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Editorial
Editorial

Dear Reader, Dear Fellow
Researchers, Dear Colleagues,

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

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

Editorial
Editorial

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

Dr. Andras Szasz
Professor und Vorsitzender der Fakultät für Biotechnik an der
St. Istvan Universität
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As the editorial team we are committed to a firm and coherent editorial line and the highest possible printing standards.
But it is mainly you, the author, who makes sure that the Oncothermia Journal is an interesting and diversified
magazine. We want to thank every one of you who supports us in exchanging professional views and experiences. To
help you and to make it easier for both of us, we prepared the following rules and guidelines for abstract submission.
Als redaktionelles Team vertreten wir eine stringente Linie und versuchen, unserer Publikation den höchst möglichen
Standard zu verleihen. Es sind aber hauptsächlich Sie als Autor, der dafür Sorge trägt, dass das Oncothermia Journal zu
einem interessanten und abwechslungsreichen Magazin wird. Wir möchten allen danken, die uns im Austausch
professioneller Betrachtungen und Erfahrungen unterstützen. Um beiden Seiten die Arbeit zu erleichtern, haben wir
die folgenden Richtlinien für die Texterstellung entworfen.

Rules of submission

1. Aims and Scope
The Oncothermia Journal is an official journal of the Oncotherm Group, devoted to supporting those who would like to
publish their results for general use. Additionally, it provides a collection of different publications and results. The
Oncothermia Journal is open towards new and different contents but it should particularly contain complete studypapers, case-reports, reviews, hypotheses, opinions and all the informative materials which could be helpful for the
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Behandlungen, Fallstudien, praktische Erfahrungen in komplexen Behandlungen, klinische Versuche,
physiologische Effekte, Oncothermie in Kombination mit anderen Modalitäten und Behandlungsoptimierungen
 Biologische Studien: Mechanismen der Oncothermie, thermale oder temperaturunabhängige Effekte, Ansprechen
auf ein elektrischesFeld, bioelektromagnetische Anwendungen bei Tumoren, Kombination von Oncothermie und
anderen Modalitäten, Effekte auf normale und maligne Zellen und Gewebe, immunologische Effekte,
physiologische Effekte etc.
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2. Submission of Manuscripts
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Manuskripte einreichen
Manuskripte können online eingereicht werden: info@oncotherm.org
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Simple Summary: Here we investigated the most aggressive type of breast cancer (triple negative breast
cancer (TNBC)) for which no effective therapies exist. Modulated electro-hyperthermia (mEHT) utilizes the
altered bioelectric properties of tumors to implement a selective energy-transmission of an electromagnetic
field and induce thermal and non-thermal anti-tumor effects. In our present study, repeated mEHT treatment
effectively inhibited growth and proliferation and caused significant, destruction of TNBC tumors when applied
alone without any other therapy in mice. Immunohistochemistry and multiplex analysis revealed that mEHT
treatment induced protective mechanisms, like upregulation of heat shock proteins and other stress-related
genes. Inhibition of these factors may serve as therapeutic approach to enhance the efficacy of mEHT.We were
able to inhibit one of these protective proteins in cell culture. We aim to study the possibility of enhancing
mEHT and other cancer therapies by inhibiting the identified protective stress response.
Abstract: Modulated electro-hyperthermia (mEHT) is a selective cancer treatment used in human oncology
complementing other therapies. During mEHT, a focused electromagnetic field (EMF) is generated within the
tumor inducing cell death by thermal and nonthermal effects. Here we investigated molecular changes elicited
by mEHT using multiplex methods in an aggressive, therapyresistant triple negative breast cancer (TNBC)
model. 4T1/4T07 isografts inoculated orthotopically into female BALB/c mice were treated with mEHT three
to five times. mEHT induced the upregulation of the stress-related Hsp70 and cleaved caspase-3 proteins,
resulting in effective inhibition of tumor growth and proliferation. Several acute stress response proteins,
including protease inhibitors, coagulation and heat shock factors, and complement family members, were
among the most upregulated treatment-related genes/proteins as revealed by next-generation sequencing
(NGS), Nanostring and mass spectrometry (MS). pathway analysis demonstrated that several of these proteins
belong to the response to stimulus pathway. Cell culture treatments confirmed that the source of these
proteins was the tumor cells. The heat-shock factor inhibitor KRIBB11 reduced mEHT-induced complement
factor 4 (C4) mRNA increase. In conclusion, mEHT monotherapy induced tumor growth inhibition and a complex
stress response. Inhibition of this stress response is likely to enhance the effectiveness of mEHT and other
cancer treatments.
Keywords: modulated electro-hyperthermia; triple negative breast cancer isograft; tumor growth
inhibition; antiproliferative effect; stress response

1.

Introduction

In our previous study we demonstrated that modulated electro-hyperthermia (mEHT) induced Hsp70
upregulation, and exhaustion of this defense mechanism resulted in apoptotic cell death of the mouse 4T1 triple
negative breast cancer (TNBC) model. Hsp70 inhibition synergistically enhanced the tumor-killing effect of
mEHT [1]. In the present study, our aim was to investigate the molecular effects of mEHT using multiplex
methods.
Loco-regional deep hyperthermia (mEHT) is a type of medical hyperthermia usually used as supplementary
treatment for cancer patients [2]. mEHT is applied together with conventional modalities like chemo, radio or
immunotherapy to enhance their effect and tumor-specificity [3]. mEHT can also boost the effect of targeted
therapies, e.g., angiogenesis inhibition by Bevacizumab (Avastin®) in different types of malignancies, including
breast cancer [4]. Hyperthermia decreases the activity of hypoxia-inducible factor 1 (HIF-1) and contributes to
the vascular endothelial growth factor (VEGF)-mediated angiogenesis inhibition of Bevacizumab [5]. mEHT’s
potential as a monotherapy is currently under investigation [1,6]. mEHT uses a 13.56 MHz frequency capacitively
coupled electromagnetic field that transmits energy to the tumor. mEHT utilizes the bioelectrical difference
between the tumor tissue and healthy tissues [7]. The difference in bioelectrical properties results from the
higher aerobic glycolysis of cancer cells, known as the Warburg-effect, that causes higher lactate and ion levels
in the cancer cells and thus elevates electric conductivity of the tumor [8]. Due to these factors, the energy of
the electromagnetic field is absorbed mainly by the tumor.
mEHT can effectively induce caspase-dependent apoptosis as demonstrated by elevated cleaved caspase 3
(cC3) expression in mEHT-treated tumors [1,9]. mEHT induces a heat shock response and subsequent heat
Oncothermia Journal Volume 31, March 2022
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shock protein (Hsp70) upregulation in treated tumors [1,10]. In addition, mEHT potently inhibits tumor cell
proliferation indicated by the attenuation of Ki67-positive cell nuclei [11,12], a widely used proliferation marker.
Breast cancer is the most frequently occurring cancer type among women worldwide [13]. Fifteen percent of
all breast cancers are triple negative, with no hormone— (estrogen, progesterone) and human epidermal growth
factor (HER2) receptors on the surface of the cells. Consequently, hormone and anti-HER2 therapies are
ineffective and, as TNBC is the most aggressive breast cancer type, prognosis is poor [14]. Thus, complementary
therapies are needed to improve the outcome.
The most commonly used mouse TNBC models utilize cell lines derived from mouse mammary carcinoma cell
line 410.4 isolated from a single spontaneous tumor in the BALB/c mouse. Cell lines 4T1 and 4T07 are the most
aggressive and invasive subclones derived from the 4104 cell line [15,16]. Implantation of these cell lines creates
isografts in BALB/c mice. Thus, after the inoculation of syngeneic cells, immune mechanisms can be investigated
under conditions very similar to those of human TNBC [17,18].
In the present study we investigated the molecular effects of mEHT using multiplex methods at the RNA (NGS
RNA seq, Nanostring) and the protein level (mass spectrometry). The multiplex data revealed that one of the
most significant responses to mEHT was the upregulation of acute stress response proteins. These proteins
are part of the innate immune system’s nonspecific humoral response as an ancient defense mechanism and
have been reported to participate in the immunomodulation of cancer [19], as well as in supporting cancer cells
by the formation of extracellular matrix of the tumor microenvironment (protease inhibitors, fibrinogens,
haptoglobin, pentraxin). These stress proteins are induced by several forms of tissue injuries, inflammation and
in different chronic diseases. They are also often upregulated in cancer patients’ serum [20]. These proteins are
regarded collectively as acute phase proteins (APPs). However, according to the generally held concept, the
major source of APPs is the liver, and only scarce literature demonstrates local production of these proteins
upon tissue injury. However, these factors can be induced by different forms of cell stress, like ischaemia [21]
or heat [22], and they can contribute to disease elimination and the restoration of homeostatic conditions via
different mechanisms [23,24]. The local production of these stress proteins (protease inhibitors, coagulation
and complement factors, as well as heat shock proteins) in tumors has been reported to contribute to tumor
progression by supporting carcinogenesis, tumor growth, proliferation and angiogenesis [25], and their
elevation is considered as a poor prognostic factor [20]. Therefore, inhibition of some of these stress-response
proteins such as heat shock proteins [1,9], complement [26], haptoglobin [27] or fibrinogen [28], has recently
been proposed as a promising new direction for cancer treatment. However, this is the first report
comprehensively demonstrating the local production of several stress-induced proteins in TNBC as a defense
to treatment, using multiplex methods. Furthermore, we demonstrate that the specific heat shock inhibitor
KRIBB11 abrogates complement upregulation (C4). Thus, our data support that besides inhibition of the heatshock response, complement inhibition may be utilized in cancer therapy and may synergistically improve the
therapeutic effectiveness of mEHT.

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

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

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

2.3. mEHT Induced Heat Shock Protein 70 (Hsp70) Accumulation
Specific Hsp70 immunostaining in mEHT-treated animals was intense brown (DAB) in the living cells around the
damaged core are of the tumor. Such intense (specific) staining was absent in sham-treated tumors (p=0.0008)
(Figure 3A-C).

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

Figure 2. Effect of mEHT treatment on tumor destruction ratio (TDR) in hematoxylin-eosin-(H&E)-stained, and
cleaved caspase-3 (cC3) immunohistochemistry-stained sections 24 h after the 5th mEHT treatment.
Representative H&E-stained tumors from sham and mEHT-treated groups with 0.9× (A) and 40× (B)
magnification. Destructed area is annotated (red). TDR (%) evaluated on H&E (A–C) and cC3 (D–F) sections.
Representative cC3 (D,E) stained tumors with low (0.9×, D) and high (40×, E) magnification. Correlation between
tumor weight and TDR (%) in sham animals (G). Three smallest sham tumors with weights similar to those of
mEHT tumors (H). Comparison of TDR (%) of sham and mEHT tumors of similar weight (I). Mean ± SEM, MannWhitney test, n = 7–9/group, *: p < 0.05. Cell line: 4T07, 5× treated.
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Figure 3. Effect of mEHT treatment on Hsp70 expression 24h after the 5th mEHT treatment. Representative
tumors from sham and mEHT-treated mice with Hsp70 staining (0.9× magnification), black rectangles
magnified at ‘B’ (A). Representative sections of Hsp70 express ion near the damaged tumor area (blue
annotation), 40× magnification (B). Expression of Hsp70 evaluated in the intact tumor tissue (blue annotations)
significantly increased in mEHT-treated tumors (C). In one case, TDR appeared to be 100% and no living area
remained to be evaluated for Hsp70 expression. Mean ± SEM, Mann-Whitney test, n = 6–9/group, ***: p < 0.001.
Cell line: 4T07, 5× treated.
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Figure 4. Effect of mEHT treatment on Ki67 expression 24h after the 5th mEHT treatment. Representative
tumor sections from sham and mEHT-treated mice with Ki67 staining (A,B). Blue annotations: intact area where
Ki67+ nuclei were evaluated (0.9× magnification, bla ck rectangles magnified at ‘B’ (A), 40× magnification (B)).
Area-proportional number of strongly Ki67 positive (C) and all nuclei in the intact tumor area (D). Mean ± SEM,
Mann-Whitney test, n = 6–9/group, *: p < 0.05, **: p < 0.01. Cell line: 4T07, 5× treated.

2.5. Multiplex Analysis of mEHT Effects on Gene Expression
Next-generation sequencing of RNA (NGS RNA Seq) was performed from 4T1 tumor samples 24 h after the
third mEHT treatment to investigate gene changes induced by mEHT. Two hundred ninety genes were
differentially expressed (DE, criteria: p < 0.05 or log10(p) < 1.30103; Fold Change (FC) > 2 or logFC > 1). Heat
map visualization clustered with Kendall’s Tau distance measurement clearly showed that the vast majority of
DE genes were upregulated due to the treatments: one hundred eighty-five upregulated and one hundred five
downregulated genes appeared (Figure 5A) A dendogram labeled with gene names is presented in our
Supplementary Material (Figure S2). A Volcano plot visualization of gene logFC and –log10(p) values is
presented in Figure 5B. For validation of gene expression at the mRNA level, individual mRNA molecular
counting was performed with Nanostring nCounter® Technology (Nanostring Technologies, Seattle, WA, USA).
One hundred and thirty-four DE target genes from NGS data were sorted to create a custom Nanostring gene
panel. One hundred and four target genes were identified with Nanostring. All of the target genes’ direction of
change (up or downregulation) was the same as that detected by NGS. Three genes didn’t fulfill the DE criteria
(Figure 5C).
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Figure 5. Heat map and volcano plot visualization of DE genes after three mEHT treatments. Heat map
clusterization with dendograms (Kendall tau’s method, dendogram details: Figure S2) of differentially
expressed (DE) genes according to the next generation sequencing (NGS) RNA seq data. Columns
represent samples, rows represent genes. Red = upregulation, green = downregulation (A). Volcano
plot of all genes according to the NGS RNA seq data (B). Volcano plot of DE genes from the Nanostring
data (C). (B,C) −log10(p) values plotted against fold changes (logFC). Vertical dotted line: logFC = 1,
horizontal dotted line: −log10(p) = 1.30103. n = 4–6/group. Red dots with numbers mark genes identified
in Table 1. Cell line: 4T1, 3× treated.
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Table 1. Absolute mRNA Count of cellular stress response factors from the Nanostring data. Individual data of
sham and mEHT group members and group averages. Bold letters: genes with highest mRNA absolute count
and fold-change between the two groups. Background values measured in negative, synthetic probe RNA counts
were between 0–16. Cell line: 4T1, 3x treated.

We focused on the upregulated DE genes. These genes were sorted into nineteen functional categories created
by us, based on a literature search. Gene ontology (GO) pathway analysis of upregulated genes
(DEListEnrichment_upR) revealed that most upregulated genes (38 genes) clustered into the response to
stimulus pathway (GO:0050896; pathway p value: 0.00012, Figure 6). Tabular display of the pathway is
presented in our Supplementary Material (Table S1). Various types of stress-related genes (coagulation factors,
protease inhibitors, complement factors) are included in this pathway. Therefore, we investigated these genes
further.
mEHT treatment induced innate immune-response reactions, among others, in the tumor. Thirteen stressrelated genes were observed to be significantly upregulated, including protease inhibitors (Itih2, Itih4, Serpina3n,
Serpina3c, Serpina3c), coagulation factors (Fbg, Fgg), the free hemoglobin-binding haptoglobin (Hp), and
complement cascade-related genes including secreted pattern recognition receptor (PRR), pentraxin-related
protein 3 gene (Ptx3), classical pathway (C1s1, C4b), alternative pathway (Cfd) and terminal pathway (Hc)
complement components. Fold-changes and p values of the aforementioned significantly upregulated genes,
detected with NGS RNA Seq and Nanostring, are presented in Table 2. To investigate if APP upregulation appears
not just at the mRNA but also at the protein level, mass spectrometry (MS) examination was performed
fromwith the same samples. Eight out of thirteen APPs detected with NGS also appeared at the protein level,
and demonstrated significantly upregulated levels when examined by MS. Four heat shock proteins were
detected as significantly upregulated by MS, but not by NGS. Label-free quantification intensity difference (LFQ
Int. Diff.) values of the given proteins detected by MS are shown in Table 2.
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Figure 6. Response to stimulus
pathway based on the geneontology (GO) analysis of the NGS
data. Dotted line: FC = 2. Red
frames: further analyed genes.
Gene names, p values and further
pathways
containing
stressrelated genes analyzed with the
DEListEnrichment_up R module
are presented in Table S2. **: p <
0.01, ***: p < 0.001. Cell line: 4T1,
3× treated.

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

Nanostring data provided absolute RNA count cellular stress response factors (Table 1). These data further
oriented our research, since those targets that demonstrated low absolute expression despite fulfilling DE
criteria (p < 0.05, FC > 2) were excluded from further investigation. Thus, we focused on Serpina3n, haptoglobin
(Hp), pentraxin (Ptx)3, and the complement factors (Cfd, C4b) with high absolute RNA counts and high FC
without overlapping values between the groups (bold letters in Table 1).
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2.6. The Heat-Shock Factor-1 Inhibitor KRIBB11 Reduced C4b Expression In Vitro
One of the most upregulated genes/proteins with significant upregulation on all three screens was the mouse
C4 complement C4b. C4b mRNA was measurable by qPCR from in vitro 4T1 cell culture, demonstrating that 4T1
tumor cells produce C4b. mEHT treatment in monotherapy induced a significant upregulation of C4b mRNA 2 h
after treatment in vitro (p < 0.0001; Figure 7A). We demonstrated in our earlier paper [1] that KRIBB11 (N(2)-(1Hindazole-5-yl)-N(6)-methyl-3-nitropyridine-2,6-diamine) reduced the cellular heat shock response of 4T1 cancer
cells through inhibiting the heat-shock factor (Hsf)-1. Therefore, we hypothesized that heat shock-related
complement production can be targeted by KRIBB11. KRIBB11 significantly reduced baseline C4b mRNA compared
to Dimethyl sulfoxide (DMSO)–treated cells in the 37 °C control group (p = 0.0256; Figure 7A). After mEHT
treatment, the mEHT-induced C4b elevation was also significantly inhibited by KRIBB11 compared to DMSO
treatment (p < 0.0001; Figure 7A). Moreover, C4b correlated significantly with Hsp70 expression (p < 0.0001;
Figure 7B)

Figure 7. KRIBB11 effect on mEHT-induced C4b production. C4b mRNA relative expression, 2 h post-mEHT,
normalized to 18S, with KRIBB11 treatment, vs. DMSO (A). Correlation between C4b and Hsp70 expression (B).
Mean SEM, Two-way ANOVA, n = 5–15/group, *: p < 0.05, ***: p < 0.001, ****: p < 0.0001. Cell line: 4T1.

Discussion
In our previous paper [1] we presented the LabEHY200 treatment apparatus with newly developed electrodes,
able to perform selective mEHT treatment in a TNBC mouse model. It clearly demonstrated the antitumoral
effects of mEHT, which resulted in elevated tumor tissue destruction and reduced cell viability in vivo, even
after a short-term protocol (1× or 2× mEHT). Our current paper describes the long-term effects of repeated
mEHT treatments on tumor progression in a triple negative mouse breast cancer model for the first time. This
is the first comprehensive, multiplex analysis-based investigation of the overall anticancer effects of mEHT at
both the gene and protein level. Here, we report that mEHT, even in monotherapy, was able to reduce the growth
rate of the highly aggressive triple negative 4T07 isografts. In the background of this strong tumor-inhibitory
effect of mEHT we observed reduced proliferation of tumor cells, and heat shock-induced caspase-mediated
tumor tissue damage. Multiplex analysis of the mEHT-treated 4T1 tumors revealed massive, local upregulation
of protease inhibitors and coagulation and complement factors as a response to cellular stress. These factors
are part of the innate immune system’s acute phase reaction. However, being produced locally in tumors, they
have a more complex role, depending on the tumor microenvironment and cellular source [23].
Tumor growth was significantly inhibited by mEHT as demonstrated by digital caliper and ultrasound
measurements and confirmed by the dramatically smaller weights of the excised tumors in mEHT-treated
mice. Moreover, mEHT-treated tumors began to shrink only after the fifth treatment. Tumor shrinkage was not
observed after only two treatments, despite a significant induction of tumor cell damage [1]. The tumor growth
inhibitory effects of mEHT monotherapy in other tumors were quite similar in previously published studies.: A
single (colorectal cancer (CT26) isografts [30,31]) or three (squamous cell carcinoma (SCCVII) isografts [32])
mEHT treatments induced slower tumor growth, but no decline in tumor volume. In our experimental design
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we applied noninvasive temperature detection during the experiments. Animals were randomized based on
tumor size (Table S1) before treatment initiation, overcoming some shortagescomings of previous experiments
[30,31]. Similar to our study, five mEHT treatments induced a measurable tumor shrinkage of HepG2 hepatic
cancer xenografts [33] and U87-MG rat glioma xenografts [34]. One possible explanation for the lack of
measurable tumor shrinkage after three treatments, despite obvious tumor destruction, is a delayed clearance
of the apoptotic tumor cells. APPs have a major role in apoptosis, e.g., Pentraxin 3 (PTX3) binds to apoptotic
cells and facilitate their clearing by macrophages via the Fcγ receptor [35] and dendritic cells [36]. An
immunologically silent clearance of apoptotic tumor cells was reported to be mediated by an opsonizing effect
of complement factors [37]. Thus, the detected upregulation of PTX3 and C4 may contribute to the clearance
of apoptotic cancer cells and tumor shrinkage after five treatments.
As we demonstrated in our previous paper [1], Hsp70 is a reliable marker of mEHT treatment effects and,
similar to two treatments, in our current paper five mEHT treatments resulted in strong upregulation of Hsp70.
The MS study demonstrated the upregulation of several heat shock proteins (Hspβ1, Hsp70-1A, Hsp70-1B,
Hsp105), corroborating our IHC data. These proteins were also detected at the RNA level by NGS, but there was
no significant difference between the two groups. This finding is in accordance with our previous findings,
demonstrating that 24 h after mEHT treatment the Hsp70 response returns to baseline at the mRNA level but
not at the protein level [1].
In this study we observed a significant tumor size reduction by mEHT treatment, but the damaged area (tumor
destruction ratio, TDR) in the mEHT-treated tumors did not differ significantly from the TDR in large shamtreated tumors. The explanation for the extensive destruction in sham tumors is spontaneous necrosis due to
their large size. Spontaneous necrosis, due to low oxygen and nutrient supply, is well-known in fast progressing
tumors such as the 4T1/4T07 [38,39,40,41]. Consequently, the degree of destruction is consistent with tumor
size [42,43,44]. As sham tumors in our study were very large, a central necrosis developed. In contrast, mEHTtreated tumors were much smaller, but their TDR was comparable to that of sham tumors. This implies that
the increase of tumor tissue destruction was only size-related in the sham group, but treatment-related in the
mEHT group.
Furthermore, mEHT was able to diminish Ki67+ proliferation of this highly proliferative tumor. Ki67 is strongly
correlated with aggressiveness and worse prognosis, especially in breast carcinomas, where it is a prognostic
marker and one of the molecular features of disease classification [45,46,47]. In our study, not only the
proliferative activity, but also the cell density of the tumor tissue was reduced. Only one laboratory reported
similar results after a single mEHT treatment of C26 colorectal cancer isografts, but they detected loss of Ki67
expression in the already damaged and early apoptotic areas, while the living tumor around the destructed area
seemed to be strongly Ki67-positive [11]. In the present study we demonstrated the loss of proliferating activity
of viable tumor cells, which may have led to the diminished tumor growth rate in the mEHT-treated mice.
mEHT activated the local production of several stress-related factors (protease inhibitors: Itih2, Itih4,
Serpina3n, Serpina3c, Serpina3m, coagulation related factors: Fgb, Fgg, Hp, and complement related factors
(Cfd, C4b, Hc, C1s1, Ptx3)) both at the mRNA and protein level. In fact, induction of these proteins was most
significant, with the highest fold-change values in our multiplex next generation sequencing (NGS RNA seq),
Nanostring and mass spectrometry (MS) study. Despite the different methods, fold-change mRNA values were
very similar with NGS and nanostring, demonstrating good reliability of these methods. A great advantage of
the nanostring method is that it detects the absolute copy number of the RNA molecules directly, without
reverse transcription and amplification. Moreover, gene ontology (GO) analysis revealed that the most
differentially expressed (DE) upregulated genes were related to the response to stimulus pathway
(GO:0050896). Thus, in our further studies, we focused on the abundant genes (high RNA copy number) with
significant induction by mEHT (no overlap in RNA copy number and FC > 4). The lack of detection of some genes
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with mass spectrometry may be due to the time lapse between mRNA (as detected by NGS, nanostring) and
protein (MS) expression. Here we would like to emphasize that we detected messenger RNA and protein from
the tumor tissue, indicating local production of these stress related proteins by the tumor, contrary to the
general view about the liver-driven acute phase response [48]. Extra-hepatic synthesis of these proteins has
been documented before [49]. Often these genes are regulated by mechanisms different from those acting in
hepatocytes [50]. Production of these proteins as a cellular stress-response has been demonstrated before by
us [21] and others [51,52], and in the case of cancer cells [53,54]. Similar to our results, photodynamic therapy
of fibrosarcoma induced production (mRNA) of other acute phase proteins (serum amyloid-P (SAP) mannose
binding lectin (MBL) and c-reactive protein (CRP)) [53]. A recent review demonstrated association of different
patterns of acute phase protein production with various types of cancers [54]. A possible interpretation of this
finding is that the different patterns are due to protein production by the cancer itself, and not by the liver.
The genes we found massively upregulated by mEHT are all related to cellular stress response and appear to
have a general, tumor-protective role in different types of cancer.
The protease inhibitors (serpins and ITIHs) have been described as ancient markers of cell stress [55]. Serine
protease inhibitor family A member 3 (Serpina3) was reported as an antiapoptotic factor in trophoblast cells
[56]. Furthermore, high expression of Serpina3 was reported in colon [57] and endometrial [58] cancers, and
in melanoma [59]. Serpina3n was described as a cellular stress response gene in different types of stress and
has been associated with a wide range of diseases such as photoreceptor cell loss in a retinal degeneration
mouse model [60], and muscle atrophy in mice and humans [61]. The other members of these protease
inhibitors detected, namely Itih2,4 and SerpinA3c,m, had very low absolute mRNA copy numbers, especially in
the sham animals, hardly exceeding background values. Even in the mEHT-treated animals, copy numbers were
low. Thus, we did not investigate these factors further.
The association of coagulation factors and cancer was first described in 1865 [62]. Fibrinogen (especially Fgg)
production by breast cancer cells has been demonstrated before [63]. The production of fibrinogen without
fibrin formation contributed to extracellular matrix (ECM) production in breast cancer [64]. Fibrin(ogen)
surrounding tumor cells may protect them by acting as a barrier [65]. Thus, fibrinogen synthesized by tumor
cells promoted tumor growth [63]. Inhibition of fibrinogen (Fgg) production reduced chemotherapy resistance
[28] and growth [63] of breast cancer. Thus, inhibition of mEHT-induced fibrinogen upregulation may have
tumor inhibitory effects through diminishing the supportive tumor microenvironment and could synergize with
mEHT.
Taken together, the upregulation of both protease inhibitors and fibrinogens seem to contribute to stability of
the tumor microenvironment (TME). Thus, the inhibition of these proteins may aid several cancer-treatment
forms by inhibiting the formation of a protective tumor microenvironment and facilitating the access of the
therapy to the tumor cells.
The primary role of haptoglobin (Hp) is the binding of free Hb released by erythrocytes upon hemolysis. As cellfree hemoglobin is an oxidant, Hp protects from oxidative stress [66]. However, in breast cancer, the Hp mRNA
level was significantly higher in the tumor tissue compared to normal breast tissue. Hp production was also
reported to be tumor promoting by inducing glycolysis, whereas Hp inhibition by siRNA was antiproliferative and
reduced tumor size [27]. Thus, Hp inhibition should be antiproliferative and could synergize with mEHT.
The complement system has been considered for a long time as a simple lytic cascade, aimed at killing bacteria.
Nowadays, it is well accepted that complement is a complex innate immune surveillance system, playing a key
role in host homeostasis, inflammation, and defense [37]. In the tumor microenvironment, complement factors
can perform nocanonical functions [23], such as stimulation of angiogenesis, inflammation, proliferation and
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migration, and they can even attenuate immunotherapy [25,67]. The therapeutic inhibition of complement
components for cancer treatment has been well described [26], and the angogenesis-stimulating role of
complements advocates the concept of applying mEHT in combination with angiogenesis inhibitors like
Bevacizumab, which has been demonstrated to be beneficial for patients [4]. In our multiplex studies of isolated
tumor tissue, the mouse complement C4 (C4b) gene was detected as one of the most upregulated
genes/proteins with all three methods (NGS, Nanostring, MS). The complement factor C4 has two isotypes
encoded by the C4A and C4B genes in humans, as well as in mice (C4a, C4b). The C4A/C4a (Rodgers blood group)
gene encodes the acidic form, whereas the C4B/C4b (Chido blood group) encodes the basic form. Their role in
the complement cascade is identical [68]. Production of C4 by nonhepatic (endothelial cells, fibroblasts) cells
in the TME has been well described [23,69]. However, we detected C4 in cultured 4T1 cells, demonstrating that
C4 was produced by the tumor cells themselves. Production of C4 by 4T1 cells has not been described before.
mEHT treatment further upregulated the production of C4, 2 h after treatment in vitro, corroborating our in
vivo multiplex data. As mEHT induced a heat shock response, as demonstrated by Hsp70 upregulation, inhibition
of HSR by the specific heat-shock factor-1 inhibitor KRIBB11 synergized with mEHT, as demonstrated in our
previous paper. Here, we demonstrated that KRIBB11 significantly decreased C4 mRNA. This is a newly described
effect of KRIBB11. C4 has been reported to be important for the growth of cervical (TC-1) tumors [70]. Moreover,
serum C4 levels may have a prognostic value [71] correlating with tumor size [72]. Finally, inhibition of C4 along
with VEGFA inhibition inhibited tumor progression [73]. C4 may act by activating C3 and C5 into their active
forms. Furthermore, the alpha chain may be cleaved to release C4 anaphylatoxin [37]. Taken together, the C4inhibiting effects of KRIBB11 may be beneficial in anticancer therapies and can synergize with mEHT in clinical
practice.
Pentraxin 3 (PTX3) is another ancient molecule involved in various cell stress responses, such as oxidative stress
[74], a key player in the innate immunity involved in inflammatory responses and wound healing and is a
component of the extra-cellular matrix (ECM). Most cell types, including tumor cells, are able to produce PTX3.
The PTX3 interactome includes complement [75] and ECM components and apoptotic cells [76]. In breast
cancer, PTX3 was induced by hypoxia and correlated with poor prognosis, inducing stem-cell-like characteristics
and metastasis formation [76]. Although, antitumoral effects have been also reported, overexpression of PTX3
accelerated metastasis [77], whereas knockdown suppressed tumorigenicity [78]. Thus, PTX3 inhibition may
synergize with anti-tumor therapies, including mEHT.
In conclusion, modulated electro hyperthermia (mEHT) has effective antitumor effects, even in monotherapy,
in our highly aggressive and rapidly growing 4T1/4T07 triple negative breast cancer in vivo mouse model. The
mEHT-induced significant tissue stress was indicated by the upregulation of Hsp70 and cleaved/activated
caspase-3, and by the local production of other ancient stress response proteins. The exhaustion of these
protective mechanisms resulted in diminished cancer proliferation and caspase-mediated apoptotic tumor cell
death. Inhibition of the protective heat shock response and complement C4 production by a specific heat-shock
factor inhibitor, KRIBB11, suggests that inhibitors of such stress response proteins may synergize with antitumor
therapies such as mEHT.

4.

Materials and Methods

4.1. Tumor Model
410.4 cell-line derived triple negative murine breast cancer cells (4T1/4T07) were grown in cell culture and
processed for inoculation as described previously by Ostrand- Rosenberg et al. [79]. Previously [1], we
demonstrated significant tumor inhibition after 2 mEHT treatments enhanced by simultaneous inhibition of the
heat-shock response by KRIBB11. In the present studies we investigated the proteomic response after three
treatments and long-term effects on tumor progression after five treatments. The experiments investigating
mEHT effects on tumor progression after three or five treatments were performed on the more immunogenic
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4T07 tumors. However, the multiplex and in vitro studies were performed from the more commonly used and
more aggressive 4T1 cell line to obtain results which are more generally applicable.
Six- to eight-week-old female BALB/c mice were kept under 12 h dark/light cycles with ad libitum access to food
and water in the animal department of Basic Medical Center, Semmelweis University. For tumor-cell inoculation,
animals were narcotized with isoflurane (Baxter International Inc., Deerfield, IL, USA), 4–5% for induction, 1.5–
2% to maintain anesthesia, with compressed air (0.4–0.6 L/min). Cells were inoculated in standard, 1 106 cells
/50 L PBS (Phosphate Buffered Saline without Calcium and Magnesium #17- 516F, Lonza A. G., Basel,
Switzerland). Inoculations were performed subcutaneously by a Hamilton syringe (Hamilton Company, Reno,
NV, USA) into the inguinal mammary fat pad of each mouse. On the sixth day after inoculation, tumor size was
measured by digital caliper and ultrasound as described earlier by Danics et al. [1] (Figure 8). In the short-term
experiment (3 mEHT), measurements were made at the sixth day after inoculation and at the day of termination,
while in the long-term experiment (5 mEHT) tumor size was measured on every other day beginning on day six
after inoculation until the termination of the experiment. Animals were randomized into mEHT-treated and
sham-treated groups according to tumor size (Figure S3). Tumors were treated three or five times. Tumors
were removed 24 h after the last treatment. Multiplex analyses were performed after three treatments,
whereas long-term effects of repeated treatment were investigated after five treatments. Mice were
euthanized by cervical dislocation, tumors were resected, cleaned and precisely cut in half along the longest
diameter. One half was fixed in 4% formaldehyde solution (Molar Chemicals Ltd., Halásztelek, Hungary) and
transferred for histological processing. The other half was stored in liquid nitrogen for molecular analysis (RNA
isolation). Interventions and housing of the animals conformed to the Hungarian Laws No. XXVIII/1998 and
LXVII/2002 about the protection and welfare of animals, and the directives of the European Union. All animal
procedures were approved by the National Scientific Ethical Committee on Animal Experimentation under the
No. PE/EA/50-2/2019, date of approval: 01 November 2019.

Figure 8. Timeline of in vivo experiment

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

4.2. In Vivo Treatments
Tumors were treated 3–5 times with the newly developed rodent modulated electro hyperthermia device as
described in detail in our previous paper [1]. The principle of the treatment is a capacitively coupled, amplitudemodulated, 13.56 MHz electromagnetic field which transfers energy to the tumors. The electromagnetic field
was established between two electrodes in the inguinal region. The mobile (upper) electrode was a 2 mm
diameter column-shaped plastic case filled with stainless steel rods, covered with 3.1 cm 2 silver-plated textile,
positioned on the tumor. Animals were placed on a heating pad (in vivo applicator), functioning as the lower
electrode, and connected to the LabEHY modulated electro hyperthermia 200 device with heating and
22
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radiofrequency (RF) cable. The abdominal area below the mobile electrode and the back of the mice was shaved
before the treatments to enable electric coupling. Treatments were performed with a LabEHY 200 device in a
temperature-driven way, for 30 min with 0.7 _ 0.3 watts after a 5-min-long warmup. Temperature monitoring
was performed with a four-channel TM-200 thermometer (Oncotherm Ltd., Budaörs, Hungary). Temperature
sensors were placed (1) on the skin above tumor, (2) in the rectum for core temperature monitoring, (3) on the
heating pad and (4) nearby the treatment setup for room temperature monitoring. Skin temperature was kept
at 40 _ 0.5 _C during the treatments, as it assured the required 42 _C inside the tumor. Rectal temperature was
kept in the physiologic range (37.5 _ 0.5 _C), and the lower electrode’s temperature was set at the same
temperature. Room temperature was at 25 _ 1 _C. During sham treatments, the electromagnetic field was
turned off but all other conditions (heat pad temperature, upper electrode position) were similar to the mEHT
treatment. A schematic illustration of the treatment procedure is presented in Figure 9. Numbers of animals in
the three-time treatment experiments were nsham = 7, nMeht = 18, and nsham = 9, nmEHT = 7 in the five-time
treatment experiment.

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

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

4.3. In Vitro Treatments
In vitro treatments were performed as described by us earlier [1]. Briefly, 1 × 106 4T1 cells were pretreated in
cell culture with 5 µM KRIBB11 (#385570, Sigma-Aldrich Co., St. Louis, MO, USA) or 0.01% DMSO (#D2438,
Sigma-Aldrich Co., St. Louis, MO, USA) for 1h before mEHT. The cell suspension was transferred into a plastic
bag for treatment with the LabEHY 200 in vitro applicator. A thermosensor (TM-200 thermometer, Oncotherm
Ltd., Budaörs, Hungary) was inserted into the bag for temperature follow-up. The unit was placed in glass
cuvette (filled with distilled water), which was inserted between the two electrodes of the in vitro applicator
(Oncotherm Ltd., Budaörs, Hungary). An average of 4 ± 1 Watts was applied with the same amplitudemodulation (AM) as in the in vivo experiments. The temperature rise of the cell suspension was around 2.3 ±
0.8 °C/min. Cells were treated for 30 min in a temperature-driven way to maintain 42 °C in the cell suspension.
Cells were collected 2 h after mEHT treatment, lysed with Tri-Reagent (#TR118/200, Molecular Research Center,
Inc., Cincinnati, OH, USA) and processed for RNA isolation.
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4.4. Histopathology and Immunohistochemistry
Formalin-fixed tumor samples were dehydrated and embedded in paraffin. Serial sections (2.5 _m) were cut
for hematoxylin-eosin (H&E) staining or dewaxed and rehydrated for immunohistochemistry (IHC) using a
polymer-peroxidase system (Histols, Histopathology Ltd., Pécs, Hungary). Evaluation of Tumor Destruction
Ratio (TDR%) on H&E and cC3 and digital evaluation of Hsp70 and Ki67 stainings was performed as described
earlier [1]. The antibodies used are listed in Table 3.

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

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

4.6. Next-Generation Sequencing and Bioinformatic Analysis

Five sham and five mEHT-treated samples were chosen based on the quality and quantity of the isolated RNA
and the relative Hsp70 expression (used as a marker of effective treatment), measured by
immunohistochemistry. RNA integrity and RNA concentration were assessed by the RNA ScreenTape system
with the 2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and the RNA HS Assay Kit with the Qubit
3.0 Fluorometer (Thermo Fisher Scientific, Waltham, MA, USA). The DNaseI treatment (Thermo Fisher
Scientific, Waltham, MA, USA), the Ribo-Zero rRNA removal (Illumina, San Diego, CA, USA) and the KAPA
Stranded RNA-Seq libraries (Roche Diagnostics, Indianapolis, IN, USA) were prepared according to
manufacturer’s protocols. The quality and quantity of the libraries were determined by the High Sensitivity
DNA1000 ScreenTape system with the 2200 Tapestation (Agilent Technologies, Santa Clara, CA, USA) and
dsDNA HS Assay Kits with Qubit 3.0 Fluorometer (Thermo Fisher Scientific,Waltham, MA, USA). Pooled libraries
were diluted to 1.6 pM for 2 80 bp paired-end sequencing with 150-cycles of the High Output v2 Kit on the
NextSeq 550 Sequencing System (Illumina, San Diego, CA, USA) according to the manufacturer’s protocol. Raw
sequenced reads >50 M per sample were demultiplexed and adapter-trimmed by using the NextSeq Control
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Software, whilst the FastQ Toolkit (Illumina, San Diego, CA, USA) was applied to trim bases at the 30- and the
50-ends with a quality score <30. Reads with mean quality score <30 and shorter than 32 bp were filtered out.
Reads were compared with the Mus musculus reference genome (GRCm38 Ensembl release, STAR v2.6.1c)
[80]. After alignment, the reads were associated with known proteincoding genes and the number of reads
aligned within each gene was counted using the HTSeq tool v0.6.1p1 [81]. Gene count data were normalized
using the trimmed mean of M values (TMM) normalization method of the edgeR R/Bioconductor package (v3.28,
R v3.6.0, Bioconductor v3.9) [82]. For statistical testing, the data were further log transformed using the voom
approach [83] in the limma package [84]. TMM normalized counts were represented as transcripts per million
(TPM) values. Fold-change (FC) values between the compared groups, resulting from a linear modeling process
and modified t-test p-values, were produced by the limma package. FC > 2.0 and p-value < 0.05 thresholds
were used for filtering the differentially expressed (DE) genes. Based on intensive literature search on PubMed,
UniProt, Protein Atlas, nonprotein-coding genes, previously unidentified (no literature search possible) genes
and those that had no/insufficient literature (lack of information on expression, function, and regulation) were
excluded from further analysis. Remaining DE genes were grouped into functional categories created by us.
Functional analysis was performed to consider the functional annotations of genes using the gene ontology
(GO) database. Detection of functional enrichment was performed in the differentially expressed gene list (DE
list enrichment) and towards the top of the list when all genes were ranked according to the evidence for being
differentially expressed (ranked list enrichment) applying the topGO v2.37.0 packages. We show results of the
GO analysis of significant upregulated genes (DEListEnrichment_upR). A heat map was created from the
normalized NGS RNA Seq data with Kendall tau’s method at heatmapper.ca (Wishart Research Group, University
of Alberta, Canada) [85]. Raw RNA-Seq data sets generated as part of this study will be publicly available at
the European Nucleotide Archive (https://www.ebi.ac.uk/ena, accessed on 19 March 2021), under study
accession number PRJEB43813.

4.7. Mass Spectrometry Analysis
Mass spectrometry analysis of the same samples used for NGS was performed as described earlier by Róka
et al. [19]. Briefly, liquid chromatography with tandem mass spectrometry (LC-MS/MS) analysis was done using
an EASY-nanoLC II HPLC unit (Thermo
Fisher Scientific, Waltham, MA, USA) coupled with an Orbitrap LTQ Velos mass spectrometer (Thermo Fisher
Scientific, Waltham, MA, USA). Samples containing 0.1% FA were loaded onto a C18 trapping column (Proxeon
Easy-column, Thermo Fischer Scientific, West Palm Beach, FL, USA) and separated on a C18 PicoFrit Aquasil
analytical column (New Objective, Inc.,Woburn, MA, USA). The peptides were eluted using a 5–40% (v/v) 90 min
linear gradient of acetonitrile in a 0.1% formic acid solution at a constant flow rate of 300 nL/min. The full MS
mass spectra were acquired with the Orbitrap mass analyzer in the mass range of 300 to 2000 m/z at a
resolution of 30,000. The MS/MS spectra were obtained by higher-energy collisional dissociation (HCD)
fragmentation of the nine most intense MS precursor ions and recorded at a resolution of 7500. Only the
precursor ions with assigned charge states (>1) were selected for MS/MS fragmentation. The dynamic exclusion
was set to a repeat count of 1, repeat duration of 30 s, and exclusion duration of 20 s. For data analysis, the
MaxQuant proteomics software (version 1.6.0.13; Max-Planck Institute for Biochemistry, Martinsried, Germany)
was used for database search and quantification by spectral counting [86]. The database search was performed
against a Mus musculus Uniprot database (database date 15.10.2017, 16,923 entries). For the database
searches, methionine oxidation (+15995 Da) and protein N-terminal acetylation (+45011 Da) were set as variable
modifications. Carbamidomethylation of cysteines (+57021 Da) was set as a fixed modification. Trypsin cleavage
at arginine and lysine residues was used as enzyme specificity. For the database search, one missed cleavage
was allowed. In addition, precursor ion and fragment ion mass tolerances were set to 20 ppm and 0.5 Da,
respectively. A reversed database search was performed, and the false discovery rate was set to 1% for peptide
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and protein identifications. Raw data and database search files are available at ProteomeXchange (identifier
PXD024150) [87]. Relative quantification of identified proteins was performed by label-free quantification (LFQ)
algorithm in MaxQuant.

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

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

5.

