etc.). The dashed line marks the medium level for RF.

(B) Tuning capacitance C;; G of the in vitro applicator for medium and five cell lines exposed to RF or
AMREF radiation. Differences are evident between medium and cell suspensions and between RF and
AMRF—in particular, after pooling the cells. Individual cell lines appear to follow a trend. G is higher
when using AMRF instead of RF. The difference is lowest for the cell lines (LoVo, SW620, and HCT116).

(©) Tuning capacitance C3; C; of the in vitro applicator for medium and five cell lines exposed to RF or
AMREF radiation. Differences occur similar to G, but C; values are lower for AMRF than for RF. Again, this
difference is lowest for the cell lines (LoVo, SW620, and HCT116).

Figure 3A shows that ( AT/ At )corr under RF exposure were significantly higher by 15-20% for all cancer
cell lines (HT29, SW480, LoVo, SW620, and HCT116) in comparison to the RPMI medium. When using

AMRF, (‘"\T/"\t Jcorr in the medium was slightly (but non-significantly) higher (Figure 3A). If we,

however, exposed cell suspensions to AMRF, ( AT/At Jcorr were significantly lower, close to the level
found for RPMI medium. Given the normalization to the same power, these measurements suggest that
cancer cells were subjected to isothermal energy if AM is added to RF, since the same amount of energy
was absorbed, but a smaller fraction was dissipated as thermal energy.

The system parameters C; and C; (Figure 3B,0C) also significantly differed between the medium and cell
suspensions for both RF and AMRF exposure. G is significantly higher for SW480 cell suspensions when
using AMRF compared to RF. C; is more sensitive to a switch from RF to AMRF and is significantly lower
for HT29 and SW480 cell suspensions.

3.2 Biological Effectiveness of RF and AMRF Versus WB In Vitro

We measured apoptosis, comparing exposure with RF and AMRF at a targeted temperature of 42 C
(measured mean of 41.8 C) in the novel in vitro applicator to conventional water bath (WB) heating at
the targeted 42 C (measured mean of 42.3 C) for the three selected colorectal cancer cell lines HT29,
SW480, and LoVo. The measured temperature excess of 0.5 C in the WB versus cell chamber (Figure 4A)
confirms that additional apoptotic effects induced by RF or AMRF exposure cannot be caused by a higher
temperature in the cell chamber and must be of non-temperature-induced origin.

For HT29 cells (Figure 4B), we found no relevant increase of apoptosis for RF versus WB (<10%) but
significantly higher apoptosis for AMRF in comparison to either WB or RF (34% versus \WB).

Contrarily, for SW480 cells (Figure 4C), we measured a significant increase of apoptosis for RF (45%
versus WB); the apoptosis rates were enhanced at similar rates in both RF and AMRF. A similarly high
anticancer effect of RF exposure on SW480 cells was previously reported [13]. For the cancer cell line
LoVo (Figure 4D), we measured a slightly lower, but still significant, increase of apoptosis for RF (30%

versus WB) and no further increase for AMRF. While ( AT/At )corr under RF/AMRF behaves similarly for
all three cell lines (Figure 3A), the lower sensitivity of LoVo to AM correlates with smaller differences in
Gy and C; when AM is used (Figure 3B,0).

To further decipher the reason behind these varied responses of the cell lines to AM with f, =100 Hz, we
measured the stiffness E (or Young's modulus) of hepatocytes and fibroblasts (representative for
normal tissue cells) and the selected cancer cells as a function of the temperature (Figure 4€, left panel)
using atomic force microscopy. The stiffness of normal cells at 37 C ranges at 10-25 kPa, while the
stiffness of cancer cells is much lower but still in the range of 2-3 kPa. However, a dramatic drop of E is
observed in the cells when the temperature is increased to 41 C. In the cancer cells, E declines to 200-
600 Pa, which corresponds to lower mechanical resonance frequencies fu, which now fall into the audio
frequency range (explained in Methods, Equation (4)).
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Figure 4.

(A) Measured temperatures in vitro. Mean temperatures during the 60-min treatment time measured in
the cell chamber for RF or AMRF in comparison to the water bath (WB). A sample of 26 biological
experiments enclosing all cell lines was evaluated.