Conclusions

Here, we demonstrated that modulated electro-hyperthermia (mEHT) effectively inhibited tumor growth and
proliferation. Moreover, mEHT activated several stress response genes such as members of the heat shock
response, complement factors such as C4, fibrinogens, haptoglobin and pentraxin, locally in the tumor. Applying
KRIBB11 + mEHTin combination may have a synergistic effect in vivo, potentiating mEHT’s antitumor effects.
Therefore this will be the focus of our future work. Inhibition of these protective mechanisms has the potential
to enhance the effectivity of anticancer therapies, including mEHT and other clinically applied, traditional
treatment modalities like chemo, radio and immunotherapy.
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10.3390/cancers13071744/s1, Figure S1. Hematoxylin-eosin (HE) and cleaved caspase-3 (cC3)
immunohistochemistry stained sections of all tumors by groups, 24 h after the fifth mEHT treatment. Figure
S2. Heat map dendogram of the differentially expressed (DE) genes with labels after 3 mEHT treatments.
Figure S3. Tumor volumes measured by ultrasound at randomization (day 6 after inoculation). Table S1.
Upregulated genes in the response to stimulus pathway as identified by the gene ontology (GO) analysis. Table
S2. Upregulated genes in stress response related pathways as identified by the gene ontology (GO) analysis.
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Patients and methods
Patients. Ten patients with advanced or recurrent breast cancer participated in the present study since
November 2015. All patients had undergone conventional therapies following standard protocols for breast
cancer. Patients received hormonal therapy, external irradiation, surgery, various chemotherapies, targeted
molecular treatment, and other available state of the art therapies (15). The selected patients were treated with
mEHT coupled with adjuvant therapies (chemotherapy, hormone therapy or irradiation) when possible (6 cases);
in case of complete failure of conventional methods, monotherapy was used (4 cases). The adjuvant therapies
were trastuzumab emtansine (TDM‑1; 1 case), mammalian target of rapamycin (mTOR; 3 cases), eribulin (1
case), irradiation (1 case) and fulvestrant (1 case). The study was approved by the local ethics committee of the
University of Toyama (approval no. 26‑13), and the patients provided written consent for the treatment, as well
as for the research and publication of their data and images.
Procedure of mEHT. mEHT was performed twice a week in 7 patients and thrice a week in the other 3. The
session lasted for ~60 min, with at least 1 day in between. The treatment was performed using the EHY2000+
device (Oncotherm Kft.). The electrode used was 30 cm in diameter. Patients were placed in the supine position
on the water mattress of the treatment bed. A step‑up heating protocol was used, starting with 60 W, which
was then increased to 140 W. The average number of treatments performed per patient was 48.6 (range, 8‑90).
The average dose of 374.6 (range, 371‑376) kJ was administered.
Procedure and display of the analytical results. The endpoint of the study was local control (response rate). A
follow‑up examination of local control was conducted via inspection, computed tomography (CT), or magnetic
resonance imaging, and was compared with that at baseline before the start of the mEHT treatment process.
The age, estrogen receptor (ER)/progesterone receptor (PgR)/human epidermal growth factor receptor type 2
(HER2) status, actual status of metastases, and pretreatment for each patient are shown in Table I. The number
and duration of mEHT sessions and the total amount of mEHT energy delivered to each patient are summarized
in Table II. The complementary therapies and local responses are shown in Table III. The statistical analysis
results are shown in Table IV.
Statistical analysis. The comparison of the distribution between the two groups of partial response (PR)+stable
disease (SD) cases and progressive disease (PD) cases was conducted using unpaired t‑test for continuous
variables [age, total mEHT, mEHT/w, mEHT period, mEHT dose, pre‑treatment, pre‑CT, pre‑carcinoembryonic
antigen (CEA) and post‑CEA] and the Mann‑Whitney test for categorical variables (Stage). P<0.05 was
considered to indicate a statistically significant difference. All analyses were performed using the JMP15.0
software.
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Results
Statistics of mEHT. Out of the 10 cases registered, 5 were stage 3 or 4 preoperatively (Table I). The ER status
was positive in all cases, and HER2 was positive in 1 case. In 9/10 cases, some treatments were performed
before mEHT; however, due to the lack of a satisfactory antitumor effect, mEHT was performed or combined
with other treatments (Table I). Case 2 received the most treatments prior to mEHT, including two types of
postoperative adjuvant chemotherapy, 5 types of chemotherapy for tumor recurrence, two types of hormone
therapy, and irradiation. In addition, Case 2 received two types of chemotherapy in combination with mEHT
(Table III). On the other hand, Case 10 received no treatment prior to mEHT, following the patient's request. The
statistics of the mEHT are shown in Table II. As a result, 8‑90 mEHTs were performed. The decision to
discontinue was entirely based on the request of the patient; the most common reason identified was difficulty
in continuing the treatment. Case 7 underwent mEHT only 8 times. The reason for this was that the combined
use of irradiation and mEHT reduced the metastatic skin cancer to PR; the patient hoped that mEHT would be
terminated at the same time as the termination of irradiation. There were no apparent complications during
mEHT.
Clinical estimation of the PD case. A summary of the local responses is presented in Table III. Patients felt
comfortable with warming around the targeted area during treatment. The elevated body temperature
observed was mild, and some patients presented with sweating without discomfort. In addition, there were no
adverse effects, such as skin blisters, erythema, or dermatitis. PR was achieved in 3/10 (30%) patients, and so
was SD. A total of 4/10 patients (40%) showed PD. All 3 patients (cases 2, 4 and 6) that were treated with a
combination of mEHT and mTOR achieved PD. They had multiple‑organ metastases from the breast cancer and
had undergone multiple sessions of mEHT (46‑90). Only case 2 received anthracycline and taxane for the
treatment of breast cancer. Cases 4 and 6 refused chemotherapy and only approved the use of mTOR, which
has relatively few side effects, such as hair loss and malaise. Therefore, these cases might have deviated from
the usual treatment for advanced breast cancer and do not indicate a low therapeutic effect of the combination
of mEHT and mTOR. However, 2/3 PR patients exhibited a re‑increase in tumor size after the follow‑up period.
By contrast, another patient recovered and underwent curative surgery. At the time of writing, she was still
alive with no signs of recurrence (9 months after initial mEHT therapy). A total of 4 patients judged as PD
exhibited worsening of the local tumor and metastases. Three patients died of cancer during (2 patients) or
after the completion of mEHT (1 patient). Case 2 was a 66‑year‑old woman. Bt+Ax was performed in the right
breast. After administering two types of postoperative adjuvant chemotherapy, hormone therapy was
performed. Five years after the operation, lung, liver and bone metastases occurred. Following recurrence,
seven types of treatment were performed (five types of chemotherapy, one type of hormone therapy, and
radiation therapy). In addition, case 2 received two types of chemotherapy in combination with 90 sessions of
mEHT for 30 weeks. The tumor did not grow until 24 weeks after the start of treatment, but thereafter, lung
metastasis gradually worsened, with the eventual occurrence of pleural effusion. Due to dyspnea, the patient
could not visit the hospital; therefore, mEHT was discontinued. Three months later, the patient died of cancerous
pleurisy. Case 5 was a 74‑year‑old woman. Bt+SLN was performed for left breast cancer. She continued
hormone therapy following surgery. Three years after the operation, liver, bone and lymph node metastases
occurred. Two types of chemotherapy, activated autologous lymphocyte therapy and dendritic cell vaccine
therapy were then performed; however, tumor growth was observed. At her request, mEHT alone was
performed for 24 weeks and 73 times without chemotherapy. The symptoms of cough and dyspnea gradually
worsened, and mEHT was discontinued due to difficulty in visiting the hospital. One month later, the patient died
of cancerous pleurisy. Case 7 was a 75-year-old man with skin metastasis, lung. Preoperative chemotherapy
was performed for stage IV breast cancer. Although lung metastasis was reduced, skin metastasis did not
change. Eight sessions of mEHT+radiation therapy were performed, and a reduction in skin metastasis was
observed (PR). Following treatment, he was recommended to undergo surgery but refused. Two months after
the follow-up, chest CT revealed an exacerbation of lung metastases. Although anticancer drug treatment was
restarted, progressively worsening lung metastases and dyspnea were observed. The patient eventually died
of cancerous pleurisy 6 months after the completion of mEHT.
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mEHT monotherapy. A total of 4 patients were treated with mEHT alone, following their request. As a result,
one patient showed PR, two showed SD, and one showed PD. Case 3 had undergone breast cancer surgery and
postoperative chemotherapy 22 years ago, and a recurrence of lung metastases was observed 19 years later.
Hormone therapy was continued; however, an exacerbation of lung metastases was observed. Nevertheless,
this time, the patient refused to receive anticancer drug treatment and only mEHT was performed 47 times.
During that time, chest CT revealed no exacerbation of lung metastases; therefore, the patient was judged to
be SD. Case 5 had undergone breast cancer surgery 5 years ago; 2 years later, she was diagnosed with liver,
bone and lymph node metastases and received chemotherapy, hormone therapy and activated dendritic cell
therapy. This time, the patient refused to receive anticancer drug treatment; therefore, only mEHT was
performed 73 times. During that time, the level of the tumor marker CEA was elevated and an abdominal CT
revealed aggravation of liver metastases; therefore, the patient was judged as PD. Case 8 had multiple lung
metastases on preoperative chest CT; however, the patient refused any treatment other than surgery;
therefore, only mEHT was performed 40 times after mastectomy. During the treatment period, no obvious
subjective symptoms were observed and chest CT revealed no exacerbation of lung metastases. Therefore, the
patient was considered to be SD. Details regarding the status of case 10 are provided later.
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Statistical evaluation of mEHT. Univariate analysis of the number of various treatments performed before
mEHT and their therapeutic effects are shown in Table IV. PD patients received more types of treatments before
mEHT than PR+SD patients. CEA levels before and after mEHT were significantly higher in PD patients than in
PR+SD patients (P=0.017, 0.009), and mEHT was performed in patients with more advanced cancer. Statistical
analysis of the various parameters of mEHT and their therapeutic effects are shown in Table IV. The average
number of treatments for PR+SD patients (6 cases) was 31.6 times, and the treatment period 14.8 weeks, which
was significantly less than that for PD cases (number of treatments, 74.0; treatment period, 30.2 weeks;
P=0.002). There were many advanced cancer patients with PD, and mEHT was often performed in combination
with chemotherapy (75%); however, no clear mEHT‑related side effects were observed, and treatment for long
periods was possible.
Clinical estimation of the PR cases. Showing the details, 2 PR cases are described. The PR cases 1, 7 and 10 had
progression‑free survival rates of 2, 7 and 9 months, respectively.
Case 1. Seven years ago, a 58‑year‑old woman visited our hospital due to left breast cancer recurrence. The
TNM classification was T1N1M0 stage IIA at that time. Breast‑conserving operation and additional dissection of
left axillary lymph nodes were performed. However, the patient (then aged 65 years old) developed lung, skin
and lymph node metastases. She was positive for the expression of HER2, ER and PgR. Postoperative radiation
therapy (55 Gy) was performed on the left residual breast tumor area, and 50 Gy radiotherapy on the left
clavicular region. Hormone therapy (aromatase inhibitor) was continued after the completion of radiation
therapy. A fluorodeoxyglucose-positron emission tomography scan revealed left chest wall skin invasion (or
metastasis). Left cervical, subclavian and right axillary lymph node metastases were also observed. Although
intravenous chemotherapy of trastuzumab was administered, metastatic skin lesions did not respond to these
treatments. Combination chemotherapy with trastuzumab, pertuzumab and docetaxel was administered;
however, intolerable diarrhea occurred. Since an exacerbation of skin metastasis was observed after this
treatment, the drug was changed to TDM-1. However, there was no improvement in the skin lesions (Fig. 1A).
Finally, mEHT was used for adjuvant therapy using TDM-1. As a result of the combination of anticancer drug
treatment (TDM-1) once every 3 weeks and mEHT thrice a week, a marked improvement in skin invasion and
metastases was observed (Fig. 1B). During mEHT, right axillary lymph node metastasis was also reduced
without direct intervention. However, the tumor re-increased after 2 months of post-treatment evaluation. The
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tumor metastasized to the brachial plexus. The patient was alive with disease 1.2 years after the final mEHT
treatment.

Case 10. A 71-year-old woman had observed the presence of a mass in her right breast for >15 years but decided
to ignore it. Two years ago, she was referred to our university hospital for the assessment of apparent
discharge and bleeding from the protruding right breast mass. The definite diagnosis was breast cancer. The
patient was recommended to undergo chemotherapy, hormone therapy and radiation therapy, but she rejected
these treatment plans, out of fear of developing adverse effects. Therefore, she was followed up without any
treatment. However, after the tumor increased in size with exudation and a foul-smelling odor, she accepted
mEHT monotherapy. At the start of mEHT, an initial blood test showed a CEA level of 10.4 ng/ml and cancer
antigen 15-3 (CA 15-3) of 132 U/ml. CT and magnetic resonance imaging revealed the presence of a massive
tumor measuring 15 cm in diameter in the right breast (Fig. 2A). Swelling of the axillary lymph nodes was also
observed; however, distant metastasis to other organs was not detected. mEHT therapy was continued twice a
week for 6 months, resulting in tumor shrinkage, as observed by CT; therefore, the patient was judged to have
achieved PR (Fig. 2B). The preoperative diagnosis was T4cN3bM0 stage IIIB, which was an indication for right
mastectomy (combined resection of the chest skin and partial large pectoral muscle), right axillary dissection,
and second-stage skin transplantation. Intraoperative findings revealed that infiltration into the large pectoral
muscle was mild and that it was possible to avoid total resection of the chest muscle. The skin with changed
color was excised, and the tumor resection margin was histologically negative. The axillary lymph nodes were
dissected to level II, and it was evaluated that only level I lymph node was positive for metastasis. The
postoperative course was unremarkable, and she was discharged on postoperative day 14. The pathological
diagnosis of the resected specimen was pT3N1 (level I, 2/24; level II, 0/14; level III, 0/2) M0 stage IIIA. The tumor
was removed at the curative margin, due to the effectiveness of mEHT. After 3 weeks, the artificial dermis was
affixed to the mastectomy part and grafting was performed from the thigh part of the patient. Postoperatively,
the tumor did not reccur. The CEA level normalized to 2.1 ng/ml 1 month after the surgery. CA15-3 also
normalized to 18.6 U/ml 3 months after the surgery. Nine months after the surgery, she showed no evidence
of the disease (Fig. 2C).
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Discussion
As the general lifestyle of people changes, the type and structure of malignant diseases also changes. The
clinical course of cancer and its treatments have diversified. Furthermore, the growing of available open‑access
information has allowed patients to select their preferred therapies. The widely published adverse effects deter
some individuals from receiving conventional therapies and favor conservative treatments with the hope of
maintaining a normal life despite the occurrence of cancer. Hyperthermia is considered a less aggressive
antitumor treatment strategy and sometimes could be applied even in patients who are unresponsive to
conventional treatments (surgery, radiation or chemotherapy), as well as to new cancer immunotherapies,
suchas checkpoint inhibitors, cancer‑specific cytotoxic T lymphocytes or chimeric antigen receptor‑T‑cell
therapy.

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

Figure 2. A second representative case. (A) CT
showing the presence of a large tumor 15 cm in
diameter. (B) Following mEHT treatment (twice
a week), the tumor reduced in size after 6
months. (C) The tumor was removed at the
curative margin due to the eff

In general, cancer cells proliferate autonomously and randomly. The cytoskeleton and genomic structure of
malignant cells have an inherent instability; therefore, they are more sensitive to heat than normal cells (16).
Utilizing this feature, the concept of hyperthermia has been established and various therapeutic approaches
have been developed (17), including heating the lesion isothermally. Most hyperthermia methods use
bio‑electromagnetic energy‑absorption heating of the cancer tissue of up to 43˚C or higher temperatures to kill
them, mainly by inducing local necrosis, such as the hyperthermia dose (CEM43˚CTx) calibrated in vitro.
Moreover, many experimental studies have shown that the obviously heterogenic solid tumors and their blood
flow derail the developed temperature distribution, despite the use of iso‑dose focusing. The usual
vasodilatation that occurs in the vivid part of the tumor and its healthy neighborhood increases blood flow,
possibly facilitating the delivery of chemotherapeutic drugs and increasing the reaction rate, as well improving
the efficacy of ionization radiation therapies by delivering oxygen (18). Despite the advantages of high blood
flow, it has several disadvantages, including delivering nutrients that support tumor growth and helping the
dissemination of the malignant cells by the blood stream, thereby increasing the incidence of distant metastases
(19). On the other hand, the heavily developed tumors have neo‑angiogenetic vessels that form vasocontraction,
increasing the severity of hypoxia and assisting rapid temperature growth in that part of the tissue (20,21). This
is the reason why local control is significantly good following the use of this method; however, overall survival
is decreased due to metastases (22‑26).
Due to the complex physiological feedback and the attempt to re‑establish thermal homeostasis by increasing
blood flow, as well as by other methods, the effects of conventional hyperthermia are not stable and mostly
insufficient for a lifetime increase in blood flow. At the end of the 20th day of treatment, the clinical results for
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local control following radiation therapy alone vs. treatment with radiation+hyperthermia for advanced,
recurrent breast cancer were reported to be 41 vs. 59%, respectively (26). Therefore, many patients and
medical doctors who continue to treat various types of cancer, including advanced pancreatic cancer and other
advanced cases, without further conventional treatment options are looking for a more effective therapeutic
method, including the safe and secure hyperthermia treatment. Based on these backgrounds, mEHT is
conducted in accordance with basic and clinical research data, which is based on the cellular selection of tumor
cells, inducing programmed cell death (apoptosis), in various cancer cells by causing a temperature gradient
and prompting extrinsic pathways to produce damage‑associated molecular patterns (27) and immunogenic
cell death (28,29), thereby producing tumor‑specific immune reactions (30) and an abscopal effect (31). The
inhibition of protective autophagy via sublethal hyperthermia in hepatocellular carcinoma has been shown to
enhance hyperthermia‑induced apoptosis via the ATP/AMPK/mTOR signaling pathway (32). Furthermore, it has
been reported that the inhibition of protective autophagy could be a therapeutic strategy for RAS‑induced
pancreatic cancer (33). Unfortunately, the combination therapy with mTOR inhibitor and mEHT used in the
present study resulted in PD in all cases; however, it is possible to continue long‑term treatment for advanced
breast cancer cases with multiple organ metastases. More studies with more cases are needed to explore the
combined treatment of mTOR inhibitor and mEHT. The following clinical advantages have been reported from
this therapeutic principle: i) Very high heating efficiency for cancer with a low power (150 W) (34); ii) modulated
electromagnetic waves do not result in burns on the skin (35), and (3) these waves adequately reach tumors
deep within the body, such as those in the pancreas (36), lung (37), liver (32) and cervix (38).
Due to the lack of awareness and delay in discovery, elderly patients with breast cancer are sometimes at a
very progressive stage, with skin invasion or other metastases upon first diagnosis. Therefore, it is essential to
consider the risks and benefits of surgery and anticancer drug treatment for these patients. When conventional
therapies with standard protocols fail, only palliative care is selected after informed consent. However, mEHT
is recommended as a valid option with few adverse effects for patients with advanced cancer.
In conclusion, it was reported in the present study that the use of mEHT is feasible for advanced or recurrent
metastatic breast cancer where pretreatment is ineffective. The results suggested that mEHT has no side
effects and could be combined with various treatments for a long time.
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Abstract. The present study (KGOG 3030) aimed to evaluate the safety of modulated electro‑hyperthermia
(mEHT) therapy with weekly administration of paclitaxel or cisplatin in female patients with recurrent or
persistent epithelial ovarian, fallopian tube or primary peritoneal carcinoma. A total of 12 patients were
randomized into the paclitaxel or cisplatin arm at a 1:1 ratio. Patients received weekly administration of
paclitaxel (70 mg/m2) or cisplatin (40 mg/m2) intravenously on days 1, 8 and 15, and underwent mEHT therapy
for 1 h on days 1, 4, 8, 11, 15, 18, 21 and 24 for each 4‑week cycle. The primary endpoint was the occurrence of
dose‑limiting toxicity (DLT). The secondary endpoints were treatment‑emergent adverse events (TEAEs),
objective response rate, carbohydrate antigen 125 (CA125) response rate, progression‑free survival (PFS) and
overall survival (OS). In total, 16 patients were recruited, but four patients dropped out. None of the 12
remaining patients (6 each in the two arms) experienced DLT. Overall, 0 and 4 grade 3 TEAEs (anemia, nausea,
neutrophil count decreased and platelet count decreased) occurred in the paclitaxel and cisplatin arm,
respectively. Furthermore, one confirmed partial response and two CA125 responses were observed in the
cisplatin arm. The median PFS time in the paclitaxel and cisplatin arms was 3.0 months (range, 1.7‑4.6 months)
and 6.8 months (range, 3.9‑11.8 months), respectively, while the median OS time was 11.5 months (range,
8.4‑28.8+ months) and not reached (range, 3.9‑38.5+ months), respectively. In conclusion, mEHT therapy with
weekly paclitaxel or cisplatin appeared safe and warrants further investigation. The present trial was
registered with www.clinicaltrials.gov on January 22, 2015 (trial registration no. NCT02344095).
Key words: cisplatin, induced hyperthermia, ovarian epithelial carcinoma, paclitaxel, toxicity

Introduction
Recurrent ovarian cancer is incurable and, accordingly, has poor prognosis. In a study analyzing survival data
from clinical trials of ovarian cancer, the median overall survival (OS) after the first, second, third, fourth and
fifth recurrence was 17.6, 11.3, 8.9, 6.2 and 5.0 months, respectively (1). Therefore, novel treatment options are
urgently required for such patients. Radiofrequency hyperthermia (RFH) therapy involves heating of the body
using radiofrequency energy. While it has been applied for the treatment of different cancer types, its efficacy
remains conflicting. For instance, in a randomized trial of 73 patients with advanced ovarian cancer, those who
received chemotherapy with RFH achieved better tumor remission rates than those who received
chemotherapy alone (2). However, in a randomized trial of patients with cervical cancer, there was no significant
difference in survival between those who received RFH with radiotherapy and those who received radiotherapy
alone. In addition, acute toxicity was significantly worse in the RFH plus radiotherapy arm (3).
Modulated electro‑hyperthermia (mEHT) is a type of RFH that uses impedance coupling with
amplitude‑modulated 13.56 MHz carrier radiofrequency (4). Similar to conventional RFH, mEHT is usually
administered for 60 min, 1‑3 times per week (3,5‑7). However, unlike conventional RFH, the energy of
radiofrequency is selectively absorbed by the tumor cells in mEHT (8). In addition, an in vitro study reported
that the cellular response to mEHT is different from that to conventional RFH. Specifically, in contrast to
conventional RFH, mEHT activates caspase‑dependent pathways and induces apoptosis (9). Therefore, it was
hypothesized that the oncologic effect of mEHT may be different from that of conventional RFH.
To the best of our knowledge, only 3 trials investigating the effects of mEHT therapy on cancer have been
published to date. Although the trials were on different cancers, the results all suggested that the addition of
mEHT was beneficial for achieving a higher response rate (5) and better local control (6) than conventional
treatments and was highly feasible (7). However, evidence on the usefulness and safety of mEHT combined with
chemotherapy in the treatment of ovarian cancer is currently lacking (10). Thus, the present study aimed to
evaluate the safety of mEHT therapy with weekly paclitaxel or cisplatin administration in females with recurrent
or persistent epithelial ovarian, fallopian tube or primary peritoneal carcinoma.
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Materials and methods
Trial design and randomization. The present trial (KGOG 3030) was a phase 1 trial with 1 dose level performed
at three tertiary hospitals (Seoul National University Bundang Hospital, Seongnam, Gyeonggi; Gangnam
Severance Hospital, Seoul; Ewha Womans University Mokdong Hospital, Seoul) in the Republic of Korea between
February 2015 and November 2017. The study was conducted according to the tenets of the Declaration of
Helsinki and its later amendments, and the protocol was approved by the Institutional Review Board (IRB) of
each hospital (Seoul National University Bundang Hospital IRB, approval no. E‑1407/258‑001, approval date 17th
Sep 2014; Yonsei University Gangnam Severance Hospital IRB, approval no. 3‑2014‑0272, approval date 14th
January 2015; Ewha Womans University Medical Center IRB, approval no. EUMC 2014‑09‑009, approval date 1st
December 2014) and registered at www.clinicaltrials.gov (on January 22, 2015; registration no. NCT02344095).
Written informed consent was obtained from all subjects. The present study was reported in line with the
Consolidated Standards of Reporting Trials guidelines (11).
There is already a widely used protocol for mEHT therapy and numerous cases in which mEHT therapy was
combined with various chemotherapy modalities were encountered in our clinical practice. Therefore, the widely
used protocol for mEHT therapy (1 h; 2 sessions per week; maximum energy, 140 W) (10) was adopted. In
addition, it was decided not to test several dose levels of chemotherapy and adopt a 3+3 design with only 1 dose
level (70 mg/m2 for paclitaxel, 40 mg/m2 for cisplatin). Specifically, 3 patients were enrolled and underwent
therapy with a dose level of chemotherapy plus mEHT. If dose‑limiting toxicity (DLT) was observed in <2 of 3
patients, 3 more patients were enrolled. If DLT occurred in <2 of 6 patients, it was concluded that the dose was
safe enough for use in a further investigation. There was no dose escalation or de‑escalation. Therefore, the
anticipated number of patients was 12 (6 in each arm).
The optimal chemotherapy drug to be combined with mEHT therapy in recurrent ovarian cancer has remained
undetermined. In vitro studies suggested that hyperthermia potentiates the cytotoxic effects of cisplatin (12,13).
Furthermore, weekly paclitaxel administration is an effective regimen in recurrent ovarian cancer (14). After a
thorough review of the literature and discussion, paclitaxel and cisplatin were selected (12‑14). To determine
which drug should be selected for further investigation at the completion of the present trial, both the paclitaxel
and cisplatin arms were launched and compared using randomization. Patients were randomized into the
paclitaxel arm or the cisplatin arm at a 1:1 ratio using block randomization with ‘hospital’ as a stratification
factor. Randomization and notification of results were performed by the independent data center and the
randomization result was not concealed.
Eligibility and intervention. The inclusion criteria were as follows: i) Recurrent or persistent epithelial ovarian,
fallopian tube or primary peritoneal carcinoma; ii) tumor evaluable with radiologic study or serum carbohydrate
antigen (CA)125; and iii) Eastern Cooperative Oncology Group performance status score (15) of 0‑2. The
exclusion criteria were as follows: i) Tumor located in previously irradiated area; ii) brain metastasis; iii) residual
neurotoxicity or history of severe neurotoxicity; iv) hypersensitivity to paclitaxel or cisplatin; and v) pacemaker
or metal implants. The number of previous chemotherapy regimens was limited to <3 at initiation. However,
due to slow accrual, the limit was changed to <4 in August 2015 and was removed in July 2016.
Patients in the paclitaxel arm received 4 cycles of mEHT therapy with weekly paclitaxel chemotherapy, with
each cycle lasting 4 weeks. After steroids and anti‑histamines were administered to prevent infusion reactions,
70 mg/m2 of paclitaxel was intravenously infused for 1 h on days 1, 8 and 15 every 4 weeks. Within 3 h of
completion of paclitaxel infusion, mEHT therapy was initiated. The mEHT therapy was performed 2 times
weekly (days 1, 4, 8, 11, 15, 18, 21 and 24 per cycle) using an EHY 2000 plus device (Oncotherm GmbH) and each
mEHT therapy session lasted 60 min. During the mEHT therapy, patients were placed in a supine position and a
30‑cm diameter circular mEHT electrode was attached to the abdominal wall over the tumor. No precise
targeting of the tumor was performed. Starting from 60 W, energy was gradually increased to 140 W. If the
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patient felt hot or had any discomfort, the energy was decreased to the previous level and then maintained at
that level throughout the duration of the session. When tumors were present in the abdomen and chest area,
mEHT therapy was performed sequentially (starting at the abdomen and then the chest).
Patients in the cisplatin arm received 4 cycles of mEHT therapy plus weekly cisplatin chemotherapy, with each
cycle lasting 4 weeks; 40 mg/m2 of cisplatin was intravenously infused for 1 h on days 1, 8 and 15 every 4
weeks. The mEHT therapy protocol was the same as that for the paclitaxel arm.
Endpoints. The primary endpoint was the occurrence of DLT from enrollment to fourth cycle completion in
evaluable patients of each arm. DLT was defined as the occurrence of any of the following: i) Neutropenic fever
requiring inotropics or intensive care unit admission; ii) hematologic toxicity not recovered to grade 1 or 2 within
3 weeks (except anemia); iii) non‑hematologic toxicity not recovered to grade 1 or 2 within 3 weeks (except
alopecia); and iv) death. Evaluable patients were defined as patients who completed the second cycle.
The secondary endpoints were safety and preliminary efficacy. Safety was measured according to the type,
grade and incidence of treatment‑emergent adverse events (TEAEs) evaluated using the Common Terminology
Criteria for Adverse Events version 4.0 (16). The efficacy endpoints were objective response rate in patients
with measurable disease as evaluated using the Response Evaluation Criteria in Solid Tumors version 1.1 (17),
CA125 response rate in patients with elevated baseline CA125, progression‑free survival (PFS) and OS.

Figure 8. Flowchart depicting the movement of patients throughout the present trial.
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The CA125 response was defined as a decrease of >50% from the baseline with confirming repeat test results.
During treatment, physical examination and CA125 test were performed every cycle. After treatment was
completed, patients were followed up every 3 months until death. CA125 and imaging tests were performed at
the discretion of the physician.
Statistical analysis. All statistical analyses were performed using SPSS version 25 (IBM Corp.). Continuous
variables were presented as the median and range. Categorical variables were presented as counts and
percentages. PFS and OS were estimated using the Kaplan‑Meier method.

Results
Baseline characteristics. In total, 16 patients were recruited for the present study. A flowchart depicting the
movement of the patients throughout the study is provided in Fig. 1. Of 16 patients, four patients in the cisplatin
arm did not complete the first cycle and were not evaluable. The time‑point and reasons for treatment
discontinuation of the 4 patients were as follows: Patient 1 (prior to cycle 1, withdrawal of consent), patient 2
(cycle 1 day 1, withdrawal of consent), patient 3 (cycle 1 day 15, clinical deterioration due to presumed cancer
progression) and patient 4 (cycle 1 day 8, withdrawal of consent). No TEAEs of grade 3 or above were observed
in the 4 patients. The 4 patients were excluded from the efficacy and safety analysis according to the protocol.
The baseline characteristics of the 12 evaluable patients are summarized in Table I. The median age was 64
years and the high‑grade serous type was the most common histological type. The number of previous
chemotherapy regimens ranged from 1 to 5 and most of patients were platinum‑resistant or refractory.
Safety. None of the 12 evaluable patients experienced DLT. No severe TEAE occurred in the paclitaxel arm. The
common TEAEs were constipation, dyspepsia, headache and neutropenia. A total of, four grade‑3 TEAEs
occurred in the cisplatin arm. These were grade‑3 anemia (n=1), nausea (n=1), neutropenia (n=1) and
thrombocytopenia (n=1). The common TEAEs were neutropenia and nausea. TEAEs according to type and grade
in the paclitaxel and cisplatin arms are summarized in Tables II and III, respectively.

Efficacy. Of the 12 patients, 9 patients (5 in the paclitaxel arm, 4 in the cisplatin arm) had measurable disease
at baseline. Of the 9 patients, 1 confirmed partial response was observed in the cisplatin arm
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(platinum‑resistant, high‑grade serous). The duration of response was 4 months. Furthermore, 9 of the 12
patients (4 in the paclitaxel arm, 5 in the cisplatin arm) had elevated baseline CA125 levels. Among them, 2
CA125 responses (2 in the cisplatin arm, both were platinum‑resistant, high‑grade serous) were observed. The
duration of response was 4 and 10 months. Progression was observed in all patients. The median PFS in the
paclitaxel and cisplatin arms was 3.0 months (range, 1.7‑4.6 months) and 6.8 months (range, 3.9‑11.8 months),
respectively. At the cut‑off of September 12, 2018, 5 of the 12 patients had died (4 in the paclitaxel arm, 1 in the
cisplatin arm). The median OS in the paclitaxel and cisplatin arms was 11.5 months (range, 8.4‑28.8+ months)
and not reached (range, 3.9‑38.5+ months), respectively (data not shown).

Discussion
In a previous study, chemotherapy combined with
conventional RFH was reported to be more effective
than chemotherapy alone for the treatment of
advanced ovarian cancer (2). However, to the best of our
knowledge, no previous study has examined the
efficacy and safety of chemotherapy combined with
mEHT for ovarian cancer. Therefore, the present study
is novel and it is the first to examine the safety and
efficacy of chemotherapy combined with mEHT for the
treatment of ovarian cancer.
The results of the present phase 1 trial indicated that
mEHT therapy combined with weekly chemotherapy is
safe enough to proceed to be investigated in further
clinical trials. Specifically, no DLT occurred in both the
paclitaxel and cisplatin arms, and only 4 grade 3 TEAEs
were observed. Therefore, both modalities appeared
tolerable. The safety of RFH therapy combined with
chemotherapy has been reported in previous studies. In
a trial on RFH therapy combined with weekly docetaxel
in patients with locally advanced non‑small cell lung
cancer, grade 3 or 4 neutropenia occurred in only 24%
of the patients (18). In a randomized trial comparing RFH
plus chemotherapy with chemotherapy alone in advanced ovarian cancer, toxicity was similar between arms
(2). Collectively, these findings and the results of the current trial indicated that mEHT therapy may be safely
combined with chemotherapy.
To the best of our knowledge, no study has reported superiority of RFH with chemotherapy over chemotherapy
alone in the treatment of platinum‑resistant ovarian cancer. In the present study, mEHT therapy combined with
weekly chemotherapy showed intermediate efficacy. Of the 9 patients, only 1 partial response was confirmed
(response rate, 11%). Response based on CA125 was observed in 2 of 9 patients (22%). All responses were
observed in the cisplatin arm. Specifically, in the cisplatin arm, 1 of 4 patients with measurable disease
responded (response rate, 25%), and 2 of 5 patients with elevated baseline CA125 levels exhibited CA125
response (40%). This suggests that when combined with mEHT, while cisplatin appeared to be slightly more
toxic, it was also more efficacious than paclitaxel. Supporting the present results, previous cell line studies
suggested that hyperthermia enhanced the cytotoxicity of cisplatin but inhibited that of paclitaxel (12,13,19,20).
Thus, mEHT therapy combined with weekly cisplatin administration should be considered a regimen for further
investigation.
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Of note, one radiologically confirmed partial response and two CA125 responses were observed in the present
study in platinum‑resistant patients in the cisplatin arm. A single‑arm trial testing the efficacy of oral etoposide
plus weekly cisplatin reported a 46% response rate in platinum‑resistant patients and high‑dose intensity
achieved by weekly dosing was suggested as a mechanism for overcoming platinum resistance (21). Both
weekly dosing and synergy between cisplatin and mEHT may be the mechanisms accountable for the responses
observed in the present study.
The present study has certain limitations. First, the safety of therapy was determined using data from only 6
patients per group. Therefore, the safety of therapy should be considered preliminary and only be used to make
decisions for further investigations. As another limitation, the present trial did not test multiple dose levels and
did not investigate the maximum tolerated dose of mEHT. This may have resulted in undertreatment. However,
a recent study indicated that the optimal dose of mEHT in the treatment of recurrent ovarian cancer is 150 W
for 1 h (7), and that dose is similar to the energy used in the present study (140 W). Nevertheless, a strength of
the present study was that it was a multi‑center study.
Our group is planning a subsequent phase 2 trial, testing the efficacy and safety of weekly cisplatin plus mEHT
for recurrent ovarian cancer, and efficacy will be evaluated in platinum‑sensitive and ‑resistant subgroups
separately.
In conclusion, mEHT therapy with weekly paclitaxel or cisplatin appeared safe in female patients with recurrent
or persistent epithelial ovarian, fallopian tube, or primary peritoneal carcinoma, thus warranting further
investigation in clinical trials.
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Abstract
The local-regional oncological hyperthermia has various electromagnetic methods for energy-transfer. The
differences involve conceptual considerations and technical solutions. The most frequently applied energy
transfer is capacitive coupling, concentrating the electric field to be the active heating component. The
realization of the capacitive coupling set-up is divided into two different categories based on their goals for
heating: 1) the homogeneous (conventional) heating, using isothermal conditions for dosing, and 2) the selective
heterogeneous heating, using cellularly absorbed energy for dosing. The homogeneous heating utilizes planewave matching, absorbing the wave for energy transfer. The heterogenic heating uses impedance matching,
selecting the malignant cells by their electromagnetic specialties, like their heterogenic impedance, higher
membrane-raft density, and different spatio-temporal (pathologic pattern) arrangements. This article’s
objective is to compare and discuss the details of the two kinds of capacitive coupling techniques.
Keywords
Plane-Wave Matching, Impedance Matching, Apoptosis, DAMP, ICD, Selective Heating, Electromagnetic
Heterogeneity, Membrane Raft

1. Introduction
1.1. Strategy in the Fight against Cancer
Life is based on energetically open systems, where environmental conditions determine their equilibrium. The
general system’s theory [1] was one of the early efforts to show the complexity of open living systems focusing
on the deep embedment of its processes in the environmental interactions. Due to the environmental actions,
the physical laws work well to explain the evolutionary processes [2]. The energetically open living system
intensively interacts with its environment, exchanging molecules and various thermodynamic and
electromagnetic parameters. Simply speaking: our focus differs from living motility to the energy-transfer. A.
Szent-Gyorgyi described the life-energy relationship using the analogy that it is not important that the monkey
goes through the jungle, what is important is how the jungle goes through the monkey, in the form of nutrition,
water, and oxygen, keeping the monkey alive using the environmental energy-sources [3]. The living system is
complexly controlled, to maintain homeostasis. Diseases, especially cancers, break the relative equilibrium and
risk the system’s relative instability. The human body tries to re-establish homeostasis in many ways by
enhancing the negative feedback controls. Multiple actions of human physiology try to compensate and correct
the damage caused by cancer.
Healthy homeostasis struggles to control the malignancy. The first few attempts block the proliferation and
start intracellularly controlling the DNA replication. It fails for various reasons, including genetic aberration [4],
mitochondrial dysfunction [5], or other intracellular [6], and additionally extracellular [7] hallmarks of
malignancy.
The malignancy in this general meaning is a distortion of the healthy cellular network, the rules of a
multicellular organization being broken. The breaking of cellular networks is a general behavior of all tumors
independent of their locations within the body. In this sense, cancer is an organizing (networking) disease, where
the cells unleashed from their networks abandon the living advantages of collectivism, and individualism
prevails [8]. Cancerous and bacterial proliferations have a lot in common [9]. The tumor itself has atavism
qualities [10], in the sense that the malignant cells act like self-ruled unicellular organisms. The atavism-like
process is general, not only with the loss of cellular connections but also with the altered intracellular genetic
structures. The unicellular individualism develops the great potential for adaptability to environmental changes,
making these cells more vigorous than those in the multicellular network. The modified genetic activity at the
active boundary between unicellular and multicellular areas, causes disorganization of the multicellular
structure, promoting primitive transcriptional programs [11]. However, the similarity with atavism is only formal.
The atavistic development is supported by the environment which is rich in energy-resources needed for the
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proliferation. Still, the active use decreases the valuable matter around the bacteria, and only some physical
processes (like diffusion, flows in aqueous solution, etc.) may passively replace the missing materials. In cancer
conditions, the proliferating cell actively changes its environment, forcing the healthy host to supply the needed
materials [12]. The cancer is afforded a friendly environment by the host, which tries to “heal” the abnormality
by strengthening angiogenesis, injury current, and numerous other supportive mechanisms. There are telling
arguments for the likening of the cancerous process to wound repair [13]. The bio-system falsely recognizes
the tumor—as a wound and stimulates its environment to heal the irregularity (meaning to produce cells to
heal) [14].
We are in a war against this disease [15]. The end of this war seems to be far away [16]. This war’s strategic
decision may be borrowed from the military: attack the enemy’s weakest point, and avert to direct fight with
its strongest forces. The most vital force of the malignancy is its uncontrolled proliferation, while the weakest
side is the autonomy of the proliferated cells, and their isolation from the regular cellular network. The
cooperation of the healthy cells regulates, controls, and supplies the members of the network. The malignant
cells are “individual fighters” competing against all healthy and malignant cells for the energy sources to
proliferate. This “loneliness” behavior makes the malignant cells vulnerable. They miss the complex support
from the network. The missing network otherwise helps the proliferative development due to the easy motility
and forming micro and macro metastases. Following this strategy, the final aim of cancer treatments is to
eliminate the cancer cells throughout the body.

1.2. Some Tactical “Weapons”
To follow the strategic goal to attack the malignant cells’ individualism, we have multiple “tactical” possibilities
to choose from. The lack of coherence and support it in the network modifies the cells and their
microenvironment. This modification could be used to select and kill the cells. The most characteristic changes
are a result of the cells’ autonomy:
● The individual cells are more vulnerable than the cells connected via the network. Healthy cells may share
their extra absorbed energy with the neighbors, while the autonomous cells are at risk of being overloaded by
the absorbed energy can be overloaded.
● The autonomy means that the cell’s microenvironment is like an ocean around it, only with a few, if any,
connections. The molecular “bridges” that made the bonds in the network are broken, and numerous
transmembrane proteins remain unconnected and free to move along the membrane and form clusters.
● A large part of the homeostatic control is missing due to the autonomy, and the cells live unregulated. This
allows the use of metabolic mechanisms which are rare in networked systems. The mitochondrial symbiosis
with the cell has less importance and becomes mostly dysfunctional.
● The autonomy promotes cellular motility that uses the transport systems (lymph and blood), and once
separated from the group, these cells more vulnerable.
● Consequently, the energy-demand massively increases in malignant cells as the cells require the extra energy
to produce the daughter cells and to support the entire division process.
● The basic chemical reactions are out of systemic harmony. The long-range, and broadly scaled fluctuation
and constant multiscale entropy is broken by autonomy, producing easily distinguishable fluctuations (noises)
in measurable electromagnetic signals.
Oncothermia Journal Volume 31, March 2022
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The above points are interconnected, and the “tactical actions” could affect many of them simultaneously. Some
of the popularly applied treatments are as follows:
➢ Change the conditions by special, strict diets (like Gerson’s diet), constraining the body back to the previously
working equilibrium. However, in many cases, it works against the natural homeostasis; the constrained action
induces new negative feedbacks from the living object. The living organism starts to fight against our
constraints together with the fight against the disease itself, which unnecessarily overloads the controlling
system and could lead to its collapse, causing serious side effects.
➢ An interesting tactic is to put out the fire with fire. This method increases the already significant metabolic
rate of the malignant cells without allowing an increased delivery of the supplies. This was the original idea of
hyperthermia: to locally heat the malignant tissue, and force the cells’ metabolism, without allowing the
replacement of the energy. This method is against the general physiological control, which is governed the
blood-flow. The higher local temperature increases the blood-flow to cool-down the targeted volume. The extra
blood delivers nutrients, and oxygen, so the method could easily turn in the opposite direction.
➢ Some proposed treatments favor fasting or supplying the body with only one kind of nutrient, like blocking
carbohydrates’ consumption and expecting that the limited supply will starve the malignant cells.
The above treatments do not work, mainly because the living complexity does not isolate one of the other’s
dynamic characters, so the action easily turns to the opposite. The general problem with these is proposed
methods is that the complexity is not accounted for in the applied principles, the principles involve oversimplified
mechanisms, due to the lack of complex knowledge. This problem is well formulated by a playwriter Berthold
Brecht: “The aim is not to open the door to the infinite wisdom, but to circumscribe the infinite fallacy… The
main reason for the poverty in science is the conceited property.” [17]. The physicist Stephan Hawking
formulated the same: “The greatest enemy of knowledge is not ignorance, it is an illusion of knowledge”.
The dark-side of the tactical elements is the multiple quackeries distributed by social media. This approach uses
the “formal knowledge” of the complexity, declaring their method as a special secret, which drives the complex
processes. This could be characterized by the statement of Frederici Di Trocchio “Swindle was used to art.
Nowadays, it became a science too…” [18].

1.3. Oncological Hyperthermia
Hyperthermia in oncology appeared in ancient medicine. Today heating processes for medical purposes have
become a vital “home remedy”, from the sun-bathing to the hot-bathes, including the Japanese hightemperature bath and Finish sauna. Hippocrates first described the application of heat in oncology in European
medicine. The use of heat therapy to cure cancer has since emerged in various settings in the medical field. The
appearance of electromagnetism in medicine renewed the heating efforts, and extended the applications for
various cancers. Two main categories divide the electromagnetic-based heating applications: the local deep
heating which results in local-regional hyperthermia (LRHT), and the whole-body hyperthermia (WBH). Just as
the categories of chemotherapy and radiotherapy include many different modes of treatments, “hyperthermia”
is also a large category with different technical aspects. Figure 1 maps the main differences between the
technical solutions.
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Figure 9. The major categories of hyperthermia methods.
The relatively simple physical-physiological heating concepts do not mean a simple application in humans. The
complexity of human physiology, and the non-linear feedbacks of the homeostatic regulation, limits the heating
possibilities. Despite the proven in vitro benefits of heating in cancer treatment, the clinical results have strongly
demonstrated how the control of treatment is often influenced more by the human body than by the treatment
intention. This complication made the development of oncologic hyperthermia non-monotonic, having both
great successes and failures [19]. It was clear from the beginning of oncological applications that the real, local
cell-distortion must have a high temperature, higher than the physiological limit of 42˚C. However, this limit
restricts the high temperature application of WBH which has moved towards mild temperature range,
promoting the reactivation of the immune system. Contrary to WBH, LRHT does not limit by the temperature
in the tumor. When the high temperature targets the healthy host tissues around the tumor, it could produce
unintended necrotic burns with serious damage to the treated organ’s function.
Consequently, the energy absorption during the heating process significantly depends on the technique applied.
No unified protocol for the various technologically determined targets of the heat has currently been described.
The category “hyperthermia” includes various energy-absorption methods, and each individual solution requires
its own protocol. It is very similar in this regard to the chemo-variants of oncological therapies. Chemotherapy,
depending on the targets of the drug, has different protocols. Mixing these could cause serious adverse effects
and even fatal events such as poisoning. Homogeneous targeting in most of these therapies requires very
different protocols to the local or cell-sensitive selection. For example, chemotherapy is administered
intravenously (i.v.), at different doses to the doses administered with chemoembolization or other types of local
administration. Isodose homogeneity, as in radiotherapy, is also not used in most brachytherapies, radiation
seed, or nanoparticle administration. We are sure that the hyperthermia variants also have specific differences
in their dose and protocol, sharply depending on their technical solution and targeting method. Defining a
general dose and protocol for all hyperthermia methods is a misleading request. The methods are not equal.
Their effects are different, so the dose and protocol have to fit the specific situation.
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The heating techniques determine the result of the clinical treatment. Just as the categories of chemotherapy
or radiotherapy, which include many different treatments, “hyperthermia” is also a large category with different
technical aspects. We have seen that exposing the tumor to 42˚C in whole-body hyperthermia has entirely
different results than the same temperature in any local treatment. Characterization of the temperature alone
is not enough to categorize the technical solutions.
A water bath is used in many experimental models to achieve hyperthermia, and this models homogeneous
heating solutions. The various electromagnetic heating technologies also have their specialties. The
bioelectromagnetic action of the technology determines the actions. Evaluating the applied technique, we
consider the kind of energy delivery, the method of heat absorption, and handling the target tumor’s
physiological reactions, together with their inhomogeneities. The target’s absorbed energy, and its temperature
distribution are not the same [20], and these characteristics are largely determined by the blood-flow. The
technical solutions must handle how the provided energy I transformed into the desired temperature.