(B) Normalized apoptosis rate in vitro for HT29 cells. Evaluation of apoptosis rates (annexin V+) for HT29
cells in suspension in the in vitro applicator comparing RF and AMRF versus those of cells in a water
bath adjusted to 42 C by normalizing to the mean apoptosis rate of the WB experiments. Significantly
higher apoptosis rates are detected in the AMRF arm. Estimated ground natural frequency of the
membrane fu is covered by the AM spectrum (see (E)).

(O) Normalized apoptosis rate in vitro for SW480 cells. Apoptosis rates are equally enhanced in the RF
and AMRF arms. Estimated ground natural frequency of the membrane fu is slightly below the AM
spectrum (see (E)).

(D) Normalized apoptosis rate in vitro for LoVo cells. Apoptosis rates are equally enhanced in the RF and
AMRF arms. Estimated ground natural frequency of the membrane fu is clearly below the AM spectrum

(see (E)).

(E) Young’s moduli E for different cell lines and temperatures, as determined by atomic force microscopy
indentation. The overview (left panel) shows that normal issue cells (hepatocytes and fibroblasts) have
higher E than cancer cells. A significant drop of E occurs for each cell type as the temperature increases
from 37 C to 41 C. The more detailed representation (right panel) shows that the moduli at 41 C
significantly differ between cancer cells and lead to different resonance frequencies fM, which are
below or above 100 Hz, according to Equation (4) (Section 2 Methods): fu = 120 x E V2x (1/a% + 1/b?).
Significance was defined as p < 0.05 and marked with * (< 0.005 with **, etc.)

A more detailed analysis of the cancer cells at 41 C revealed significant differences of E between the
cells and the derived membrane resonances (Figure 4E, right panel). The metastatic, i.e., aggressive
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cancer cells LoVo/HCT116 have the lowest E of approximately 200 Pa, as opposed to 600 Pa for HT29
cells. If we assume a spherical segment with an extension of 7 m as the largest possible vibrating

membrane section of a spherical cell with a 10 "™ diameter, we obtain the fundamental characteristic
resonance frequencies fM of each cell according to Equation (4). A membrane resonance frequency
above 100 Hz is predicted for the HT29 cells, which is thus covered by the applied AM spectrum

100/f (> 100 Hz). For the other cell lines, we obtain fundamental membrane frequencies below 100 Hz.
Thus, a stimulation of fundamental membrane resonances using this AM spectrum, which might cause
membrane damages, is only expected in HT29 cells (and not in LoVo and SW480 cells). This is in
agreement with our in vitro data (Figure 4B,D).

3.3. Biological Effectiveness of RF and AMRF Versus WB In Vivo
The in vitro data prompted us to perform an in vivo study with the luciferase reporter gene stably
expressing HT29 s.c. xenografts using the same AM spectrum.

In series 1, we assessed 4 groups of n =10 mice each, comparing the relative bioluminescence signal at
the start of treatment on day 1 and after 3 treatments (running until day 5) on day 12 (Figure 5A).We
measured a slight but nonsignificant increase in the control group and WB group (heatingat 40 C, t = 30
min) and a slight nonsignificant decrease in the experimental RF group (RF, P.gj = TW, t = 35 min, Tmax <
40 C); however, the experimental AMRF group showed a significant drop (same settings as the RF group).
Note that the in vivo treatments were distinctly less intensive compared to the in vitro studies
(treatment times 35 minin vivo versus 65 minin vitro and Tmax < 40 C versus Tmean = 41.8 Ciin vitro (Figure
4A)). Nevertheless, the effects in the in vivo AMRF group were significant regarding the antitumoral
efficacy.
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Figure 5.
(A) Relative bioluminescence signals (series 1). Response after three treatments (measured on day 12
after treatment) for all groups, showing the significant drop for the AMRF group.

(B) Bioluminescence images. Demonstration of progression (control group), stable course (WB and RF
groups), and response (AMRF group).

(O) Immunohistochemistry. Expression of Ki67 antigen after 3 WBHT or RF/AMRF treatments on day 13
(series 1, left panel) or after 3 RF/AMRF on day 34 (series 2, right panel). The decline of Ki67 after 3 AMRF
is significant.

(D) Immunohistochemical staining. Representative images of Ki67 immunohistochemical staining, with
the highest score 3.0 (top) and a low score 0.5. (bottom).

(E) Relative bioluminescence signals (series 2). Response after three treatments on d20, d23, and d27 in

the RF and AMRF groups as randomized in the control group, normalized to the signal on d20. Due to the
large scatter in the RF group, no statistical significance was achieved.
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(F) Tumor growth curves (series 2). Significantly different tumor growth curves for the RF group versus
AMREF group after three treatments on days 21, 23, and 27. Progressive disease (PD) is halved in the AMRF
group (40% versus 80%) and stable disease (SD) tripled (60% versus 20%). PD: tumor volume > 150%
on d34. SD: tumor volume 50-150% on d34. Significance was defined as p < 0.05 and marked with
*(<0.005 with **, ect.)

Figure 5B shows bioluminescence images with typical examples of progression (control group), stable
disease/minor response (WB and RF group), and significant antitumoral response, reflected by tumor
reduction (AMRF group).

The scores for proliferation marker Ki67 also showed a significant decrease for the AMRF group
compared to the WB group (Figure 5C, left panel), while the RF group showed at least a tendency to be
more effective than WB heating. Figure 5D shows the highest Ki67 tumor score 3.0 and a rather low Ki67
score 0.5 for illustration (for scoring, see Methods). Additional AM clearly causes a significant
improvement of anticancer effectiveness.

Since series 1 (up to 20 days after implantation, Figure 5B) fell mainly in the induction phase (up to 16
days after implantation), tumor volume measurements were not performed on the small tumors (with
measured diameter

For the untreated control group of series 1(n =10 mice), we conducted a second treatment series during
the tumor growth period, with larger tumors (diameter 8 mm) starting on day 20 after implantation. We
randomized the mice into an RF and AMRF group of n =5 mice each treated on days 20, 23, and 27 either
with RF or AMRF at the same settings as used for series 1. We again found significantly lower Ki67 scores
(Figure 5C, right panel) and a tendency to lower the relative luminescence signals (Figure 5E) in the AMRF
group. In particular, the tumor growth curve of the AMRF-group was significantly flattened compared
to the RF group (Figure 5F), showing the higher effectiveness of the AMRF treatments. Furthermore, we
found less progressive disease (40% versus 80%) and more stable disease (60% versus 20%) in the
AMRF arm (Figure 5F).

Pathological examination of the tumor tissues revealed no indication for treatmentrelated tissue
damage or necrosis in the surrounding healthy tissues.

3.4. Physical Parameters (In Vivo Applicator)

We evaluated G, Cs, ( AT/At )corr for HT29 xenografts treated with the in vivo applicator and found the
same significant differences between RF and AMRF as for the in vitro applicator comparing all RF and
AMRF measurements (Figure 6A,B).
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(A) Tuning capacitances in vivo. Values obtained for C; and C; in vivo show the same qualitative behavior
as those achieved in vitro (Figure 1B,C), with even higher statistical significance. We included all
completed RF and AMRF treatments in this analysis.

(B) Corrected power deposition in vivo. The initial temperature gradients (AT/At)corr (corrected for the
dissipated power) in vivo behave similar to the in vitro measurements (Figure 3A) if all RF and AMRF
measurement points were compared. The temperature gradients as a function of the locations
(superficial versus deep in the tumor center) and techniques (RF versus AMRF) suggest that the
thermally relevant power density is higher and more nonhomogeneous for RF in comparison to AMRF.

(O) Locationdependent temperatures in vivo. Mean Tmax in tumor-related superficial and intratumoral
deep measurement points broken down by RF (light) and AMRF (dark) for series 1 (left panel) and series
2 (right panel). Even though the thermal power is less for AMRF, the measured temperatures are
comparable and more homogeneous.

(D) Feasibility and tolerance. Three sessions per mouse were intended in series 1(RF group versus AMRF
group with 2 x 10 mice). The number of successfully completed sessions is significantly higher in the
AMRF group. Significance was defined as p < 0.05 and marked with *(<0.005 with **, etc.)

We also analyzed (AT/At)corr as a function of the measurement location (either superficial in tumor
contact or in the implanted intratumoral catheter) (Figure 6B, right panel) and determined the mean
maximum temperatures in the same measurement points (Figure 6C). For the first in vivo study (Series
1: RF versus AMRF group, small tumors of 6 mm in diameter), the thermally relevant (AT/At)corr values
(after power onset) tend to be higher at the surface for the RF group, but the opposite was observed for
the AMRF group (Figure 6B, middle). The values of the difference (AT/At)skin - (AT/At)deep Were
significantly different when comparing RF to AMRF. Such nonhomogeneous temperature distributions
(i.e., big differences between superficial and deep measurement points) are considered unfavorable
indicators both in terms of toxicity and effectiveness.