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

Figure 10. The major coupling methods for local-regional heating. (a)-(d) Homogeneous (non-living) targets; (e)56
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(h) Heterogeneous (living) target. The energy-absorption induces different effect in various couplings.
Applications using capacitive and radiative (microwave) solutions are the most popular methods used in the
technical realization of the treatments; however, due to the sharp decrease of penetration depth with the
increase of frequency, microwave solutions are mainly applied for surface lesions (see later). Capacitive
coupling of energy delivery has become the most frequently applied technique, and the frequency of choice for
the technique is the so-called “free-frequency” of 13.56 MHz, approved for industrial, scientific, and medical use
(ISM frequency) [21]. Different effects in the human applications are observed, based on the coupling effects of
the applied technique, Figure 3 .

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

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

2.1. Plane-Wave Matching
The conventional solution involves plane-wave matching, in which the antenna’s plane-parallel plates are tuned
as per the standard antenna-tuning method. This solution does not consider the energy losses by various
electric circuit elements and their interactions with the environment. In this case, the increased power (𝑃)
compensates for the lost energy. Due to the relatively high complex impedance, the voltage (𝑉) is high, while
the current (𝐼) is low. The product of voltage and current defines the useful power, 𝑃𝑟𝑒𝑎𝑙 = 𝑉 ∙ 𝐼 ∙ cos(𝜑), while
the reactance (the power refused by the load) is 𝑃𝑟𝑒𝑎𝑐𝑡 = 𝑉 ∙ 𝐼 ∙ sin(𝜑). The possible timing delay of the complex
fit of the voltage with current is characterized by the cosine of the phase angle (cos(𝜑)) of the complex values.
In case of dielectric losses and/or radiations 0 < 𝜑 < 900 . Due to the losses, the impedance of the system (𝑍𝑠𝑦𝑠 )
Oncothermia Journal Volume 31, March 2022
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from the radiofrequency (𝑅𝐹) source to the target is large. The capacitance (𝐶) describes the dielectric
(isolating) resistivity, and the conductive part (defined by the real resistivity (𝑅) defines the reaction time of the
system (time-constant, 𝜏 = 𝑅 ∙ 𝐶). The circuit for the hyperthermia plane-wave system has many various
capacitances and resistivities additional to the target in the human body, and then we have to calculate the timeconstant in a more complicated way (open-circuit time constant method [22] ).
The time constant, in the case of plane wave solution, is relatively high, limiting the tuning’s reaction time. This
delay could cause a challenge when the physiological changes (breathing, heart-rate, etc.) are quicker than the
reaction time. The plane wave method applies conventional antenna tuning where the antenna is fixed, so the
reaction time has no relevance.
The plane-wave matching radiates RF-waves for energy-absorption, and direct heating, and necrotic cell-death
(CEM43⁰CTx dose) is expected. This matching technology aims to reach at least 43˚C temperature in
the Tx effective percentages of the temperature measurement in the tumor.
The wave matching induces extensive radiation, due to the wave-transmission adding a significant factor to the
energy-loss, and this could produce safety issues for operating staff. An important phenomenon of this coupling
is that it could tune on the air without a patient in the active radiation zone.

2.2. Impedance Matching
The impedance matching of capacitive coupling does not use the wave concept. The system construction
approaches the galvanic touch of the electrodes. The normal resistor has the maximal power in the galvanic
coupling: 𝑃max = 𝑈 ∙ 𝐼,, where U is the galvanic potential (voltage), and I is the current (Amps). In the case of a
patient’s complex impedance (𝑍𝑝𝑎𝑡 ) the imaginary part limits the effective power. When 𝑍𝑝𝑎𝑡 coupled
galvanically, it modifies the maximal efficient power to: 𝑃Pat = 𝑈 ∙ 𝐼 ∙ 𝑐𝑜𝑠(𝜑). A resonance solution of the
components approaches the minimal imaginary part of the Zpat impedance [23], and maximizes the power on
the patient. The resonance uses a near-zero phase angle 𝜑 ≅ 0consequently cos(𝜑) ≅ 1 [24]. The low imaginary
part decreases the voltage
2
and increases on the same ratio the RF-current, [25] [26]; because 𝐼𝑃𝑎𝑡
=

𝑃Pat
,
𝑍𝑝𝑎𝑡

2
and 𝑈𝑃𝑎𝑡
= 𝑃Pat ∙ 𝑍𝑝𝑎𝑡 .

Approaching the proper impedance matching, the solution has negligible reflected power (order of 1 W),
mimicking the skin’s galvanic contact as much as possible. When the electrodes directly touch the targeted
volume’s surface, the galvanic situation, without any isolating materials, offers the most amount of available
current. The impedance matching aims to mimic the galvanic situation as much as possible. This solution
minimizes the reactive part and maximizes the real power on the load.
The main principle of impedance matching is to approach the “galvanic-like-touching” that would be the best
available non-invasive electromagnetic energy-delivery. The invasive method (when electrodes are inserted into
the body) is also “galvanic”, but its invasivity has multiple medical complications, such as bleeding, a high risk of
infections, ulcer formation, and inflammation. One of the invasive “galvanic” methods is ablation technology,
which has remarkable successes in local, small tumors [27]. With minimal energy loss, impedance matching
allows the concentration of the energy on the malignant volume [28]. Due to the selection, this solution has
better efficacy and offers a safer treatment because the voltage could be less than in higher resistivity isolation
cases, at the same power application, while the current is increased.
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The full arrangement of impedance matching minimizes the losses in the circuit ( 𝑍𝑙𝑜𝑠𝑠 = 𝑍𝑠𝑦𝑠 −𝑍𝑝𝑎𝑡 ⇒ 𝑚𝑖𝑛.). The
minimal loss allows optimization of the reaction time with a low time-constant. The small delay of the reaction
to the physiological changes allows prompt adaptation to alterations during the treatment; even small animals
in preclinical experiments have a significantly higher heartbeat and breathing frequency than humans [29].
The impedance matching needs a conductive media between the electrodes, and the RF-current flows through
it. Consequently, the system cannot tune on the situation when a patient does not present in the active radiation
zone. The technique therefore induces minimal radiation to the environment, and it is safe.
Due to the forced RF-current, the patient becomes an electric component of the real-time adaptive tuned
electric circuit, representing active electrical impedance. In this matching, the patient is not simply an “energy
absorbent” but an active electric element of the serial circuit.

2.3. Comparison of Capacitive Couplings
In general, all capacitive couplings are equal based on the formal capacitive arrangement level, however their
technical details differentiate them. The variation could be so significant that it produces—either homogeneous
or heterogeneous heating in the target.
Comparing the variants of capacitive couplings requires a detailed study of the electronic, structural, and
material design differences of the circuits. All capacitive couplings involve a capacitor used for energy
transmission to the target, emphasizing the electromagnetic interactions’ electric field component, using
electrodes with the target volume placed between them.
The plane wave capacitive coupling transmits the radiofrequency by the plane antenna, and some of the
radiofrequency is even transmitted through the air, Figure 4 . A popular hyperthermia technique applies a typical
radiative plane-wave solution [30], but the high voltage for radiation necessitates enormous power (600 W for
a mouse with tumors weighing 2 g) [31] [32]. However, the plane-wave solution could work with a lower power
when the distance (space in the air) between the electrode and the body surface is small, or negligible, or the
matching parameters allow high voltage and low current for the applied power.
Importantly, impedance matching of capacitive coupling does not work when isolated (i.e. when there is a space
or air between the electrode and body surface), Figure 5.

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

Figure 13. The impedance matching uses the RFcurrent-flow through the body and does not work
when an air slit exists between the electrode and
the body.
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All capacitive couplings have an engineering control point to optimize and maximize the provided power from
the RF source and, using the power-supply safely, to avoid its overheating. The measuring points fit the circuit’s
impedance to the source’s internal resistivity, using the conventional standard 50 Ω. However, this engineering
control does not take into account the medical control. The medical control or reference point refers to the
point at which there is minimal loss of energy to the environment and maximal absorption in the patient while
ensuring the safety of the patient and minimizing unwanted hot spots.
The optimal engineering settings do not necessarily align with the optimal requirements for the patient safety
and treatment, Figure 6 .

Figure 14. All losses are minimized by proper geometry, material-selection, careful design of specialized
electronics, super-low imaginary (reflected) power, ( φ≅0φ≅0 ) etc.
There are decisional differences between the realization of capacitive coupling methods at the level of simple
measuring observations. The two major categories are the plane-wave and impedance matching
techniques Figure 7 , and other solutions combine these two categories.

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

Figure 16. All losses are minimized by proper geometry, material-selection, careful design of specialized
electronics, super-low imaginary (reflected) power, ( φ≅0φ≅0 ) etc. The matching has to accurately control
the medical point shown in the figure.
The tuner electronically compensates for the overall losses, and the power- supply increases the power to
replace the missing, lost energy. This type of matching procedure favors plane-waves on the patient, which
uses wave-absorption, with a particular exponential decrease from the surface incident energy in the body, and
is intended to create homogeneous heating in an actual depth.
The compensation of the general losses by the circuit components and environmental interactions do not
optimize the patient-power from a medical point of view. After the medical point (which begins at the electrode),
the initial RF-current enters the “coupling complex,” including the patient’s targeted volume. After this point,
new unwanted losses challenge the optimization of the treatment. These include the electrode structure,
electrode material, the bolus system, the patient’s surface adipose tissue, the healthy impedance, etc. This extra
impedance is the vital target: the impedance of the tumor. Hence the optimization of the treatment point is
crucial in order to successfully heat the tumor. How this is optimised defines the type of capacitive coupling
(Figure 9 ).

Figure 17. (a) The plane-wave matching allows a lazy connection of the electrode for various reasons; (b) The
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impedance (quasi-galvanic) matching does not work with improper impedance between the “medical point” and
the body surface.
The impedance matching focuses on the medical control-point, minimizing the impedance of components that
derail the primary target’s energy, the tumor. Without taking into account the medical point, the RF-current
flows through two different impedance categories: the objects’ impedance, which fits the current transfer to
the body, and the body impedance.
The various components of object impedance challenge the conductive approach (Figure 10 ).

Figure 18. Numerous serial impedances modify the energy-distribution in capacitive coupling. (a) The main
structure of the conventional capacitive coupling with water-bolus; (b) The draft of the impedance of the
conventional electrode structure.

The best solution would be the galvanic contact of electrodes (Figure 11 ), which may be approached by the
electrode design accompanied with the resonant compensation.

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

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

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

Figure 22. The discrete representation of the circuit
describing the impedance matching. 𝑉𝑅 , 𝑉𝐶 and 𝑉𝐿 are
the voltage drop on the discrete elements. The
resonant compensation produces the 𝑉𝐿 .

The dielectric permittivity and the conductivity affect
the RF-current differently, and the result is called
impedance. Mathematics using complex numbers
describe the two independent effects showing the conduction on the real conductor while the dielectric
permittivity defines the isolators, where the conduction of the RF-current is imaginary. The patient’s impedance
represents the real part (𝑅𝑝𝑎𝑡 ), and the reactive part (𝑌𝑝𝑎𝑡 ), and 𝑍𝑝𝑎𝑡 = 𝑅𝑝𝑎𝑡 + 𝑖𝑌𝑝𝑎𝑡 , where 𝑖 = √−1 denotes the
imaginary part. In geometrical representation, it shows a vector (Figure 15 ).

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

The impedance minimum characterizes the serial resonance. The impedance from the imaginary parts of
capacity (𝐶), and inductivity (𝐿) are 𝑌𝐶 =
√𝑅2 + (𝑌𝐿 − 𝑌𝐶 )2 . Hence, when 𝜔0 =

1
√𝐿∙𝐶

1
𝜔𝐶

,, and 𝑌𝐿 = 𝜔𝐿, respectively, and the impedance is 𝑍 =

then 𝑌𝐿 = 𝑌𝐶 , and the resulting minimal impedance is 𝑍 = 𝑅 with zero

phases. The selectivity of a circuit depends on the circuit’s serial resistance.
The 𝑌𝑝𝑎𝑡 depends on the applied frequency (𝑓), while the real conductor does not depend on f. The living matter
has a negligible inductive (coil-like) component in 𝑌𝑝𝑎𝑡 . Mostly the membranes, and the other isolation layers
form 𝑌𝑝𝑎𝑡 , which act as a C capacitor, 𝑌𝑝𝑎𝑡 =

1
2𝜋𝑓𝐶

=

1
𝜔𝐶

Where 𝜔 = 2𝜋𝑓. Applying the vector representation of the

impedances (Figure 15), the variation of the major layers in the target volume of a human body gives a resultant
impedance 𝑅𝑝𝑎𝑡 = ∑𝑁
𝑖=1 𝑅𝑖 i, and Y𝑌𝑝𝑎𝑡 =

1
𝜔

1

1

𝐶𝑖

√𝐿∙𝐶

∑𝑁
𝑖=1 . Using the resonance frequency 𝜔0 =

, an additional

inductive factor would compensate the 𝑌𝑝𝑎𝑡 to minimize the impedance of the target. The necessary inductivity
for resonance is 𝐿 =

64

𝜔02
𝐶

= 𝜔02 ∑𝑁
𝑖=1

1
𝐶𝑖

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

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

Figure 25. The vector diagram of the
cross-sectional impedances in the
average human body. Only the major
components are shown, and for clarity,
they are regarded as a discrete
element.

The original current was 𝐼𝑜𝑟𝑖𝑔 =

𝑉
𝑍

=

𝑉
2
√𝑅 2 +(𝜔𝐿− 1 )
𝜔𝐶

𝑉

, the new current in resonance is higher 𝐼𝑜𝑟𝑖𝑔 < 𝐼𝑟𝑒𝑠 = , and in
𝑅

resonance depends only on the real resistivity. The current changes by resonance. The RF-current flowing
through the target depends on the values of the components of the circuit. The well-selected situation filters a
relatively small part of the targeted volume, the malignant cells, so their resistivity is small compared to the
complete targeted volume. The small resistivity increases the peak of the current in resonance, Figure 18 .
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Figure 18. The RF-current distribution in the resonant
conditions. The resistivity is decisional; when it is low, the
peak is sharper ( 𝑅1 < 𝑅2 < 𝑅3 ). The 𝑓0 =
resonant frequency.

𝜔0
2𝜋

is the

Since this power depends on the square of the current the resonant curves appear steeper and narrower in the
presence of lower resistivity. The quality factor Q is defined by 𝑄 =
power curve at half maximum (Figure 19 ).

𝜔0
∆𝜔

where ∆ω is the width of the resonant

Figure 19. The resonance quality factor (𝑄) defines the
average power in resonance. 𝑅1 < 𝑅2 < 𝑅3 , and so 𝑄1 >
𝑄2 > 𝑄3 . The 𝑓0 =

𝜔0
2𝜋

is the resonant frequency.

𝑅

Since that width turns out to be ∆𝜔 = , the value of Q can also be
expressed as 𝑄 =

𝜔0 𝐿
𝑅

𝐿

. The Q is a commonly used parameter in

electronics, with values are usually in the range of Q = 10 to Q = 100
for circuit applications. The smaller the resistance, the higher the
“Q” for given values of L and C. The power, of course, depends on the product of actual current and voltage.
When the current increases due to the resonance, the voltage decreases, while maintaining the same power.
The resonant approach uses the minimizing of the reactance (imaginary part) of impedance. Physiological
regulation also has a vital role in the process. One of the reasons for using the plane-wave capacitive coupling
is the surface adipose tissue challenge, forming an isolator-like layer at the skin. In a plane-wave situation, the

Figure 20. The cooling of the bolus
produces uncontrolled energy-loss and
induces a positive-feedback physiological
regulation. (see the text)
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voltage is increased to surmount the gap by the isolator of the adipose layer. However, this way, the energyabsorption in this layer is extremely large, so the risk of burn increases. In order to avoid this risk, the planewave method uses intensive cooling of the skin by using the bolus system, Figure 20 .
However, this cooling has unexpected positive feedback reactions from the physiological control of the body
homeostasis: the cooled skin lowers the blood- flow in the subcutis, which increases the layer’s isolation
towards RF-current. This induces a higher voltage request, which increases the risk of burn, so a further
increase of the cooling is necessary. It further increases the isolation, and so on, the situation would be hard to
control. Furthermore, the intensive cooling absorbs a large part of unmeasured energy, which makes the
therapy dosing with incident energy impossible, as is similar in the case of ionizing radiation. Consequently, the
impedance matching takes attention to the cooling process and keeps the homeostatic control stable in the
subcutis layer under the electrodes.
In summary, the strategy of impedance matching concentrates on increasing the current as much as possible.
The major factors to maximize the current are:
● the resonance approach,
● the design, structure, materials of the electrode system,
● the grounding optimization to lower the radiation, and coupling to environmental objects,
● the regulation of the homeostatic status of the skin blood-flow (which regulates the imaginary part of the
skin-structure of the patient),
● eliminating the losses in an electric circuit as much as possible,
● the high current value (in the unchanged power conditions) makes a more effective selection,
● the high current accompanied with low voltage at the constant power, increasing the safety of the treatment.

3. The Modulated Electrohyperthermia (mEHT)
3.1. The Challenge of Homogeneous Heating
The classical heating concept applies a mass-heating of the entire tumor. The mass heating tries to be
homogeneous in temperature (isotherm), and uses the temperature as the only control parameter.
The control of homogeneous (conventional) heating is problematic because
1) the local blood-flow is enhanced, which increases the risk of dissemination and metastases,
2) colossal power is necessary to ensure quasi homogeneity, which again involves many safety issues,
3) due to the heterogeneity of the target, the control of homogeneity is very complicated, in most cases it could
not be achieved,
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4) the homogeneous hyperthermia thermally kills the cells and occasionally triggers immunogenic effects in
the area,
5) the challenge of measuring temperatures at has not been solved; MRI thermometry is promising but still has
challenges,
6) the only homogenous (and large CEM43T100) solution is the whole body treatment (WBH), which does not
show the expected success.
The invasive measurement of the tumor’s temperature has multiple problems, as a result the temperature is
typically measured in the nearby lumina or cavities of the body. So the mass heating must be regional, having
comparable temperature in the nearby lumen (like oesophagus, bronchus, colon, vagina). The same isotherm
heating appears in the plane-wave concept of capacitive coupling. The modulated electro-hyperthermia (mEHT)
method uses impedance matching of capacitive coupling with some unique features, which have been developed
over the past 32 years, and documented and patented. The mEHT method harnesses the impedance matching
shown above with additional elements, improving its efficacy.
The present technical challenges are:
1) The energy selection ensures the local place of energy absorption. It has major complications due to the
normal physiological movements caused by breathing; and the technical solution has limitations when
attempting to heat deep-seated tumors without considerable heating of other tissues.
2) The dose determination, which controls the medical application, is a mandatory parameter, but the heating
techniques determine the clinical results. We have seen that exposing the tumor isothermally to 42˚C in wholebody hyperthermia, has entirely different results than the same temperature in any local treatment. The
technical solutions based on the temperature alone do not characterize the applied method.
3) The role and measurement of temperature in the treatment efficacy are challenging. The value of the
temperature in the target supposes an isothermal mass-heating, which never happens in LRHT. The
temperature measurement approximates the tumor’s value, checking the temperature in the nearby lumen
(like esophagus, bronchus, colon, vagina). This method assumes that the heating does not focus on the tumormass, but equally heats its healthy environment.
Due to the above challenges, temperature measurement is mandatory to approximate the absorbed energy,
which differs from the technically provided value. The high energy losses (like various electric losses, losses
from cooling water, etc.), and the need to control safety (avoid burns) are fundamental reasons to measure the
temperature.

3.2. Heterogeneous Heating
The mEHT chooses a new paradigm, it heats the cancer-cells selectively in the tumor, using the malignant cells’
unique thermal and electromagnetic characteristics. The structural change of the local heat-capacities, heatconduction differences, heat transfer by blood, and lymph electrolytes cause the thermal heterogeneity.
Significant differences in the electric behavior of micro-states of living matter determine the electromagnetic
heterogeneity. The variation of electric conductivity and dielectric permittivity by the living processes and the
differences of lipid-protein structures in the cell-membranes and the cells’ cooperative differences appear to
be the most influential factors for electric heterogeneity. Further differences between the malignant cells and
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their healthy counterparts develop as a result of the heat-resistance, motility of the cells, and cellular and
extracellular mechanical properties.
Some other significant differences are present at a molecular level, but these are less effective in distinguishing
the malignant cells from their healthy counterparts. Using heterogeneity offers a valuable tool to select the
malignant cells in the heterogenic tissue. The RF-current presents a possible tool for clear recognizing of the
heterogeneities. The current-flow changes based on the electric heterogeneities and its heating effects connect
the current to the thermal properties. An essential component of tissue heterogeneity involves molecular
reactions, which differ depending on the tissue and cells. For example, the apoptotic control, a well-known
regulation in healthy tissues, is almost entirely missing in malignant tissue, as described in the hallmarks of
apoptosis could happen through multiple molecular mechanisms, which do not work in cancer.

3.3. Considering the Homeostatic Regulation
From the beginning of human medicine, physicians recognized the equilibrium of the living organisms, which
defines the healthy state, and has multiple dynamic components which are finely balanced. This was the first
recognition of homeostasis, which has definite lower and upper limits of the interactions and conditions. The
body homeostasis is stable within a certain interval of the parameters; the level of any interactions is
determined and measured by the harm caused at the extreme limits. However, the harm is a relative notion: the
safety and the harmless categories are not identical. The “no action” treatment can be safe but harmful because
the uncontrolled disease harms, which we can stop by action. The acceptable changes in medical actions
attempt to reestablish the normal, healthy homeostasis; or if it is not possible anymore, then it attempts to
approach it as close as possible. The Hippocrates-phrase, “Nil nocere” also has to be understood in this way.
Otherwise, the meaning is “Do nothing”.
The internal transports, like the blood-stream, have a central role in keeping homeostasis. The blood circulation
regulates multiple vital processes, including the heat exchange, to ensure the body’s proper functional
conditions. The blood-stream tries to compensate for the overheating by intensive perfusion and regulation of
the vessels’ flow-capacity. However, the regulation process of the blood-stream is non-linear. The quantitative
analysis [33] shows the non-linear changes of the blood-flow in characteristic tissues varying by the
temperature. The deviation (selection) of the tumor blood-flow starts just above 38˚C, Figure 21 .

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

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

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

3.3.1. The Selection Mode
The classical heating concept applies mass-heating of the entire tumor. The mass heating tries to be
homogeneous in temperature (isotherm) and uses the temperature as the only control parameter. As
previously discussed the temperature is usually measured in the nearby lumina or cavity and the same
temperature must therefore be achieved in the lumina/cavity. The mEHT method uses a different paradigm, its
heats the cancer-cells selectively in the tumor (Figure 23 ), using the malignant cells’ unique thermal and
electromagnetic characteristics.
Figure 23. The differences between the heating
paradigms: (a) Plane wave matching homogeneous
heating causes energy-absorption in the complete
target, while (b) impedance matching could be
selective, heats only selected parts in a heterogenic
manner, heating up the surrounded tissue by heat
conduction (mEHT principle).
The selection uses the natural heterogeneity. The RF-current recognizes the electrical heterogeneity, and its
heat effect results in thermal heterogeneity, resulting in the complex synergy of electric, and thermal
processes [35], induces molecular changes driven by mEHT. The malignant differences make it possible to
distinguish malignant cells from healthy cell structures [36]. The amount and composition of the extracellular
aqueous electrolyte in the micro-environment of tumor cells massively differs from healthy tissues.
The malignant cells need a significantly higher energy amount than the healthy cells due to the intensive
metabolism required to supply their proliferation [37]. The metabolic rate in most of the tumors is higher than
their healthy counterpart (at least 15%, [38] ), which selectively increases their temperature. The process has
positive feedback because the higher temperature decreases the tissue’s impedance [39]. Their metabolism
requests a robust amount of nutrients which in the simplest way demands glucose. Due to the high level of
necessary ATP production, the tumor cells predominantly perform simple anaerobic glycolysis instead of
mitochondrial phosphorylation. The positron emission tomography (PET [40] [41] ) identifies the extreme
glucose intake in cancer cells. The rapid, intense fermentative process produces lactate, increasing the
electrolyte’s ionic conductivity in the cellular microenvironment, jointly with the higher in- and outflux transport
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of other ionic species. The increased ionic concentration means higher conductivity [42] of the
microenvironment of tumor-cells, so it lowers the whole tumor’s resistivity. This can be used to distinguish
between healthy and malignant situations [43]. The RF-current selectively flows through the low resistance
(highly conductive) tumor rather than the more resistive healthy environment.
Malignant cells are autonomic, independently fighting for the energy against all other cells irrespective of
healthy or fellow cancer-cells. For autonomy, they break their networking bonds and stop direct intercellular
communications. The bonds formed by adherent proteins and junctions mostly vanish. Due to the missing
cellular network, the extracellular matrix of malignant cells has high dielectric permittivity, which can be used
for selection [43]. The structure of the microenvironment rearranges due to the missing bonds [44]. The altered
structure allows the recognition of the malignant cells by their dielectric properties, which modifies the applied
RF current [45] [46]. A well-developed diagnostic method uses this phenomenon [47], and it is applied in
mammography [48].
The permittivity and the conduction modify the complete impedance in the microenvironment of the malignant
cells [5], allowing their selection in an automatic way, while the RF-current flows in the direction of low electric
impedance. The RF-current-density (specially chosen frequency and modulation) self-selectively flows toward
the malignant cells, which is measurable by MRI current density imaging, [49] [50] [51]. This effect is completely
automatic, it follows all movements of the cells in real-time, actually solving the challenge of focusing. The
direct MRI electrical impedance tomography confirms the feasibility of using the impedance differences for
selection [52].
The broken bonds between the cells leave the transmembrane proteins unconnected. These transmembrane
proteins group by lipid-protein interaction in the membrane. The concentration of lipid rafts on malignant cells’
membranes is significantly higher than on the membrane of non-malignant cells. The impedance-selected
malignant cells’ dense lipid rafts become an easy target of energy absorption. The rafts’ clusters absorb the
energy from the RF-current selectively [53] because the rafts have significantly lower electric impedance than
the surrounding isolating lipid membrane. The selective energy-absorption promoted by a characteristic
frequency dispersion in the applied 13.56 MHz frequency range (β/δ dispersion [54] ), and the Schwan effect
[55] ), targets the lipid-protein interactions and selects water-bound states [56] at the membrane, effectively
focusing the energy on the target [57]. This way, the natural electric heterogeneities drive the selection for
energy absorption automatically, constructing an “autofocusing” process.
Further selection could be realized by the structural differences of the malignant tissue from their healthy
counterpart. Usually, the pathological investigation of biopsies utilizes these differences by image pattern
recognition in the samples. The pathological pattern naturally affects the RF-current in-situ, allowing additional
selection of cancer tissue in the body. The alterations of the pattern modify the cells’ spatiotemporal
interactions, which dynamically act via intercellular interactions. The well-chosen noise could transduce free
energy for the cellular reactions [58]. The dynamic relations produce a noise of homeostatic equilibrium, which
is measured as a peculiar signal [59] [60]. This noise differs in malignancy versus healthy tissue and is
measurable by the RF current [61]. The noise difference is the basis for the applied modulation on the RF carrier
in the mEHT method [62]. The modulation is an information delivery to the malignant lesion. The applied timefractal has such autocorrelation time-lags that well fit the apoptotic excitation processes and may also act in
enzymatic catalysis [58]. The spectrum of the reaction-times and rates appears in the modulation frequencies.
The mEHT method applies such modulation, which is in harmony with the homeostatic collective network.
The collective excitations comprise the non-local waves and activate the energy-flow in the homeostatic
networks. These excitations are mostly in a low-frequency range, and the expected frequency spectrum follows
the natural 1/f fluctuations. Simply speaking, the modulation acts in harmony with the natural collective
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processes, promoting them, like keeping the swing in motion using harmonic push. Both the multicellular
networked and the unicellular autonomic states of cells maintain a balance which is probably realized by an
electromagnetic route [63]. The FDA-approved TTF also uses this kind of interaction to arrest malignant celldivision [64]. The method of mEHT uses an electrical field to modify the polymerization processes in the mitotic
phase of the cellular division [65] with fractal noise modulation for a complex effect.
Furthermore, the applied noise is an active harmonizing factor [66], which has an emerging physiological
application [67]. The fluctuations of electrical properties have unique information related to cell-membrane
processes [68]. The monitoring of the noise as fluctuations in the complex system could be a factor in its
surveillance [69]. Forcing harmony reconstructs the broken E-cadherin-beta- catenin cellular connections [70],
which as was effectively and repeatedly demonstrated in an independent study [71]. The malignant cells’
membrane is more rigid [72], while the cells themselves are softer than their neighboring healthy cells. The
adherent connections and junctions could be formed only when the reactive ligands are close to each other.
As a result, the cellular connections have a geometric requirement to be re-established. The fermentative way
of metabolism of malignant cells develops a strongly negative glycocalyx shell, which works against the proper
geometric order, blocking bonding between the appropriate ligands. However, the extremely high fluctuating
cataphoretic forces from the pink-noise modulation compensate the repulsion, and make the adherent
connections possible.
The modulated carrier signal targets the selected malignant cells, and the cells rectify (demodulate) the
received signal. The demodulation process uses two factors:
normal rectification by the highly polarized cell-membrane, [73] [74] [75].
stochastic resonance that makes the rectification, [76]
The non-temperature dependent rectification (non-linearity) was a question-mark for a long time because only
linear attenuation was measured through the living object. The double membrane effect causes this apparent
linearity. The challenge is to measure the rectification in a tissue in which every cell with its opposite positions
of the entry and exit points on the cell membrane acts like two diodes connected oppositely. So no rectification
could be detected by measuring the tissue alone, Figure 24 .

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

Figure 25. The steps of the mEHT action. (0) The conventional imaging supports the diagnosis; (1) The macro
selection by conductive heterogeneities; (2) The micro-selection by the permittivity heterogeneities; (3) The
energy absorption (the hyperthermia step) on the nano-range membrane raft; (4) A broad time-fractal
spectrum recognizes and corrects the spatiotemporal pattern irregularities in the body.
Contrary to the above complex focusing (selection) mechanisms of mEHT, the plane-wave capacitive coupling
methods regulate their approximate focussing of the energy by the size of the electrodes. The appropriately
chosen electrode size is their focusing mechanism and their homogeneous mass-heating does not select on the
cellular level.
The homogeneous heating has to balance the higher temperature and the increased blood-flow, induced by the
intensive heating. The bloodstreams are a promising sensitizer of chemo- and radiotherapies, but are also a
potential promoter of metastases resulting from the massive transport possibility of the cancer-cells. This
process risks increase the metastases by forming circulating tumor cells (CTC). The CTCs could produce
micrometastases throughout the entire body, which are not observable by the present imaging techniques.
Heterogenic heating with microscopic (cellular) selection does not have such a challenge: the targeted particles
can be supposed to have equal absorbed energy-doses, so the absorbed energy is the measured parameter.
While the homogeneous heating method heats all parts of the target from outside, the heterogenic heating
heats only the selected particles, and those heat the tumor where they are located. The selected particles are
heated up intensively to have a higher temperature than their environment. The RF current at the <15 MHz
frequency predominantly flows in the extracellular electrolyte. Its energy-absorption creates an active
temperature gradient through the membrane [77], converting the electric heterogeneity to a thermal one. The
mEHT heating does not make a massive general temperature increase of the targeted volume, macroscopically
it presents a moderate temperature increase, but microscopically mEHT could produce extreme hyperthermia
[78] [79]. The gradient causes the complete target’s heating to the level of mild hyperthermia [80], which
complements the applied chemo- and radiotherapies [81], but reduces the risk of metastases by CTCs. Notably,
the pharmacokinetics of drugs are promoted by mEHT selective heating [82] [83].
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The mEHT limits the increase of the SAR, which forces the development of the temperature. At a high
temperature, the microscopic selection disappears, and an average temperature characterizes the target, like
in plane-wave energy absorption Figure 26 . For mEHT, the limited energy-absorption is mandatory.

Figure 26. When the energy is too high, then everything is heated up, no selection could be seen. The selection
factors became negligible. The selectivity has been lost, like the difference between the medicament and poison.
The electromagnetic selection mechanisms are general, and valid to all electromagnetic absorption methods
treating cancer. However, the careful design with focus on the precise selection emphasizes the anyway small
effect. The emphasis of the selection over the thermal averaging needs the above factors, which consistently
exceed the selection effects over the massive trend to homogeneous temperature averaging. On average, the
relatively small SAR is high in the rafts, similar to the nanoparticle selective heating. However, the nanoparticles
in mEHT are molecular clusters, which are sensitive to overheating. When the absorbed energy destroys the
rafts by overheating them then the mEHT loses its largest advantage: the excitation of signal-transports for
apoptosis and immunogenic cell-death.
A natural question arises: without the modulation is the effect of mEHT the same as other capacitive plane
wave techniques applied at a lower power? The answer is yes, if their technical solutions fit the low energy,
then they could form such complex situations as the modulation and the low-energy selection does.
However, it is not enough to have low energy alone; it must be that the energy is there where we need it, inside.
For this, absolute fine-tuning (resonance to kill all imaginary part of the impedance), in order to promote the
high current instead of the high voltage at the coupling, and the well-controlled radiation losses. An example
for this fine tuning is how: the same Otto engine works in the high and low category cars. However, the same
petrol makes different values for dynamism, the fuel consumption of the cars or the same electromotor
principle gives different “output” efficiency in the electric car.
In summary, the specialization operates with precise electromagnetic impedance selection [84], using the heat
on membrane rafts [53], and makes harmony by applying thermal [85], and non-thermal effects [86] [87]. The
applied modulation well supports the precise selection of the malignant cells [85]. The mEHT breaks the
paradigm that the physical conditions do not allow the proper biological effects, as researchers show from
Charite University [88]. The electric concept in sequential magnification summarizes the main principle, Figure
27 .
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Figure 27. The series of the action of mEHT shows how it matches the focus on the tumor.

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

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

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

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

Figure 30. Typical intensities (percentage of the incident 100% beam) can be detected for X-ray images through
the patient. In this case, and this tube voltage, the 20 cm patient thickness is approx. four times larger than the
penetration depth. (a) Dependence of the voltage of the tube; (b) Dependence of the thickness of the patient at
80 kVp tube voltage.
In the case of electron-beam, the exponential loss is sharper, decreasing quickly, Figure 31 [93].

Figure 31. Penetration of electron-beam has a sharper decrease by depth. The definitive penetration depth is a
few cm, shown with a dashed line.
In the case of non-ionizing radiation, the penetration is longer depending on the applied frequency (Figure 32 )
[94] and conductivity of the tissue (Figure 33 ) [94].
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Figure 32. The penetration depth (37%) depends on the
conductivity of the tissue. The average conductivity of
muscle is approximately 0.5 S/m, so the penetration
depth at 13.56 MHz frequency is about 17 cm. (at 8 MHz,
it is approx. 20 cm.)

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

The jump of the electric field vector on the surface layer causes energy-absorption.
Measurements of the frequency dependence of the penetration depth in ex-vivo tissues show the correctness
of the above considerations, Figure 34 [95].

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

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

Figure 35. The number of cells with micronuclei, apoptosis as a medium depth function for 100 MU/min, and
600 MU/min dose rates, p < 0.05. Each point represents the mean value of three experiments; MU—Monitor
Units (arbitrary).
The mEHT method also kills the malignant cells with apoptosis [101]. The apoptotic signal needs much less
energy (and field) than the necrotic process [102], shown in the strict synergy of the heat and field effects [35].
The selection and initialization of the process are essential for this, which could happen by a few watts in-depth
only. This is even more trivial when we see the immune effects, which are generated, act at distant sites [103],
and have no real boundary with the observed abscopal effect [104]. In this meaning, instead of the penetration
depth, we have to use the “depth of action,” which defines the depth when the mEHT is active, even when the
energy is less than the 37% of the incident beam, Figure 36 .
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Figure 36. The active depth of mEHT is deeper than the average penetration
depth because even 5 W could cause lethal apoptotic signals in selected cells.
When the incident beam has 100 W energy, the depth when the mEHT is active
could be three times the definitive (37 W) penetration depth.

The increased drug penetration and intensified pharmacokinetics by mEHT [82] [83] promote further elongation
of the action depth.
In summary, the action depth for mEHT is deeper than the thickness of the patient’s treated cross-sectional
distance up to 60 cm (~200 cm circumflex of the cross-section).

3.3.4. The Dosing
Oncological hyperthermia presently faces multiple problems [19], where the most challenging is the lack of a
clearly defined and measurable dose for clinical and research applications. The correct dose-definition of
hyperthermia therapy is a critical issue in research and is crucial to the future of hyperthermia in oncology
[105].
In a homogeneous heating approach, the dose considerations concentrate on the volume percentage, which
could be considered having isothermal status. Complete homogeneity of heating of living objects could be
achieved only in the WBH process, as LRHT has huge anatomical, physiological, bio-electromagnetic, and
thermal heterogeneities, limiting the isodose-type approach. In the WBH process, the temperature was easily
measurable and could be used for dosing the therapy. The proposed dose at present is the cumulative
equivalent minutes referring to 43˚C: CEM43Tx (measured in minutes) [106] [107] [108]; referring to necrotic
cell killing at 43˚C. Due to the natural inhomogeneities, this dose contains the percentage of the target which
has an approximately isothermal condition, denoted by Tx at the end of the practical applications [107]. For
example, when the measured temperature is actually T90 in 90% of the monitored sites (referred to as the
thermal isoeffect dose in 90% of the area).
In LRHT, the absorbed energy creates heat, but due to the non-linear feedback by transport properties
(intensified blood and lymph flow), the situation is far from a state of equilibrium [109]. The blood-flow increases
more in the healthy host tissues, causing a certain gradient of the flow intensity to heat the tumor’s boundary.
The most vivid, mostly proliferative layer of the tumor is near its border, so the cells which need the most heattreatment remain at a lower temperature than the internal part of the tumor lesion, so the basic homogenous
requirement is less realizable in the vivid tumor part than inside of its volume, which is often necrotic, without
transport activity. The temperature dosing is problematic not only by the missing the isotherm condition but
also because of its very complicated measurement.
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Moreover, CEM43Tx is controversial, it failed to show the local control characterization of clinical results in soft
tissue sarcomas, [110], but was correlated with clinical results for superficial tumors [111]. When administering
a dose of CEM43T90 for local hyperthermia, it did not show a correlation between dose and clinical outcomes
(like local remissions, local disease-free survival, and overall survival) [112]. It is calibrated by in
vitro experiments [110], which are far from the reality of human medicine. Its necrotic reference at 43˚C makes
this dose unrealistic because in most human hyperthermia treatments, such a temperature is not reachable in
the whole tumor. While the high temperature is realized in the ablation-like locality, the dosing by CEM43Tx was
false [113]. The inapplicability of this in-vitro calibrated dose is echoed in the whole-body hyperthermia (WBH)
application, in which CEM43T100 is very high (T100 means the complete isothermal heating of the tumor by the
whole-body heating), but the results are very different from the same dose provided by local hyperthermia of
the tumor lesion [114].
However, the challenge is that due to the considerable energy-loss in homogeneous heating processes, the
temperature measurement is mandatory because otherwise there is no idea about the actual absorbed power
in the target. In the method of mEHT, the measurement is not necessary in order to determine the absorbed
power. The technique is able to accurately measure the absorbed energy by the incident beam [84]. Due to the
high efficiency of current matching [115], the dosing of the treatment is simply calculable by the absorbed
energy [64] [116] instead of by the complicated, inaccurate, and mostly invasive measurement of local
temperature.

3.3.5. Heating Process
The homeostatic concept allows adaptation time for the physiological regulations to stabilize the actual
homeostatic status. This complex approach requests a non-constant power during the treatment [117]. The
simplest realization of the complex process involves step-up heating. The step-up heating is crucial. It has
multiple additions to the success of mEHT:
● At electromagnetic heating, the stress is considerably focused on the cells which develop stress-proteins
(HSPs) (chaperons to defend their status). The healthy cells rapidly develop 10-times more protective
intracellular HSPs than the base level, while the stressful malignant cells only develop a maximum of 30% 50% more of these intracellular proteins. This makes the healthy cells more protected compared to their
malignant counterparts.
● The gradually increased HSP chaperones in malignant cells have time to go to the membrane and be liberated
from the cell when the rafts are excited and the signals force their release (such selection does not occur in
healthy cells). This liberation process is one of the factors of immunogenic cell death.
● The step-up heating supports the heating periods and upregulates the power when it starts to be saturated,
which is optimal for the mEHT selection system.
● The step-up fits the homeostatic equilibrium, and so mEHT remains within the well-controllable quasi-linear
physiological reactions.
● The sudden heating causes non-linear, non-controllable conditions, and the power shoots over the burning
limit, and in most of the cases causes blisters (as is frequently reported by radiate heating methods). So the
step-up method allows the control of homeostasis and helps the patient adapt to the actual energy-increase (I
quote a famous experiment when a frog is in the water, which is slowly but gradually heated-up, the animal
remains in hot water, even to its death, however, when you try to put a frog in hot water directly, it immediately
tries to escape).
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When the mEHT is applied strictly as a monotherapy, then step-down heating is necessary to block the
neoangiogenic vessels. Due to the missing radio- or chemotherapy effect, the serious cases’ metastatic spread
has a higher probability, so blocking the vessels’ immediately is crucial. But of course, the operating control in
these cases has to be more strict.
Even in the step-up approach, the longer heating time tends to the homogenic temperature distribution due to
the thermal equalization processes. To keep the non-homogeneous selection, periodic heating is also applicable,
but it was only shown in preclinical applications [118].

3.4. Molecular Differences between the Effects of Impedance, and Plane-Wave Matching
The high energy absorption excites the rafts to trigger a signal transmission [78] [79]. The extrinsic signal
transfer ignites apoptosis [101] [119] [120], Figure 37 .

Figure 37. Late apoptosis measurement with TUNEL FICT method (Annexin V positive cells %) in HT29 cells (in
vivo) 42˚C 30 min treatment parameters, two tumor animal models (a), results show a significant increase of
apoptosis in the treated side.
The difference between the molecular effect of the two matching methods of capacitive coupling techniques
has been effectively demonstrated in vitro [71]. The plane-wave capacitive hyperthermia (PWCHT) gives the
same results as the naturally homogeneous water-bath hyperthermia (WBHT), as seen by the apoptotic
processes including the reactive oxygen species (ROS) and calreticulin (Figure 38 ) [121].
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Figure 38. Molecular changes in Hepatoma (HepG2) cell-line in vitro. Apoptosis final state TUNEL (Annexin V
positive cells %). WBHT—water bath hyperthermia (homogeneous heating reference at 37˚C and 42˚C);
PWCHT—plane-wave capacitive hyperthermia at 42˚C, mEHT at 42˚C.
It is important to note that the purely homogeneous heating resulting from the water-bath hyperthermia
(WBHT) produces comparable results to the plane-wave matching, indicating that plane-wave matching
techniques also favour homogeneous heating, while mEHT differs significantly in the effects and outcomes. The
apoptotic process involves a change in the potential of the mitochondria’s membrane and the Ca 2+ influx into
the cell, Figure 39 [122].

Figure 39. Comparison of heterogeneous heating caused by mEHT with homogeneous heating. (a) Fraction of
cells with lowered mitochondrial membrane potential; (b) The calcium influx and intracellular ionic
concentration (homogeneous (WBHT) heating reference at 37˚C and 42˚C, mEHT at 42˚C). Abb: WBHT—water
bath hyperthermia, mEHT: modulated electro-hyperthermia.
The caspase developments’ variants during the apoptosis require the extrinsic and intrinsic pathways (involving
Caspases 8 and 9 Figure 40 ), and the caspase-independent signal routs [101]. Additionally, Septin4 blocks the
XIAP, which makes free the extrinsic pathway from this suppressor [123]. All of these factors combined ensure
apoptosis is the final result.

Figure 40. Caspase activation shows Caspase 8 and Caspase 9 for extrinsic and intrinsic pathways, respectively.
WBHT—water bath hyperthermia (homogeneous heating reference at 37˚C and 42˚C); PWCHT—plane-wave
capacitive hyperthermia at 42˚C, mEHT—modulated electro-hyperthermia at 42˚C.
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The homogeneous heating results in energy-absorption in the tumor-mass, in an attempt to realize an
isothermal situation. However, mEHT focuses the energy absorption on membrane rafts (nanoscopic size). The
excess energy makes the extrinsic excitation of the apoptotic pathways (TRAIL-FAS-FADD complex), and makes
the gradients through the cell-membrane, producing various thermal effects [79]. It increases the extracellular
and the raft temperature to a level much higher than their environment. In consequence the calibration curves
by measuring the apoptotic intensity significantly differ, Figure 41 [35] [79]. It is clear that mEHT produces the
same 25% relative cell-death as homogeneous heating in ≈3˚C lower temperature, which is an approximate
difference between the local nano-temperature (at the membrane rafts) and the tumor-average temperature.

Figure 41. The relative cell-death (%) (a) invitro [U937 cell-line] and (b) in vivo [HT-29 cell-line, xenograft]. The
mEHT heterogeneous heating is >4 times more effective than the homogeneous technique at the 42˚C reference
temperature. (IRHT—infrared, homogeneous heating technics).
In another experiment, a rough calibration comparison between mEHT and water-bath homogeneous heating
shows even higher differences between the nano-scale and macro-average temperature, Figure 42 .

Figure 42. The temperature dependence of the apoptosis. The mEHT at 42˚C produces such apoptotic level, like
homogeneopus heating does at >45˚C (WBHT—water bath hyperthermia (homogeneous heating reference);
PWCHT—plane-wave capacitive hyperthermia at 42˚C, mEHT at 42˚C). (Apoptosis final state TUNEL (Annexin V
positive cells %))
A direct temperature measurement of membrane rafts also shows a significant difference in a pilot
experiment, Figure 43 [124].
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Figure 43. Membrane temperature measurement in vivo (mice, HT29 cells) 42˚C, 30 min.
(a) DIL (Dilatometry)temperature calibration; (b) Fluorescent measurement, show the much higher
temperature on the membrane of mEHT treated sample than on the membrane of the homogeneously (WBHT)
heated one.
The heating certainly causes stress, producing chaperone proteins. The most characteristic protein family of
chaperons is the heat shock protein 70 (HSP70). This protein has a double edge sword reaction: intracellularly
it tries to avoid the cell’s apoptosis, extracellularly it acts oppositely: it promotes the cellular apoptosis. Any
kind of hyperthermia results in the expression of HSP70, but at different levels. Due to the large
electromagnetic load that accompanies the heating processes, mEHT trigger the expression of more HSP70
than homogeneous heating, Figure 44 . This difference is most significant 48 hours after treatment.