For the second in vivo study (Series 2: RF versus AMRF in the former control group) with larger tumors
of 8 mm in diameter in the growth phase, we again found significantly lower values of (AT/At)corr in the
AMRF group, which were consistent with our findings in the in vitro applicator.

Although we measured lower thermally relevant dissipated power for AMRF exposure (e.g., 40%
reduction for Series 2), the final mean temperatures <Tma> in the steady state were not reduced and, in
particular, were more homogeneously distributed, i.e., showed a smaller difference (AT/At)sin -
(AT/At)deep (compare the RF and AMRF groups, Figure 6C, left panel).

Figure 6D shows that the feasibility and tolerance of the AMRF treatments were significantly greater
compared to the RF treatments, with 33% more treatments being completed according to protocol (i.e.,
without complications such as skin irritations) under the same conditions for AMRF. This could be
explained by the lower thermal power densities (Figure 6A,B) and more homogeneous temperature
distributions of AMRF (Figure 6C).

Both the in vitro and in vivo data consistently show that, for the same applied power, the thermally
relevant dissipated power is lower for AMRF, indicating that portions of the absorbed power are
transformed into isothermal energy. The in vivo data show, in addition, that this transformation
increases the tolerance and is associated with more homogeneous temperature distributions.

In summary, the in vivo study confirmed the in vitro data both physically and biologically. Moreover, the
AM-related effects were even more prominent in vivo.

3.5. Measured and Simulated Temperatures for the Applicators

The temperatures measured in the in vitro applicator are representative for the entire cell chamber,
because this small volume of 2 mL with a 3 mm thickness is entirely in close contact with a highly
effective water flow system for temperature regulation.

The conditions are more complicated for the in vivo applicator and prompted us to carry out SAR and
temperature simulations. Our calculations yielded strongly nonhomogeneous SAR distributions for two
models; A and B (Figure 7A,B upper/middle row), corresponding to the two tumor growth stages of
Series 1and 2. Outside the tumors, applicator edge effects generated SAR maxima (see profiles at depth
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d = 0.05 mm) that might cause skin irritations at these locations (Figure 6B). However, the SAR volume
histograms of the tumors (of either 6 or 8 mm in diameter) revealed that the volumes in the tumors with
excessive SAR (up to 6500 W/kg) are too small (<0.1 mL) to induce a significant localized temperature
increase, as estimated by the 42 C curves (see Methods, Equation (3)), resulting in intratumoral
temperatures far below 42 C (Figure 7A,B bottom). Even when considering the temporal peak power
levels of the modulated wave (up to 150% for m = 0.5), the peak SAR values will not induce a temperature
increase of 2 C or more (see Methods, Equation (3)). The calculated SAR50 in the tumors are consistent
with the mean values of our measurements (see inlay, Figure 7A,B, third row).
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(A) SAR simulationsin an in vivo applicator (small tumor). Two-dimensional SAR distribution (top), depth
profiles near the surface (middle), and SAR volume histogram of the tumor for model A representing
series 1 with small tumors (6 mm in diameter) during the induction phase. The SAR volume histogram of
the tumor is far below the 42 °C curve. SARmin SAR s50% and SARmax are marked with yellow, orange and
red markers respectively. However, overheating might be possible outside the tumor at the applicator
edge under unfavorable conditions (see profile at depth d = 0.05 mm).
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(B) SAR simulations in an in vivo applicator (large tumor). For model B with larger tumors (8 mm in
diameter), the SAR volume histogram yields higher SAR than for model A but is still below the 42 °C curve
(please note the adapted scale of the y-axis). Similar to model A, overheating might be possible outside
the tumor at the applicator edge with similar SAR peaks (see the profile at depth d = 0.05 mm).

(O) Simulation of temperature distributions. The temperature distribution for model A with the
applicator model of Figure 7B and the thermal parameters of Table 1B confirm the estimations of the
SAR analysis. The temperature volume histogram of the tumor shows a maximum temperature of 40.1
C.

The simulated temperature distributions (Figure 7C) confirmed that the intratumoral temperatures
barely reach 40 C, in agreement with the direct tumor-related temperature measurements, but indicate
the possibility of overheating at the applicator edge outside the tumor.

Our careful theoretical analysis of the in vivo applicator could rule out hot spots (temperatures > 40 C)
in the implanted tumors.

4, Discussion

We identified non-temperature-induced anticancer effects due to RF in three colorectal cancer cell lines
in vitro, which were increased by AMREF in one of the cell lines in vitro, using a frequency spectrum for
modulation (f > 100 Hz, 100/ f spectrum).

clinical translation.

This could be confirmed in vivo, bearing the potential for rapid

Our measurements of the physical parameters revealed that colorectal cancer cells absorb up to 20%
additional thermal power from a harmonic RF at 13.56 MHz compared to WB heating. This might be
explained by the change of the tissue interactions with EM waves in the investigated frequency range.
The delta dispersion on the tail of a beta dispersion [31] around 10 MHz is characterized by a change from

membrane-dominated interactions in the B region to dipolar interactions of bound water or side chains
of molecules. Owing to the interaction of RF with proteins and protein-bound water, the delta dispersion

increases the value of the dielectric constant T up to several hundred, which can result in increased
interaction of the RF with the cancer cells [32]. Moreover, others have previously described the
mitochondria as a possible specific target of RF at 13 MHz [33,34]. Wust et al. [13] described that a slight
DC voltage at ion channels, generated from the RF by rectification and smoothing, can lead to ion
disequilibrium of cells—in particular, for Ca% ions.

If we use AMREF, this excess of dissipated power from RF is decreasing and presumably converted into
isothermal energy during the heating-up phase. Particularly, phase transitions—for example, the
transition of the cell membrane from a solid-like to a liquidlike state, eventually leading to cell damage—
consume substantial isothermal energy.

A demodulation of the AMRF results in the low modulation frequency acting upon the cell membrane
and the ion channels thereon [12]. This can trigger a mechanical vibration of membrane parts with a
frequency covered by the modulation frequency spectrum, leading to, for instance, a decrease of the
membrane potential, opening of voltage-gated channels, or triggering of other processes [12]. Such
processes consume isothermal energy but are not necessarily cytotoxic.

A mechanically induced cytotoxicity is expected if a mechanical ground resonance of the whole cell is
excited, which we considered as the vibration of a spherical segment as large as possible (estimated as

7 MM diameter for a cell of 10 "™ in diameter). We measured the cell membrane stiffness E of the used
cell lines by atomic force microscopy and used the results to calculate the potential resonance
frequencies of the cells. Our results show that, only for the cell line in which AMRF outperformed the
anticancer effects of RF in vitro, the calculated resonance frequency was above 100 Hz, thus being
included in the frequency spectrum used for modulation. As this explains the differences between the
cell lines, it supports our hypothesis.

Since the interactions at the cell membranes are considered as pure E-field effects [12], the product of

E-field (V/m) x time (min) can reasonably be considered as a dose to predict non-temperature-induced
antitumoral effects in clinical applications. For our experiments, we estimate a dose of 60,000 V*min/m

190 Oncothermia Journal, Volume 33, May 2023



per in vitro experiment (of 60 min), while the mean dose per in vivo treatment (of 30 min) was half this
value. Since we performed three treatments per arm (see Methods), we achieved a total dose of 90,000
V*min/m for each in vivo experiment.

These preclinical dosages can be compared with clinically achievable doses. An SAR of 20 W/kg (E = 200
V/m) is realistic in the pelvis and abdomen with capacitive systems [35]. Therefore, a dose of 12,000
V*min/m can be estimated for a clinical treatment of 60 min. If we consider a typical scheme of 10
treatments (2 treatments per week), we achieve even higher doses of 120,000 V*min/m for a full course
(24,000 V*min/m per week). Thus, a clinical translation of our preclinical results appears feasible.

Even treatments with comparatively low levels of 1 W/kg (E = 45 V/m) for 3 h (on 3 days per week)
deliver similar doses of 24,300 V*min/m per week [36,37].

The existence of extraordinary modulation frequencies has been proposed by others in the past
[10,11,14,15,36-38] and might be the subject of future studies. In addition, further studies are required
regarding the required number, duration, and interval of treatments to optimize the non-temperature-
dependent anticancer effects.