Figure 44. Comparison of the cleaved Caspase CD3+ expression. (WBHT—water bath hyperthermia
(homogeneous heating reference); PWCHT—plane-wave capacitive hyperthermia at 42˚C, mEHT at 42˚C).
However, the location of the measured HSP70 is different. After 48 hours the concentration of the intracellular
HSP70 returns to the level it was before the heating, but the extracellular levels increase, Figure 45 [125].
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Figure 45. Development of HSP70 after mEHT treatment of in vivo xenograft mouse model (HT29 cell-line, at
42˚C, 30 min). (a) The level of HSP70 returned to the baseline level at 48 h post-treatment; (b) The development
of the extracellular HSP70 only returns to the baseline level after a week.
A detailed review of cancer models describes the molecular mechanisms of mEHT [126].

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

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

The proper signal transfer, and DAMP production could be limited or blocked by too much energy absorption
on the rafts, which destroys it instead of exciting the transmembrane proteins, and receptors. The high energyabsorption may ignite phase transition mechanisms. For example, the kink in the Arrhenius plot at ~42.5˚C is
probably a lipid-associated phase transition [128] [129] [130], which could lower the activation energy needed
to facilitate the desired changes [131]. The change in the kink is expected to be influenced by the blood flow [33].
Among such conditions, the immunogenic cell-death is seldom, and also the APC and the immune actions will
not be produced, because the temperature is high, and the membrane phase-transition makes hard producing
apoptotic bodies. Well-defined sequences and spatio-temporal actions are necessary for the DAMP, which high
energy technologies are not able to do. The possible small amount of proper DAMP production by high energy
technologies would be disrupted, resulting in a mixture of effects, as is often observed many hyperthermia
studies. This causes inconsistent results as there is no control of the processes in the complex dynamical
network seen at a nanoscopic level.
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3.4.2. Tumor-Specific Immune Effect
The main effect of mEHT is the energy absorption, like in all hyperthermia treatments, but it is further enhanced
by the selection mechanisms, which makes it heterogenic, targeting, and energy-focused. The bioelectromagnetic and structural differences of malignancies appear in their spatial and temporal self-organized
fractal structure, harnessed by the modulation effect. The DAMP-ICD associated tumor-specific immune effect
is active in the entire body and therefore acts as vaccination. The re-challenge of the body with the same
malignancy therefore be expected to be unsuccessful [121]. It is an excellent advantage that without any invasive
sampling and extra laboratory preparation, the immune effect is in situ and real-time.
Studies with DC, Figure 47 [121]; and Marsdenia Tenacissima (MTE), Figure 48 [127] as an immune-support
suggest that when the patient’s immune system is weak, due to tumor-development and the side effects of the
previous treatments, additional immune support could help for complete action.

Figure 47. Immune invasion at the tumor 24 h posttreatment (DC—dendritic cell injection).

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

This way, mEHT can create a favorable tumor microenvironment for an immunological chain reaction, improving
the success rate of intratumoral dendritic cell immunotherapy [104] [121]. The applied paradigm’s strategic
point is that our task is to help the body recognize and destroy the malignancy. Targeting a product (such as
weak points of tumor growth or simple destruction of the cell by thermal necrosis) could not repair the complex
system. The entire process has to be targeted in order to re-establish the healthy state [132]. Developing a
tumor-specific immune reaction directly drives the immune system to reparation. The mEHT method
recognizes the tumor by its biophysical, mainly electric impedance parameters, which at the same time has
diagnostic value, Figure 49 [104] [133] [134].
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Figure 49. Producing the tumor-specific
immune reaction. The gentle apoptosis
produces DAMP and ICD presenting
genetic information to antigen-presenting
cells (APCs) which produces killer T-cells
which are active in the entire body. (Works
like a tumor-vaccination.)
The mEHT in this combination is a typical theranostic [135] therapy, which could be applied in combination with
other standard tumor therapies like chemotherapies [136] [137], radiotherapies [138] [139], or check-point
inhibitors [140]. A promising immunological approach is the combination of mEHT with viral therapies [141] [142].

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

Number
No. Tumor site

of

Treatment used

Results

Reference

patients
1

2

Relapsed highgrade gliomas

Advanced
gliomas

15

12

mEHT + alkylating Tolerable and safe for patients with relapses Wismeth, et al.
chemotherapy

by high escalation of the dose too.

2010 [144]

Chemotherapy,

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

Fiorentini,

radiotherapy +

response = 10 m. Median survival = 9 m,

mEHT

25% survival rate at 1 year.

Relapsed
3

malignant

24

Median survival = 19.5 months, 55%

mEHT

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

gliomas

Giovanis, et al.
2006 [145]
Fiorentini, Sarti, et
al. 2018 [146]

No added toxicity by immunotherapy.

4

Advanced
glioblastoma

60

Median progression-free survival (PFS) = 13

mEHT +
immunotherapy

m. Median follow up 17 m, median OS was
not reached. Estimated OS at 30 m was

Van Gool, et al.
2018 [142]

58%.

5

6

Various braingliomas

High-grade
gliomas

Chemotherapy +
140

radiotherapy +
mEHT
mEHT +

179

radiotherapy +
chemotherapy

OS = 20.4 m. mEHT was safe and well
tolerated.

Longstanding complete and partial
remissions after recurrence in both groups.

Sahinbas, et al.
2007 [147]
Hager,
Groenemeyer, et
al. 2008 [148]

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

1. Introduction
The bioelectromagnetic effects attracted the significant attention of various researchers and laypersons in the
last couple of centuries. The observation shows that the electric and magnetic fields influence the biological
processes. However, the therapeutic applications of bioelectromagnetics cause heated debates from its start
described it as “humbug” [1] and “utter idiocy” [2]. The weak proofs well support the medical skepticism
nowadays too [3] [4]. Many patented ideas like Lakhovsky’s radio-cellular-oscillator [5] [6], the Priore’s
electromagnetic therapy [7] [8] [9], deal with the bioelectromagnetic therapy, without any proof, creditable
systematic studies, only some positive case-reports were published. Others, like Gurvich’s mitotic wave in
mitosis and some enzymatic reactions [10], have no tools, which are sensitive enough to measure the supposed
effects [11]. Even such genius giant as Nikola Tesla had patented a method about the high-frequency oscillators
for electro-therapeutics, using “ultraviolet rays”, [12] presently also out of convincing data.
One of the most influential ideas in the bioresonance field was developed by Royal Raymond Rife. The “resonance
topic” started with a revolutionary step of optical microscopy [13]. The Rife-microscope had the ultimate
resolution in that time [14], able to record time-lapse movies of microbes [15]. Various pathogen organisms
show cellular damages at “resonant frequencies”. The phenomenon was described with “mortal oscillatory
rate” (MOR) [16] [17] [18] [19]. The cancer-cells had showed also mortality by resonances [19] [20]. Strong
critical opinions appeared about the method [21] [22], and the electronic devices for cancer management [23].
The lack of pieces of evidence, the selected favorable cases formed the “pseudomedicine” supported by
electronics [24]. The fraudulent activities were punished [25] [26].
The role of bioelectromagnetics and especially the resonance phenomena became the “battlefield” of science
with multiple quackeries and unscientific theories. The serious doubts make this topic an impossible research
venture. Notwithstanding the importance of this great challenge, this work aims to study the possible application
of electromagnetic resonances and modulation in cancer therapies.
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2. Challenge of Complexity
The living systems are complex, well self-regulated, and controlled. The molecular biology’s deterministic
approach, about the completeness of the molecular development, strictly follows the stored model of the
whole system in the DNA. However, the living processes are more complex than enough computer capacity
could describe the system. Reducing life to a simple deterministic approach (reductionism) loses the system as
an interconnected and complexly regulated unit. The proper consideration is to handle the living system as a
whole (holism).
The biological systems have the same complementary duality as the particles in quantum mechanics have.
Nested and overlapping levels of the observation depend on the scale of the studied part of the system [27],
an inspection of the same living feature from different points of view. This phenomenon is similar to the
quantum duality, the observation depends on the observer also: “A living thing cannot be explained in terms of
its parts but only in terms of the organization of these parts” [28].
It is more challenging that the living complexity involves a logical incompleteness [29], discovered by Gödel
almost a century ago [30]. The incomplete, complex situation means that we may address valid questions which
have no answer in a deterministic way. These questions have a loop with a self-reference: first, the hen or the
egg? The answer goes to the evolutionary field; and necessarily leaves the deterministic thinking. Similarly, the
answer to the question “what existed first: the promoter or the suppressor” has no direct answer. A loop also
needs a developmental, non-deterministic consideration. The complex system is regulated and controlled by
primarily negative feedback loops, having the Gödelian incompleteness. Theoretical biology faces these
challenges, which builds a “tragicomic” situation [31].

2.1. Homeostasis of Life
Biological systems and their macro- and micro-parts are energetically open, operate on various in- and outputs,
causing a specified event. The product’s reaction could amplify/promote the further shift or inhibit/block it,
suppressing the change. The promoter-suppressor pairs work in sensitive order, modified by the feedback loops,
the processes maintain the dynamic equilibrium of the living system, forming homeostasis. The homeostasis is
far from the static equilibrium, but in normal conditions, it has a self-adjusted stationery state, regulated by the
negative feedback. The feedback control mechanism regulates the promoter-suppressor balance in a relatively
narrow predetermined range around the set-point value. The dynamic homeostatic equilibrium keeps the
system stable but constantly changing. The dynamic equilibrium approaches to count “degrees of truth” rather
than the usual “true or false” decisions [32]. Numerous negative feedback loops control the homeostasis [33]
[34] in the micro and macro-structures levels.
The system’s open character needs positive feedback processes too, which are one-promoting/accelerating the
started process. Positive feedback results in more of a product or accelerates the progress.
The homeostasis governs the equilibria in all living ranges of space and time.
It is tuned by the intertwining of processes, which at each step seeks to have a dynamic and interconnected
balance of suppressor-promoter pairs of the regulatory process [35].
The dynamic behavior of the interacting complexity guarantees robust stability. The regulation and controlling
process are essentially inherently dynamical, so the term “homeodynamics” describes it better than
“homeostasis” [36].

102

Oncothermia Journal Volume 31, March 2022

2.2. Self-Organizing
The living system exchanges energy with its environment, and every part, like the cells, tissues, and organs, has
open energy trade with other parts of the system. The spatiotemporal arrangement of the living organisms
and their parts are self-organized [37] [38]. The self-organized feedbacks secure the stability against a relatively
wide range of perturbations. The structures’ self-similar building simplifies their construction by
deterministically or statistically repeating the same template and connecting them with the same structure
[39], building a self-similar harmony.
The systematically built structures are fractals, which commonly appear in natural forms [40]. The fractal
description of living objects’ spatial irregularities allows for an objective comparison of complex morphogenetic
differences [41], and provides a useful tool to follow the physiological changes in pathologic processes [42].
Fractal models explain the structural developments of life processes [43]. The collectivity of the organization
also could be monitored by the fractal concept [44].
The structural fractals complete the dynamic properties of life. The dynamical structures develop a complex
spatiotemporal approach of biology, the fractal physiology [45] [46] [47], dealing with random stationary
stochastic self-organizing processes in physiologic phenomena. Fractal physiology offers practical applications
recognizing the diseases [48]. The self-similarity allows modeling cancer tissues by fractals [49], described by
a generalized model [50]. The fractal geometry helps to evaluate the various images in oncology [51], describes
the pathological architecture of tumors and their growth mechanisms accompanying time-dependent
processes [52], and prognostic value [53].
The self-similar self-organizing process is collective [54] and relates to the allometric scaling of living species
[55] [56]. The collectivity subordinates the individual needs to the groups and optimizes the energy distribution
for the best survival with the lowest energy consumption. This energy-share works like some kind of
democracy [57].

2.3. Stochastic Processes
The well-organized complex dynamic equilibrium characterizes the regulative activities of the living systems
from genomic to global adaptation of the organisms to the environmental challenges [41]. The time-dependent
processes realize the observed signal with a probability of requesting a stochastic approach instead of
conventional thinking based on deterministic changes [58]. The homeostasis is often ignored and used as a
static framework for effects [59]. The stochastic approach is fundamental in biological dynamism [60].
Deterministic reductionism can mislead the research.
Diagnostic parameters (signals) characterize the living organism. The average in time represents the
measurement of signals, which fluctuate around the average value in a controlled band. The fluctuation sets
various actual microstates in the body, only for a short time regarded as a signal’s noise. The homeostatic
control of the body regulates the fluctuations. The homeostasis needs “order” in noise structure parameters
like frequencies, intensities, phases. The minimal number of diagnostic signals describing in a state is defined by
the quasi-independent, weakly overlapping regulation intervals. The number of these quasi-independent
diagnostic signals does not change during the system meets the conditions of the healthy dynamical equilibrium.
However, together with the relative constant averages with a standard deviation in the fluctuation band, the
distribution of the signal frequencies varies. The variation depends on the adaptation to internal and
environmental conditions. The measured quantities appear an average ⟨𝐷𝑖 ⟩ of microscopic diagnostic states ⟨𝐷𝑖 ⟩.
If the change of 𝐷𝑖 remains within a tolerance band 𝑙𝐷𝑖 around ⟨𝐷𝑖 ⟩, the homeostasis is considered faultless, the
subject is declared healthy.
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The fluctuation of the signals around the actual average 𝑓𝐷𝑖 = 𝐷𝑖 − ⟨𝐷𝑖 ⟩ opens a new possibility to study the
living processes. The change in the fluctuation of the signal occurs sooner than the variation of the average
value. However, the changing of the regulative processes could drastically modify the signal’s fluctuation
without changing their average value. The alterations in the noise spectrum can predict reorganizations of the
regulative feedback, which could point a healthy adaptive process to the environmental challenges but could
indicate disease as well. The various curative processes could reestablish the signal averages. Although the
new reestablished average is the same as was the previous, the fluctuations around the average could differ
from the previous dynamism. The interacting connections and regulating signal loops could vary the
fluctuations from earlier. This variation happens for example, when the immune system develops new functions
by “learning” the fight against pathogens. The systemic control is modified, and the system reflects it in the
regulative fluctuations. Nevertheless, it could happen that the therapy reestablishes the proper average of the
diagnosis signal, but the patient remains ill. The noise spectrum examination may recognize such
incompatibilities, when the problem does not appear immediately in the averages. The opportunity of noise
analysis is an accurate novel approach to diagnose and follow the illness in its early stages.
The power spectrum 𝑆(𝑓)characterizes the stochastic signal with the 𝑓 frequency. The other important
functional character of the signal is the autocorrelation (𝑅𝑋𝑋 (𝑡1 , 𝑡2 ))), which measures how the signal correlates
with itself with a delayed copy of itself. The correlation is displayed as a function of time-lag
(𝜏 = 𝑡2 − 𝑡1 )in X position. The 𝑅𝑋𝑋 (𝑡1 , 𝑡2 ) is the similarity of the signal-parts having time delay between them.
The autocorrelation evaluation is a mathematical tool for finding repeating patterns, looking for periodicity in
the signal. It is a useful tool also to find a missing periodic signal, which we regard as an important component
when a set of repeated interactions form the investigated fluctuation.
The simplest complex noise is Gaussian (the amplitudes have normal distribution), and its power function 𝑆(𝑓) is
self-similar through many orders of magnitudes. The 𝑆(𝑓) is characterized with α in a simple form, like in(1)

𝑆(𝑓) =

𝐴
𝑓𝛼

(1)

The 𝛼 exponent is usually formally referred to on optics, noted as the “color” of the noise. The white-noise is
flat (𝛼 = 0), the pink-noise has 𝛼 = 1, and other colors are described by various other numbers up to 𝛼 = 2, the
brown-noise. The 𝑆(𝑓) of pink-noise inversely depends on 𝑓 frequency, noted as 1/𝑓 noise. The self-similar
processes produce 1/𝑓 (pink) noise covering the time-fractal of life’s dynamism [61] [62]. This dynamical fractal
structure marks the self-organizing both in structural and time arrangements [63] and dynamically regulates
the living matter [64]. The 1/𝑓 fluctuations [65] define time-fractal structure in a stochastic way of the living
systems [66]. The physiological control shows 1/𝑓 spectrum [67]. One of the most studied such spectra is the
heart rate variability (HRV).
Each octave interval (halving or doubling in frequency) carries an equal amount of noise energy in the 1/𝑓 noise.
The self-organized symmetry of living system transforms the white noise to pink [68], forming the most
common signal in biological systems [69].
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3. Electromagnetic Effect
Biology fundamentally depends on the water. The electromagnetic forces act on various aqueous electrolytes
and some solids (like bones) in the systems. The external application of electromagnetic fields on living bodies
has four basic categories:
1) displacements of free charges, causing electric current in the system;
2) vibrations of charges in chemical or physical bonds (electrons in atoms, atoms in molecules, surface
adhesions, collective-networks);
3) reorientation (torque, rotation, structural change) of dipoles (like water molecules proteins, complex
structures);
4) displacement and reorientation of complete cells.
These above effects could make notable changes in the living object:
● heat (temperature growth) by energy absorption,
● ignite molecular and systemic excitation,
● modify some suppressor-promoter loops directly by altering the feedback set-point.
These changes could trigger physiologic and biophysical changes of the homeostatic regulation and rearrange
of the control. Electromagnetic resonance phenomena attract extensive attention, especially connected to the
cells as the integrated carrier and “building blocks” of the living organisms. The Rife resonances appear as a
part of these efforts. The critical point is how the electromagnetic forces make an active selection and distort
the targeted cells.
The most trivial connection to how electromagnetism transformed to an obvious direct cellular effector is the
heating by energy absorption. When the absorbed energy heats the target homogeneously, we may define the
average energy-absorption measurable with the temperature. When the absorption is heterogeneous, the
temperature as an average cannot be defined.
The temperature can be replaced by electric fields using their similarities in the absorbed energy [70]. The
similarity emphasizes the possibility of the non-temperature changing but due to the energy exchange thermal
processes involving the ∑𝑖 ℰ𝑖 𝑑 𝑃𝑖 in the internal energy of electromagnetically heterogeneous media, Figure 1 .
Less obvious and more complicated effects are “nonthermal”, meaning that the temperature change is not
observable. Low-level, non-stationary magnetic fields have been observed [71] and adopted [72] as the
nonthermal electromagnetic effect. One of the most important nonthermal processes is the so-called “window”
effects [73], having an optimum both frequency and amplitude to interact with cellular membrane [74]. The
window effects have some resonance characters. The measured frequency dependence sensitively varies on
the experimental conditions and could be in synergy with chemical effects [75].
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(a)

(b)

Figure 1. The direct transition between A1 and A2 is impossible due to the energy barrier. Enzymatic reactions
could lower the height of the barrier by a chemical transition state. (a) The electric field-assisted transition
works in a similar way, excites the targeted molecules, and forms a transitional state as enzymes do; (b) The
transition state A* is a complex molecular reaction, and the electric field pushes it to the point of no return to
finish the transition process.
The “window” was measured in multiple power ranges [76], depending on the applied power (amplitude of the
signal at the same impedance load), with such small energy, which categorized these experiments definitely as
nonthermal. (They used max. 5µ𝑊/𝑔 energy). The active Na+ flux pumping was observed as the maximum
between 0.1 − 10𝑀𝐻𝑧 [77], which “window” effect could be well explained by the active transport system
model in the membrane [78]. The “window” to increase DNA concentration in the specimen was measured at
10 Hz between 0.03 − 0.06𝑉/𝑚 and 4 − 5µ𝐴/𝑐𝑚2 electric field and current density, respectively. These low
frequencies differ from the Rife-declared ones.
The inherent heterogeneity of the living objects varies the electromagnetic processes in constituting parts of
the target. The heterogenic electromagnetic effects sharply divide depending on the aqueous electrolytes or
lipid substances (like membranes or adipose cells) or solids (like bones). The actions are frequency-dependent,
which form dispersion relations.
Schwan [79] measured the electrical properties of tissue and cell suspension over a broad frequency range. He
observed three major frequency dispersions, introduced three dispersion mechanisms (α, β, γ) to characterize
the anomalous electric properties of biomaterials. The high heterogeneity of the living tissue differentiation was
since low-frequency, radiofrequency, and microwave effects have multiple relaxational processes in their
interval [80], Figure 2 . They are considering different mechanisms at low frequency (α), radio frequency (β),
and microwave frequency (γ) processes.
The low frequency (approx. 10 Hz to 10 kHz) α-dispersion. This frequency-range acts mainly in muscle tissue
[81], and so it is connected to the tubular system [82]. The vanishing of the α-dispersion frequencies indicates
first the dying process of the tissue [83].
The β-dispersion is superimposed to the high-frequency end of α-dispersion. It has a link to the cellular structure
of biological materials [84]. The β-dispersion occurs at the interface of membrane-electrolyte structures, using
Maxwell-Wagner relaxation [85]. Interfacial polarization of the cell membranes appears in this frequency range
[86], connected to the charge distribution at the cellular of interfacial boundaries [87].
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Figure 2. The various frequency intervals of the dispersion phenomena. The overlapping of β and intermediate
band between β and γ form a biologically important range. The protein-lipid interaction and the bound water
could react in this frequency interval.

The upper tail of the β-dispersion continues to the δ-dispersion [88]. The dipolar moments of proteins and other
large molecules (like cellular organelles, biopolymers) cause this frequency spectrum [89]. This second
Maxwell-Wagner dispersion (δ) also depends on the suspended particles surrounded by cells [90], as well as
the protein-bound water, and cell organelles such as mitochondria [91] [92] appear in the range. Furthermore,
other relaxation processes like molecular side chains, bound water molecules, diffusion of charged molecules,
and near membrane bounds change the δ-dispersion. The most frequently used ISM-frequency (spectrum
reserved internationally for industrial, scientific, and medical use) is 13.56 MHz in the overlapped region β- and δdispersion range. The model calculation also shows the importance of the 13.56 MHz [93].
The plentiful tissue water causes the high-frequency dispersion (γ) at microwave frequencies [94]. The
excitation of various electrolytes’ water content in the cytoplasm and extracellular matrix (ECM) is responsible
for this high-frequency end. The time constant is proportional to the third power of the molecules’ radius, and
typical characteristic frequencies are, e.g., 15 - 20 GHz for associated with the polarization of water molecules
and 400 - 500 MHz for simple amino acids. The gamma range locates the molecular resonance of proteins
[95].
The dispersion effects overlap and depend on the target material and their environmental connections, so the
electromagnetic fields could influence many parts simultaneously, even with constant frequency.

4. Challenge of Resonant Energy-Absorption
The resonances appear in various thermal, electrical, and mechanical properties of the cells, tissues, and
organs. The well-tuned resonance minimizes the energy loss during its transfer, which is in harmony with
nature’s general thermodynamic rules. The application of the resonance phenomena for the living systems has
two fundamental challenges:
Which mechanism transfers the resonant energy to the cells?
How can the cancer cells be selected to be destroyed by resonance, and how is it harmless for healthy cells?
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Rife’s original idea initialized the resonant phenomena to eliminate the “unhealthy living cells” with the
frequencies used for cellular resonances around kHz. The energies of these waves (in order of pico eV) are
certainly less than the temperature background’s thermal energy ~300 K of the human body (250 meV). His
experiments were completed in vitro on cell cultures, where the challenge of selection does not appear; all
cells were malignant. His observations did not give any clue for the energy transfer mechanism, and the MOR
investigation misses the statistical evaluation. Only the visually observed cell distortion was measured; no other
parameters are available. So, these early observations were indicative only.

4.1. Deterministic Resonance
Rife declared a mechanical “blow up” of the cellular structures, investigating in vitro. The cavity may work as a
resonator which could cause resonant energy absorption. There are plenty of cavities by a membrane with
surfaces of lipid-constructed boundaries like cells, mitochondria, intracellular organelles (like tubes of tubulin,
and various intracellular structures with cavities). However, cavity resonance would require a wavelength
comparable to its size. The mechanical effect depends on the size and the actual form of the cells, which are
well unified in bacteria culture but not unified in a tumor, where heterogeneity is a fundamental inherent
behavior. The Rife frequencies’ wavelengths are many magnitudes longer than the cell sizes, so the direct
mechanical cavity resonance does not fit.
Additionally to the heterogenic form of the cellular cavities of malignancy, their electromagnetic and
mechanical parameters (like dielectric constant, conductivity, density) change by their present activity
depending on their functions in the system’s structure. Other resonance possibilities are represented by the
different molecules, including the water. These molecular components have notable resonance bands, but their
frequencies are too high to compare them to Rife declarations.
A kind of mechanical resonance induced by ultrasound could exist [96] in the kHz-MHz region [97]. It could select
the cancer cells [98], because they are softer than their healthy counterparts [99] [100], so the waves could
interfere with the soft and individual cells. Nonthermal cellular resonant mechanisms which convert
electromagnetic radiation to such mechanical frequency have no proof yet.
One of the most proven resonance phenomena in living objects is the ion cyclotron resonance (ICR). The method
has strong theoretical [101] [102], and experimental pieces of evidence [103]. We shall assume a long impact
time at ionic cyclotron resonance so that the trajectories should form and endure for a long time. However, the
ICR and the connected phenomena need a magnetic field’s assistance, and the resonances happen in low
frequencies, on the order of a few times ten Hz. This does not fit to Rife’s assumptions.

4.2. Stochastic Resonance
A mixture of deterministic signals and noise could produce stochastic resonance output in a nonlinear system.
Its autocorrelation function 𝑅𝑋𝑋 (𝑡1 , 𝑡2 )or power density spectrum 𝑆(𝑓)could characterize the output noise.
One of the origins of the stochastic (probability) behavior of the living matter is the intrinsic bifurcation in all the
levels of the living organization [104]. The basic bifurcation mechanism could be introduced by a simple
nonlinearity of the potential wells of chemical reactions [105] [106] showing nonlinear behavior by double-well
potential (non-harmonic potential, chaotic arrangement). The simplest bifurcative phenomenon is when the
active forces 𝐹𝑎 (𝑥) are not linear with the displacements 𝑥 (or generally with the deformations):

𝐹𝑎 (𝑥) = 𝑎𝑥 + 𝑏𝑥 3
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(2)

where a and b are characteristic parameters of the interaction. The potential energy 𝐸𝑝𝑜𝑡 (𝑥)of this force

𝐸𝑝𝑜𝑡 (𝑥) = 𝑎𝑥 2 + 𝑏𝑥 4

(3)

which shows the bifurcative double potential well when 𝑎 < 0 and 𝑏 > 0. This potential offers equal probability
for the particle involved in the 𝐹𝑎 (𝑥) being in both wells, so the particle bifurcates between the two
positions 𝑥1 and 𝑥2 Figure 3 . There are particles in the potential valleys that perform a harmonic oscillation. The
noise constrains the particle to oscillate between the wells randomly.
An additional factor 𝑐𝑥 3 (3) breaks the equal probability, Figure 4 , and the bifurcation (or multifurcation), the
probability distribution biases the jumps.
The system’s noise adds an anharmonic factor to the potential, so the wells’ equivalence disappears. The change
modifies the optimal energy situation and constrains the bifurcation, which could direct the particle movement
in the series of jumps into one direction. The noise modifies the depth of the wells. When the force is periodical,
the wells periodically fluctuate accordingly up and down in opposite directions. When the amplitude A of
periodic force is small to compare 𝛥𝐸𝑝𝑜𝑡 (𝑥) the equality of the two wells of the potential periodically is
oppositely broken, but in a long-time average remains equal (Figure 5 ).
At the start in the time 𝑡 = 0the jump from right to left is more probable than a half period later, at time 𝑡 =
𝜋/2𝛺, and opposite in the time of 𝑡 = 𝜋/𝛺.

Figure 3. The bistable potential-well. The system has two stable positions (two energy minima), and it is in
dynamic equilibrium when the two states are occupied with equal probability by oscillation. When one state
becomes fixed in one well, the system is “frozen”, the equilibrium is broken.
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,
(𝑥) = 𝑎𝑥 2 + 𝑐𝑥 3 +
Figure 4. The characterization parameters of the unbalanced bistable potential-well, 𝐸𝑝𝑜𝑡

𝑏𝑥 4 ,(𝑎 < 0, 𝑏 > 0, 𝑐 > 0).The oscillation is unbalanced, the probability being in the well at 𝑥 + is higher than

at 𝑥 − .

Figure 5. Changes of the bistable potential-well by elapsed time (one time period of the exciting signal is 𝑇 =
2𝜋/𝛺, where 𝛺 = 2𝜋𝑓 is the conventionally used circular frequency).

In this way, the weak periodic signal compared to the activation energy 𝛥𝐸𝑝𝑜𝑡 (𝑥) synchronizes the jumps in a
stochastic (not deterministic) way. Consequently, the jumping time’s distribution function through the barrier
from the potential well in the noise, which is modulated with a weak periodic signal, will not be rigorously
monotonic. A considerable amplification of the weak periodic signal could be observed depending on the
strength of the noise. The amplification also increases by the decreasing frequencies at a constant amplitude
of the periodic carrying signal. The amplification also increases by the decreasing amplitude of the periodic
carrier on the same signal frequency, and suddenly (at a threshold), the resonance disappears (window
phenomenon). Probably this is the reason for the observed Adey-window, [77]; and some other detected
resonance phenomena with an application of outside periodic electric field.
The resonance-like maximum depends on 𝐷 noise energy or at 𝐷 = 𝑐𝑜𝑛𝑠𝑡. the frequency determines the
maximum. This is the typical frequency-amplitude window formulated before the experiments [84]. The
amplitude has a resonance-like behavior, Figure 6 . White noise induces the resonance when 𝐷 = 𝑘𝐵 𝑇 (thermal
noise) and so the noise intensity is temperature dependent.
A particularly notable application of this stochastic resonance is the possibility of using electrically generated
subthreshold stimuli in various biological processes [107]. The stochastic resonance works, and it remains a
vivid possibility to explain Rife frequencies. The entry of a molecule to the cell through gating membrane
channels has Poisson distribution in the stochastic resonance study for single-cell [108]. The response to very
weak external electric fields could be far below the thermal noise limit. We had shown for zero-order of the
noise that thermal limitation does not exist [109].
110

Oncothermia Journal Volume 31, March 2022

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

←
𝐸 + 𝑆→ 𝐸 ∗  →
𝐶𝑓𝑜𝑟𝑣

𝐶𝑓𝑖𝑛

𝐴 + 𝑃
(4)

where the reaction rates characterize the reverse, forward, and final conversions ( 𝐶𝑟𝑒𝑣 , 𝐶𝑓𝑜𝑟𝑣 and 𝐶𝑓𝑖𝑛 ),
respectively. At first, the enzyme in conformal state 𝐸 connected to 𝑆 substrate state and form 𝐸 ∗ complex: 𝐸 +
𝑆 → 𝐸 ∗ . The 𝐸 ∗ state is highly complex because it has two states ( 𝐸1∗ and 𝐸2∗ ) in the reaction: the 𝐸1∗ = (𝐸𝑆)
complex transforms to 𝑃 product, via 𝐸2∗ = (𝐸𝑃) complex, while the enzyme transforms back to 𝐸 state at the
end of the process, Figure 7 .

Figure 6. The stochastic resonance depends on the noise-density 𝐷. (a) Amplitude 𝐴(𝐷) ; (b) Phase-shift 𝜓(𝐷)of
the noisy carrier. The resonance depends on 𝛺 = 2𝜋𝑓 circular frequency in stochastic processes.

Figure 7. The enzymatic “wheel”. In practice 𝑘14 < 𝑘41 , 𝑘21 < 𝑘12 , 𝑘32 < 𝑘23 and 𝑘43 < 𝑘34 , so the “wheel” works in
one direction, by Michaelis-Menten process

Oncothermia Journal Volume 31, March 2022

111

To understand the complex enzymatic transition state, let us assume two certainly distinguishable confirmation
state of an actual enzymatic reaction: 𝐸1∗ and 𝐸2∗ , with concentrations [𝐸1∗ ] and [𝐸2∗ ]respectively. These two
states are the result of chemical reactions, hence

𝛽=k32

𝐸1∗

←
→

𝐸2∗

𝛼=k23

(5)

An external electric field could modify the catalytic/enzymatic wheel. This process is the electroconformational coupling (ECC, [113] [114] ), it activates the energy over the barrier by oscillatory stimulation
[115]. The outside periodic field modifies the activation energies with 𝛺 = 2𝜋𝑓 circular frequency. Stochastic
resonance determines the final catalysed state’s probability in the dynamic equilibrium of homeostasis [116].
The thermal white noise energy 𝐷 = 𝑘𝐵 𝑇, pumps the resonance, so enzymes get the energy from the
environmental conditions. Significantly the lower frequencies (smaller 𝛺) increase the resonant peak, but the
effect vanishes at the too low frequency when the acting noise washes out the signal. This threshold depends
on the processes and conditions when the process is applied. The optimal (peak) resonance depends on
the 𝐷 noise-density. Due to the thermal noise depends on the temperature. Consequently, the excitation process
has an optimal temperature, but the temperature dependence less effective when a colored noise forces the
resonance.
The number of resonance frequencies as many as catalytic reactions exist. It is a large number indeed. All cells
have mostly identical enzymatic reactions, hindering the selection of cancer cells by stochastic resonances. All
small amplitude modulation with the carrier stochastic resonance frequency makes certain resonant effects
with enzymatic processes but also excites other two-state situations (like voltage-gated ionic channels), which
further complicates the selection. Due to the ordered reaction lines in cellular processes, the microscopic
effects have a macroscopic result when the autocorrelation of the excitatory signal forces the order of the
signal pathway in the cell. Consequently, the selection of malignant cells could be possible by well-chosen signal
modulation, a time-set of frequencies, and not only a single one.
A weak periodic perturbation promotes transport activities by stochastic resonance near the membrane. The
thermal noise plays a vital role in pumping the energy to this process by Brownian engine [117] [118]. The
enzymatic resonance fundamentally depends on the thermal conditions of the tumor and cellular
microenvironment, the extracellular matrix. The thermal noise activates the Brownian motor, which drives the
enzymatic wheel. The ECC situation rectifies the thermal fluctuations, producing directed motion in one direction
only [119] [120]; forming a “ratchet”, excluding the swivel’s opposite turn. The free energy can be obtained from
the inherent fluctuations and outside electric noises [121], by the stochastic concept. The “ratchet” idea was
originally proposed by Feynman [122], but it was incomplete and cleared later [123]. The ECC realizes a direct
coupling between the outside electric field and the enzymatic processes at the membrane. The alternating
electric field impacts enzyme activity [124] and modifies the extrinsic signal-transduction [125].
The stochastic resonance excites any catalytic wheel reaction or voltage-controlled ion channel. Consequently,
shifting of the ionic composition and pH could destroy the microbes. However, the stochastic resonance has
frequency windows. Below and over an amplitude or noise energy, it does not work. Subsequently, in principle,
the explanation of the resonant frequencies measured by Rife and others is possible, or at least it is not excluded
in this way, but as numerous as enzymatic reactions exist in the system. This involves a dense spectrum of
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resonances, and the real destroying process needs a set of resonances that are adequate to the signaltransduction line in the cells. With these resonances, we do not expect prompt necrotic cell-death.
The stochastic resonance may amplify the signals. In a simple model, the wheel is energized by ATP hydrolysis
with 10-16-10-17 W, while the molecular scattering due to the thermal effects provides 10-8 W [126]. The
stochastic resonance conditions promote the ATP hydrolysis as a periodic process, producing the given
reaction’s direct stimulation. The same could happen by excitation with a periodic outside field using the EEC
effect and supporting the stochastic resonance. However, the fluctuation-driven directional flow described by
ECC needs more effort to clear the ion-pump processes in detail [127].
An appropriate regularly oscillating electric field may convert the free energy-producing transports or chemical
reactions coupled through enzymatic processes [123]. The translational symmetry can be broken in one
direction by the periodic signal superimposed on the double-well symmetric enzyme-potential, Figure 8 . A
Brownian motor drives this process, enforced by an electric field pushing through the ligand on the membrane
from one side to the other, differs from the MME.
These processes excellently demonstrate the irreversible thermodynamics in the presence of an external
periodic perturbation [128]. The transduction of

Figure 8. Stochastic resonance promotes the ion transfer through the membrane.
low-level signals can be resonant [117], acting on the enzyme’s oscillating barrier involved in the studied reaction.
The energy barrier of 𝐴𝑃𝑇 → 𝐴𝐷𝑃 reaction is ≈ 30𝑘𝐵 𝑇 and the maximal energy oscillation by the external field
is ~2.5𝑘𝐵 𝑇. This oscillatory activation was observed as low as 5

𝑚𝑉
𝑐𝑚

= 5 ∙ 10−7

𝑚𝑉
𝑛𝑚

with AC (10 kHz). The reactions

involve a synergy of the enzyme with excitation with extremely low levels of electromagnetic fields.

4.4. Collective Excitations
The living system has chain reactions (like the Krebs cycle) using the transient states to go over the energy
barriers’ sequences. The Brownian-ratchet might be involved in all the barriers, reducing the height of the barrier
by ECC pumped by environmental noise, Figure 9 . The reactions follow Markovian sequences and develop
conditions for the next step of the series in the chain. The various steps have different energy consumption and
chemical reaction rates, far from a simple staircase process. The well-definite set of the chain fixes a certain
time-series required by the setting of the ongoing reactions. The characteristic time-sets appear in the time lag
of the measured signals’ autocorrelation function.

Oncothermia Journal Volume 31, March 2022

113

The reaction avalanche on this way has an energy-wave “sliding” through the chain, energized by the 𝐴𝑃𝑇 →
𝐴𝐷𝑃 conversion and promoted by the ECC process. One form of the sliding energy-bag through a system is the
biosolitons [129] [130]. The solitons (solitary waves) maintain their shape by self-reinforcing wave packets
(energy-bags) propagating constant velocity. The dispersion in nonlinear conditions produces permanent and
localized waveforms in a region. The solitons remain unchanged by their mutual interactions, only their phaseshift changes. The energy-transfer by solitons has negligible energy loss [131]. One of the most practical simple
soliton presentations led to its discovery, seeing a bump-shaped sliding single wave of water through a canal.
The sliding energy bag is easily presented with a falling domino-row when the actual energy outside the energy
source (the gravitation) subsequently plunges the single dominos in the row, and a wave runs with unchanged
shape generating energy delivery. The

Figure 9. Cascade of activation energies. Time series of sequentially happening reactions going over the actual
activation energy. The well chosen autocorrelation time-lag promotes this series.
phenomenon is collective [132] and has broad applicability in neuron signal propagation [133], and has a role of
membrane dynamics [134]. Excitation of individual large complex molecules like DNA [135] and proteins [136]
also show collectivity. The thermal noise background influences the solitons, but the biosolitons are stable in
the living temperature range [137] [138].
The formation and decay of solitons explain the unidirectional enzymatic cycle of ECC [139]. In molecular chains
triggered by periodic external electromagnetic fields, solitons create a ratchet directed [140], sliding stability
bag, Figure 10. The experiments show soliton-coupling of K+, Na+, Rb+ through membranes [124] [141] [142].
The nonlinear, systemic collective harmony of macroscopic phenomena characterizes the biosolitons. The
collectivity driven by the energy-transfer is well shown in large molecules like alpha-helix of proteins [143] in
THz frequency region but also appears mass-movement at lower frequencies [144]. The soliton harmonization
of the collective movements emerges when the cells starve and need collective efforts to survive, sharing the
available energy as optimally as possible [145].
The hydrogen ion can be transported by the hydrogen bridges, which is crucial in living systems [146]. The
Grotthuss-mechanism describes the high-speed and low dissipation of the transport propagation [147] [148].
Here the proton tunnels (jumps) from one water cluster to another bridged by hydrogen bonds, Figure 11. A
“frustrated bifurcative” proton dynamically connects the neighboring water molecules, producing a chain
reaction.
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Figure 10. The “siding” bistability by the enzymatic processes.

Figure 11. The Grotthuss mechanism of proton-jumping in a chain. (Three subsequent steps of the process are
shown.)

𝐻2 𝑂 + 𝐻2 𝑂 ⇌ 𝑂𝐻 − + 𝐻3 𝑂+ 

(6)

The lifetime of H3O+ (hydronium ion) in (7) is relatively small (~3 × 10−12 s) so the speed of proton transport by
Grotthuss-mechanism is approximately ten times higher than the diffusion, so it is decisional. The Grotthussmechanism propagates the ionizing chain of a water molecule. The dissociation and recombination steps are
altering in the “traveling”. The recombination-dissipation is a quantum-mechanical process, in principle almost
free of dissipation [149]. The process works like quantum wiring [150], having temperature dependence. The
vector potential can modify the quantum-states of the water [151] [152] [153], which could modify the complete
chain processes. The water order selects between the ionic flows preferring the proton against all the other
reaction-product. The outside electric field’s effect could conduct the hydroxyl (OH−) and hydronium (H3O+)
ions by the same Grotthuss mechanism going through the chain like a stability bag.

4.5. Modulation of the Electromagnetic Signal
The concept of modulation is centered on the stochastic dynamics (time-dependent events) in the biosystems.
The chosen frequency spectrum is devoted to direct actions promoting healthy controls and suppressing the
cancerous processes. The carrier frequency is in the RF range, which delivers an audio range (< 20𝑘𝐻𝑧) to the
place of use, Figure 12.
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(a)

(b)

(c)

Figure 12. The modulation. (a) The high carrier frequency (green) modulated with the periodic low-frequency
signal; (b) The modulated signal shows the importance of the much higher frequency of carrier than the carried
modulation; due to follow the shape point-by-point; (c) Modulated transmission of a non-periodic signal.
The expected actions mark out the following basic goals:
1) Support the healthy network against the out-network, autonomic cells in the selected target.
2) Support the immune system, boost the homeostatic chains of reactions.
3) Excite the selected molecules in cancer cells for particular damage-associated molecular patterns (DAMP)
and immunogenic cell death.
Due to the complex interconnection of the living objects, these effects overlap and support each other. The
question naturally arises: when the modulation frequencies have such an advantage, why does the complication
with carrier frequency be involved, and why not applied the modulation frequency directly, without a carrier?
Deliver the low frequency into the body and focus it on the selected places is a challenging issue. The adipose
tissue in the skin layer, the various membranes, and isolation compartments block the low-frequency
penetration deeply into the body. The electric impedance of these heterogenic isolating (capacitive) factors
inversely depends on the frequency. This resistivity became too high in low frequencies, and no deep targeting
is possible. Invasive application may surmount the adipose layer, but the electrochemical Warburg impedance
[154] [155] is high in low frequencies, preventing penetration. The proper solution of the deep penetration needs
a high frequency in β/δ-dispersion range. The modulation of a high-frequency carrier with a low frequency
solves the apparent contradiction. The well-chosen carrier makes the selection of excitations, and the lowfrequency modulation excites. The advantage of the energy absorption compared to conventional heating has
significant approval [156].
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4.6. Demodulation of Electromagnetic Signal
Theoretical [157] and experimental researches [158] show that at high frequencies only thermal energydissipation happen. Low frequency is requested for electric excitation of molecules (“nonthermal” effects). The
signal needs demodulation, separate the low-frequency from the carrier. The demodulation is a rectification
process, which extracts the information from the carrier wave.
The cells demodulate the received signal by two ways:
● normal rectification by the highly polarized cell-membrane, [159] [160] [161]
● stochastic resonance makes the rectification, [162].
The existence of nonlinearity in cellular biological objects had intensive research, but at the beginning, only
linear attenuation of the amplitude of the alternating current through the living object was measured. The
double membrane effect causes this apparent linearity, Figure 13.
The excitation process acts on the transmembrane proteins, so the single membrane demodulation perfectly
satisfies the demands. The nonlinearity through the membrane can be measured [163], and the harmonics make
dissipative terms [164].
The noise threshold complicates the rectification of the applied signal. In principle, the modulated signal must
be larger than the thermal noise. The requested

Figure 13. The symmetric but opposite rectification of the cell-membrane when the current goes through the
cell makes the measured material linear, the rectification disappears. (The
sign symbolizes the rectifier
(diode).)
signal intensity would have such high electric field, which impossible to apply in the living system without fatal
damage. In the early model it had been shown this strict thermal noise limit at low frequencies [165], but in a
revision it had been shown that the zero mode currents have no thermal limit of the electric rectification [109].
The low frequency (the 1/𝑓 signal) of the AM modulation is intensively active in its demodulated form [166].
The demodulation of the AM modulated signal by stochastic process is an option too [167], which is applicable
also for other forms of modulation [168].
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4.7. Excitation Processes
The special autonomy and high metabolic activity of the malignant cells allow their recognition and selection,
and attack. In consequence of the higher metabolic rate of malignant cells than their normal hosts, the
microenvironment’s electric conductivity grows for a detectable range. Furthermore, malignant cells’
autonomic behavior rearranges the microstructure of the ECM, which changes their dielectric permittivity [169]
[170], and the order-disorder transition of the aqueous electrolyte also has a role in the changes [171]. The
conductivity and permittivity allow the selection of these cells [172]. The amplitude modulation intensifies the
tumor-specific energy absorption as a part of the selection mechanism [173]. The electromagnetic selection of
the malignant cells guides the energy delivery. The small energy absorption could cause damages in the cytosol
[174], or trigger apoptotic signals and destroy the cell [175]. The nonthermal processes result from the change
of the chemical or structural situation in the targeted assembly [176]. The transition does not use heat from
the field but directly uses the electric field’s work for the actual changes by absorption. Besides, the β/δdispersion of the carrier frequency orients the attack on the membrane reaction of the impedance selected
cells [177] [178], primarily for the transmembrane groups (rafts) of proteins [179]. The rafts of the plasmamembrane of malignant cells are denser in rafts than their healthy counterparts [180], allowing intensive
excitation of the transmembrane proteins [181]. A new kind of treatment applies to these facilities [182].