5. Conclusions

Our study verified the existence of non-temperature-induced anticancer effects of RF in three tested
cell lines in vitro. Moreover, we could demonstrate a further increase of the non-temperature-
dependent anticancer effects due to AMRF in one tested cell line in vitro and in vivo. RF/AMRF promises
a locoregional oncological therapy using both temperature effects (hyperthermia) and non-
temperature-induced anticancer effects with the potential to serve as a more effective tumor therapy.
More research in terms of the choice of amplitude modulation frequency and choice of carrier frequency
among other variables is required.
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We read the recent article by Liebl et al. [1]. Unfortunately, several important critical points should be
brought to the readers' attention. A variety of hyperthermia methods exist and each has fundamental
differences in actions and effects. The authors discuss "complementary hyperthermia" and
discriminately include only electrohyperthermia and whole-body hyperthermia (WBH) in this category.
This is despite the appropriate definitions for methods of heating used in the field of oncologic
hyperthermia having been described [2]. The selection of articles is not inclusive leading to a biased
interpretation of the results. There are several positive phase Il trials for capacitive hyperthermia (see
Table 1), underscoring the authors' incorrect assessment of hyperthermia techniques.

Our major points are:

A) The methodologies and techniques are not correctly described, leading to inaccurate definitions that
are not used in the field, and are therefore not useful for the readers.

B) B. The authors have missed essential articles, which may be related to their crude methodology,
definitions, and the discriminate selection method.

C) The article Liebl et al. [1] contains several errors and biases:

1.  The article only evaluates WBH and capacitive coupled hyperthermia, and this selection does not
meet the criteria for a "systematic review." Many applications (such as phased-array, RF radiative
heating, nano-heating, and Japanese capacitive hyperthermia) are also techniques employed in
the field of complimentary hyperthermia but have been systematically neglected.

2. Contrary to the title of the text of the article;

a) Theselection method described in the text is misleading for the readers: "... we have included
in this review only hyperthermia methods that do not belong to conventional medicine and
titled these alternative methods.”" Hyperthermia methods are mostly applied when other
treatments alone do not provide satisfactory results. Hyperthermia is a complementary
treatment, employed to compliment or enhance the efficacy of conventional therapies.
Hyperthermia is not an alternative treatment.

Malignancy n Intervention Arms References Remark
Uterus cervix 40 RT +£cHT 2 [1] RR +ST
Uterus cervix 110 RT +cHT 2 2] RR +ST
Uterus cervix 271 RT +ChT £ mEHT 28 3] RR +ST
Non-small-cell lung cancer 80 RT +£cHT 2 4] RR +ST
Non-small-cell lung cancer 97 ChT+mEHT £IVC 2 (514 ST+QoL
Head and neck cancer 65 RT +cHT 2 6] RR
Head and neck cancer 56 RT +cHT 2 171 RR +ST
Esophagus cancer 66 RT+ChT £ cHT 2 8] RR +ST
Esophagus cancer 40 ChT+cHT 2 9] RR
Bone metastases 57 RT £cHT 2 [10] RR
Uterus cancer 38 ChT+mEHT 2 [11] RR +ST
Urinary bladder cancer 49 RT +£cHT 2 [12] RR +ST
Peritoneal carcinomatosis 260 IPCh+mEHT + TCM 2 [13 ]d RR
Nefopam pharmacokinetics 12F ChT+mEHT 2 [14] PhK
Fentanyl pharmacokinetics j2r ChT+mEHT 2 [15] PhK
Non-small-cell lung cancer 19 RT +cHT 1+ [16] RR +ST
Non-small-cell lung cancer 35 RT+cHT 1 [17] ST
Gastric cancer 21 RT +cHT | [18] RR +ST
Rectal cancer 81 RT+ChT +cHT 1 [19] RR
Rectal cancer 76 RT+ChT +mEHT 1 [20] RR +AE
Rectal cancer 120 RT+ChT+mEHT | [21] RR +ST
Pediatric brain tumors 41 IT+mEHT 1 [22] ST

Soft tissue sarcoma 27 RT+cHT 1 [23] RR
Recurrent breast cancer 26 RT +cHT 1 [24] RR
Brain malignancies 140 ChT+mEHT 1 [25)¢ RR +ST
Non-small-cell lung cancer 15 ChT+mEHT 1 [26]¢ DE
Glioblastoma 24 ChT+mEHT 1 [27)¢ DE
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10.

ChT chemotherapy, RT radiotherapy, cHT capacitively coupled hyperthermia, mEHT
modulated electrohyperthermia, RR response rate, ST survival time, PhK pharmacokinetics,
AE adverse effects, IPCh intraperitoneal chemotherapy, TCM Traditional Chinese Medication,
Qol the quality of life, IVC intravenous vitamin C, DE dose escalation

@ Additional sub-arm for HIV patients

b Historical reference arm;

¢ Healthy, voluntary participants;

4 Falsely interpreted

b) The referred methods have medically accepted and significant Phase lll trial results, yet the
authors claim that these "do not belong to conventional medicine." What is the definition of
conventional medicine, according to the authors, and on what basis can they make such a
claim when these results have been accepted in peerreviewed journals?

The authors do not define electrohyperthermia (EH). It is likely that the authors mean "capacitive
coupling,” and however, the authors have also included inductive heating results and discussed
them in detail (Loboda et al. cite ref. {54}). Inductive heating refers to the use of electromagnetism
and magnetic fields and does not include capacitive heating.

Authors have further particularities in their selection of studies to include in the systemic review.
It is not clear how the selection excludes the following:

a) "..125 studies did not use alternative hyperthermia". But all selected hyperthermia
applications in the article are complementary to “conventional”
(chemotherapy/radiotherapy) medicine and are not an alternative to “conventional”
medicine.

b) "...43 studies, multiple interventions were administered simultaneously." But almost all

hyperthermia techniques, including those in the article, are applied complementary to other
treatments and are therefore applied simultaneously with other therapies (mostly with
chemotherapy).

c) "...assessment of hyperthermia was not possible." Authors do not define how they measured
the criteria of "assessment"” in the selection.

The tables in the article combine the WBH and the local EH results. However, these techniques
are fundamentally different, in their methods, indications, safety limits, and physiological
actions, and can therefore not be compared directly or be discussed using the same criteria for
evaluation.

Some statements lack the full information from the article that is referenced and this provides a
negative or biased view. For example, when referring to the study on brain tumors by Fiorentini
et al,, the following statement is made: “Adverse events caused by EH in the RCT by Fiorentini et
al. {56} included headache, scalp burn and seizures. More than an hour after treatment, seizures
occurred in 4 additional patients.” The authors fail to mention that the study is on brain tumors,
and that indeed tumors themselves cause seizures and headaches and that it is not possible to
confirm that the adverse events are from the hyperthermia treatments and not from the
advanced stage of disease or the concurrent treatments.

The authors claim that only the adverse effects of the studies with multiple interventions are
reported due to the difficulty in confirming the benefit of the hyperthermia when multiple
interventions are administered. The same should therefore be true of the adverse events and
toxicity. This is selective reporting of the negative effects of 43 trials without considering the
benefits.

The article ignored numerous phase Il and phase Il clinical trials investigating capacitive coupling
(electrohyperthermia) which reported significant improvement in the local response and survival
times (Table 1.) Many of the ignored studies fall into the “first level category" of evidence.

The entire evaluation does not correctly categorize the clinical phases of the trials. It mixes the
phase 1 (safety trial), phase 2 (efficacy trial), phase 3 (clinical benefits approval), and phase 4
(market surveillance) methods, where the goals of the studies are obviously different, and so
their evaluation has to differ as well.

The category of the first level evidence {Fig. 2.} uses category "2b-," which does not exist in the
Oxford evidence rank. Furthermore, Fig. 2 evaluates the phase Ill study as 2b evidence. According
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to the Oxford evidence scale, the prospective randomized phase Ill study is 1b. 2b is a
retrospective study, which has entirely different conditions.

11. Authors use different and unclear categories which have no conventional meaning and no
explanations. Some points:

a)

b)

)
d)

e)

f)

g)

h)

What is the difference between the "single-arm" and the "cohort study"? The single-arm
study must also use a cohort; otherwise, it is only a case series.

Authors should provide a better explanation for the difference between the "multiple
intervention" category (Table 7) and the other categories (for example, the radio-chemo-
thermo categories), in previous tables.

The scoring system in Table 3 is undefined (What is the Berlin scoring system?).

The article misinterprets the aim of the clinical results in the article by Kim et. al. {58}. The
clinical study used ~ 20% less radiotherapy in the active arm and had similar results to the
larger radiation dose in the control group. It is an important and clinically positive result,
however, its interpretation in the article is negative.