4.7.1. Boost the Healthy Network
The malignant development avoids the healthy homeostatic regulation, “defrauds” the controls for their
intensive, unhealthy proliferation. Cancer, in general, is the missing of homeostatic control over malignant cells.
The cancerous lesions develop the strength to proliferate as intensively as possible, ignoring the healthy
regulations and exploiting the host tissue’s collectivity. The proliferation subordinates all malignant features.
The cancer cells became gradually autonomic, break the connections. Here is their weakness: the cancer cells
are individual and not networked like the regulated healthy host. Their collectivity satisfies the individual
demands to use energy as much as possible for the cellular division.
The modulation frequency spectrum follows the natural dynamism of the 1/𝑓 time-fractal fluctuations and
forces to reestablish the harmony with the homeostatic collective network. Simply speaking, the modulation
acts in harmony with the natural collective processes, promoting them, like keeping the swing in move using
harmonic push, Figure 14.

4.7.2. Support the Immune System
Homeostatic dynamic equilibrium is too complex for external constraints to be effective in repairing it. Tightly
connected feedback mechanisms regulate the system, and the reaction of homeostatic control will be against
any simple constraints. Consequently, any winning strategy must work in conjunction with homeostatic controls,
utilizing natural processes and supporting the immune system to recognize and destroy malignant cells
throughout the body. The immune system’s preparation could be a perfect target instead of cancer’s main
strength, its proliferation. The lack of adaptive immunity to tumors can be revised and form tumor-specific
immune action to eliminate the malignancy in healthy regulation by the host system itself.

Figure 14. A simple swing example of harmonic and nonharmonic excitation. (a) The swing is harmonically (resonantly)
pushed, the energy transfer is optimal; (b) In case of an
unharmonic push, the system does not follow the resonant
rules. The efficacy is low with tremendous efficacy loss.
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Numerous variants aim to activate personal immune defenses against cancer. The key point of these is the
immunological recognition of the malignancy. The immune system needs recognizable signs to direct its actions.
However, the highly adaptive hiding strategy of malignant cells protects them from being identified by immune
cells. The innate antitumor immune action of NK cells [183] [184] offers one of the effective possibilities against
cancer invasion. NK does not need information through the host’s MCH-I molecules and also acts in the absence
of priming. The cytotoxic activity of NK potentially controls tumor growth [185]. Intensive low-frequency
components in the modulated treatment spectrum may trigger the NK activity and enrich NK cells in the
targeted, selected tumor [186].
The modulation also effectively supports the healthy adaptive immune effects with tumor-specific CD8+ killer
T-cells. The destruction of the malignant cells is dominantly apoptotic by the signal excitations of modulated
RF-current [187], developing damage-associated molecular pattern (DAMP); as important genetic information
for the immunogenic cell-death (ICD) [188] [189]. Immune-stimulators, which have no anticancer effects alone,
have synergy with the modulated field. One in vivo study showed the synergy with a herb extract from
Marsdenia tenacissima (MTE), producing systemic effects from local application of modulated field [190]. With
dendritic cell (DC) inoculation to mouse, which anyway does not cause antitumor effect, the field application
showed a significant effect of immune reactions, measured the high value of tumor-specific adaptive response
[191]. The DC addition not only effectively develops tumor-specific killer and helper T-cells but also works like
a vaccination against the rechallenging of the same tumor to the previously cured animal [192]. Significantly
the additional administering dendritic cells may boost the overall immune effects, and also, independent
immune-stimulator work in harmony with modulated treatment. In this way, the local treatment became a
systemic fight with the malignancy in the entire body [193] [194]. The clinical applications well correspond with
preclinical experiments, had shown the same results, using other synergic immune-stimuli [195] [196]. Recent
reviews of preclinical [197] and clinical results [198] show efficacy in oncology of this bioelectrodynamical
resonant approach.

5. Conclusions
The modulated electric field is an emerging new direction of cancer therapies [154]. The treatment uses
stochastic processes, including resonances, “nonthermal” effects, and collective excitations. It could selectively
deliver energy to the tumor cells to ignite antitumor-effect by producing DAMP and ICD and liberating the
malignant cells’ genetic information. The remarkable advantage of this method is that no ex-vivo laboratory
manipulation is necessary for the perfect antigen production and cellular reactions.
The proper electromagnetic resonance therapy adopts the natural heterogeneity of the dynamic properties of
the living system. The modulated field application chooses a new paradigm of resonances: it heats
heterogeneously instead of the homogenous (isothermal) approach of conventional hyperthermia. The
selection uses the tumor, malignant cells’ thermal, and electromagnetic behaviors. The heterogeneity is
presented by cell-specific electric conductivity, dielectric permittivity, the structural differences of the cell
membranes, and the variation of the cooperative harmony of the malignancy. The natural heterogeneity allows
producing a synergy of electric and thermal processes [199]. The specialization operates with precise
electromagnetic impedance selection [200], using the heat on membrane rafts [201], and makes harmony by
thermal and nonthermal effects, too [202].
The structural and time fractals of the living organisms with malignancies offer a special use of fractal
physiology. The applied time-fractal amplitude-modulated RF carrier frequency forces proper healthy
resonance utilizing the homeostasis’s dynamism is followed and modified by time-fractals. A collective
resonance occurs, exciting the biosolitons in large molecules. The 1/𝑓 modulation approach differs from the
direct resonance, acting on the collective harmony, setting harmony within the reactions by the modulated
signal’s autocorrelation. The resonances mostly happen in a stochastic way, modifying the enzymatic
Oncothermia Journal Volume 31, March 2022
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processes. A large number of enzymatic reactions fit the stochastic resonance frequencies. Consequently, the
number of resonant frequencies is as many as the enzymatic reactions in the target.
The above considerations allowed to develop new method called modulated

Figure 15. The complex system of the mEHT effect
electrohyperthermia (mEHT, trade name oncothermia®) specialized on the electromagnetic resonances with
time-fractal modulation. The mEHT is a kind of specialized hyperthermia, where the electric field has a double
role. The thermal energy dissipation is proportional to the electric field’s square, while the molecular actions
depend on the field linearly. The two parts of the complex impedance are equally applied in this method, Figure
15 [203]:
1) The square (the absolute value) of the field is responsible for the heating. This process depends on the
conductivity of the target.
2) The field vector makes the excitation, working resonantly like an enzymatic action, lowers the energy barrier
(the activation energy) through a transition state. This process depends mostly on the dielectric properties of
the target.
The modulated electro-hyperthermia (mEHT) applies to these researches in preclinical experiments [197] and
clinical applications [198].
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Abstract
Background: The basal metabolic rate has a scaling by tumor mass on the exponent of 3/4, while a simple
surface-supplied volume of the mass would have a lower exponent, 2/3. The higher exponent can be explained
by optimizing the overall energy distribution in the tumor, assuming that the target is four-dimensional. There
are two possible ways of approximating the metabolic rate of the malignant tumor: 1) the volume blood-supply
remains, but the surface and the length of the vessel network are modified; or 2) assuming that the malignant
cell clusters try to maximize their metabolic rate to energize their proliferation by the longer length of the
vessels. Our objective is to study how vascular fractality changes due to the greater demand for nutrients due
to the proliferation of cancerous tissue. Results: It is shown that when a malignant tumor remains in expected
four-dimensional volumetric conditions, it has a lower metabolic rate than the maximal metabolic potential in
the actual demand of the proliferating cancer tissue. By maximizing the metabolic rate in malignant conditions,
the allometric exponent will be smaller than 3/4, so the observed “dimensionality” of the metabolic rate versus
mass becomes greater than four. The first growing period is exponential and keeps the “four-dimensional
volume”, but the growth process turns to the sigmoidal phase in higher metabolic demand, and the tumor uses
other optimizing strategies, further lowering the scaling exponent of metabolic rate. Conclusion: It is shown that
a malignant cellular cluster changes its metabolic scaling exponent when maximizing its energy intake in various
alimentary conditions.
Keywords
Allometry, Metabolism, Fractal Dimensions, Optimization, Cancer, Vascularity

1. Introduction
The highly organized living systems are energetically open and far from thermal equilibrium [1]. Its physical
phenomena are collective and have strong physical roots [2]. Structures built up by anabolism and store
information in the open system [3]. The living matter is heterogeneous, having numerous different electrolytes
engulfed by specialized tissues or lipids enveloping isolated aqueous electrolytes in definite structures. The
isolating layers control the chemical and physical reactions between the electrolytes and regulate the complex
interactions. The fundamental division of electrolytes is between the cytosol (the intracellular electrolyte) and
the Extracellular Matrix (𝐸𝐶𝑀). The membrane is a complexly organized multifunctioning part. This double lipid
layer regulates the information and ionic exchange between the intra and extracellular reagents, having a vital
role in the energy distribution and production of the entire system. The mass of the living object is volume
dependent (scaling by 3), while the surface is scaled only by 2. Consequently, we expect an exponent for massdependence of
energy exchange (metabolism) as ⅔, the ratio of the cell surface to the cell volume ( (∝

𝑟2
𝑟3

= 𝑟 2/3). So the

expected metabolic power ( 𝑃𝑚𝑒𝑡 ) in rest state (Basal Metabolic Power, 𝐵𝑀𝑃) dependence vs. mass (𝑀) is
expected:
2

𝑃𝑚𝑒𝑡 = 𝐵𝑀𝑃 ∝ 𝑀3 = 𝑀𝛼
(1)
However, the experiments show a variation of exponents, the 𝛼 = ⅔ is not shared. When the metabolism is
concentrated on surfaces, the 𝛼 ≈ ⅔. well approaches reality. On the other hand, when it is centered on the
energy resources, the exponent is close to 𝛼 ≈ ¾. When the whole mass of the organism is involved in the
metabolic energy exchange, the exponent is near to 𝛼 ≈ 1. In complete demand, the actual body-part (organ or
whole-body) needs maximally available energy supply, proportional to its mass, so the scaling exponent is 𝛼 =
1 in this case [4]. In this case, the actual demand decides about the metabolic power and not the geometry. Of
course, both the extremes are not ideal for the living object and could not follow evolutional requests. What is
132
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optimal? Despite the different exponential power, one feature is strictly common, all the experiments show
power-scale (called scaling) in a few orders of magnitudes of the parameters, which is linear in the double
logarithmic plot:
(2)

𝑙𝑛(𝑃𝑚𝑒𝑡 ) ∝ 𝛼 ∙ 𝑙𝑛(𝑀)

The scaling behavior is the consequence of the self-similarity of the living objects [5] [6]. The fundamental
phenomenon behind it is the relative proportional change of the parameters [7]. The fundamental principle was
oriented on the changes of the same organism, which has to grow in collective harmony, so the relative growth
of parts must have balanced growth [8]. The structure and regulation of biosystems are complex. Various
modern approaches have been developed in the last few decades to describe this complexity. The description
of statistics of complex systems is far from the normal (Gaussian) distribution. Usually, power-law-tailed
distributions (with a general exponent α) are applied:
(3)

𝑓(𝑥) = 𝑥 𝛼

There are various phenomena, including social, economic, physical, chemical, and biological, to be described by
this function [9] [10] [11] [12] [13]. Despite the somewhat different fields of applications of the power law, it has
a common root in complex systems: self-organization. The simplest fingerprint of the self-organized complexity
is the self-similar or scale-free structures characterized by a power function. This power-function relation
magnifies the 𝑓(𝑥) by a constant only, 𝑚-dependent Ξ = 𝑚𝛼 value at any 𝑚 magnification of 𝑥:
𝑓(𝑚𝑥) = (𝑚𝑥)𝛼 = 𝑚𝛼 𝑥 𝛼 = Ξ𝑥 𝛼 = Ξ𝑓(𝑥)

(4)

Self-organization explains the evolution of the system [14], expressed in non-linear dynamics [15].
The objective of this present article focuses on analyzing the metabolic alimentation of the healthy tissues in
normal conditions and the developing tumors in two different conditions:
1) When the tumor metabolizes as a homeostatic organized unit, the theoretically expected allometric exponent
corresponds with the optimal healthy allometry;
2) When the tumor metabolism is not in such an “ideal” optimization of the metabolic supply, its alimentation is
suboptimal, using the observed fractal behavior of its angio-structure.

2. Method
Fractal physiology describes the structural and dynamical properties of living organisms and their parts [16]
[17], based on physical principles [18]. The self-similar behavior could be described by the normalized relative
change of the magnitudes, similarly to the Weber-Fechner law [19] in psychophysics like:
∆𝑓
𝑓

=𝛼

∆𝑥
𝑥
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where α is a constant fitting factor. By integration, we get the (3):
ln(𝑓) = 𝛼 ln(𝑥)  → 𝑓(𝑥) = 𝑥 𝛼 

(6)

The self-similar functional relation makes a “scale-invariance” feature due to the independence of the
magnification, which is the fundamental behavior of the fractal structures, too [20].
The power function is the central description of the scaling in (1), which bases the allometry of living organisms
[21]. The original allometry idea was recognized almost a hundred years ago [22], but the exciting question of
the energizing of the life phenomena explained in connection of allometry is a half-century-old knowledge [23].
The connection between the homeostatic energizing level and the basal metabolic rate (𝐵0 ) as a self-similar
function of mass (𝑚) of living objects is [24]:
𝐵0 = 𝑎𝑚𝛼 
(7)
where the two parameters are determined experimentally; a is the allometric coefficient, and α is the allometric
exponent, and (7) is usually called bioscaling [25]. The usual regression analysis uses the logarithmic
transformation of (7):

𝑙𝑛𝐵0 = 𝛼 𝑙𝑛(𝑚) + 𝑙𝑛(𝑎)

(8)

which allows high linear accuracy and fits both parameters a and α well [26]. The literature has numerous
debates about the theoretical allometric relation based on fractal calculus and the empirical fits based on
probability calculus [27]. The 𝐵0 of living objects shows allometric scaling to its mass, which refers to the
energy supply of the living mass of the volume. The (7) function gives a correct mathematical and biological
framework for the complex bio-systems fractal studies [28]. The scaling power function of the mass describes
it, and it has been shown valid in a broad category of living structures and processes [29]. The scaling
considerations are applied not only in biology but broader, in the complete biosystem as well [30]. The
importance of understanding the challenges of the complexity of human medicine was recognized on this basis
[31] [32].
In a simple formulation, metabolic processes are surface-dependent, while the mass is proportional to the
volume. Therefore, the exponent of their ratio mirrors their dimensionality, and consequently, the exponent is
⅔ [33]. Complex living allometry most likely shows the exponent as ¾instead of ⅔ in a broad spectrum of
living objects [34], or at least have no linearity in a double-logarithmic plot [35]. However, the large data-mining
does not show an overall validity of the ¾ exponent over ⅔ [36]. The curvature could be size-dependent in
developing clusters by their size [37]. The ¾exponent could be described as a relation between the threedimensional surface and the four-dimensional volume [38]. The explanation of the fourth dimension is based
on the fractal structure of microcirculation [39], which supplies the energy demand according to a homeostatic
equilibrium (𝐵0 ) in the living complexity. Life in this meaning is “four-dimensional”. Its metabolic exchange
processes proceed on fractal surfaces, maximizing the available energy consumption, scaling even the
fluctuation of the metabolic power in the universal scaling law as well [40].
The optimization of energy consumption was formulated rigorously by the scaling idea and discussed in a
universal frame, even on the energy-consumption subcellular level, including the mitochondria and respiratory
complexes [41]. The allometry shows a structural, geometrical constraint for living organisms in homeostatic
equilibrium.
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The metabolic scaling in cancer development is critical [42]. Contrary to the homeostatic homogeneity of the
healthy tissue [43]; the functional heterogeneity of the solid tumor allows an abnormal organ self-possession
of multiple cell-types and electrolytes like the Extracellular Matrix (𝐸𝐶𝑀) lymph and blood-transports [44]. The
tumor metabolism is based on the blood transport to the tumor. The logarithm of wet-weight of the tumor
( 𝑚𝑤𝑒𝑡 ) and the tumor blood-flow ( 𝐵𝑡 ) have linear dependence [45], which was observed in model xenografts
of ovarian cancer, so they have a bioscaling relation:
log(𝐵𝑡 ) = −0.808 log(𝑚𝑤𝑒𝑡 ) − 0.436 𝑟 2 = 0.79𝑝 < 0.001
−0.808
]
[𝐵𝑡 = 0.6466 ∙ 𝑚𝑤𝑒𝑡

(9)

where the exponent is close to ¾.
The allometric scaling supposes three geometrical variables to define the optimization of the circulatory
system in living objects:
· The average length of the blood circulatory network (𝑙);
· The surface of the relevant material exchange of the blood circulation system (𝑠);
· The volume of the blood (𝑣).
Furthermore, we suppose that these parameters are represented by the self-similar, self-organized functions
of the L value, which is characteristic of a given organ. Hence:
𝑙 ∝ 𝐿𝑎𝑙 ,𝑠 ∝ 𝐿𝑎𝑠 ,𝑣 ∝ 𝐿𝑎𝑣

(10)

Using the theoretical fractal explanation, the conditions are: 𝑎𝑙 ≥ 1, 𝑎𝑠 ≥ 2 and 𝑎𝑣 ≥ 3, from where:
𝑙 ∝ 𝐿01+𝜀𝑙 ,𝑠 ∝ 𝐿0 2+𝜀𝑠 ,𝑣 ∝ 𝐿0 3+𝜀𝑣

(11)

where 0 ≤ 𝜀𝑙 ≤ 1, 0 ≤ 𝜀𝑠 ≤ 1, and 𝐿0 is the characteristic length. The first relation limits the pattern of the
circulatory system to the maximum that could be planar, while the second is limited to a maximum, filling up a
three-dimensional space. The third exponent 𝜀𝑣 could be calculated because the exponents are not independent.
The volume is proportional to the product of the surface and length:

𝑣 ∝𝑠×𝑙

(12)

consequently
Using these conditions, we obtain from (11):

𝜀𝑣 = 𝜀𝑙 + 𝜀𝑠

1

(13)

2+𝜀𝑠

𝐿0 ∝ 𝑣 3+𝜀𝑣 → 𝑠 ∝ 𝑣 3+𝜀𝑣

(14)

Furthermore, the actual volume of the blood is proportional to the actual mass of the given system or organ:
𝑣 ∝ 𝐿0 3+𝜀𝑣 ∝ 𝑚1
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Considering (14) and (15), now we have:
2+𝜀𝑠

(16)

𝑠 ∝ 𝑚3+𝜀𝑙 +𝜀𝑠
The metabolism is a surface-controlled mechanism, so (𝐵𝑀𝑅) ∝ 𝑠, consequently:
2+𝜀𝑠

(17)

𝐵0 ∝ 𝑚3+𝜀𝑙 +𝜀𝑠

If the living structure is geometric in conventional Euclidean meaning, then 𝜀𝑙 = 𝜀𝑠 = 𝜀𝑣 = 0and therefore 𝑎𝑙 =
𝑎𝑠 = 𝑎𝑣 ; consequently, the scaling is (𝐵𝑀𝑅) ∝ 𝑚𝛼 , where 𝛼 =

2+𝜀𝑠
3+𝜀𝑙 +𝜀𝑠

= ⅔. When at least one of the 𝜀𝑙 ≠ 0, 𝛼 ≠

⅔, which modifies the common simple dimensional approach of the metabolic processes.

3. Results
The allometry gives a possibility to describe the development of the tumor [46]. It is valid for the primary
cancer lesions but not always applicable in metastases [47]. We are dealing with primary tumors only. There
are two ways of approximating the allometric metabolic rate of a tumor:
1) The theoretical approach accepts that a healthy life has a four-dimensional behavior connected to the highly
self-organized, consequently self-similar hierarchic order [48], we fix the exponent to ¾.
2) The experimental approach assumes that the cell cluster tries to maximize its metabolic rate [49], and this
way, it modifies the scaling exponent from the value of ¾.
Both approaches depend on the environmental conditions of the tumor, mainly on the nourishment of the cells.

3.1. Optimal Alimentation to Maximum Metabolic Rate
Evolution maximized the surface where the nutrients are transferred from the blood to the cells, ensuring the
best conditions of the living object, so:
𝑠(𝜀𝑙 , 𝜀𝑠 ) = 𝑚𝑎𝑥

(18)

This task is equivalent to the minimizing of the reciprocal value of the exponent in (16):
3+𝜀𝑙 +𝜀𝑠
2+𝜀𝑠

= 𝑚𝑖𝑛
(19)

with constraint conditions of:
0 ≤ 𝜀𝑙 ≤ 1,

0 ≤ 𝜀𝑠 ≤ 1

(20)

= 𝑚𝑖𝑛

(21)

(19) can be transformed into
3+𝜀𝑙 +𝜀𝑠
2+𝜀𝑠

= 1+

1+𝜀𝑙
2+𝜀𝑠

Hence, considering (20), the minimum condition demands that:

𝜀𝑙 = 0,
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𝜀𝑠 = 1
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(22)

Substituting (22) into (11), the exponents of the self-similar structures are:
𝑙 ∝ 𝐿01 ,

𝑠 ∝ 𝐿0 3 ,

𝑣 ∝ 𝐿0 4

(23)

Consequently, in cases of ideal alimentation, these exponents are the fractal dimensions of the parameters of
the network, and while the length is one dimensional, the surface is three, and the volume is four [38]. Because
metabolism is a surface-regulated process, 𝑠 ∝ (𝐵𝑀𝑅), the scaling exponent of the metabolic rate versus mass
using (16) is ¾:
2+𝜀𝑠

3

𝐵0 ∝ 𝑠 ∝ 𝑚3+𝜀𝑙+𝜀𝑠 = 𝑚4

(24)

and so 𝐵0 in the unit mass:
𝐵0
𝑚

1

∝ 𝑚 −4

(25)

Primarily the blood stream provides the metabolic supply, so the fractality of the vascular network could be
decisional in its allometric evaluation. The condition of (24) maximizes the blood flow energizing all the parts of
the volume for their optimum, providing a maximum metabolic rate.
In consequence of (24), the life prefers the large masses as more effective energy-consumers in a unit volume
shown in (25). However, on another side this process could lead to the loss of complex information, developing
higher instability of the system, arguing that this is a negative tendency manifest the “aging of life’s algorithm
as a whole” [50]. The model could be applied by guessing when the energy supply is optimal, so the developed
active surface cannot supply the actual demands. Two different sources are possible to create such a situation
(1) the length of the supplier system changes (the constructional template differs), or (2) the volume of
transport exchange is limited despite the growing demands. Various irregularities originate both challenges
could be a symptom of disease, like cancer [51].

3.2. Suboptimal Alimentation for Tumor
The malignancy usually demands a higher energy input from its healthy environment than the available. The
tumor supply is suboptimal. The higher energy demand (usually exponential in starting phase [52] ) forces to
increase the length of the vessel network. In cancerous clusters, contrary to (22), the vascular fractal
dimension ( 𝐷𝑣 ) of the supplying blood-vessel network ( 𝑙 ∝ 𝐿0 𝐷𝑣 ) is larger than 1, ( 𝐷𝑣 ≥ 1) [51];
consequently 𝜀𝑙 ≠ 0 in the relation of (11). 𝐷𝑣 could be measured by the box-counting method [51].
According to (11), the actual active surface is evolutionary normal for self-organizing of healthy tissues ( 𝑠 ∝
𝐿0 3 ). The extra energy demand of the intensive proliferation changes the exponents of parameters in (11). In this
case, the surface of the supply follows the evolution-requested exponent of 3 ( 𝜀𝑠 = 1from (22)) in the selfsimilar conditions, but the requested length changes:
𝑙 ∝ 𝐿01+𝜀𝑙 = 𝐿0 𝐷𝑣 𝑠 ∝ 𝐿0 3

(26)

where εl>0εl>0 modifies the power of the transport measures, so the fractal organization of the transport lines
is different. This type of change could be formed by neoangiogenesis satisfying the higher energy demand in
cancerous tissues and could cause abnormalities as inflammation, thrombosis, varicose veins modification of
the arteries, etc. The corresponding power-law for the actual metabolic rate at the longer length of vessels, so
the suboptimal metabolic rate in this phase ( 𝐵𝑠𝑜1 ) from (24) is:
2+𝜀𝑠

3

3

𝐵𝑠𝑜1 ∝ 𝑚3+𝜀𝑙+𝜀𝑠 = 𝑚4+𝜀𝑙 = 𝑚3+𝐷𝑣

(27)

The apparent “dimension” of the reaction request for volume is (4 +  𝜀𝑙 ) > 4, the dimension increases. According
to 𝑙 ∝ 𝐿01+𝜀𝑙 the measurable fractal dimension of the blood vessel network is 𝐷𝑣 = 1 + 𝜀𝑙 . In this way the 𝜀𝑙 is
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measurable by the fractal dimension of the vessel structures [53], for example, with the box-counting method
[51]. When 𝐷𝑣 = 1.3 [53], 𝜀𝑙 = 0.3, and the scaling exponent is 𝛼 ≅ 0.7 > ⅔. The Microvessel Fractal Dimension
(𝑀𝐹𝐷) (which is equivalent with ( 1 + 𝜀𝑙 ) for renal cell carcinoma ranges between 1.30 − 1.66 [54], and
correlates well with the tumor Microvessel Density (𝑀𝑉𝐷) [54]. From (27) we know, when 𝜀𝑙 = 0.478, the
scaling exponent describes a non-fractal-like structure, 𝛼 = ⅔.
When the tumor growth is so intensive that the available length of the vessel network cannot deliver
appropriate energy, then another possible deviation from the homeostatic self-organization happens. In this
case, the volume of the delivered energy remains constant, which limits the energy supply. The tumor-growth
turns to sigmoidal this stage [55], usually follows Weibull distribution due to the self-similar development [6].
This could happen in severe hypoxia, low oxygen saturation in blood, anemia, various hematological diseases. In
this case, the volume of the supply follows the evolution-requested exponent of 4 (𝜀𝑣 = 1) (23), in the selfsimilar conditions in [53], but the requested length and surface is not enough for the proper work, so 𝜀𝑙, > 1
and 𝜀𝑠 < 1. The self-similar conditions differ from (22) due to (13):
,

𝑙 ∝ 𝐿01+𝜀𝑙 𝑠
∝ 𝐿0

,

3−𝜀𝑙

(28)

𝑣 ∝ 𝐿0

4

Consequently, at fixed four-dimensional volume, the metabolic surface reactions behave by power-law of
suboptimal metabolic rate in this phase:
𝐵𝑠𝑜2 ∝ 𝑚

2+𝜀𝑠
,
3+𝜀𝑙 +𝜀𝑠

=𝑚

,
3−𝜀𝑙
4

=𝑚

,
4−𝐷𝑣
4

(29)

Here the volume “dimension” of the reaction request is 4, but the actual conditions are worse than optimal.
The 𝜀𝑙, again here also is measurable by the fractal dimension of the structures [56], in this case, the fractal
dimension of the vessel system is 𝐷𝑣, = 1 + 𝜀𝑙, . For example, measuring the vascular fractal dimension in one
disease as 𝐷𝑣, = 1.41 [51], we use 𝜀𝑙, = 0.41, so the scaling exponent is 𝛼 = 0.65. When 𝜀𝑙, = 0.28 [56], the scaling
exponent is 𝑝 = 0.68. At 𝜀𝑙, = 0.33, the scaling exponent is the well-known 𝛼 = ⅔.
The exponents of the active transport surface in the two suboptimal supplies

𝛼=

3
4+𝜀𝑙

=

3
3+𝐷𝑣

and𝛼 ′ =

,

3−𝜀𝑙
4

=

4−𝐷𝑣,
4

(30)

Both these exponents are smaller than the optimal, and the exponent in the second phase of growth is the
smallest (Figure 1 ).
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Figure 1. The allometric development with the various
exponents. The initial phase of tumor growth is exponential,
and the allometric scale follows the phase1 curve, while the
intensive development further decreases the exponent,
which turns to a sigmoid phase in a tumor-specific time.

Following the idea of “4-dimensionality”, the volume dimension changes in 𝛼, while the active surface in 𝛼′. Both
exponents are ≤ ¾because of the length fractal dimension > 1. The mechanisms which cause this modification
are different. The same exponent could be only in Euclidean non-fractal case, when 𝐷𝑣 = 𝐷𝑣, = 1. Due to 𝐷𝑣 <
3𝑎𝑛𝑑𝐷𝑣, < 3, hence 𝛼 > 0.5𝑎𝑛𝑑𝛼′ > 0.25. The Mandelbrot calculated 2.7 for the fractal dimension of the
arterial tree of the lung [57], which was supported by experiments later [58], the relevant changes are 𝛼 ≈
0.526𝑎𝑛𝑑𝛼′ ≈ 0.325. Both values are smaller than 𝛼 = ⅔.
Both non-optimal situations (defect of the length of transport way or limited transport against the demands)
make the tissue under-energized, and the exponent of the power-relation scaling down-regulated. In such a way,
measuring the scaling exponent of metabolism and the fractal dimension of the supplying microvessels have a
diagnostic value about the actual deviations from normal.

4. Discussion
The optimal alimentation in a healthy system makes the energy distribution balanced, supplying all
requirements of the homeostatic state. The exponent ¾ has a strong predominance on a theoretical and
empirical basis [59] in healthy homeostatic basal metabolic activity. The ideal nutrition supply supports
ontogenic growth. However, at least at larger sizes, the cancer growth never happens with an optimal nutrition
supply; the cells compete intensively for the available energy sources.
The cancer is out of the overall homeostatic balance. The tumor development certainly has a higher energy
supply due to its proliferation than its healthy counterpart needs. Due to the extra-large energy demand, the
tumor development’s alimentation in most cases is far from optimal, so the tumor is in a permanent energy
deficiency. When the oxygen supply is limited, the first attempt to produce more ATP is the massive
fermentative use of glucose, a simple and quick production mechanism. The cell extends its ATP production to
fermentation by non-mitochondrial respiration, abandoning the more complicated Kerbs-cycle in the
mitochondria [60].
While the mitochondrial metabolism is always aerobic, its scaling exponent is nearly 𝛼 = ¾ [30]. However, the
scaling of metabolic activity is also different in mitochondrial and non-mitochondrial processes [61]. The
metabolic power not only depends on the active surface of the transport but also on the transport rate at the
same active surface size. Due to the transport modifications at the changed metabolic pathway, the deviation
from the ¾ exponent could be remarkable. The allometric scaling exponent of fermentative processes
decreases to nearly ⅔. This last scaling exponent shows that the cell-membrane directly regulates the
Oncothermia Journal Volume 31, March 2022
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fermentation, and the surface/volume ratio controls the complete process, which could be anticipated from the
direct linear dependence of the lactate production ( 𝑉𝐿 ) on the glucose-intake ( (𝑉𝐺 ) with a slope of ≅ 1 [45]:
log(𝑉𝐿 ) = +0.977 log(𝑉𝐺 ) + 0.108 𝑟 2 = 0.72𝑝 < 0.001

(31)

while the bioscaling of the oxygen ( 𝑉𝑂2 ) and glucose ( 𝑉𝐺 ) intake [45] are even lower than ⅔, −0.570, and −0.523,
respectively.
Not only does the malignancy need an intensive extra metabolism. For example, the benthic invertebrates (n =
215) have the lowest average scaling exponent ( 𝛼𝑚𝑒𝑎𝑛 = 0.63, [near to ⅔], 𝐶𝐼𝑚𝑒𝑎𝑛 = 0.18), which metabolizes in
an anaerobic way [62]. No regulative factor exists when the cells are entirely independent, and the available
alimentation is unlimited (like in most in vitro experiments). The metabolic rate is linearly proportional to the
mass, so the exponent is 𝛼 ≅ 1 [30].
The metabolic transformation of the cells [63] is one of the well-recognized hallmarks of malignancy [64] that
has an emerging intensive interest in the field of oncology [65], as the core hallmark of cancer [66]. The
adaptation of mitochondria in energy-limited conditions is the focus of the research [67]. The tumor forces the
development of the angiogenetic processes [68] and overcomes the energy limitations. The vascularity is
promoted [69], and the rapid development by intensive proliferation supports the changes of the scaling
behavior [70]. Without extra angiogenesis (starting clusters), only the ready-made capacity of the delivery is
available, so the tumor has a suboptimal alimentation. In the beginning, its fractal structure was developed,
which is similar to the healthy structure, so the four-dimensional scaling remains valid (28).
When the tumor develops, the fractal structure of vascularity changes. Consequently, its fractal dimension
changes too. The forced angiogenesis [68] tries to provide a sufficient supply to the hypoxic (insufficiently
supported) tumor, and the structure changes rapidly, broadening the scaling exponent in a wide range [71]. The
missing supply suppresses the scaling exponent, shown in (27). Still, the angiogenetic pool changes the trend,
approaching linearity. The unlimited availability of nutrients for every cell realizes the linearity measured in vitro
[48], limited to ~0.9 in vivo by insufficient oxygen transport [72]. However, the angiogenesis is usually not fast
enough to supply the faster-growing larger tumors, so the inner part of the tumor becomes necrotic, forming
a smaller living mass to supply, easing the energy distribution [68]. The essential message of the cases of
insufficient alimentation from the calculations above is that when the fractal dimension of the supplying
network grows, the scaling exponent decreases. The four-dimensionality and the allometry with the evolutional
optimizing request are not the same approaches: further evolution conditions have a higher than fourdimensional allometric scaling. The tumor mass is a somewhat indefinite parameter because the whole
environment of the tumor suffers from suboptimal alimentation. Consequently, we tried to find a more
fundamental networking condition parameter published elsewhere [73].
There is a vast number of researches about the vascular development of the tumor progression, calculating
the fractal dimension of the vascularity. The in silico modeling of the growing tumor vessel architecture in highgrade gliomas [74] shows that the fractal dimension is less than 1 in the avascular state and growing linearly
by time, reaching 𝐷𝑡=2760ℎ ≅ 1.2 at 𝑡 = 2760ℎ, by slope approximately ≅ 6.2 ∙ 10−4 . In a longer time, the
development of the fractal dimension drastically changes, follows a less rapid development (slope ≅ 2.5 ∙ 10−4 )
until 𝐷𝑡=4000ℎ ≅ 1.48. We may assume that the fractal dimension 1.2 characterizes the finally developed vessel
structure inside the tumor, followed by neo-angiogenetic processes reaching the tumor-surface, changing the
vascular architecture, growing slower to the higher values of the fractal dimension.
In optimal alimentation, the allometric scaling shows exponent ¾ (24); which supposes the 𝑙 ∝ 𝐿01 , so the
vascular fractal dimension in this case is 𝐷𝑣𝑎 = 1. However 𝐷𝑣𝑎 > 1 by the growing vessel network, so 𝛼 <
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3/4in the allometric scaling of tumor-vascularity due to the suboptimal energy supply, which triggers the
angiogenesis. Using the results from in silico model-calculations, the internal
2.8

3

growth of the vessels have (𝐵0 )𝑖1 ∝ 𝑚 4 = 𝑚0.700 , or (𝐵0 )𝑖2 ∝ 𝑚4.2 = 𝑚0.714 , according to the assumption of
suboptimal alimentation by maximal metabolic rate (case 1) or by the metabolic rate forced four-dimensional
“optimizing” concept (case 2). When the external angiogenesis is developing, the allometry changes: (𝐵0 )𝑒1 ∝
2.52

3

𝑚 4 = 𝑚0.63 , and (𝐵0 )𝑒2 ∝ 𝑚4.48 = 𝑚0.67 . So, the optimizing of the suboptimal energy availability in extended
angiogenetic cases realizes the allometry, which fits the simple geometrical expectations 𝛼 = 2/3 well.
The measurements of vascular fractal dimensions in various tumors show a lower scaling exponent than the
ideal ¾, depending on the conditions of the tumor-angiogenesis development. For example, when the epithelialconnective tissue interfaces with a malignant tumor in the oral mucosa, it is 𝐷𝑣𝑎 ≥ 1.41 [75], the scaling
exponent in suboptimal alimentation situations in cases 1 and 2 are 𝛼 ≅ 0.64 and 𝛼 = 0.68. The last one (optimal
distribution of the suboptimally available energy) is near the “conventional” ⅔. Another microscopic evaluation
of angio-structures [76] shows lower values of 𝛼, like the fractal dimension of the normal and malignant tissues
are 𝐷ℎ𝑒𝑎𝑙𝑡ℎ𝑦 ≅ 1.65 and 𝐷𝑚𝑎𝑙𝑖𝑔𝑛𝑎𝑛𝑡 ≅ 1.74, respectively [77]; resulting in low 𝛼 values. In other evaluations, the
vascular structure’s dimensionality grows to 1.9, which provides the maximal energy usage of the suboptimal
alimentation, and the exponent became as low as 𝛼 = 0.525.
It is interesting to see the effect of various anti-tumor treatments on the vascular fractal dimension. The
treatment changes the vascularization and suppresses the fractal dimension forms 1.135 1.037, 0.933, 0.982
by Photodynamic Therapy (PDT); Cysteine Proteases Inhibitors (CPI), combined therapy, PDT and CPI [78]; which
corresponds in cases when the maximalizing of the energy-supply is equivalent to the allometric exponents of
0.716, 0.741, 0.767 and 0.755, respectively (the optimal distribution of the suboptimal availability would be
0.726, 0.743, 0.763, and 0.753). By treating VEGF165, the fractal dimension increases from 1.65 to 1.69,
decreasing the allometric exponent [79] [80]. In matrigel inoculated human umbilical vein endothelial cells
(HUVEC) treated by docetaxel, the fractal dimension of the vascular structure has decreased from 1.2 to 1.09,
corresponding in case 1 𝛼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ≅ 0.70;𝛼𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ≅ 0.73,, and in case 2 𝛼𝑐𝑜𝑛𝑡𝑟𝑜𝑙 ≅ 0.71;𝛼𝑡𝑟𝑒𝑎𝑡𝑒𝑑 ≅ 0.73 [81]. The
fractal analysis is a successful and rather accurate method for monitoring the efficacy of angiogenic
consequences of therapies [82].

(a) (b)
Figure 2. The summary of the structure of calculation. (a) The biophysical considerations (b) The mathematical
description.
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5. Summary
We had shown that the allometric relation of basal metabolic rate and the tumor mass depends on the fractal
dimension of the vascular structure. Due to the desperate need for energy supply and the intensive proliferation
of the malignant tumor, cancer does not have an optimal alimentation. Two strategies could distribute the
available (not sufficient) energy by the main transport of it, the vascular network:
1) Assuming that the cell cluster tries to maximize its metabolic rate by the surface transports and lowers the
scaling exponent from the value of ¾;
2) Accepting that in the case of a four-dimensional volumetric behavior limits the energy supply. The tumor
optimizes the energy distribution in its volume in among these conditions.
The structure of the biophysical considerations and their mathematical steps are summarized in Figure 2 .
The two strategies in consequent phases of tumor growth optimize the available energy by different allometric
scalings. The organized optimum of the suboptimal availability of energy gives lowered allometric scaling
exponents.
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Abstract
Background: Allometric scaling is a well-known research tool used for the metabolic rates of organisms. It
measures the living systems with fractal physiology. The metabolic rate versus the mass of the living species
has a definite scaling and behaves like a four-dimensional phenomenon. The extended investigations focus on
the mass-dependence of the various physiological parameters. Objective: Proving the length of vascularization
is the scaling parameter instead of mass in allometric relation. Method: The description of the energy balance
of the ontogenic growth of the tumor is an extended cell-death parameter for studying the mass balance at
the cellular level. Results: It is shown that when a malignant cellular cluster tries to maximize its metabolic
rate, it changes its allometric scaling exponent. A growth description could follow the heterogenic development
of the tumor. The mass in the allometric scaling could be replaced by the average length of the circulatory
system in each case. Conclusion: According to this concept, the dependence of the mass in allometric scaling is
replaced with a more fundamental parameter, the length character of the circulatory system. The introduced
scaling parameter has primary importance in cancer development, where the elongation of the circulatory
length by angiogenesis is in significant demand.
Keywords
Allometry, Metabolism, Four-Dimension, Optimization, Cancer, Circulatory System, Characteristic Length

1. Introduction
The spatiotemporal organization of biosystems is complex. The complexity is driven by self-organization ( [1]
[2] [3] ), and validated by new science: fractal physiology ( [4] [5] ), including the bioscaling processes ( [6] [7]
). Understanding the challenges of the complexity of human medicine requires the development of a new
paradigm [8].
The Basal Metabolic Rate (𝐵𝑀𝑅) shows allometric scaling of the mass of the organism [9], describes as the
power function of the mass ( ℳ ) [10]:

𝐵𝑀𝑅 ∝ ℳ 𝛼

(1)

The allometric relation connects the surface-controlled metabolic processes with the geometry of the given
material, which uses the available energy. In the simple formulation, metabolic processes are surfacedependent, while the mass is proportional to the volume. Therefore, the exponent of their ratio mirrors the
dimensionality, and consequently, the exponent is 𝛼 = ⅔. On the other hand, the complex living allometry shows
the exponent as 𝛼 = ¾instead of 𝛼 = ⅔ [11], explaining the relationship between the three-dimensional surface
and the four-dimensional volume. Metabolic scaling in solid tumors is significant, but its heterogeneity and its
rapid development by intensive proliferation and the supporting vascularity [12] change the scaling behavior
[13], and this is described as dynamic evolution [14].
Life in this context is “four-dimensional” based on its metabolic exchange processes [15]. The self-organized
multicellular structure creates fractal arrangements, and their metabolic energy-exchange proceeds on fractal
surfaces, maximizing the available energy-consumption, scaling the fluctuation of the metabolic power by the
universal scaling law [16]. This optimization of energy consumption was rigorously tested in the context of the
scaling idea and can be extended to broader mechanisms [17], such as the energy-consumption's subcellular
level, including the mitochondria and respiratory complexes [17].
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The scaling model has been shown to be valid in a broad category of living structures and processes. The
primary physiological parameters exponentially depend on the mass of the body [18]. The allometry shows a
structural, geometrical constraint for living organisms. Nevertheless, life is more complex than what can be
determined by its geometrical structure. A self-similar spatial-temporal-fractal structure defines the selforganizing procedure both in space and time [19]. A particular noise (temporal fractal noise)—like a fingerprint
of the self-organizing [20] —is a typical and general behavior of the living biomaterial [21]. The stochastic
fluctuations have a characteristic effect on malignant development [22], acting in the apoptotic threshold of
cancer [23], and is well observable in the growth process [24].
The measured structural patterns could be applied to evaluate the cancer development [25] [26], an example
of this is the use of image analysis is done by a pathologist. The metabolic power not only depends on the size
of the surface involved in active transport, but also on the flow-rate of the same active surface size. This
dependence could modify the transport. In the case of Benthic invertebrates (n=215), they have the lowest
average scaling exponent because they metabolize in an anaerobic way. This can be written as: ( 𝛼𝑚𝑒𝑎𝑛 = 0.63,
[near to ⅔], 𝐶𝐼𝑚𝑒𝑎𝑛 = 0.18), where α is the scaling exponent, and CI is the Confidence Interval [27]. However, the
other studied animals (n=496) have ( 𝛼𝑚𝑒𝑎𝑛 = 0.74, [near to 𝛼𝑚𝑒𝑎𝑛 = ¾], 𝐶𝐼𝑚𝑒𝑎𝑛 = 0.18) [28]. The scaling of the
metabolic activity is also different in mitochondrial and non-mitochondrial processes [29]. Mitochondrial
metabolism is always aerobic, and its scaling exponent is nearly 𝛼 = ¾ [30] [31]. When the oxygen supply is
limited, the cell extends its ATP production to fermentation by non-mitochondrial respiration, where the
allometric scaling exponent lowers to nearly 𝛼 = ⅔.
Based on the scaling theory, a general model for ontogenic growth has been proposed [32] [33] [34]. Allometry
is a consequence of the evolution process [35]. The variation of the personal sizes of the organs and the whole
body of the individuals can be addressed in the frame of the power-law. The high fractal dimension could be
used as a significant prognostic factor in diseased tissues [36]. There is research on tumor growth evaluated
from an ontogenic basis [14] [37] [38] in which the tumor is successfully described, despite the substantial
heterogeneity of the blood-supply [39] and the cellular structures differing from their regular counterparts. If
the whole tumor mass differs from the mass of the viable part of the tumor, and the viable part has a scaling
by the complete tumor mass with a high confidence scaling exponent 𝛼 = 0.78then the inadequate metabolic
supply causes an extension of the nectrotic tissue inside advanced tumors [40].

2. Method
The general model for ontogenic growth described tumor-cell growth needs to calculate the cell-production
considering also the vanished cells in the energy balance [40]. We learned, however, how vital programmed
cell-death (apoptosis) is in the development of the fetus of mammals [41], and we considered it as a basic
biological phenomenon [42]. The concept of cell-death is crucial in cancer development, considering one of the
hallmarks of the malignancy is its escape from apoptosis [43], and is instead more susceptible to a more drastic
kind of death: necrosis [44]. Following the line and extensive discussion of numerous other authors [28] [30]
[32] [33] [34], who adapted the death-free energy balance from the original [45] publication, we extended this
view with the changes caused by the perished cells. This approach became even more relevant with the study
of malignancies, where a large mass of the tumor could well involve non-living necrotic tissue, so the ontogenic
calculations [37] [40] need modification based on their energy-balance.
The number of cancerous cells (𝑁𝑐 ) is the difference between the newly produced cells (𝑃), and the perished
(due to apoptosis or necrosis) drop off cells (𝐷) at the unit time, basically follow the method of [40]:
𝑑𝑁𝑐
𝑑𝑡

=𝑃−𝐷
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The value of the changing cells is zero, while production just equal to the perished cells ( P=DP=D ). It is a realistic
assumption that the perished cells are proportional to the complete cell number in unit time:

(3)

𝐷 = 𝜆𝑁𝑐

where 𝜆 is the cell death-rate in a tumor. Note, at the beginning of the tumor-growth the 𝑃 is also proportional
with 𝑁𝑐 , (𝑃 = 𝜉𝑁𝑐 ) and in this case, the tumor growth exponentially: 𝑁𝑐(0) (𝑡) = exp(𝜉 − 𝜆)𝑡. When 𝑃 is constant
during the development, the balance of the cell number by the time:
𝑑𝑁𝑐
𝑑𝑡

(4)

= 𝑃 − 𝜆𝑁𝑐

The 𝑃 = 𝑐𝑜𝑛𝑠𝑡 deviates from the assumption of [40]. Our consideration concentrates on the fact that the
cellular production after the initial period of growth became constant due to the stabilized balance of the
resources and the autonomic growth of cells in a supporting healthy host environment by resources. The
situation in this phase is well similar to the in-vitro experiments of the monoculture system when the allometric
exponent is zero [31]. The energy balance is determined by the transported energy-flux delivered by the
bloodstream. The energy-transport current intensity, the metabolic rate (B), is divided into two parts: one
produces new cells, while the other keeps the living set alive. Hence:
𝑑𝑁

𝐵 = 𝑁𝑐 𝐵𝑐 + 𝐸𝑐 𝑃 = 𝑁𝑐 𝐵𝑐 + 𝐸𝑐 ( 𝑑𝑡𝑐 + 𝜆𝑁𝑐 ) =
𝑑𝑁
𝑁
= 𝑁𝑐 𝐵𝑐 + 𝐸𝑐 ( 𝑑𝑡𝑐 + 𝑇𝑐 )
𝑐

(5)

where 𝐵𝑐 is the metabolic rate of a cell, and 𝐸𝑐 is the necessary metabolic energy to create a new cell and 𝜆−1 =
𝑇𝑐 c is the average lifespan of a cell in the tumor. Consequently:

𝐸𝑐

𝑑𝑁𝑐
𝑑𝑡

= 𝐵 − 𝑁𝑐 (𝐵𝑐 + 𝜆𝐸𝑐 )

(6)

Metabolic energy can be scaled by exponent α,

𝐵 = 𝐵0 𝑁𝑐∝ ,

(7)

where 𝐵0 is a normalizing factor that shows the metabolic rate in the unity of 𝑁𝑐 . Therefore, we obtain:

𝐸𝑐

𝑑𝑁𝑐
𝑑𝑡

= 𝐵0 𝑁𝑐∝ − 𝑁𝑐 (𝐵𝑐 + 𝜆𝐸𝑐 )

(8)

Hence:
𝑑𝑁𝑐
𝑑𝑡

(9)

= 𝑎𝑐 𝑁𝑐 ∝ − 𝑏𝑐 𝑁𝑐

𝑎𝑐 =

𝐵0
𝐸𝑐

; 𝑏𝑐 =

𝐵𝑐
𝐸𝑐

+𝜆

By multiplying 𝑁𝑐 by the average mass of a single cell (𝑚𝑐 ) we now obtain the energy-balance for the full tumormass (𝑚):
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𝑑𝑚
𝑑𝑡

(10)

= 𝑎𝑚∝ − 𝑏𝑚

where:

𝑎=

𝐵0 𝑚𝑐 1−∝
𝐸𝑐

(11)

and
𝑏=

𝐵𝑐
𝐵𝑐 1
+𝜆=
+
𝐸𝑐
𝐸𝑐 𝑇𝑐

This balance was previously similarly formulated [46]. The mass has a maximum limit M, asymptotic value, a
saturation when no more real changes of the mass can be observed, so:

0=

𝑑𝑀
𝑑𝑡

(12)

= 𝑎𝑀∝ − 𝑏𝑀

Consequently:
1

1

𝑀=

𝑎 1−∝
(𝑏 )

𝐵0 𝑚𝑐 1−∝ 1−∝

(13)

= ( 𝐵 +𝜆𝐸 )
𝑐

𝑐

3. Results
A death parameter of the single-cell characteristically appears in the energy-balance of the ontogenic growth
of the tumor. The nutrients supply profoundly determines the death of cancer-cells. At least at larger tumor
sizes, the cell growth never happens with optimal nutrition supply; the cells intensively compete for the
available energy sources.
The exponent α is located in the interval ⅔ ≤ 𝛼 ≤ 1, and it is 𝛼 = ¾at ideal basal conditions [15] [45]. The ideal
𝑎 4

nutrition supply supports ontogenic growth. The “ideal” asymptotic mass ( 𝑀𝑖𝑑 ) from (13) is: 𝑀𝑖𝑑 = ( ) , hence
𝑏

the BMR* in non-ideal conditions:
1

𝑎 1−∝
𝑏

𝑀=( )

1

𝛼

= (𝑀𝑖𝑑 )4(1−∝)  ⟹  𝐵𝑀𝑅 ∗ = 𝑀𝛼 = (𝑀𝑖𝑑 )4(1−∝)

(14)

Substituting (14) into (10):
𝑑𝑚
𝑑𝑡

𝑚 1−∝

= 𝑎𝑚∝ (1 − ( )
𝑀

)

(15)

So:
𝑚 1−∝

𝑑(𝑀)

𝑑𝑡

=

𝑎(1−∝)

𝑚 1−∝

)

(16)
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𝑀1−∝

(1 − ( )
𝑀

which has a sigmoidal solution:
𝑚 1−∝

( )
𝑀

= 1 − (1 − (

𝑚0 1−∝
𝑀

)

)𝑒

𝑎(1−∝)𝑡
𝑀1−∝

−

= 1 − 𝑒𝑥𝑝 (−

𝑎𝑡(1−∝)
𝑀1−∝

+ 𝑙𝑛 (1 − (

𝑚0 1−∝
𝑀

)

)) = 1 − 𝑒 −𝜏

(17)

where

𝜏=

𝑎𝑡(1−∝)
𝑀1−∝

− 𝑙𝑛 (1 − (

𝑚0 1−∝
𝑀

)

)

(18)

and 𝑚0 is the mass at the start of a tumor (probably a few times 𝑚𝑐 ), the initial (just born) mass. The ratio (𝑟)
of the energy spent on keeping cells alive ( 𝜆 = 0) from (13) is:

𝑟(𝜏) =

𝑁𝑐 𝐵𝑐
𝐵

=

𝐵𝑐 𝑚
𝑚𝑐 𝐵0 𝑚 ∝

𝑏

𝑚 1−∝

𝑎

𝑀

= 𝑚1−∝ = ( )

= 1 − 𝑒 −𝜏

(19)

Using 𝛼 = ¾for the ideal four-dimensional case, the solution is:
1

𝑚 4
𝑀

1

( ) = 1 − 𝑒 −𝜏 ,𝜏 =

𝑎𝑡

1 − 𝑙𝑛 (1 − (

4𝑀4

𝑚0 4
) )
𝑀

(20)

This is formally the universal growth law [45], but has a difference in the values of b (see (11)) and 𝑀 (see (13)),
including the average life-time of the malignant cells (death rate λ) in ontology description. The M value became
smaller by shortening the average life-time of the cells and elongating τ time approaching the saturatin of the
mass.

4. Discussion
The four-dimensionality and the allometry with evolutional optimization require different approaches: as the
evolutionary conditions have a higher than a four-dimensional allometric scaling. The tumor mass is a
somewhat indefinite parameter because the whole environment of the tumor suffers from sub-optimal
alimentation. Consequently, the mass does not describe the allometry well. A more fundamental parameter of
the networking conditions is requested.
From the original “four-dimensional life” fractal concept, we get scaling of the characteristic volume (v) with a
characteristic length (l) [15] [45]:

𝑣 = 𝑘𝑙 4

(21)

where k is a constant.
When the mass density of the tumor is relatively homogeneous, we assume proportional relation between the
mass and volume:

𝑚∝𝑣
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(22)

When 𝑙0 is the average asymptotic length of the circulatory network of the organ, and 𝑀 is the asymptotic mass,
from (21) and (22) with other K constant:

𝑀 = 𝐾𝑙0 4

(23)

Consequently, from (23) and (21), we obtain:
1

1

𝑚 4
𝑀

𝑟=( ) =(

𝐾𝑙4 4

𝑙

𝐾𝑙0

𝑙0

4) =

(24)

The fourths-root of the relative mass growth to the asymptotic value (the relative basal metabolic rate)
corresponds to the relative ratio of the length of the circulatory network. The geometrical parameter of the
vascularity offers a more evident intrinsic factor than the mass. The length looks essential in the allometric
relations.
From (20) and (24) the geometric growth rate is obtained, where a universal law can describe the average
relative length of the circulatory network:
𝑎𝑡

𝑟(𝜏) = 1 − 𝑒 −𝜏 𝜏 =

1

4𝑀 4

where 𝑟0 = (

𝑚0 1/4
𝑀

)

− 𝑙𝑛(1 − 𝑟0 )

(25)

. The ratio of the energy maintaining new cells is 𝑅(𝜏) = (1 − 𝑟(𝜏)) = 𝑒 𝜏 . Assuming the

average density of the cancerous cell colony in the experiments of Bru et al. [47], the scaling law could be
determined by the characteristic lengths, which are (at 𝛼 = ¾, [45] ), 𝑚 ∝ L4 in ideal cases, consequently:

𝑚 1−∝

𝑟(𝜏) = ( )
𝑀

1

𝐿4 4

𝐿

𝐿0

𝐿0

= ( 4) =

= 1 − 𝑒 −𝜏

(26)

where 𝐿0 is the asymptotic size of the cancer-cell cluster. It is naturally assumed that 𝐿0 ≫ 𝐿, then from
equation (17) the Taylor expansion of 𝜏 could be truncated at its second term, so (26) will be the linear
dependence as measured:

𝐿(𝑡) ≅

𝑎
4𝐾

𝑡 − 𝐿0 𝑙𝑛 (1 −

𝐿(𝜏=0)
𝐿0

)

(27)

However, if the energy supply is not ideal (which is the case in almost all the developed tumors in-vivo), the
results do not support the ideal scaling by 𝛼 = ¾ [38]. It is shown in a generalized model that the fractal surface
and the covered volume are scaled rigorously [48].
In cases of sub-optimal alimentation (there is an energy-deficiency for optimal growth), the scaling-exponent
changes, and it depends on the fractal dimension of the vascular network ( 𝐷𝑣 ) [48]. The shortage of energy
for adequate alimentation is a usual condition for the rapidly proliferating structures. Two strategies can be
followed to distribute the available (sub-optimal) energy resources: maximizing the metabolism on the surface
of the cells. The elongation of the vascular network (angiogenesis) is the optimal strategy in this growing phase
of the tumor ( 𝛼1 =

3
3+𝐷𝑣1

) [49]. The optimizing strategy could change in the advanced stages when the blood

volume is limited despite the elongated vascular possibilities. In the advanced cases, the energy-distribution
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request a 𝛼2 =

4−𝐷𝑣2
4

exponent ( 𝛼2 < 𝛼1 , 𝐷𝑣 > 1) [49]. The growth of the mass would be in these cases (as

described by (16)):

(1)

𝑑𝑚𝑚𝑎𝑥
𝑑𝑡

𝐷𝑣1

𝑎𝐷𝑣1

=

(3+𝐷𝑣1

𝐷𝑣1
)𝑀 3+𝐷𝑣1

𝑚 3+𝐷𝑣1
)
𝑀

(1 − ( )

(28)

and
(2)

𝑑𝑚𝑚𝑎𝑥
𝑑𝑡

=

𝑎𝐷𝑣2
4𝑀

𝑚

4−𝐷𝑣2 (1 − ( )

4−𝐷𝑣2
4

𝑀

4

(29)

)

The generalized form of relation (25) could be used in 𝛼2 < 𝛼1 , (𝐷𝑣1 , 𝐷𝑣2 > 1)exponents, when the allometry
exponent is α. The phase 1 and phase 2 stages of tumors had been studied by various publications [49] [50]
[51]. We choose two characteristic values to demonstrate the differences, 𝐷𝑣1 =1.28 and 𝐷𝑣2 =1.52.
The time development well shows the different saturation time of the processes with various exponents (Figure
1 ).
The mass and the characteristic length are strictly connected:

(1)

𝑚𝑚𝑎𝑥 = 𝐾𝑙

3+𝐷𝑣
𝐷𝑣

(2)

𝑎𝑛𝑑𝑚𝑚𝑎𝑥 = 𝐾𝑙

4−𝐷𝑣
4

(30)

In general:
1

𝑀 = 𝐾𝑙0 1−𝛼

(31)

and therefore:

𝑟=(

𝑚𝑚𝑎𝑥 1−𝛼
𝑀

)

=

𝑙
𝑙0

(32)

For optimal distribution, we get the exact same result:

𝑟=(

𝑚𝑜𝑝𝑡 1−𝛼
𝑀

)

=

𝑙
𝑙0

(33)

The limited nutrition, the energetic control of the tumor could be considered as a part of the controlled therapy
[52]. If the cell culture were to be placed on the tumour region, and the cell culture had the same or higher
demands as the tumour tissue, then it could successfully compete against the cancer cells supplied from the
same sources of energy. These in-silico results have not yet been verified experimentally, they are expected in
the future.
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Figure 1. Development of the relative length in time of vascular structure in a tumor at various allometric
exponents: the normal, tumor-free tissue 𝛼 = ¾ (solid line) and in the Euclidean geometrical construction 𝛼 =
⅔ (dotted line). The saturation time to reach the final length increases by the decreasing of the vascular fractaldimension, ( ∝1 = 0.701, dashed line; and ∝2 = 0.62, dash-dotted line). The chosen sample parameters: 𝑚0 =
1𝑎. 𝑢.. and 𝑀 = 1000𝑎. 𝑢.

5. Conclusions
The mass change to the more fundamental length of the vascular network in allometric scaling is generally
proven in optimal metabolic conditions. We had shown the application in two basic kinds of non-optimal
alimentation processes, too.
We proved that allometric scaling could eliminate the mass and an entirely intrinsic parameter, the average
relative length of the circulatory network. The allometric model by the length directly connects the metabolic
energy intake of the tumor with the length of the vascular system, as a supplier of energy. The derivation of
the equations is rather general because the obtained fractal dimensions are model-independent. We regard the
vascular length as more fundamental than the mass because the tumor volume is usually indefinitely smeared
out, having a gradient formed by the mix of the precancerous and host cells. Hence, the fractal determination
of the vascular network gives a more precise solution for allometric relations.
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Abstract
Homeostasis creates self-organized synchrony of the body’s reactions, and despite the energetically open
system with intensive external and internal interactions, it is robustly stable. Importantly the self-organized
system has scaling behaviors in its allometry, internal structures, and dynamic processes. The system works
stochastically. Deterministic reductionism has validity only by the great average of the probabilistic processes.
The system’s dynamics have a characteristic distribution of signals, which may be characterized by their
frequency distribution, creating a particular “noise” 1/f of the power density. The stochastic processes produce
resonances pumped by various noise spectra. The chemical processes are mostly driven by enzymatic
processes, which also have noise-dependent resonant optimizing. The resonance frequencies are as many as
many enzymatic reactions exist in the target.
Keywords
Homeostasis, Self-Organizing, Feedbacks, Complexity, Resonance, Stochastic Processes, 1/f Noise,
Dissipation, Enzymatic Reactions

1. Introduction
All parts of the biosystems are energetically open. The micro and macro environment have a decisional
influence on their processes. The system exchanges energy and information with its environment. According to
a well-defined balance, the processes are dynamic and interconnected with each other, the homeostasis [1]. This
dynamic stability is self-organized [2], and despite the intensive interactions, it is robustly stable at large order
of magnitudes [3]. The dynamic stability is regulated and controlled by the homeostatic feedback mechanisms
[4], keeping the balance between promoters and suppressors in the complete system [5]. The living network is
undoubtedly not a simple addition of its parts [6]. It forms a complex structure [7]. Theoretical biology faces a
severe challenge of complexity [8].
Regardless of its living of lifeless state build forms, the natural structures are far from the possibility to
describe them in the frame of Euclidean geometry with straight lines and circles. The natural structures are
self-organized and mostly form fractal structures [9]. The fractal geometry in life makes it possible to
categorize the living species by their allometric comparison [10] comparison of complex morphogenetic
differences [11]. This type of universality of the complex feedback mechanisms controls the dynamic equilibrium
maintaining the homeostasis [12]. Fractal models represent an excellent approach to explaining the living
processes’ structural development [13], even for the genetic code structure [14].
The genetic code construction uses Kronecker products (KP) of matrixes with binary numbers. The construction
of KP sequences the same template and so represents fractals too [15] [16]. The generated nucleotide
sequences characteristic of various living systems form a fractal pattern. An extension of KP construction
introduces blocks and a multifractal approach [17], which fits the living complexity [18].
The fractal description is suitable for extending the dynamic physiological processes and analyzing the fractal
properties in time [19]. The time-fractal studies are based on the research of the structure of various signals
[20] [21]. The dynamism of the energetically open living systems dominantly involves self-organizing processes
allowing their fractal description [22]. The time fractals reflect the complex space-time approach developed a
new discipline, fractal physiology [23] [24], expressing the collectivity of the processes [25].
The modulation of the external bioelectromagnetic signals has well-explained principles. The carrier frequency
helps in the selection mechanisms, while its modulation supports homeostasis by its time fractal (1/f)
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frequency distribution [26]. 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 [27], 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 [28]. The fundamentally nonlinear
physiological system dynamics work on the edge of chaos, a border of order and disorder showing a constant
dynamic interplay between these states [29]. The challenge of the homeostatic equilibrium is the apparent
chaos. The chaos looks complete randomness only. However, 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 (SOC) [30], which is formulated, as the “life at the
edge of chaos” [31]. This chaos is the realization of a well-organized stochastic (probabilistic) system [32]. The
chaos is only an ostensible complete disorder [33].

2. Methods
2.1. Fluctuations
An organism has a finite number of possible states. These states could be characterized in terms of operational
quality utilizing a diagnostic parameter (signals). All signals have an average in time, and the signals fluctuate
around this value in a controlled band. The random fluctuation sets various states (microstates) of the body,
which exist only briefly and appear as fluctuation. The temporal fluctuation is regarded as a noise of the signal.
The noise of living processes usually does not fluctuate randomly. The homeostatic control of the body
regulates them. The minimal number of diagnostic signals is defined by the quasi-independent, weakly
overlapping regulation intervals. The number of these quasi-independent diagnostic signals does not change
during the system meets the conditions of the healthy dynamical equilibrium, the homeostasis. The average
values, the fluctuation band, and the distribution of the frequencies may vary, depending on age and adaptation
to changing environmental conditions. These quantities are called macroscopic diagnostic determinants and the
status vector with Di diagnostic states:

Di = Di ( X , Y )

( i = 1, 2,

, n)

(1)

where X and Y are the signals of the system and outside environment, respectively. Due to the short time
realized microstates, the number of diagnostic states is significantly less than the numberof its determinant
signals Di , consequently, the microstates appear as statistical statements. The same homeostatic macrostate
has a wide variety of microstates that change rapidly over time, fluctuating around the averages. The probability
that the microstate falls in the interval ( X , X + dX ) at time t, i.e., the probability density w ( X , t ) with:

PX ( X    X + dX ) = w ( X , t ) dX

(2)

Consequently Di is given by w ( X , t ) it is a stochastic determinant which primarily we characterize with its
average (mean value)
Di = 

(X )

Di ( X , Y ) w ( X , t ) dX

( i = 1, 2,

, n)

(3)

and its variance
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 Di =
where

( Di −

Di

)

2

( i = 1, 2,

, n)

(4)

denotes the average of the values. The failure of the dynamic equilibrium when Di − Di

is larger

than a predetermined threshold with a limiting value ( l Di ). According to the Chebyshev theorem [34] the
probability that Di − Di  lDi (so the system is out from the healthy homeostasis) is:

(

)

Pfail Di − Di  lDi 

 D2 i
lD2i

=

( Di −

Di

lD2i

)

2

(5)

In a healthy state the Pfail is small. The Di average characterizes this state. The conventional diagnostics
controls Di values only, regarding the patient healthy when the fluctuations f Di = Di − Di remain within a
tolerance band l Di . However, the fluctuation carries essential information about the microstates. Changes in
the regulative processes could drastically modify the fluctuation of the signal without changing its average
value. Study the noise spectrum may predict modifications of the regulative feedbacks, so it has diagnostic
value.
The living, dynamic equilibrium is well-regulated but in a probabilistic way. The time-dependent processes
realize the observed signal with a probability, as the actual exposition from the possibilities of the fluctuations
of the measured signal.
The vital principle is the feedback mechanism, which controls the balance within a predetermined range around
the reference value. It is usually well modeled with fuzzy logic, an approach to counting “degrees of truth”
rather than the usual “true or false” decisions [35]. This logic governs homeostatic equilibria in all ranges of
space and time in living systems. This uncertain value is undoubtedly in a controlled reference interval, were
strongly interconnected negative feedback loops regulate the balance in the micro and macro ranges, forming
the system’s dynamic stability.
These phenomena request a stochastic approach (probability of events dependent on time) instead of
conventional thinking based on deterministic changes [36]. Deterministic reductionism can mislead the
research. The homeostasis is often ignored and used as a static framework for effects [37]. The stochastic
approach is fundamental in biological dynamism [38]. The dynamic homeostatic equilibrium keeps the system
in a stable but constantly changing state.

2.2. Stochastic and Deterministic Approach
A model calculation of tumor growth shows the strength of the stochastic approach. In a simple example, the
growth of a tumor can be described deterministically. The deterministic change of tumor mass ( M t ) by
observation time (  t ) is proportional with its actual mass ( M t ):

M t ( t ) = kM t ( t ) t

(6)

where k is a constant. A well-known exponential solution uses the mass of the tumor at the start of its
observation ( M 0 ):

dM t ( t )
dt
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= kM t ( t )  M t ( t ) = M 0 ekt
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(7)

In a deterministic way, the prognostic task of oncology would be simple regarding exponential growth. However,
the process is stochastic, requesting the step-by-step analysis of the development of the tumor. We follow the
additional or disappearing individual cells producing the mass growth. The probability PM t to add a cell to the
tumor at t time during Δt interval is proportional with kM t ( t ) t , as we assumed initially been in (6). Then the
probability equation with the added and eliminated cells in time interval Δt is:
PM t ( t + t ) = PM t ( t ) + k ( M t − 1) tPM t −1 ( t ) − kM t tPM t ( t )

(8)

It depends on the added cells to the tumor from the previous time interval ( PM t ( t + t ) ) and the eliminated cells
in the actual time ( −kM t tPM t ( t ) ) considering the process in one step before ( k ( M t − 1) tPM t −1 ( t ) ). In a
differential equation form:

dPM t ( t )
dt

= k ( M t − 1) PM t −1 ( t ) − kM t PM t

(9)

When we start from a single cell ( PM t ( 0 ) = 1 if M 0 = 1 , PM t ( 0 ) = 0 in every other case), the solution of (9)
at M t  M 0 cases:

 M t − 1  − kM 0t
PM t ( t ) = 
1 − e− kt
e
M
−
M
0
 t

(

)

Mt −M0

(10)

Compare (7) and (10) how they are different! The deterministic approach (7) is continuous in time, running in real
values, while the stochastic, probability-based approach (10) jumps on integers, building up the tumor-mass
step by step. The deterministic equation gives a fixed result, while the stochastic shows “only” probability. It is
interesting to see that the deterministic result is the particular case of the stochastic one, the
deterministic PM t ( t ) = M t ( t ) condition does not depend of the actual number of steps. Consequently, the
averaging of the stochastic probability results provide the deterministic solution:

PM t ( t ) = M t ( t ) =





Mt =M0

M t PM t ( t ) = M 0 ekt

(11)

2.3. The Fluctuation Phenomena
The signals follow the living, dynamic interactions, the molecular changes, and the chemical and physical

excitations give a structured noise. The power spectral density of a signal ( S ( f ) ), is the power of the noise
(fluctuation) per unit of bandwidth. Define the work of the x ( t ) stochastic process:


W :=  x 2 ( t ) dt

(12)

−

The (12) with the Parseval’s formula may be evaluated




−

−

W =  x 2 ( t ) dt =  S ( f ) df

(13)

where S ( f ) is the spectral power density in any random stationary case. The Fourier transform of x ( t )
stochastic process is the primary step to study the phenomena [39],
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X(f)=

1



 x (t ) e
2 −

− j 2 ft

dt := F  x ( t )

(14)

where the spectral density function S ( f ) is:

S( f )=

X(f)

2

(15)

2

The even function of the frequency, i.e., S ( f ) = S ( − f ) .

The S ( f ) gives the intensity of noise as a function of spatial frequency, measured in

W
= J , characterizing the
Hz

stochastic signal with the f frequency.
The most straightforward complex noise follows normal (Gaussian) distribution (the amplitudes have normal

distribution), and its power function S ( f ) is self-similar through many orders of magnitudes. In this simple
case, the S ( f ) :

S( f )=

A
f

(16)

The  exponent in (16) formally refers to optics, noted as the “color” of the noise. The white-noise is flat (  = 0
), the pink-noise has  = 1 , and other colors are described by various other numbers up to  = 2 , the brownnoise. So, the S ( f ) of pink-noise inversely depends on f frequency, noted as 1/f noise. The 1/f noise carries the

self-similar structure of living processes having a time-fractal covering the life’s dynamism [40] [41]. The
dynamical fractal structure of living systems marks the self-organizing both in geometric and time structures
and dynamically regulates the living matter [42], defines time-fractal structure in stochastic way of the living
systems [43], a 1/f fluctuation. The physiological control shows 1/f spectrum [44]. One of the most studied
such spectra is the heart rate variability (HRV).
This 1/f noise has a particular behaviour. Each octave interval (halving or doubling in frequency) carries an
equal amount of noise energy. The living system makes special signal processing due to its self-organized
symmetry, so it transforms the white noise to pink [45], forming the most common signal in biological systems
[46].
Stochastic signals additionally to S ( f ) are usually characterized by their autocorrelation function RXX ( t1 , t2 ) .
The autocorrelation measures how the signal correlates with a delayed copy of itself in the function of timelag ( = t2 − t1 ) , measuring the signal in t1 and subsequent t 2 in X position. The autocorrelation evaluation is a

mathematical tool for finding repeating patterns, looking for periodicity in the signal. It allows identifying the
existence of the biological chain processes. The S ( f ) and RXX ( t1 , t2 ) functions are not independent, they could

be converted to each other by Fourier transformation. Measuring the power density S ( f ) of a signal is easier
than its autocorrelation, so usually the studies concentrate on the power density function.
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3. Results
3.1. White Noise
All frequencies in the entire interval have the same A amplitude in the white noise spectrum:

S( f )= A

1
f

(17)

i.e., from (16),  = 0 . Consequently, the autocorrelation function is completely uncorrelated:

1 
S ( f ) cos ( 2 f  ) d f =  S ( f ) cos ( 2 f  ) df

−
0
2
A 
A
=  2 cos ( 2 f  ) df =  ( )
0
2
2

RXX ( ) =

(18)

The band constraint in a limited interval, up to f max upper-frequency limit affects a longer-term correlation:

f max
1 0
S ( f ) cos ( 2 f  ) d f = 
S ( f ) cos ( 2 f  ) df
0
2 −0
sin ( 2 f max )
A fmax
= 
2 cos ( 2 f  ) df = A
0
2
2 f max

RXX ( ) =

(19)

For example, the completely flat S ( f ) limited to the frequency-band [−10 - 10] has well-defined
autocorrelation Figure 1:
The correlation function oscillates, so the correlation length does not monotonically decrease in band-limited
white noise.

3.2. The 1/f Noise
A stationary random process has an indefinite duration. To introduce a modified density spectrum, consider a
finite segment of the random process x ( t ) of duration 2T, defined by:

Figure 1. The correlation function RXX ( ) of band-limited white noise
than the S ( f ) = f 0 = cos t .

 x (t ) , − T  t  T

xT = 
and lim xT ( t ) = x ( t )
T →
otherwise

0,
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According to (14), the Fourier transform of xT ( t ) has the form of

X ( f ,T ) =

1

 xT ( t ) e
2  −T
T

− j 2 ft

(21)

dt

The Fourier transform of the function x ( a  t ) , where a is an arbitrary complex number, and f is the frequency:

F  x ( a  t ) =

1 f 
X 
a a

(22)

F  xT ( at ) =

1 f 
X  ,T 
a a 

(23)

Use (21) and (22) we get:

Using Parseval’s formula and (15):

1
lim
T → 2T

2

X ( f , T ) 
1

lim
S ( f ) =

2 T →
2T





T

 x ( t ) d t =  S ( f ) df
2

−T

−

(24)

The living processes are basically self-similar, so it is convenient to define the self-similarity of a stochastic
process. A stochastic process is said to be self-similar if the effective power of the stochastic process

representation x ( t ) equals the effective power of the representation x ( at ) defined over time scale [at], for
every a positive scalar, i.e.:

1
T → 2T

T

lim



−T

1
T → 2T

x 2 ( t ) dt = lim

T

2
 x ( at ) d ( at )

(25)

−T

And so from (22) and (20), we get

a



−


1 f 
S   df =  S ( f ) df
2
−
a a

(26)

Also, for the power spectral density function, the functional equation may be expressed:

f 
S   = aS ( f )
a

(27)

for every positive scalar a and every scalar f. To solve this equation, we assume that f  0 and set for a the
value a = f :

S( f )=

S (1)

On the other hand, if f  0 then f = − f , and
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f

(28)

1 f  1  f 
S   = S −  = S ( f )
a a a  a 

(29)

Let us set for a the value a = f and take into account that the power density function is even, so we obtain the
1/f spectrum, or “pink-noise”:

S (1)

S( f )=
The autocorrelation function of S ( f ) 

(30)

f

1
pink noise with Fourier transformation has a singular result:
f1

1 
S ( f ) cos ( 2 f  ) d f
2 −
 1
=
cos ( 2 f  ) df
0 f

RXX ( ) =

=

cos ( 2 f  )



2 f 

0

(31)

d ( 2 f  )

follows the Ci ( x ) function:

Ci ( x ) = − 



x

cos ( 2 f  ) cos x
dx
2 f 
x

(32)

Due to Ci (  ) = 0 , the autocorrelation of 1/f noise in long time-lag is zero Figure 2.
By the ergodic hypothesis [47], the autocorrelation function of a stationary random process x ( t ) can be defined
as

Rxx ( ) = lim

T →

1
2T

−T x ( t ) x ( t +  ) dt Rxx ( ) = Rxx ( − )
T

(33)

where  is the time-lag. The relation between autocorrelation function and the power density spectrum can be
expressed by the Fourier transform of the autocorrelation function (Wiener-Khinchine theorem), namely:

Rxx ( f ) =

1

Rxx ( ) =

1



 Rxx ( ) e
2 −

2



−

− j 2 f 

d

Rxx ( f ) e j 2 f  df
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Figure 2. Autocorrelation function of 1/f noise (negative
integral cosine function, −Ci ( x ) ).

From these (considering [36] and [48] ), we may conclude





S (1)

−

−

f

Rxx ( ) =  S ( f ) e j 2 f  df = 

e j 2 f  df =

2S (1)



(35)

Assuming the lower cutoff frequency f min , the function of such an approximate 1/f noise correlation from(31)



 ( ) =  f

min

 cos ( 2 f  )
1
cos ( 2 f  ) df = 
d ( 2 f  ) = −Ci ( 2 f min )
f
min
f
2 f 

(36)

The procedure is also shown in Figure 2.
It can be seen from the figure that here too, there is a problem with the introduction of the correlation length
since the correlation function oscillates.
In the case where the lower cutoff frequency is minimal, the argument of the Ci--function is small even at
significant offset times. Then the correlation function is as shown in Figure 3.
It appears that this case can be approximated by the sum of white noise and a virtually constant correlation
function. More precisely, the can be asymptotically approximated by

 ( ) = − (  + ln ( 2 f 0 ) )

(37)

with a function where   5772 is the Euler-Mascheroni constant.
The autocorrelation function of 1 f  (   0 and   1 ):

RXX ( ) = 



0

1
1
cos ( 2 f  ) df = 1−

f



  
2 sin 
  (1 −  )
 2 

(38)

Note that colored noises do not fit the white and pink noises, so the basic noises have no common expression.
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The pink noise cannot be described with the classical apparatus of non-equilibrium thermodynamics.
Macroscopic fluctuation characterizes the thermodynamic processes. The range of space in which the
fluctuation occurs is not uniform concerning the fluctuating quantity (s) but is thermodynamically in equilibrium
at all points. The latter means that the exchange of extensive amounts characteristic of fluctuation between
spatial domains during the relaxation period of equilibrium is negligible. A further feature of thermodynamic
fluctuations is that the fluctuation persists for a finite time and that the rate of change of
each ai(i=1,2,⋯,n)ai(i=1,2,⋯,n) extensive can be expressed in terms of the extensive amounts involved in the
fluctuation, i.e.

Figure 3. Autocorrelation function 1/f noise for very low cutoff
frequency (negative, integral cosine function, −Ci ( x ) ).

dai
(39)
= f ( a1 , a2 , , an ) ( i = 1, 2, , n )
dt
Let be an extensive one whose relaxation time is much longer than the others. Then the fluctuation can be
described by this single extensive one. When (39) is linear and returns to the equilibrium position of the system,
then the equation is a one-sided fluctuation process, completely deterministic, with no noise in it:

da
= − a
dt

(40)

a ( t ) = a ( 0 ) e− t

(41)

Solving (41):

Then the correlation function is:
Raa ( ) = a ( ) a ( 0 ) =  a ( 0 )  e
2

− 

(42)

and its power spectrum:





S ( i ) =  Raa ( ) e−i d =  a ( 0 ) 2
−
 + 2
2

(43)

For stochasticity, the necessary noise appears in the fluctuation and spectrum for the whole, but the
considerations lead to (43) are deterministic. Therefore, it is assumed that this deterministic signal is repeated
randomly, forming a noise of a series of randomly repeated deterministic signals. Introducing a white noise
function into the deterministic equation (like is in the Langevin equation) applies the amplitudes of the white
noise spectrum that corresponds to the noise spectrum given by the deterministic random fluctuation and
accordingly with the correlation function too. This is white noise (

1

2

1
) for small  values, while Brown noise (


) for large values.
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In the case of pink-noise, these considerations do not work. The Fourier transform connects the S ( f ) power
function and the Rxx autocirreklation function:

1  i 
S    Raa ( b )
b  b 

S ( i )  Raa ( ) 

(44)

Because

S ( i ) =

1

(45)



because of this

1  i  1
S  =
b  b  

(46)

Raa ( ) = Raa ( b )

(47)

so it follows that

The correlation function is constant in this case, so the pink noise correlated in the same way for each shift, so
there can be no thermodynamic fluctuation!
Starting with such randomized deterministic fluctuations, we get equivalents to form of (40), like:

da
1
= − a = − a
dt


(48)

In this case, instead of (41), we get the following spectrum:

S ( i ) = 



−

f aa ( ) e−i d =  a ( 0 ) 

2


1 + ( )

2

(49)

Assuming that the temporal correlation length probability density function is lognormal, the resulting noise
spectrum is: 1 f  . It is the same as the originally white-noise pumped stochastic case. It is confusing, of course,
that this process started from deterministic distribution, but it was overcome by assuming that there is a
random series of such deterministic fluctuations.
Two stochastic processes can be considered equivalent if their noise spectrum is the same. Based on this, we
introduce a stochastic excitation term q ( t ) to (48):

da
1
= − a + q (t )
dt


(50)

The q ( t ) spectrum is chosen of the signal resulting from the solution of the equation is equal to the power
spectrum of the fluctuation (49). This can always be done. To prove this, Fourier transforms Equation (50), then
we get that

1


q ( )
 i +  a = q ( ) → a ( ) =

1 + ( i )
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(51)

Hence the power spectrum

S ( ) =

2
1 + ( )

2

q ( )

2

(52)

The following choice leads to the desired result:

q ( ) =
Consequently, if q ( t ) is a white noise with

a ( 0)



a ( 0)

(53)



amplitude, then the noise spectrum of the signal is the same

as the noise spectrum of the fluctuation.

3.3. Orstein-Uhlenbeck Process
The power spectrum of a random series of such deterministic fluctuations differs from the white-noise pumped
Langevin solution only in a proportionality factor. We approach the fluctuation by decomposing it into the sum
of quasi-periodic stochastic processes of different statistically independent time scales. The quasi-periodic
stochastic processes with different time scales also have different frequency scales. All such component
processes

are

assumed

to

be

statistically

similar.

Note

the

increase

of

a

stochastic X ( t )

process X ( t + dt ) − X ( t ) without memory with Θ-function:

X ( t + dt ) − X ( t ) =   X ( t ) , t , dt  .

(54)

Assume that   X ( t ) , t , dt  is a smooth function of the X , t , dt variables and that X ( t ) is continuous:

lim X ( t + dt ) = X ( t ) .

dt → 0

(55)

The approach that the observed noise by the emission of subsequent process-chains in statistical mechanics,
the Markov process [49] describes the chain reaction, which is used in biology too [50]. The Markovian recursive
successive building the X ( t + dt ) , while the function X ( t ) from where it was derived depends only from t in
memory-less construction, using:
n
dt 
dt 


  X ( t ) , t , dt  =  X  t + i  − X  t + ( i − 1) 
n
n


i =1

 
dt 
dt dt 
=    X  t + ( i − 1)  , t + ( i − 1) , 
n
n n
i =1
 
n

(56)

dt
can be placed in any proximity of the t times
n
by choosing n large enough. Exploiting the continuity, in this case:
Since dt can be chosen to be arbitrarily small, the ti −1 = t + ( i − 1)

ti −1 → t , X ( ti −1 ) = X ( t )
dt 
n

  X ( t ) , t , dt  =  i =1 i  X ( t ) , t , 
n
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dt 
dt 


Here, the i  X ( t ) , t ,  terms can be considered as representations of the   X ( t ) , t ,  variable that is
n
n



statistically independent due to being the memory free of the process. Since n is arbitrarily large, it follows from
dt 

the central limit theorem that   X ( t ) , t , dt  is the sum of n statistically independent i  X ( t ) , t ,  probability
n

variables. Hence, this probability variable distributes normally. The following properties follow from the
property of normally distributed random variables:
dt 

  X ( t ) , t , dt  = n    X ( t ) , t , 
n

  X ( t ) , t , dt 

Where

notes the mean, and

= n

(58)

dt 

  X (t ) , t, 
n


is the standard deviation. Solving function equations
  X ( t ) , t , dt  = A  X ( t ) , t  dt
  X ( t ) , t , dt 

(59)

= D  X ( t ) , t  dt

where A and D are smooth functions of X and t, and D  0 . Considering the normality of (55) and (60):
X ( t + dt ) − X ( t ) =   X ( t ) , t , dt 
= N  A ( X , t ) dt , D ( X , t ) dt 
1
2

= A ( X , t ) dt + D N ( 0,1) dt

(60)

1
2

where N ( 0,1) is the unit standard deviation squared normal distribution stochastic process with zero means.
Turning to a differential equation, we get the following nonlinear generalized Langevin equation
1

dX
= A ( X , t ) + D 2 ( X , t )  (t )
dt

(61)

driven by normally distributed white noise:

(

 ( t ) = lim N 0, dt −1
dt → 0

)

(62)

In the Gillespie sense [51], the stochastic process is self-similar, resolved to a sum of statistically independent
terms normally distributed within the studied interval. Consider the simplest of the self-similar stochastic
processes in (61):
1

dX
1
= − X + D 2  (t )
dt


(63)

where  is the time constant of the process.
The describes an Ornstein-Uhlenbeck process (OUP), which is stochastic and follows a normal (Gaussian)
distribution. The OUP is homogeneous in time. Its homogeneity in time allows the OUP to describe it simply with
the stochastic interaction of an energy source and the connected energy-consuming system Figure 4, allowing
linear transformations of space and time variables [52].
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The central value is exponentially decreasing, and a white noise drives it. The exponential decay should be
uniformly distributed rather than lognormal, the maximum entropy belongs to1/f, and then the equation and
distribution of the distribution should lead to 1/f.

If we use a lognormal distribution in the interval [53], modifying (63) by D =

D0



[54]:

Figure 4. The simplest relation of the energy
source (reservoir, mechanical, electronic, etc.)
and
the
linear consumer
(energy-sink
mechanical electronic, etc.)
1

D2
dX
1
= − X + 0  (t )
dt



(64)

Thus, the power spectrum of this is distributed by the lognormal of the time domain, asymptotically 1  . The
equation describes the noise of a system excited by white noise consisting of an energy store (e.g., mass,
rotating mass, capacitor, inductance) and a linear attenuation (e.g., fluid resistance, ohmic resistance).The power
spectrum of the process:

S ( , ) =

D0 s2

1 + ( s )

(65)

2

Here  s is the time constant of the system, which can also be considered the natural time scale of the stochastic
process. Let’s define

=

1

(66)

s

a frequency scale at which we want to characterize stochastic processes. Let G (  ) d a be the number of
stochastic processes in the frequency interval (  ,  + d ) , then the energy spectrum of the stochastic
processes in the interval between the frequency scales ( 2 , 1 ) :

2

D  G ( )

1

2 + 2

S ( , 1 , 2 ) = 

d

(67)

If the distribution is uniform, that is, if,

G (  ) d =

d
2 − 1

(68)

then we get that
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S ( f , 1 , 2 ) = 

2

1

D

D

D  G ( )
d

=
2


(

2 − 1 )
2 + 2

D
  2

if 0  

1

2

if 1



2

if 1

2



(69)

a well-known result gives white noise in the first interval, pink in the second, and brown (Wiener noise) in the
third.
When the relaxation rate is uniform in an interval  f1 , f 2  and the applied amplitude doesn’t change. Hence the
spectrum of OUP, S ( f ) =

1
has three well distinguishable frequency parts Figure 5.
f

3.4. Importance of the Self-Similarity
The  s the time constant of the system in (65) generates the stochastic signal. The  s can be considered as the
natural time scale of the stochastic process that characterizes the two-point correlation function of the
stochastic process. Indeed, the two-point correlation function from (65) shows the degree of correlation
decreases exponentially with  time constant:




−
s

=
D
e
0
2
1 + ( s ) 

 XX ( ) = F −1  S ( , s ) = F −1 

D0 s

(70)

This feature of τsτs is the temporal correlation length.
The complexity of the system involves a G ( s ) d s number of statistically independent stochastic processes in
the temporal correlation length interval ( s , s + d s ) , then the resulting energy spectrum of the stochastic
processes in the ( 0,  ) interval is:



S ( ) = 0

D0 s G ( s )
1 + ( s )

2

d s

(71)

when the distribution is scale variant, i.e.:

G ( s ) d s =

d s

s

form, then using Equation (70) a

174

Oncothermia Journal Volume 31, March 2022

(72)

Figure 5. The power density function is divided into
three distinguishable parts in Ornstein-Uhlenbeck
process. The  f1 , f 2  interval, when the probability of
realization of the f frequencies are equal.

1



0 1 +

( s )

2

d s =

1
2

(73)

improper integrated, we get the desired result:



D0 s G ( s )

0

1 + ( s )

S ( ) = 

2

d s = D0 

s



0

1

s

1 + ( s )

2

d =

D0  1
1

2 
f

(74)

The scale invariance means that the probability scale is independent,

G ( s ) d s = G ( s ) d s 

d s

 s

=

d s

(75)

s

In the case where only self-similarity is required, e.g., as a function of density. That is
G ( s ) =   G ( s )

(76)

then we get that
G ( s ) =  s

(77)

In this case  = −1 , it provides 1/f noise. If we require only self-similarity, we get from (71) and (77) that the
noise spectrum of signals in the interval ( 0,  ) is:



S ( ) = 0

D0 s G ( s )
1 + ( s )

2



d s = 0

D0 s +1

1 + ( s )

2

d s

(78)

Due to the physical image, the integrated a

S ( ) = 



0

D0 s +1

1 + ( s )

2

d s =

( s )
d ( s )
  + 2 0 1 + ( s )2
D0



 +1

(79)

to shape.
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The integral is generally unpredictable. Fortunately, in the case of interest to us, if 0    2 the impropriety
integral can be given in the closed-form:

( s )

=A
0 1 +   2 d ( s ) =
 (  + 2)  
(s )
2sin

(80)

( s )
DA
d ( s ) = 0 + 2
 + 2 0
2


1 + ( s )

(81)

 +1






2




This gives (79) that

S ( ) =

D0

 +1



The self-similar distribution function is thus the condition a shaped power spectrum:

S ( ) 

1

(82)



The above considerations can be generalized to a large extent.

Namely, if instead of D =

D0



in (64) use

D0

D=

(83)



We start from the stochastic process described by the equation, using normally distributed white noise as
before in (62). Then the power spectrum will be:

S (  , ) =

D0 2 −

1 + ( )

(84)

2

If we require only self-similarity, we get from (84) and (59) the noise spectrum of signals in the interval ( 0,  ) :

S ( ) = 



0

D0 2− G ( )
1 + ( )

2

d = 



0

D0  − + 2

1 + ( )

2

d

(85)

Due to the physical image, the integral is arranged into a form:

( )
S ( ) = 
d =  − +3 
d ( )
2
2
0
0

1 + ( )
1 + ( )


D0  − + 2

D0



 − + 2

(86)

In the case of interest to us, if the 0   −  + 3  2 the impropriety integral can be given again in closed form:
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( )

=A
0 1 +  2 d ( ) =
 (  −  + 3)  
( )
2sin

(87)

DA
( )
S (  ) =  − + 3 
d ( ) =  −0 +3
2
0


1 + ( )

(88)



 − + 2




2




which gives from (78):

D0

 − + 2



The self-similarity is again desired the power spectrum:

S ( ) 

1

(89)



This result concludes to an important note: the self-similarity is a more fundamental feature of the noise than
its 1/f shape. Support this we derive instead of the 1 f  the noise spectrum from thermodynamic fluctuations,
[55].