The research papers by Minnaar et al. {52} and {53} are shown as published in 2019, while
these were in 2020. The explanation of outcomes uses study arms A and B, but it is not
identified which arm is the active and passive.

The trials of Douwes et al. {79}, Gadaleta- Caldarola et al. {80}, Yoo et al. {82} are phase 2
retrospective trials, with evidence level 2b, so these are in the wrong place and belong to Fig.
2.and Table 3.

The evaluation of Yoo et al. {82} has the expression "time to death," the meaning of which is
not clear. Is it overall survival (time from the first diagnosis), or survival from the first
hyperthermia treatment, or other? This study had a successful safety (dose escalation)
phase but was not registered in Table 4.

The studies by Ko et al. {115} and Qiao et al. {124} was identified as a "cohort study" but were
applied to "different entities of cancer.”" How may we understand the category "cohort"?

The phase 2 randomized prospective clinical trials of Ou et al. {122} (1b evidence), Pang et al.
{123} (1b evidence) and Fiorentini et al. {102} are retrospective double-arm studies (2b
evidence) in Table 6., despite the fact that the others listed here (40 studies) are single-arm
studies or case reports. These trials are missing from Table 3. efficacy studies.

The application of some heating techniques in a palliative setting where there is no cure
possible and patients have failed all other treatments is not discussed. In these studies, the
heating technique is applied without any chemotherapy or radiotherapy (for example,
Fiorentini et al. {102}).

When considering the criticisms of individual studies, it is clear that the authors have either not understood
the methodology of the studies. Unfortunately, this comes across as an attempt to discredit some studies by
using only selective information. The interpretation and discussion should be reviewed and reassessed in
order to prevent what could be perceived to be a biased interpretation of the results. For example, regarding
the phase 3 clinical studies by Minnaar et al., the following statements are made, and when reviewing the
articles, the answers to all of these questions can be found:

1. “No data on the target temperature in the tumor field are reported.” The reason for the lack of
temperature measurement and the dosing methods is discussed in detail {52}.

2. ‘“In these studies, many calculations are performed. However, in the exact comparison of the
intervention and control group regarding the therapy, these data are missing. Therefore, it is not
possible to accurately compare the treatments between the two arms with and without
hyperthermia.” There are numerous exact comparisons between the active (hyperthermia) and
control arms. In fact, the objective of all three papersis to compare the hyperthermia arm to the non-
hyperthermia arm, and therefore, all of the calculations are direct comparisons, including frequency
tables with chi-squared and Fischer exact tests, multivariate regression analyses, and paired and
unpaired t-tests evaluating local disease control, disease-free survival, toxicity, and quality of life
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between the two groups. All calculations are described in the methodology, reported in results and
discussed in the discussion.

3. ‘“In addition, information about prior treatments is not specified and a description of possible
additional co-interventions is missing.” Prior treatment to cervical cancer is an exclusion, and the
investigation is into the primary management of locally advanced cervical cancer, there are therefore
no related prior treatments to specify. Additionally, there are no co-interventions, and the prescribed
treatments are described in detail and include only radiotherapy, brachytherapy and cisplatin — the
standard of care recognized internationally. There are no other standard/accepted interventions for
locally advanced cervical cancer. This statement is therefore redundant.

4. “For the endpoints tumor response and local disease control, reasons for the drop-out of part of the
participants are not given. Therefore, it cannot be excluded that for these endpoints only suitable
patients were considered... The reasons for the missing data of part of the participants are not
stated; therefore, selective reporting cannot be excluded. Additionally, with such a high drop-out rate
and without any reasons given, the comparability of the groups cannot further be assumed. It is
therefore possible that healthier or more motivated patients remained in the study. Those patients
then may achieve a better result and do not constitute a representative sample.” In all three papers,
the CONSORT diagrams give the reasons for the drop-outs. The dropout rate was not considered to
be abnormally high (4.7% in the control group and 2.9% in the intervention group).

The systemic review and the conclusions derived by the authors are flawed due to (a) methodological errors
in selection and interpretation of papers (b) incorrect interpretation of the technology for hyperthermia
delivery and (c) excluding key articles from their systematic review as detailed above. These could result in
the erroneous view of hyperthermia to the readers, thereby depriving patients of a multifaceted therapeutic
modality that has been shown to be effective when used with radiotherapy and/or chemotherapy for a wide
range of malignancies.
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