3.5. Energy Dissipation
Considering that the quantum theory of the dissipative systems is not adequately worked out, we stay within
the range of the classical theory. We suppose that the pieces of information necessary for the communication
are carried by the analog signals describing the physicochemical state of the individual cells. Furthermore, we
are going to suppose that the self-similar Markov processes can represent the state of coaching biological
subsystems. Gillespie could show that from this assumption, the equation describing the dynamics of processes
can be concluded. This is the generalized Langevin equation [56]:
1
dX i
= Ai ( X j , t ) + Di2 ( X j , t )  ( t ) , ( i = 0,1, 2,
dt

, N − 1)

(90)

where

(

 ( t ) = lim N 0, dt −1
dt → 0

)

(91)

is the white-noise with zero mean value, infinite dispersion, and normal distribution. Let us decompose
the Ai ( X j , t ) function into three parts:

N −1

Ai ( X j , t ) = fi ( t ) + Ai ( X i ) +  cik X k

(92)

k =0

where the cik elements form a cyclic matrix.
 c0
c
C =  N −1


 c1

c1
c0
c2

cN −1 
cN − 2 


c0 

(93)

Ai ( X i ) can be nonlinear and the fi ( t ) is the time function generated by the internal active processes of the cell.
It is reasonable to assume that Ai ( X i ) is identical for each cell, and at the same way, we may suppose that Di is
constant for each cell. This latter can be justified because each cellis to be found in the same heat conditions.

We did not assumed any confinement for the f i ( t ) function. The proposed equation is the generalization of the
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model of the coupled damped oscillators, which showed [57] that the stochastic resonance is included in the
forms of motion. We are going to examine a case where the social signal has low amplitude; therefore, the
nonlinear members can be neglected. Then (91):
1
N −1
dX i
= fi ( t ) +  cik X k + D 2  ( t ) , ( i = 0, 2,
dt
k =0

, N − 1)

(94)

3.6. Cellular Communication in a Noisy Environment
The effective field strength of thermal noise was first calculated by Weaver and Astumian [58]. The Weaver &
Astumian model (W-A model) assumed changes in the field strength result from fluctuations of space charges
on both sides of the cellular membrane and further showed a thermal noise limit at low frequencies. Kaune
[59] revisited the W-A model and showed that the field strengths typical of thermal noise converge to zero at
low frequencies. Therefore, the W-A model does not describe this region appropriately. However, thermal noise
in Kaune’s model [19] is assumed to be synchronized (coherent) over the entire cell membrane. This assumption
is called the coherence condition. Unfortunately, thermal noise is unlikely to be coherent over a large structure
such as a cell. Therefore, the calculation that followed is limited to a highly unlikely special case. Kaune set all
noise-generators to be equipotential based on the coherence condition by assuming parallel connectivity and
the equivalent electrical circuit. As the coherence condition does not hold in the general case, the equipotential
assumption also does not hold in the general case. We generalized the problem and developed a solution [60].
Our results proved when there are only zero-mode currents present. The limit does not exist. However, at nonzero currents, the thermal noise does limit the efficacy of electromagnetic effects in low frequencies. The zero
mode is the action by central symmetry for all individual cells instead of the translation symmetry of the
usually applied outside field effects.
The topological construction is an essential factor of the cellular organization, [61], irrespective it is alive or not.
The cellular structure, because of some topological reasons, develops preferring special coordination
arrangements [62] and could arrange a self-organized collectivity [63] [64]. It was discovered that the division
tendency is very low in the cell population, small in number [65]. For the start of a significant cell division, a
critical cell density is necessary. This was later observed on a self-synchronization of chemical oscillators [66].
The topological importance was assumed in living cellular cultures also, [67], declaring that not the cell density
but the position (coordination number) of cells related to each other determines what is favorable or not
favorable from the point of view of division. This hypothesis was later justified experimentally [68].
The cells in developed multicellular living objects are grouped into organs to perform certain tasks in a network
together. This network extends inside the cells and has suitable connection points outside the cell wall, ensuring
with this to involve the cellular mechanisms in the tasks of the network. The cytoskeleton of the cells provides
the basic cellular information-transfers intracellularly. The internal cytoskeleton network has transmembrane
bridges (e.g., adherent connections, junctions) connecting the matrix structure on the outer side of the cell
through the polar protein molecules [69]. The network develops by polymerization [70], where the water
structures of aqueous electrolyte arrange the extracellular matrix partially. For example, the formed
“intercellular filaments” in epithelial tissues implements the mechanical coupling of individual cells [71] [72].
Ordered water creates efficient proton conduction mechanisms [73] that disordered water does not have. The
hydrogen bridges transport the protons, which is crucial in living systems [74]. This high-speed and low
dissipation of the transport propagation is based on Grotthuss-mechanism [75].
The healthy cells are under the control of others in the network (“social” signaling [76], a collective action).
Social information should spread within the body without loss of information. However, the environment is noisy,
and the living information exchange faces this challenge. Now, we are going to prove that among the modes
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belonging to the eigenvectors of the matrix (93) of equation (91), there are modes of zero noise spectrum. It is
well known that any cyclic matrix can be diagonalized by the transformation matrix [77], that is
1 1
1 a

1 
1 aj
T=

N


1 a N −1

1 
a N −1 
j N −1
a ( ) ,



( N −1)2
a


1
ai
a ji
a(

N −1) i

(95)

where a = ei 2  N . Applying this transformation to the Equation (94), we obtain:
dxsi
= i xsi + f si ( t ) +  si ( t ) ( i = 0,
dt

, N − 1) .

(96)

Here the new coordinates and the eigenvalues of the cyclic matrix are

xsi =

1
N
N −1

N −1

1

1

 si ( t ) = D 2

 a −ik xk ,

k =0

N −1

1

 j =  a ck , f si ( t ) =
jk

N

k =0

a

N
− ik

k =0

N −1

 a −ik  ( t ) ,

(97)

k =0

f i ( t ),

( j = 0,

, N − 1)

Let us consider any one of the new
1

 si ( t ) = D 2

N −1

1
N

 a −ik  ( t )

(98)

k =0

noise components for which k  0 (non-zero order component). Let us take the Fourier to transform thereof
and consider that the amplitudes are unitary in the white-noise spectrum. Then we get that
1

 si ( t ) = D 2

1
N

N −1

 a −ik ,

k0

(99)

k =0

On the other hand, we know that
N −1

 a −ik

=0

(100)

k =0

In consequence, every non-zero order mode is noiseless because:

 si ( t ) = 0, k  0

(101)

So the zero-order noises are not only limitless by thermal noises, but the signal exchange in such a way is
noiseless.

4. Conclusion
The stochastic processes drive the homeostatic harmony, synchronizes the processes by environmental noises,
while the system performs the important internal signal communications noiselessly. The dynamic stochastic
living systems involve characteristic resonances. Particular resonant frequencies differentiate and describe the
various enzymatic processes.
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Abstract
The malignant processes deviate from the healthy homeostatic control, and various “tricks” enable malignant
cells to avoid the healthy regulation. Consequently, the malignant structures miss the apoptosis and proliferate
without restriction, and without the formation of communication networks in the newly formed cells. The
modulation supports the homeostatic control to rearrange the health regulation processes in various ways.
The modulation acts with stochastic processes, using stochastic resonances for molecular excitations,
supporting the regulative enzymatic processes. The number of stochastic resonant frequencies is as many as
the number of enzymatic reactions. The malignant cells differ structurally and dynamically in their connections
and interactions from their healthy host tissues. The radiofrequency carrier is modulated with an appropriate
time-fractal (1/𝑓) noise to select the autonomic cancer-cells, destroy them, or force the precancerous, semiindividual cells to participate in the networking connections. The modulation in this way limits the cellular
autonomy of malignant cells and boosts the healthy control. The resonant energy triggers apoptotic processes
and helps immunogenic actions deliver extracellular genetic information for antigen-presentation. The
modulation is applied in clinical practice. The therapy (modulated electro-hyperthermia, 𝑚𝐸𝐻𝑇) is intensively
used in oncology in complementary applications and for palliative stages, and occasionally even as a
monotherapy.
Keywords
Pink-Noise, Homeostasis, Amplitude-Modulation, Cellular-Communication, Antigen-Presentation, Stochastic
Resonances, Resonance Frequencies, Cellular Networking

1. Introduction
Healthy homeostasis controls the dynamic balance in the organism, ensuring the harmony of complex microand macro-interactions. Cancer destroys this harmony. The modulation goal is to find and force the malignant
cells into apoptosis and to restore the healthy synchrony between cells and their communication.
The malignant processes are driven by the unicellular behavior and the individualism of the involved cells. The
result is the breakdown of the integrity of the multicellular organization (which normally has a healthy
networking structure). Cells with autonomy behavior have potential to better adapt to environmental changes.
The transformation from the organized multicellular structure seen in healthy tissues to the structure seen in
tumors is driven by the primitive transcriptional programs active in malignant cells [1]. The reorganization of
the tumors structure supports the unicellular behavior and autonomy of the malignant cells, promoting the
survival of the “colony” of malignant cells [2]. In an attempt to correct the abnormality, the healthy host initiates
processes, such as angiogenesis, nerve healing, and numerous other supports, which instead provide essential
conditions for the development of the malignancy. This regulation follows the general homeostatic control of
the body. From the time that the malignancy appears in the tissue, cancer becomes a systemic disease. The
dynamic control mechanisms of the healthy host are not able to repair the malignant lesion due to various
reasons: genetic aberrations [3], mitochondrial dysfunction [4], and other intra- [5] and extracellular [6]
hallmarks of cancer. Additional challenges which the host must face are the permanent uncontrolled stress on
the system exerted by the malignancy [7], the recognition of the lesion as an unhealed wound [8], inflammation
[9], and the blocking of apoptotic activity in malignant cells [10].
Cancer is an organizing (networking) disease, where the cells abandon the cooperative advantages [11]. The
application of a tool that can help the homeostasis mechanisms to correct the cellular disorder of the malignant
lesion and induce apoptosis, could allow for the cancerous cells, which are acting autonomously, to return to a
healthy network by forcing cooperative harmony. Our objective is to show the possible effects of the modulated
radiofrequency (𝑅𝐹) carrier, and its preclinical and clinical applications, in order to achieve this goal.
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2. Methods—The Modulationphenomena
The concept of modulation applied in physiology is centered on the stochastic dynamics (time-dependent
events) in the biosystems. The chosen frequency spectrum is devoted to promoting healthy controls and
intended to suppress cancerous processes. The carrier frequency is in the radiofrequency (𝑅𝐹) range which
delivers an audio range < 20𝑘𝐻𝑧) to the target. This method is well known and intensively applied by the various
telecommunication networks (radio, TV, phone, GPS, etc.) to transfer information between the source and the
distant targets.
The masking of the carrier can be achieved using different features of the RF wave, like its amplitude, frequency,
or phase. The amplitude modulation was historically the first form of modulation, and it is the easiest to decode
the delivered information (demodulation). The resulting shape of the signal follows the shape of modulation
(Figure 1); mirroring the modulation signal at both the positive and negative side of the delivery. This amplitude
modulation is very vulnerable to environmental noises and absorbents.

2.1. Why Modulation and not Direct Excitations?
The question naturally arises: while the advantages of frequency modulation include better stability over
distance, less vulnerability to interferences, better selectivity, why then do we not propose applying directly the
modulation frequencies in order to transmit information in biological systems without carrier frequency?
The challenge is to deliver the low frequency to the body and the selected places. The low frequencies are
blocked by the heterogenic isolating (capacitive) factors in the application. The adipose tissue in the layer at the
skin, the various membranes, and isolation compartments block the low-frequency current because their
electric impedance inversely depends on the frequency. This resistivity becomes too high in low frequencies,
and no deep targeting of structures is possible. In order to overcome the adipose layer, invasive application
could be introduced, but other isolations remain.
The proper solution for the direct effect would be the invasive application of low-frequency, electrodes in the
tumor itself, where the low-frequency effect of isolators is negligible. However, the inserted electrodes develop
a layer on the surface of electrodes in the tumor, which produces a complex impedance effect (Warburg
impedance, 𝑍𝑊 ) [12] and has an inverse-square-root dependence on the frequency (𝑓). In a case of planarelectrode and sinusoidal supply, the Warburg impedance is [13]:

𝑍𝑊 (𝑓) = 𝐴

(1 − 𝑖)
√𝑓

(1)

where A is a constant and 𝑖 = √−1. To avoid the Warburg impedance, a high

Figure 1. The amplitude modulated carrier frequency. (a) The modulation with a low-frequency periodic signal,
(b) the modulation with a non-periodic signal with frequency variants.
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frequency is necessary. This noise could limit the accuracy of the measurements. However, in low frequencies,
the large Warburg resistance also produces large electric noise because the electric noise of the resistance is
proportional to the value of the actual resistivity [14].
The other advantage of the high frequency carrier is its impedance selection, which focuses the effects on the
malignant cells, with the dispersion relation to attack the membrane rafts for exciting extrinsic signal pathways
to apoptosis.

2.2. The Modulation Process
The electromagnetic interactions with real biological systems are faced with a heterogeneous, non-linear, and
complexly regulated target. The in vitro (cell lines), the ex-vivo (tissue samples), the in-vivo (animal
experiments), and human applications differ from each other due to the heterogeneity and organization of the
biological target. The active regulation processes in the targets, which are complex, could change the
electrolytes in the tissue, varying the inhomogeneities, causing further complications in the evaluation of the
interactions. The heterogeneity of the targets influences the results; however the structure and function of the
cellular membranes have strong similarities, which allows for the use of some unified considerations.
The average isolation of the various membranes in the tissues is enormous ≈ 1013

Ω
𝑚

[15]. It is so large that it

can keep ≈ 70𝑚𝑉 at a distance of ≈ 7𝑛𝑚, which is equivalent to ten million volts at a distance of one meter
(≈ 107 𝑉/𝑚), and its capacity is ≈ 10−2

𝐴∙𝑠
𝑉∙𝑚2

=

F
𝑚2

.

The cellular membrane, regulating the ionic transport of selected ionic species in and out of the cells. The idea
corresponds to the triode or transistor when the current that flows through the device is non-linearly regulated
with an intermediate action (net of base), which could amplify the time-dependent signal. The membrane is also
a non-linear element [16]. Applying an RF signal on the membrane, it increases non-linearly Figure 2. The
rectification is not ideal because a small amount of the opposite current also exists.
Measurement of the non-temperature dependent rectification (non-linearity) is not simple because it is not
measurable through the living object when the integrity of the cells is intact. The current traveling through the
cell meets twice with the transmitted signal, first from outside to inside the cell, and the second meeting is in
the opposite direction. The two effects eliminate each other. The lipid bilayer, together with the ionic exchanges,
completes the rectification phenomena [17] [18].
We had shown [19] the white noise excited linear system with infinite freedom, and cyclic symmetry emits pink
noise. It works like a special filter creating 1/𝑓 noise from the non-correlated white noise spectrum, which was
measured [20].
The Fourier transformation of 𝑥(𝑡) pink noise is:

𝐹(𝑓) =

𝐴

(2)

𝑖2𝜋√|𝑓|
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Figure 2. The membranes of cells have
enormously large polarization potential
(≈

70𝑚𝑉
5𝑛𝑚

= 1.4 ∙ 107 𝑉/𝑚),

which

non-

linearity rectifies the RF current. Due to
the
non-linearity,
the
rectification
increases
the
signal
amplitude 𝐴 to 𝐵 (gain: 𝐺 = 𝐵/𝐴).

where A is the amplitude. The noise power spectrum:

𝑆(𝑓) = 𝐹 ∗ (𝑓)𝐹(𝑓) = −𝑖

𝐴

𝑖

𝐴

2𝜋√|𝑓| 2𝜋√|𝑓|

=(

𝐴 2 1
)
2𝜋 |𝑓|

(3)

where the star is a sign of conjugation. Let be the signal function 𝑣(𝑡) of the carrier signal

𝑣(𝑡) = 𝑈0 𝑐𝑜𝑠 2 𝜋𝑓𝑣 𝑡

(4)

where 𝑓𝑣 = 13.56MHz is the frequency of the carrier, 𝑈0 is its amplitude (voltage in electric signal). The 𝑓𝑣 carrier

1
1
𝑌(𝑓) = 𝐹(𝑓 − 𝑓𝑣 ) + 𝐹(𝑓 + 𝑓𝑣 )
2
2

(5)

frequency is in the overlapping range of 𝛽/𝛿 -dispersions. The Fourier transform of the 𝑦(𝑡) = 𝑥(𝑡) 𝑐𝑜𝑠 2 𝜋𝑓𝑣 𝑡
modulated signal:
The Fourier transform of the pink noise modulated carrier is:

𝑌(𝑓) =

1 𝐴𝑈0
1
1 𝐴𝑈0
1
+
2 𝑖2𝜋 √|𝑓 − 𝑓𝑣 | 2 𝑖2𝜋 √|𝑓 + 𝑓𝑣 |

(6)

Physically, only positive frequencies can be realized, so the power spectrum is:

1 𝐴𝑈0
1
1 𝐴𝑈0
1
𝑆(𝑓) = −𝑖
𝑖
=
2 2𝜋 √|𝑓 − 𝑓𝑣 | 2 2𝜋 √|𝑓 − 𝑓𝑣 |
𝐴𝑈0 2
1
=(
)
4𝜋 |𝑓 − 𝑓𝑣 |

(7)

The power spectra of pink noise and pink noise embedded in the carrier are shown in Figure 3. The noise power
spectrum shifts to the 𝜔0 = 2𝜋𝑓0 circular frequency of the periodic carrier.
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2.2.1. Amplitude Modulation-Stochastic Resonance
Many chemical reactions have a coordinated subsequent chain, having a series of reactions in a definite order.
This set is called the Markov process, a chain-like stochastic reaction-line. When the sequence of the realized
states is such, each step depends solely on the state realized in the previous event Figure 4.
The biological processes have well-organized and controlled Markovian chain reactions, avoiding the sudden
single-step liberation of energy during the catabolism. The series of effects in the time dynamics are Markovian.
A two-state Markov process in which we assume that the coefficients can be influenced by an external electric
field are described as follows:

𝑑𝑝1
= −𝛼𝑝1 + 𝛽𝑝2
𝑑𝑡
𝑑𝑝2
= 𝛼𝑝1 − 𝛽𝑝2 ,
𝑑𝑡
𝑝1 + 𝑝2 = 1

(8)

where 𝑝𝑖 (𝑖 = 1,2) is the probability of the actual state, and α and β depend on the external electric field. This is
the master equation of a Brownian particle bouncing back and forth in a potential well with two minima, excited
by a force of an external periodic field.

Figure 3. Power spectrum of pink-noise voltage amplitude modulated signal. The shifted pink-noise signal
modifies the one-sided distribution towards symmetry around 𝜔0 .

Figure 4. The Markov process
is a sequential series of
stochastic processes with
individual
reaction
probabilities.

The cell works appropriately as long as the catalyst enzymes are not poisoned and, obviously, as long as the
catalyst has something to catalyze. More specifically, although coenzymes provide a high degree of enzyme
Oncothermia Journal Volume 31, March 2022
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selectivity, there may be substances which have suppressor functions (enzyme poisons) that react in an
opposite enzymatic way, or the coenzymes act to support the enzyme reaction (promoter function). On the
other hand, when the cell actually does not have molecules to catalyze, the chemical reactions are terminated.
We assume that the two states of the enzyme, A, and B, are stable but interchanging. The two states are the
result of chemical reactions, with α forward, and β backward
reaction rate:
𝛼

𝐴

→
𝐵
←

(9)

𝛽

The concentration of the enzyme by [𝐴] and [𝐵] in confirmation states 𝐴 and 𝐵. Then, the kinetic equations of
the reaction in (9):

(10)

𝑑[𝐴]
= −𝛼[𝐴] + 𝛽[𝐵]
𝑑𝑡
𝑑[𝐵]
= 𝛼[𝐴] − 𝛽[𝐵]
𝑑𝑡
Enter the quantities in (10): [𝑇] = [𝐴] + [𝐵], 𝑝1 =

[𝐴]
[𝑇]

,𝑝2 =

[𝐵]
[𝑇]

, the equation has the same form as the master

Equation (8).
The study of a voltage-gated ion channel defines 𝐴 ≡ 𝑂, and 𝐵 ≡ 𝐶, where 𝑂 is the open state and 𝐶 is the closed
state. In this way, the kinetic equation of the ion channel is again the master Equation (8).
To determine the mathematical form of transient probabilities, we examine the stationary state of (8).
Then,

𝑑𝑝𝑖
𝑑𝑡

=0

𝑝1 𝛽
=
𝑝2 𝛼

(11)

The energy of the two states ±𝛥𝐸 deviates from the reference level and assumes a Boltzmann distribution:
𝐸0 +𝛥𝐸

(12)

𝑝1 𝛽 𝑒 − 𝑘𝑇
= = 𝐸0 −𝛥𝐸
𝑝2 𝛼
𝑒 − 𝑘𝑇

We obtain the Arrhenius law for reaction rates from (12):

𝛼 = 𝐶𝑒 −

𝐸0 −𝛥𝐸
𝑘𝑇 ,𝛽

𝐸0 +𝛥𝐸
𝑘𝑇

= 𝐶𝑒 −

(13)

With this, from (8), we get a differential equation; e.g., for 𝑝1

2𝜏

𝛥𝐸
𝛥𝐸
𝛥𝐸
𝑑𝑝1
= −(𝑒 𝑘𝑇 + 𝑒 −𝑘𝑇 )𝑝1 + 𝑒 −𝑘𝑇 ,
𝑑𝑡
𝐸0 −1

2𝜏 = (𝐶𝑒 −𝑘𝑇 )

Apply Taylor series and stop at the first term, then
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(14)

𝑑𝑝1
1
1
1 𝛥𝐸
= − 𝑝1 + −
,
𝑑𝑡
𝜏
2𝜏 2𝜏 𝑘𝑇

(15)

𝐸0 −1

2𝜏 = (𝐶𝑒 −𝑘𝑇 )

When the field strength is a harmonic function of time, the energy depends on it linearly:

𝛥𝐸 = 𝑎 𝑠𝑖𝑛 𝜔 𝑡

(16)

From (15) and (16), we get

𝑑𝑝1
1
1
1 𝑎
= − 𝑝1 + −
𝑠𝑖𝑛 𝜔 𝑡
𝑑𝑡
𝜏
2𝜏 2𝜏 𝑘𝑇

(17)

To find the form of the excitation, the stationary solution of the following inhomogeneous differential equation
has to be determined:

𝑑𝑝 1
1 𝑎
+ 𝑝=−
𝑠𝑖𝑛 𝜔 𝑡
𝑑𝑡 𝜏
2𝜏 𝑘𝑇

(18)

which is
∧

𝑝(𝑘𝑇) =
=

𝑎
2𝑘𝑇

𝑎
1
2𝑘𝑇 √𝜏 2 𝜔 2 + 1
1
𝐸0

(19)

2

√1 + (𝑒 𝑘𝑇 𝜔)
2𝐶

The solution shows that the probability associated with such an excitation varies according to a harmonic
function with time, regarding the noise intensity of the thermal background 𝑘𝑇 It follows a sharp maximum at
a given 𝑓 frequency as a function of 𝑘𝑇 noise intensity Figure 5. Formulate this result oppositely: this also
means that there is a frequency where the amplitude is maximum for a given noise level. The stochastic
resonance rules also such microscopic molecular structural changes like the protein folding phenomenon [21].

2.2.2. Demodulation Stochastic Resonance
The modulated carrier signal targets the selected malignant cells, and the cells rectify (demodulate) the
received signal. The demodulation is basically a rectification process, which uses stochastic resonance [22]. The
decomposition of (14):

2𝜏

𝑑𝑝1
𝛥𝐸 2
𝛥𝐸
= −(2 + ( ) )𝑝1 + 1 −
𝑑𝑡
𝑘𝑇
𝑘𝑇
1 𝛥𝐸 2
+ ( ) ,
2 𝑘𝑇

(20)

𝐸0 −1

2𝜏 = (𝐶𝑒 −𝑘𝑇 )
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Assume the field strength of the modulated signal is a harmonic function of time and let the energy depend
linearly on it

𝛥𝐸 = 𝑎(1 + 𝑚 𝑐𝑜𝑠 𝛺 𝑡) 𝑠𝑖𝑛 𝜔 𝑡

(21)

Figure 5. The change in the amplitude of the
stochastic resonance probability as a function of
the kT noise intensity (Calculated by PTC
MathCad).

where 𝑚 < 1, the modulation depth 𝛺 is the modulator and the ω carrier frequency.
Substituting this into our previous equation, we get that

2𝜏

𝑑𝑝1
𝑑𝑡

(22)

𝑎 2
= −(2 + ( ) (1
𝑘𝑇
+ 𝑚 𝑐𝑜𝑠 𝛺 𝑡)2 𝑠𝑖𝑛2 𝜔 𝑡)𝑝1 +
𝑎
+1 −
(1 + 𝑚 𝑐𝑜𝑠 𝛺 𝑡) 𝑠𝑖𝑛 𝜔 𝑡
𝑘𝑇
1 𝑎 2
+ ( ) (1 + 𝑚 𝑐𝑜𝑠 𝛺 𝑡)2 𝑠𝑖𝑛2 𝜔 𝑡,
2 𝑘𝑇
𝐸0 −1

2𝜏 = (𝐶𝑒 −𝑘𝑇 )

As a function of probability over time, there is a slow change and a rapid fluctuation. The first is from the
modulation, and the second is from the carrier.
We are only interested in slow change now. To filter this out of the above equation, we average it over the time
of the carrier period. In this case, the slow signal can be considered constant for the time functions, and the
time average can be replaced by the fast one.
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Under this rule, the slow change is

𝑑𝑝1
𝑎 2
= −(2 + (
) (1
𝑑𝑡
√2𝑘𝑇
+ 𝑚 𝑐𝑜𝑠 𝛺 𝑡)2 )𝑝1
+
1
𝑎 2
+1 + (
) (1 + 𝑚 𝑐𝑜𝑠 𝛺 𝑡)2
2 √2𝑘𝑇
2𝜏

(23)

𝐸0 −1

2𝜏 = (𝐶𝑒 −𝑘𝑇 )

equation describes.
Suppose the modulation depth is small. Then our above equation can be further simplified:

2𝜏

𝑑𝑝1
𝑑𝑡

= −(2 + (

(24)
𝑎

2

) (1

√2𝑘𝑇
+ 2𝑚 𝑐𝑜𝑠 𝛺 𝑡))𝑝1 +
1
𝑎 2
+1 + (
) (1
2 √2𝑘𝑇
+ 2𝑚 𝑐𝑜𝑠 𝛺 𝑡)

This is now a linear differential equation with variable coefficients.
Although there is a general solution to this, we are not going anywhere with it, so we will apply the method of
successive approximation to the solution.
Since we are looking for resonance, we only study the effect of the harmonic excitation function:

𝑑𝑝
𝑎 2
+ [2 + (
)
𝑑𝑡
√2𝑘𝑇
𝑎 2
+ ( ) 𝑚 𝑐𝑜𝑠 𝛺 𝑡]𝑝 =
𝑘𝑇
𝑎 2
=(
) 𝑚 𝑐𝑜𝑠 𝛺 𝑡
√2𝑘𝑇
2𝜏

(25)

Introduce the

𝑑𝑝
𝑎 2
+ [2 + (
) +]𝑝,
𝑑𝑡
√2𝑘𝑇
𝑎 2
𝑓(𝑝): = 𝑝 ( ) 𝑚 𝑐𝑜𝑠 𝛺 𝑡
𝑘𝑇
𝐹(𝑝): = 2𝜏

(26)

expressions that are continuous functions of 𝑝.
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Steps of successive approximation:

𝐹(𝑝1 ) = (

𝑎

2

) 𝑚 𝑐𝑜𝑠 𝛺 𝑡,

(27)

√2𝑘𝑇
𝐹(𝑝2 ) = 𝑓(𝑝1 ),
𝐹(𝑝𝑖 ) = 𝑓(𝑝𝑖−1 )
Now it’s true that

𝐹(𝑝1 ) + 𝐹(𝑝2 )+. . +𝐹(𝑝𝑖 )
= 𝐹(𝑝1
+ 𝑝2 +. . . +𝑝𝑖 ) =
𝑎 2
(
) 𝑚 𝑐𝑜𝑠 𝛺 𝑡 + 𝑓(𝑝1 )
√2𝑘𝑇
+ 𝑓(𝑝2 )+. . . +𝑓(𝑝𝑖−1 )
𝑎 2
=(
) 𝑚 𝑐𝑜𝑠 𝛺 𝑡 + 𝑓(𝑝1
√2𝑘𝑇
+ 𝑝2 +. . . +𝑝𝑖−1 )

(28)

If the procedure is convergent, then if 𝑖 → ∞,, the line proceeds to the solution, and due to the required continuity
the above expression reduces to the simple equation:

𝐹(𝑝) = (

𝑎
√2𝑘𝑇

2

) 𝑚 𝑐𝑜𝑠 𝛺 𝑡

(29)

+ 𝑓(𝑝)

Now let’s look at the first approximation! This gives a solution of a smooth diff equation.

𝑑𝑝1
+ [2
𝑑𝑡
𝑎 2
+(
) +]𝑝1
√2𝑘𝑇
2
𝑎√𝑚
=(
) 𝑐𝑜𝑠 𝛺 𝑡
√2𝑘𝑇
2𝜏

(30)

The amplitude of the variable probability according to the harmonic function with modulating frequency can
now be determined as follows:
∧
𝑝1 (𝑅𝑇)

=(

=(

𝑎√𝑚
√2𝑘𝑇

𝑎√𝑚
√2𝑘𝑇

2

1

)

2

=

2
√4𝜏 2 𝛺2 + [2 + ( 𝑎 ) ]
√2𝑘𝑇

2

1

)

2

𝐸0

2
√[2 + ( 𝑎 ) ] + (𝑒 𝑘𝑇 𝛺)
𝐶
√2𝑘𝑇

2

It is a resonance again Figure 6.
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2.3. Effects of Modulation in Human Therapy
The expected actions mark out the following basic goals:
1) Supports the healthy network over the unhealthy network.
2) Selectively targets the cancer.
3) Supports the immune system, boosts the homeostatic harmony and chains of reactions.
4) Excites the selected molecules in selected cells for special molecular and immunogenic changes.

Figure 6. The amplitude of the demodulation stochastic
probability depends on the noise intensity too (Calculated by
PTC Math Cad).

Due to the complex interconnection of the living objects, these effects are overlapping and are supporting each
other.
In the following sections, we focus on emphasizing the features of modulation for fighting against cancer, which
is a disease of the dynamic equilibrium breaking the multicellular cooperative network into unicellular
individualism of the autonomic “selfish” cells. The task is twofold:
1) find and destroy the malignant cells. The intention is to act with the local treatment systemically, extend the
task to the entire body;
2) force cellular homeostasis harmony with a homeostatic synchronization signal.

2.3.1. Boost the Healthy Network
The role of each cell supports each other in the cellular network in a tissue, there must be an interaction
between them to realize this. One such possibility is the cyclic interaction in which the thermal noise is eliminated
and instead a noiseless mode of information exchange appears [23]. When an abnormality occurs in cellular
functions the cyclic symmetry locally brakes. The networked communication between the cells develops
disturbances and that became noisy resulting in a break in the communication between cells. The thermal noise
at least locally overtakes the healthy harmony. This is a change in the physiological information and is
accompanied by broken psychological harmony causing a malaise state.
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The social inclination is encoded by evolution into DNA. It is capable of creating a form of movement in which
only noiseless modes are realized. As a result, two effects are realized, the noiseless communication, and
harmony of physiochemical processes with stress and hormone dependent psychochemical ones. This later is
a brain-controlled systemic process, fixing the well-being.
1) One of the crucial steps to re-establish the cyclic symmetry is the synchrony between the cellular activities.
The self-synchronization of the chemical processes was observed in the famous Belousov-Zhabotinsky (BZ)
reaction [24]. The BZ reactions are far from thermal equilibrium and evolve chaotic features [25], providing a
chemical model of self-organized, synchronized but non-equilibrium biological processes and noise-assisted
ordering [26]. The self-synchronization of chemical oscillators is also a known phenomenon [27]. An interesting
example of neurological harmony is the synchrony promoted by the music affecting neuronal interactions
merging the γ, β, and θ EEG signals as electrical synchrony [28]. Recognition of the harmony in 1/f noise
fluctuations in music [29], connected to the short-range autocorrelation of rhythms [30]. The synchrony
between the living components and the connected, synchronized coupling in living organisms is essential, and
the resonance is a highly effective way to achieve it [31]. When the living system functions normally, there are
noiseless modes of internal communications. The environment is however noisy, and the living information
exchange faces this challenge. This means that the system must work among various external noises and must
be perfectly controlled, even in changing thermal white-noise resulting from temperature in a physiologic
interval. This ensures the dynamic equilibrium, the homeostasis.
2) The physiological state includes a dynamic chemically driven psychological state in the living organism
corresponding to well-being. The relationship between physiological and conscious processes has puzzled many
researchers, including Schrödinger [32]. Apparently, the physicochemical processes that take place in each cell
are the same, but the healthy cells are under the control of others in the network (“social” signaling [33] ) which
is a collective action. Social information should spread within the body without loss of information. This
accompanied psychological process corrects the well-being. The realization of stochastic resonance indicates
that the states of well-being are discrete. Their change is like a “resonance”. Based on a finite number of
distinguishable states of well-being, it is also likely that the number of modes of communication or modes of
disintegration is finite.
The stored information passed down to the new cells through the individual DNA molecules regulates the
organ’s function, but cannot be designated as controllers of the described self-organized communication.
Despite their ability to store all the information about the body in the nucleic DNA, the cells, due to the organ
collectivity, use only those pieces of information appropriate to their tasks in the organ. The intranuclear DNA
is a blueprint for the production of the new cell. This condition provides amazingly high safety in the functioning
of the organ. The “social” communication allows the organ to function even when a part of it is damaged. This
is essentially Neumann’s concept of realizing a high-reliability system from low-reliability ones [34].
As the network becomes extensive, the communication signal goes over greater distances in an intensively
noisy environment, so more and more information is being lost by distance. In the end, the cell cannot recover
the received information. Beyond a limit, noise wins, no matter how good the noise-suppressing ability of the
communication network of cells is. It can be assumed that the disintegration of the information network is a
process similar to the phenomenon of stochastic resonance, i.e., the addition of a small amount of noise leads
to the emergence of novel, primarily chaotic behavior. It is reasonable to assume that with stochastic resonance,
that cell that lost its communication commits suicide, i.e., ends up with apoptosis.
The collective excitations comprise the non-local waves and activate the energy flow in the homeostatic
networks. These excitations are mainly in the low-frequency range, and the expected frequency spectrum
follows the natural 1/f fluctuations [35].
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The self-similar self-organizing process is collective [36] and relates to the scale-independent phenomena [37].
Terminals of a circulatory system to supply an organ adjacent to the cells are equivalent and supply the cells
with the same functions equally. The collectivity subordinates the individual needs to the groups and optimizes
the energy distribution for the best survival with the lowest energy consumption. This energy-share works like
some kind of democracy [38].
One of the fundamental ordering principles for healthy living subjects is a characteristic “democratic” energy
supply in their organisms for optimal energy consumption. The “democratic” idea is more general than just the
energy supply. It characterizes the information distribution, as well [39].
This “democracy” is regulated by general biophysical rules, governed by the competition for resources in microand macro-phenomena, having intensive interaction with their environment. The goal of the multicellular living
object is forming cooperation, optimizing the energy intake. Due to its energetically openness, the individual
living object needs internal cooperative distribution of the incoming energy. The survival of its parts determines
the overall survival of the object, so the optimization of energy distribution is crucial.
In healthy multicellular systems, numerous mitochondria help the individual cellular functions. Even the
otherwise similar cells may vary substantially in their mitochondrial content, together with their size and
membrane potential [40]. The variation arises from uneven partitioning at cell division, producing extrinsic
differences in energy demand and supplied cellular processes [41]. The cells which have considerable energy
demand for their normal function have a higher number of mitochondria. For example, the mitochondria fill up
~20% of the entire cell volume of human liver cells, and they work cooperatively to serve the extreme
hepatocellular ATP demand [42]. The uneven mitochondrial density in different kinds of cells shows the energy
distribution problem between the cells. The cells use different energies depending on their function, so the
“democratic” distribution of energy between all cells equally obviously does not work. However, another kind
of “democracy” works: the cells have well-controlled and balanced energy parts depending on their function in
the collective. The structure of the entire system optimizes the energy distribution. The energy balance realizes
a variation of the transport network supplying the variations of the demand. This directly requires that the
fractal structure of transport is not unified as structure in the system, but of the formed or homeostatic
demands.
The balancing of autocracy and democracy characterizes the evolution when the “selfish gene” [43] attempting
to dominate all processes, but the environment-dependent self-organization requests democratic decisions;
otherwise, the process blocks the system’s complexity. The game with two actions to cooperate or defect well
approaches the biological interactions [44]. The relevance of the strategies of such alternating games is
sometimes more appropriate than synchronous games [45].
Moreover, the complex homeostatic control shows the balancing of feedback mechanisms. The negativefeedback interaction tunes to keep the actual state as close to the accurate value, determined by the selforganizing system. Nevertheless, the system is energetically open, which is the mandatory condition for life, so
the positive feedback mechanisms force some reactions, determining the metabolic processes in both
directions (catabolism and anabolism). This obligatory constraint derives a certainly autocratic line when the
probability of reactions drives the defined direction so the processes. Such necessary autocratic strategies can
be beneficial for exerting control over asymmetric interactions [46]. The regulatory networks have many
similarities, from microbes to humans [47]. The regulation of collaboration and cooperation massively boosts
the democratic character with overall genomic complexity. The regulatory effects in complexity have a
propensity to a partnership supporting the democratic structure, whereas others regulate primarily in isolation,
in a more autocratic fashion [48]. The degree of collaboration forming autocratic, in opposition to democratic,
behavior is a specific character of the complexity in the open living systems.
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Considering the complexity, the compulsory synchronization attempt by external modulated electric forces
looks like a promising strategy in the cases when the collective harmony (the homeostatic regulation) is lost.

2.3.2. Selecting Mechanisms
The biochemically masked, hidden tumor cells show biophysical peculiarities. This biophysical evidence is not
enough to turn the immune attention on the tumors but could select them and force the selected cells to show
their factual genetic errors.
The first recognizable feature is their enlarged metabolic rate. Due to the intensive proliferation, the energy
demand of these cells exceeds the rate of their healthy hosts. The ion transports in their environment increase
the conductivity as a result of the higher ionic concentrations. So the adequately chosen RF current has a higher
current density in the tumor region, where the electric conductivity is higher than in the healthy host. The high
current density in tumor allows for the use of the RF energy to act selectively on cancer and host tissues.
The impedance measurements on Erlich solid tumors [49] identifies the particular fractal structure of
malignancy. As the above discussions explained, the malignant specialties dynamically lower the conductivity
of the tumor and the definite percolative self-similarity, with a lower impedance than the healthy host [50].
The biophysical selectivity has another distinguishing phenomenon due to the cellular autonomy of cancer cells
[51] [52]. The intensive proliferation forms the autonomic feature of the cancer cell. The cytoskeleton of the
cells frequently collapses and re-polymerises due to frequent fission. The intercellular connection is connected
to the mitotic spindle [53], so the dividing cell breaks its connections with the neighbors during the division
process [54]. Autonomy is a perfect concept as a hallmark of malignant cells. However, this hallmark
formulates a more uncomplicated situation than the complex process works in reality [5].
Nevertheless, one factor of this phenomenon offers a selection possibility, the weakening or complete loss of
the networking connections of these cells to their neighbors. The loss of the cadherin intercellular links
promotes tumor growth [55], and allows increased motility of the cells [56], and changes the
microenvironment around it. The rearrangement of the structure in this region, due to the autonomic behavior,
changes the dielectric permittivity, distinguishing these cells’ changed impedance from the healthy cells [57].
The modified environment makes the cell recognizable by the RF-current, which flows through the selected
tumor.
The third selective factor uses the modified structure of the tissue’s pattern, which is a usual experience of the
pathologists to identify the stage and prognosis of the malignancy. The pattern changes the impedance for the
RF-current, and also its reaction to the modulation of the carrier frequency fundamentally differs when it forces
healthy harmony. The well-chosen modulation delivers such a time pattern, which corresponds with the
homeostatic dynamism, and is synchronized with some basic phenomena. But, the cancer is out from this
harmony, and the modulation drastically differs from their dynamic properties. There is a simple analogy to
represent this process with the pushing of the swing in the playground. When the push is in harmony with the
swing’s pendulum, it keeps moving with a small amount of energy; however, when the energizing push is out of
harmony, considerable energy is lost, and the swing loses its kinetic energy. The applied modulation
(synchronization) strategy has to be harmonized with the homeostatic regulation of individual systems.
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2.3.3. Control the Autonomy of Cells
Distinguishing the networked, and individual cells was studied in detail by the Nobel Laureate A. Szent-Gyorgyi.
He applied an etiological approach: how does the cellular collectivity disappear [53] ? He focused on the
pyruvate metabolic pathways for ATP production. He termed the cell which uses the pyruvate dominantly on
fermentative way α-state, which characterized the start of cellular evolution when no free oxygen was available
[58]. This developmental period was unicellular, with the simple operation of life and replicated as much as
possible. These individual cells compete for their demands; acting autonomously, without any cooperative
communication. The appearance of free oxygen changed the game of life and made it possible to develop
cooperative multicellular units, called β-state. The energy production was taken by a “power plant” in the cell,
the mitochondria. Intensive diversity of life was available. The cooperatively connected cells in β-state share the
tasks of living processes, to optimize the efficacy of the life.
The evolution on the cellular level is explained by an interplay of α- and β-stages [53]. The regular cooperative
system in β-stages interrupted by the reproduction process when the cell breaks its collective functions,
became an individual (α-state) to produce its daughter cells, and after this, integrates with the new cells into
the system forming β-states. So the α-state locally terminates the multicellular cooperative complexity. The
cooperative living complexity easily and naturally transforms into a basic, dividing α-state. When the network
is broken, the system becomes unstable, parallel with stable, independent cells in α-state form [59]. The cells
in β-state are cooperative, energizing themselves with oxidative metabolism provided by their mitochondria.
Their division should be strictly controlled by the networking cells and dynamic processes.
Normal cellular division transforms locally the β-state to α-state, which is a normal process in the multicellular
system, although it hurts the systemic collectivity in that local volume. Irregularity happens when the dividing
cell remains in α-state, because the individual local conditions prefer autonomy, which ensures a high amount
of energy intake to the cell. The long-time optimal collective demand overcame the individual interest of the
cell. This state develops cancer which is regarded as “dismantling of multicellularity” [60].
The embryonic cellular organization could be a model of how the cancerous cluster can be stabilized. The
“renegade” single-cell [61] is the cell born with a genetic deviation allowing its further development to remain
individual. This behavior could be the starting step of forming a malignancy. The driving principle is the massdependent allometry of tumor mass [62]. The observed scaling follows from the linear dependence of the
relative changes of the parameters. In general, when 𝑐 is a constant and 𝑎 and 𝑏 are the parameters, then:

𝑑𝑏
𝑑𝑎
=c
𝑏
𝑎

(32)

The (32) scaling is observed in the allometric comparison of the various living masses and their metabolic rates
[63], where the basal metabolic rate of tumor ( 𝐵𝑐 ) is proportional with 3/4𝑡ℎ of the M mass of the tumor: 𝐵𝑐 ∝
𝑀3/4 , so the metabolic rate for unit volume:

𝐵𝑐
∝ 𝑀−1/4
𝑀

(33)

On the other the lifespan T of the tumor also has approximately the same dependence from the mass [64]:

𝑇 ∝ 𝑀1/4
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Note that the universality of the values of exponents has intensive debates [65] [66] [67]. However, there is a
consensus that the exponent α<1α<1. This also means that as the final mass increases, the metabolism of unit
mass decreases, and at the same time, the mortality rate of the cells lowers. Compare the approximated
lifespan of tumor ( 𝑇𝑡𝑢𝑚𝑜𝑟 ) and the healthy part of the body ( 𝑇ℎ𝑒𝑎𝑙𝑡ℎ𝑦 ), using the estimate in (34):

𝑇𝑡𝑢𝑚𝑜𝑟
𝑀𝑡𝑢𝑚𝑜𝑟

=(
)
𝑇ℎ𝑒𝑎𝑙𝑡ℎ𝑦
𝑀ℎ𝑒𝑎𝑙𝑡ℎ𝑦

𝛼

(35)

where 𝛼 < 1 (most frequently it is 𝛼 ≅ 1/4) and 𝑀𝑡𝑢𝑚𝑜𝑟 and 𝑀ℎ𝑒𝑎𝑙𝑡ℎ𝑦 are the mass of tumor and the healthy body
part which is affected by the tumor, respectively. It is obvious, that 𝑀𝑡𝑢𝑚𝑜𝑟 < 𝑀ℎ𝑒𝑎𝑙𝑡ℎ𝑦 , so from(35)

𝑇𝑡𝑢𝑚𝑜𝑟
<1
𝑇ℎ𝑒𝑎𝑙𝑡ℎ𝑦

(36)

We assume that the regulators of complete homeostatic control (proliferation, morphogenesis, physiology,
immune system, etc.) have an intervention time varying according to (34). As a result of (36), the regulation
time of the tumor is shorter than the healthy reaction. Hence, the tumor reacts quicker than the healthy
regulation system, so its growth escapes from the standard supervision. The consequence of this is that the
regulators in the body are unable to control an activated cancerous cellular cluster.
Since the embryonic cell must be connected to the food network of the adult body, it must develop and increase
in its direction by a known mechanism of vascularization. But in the adult body, it is also slow as it has adapted
to the adult body. The process goes through the genetic instability of cancer [68] [69]. The p53 gene is the
guardian of the genome. It ensures that the genome is stable for the long term. This requires that the p53 gene
maintains the appropriate level of p53 protein in the intracellular space. A change in environmental conditions
is a stress effect. When it persists for a long time, permanent stress is created. Inflammation and hypoxia are
lasting stress effects, reducing the level of p53 protein in the cell. The weakened stability of the genome is
observed by inflammation [70], and hypoxia [71], and so increased likelihood of mutations appears. The
bystander effect produces precancerous cells in the neighborhood of the cells with intensive permanent stress
and the consequent genetic instability [72]. The control needs re-regulation of the tumorous area locally and
also systemically [73].

2.3.4. Excite Selected Molecules
The special autonomy and high metabolic activity of the malignant cells allow recognition, and the selection and
attack of them. The energy provided with the carefully chosen RF current targets the selected cells and excites
a few chemical changes in the selected malignant cells.
Electromagnetic selection of the malignant cells guides the energy delivery. The living targets are inherently
heterogenic in thermal and electric properties, so the structural selection at the cellular level needs additional
selection to target the chosen heterogeneity of the malignant cells. For this, we have to choose the carrier
frequency, acting on different parts of the tissue structure. The applied RF current triggers various processes,
which are often grouped in dispersion regions by frequency, defined by the main character of the bioelectromagnetic exchanges.
The β-dispersion (~1𝑘𝐻𝑧 − ~100𝑀𝐻𝑧 broad spectrum) is linked to the cellular structure of biological
materials [74]. It occurs at the interface of membrane-electrolyte structures, using Maxwell-Wagner relaxation
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[75]. The effect is an interfacial polarization of the cell membranes [76], resulting in the charge distribution at
the cellular of interfacial boundaries [77]. The time dependence of the charge accumulation causes the
characteristics of the β-dispersion [78]. In an experiment with sacrificed haddock muscle [79], the β-dispersion
increases after a few hours of the sacrifice of the animal, showing the mechanism more connected to the cells
than to the intact tissues. The high end of β-dispersion differs from the main effects of the range, called β1dispersion caused from the torque of biological macro-molecules representing significant dipole moments, like
proteins, orienting these against the disordering force of the thermal background [80]. However, the large
molecules have limited possibility to follow the applied frequency and to grow further. Due to the massive
heterogeneity of the biological tissues, this dispersion could have multiple effects, depending on the excited
molecules. The conformational change of the present polymers [81], and macro-molecular relaxation with the
exchange of the ionic effect in the vicinity of them [82]. The relaxation of amino-acid chains [83] and the proton
fluctuations [84] also could have a role, which has no significant importance [85].
The upper tail of the β-dispersion continues to the δ-dispersion (~1𝑀𝐻𝑧 − ~1𝐺𝐻𝑧), which represents another
mechanism. The δ-dispersion occurs at a distinguished frequency range above the main β-dispersion [86] and
is connected to the dipolar moments of proteins and other large molecules (like cellular organelles,
biopolymers) [87]. This second Maxwell-Wagner dispersion (δ) is characteristic of suspended particles
surrounded by a cell [88]. Proteins also cause these effects, protein-bound water and cell organelles such as
mitochondria [89] [90].
Other relaxation processes like those of molecular side chains, bound water molecules, diffusion of charged
molecules, and near membrane bonds, could be added to the δ-dispersion.
In addition, the β/δ-dispersion of the chosen carrier frequency orients the attack on the membrane reaction of
the impedance selected cells [91] [92]. The optimally chosen carrier frequency is in the interval of intensive
overlap of β and δ dispersion and using in a practical point of view is an ISM-frequency 13.56 MHz. (The ISM
spectrum is reserved internationally for industrial, scientific, and medical use.) The model calculation also
shows the importance of the 13.56 MHz [93]. The chosen modulation enhances the selection. The RF energy
dominantly absorbs on the clustered transmembrane proteins (rafts) [94], exciting their receptors [95]. The
excitation destructs the malignant cells dominantly in an apoptotic way [96] Figure 7.

2.3.5. Support the Immune System
Homeostatic dynamic equilibrium is too complex for external constraints to be effective in repairing it. Tightly
connected feedback mechanisms regulate the system, and the reaction of homeostatic control is against any
simple constraints. An excellent example of this is the response to conventional hyperthermia, which aims to
kill the tumor by the thermal effect of the absorbed energy. The heating is a valid objective, but unfortunately,
homeostatic control mechanisms begin to correct this heating through various actions to maintain thermal
balance. The most effective reaction is increased blood flow and perfusion, which aims to cool the heated
lesion.However, this feedback carries a danger, as it increases the delivery of nutrients to the tumor and
promotes metastasis by cell invasion into the bloodstream.
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Figure 7. The extrinsic energy absorption excites the
TRAIL death receptor and induces extrinsic, caspasedependent signal transduction to apoptosis. The stress
induces double intrinsic signals going on caspasedependent and independent pathways.

Consequently, any winning strategy to influence the dynamic equilibrium must work in conjunction with
homeostatic controls, utilizing natural processes and supporting the immune system to recognize and destroy
malignant cells throughout the body. The preparation of the immune system could be a perfect target for
oncology treatments, instead of targeting cancer’s main strength, its proliferation. In this case, the lack of
adaptive immunity to tumors can be revised, and the malignancy can be attacked by the host system itself.
The malignancy lacks the homeostatic complexity, turning the structural and dynamic conditions out of the
healthy homeostatic network. Consequently, the challenging general tasks are fighting against cancer and the
immune surveillance to support healthy homeostasis. The situation is complicated because the tumor cells hide
their genetic information from the immune surveillance. They are well masked to avoid any systemic action
against then, even the opposite: their demands are met as the system attempts to correct the irregularities.
These “cheats” mislead the regulative actions and start to support the malignant cluster. Due to this falsely
presented tumor status, the regular immune system does not act against it. The primary task is to present the
signs of danger and stimulate the immune action to target and destroy the dangerous, highly proliferation cells.
The critical point is the immunological recognition of the malignancy. The immune system needs recognizable
signs to direct its actions. However, the highly adaptive hiding strategy of malignant cells protects them from
being identified by immune cells. A practical possibility for cancer invasion is the innate antitumor immune action
of NK cells [97] [98]. Natural Killer (NK) cells do not need information through the host’s histocompatibility
complex 1 (MHC-I) molecules and act in the absence of priming. The cytotoxic activity of NK potentially controls
tumor growth [99]. To complicate the complement of the available positive effect of NK cells, it could also
promote tumor progression and angiogenesis [100] by inducing Reactive Oxygen Species (ROS) dysfunction
[101]. The NK-cell activation could be achieved with a low-frequency electric field [102] as well as by
electroporation [103]. Intensive low-frequency components in the spectrum of the modulated treatment may
trigger the NK activity, enriching the NK cells in the targeted, selected tumor [104].
As a standard in immune homeostatic regulation, all processes have promoters and suppressors, so in
complexity, every effect maybe a friend or foe, which appears for NK cell activity as well [105].
The modulation also may effectively support the healthy additive immune effects with developing tumorspecific immune reactions. The challenge is how to present the genetic information of the malignancy in order
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to ignite the immune system. One of the possible solutions would be immunogenic cell death (ICD). The main
point is the particular apoptosis starting with an external signal with the electric field, exciting the Trail R2 (DR5)
death receptor with FADD-FAS complex, and the external signal through caspase (Cas) pathway goes to Cas8
and Cas3 finishing in apoptosis [106]. The external signal pathway connects to the internal mitochondrial
apoptotic path as well, and forms Bax and cytochrome-c (point of no return) through Cas9, and Cas3 [107]
finishing in apoptosis again [108]. The internally excited apoptosis also can follow the caspase-independent
pathway through apoptosis-inducing factor (AIF) [104], so the apoptotic end can be reached by three different
signal pathways. The XIAP protein could block the main external signal path, but the modulated RF blocks this
XIAP activity with Septin4 [109], and with the same function, the SMAC/Diabolo [106].
All of the above processes develop damage-associated molecular patterns (DAMP) [106]; as a factor of the
immunogenic cell death (ICD) [108]. The cancer cells, during its apoptosis, in addition to apoptotic bodies,
liberates calreticulin (CRT, “eat me” signal), HMGB1 (“danger” signal), and heat-shock protein 70 (HSP70, “info”
signal). These processes prepare antigen recognition producing antigen-presenting cells (APCs), which trigger
the presence of helper (CD4+) and killer (CD8+) T-cells with explicit recognition of the malignant cells over the
body [110]. This process allows the attack of distant micro- and macro-metastases in the system (abscopal
effect), turning the local treatment to systemic [111] [73]. Noteworthy, the addition of dendritic cell medication
may boost the overall immune effects [112] [113], and also an independent immune-stimulator works in harmony
with modulated treatment [110]. Figure 8 shows the schematic summary of the immune processes.

2.3.6. Use Non-Thermal Effects
The amplitude modulation (AM, <20 kHz) of the RF carrier frequency can
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intensify the tumor-specific absorption as a part of the selection mechanism [114]. Despite that, by a theoretical
approach of the little energy absorption [115], the membrane demodulation effect could cause damages in the
cytosol [116], or trigger apoptotic signals and destroy the cell [106]. The result of the non-thermal processes is
the change of the chemical or structural situation in the targeted (investigated) compound assembly [117]. The
non-thermal processes form a new phase (structural or chemical), which is a phase transition. The transition
does not use heat from the field but directly uses the work of the electric field for the actual changes by
absorption. The energy from the applied electric field is absorbed by the electrons or any other particles in a
compound. It could be done without temperature change, but the phase of the material alters and the entropy
changes without adjusting the temperature.
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This phenomenon, however, has two connections to the temperature:
1) We know that 100% energy efficacy does not exist (entropy law), so the “lost” energy (which is kept as
internal energy of the system) produces heat as well.
2) We know that the changing temperature changes the conditions of the “non-thermal” processes, which are
in this way sharply dependent on the temperature. In other words, the reaction rate changes in the simplest
case by the Arrhenius law. This complex process, which contains the thermal dependence of the “non-thermal”
effect (transition effect), is described by Eyring transition state theory, which is proposed to describe the
hyperthermia where this complexity appears. In Eyring’s description, the thermal part is the same as in the
Arrhenius law. Still, it has a part, which is a structural dependent factor, which could change without any
temperature change, describing the “non-thermal effect” in complex systems.
The DNA damage is non-thermal. It is a phase transition, which has to be fixed by oxygen or by blocking the
repairing enzymes. It does not need a temperature change at all. However, we know that both the oxygenrelated or enzymatic fixing reactions (which conserves the break as it is) are temperature-dependent. The
oxygen and enzyme reactions rapidly change according to temperature, mostly with Arrhenius law. The
radiotherapy result has two parts: a temperature-independent and a temperature-dependent part, in the same
way as this model describes the modulated electro-hyperthermia (mEHT) effect. This is why the same dose
(Gray) is proposed for both the radiation processes (radiotherapy: ionizing; and mEHT: non-ionizing radiation).

3. Results—Applications
The dynamic structures, performing random stationary stochastic self-organizing processes, have practical
applications in recognizing the diseases [118] [119]. The self-similarity used modeling of cancer by fractals [120],
described by a generalized model [121]; helping to evaluate the various images in oncology [122]. The collectivity
of the organization of the biological systems could be monitored by the fractal concept [123]. The fractal
geometry describes the pathological architecture of tumors and their growth mechanisms accompanying timedependent processes [124], and prognostic value [125].
The pink-noise modulation applies the fractal knowledge to support the harmonization efforts of homeostatic
regulation and induce stochastic resonance near the frequency of the carrier, to demodulate and excite the
desired signal pathways. The intensive backing of the heathy influence on the cancer is mandatory because the
tumors are out from the structural and dynamic coordination of the natural organizing control.
Technically a high frequency (RF) carrier delivers the well-chosen time pattern of the modulation, which
transports the modulated signal to the body with a carefully fitted applicator [126]. The applicator is driven by
a voltage signal formed, as shown in Figure 9.
The spectrum and the power density of the signal which drives the applicator are studied by decomposing the
applicator voltage into a signal s(t)s(t) and a noise component n(t)n(t) :

𝑢(𝑡) = 𝑠(𝑡) + 𝑛(𝑡),
𝑠(𝑡): = 𝑈0 𝑠𝑖𝑛 𝜔0 𝑡,
𝑛(𝑡): = 𝑚𝑧(𝑡)𝑈0 𝑠𝑖𝑛 𝛺 𝑡

To calculate the power spectrum, we need to construct the autocorrelation
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(37)

Figure 9. Principle of amplitude modulation with pink noise the Ω is the carrier circular frequency, U0U0 the
carrier amplitude, m is the modulation depth, and z(t)z(t) is the pink noise.

function 𝑢(𝑡)::

1 𝑇
∫ 𝑢(𝑡)𝑢(𝑡 + 𝜏)𝑑𝑡
𝑇→∞ 𝑇 −𝑇

𝑢(𝑡) ⊗ 𝑢(𝑡 + 𝜏): = 𝑙𝑖𝑚

(38)

where the sign ⊗ notes the necessary time integration of the signal with self in τ time-lag, and where we have
taken into account a sufficiently sizeable averaging time. Considering the signal and noise components, we get:

𝑢(𝑡) ⊗ 𝑢(𝑡 + 𝜏):
= 𝑠(𝑡) ⊗ 𝑠(𝑡 + 𝜏)
+ 𝑛(𝑡) ⊗ 𝑛(𝑡 + 𝜏)

(39)

where the average of the function formed by the product of signal and noise approaches zero. First, the
properties of the 𝐹{𝑓(𝑡)} Fourier transformation of the correlation function has to be calculated:

𝐹{𝑓(𝑡) ⊗ 𝑔(𝑡
+ 𝜏)}
= 𝐹(𝜔)𝐺 ∗ (𝜔),
𝐹{𝑓(𝑡)} = 𝐹(𝜔),
𝐹{𝑔(𝑡)} = 𝐺(𝜔)

(40)

where the ∗ star notation is a sign of conjugation. The Fourier transform is the pink noise in this approximation,
so:

𝐹{𝑧(𝑡)} = 𝑍(𝛺)
1
=
𝑖√𝛺

(41)

thus the Fourier transform of noise:

𝑖
𝐹{𝑛(𝑡)}: = 𝑚𝑈0 [𝑍(|𝜔0 − 𝛺|)]
2
𝑖
1
= 𝑚𝑈0 [
]
2
𝑖√|𝜔0 − 𝛺|

(42)

consequently, the voltage power spectrum of the applicator:
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𝛷𝑢𝑢 (𝜔0 ): = 𝐹{𝑢(𝑡) ⊗ 𝑢(𝑡 + 𝜏)}:

𝑚2 𝑈02
1
= 𝑈02 𝛿(𝜔0 − 𝛺) +
4 |𝜔0 − 𝛺|

(43)

Figure 10 shows the modulated signal spectrum.

According to the Wiener-Khinchin theorem [127], the square of the voltage amplitude in the frequency interval
is:

Figure 10. The power spectrum of the voltage where the
distribution of the amplitude modulating noise makes a specific
symmetric form.

ΔU 2

(44)

ω+ΔΩ

=∫

R uu (Ω) dΩ

ω
ω+ΔΩ

=∫
ω+ΔΔΩ

(U02 δ(ω

− Ω)
m2 U02
1
+
) dΩ
|ω
4
− Ω|
m2 U02 ΔΩ
= U02 +
ln
4
ΔΔΩ

The second term of (44) shows that the square of the voltage amplitude can be extremely large near the carrier
frequency, where the term tends to be infinite when ΔΔΩ → 0. It follows that the average potential:

ΔUee : =

√ΔU 2

= √U02 +

m2 U02 ΔΩ
ln
4
ΔΔΩ

(45)

And the field strength is represented as:

ΔEeff =

ΔUeff 1
m2 U02 ΔΩ
= √U02 +
ln
d
d
4
ΔΔΩ

(46)

where d is the distance between the electrodes. Of course, arbitrarily high performance cannot be physically
realized. In practice, due to fast Fourier transformation, only a point spectrum is realized. Nevertheless, the
field strength amplitude can be large enough, and so the modulation does not demand a high power for
appropriate effect. In conclusion, the modulation effect transmits the low-frequency power spectrum of the
pink noise near the 13.56 MHz carrier, highly efficiently, and forms two sidebands. The modulation results in
very high amplitude field strength peaks near the carrier frequency.
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3.1. Modulation for Adherent Bonds
The E-cadherin-β-catenin complex plays a crucial role in cellular adhesion [128]. The suppression of E-cadherin
expression leads to dysfunction in cell-cell adhesion, which can cause local invasion following tumor
development [53]. Loss of adhesion has been associated with increased invasiveness and metastasis of tumors
[129]. On the other hand, the appropriate expression of E-cadherins has a vital role in tumor suppression [130].
The changes in cadherin expression may affect signal transduction leading to the cancer cells growing
uncontrollably [131]. This challenge also appears in the bioelectric considerations [132] of cancer development.
The junctions as intercellular connections, exchanging molecules in the same was as cadherins exchange
molecules [133]. Importantly the adhesive connections have a vital role in tissue repairing [134].
Together with the collective and individual states, a third entity exists too: the pluripotent embryonic resting
state (δ), stem cells that adapt themselves to their actual micro-environment [135]. Healthy cells are in a
communicative network, maintaining the complexity of a well-controlled system, but the δ cells could form
malignant transformations [133]. The malignant cells are mostly autonomic, having lost their “social”
connections with other cells, and fighting for nutrients with every other cell, irrespective of their health status.
The network state categorizes cells as connected or non-connected [136]. The non-connected cells also have a
network but not by cell-cell bonds. The connections are formed by clusters of fighting cells trying to trigger
the healthy neighbors to supply them (forced angiogenesis) [137].
The collective activity of cells emits pink noise, which is the noise of self-organization, and so it is the noise
originated from the function of homeostasis. The essence of the pink noise of homeostasis is that the function
of the organ-specific networked cells is regulated actively in their energy exchange in the harmony of the
complex surveillance. Consequently, the variance of physiological signals remains constant over time.
The glycocalyx shell and cell membrane of a cancer cell are also different from those of a healthy cell. Because
of this, the movement of proteins in the cell membrane by lateral diffusion is also more limited. Adherents are
particular protein formulas that can move in the cell membrane by lateral diffusion. Contact between two cells
can occur when two such proteins meet and chemically bond with each other by lateral diffusion Figure 11. The
re-established intercellular connections following mEHT have been were experimentally demonstrated [107]
[138].
The glycocalyx shell of cancer cells is known to be charged highly negatively. This results in repulsion, so the
attraction, which is one of the preconditions for cell recognition and the start of the adhesion process, cannot
prevail. Consequently, the bond-formation is hampered by the strong negative charge of the cancer cell
glycocalyx shell, so the formation of intercellular bonds and networking in malignancy is unlikely.
The condition for the formation of cellular collectivity is that the cell must be fixed with adherent bonds and
junctions, which is largely missing in malignant tumors. The modulation/demodulation stochastic resonance of
noise contains signals of very high amplitude, forcing the cell clusters to intercellular bonding, manifested in
communication between cells, forming functional collectivity. The self-organizing signal transformed around a
carrier produces large fields. The formed gradient promotes the adhesion bonding of neighboring cells. The
pink-noise modulated electric field with a very high field strength which the amplitude is transformed near 13.56
MHz, helps build the bonds of adherent proteins Figure 12.
The pink noise modulation transformed around 13.56 MHz creates a field strength gradient towards the cell
contact site. Attraction by a gradient of field strength towards the point of contact occurs between the cells.
Proteins are normally dipolar with polarization vector pp. Therefore, a cataphoretic force F=(p∇)EF=(p∇)E acts
to move the proteins toward the point of contact. The gradient
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Figure 11. The movement of adherent proteins in the cell membrane promotes the reconnection of broken Ecadherin intercellular bonds.

Figure 12. Evolution of field strength for two contact cells. The sizeable potential
gradient actively promotes cellular contacts.

generates a high cataphoretic force Figure 13 which promotes the contact of the cells. The process increases
the likelihood of forming intercellular bonding by the connection of adherent proteins.
Due to the increased temperature in the contact point, the barrier between the protein electronic states could
be easier overcome, so the moderate temperature helps the bonding. So it is expected that the thermal effect
of mEHT helps the process. However, when the temperature is high, the break of bonds is more likely.

3.2. Modulation for HSP
The heat-shock proteins (HSPs) are chaperons to help in stabilizing the dynamic equilibrium of the cells. They
are named according to their molecular weight. The first observations have connected these proteins to the
heat-stress [139], but later their expression for many other stresses was discovered [140] and intensive
research into their role in health and diseases began [141]. The extreme stress effect promote HSP translocation
to the cellular membrane [142] and liberation to the extracellular matrix. The HSP70 has dual function [143]:
inside the cell protects it (chaperone function) and outside it is a danger signal to trigger immune reactions
[144]. This feature makes these proteins possible therapeutic targets in various diseases [145] [146], and
especially in oncology [147].
We elaborate on a theory that pink noise mEHT is suitable for enhanced HSP expression in the membrane and
extracellular electrolyte. There are two important arguments for triggering the effect:
1. The carrier frequency is chosen in the range of the β/δ-dispersion, acting on lipid/protein bonds in the cell
membrane.
2. The existence of high power amplitudes produced by the pink noise shifted to the carrier-frequency location.
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The selection ensures that we excite the intended targeted cells with the high power pink-noise fluctuation near
the carrier frequency. The RF-current density is increased at the cell membrane due to the β/δ-dispersion. The
carrier would shift the pink noise into the β/δ-dispersion range, and there we expose the membrane to the pink
noise. Streamlines pass from one cell to another at the points of contact of the cells. Electric fields with very
high field strengths and gradients are generated in these places Figure 14.

Figure 13. Formation of cataphoretic force. The
inhomogeneous electric field turns the proteins in
extracellular electrolyte.

Figure 14. The field gradients are shown in Figure 12 promote the
dielectric forces and induces large SAR at the contact point and
reconnects the transmembrane proteins as well as provides mild
heating for the cells [94] [148].
The connection points have high local SAR. However, due to the high field strength gradient enhanced by pink
noise, a dielectrophoretic force also occurs, which moves half of this high SAR location to the micro-domains
of the membrane thermo-sensor. The micro-domains are exposed to increased stress due to high power
amplitudes. On the one hand, the stress effect is heat stress due to the high SAR and, on the other hand,
mechanical deformation stress due to the high field strength gradient.
The β/δ-dispersion is used to produce HSP, and the selected target triggers the production of HSP70 for immune
stimuli [149]. The immunomodulation of extracellular HSP70 makes it a promising candidate for vaccination of
cancerous diseases by presenting malignant cells’ antigens [150]. The danger signal of extracellular HSP is an
essential mediator for intercellular signaling and transport [151]. The molecule is part of the damage-associated
molecular patternformed by immunogenic cell death, making a perfect way to produce CD8+ killer T-cells for
a systemic fight against cancer.

3.3. Modulation for Cellular Communication
The biological transformation of normal (β) to cancerous (α) is a communication phase transition which is
explained on the level of individual cells [136]. The starting point of Szent-Gyorgyi is an etiological approach: the
disappearance of cellular collectivity [53]. The β→αβ→α state change driven by changes of the microenvironment of the malignant cells [4].
The division naturally needs higher energy income than the regular life of the cells. The cytoskeleton
polymerization during the cell division breaks the networking connections, allowing the free formation of the
new cytoskeleton and intensifying support of the microenvironment of the dividing cells by higher diffusion in
the free electrolyte. After finishing the division, the cells are reconnected, the network control activates again.
The internal energy resources promote the appropriate, satisfactory amount of energy. Together with the
environmental sources, the cells build up the daughter cells with the healthy cellular division [152]. However,
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the malignant cells have no reserves for the extreme energy demand to proliferate [153]. The usual healthy
process does not work in malignant proliferation. The tumor cells do not return to the network. They remain
as individuals and continue the proliferation. One explanation concentrates on the dielectric changes in the cell
microenvironment [154], which is high in the cancerous process in vivid form [155]. Noisy communication can
also cause cancer. This can occur when the relative arrangement of the cells does not allow for an interaction
leading to cyclic symmetry, like requested [34]. From our perspective, this can be interpreted, meaning that if
the symmetry is not cyclic, it is divisible. Otherwise, it is not, which supports the idea, that the cellular position
has a vital role in favoring the malignant proliferation [156].

4. Discussion—Cancer Therapy
The strategy to eliminate the cancerous processes focuses on the weakest point of the tumor: individualism.
The missing overall network makes them vulnerable, as they are alone in fighting the stress.
The malignant development misses the healthy homeostatic regulation. The systemic controls do not work.
Their extreme energy demand drives their systemic effect. The cancerous process concentrates on intensive
proliferation and uses healthy hosts to support it. This complex process misleads the healthy host, presenting
their actions as normal energy-demand for healing the lesion like a wound (as was described shown 25 years
ago [88] ). Cancer presents itself as trying to heat, and the system cannot recognize the “cheating” due to the
hidden identification signs. This shows that the entire malignant process is essentially a wound repair process
[157]. The idea has been investigated more recently, with comparisons between the hallmarks of the two
processes [158], demonstrating the role of this mechanism in the formation of metastases [159]. The biosystem falsely recognizes the tumor-like wound [160] and stimulates its environment to heal the irregularity
(meaning to produce cells to heal).
The permanent reparation demand depletes the available stem cells, [161] [162], and is emphasizes a different
repair pathway: the proto-oncogenes are activated, and malignant transformation could happen, inducing the
clinical manifestation of cancer [163]. The malignant transformation of the wound results in the secretion of
proto-oncogenes [164] [165] [166], and intensive capture and stimulation of the stem-cells from other places
[167] [168].
Ignoring the healthy regulations and the collectivity of the host tissue has some structural and temporal signs
to recognize it. The structure of the individual cells is more disordered than the networked healthy tissue, and
the intensive individual metabolic demand changes the structure of extracellular electrolyte. The permanent
cellular division periodically collapses the cell’s actual cytoskeleton and builds up new ones again, decomposed
by the subsequent fission and repolymerization. This changes the cellular form individually, and the active
dynamism, which differs from the healthy regulated one, is expressed in the noise of the tumor processes. The
noisy difference is measurable by electric impedance [169], detecting the “color” of the noise. As shown above,
the “color” is determined by the self-similarity scaling exponent of power density by frequency. The measured
exponent decreases from the near-1 (pink noise), depending on the weakened cellular interactions, and so the
autonomy is field. The same change was observed in the autocorrelation [170], lowering the function value at
1/e, so the correlation was decreasing, which characterizes the trend towards autonomy. The weakness of the
malignant process is this autonomy when the cells are alone to fight against any external stresses. So the
weakness, which we have to use [171], is the missing network, the missing collective harmony. The individualism
of the cells is similar to atavistic reverse development in the evolutionary meaning. The atavistic model could
be used as a starting point, but this model does not consider all the crucial details (hallmarks) that keep the
single-celled units of cancer development alive [172]. The wound healing support of the host tissue is missing
from the atavistic model, and so it is not applicable. However, the proper noise application places the theranostic
key in the hand of the therapist. The noise spectrum is measurable for diagnosis [171], and the pink noise as a
homeostatic harmony character could make a forceful selected harmonization factor, which harmonizes the
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precancerous cells, rebinding their broken intercellular connections [107] [173], forcing back the healthy order.
When the rebinding is impossible, the harmonizing force “softly” destroys the cells, exposing their genetic
content for antigen presentation, and igniting the normal immune reaction against the malignancy. In other
words, the mask falls off.
The practice of modulated electromagnetic applications connects the knowledge of hyperthermia with
electromagnetic effects. The modulated electro-hyperthermia (mEHT, trade name oncothermia®) has used
this method for years in a broad application for various tumors. Below we summarize the most crucial
information-set about its processes and results, showing publications.
Numerous practical applications proved the feasibility of the mEHT treatments. Based on some principal
considerations, the method uses the thermal and non-thermal effects [116] in a synergy. The non-thermal
effects are connected to the cellular membranes [114] [115], emphasizing the physical potential of the amplitude
modulation [174]. The strong connection between the thermal-factors and electric effects involves the
similarities between their actions [175], and the strong synergy was indeed observed in vivo [176]. The absorbed
power develops the temperature [177] which has a selective heating possibility [178] by electric inhomogeneities
and depends on the technical solution of the coupling [179].
The temperature development is a complex process [180], and connected to the dosing in treatment practice
[181] [182].
The extracellular action complexly interconnects the electric field with the thermal effects [183]. The thermal
noise influences the electric field effect [22] [184], but it does not block the intracellular processes [185]. The
modulation technology has been described in oncology [186].
The RF energy is predominantly absorbed on the clustered transmembrane proteins (rafts) [94], exciting their
receptors [94] [187] [188]. The excitation damages the malignant cells dominantly in an apoptotic way [105]
[149]. The mEHT promoted extracellular HSP70 supports the apoptotic processes [108]. The membrane rafts
are the key elements of energy absorption [189], which is an energy intake in the nano-range [148]. The whole
mEHT process is immunogenic [190]. The method may be applied complementary to radiotherapy [191] [192];
an example is the resensitization of the radioresistant pancreatic cells for further treatment [193]. The
complementary application of mEHT with chemotherapy has also been successful [194] [195].
A recent review summarizes the molecular biology background of the tumor damage mechanisms revealed in
cancer models [196].
In the clinical application, the safety of the method was investigated in one of the most sensitive organs, the
brain. The prospective safety study involved the dose-expansion for non-invasive transcranial therapy in 3rd and
4th line, advanced; relapsed high-grade gliomas and proved the safety even in the daily applications [197].
Efficacy studies validated the feasibility of this method for such a short survival, high-mortality stage of the
disease, [198] [199] [200]. The special safety [201] and efficacy [202] studies in advanced non-small cell lung
cancer patients justified the use of mEHT in this type of malignancy as well. The analyses of brain [203] and
lung [204] studies support the economic advantage of mEHT. The applications in gastrointestinal tracts like
colon, [205], rectum [206], liver [207], and pancreas [208] [209] demonstrated the versatile functions of the
mEHT method. The relapsed, refractory, or progressive heavily treated ovarian cancer [210], and the advanced,
recurrent cervix uteri [211] [212] were also successfully treated with complementary combinations of
conventional chemoradiotherapy and mEHT, obtaining low toxicity and longer survival, with improved quality of
life [213]. The applicability for sarcomas in complementary therapy protocols was also proven [214] [215]. The
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immunogenic influence in combination with other immune supports is also remarkable [216] and realizes tumorspecific immune reactions for distant metastases (abscopal effect) [217] [218]. These observations orient the
treatment to tumor-directed immunotherapy [219] and could be a basis of the personalized medicine [220].
Remarkable application of mEHT for the peritoneal carcinomatosis with malignant ascites, [221], which extends
the study focus to ascites cases.
Recently a review had summarized the clinical evidence of mEHT for the practicing oncologists [222], and an
application guideline was published by an international collective [223].
Notably, most studies have single-arm protocols, which have inherent complications in evaluating the mEHT
method. The patients involved in these studies are in relapsed advanced stages when the conventional therapies
are limited or have failed. Collecting a cohort for reference at this stage is exceptionally challenging and, in most
cases, impossible [224]. However, the evaluation of single-arm trials has specialties, which could improve the
level of evidence of the results. The simplest one is the comparison of the single-arm results from different
studies with the same protocol. For example, the comparison of advanced glioblastoma (Figure 15) [225] [226]
[227] [200] [203], and pancreas (Figure 16) [228] [229] [225] [230] [231], studies shows the significant
difference of the common median from the historical or database control.
Other analysis of single-arm results uses the self-similarity of living processes [232] [233], building up the
reference arm from the parameters of the active single-arm [234] [235].

5. Conclusion
The modulation of radiofrequency carriers causes stochastic resonances, which act mainly on enzymatic
processes. The demodulation is also effectively performed by stochastic resonance, which allows the lowfrequency modulation information to be delivered selectively to the cancerous cells. There are as many
resonant frequencies as there are enzymatic reactions that exist.
The modulation intensively changes the paradigm of cancer treatment. It boosts the healthy network and
selectively destroys the malignant cells. The cell-killing process is immunogenic, allowing for the release of
genetic information

Figure 15. The comparison of the
single-arm mEHT studies with the
database

results

for

advanced,

relapsed glioblastoma multiform.
The different groups with different
studies based on the same mEHT
protocol well correspond with each
other and significantly differ from
the database.
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Figure 16. The comparison of the single-arm mEHT studies with the database results for advanced, relapsed
inoperable pancreas carcinoma. The database results and the historical arm for the same stage pancreas
survivals correspond each other. The different groups with different studies based on the same mEHT protocol
well correspond with each other and significantly differ from the database and the historical arm.
in a molecular pattern (DAMP), which could form antigen presenting cells and develop tumor-specific immune
reactions. The modulated signal is a complex mixture of non-thermal electron excitation for chemical reactions,
and thermal boosting of the enzymatic reactions.
The complex homeostatic network has a cyclic symmetry which controls the balance and the apoptotic
processes. The living cellular structures are open to the effects of energy, requiring energy input, followed by
the output of waste. This organized transport system is not possible without direct cellular communication (no
“social signal”). The cyclic topological order makes the noiseless inter- and intra-cellular communications
possible despite the thermal noise background.
The malignant transformation breaks the organized transport system and seeks to build up new structures for
the new demands. However, there are fundamental differences: the healthy construction is driven by the
collective signal and seeks to optimize the energy-use for highest efficacy, while the malignant construction is
only driven by the topology and physics of the mass number of individual, competing cells, irrespective of the
efficacy of the energy conversion. The new structure modifies the cell-cell communications and arranges the
malignant cellular microenvironment suitable for the autonomic actions. The topology in this meaning has
significant diagnostic (pathologic) meaning: the more the pattern of tumor (networking “mesh” and form of the
cells) resembles the healthy cells, the less malignant the tumor is.
The modulation affects the malignant construction in various ways:
1) boosts the healthy network;
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2) limits the autonomy of the cells;
3) selects the malignant cells and targets them with resonance energy-absorption;
4) excites selected molecules, influencing and promoting the enzymatic processes;
5) supports the immune system and triggers selective antitumor effects;
6) regenerates the lost intercellular adherent bonds, and with this limits the invasion of the malignant cells;
7) frees the HSP70 extracellularly to carry genetic information about the malignant cell to antigen-presenting
cells;
8) supports the cellular communications and the synchrony of the cells.
The modulation signal is a time-fractal representing the systemic homeostatic fluctuations. It is self-similar,
having 1/f noise of the power density. It might promote the-establishing the lost cellular communications or
stimulate apoptosis of the cells which remain individual.
The modulation principles to support the healthy processes have broad feasibility to treat the patients. The
therapy is a complex, multi-component clinical process, where one of the factors is the modulated electrohyperthermia (mEHT). The mEHT has proved its exceptional capability to treat late-stage, relapsed cancerous
tumors, complementary to any other conventional therapies. In instances where there are no further treatment
options available, mEHT could be applied as monotherapy, or in some cases, could desensitize tumors to the
previously ineffective conventional treatment.
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Abstract
The therapeutic value of regional hyperthermia (RHT) in oncological treatments has been known for years.
Several studies report RHT efficacy for tumor response and survival. RHT can also be used in combination with
chemotherapy (CHT) and radiotherapy (RT) and chemoradiotherapy (CRT) and immunotherapy, enhancing their
benefit, also in the treatment of gastrointestinal tumor: esophageal, colorectal and pancreatic cancer.
However, RHT has not yet become a common therapy in everyday clinical practice due to the difficulty in
measuring the temperature increase inside the tissues, the long duration of treatment, the need to have
dedicated nurses and doctors, adequate equipment and facilities.
Modulated electro-hyperthermia (mEHT) is a recent RHT method that targets malignant cell membranes and
the extracellular matrix, allowing deep tumors sensitization, notwithstanding the thickness of the adipose
tissue, and overcoming the issue of homogenous heating.
Several studies confirm the advantage of RHT and mEHT association to CRT, CHT and RT as neoadjuvant and
palliative settings in esophageal, colorectal and pancreatic cancer. This article summarizes the available data
of RHT for these tumors.

Key words: regional hyperthermia, modulated electro-hyperthermia, colorectum cancer, esophageal cancer,
pancreatic cancer

Core tip
Regional hyperthermia in association with radiotherapy and/or chemotherapy may increase median OS, PFS
and tumor response of patients with esophageal, colon, rectal, anal and locally advanced or metastatic
pancreatic cancer. The mEHT is a relatively new method of regional hyperthermia that targets tumor cell
membranes and extra matrix tissue, to increase the temperature inside cancer tissue and sensitize it to cancer
therapies. This method has relatively few published studies, however, the results are exciting and comparable
to those of other RHT, amplifying the benefits of both chemotherapy and radiotherapy in all the considered
tumors and is well tolerated.
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Introduction
Regional hyperthermia (RHT) efficacy in the remission of malignant tumors has been known for decades. RHT
is achieved by increasing the tissue/body temperature with an external electromagnetic field with rapid fields
alterations. Technological developments for local/locoregional heat application allowed RHT to be safe and
available for clinical application, showing the beneficial effects of mild RHT (39.5–43°C) and optimizing the
devices for minimal hot spot occurrence [1, 2]. Temperature rise >43°C, indeed, has potential risks, such as
damage of surrounding normal tissues and enhancement of blood flow that can potentially increase malignant
cells dissemination and distant metastases [3].
Nowadays, an increasing number of clinical studies show RHT efficacy in the treatment of different types of
cancers. However, only a few centers have included this adjuvant treatment in their clinical practice [1].
The basic biological rationale of heat utilization is the enhancement of radiation, chemotherapeutic agents, and
immunotherapy effects, allowing radiation dose reduction. Heat triggers changes in tumor perfusion and
oxygenation, inhibition of DNA repair mechanisms and immune stimulation by exposing tumor antigens [1, 2].
Indeed, local radiotherapy in association with RHT increases tumor immunogenicity and results in systemic
effects through immune-mediated abscopal effects [3]. Modulated electro-hyperthermia (mEHT) is a recent
RHT method that targets malignant cell membranes and the extracellular matrix, allowing deep tumors
sensitization, notwithstanding the thickness of the adipose tissue, and overcoming the issue of homogenous
heating. The association of regional hyperthermia and mEHT with chemo-(CHT) or radiotherapy (RT) is reported
to be successful in several types of tumors, including esophageal, pancreatic and colorectal cancers [3-5].
This is a narrative review aiming to update the current knowledge on RHT use in association with RT and/or CHT
in treating esophageal, colorectal and pancreatic cancers.

Types of hyperthermia
There are different types of hyperthermia: superficial hyperthermia, deep/regional hyperthermia, whole-body
hyperthermia, interstitial hyperthermia and body orifice insertion hyperthermia [6].
Whole-body hyperthermia increases the entire body's temperature up to a maximum of 41.8°C, using thermal
conduction or radiant light techniques. Interstitial hyperthermia places heating electromagnetic devices
(needles or catheters) directly inside the tumor. Most interstitial hyperthermia has involved the heating
technique. The main advantage of this therapy is that the heating occurs directly inside the tumor, enabling it to
reach higher local tumor temperatures than in the surrounding host tissues. Similarly, hyperthermia can be
achieved by inserting heating devices into natural body orifices with tumors (body orifice insertion
hyperthermia) [6]. Deep/regional hyperthermia can increase the temperature of a portion of the body (at the
tumor site) up to a depth of > 5 cm with electromagnetic fields, minimizing the heating of the surrounding tissue
[6].
Superficial hyperthermia heats tissues <5cm in depth from the body's surface, using electromagnetic fields.
The variability of the blood flow within the treated region also contributes to the temperature variation within
the tumor region in all types of hyperthermia, [6].
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Regional Hyperthermia
Different methods are used for regional hyperthermia, such as using infrared-A, radiative, capacitive or
modulated electro-hyperthermia techniques.
Both radiative and capacitive systems are used for superficial hyperthermia to tumors infiltrating up to 4 cm
into the tissue, such as melanoma [7]. Two electrodes are positioned on opposite sides of the body and the
electric current flowing between them heats the tissues. The electrodes are placed in direct contact with tumor
tissue through a water bolus.
There are several types of commercially available radiative superficial systems, including flexible microwave
applicators. They all heat with frequencies of 434 to 915 MHz and are positioned directly in contact with the
patient’s surface over the targeted tumor [7]. Both methods allow homogeneous heating of the target, but the
created hot spots could limit the heating. Radiative heating yields more favorable temperature distribution than
capacitive heating does, especially within heterogeneous tissues [7].
The water filter infrared-A radiation method uses a light source (halogen lamp at 24 V/150W) and a water filter
built-in as a closed cuvette and absorbs the energy, avoiding painful sensations and burns of the skins [8].

Modulated electro-hyperthermia
Tumor blood flow increase is rather limited upon heating; hence, the heat dissipation is slower than in normal
tissues. This is the reason why tumor temperature rises higher than that in normal tissue during hyperthermia
[3]. However, the homogenous heating of a tumor to a specified temperature is quite challenging due to the
heterogeneous distribution of vasculature inside malignant tissue. Indeed, the tumor blood flow varies widely
among different tumor types and inside the same tumor, especially in the presence of necrotic areas within the
tumor [3].
To improve the results and reduce the adverse effects of thermal therapy, a new method has been recently
developed: the modulated electro-hyperthermia (mEHT) [9]. This method targets malignant cell membranes
and the extracellular matrix. This allows sensitizing deep tumors, notwithstanding the thickness of the adipose
tissue, and overcoming the issue of homogenous heating [9].
mEHT is performed using a 13.56 MHz capacitive coupled device (EHY-2000+, OncoTherm Ltd., Germany) and
has comparable benefits to other types of hyperthermia for a variety of tumors: hepatocellular carcinoma,
rectal, cervical, brain, lung and pancreatic cancers, improving local disease control and in some cases the
survival [9-13]. Hyperthermia is achieved by applying short radio-frequency waves of 13.56 MHz with capacitive
coupling to increase tumor temperature to 41.5°C for >90% of treatment duration [10].

Literature search
This narrative review analyses the relevant professional literature searched in prestigious databases as
PubMed-MEDLINE, Embase, Cochrane and ClinicalTrials.gov. The chosen search terms: hyperthermia,
pancreatic, gastrointestinal, esophageal, colon, rectal, colorectal, anal cancer. The search had collected 934
papers. In further selection, the review includes only full-text manuscripts in the English language, articles
reporting results from an observational or experimental trial that had tumor response, survival or progressionfree survival or toxicity among their outcomes were registered, and it was published in years 2000 - 2020. The
selection did choose 38 manuscripts and was divided according to tumor type. In the further selection, we kept
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only the original manuscript (25) and collected with reference tables in three groups of cancers: esophageal,
colorectal and pancreatic.

Esophageal Cancer
The prognosis of esophageal cancer remains poor and long-term survival after potentially curative surgery is
5–20% [14, 15]. Several studies on neo-adjuvant chemotherapy alone fail to prove the benefit of this
preoperative treatment, however, promising results have been achieved with the combination of heat and
chemotherapy in this setting [15-18].
Neoadjuvant chemotherapy (NCHT) or chemoradiotherapy (CRT) in combination with RHT have positive results
concerning survival and tumor response of esophageal cancer patients (table 1). Neoadjuvant CRT with
docetaxel associated with RHT results in a response rate of 41.7% with a CR of 17.6% after surgery. This
treatment has low toxicity and 3- and 5-year survival rates are 56.3% and 50.0%, respectively [18].
A phase II study with chemotherapy (carboplatin and paclitaxel) and radiotherapy associated with RHT as neoadjuvant treatment provide good locoregional control and overall survival for esophageal cancer patients who
have all R0 resection. Tumor response is complete response (CR), partial response (PR) and stable disease (SD)
in 19%, 31% and 23% of patients, respectively and survival rates at 1, 2 and 3 years are 79%, 57% and 54%
respectively. Quality of life is good for these patients and the toxicity is low [17]. Similar results in survival are
reported by another phase I/II study, showing 1- and 2-year survival rates of 69 and 62%, respectively [15].
Intensity-modulated radiotherapy (IMRT) in association with hyperthermia results in a 3-year progression-free
survival (PFS) rate and overall survival (OS) rate was 34.9% and 42.5%, respectively, with a low toxicity and
excellent local control of esophageal cancer with supraclavicular lymph node metastasis [18].
The results of a meta-analysis comparing the CRT+RHT and RT groups show that RHT increased significantly
the 1-, 2-, 3- and 5-year overall survival (OS) of esophageal cancer patients; decreased both recurrence, distant
metastases and gastrointestinal reaction rates [14]. These results deliver evidence of CRT+RHT benefits in
esophageal cancer neoadjuvant therapy. The pieces of evidence base very hopeful expectations; however,
further randomized clinical studies with a more significant number of patients are required to confirm these
data.

Colorectal cancer
Colorectal cancer (CRC) is the third most common cause of cancer death in both men and women in the United
States and is the second most common cause of cancer death in the United States [19]. In the past decades,
neoadjuvant radiotherapy alone or in association with chemotherapy followed by surgery has become a
standard treatment for advanced rectal cancer [20]. CHT is used to enhance the RT effects of radiotherapy.
RHT is another method to amplify radiotherapy, overcoming the low oxygen concentrations present in large
tumors and hamper the effect of radiotherapy. RHT, indeed, increases the tumor blood flow and hence the tissue
oxygenation [21].
Neoadjuvant CRT + RHT results in greater 5-year long-term local control (98% vs 87%, p=0.09) and OS (88%
versus 76%, p=0.08) than CRT alone in locally advanced non-metastatic rectal cancer [22]. Similar results are
reported in other studies on neoadjuvant CRT + RHT in locally advanced non-metastatic rectal cancer, resulting
in 5-year OS ranging 60-87.3% (table 2), distant metastases-free survival (DMFS) and local control (LC) of
79.9% and 95.8% respectively [23-25]. In particular, a study compares OS of CRT alone or in association with
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RHT and reports that the combined therapy allows longer OS than CRT alone (5 years OS=76% versus 88% p
< 0.08) [22]. This improvement in survival is also observed when the neoadjuvant CRT and RHT is performed
for anal cancer treatment with five years OS (95.8 vs. 74.5%, P = 0.045), disease-free survival (DFS=89.1 vs.
70.4%, P = 0.027) and local relapse-free survival (LRFS =97.7 vs. 78.7%, P = 0.006) more favorable than CRT
alone [26].
As concerning the tumor response, the disease control rates (DCR) of CRT combined to RHT range is 28.5%94.8% in rectal cancer patients (table 2) [27-31]. The association of RHT to CRT in neoadjuvant treatment of
rectal cancer does not increase the toxicity of CRT and the hyperthermia-related adverse events were mainly
of mild-moderate intensity and are reported by 26-34% of patients [27-31].
mEHT in association with CHT is used in a study to treat metastatic colon cancer patients with reasonable tumor
response rates and survival. Indeed, the DCR is 95% at 90 days and 89.5% at 3 months and PFS is 12.1 months
(range 3.5–32.6 months) [32]. Another study applies mEHT in association to CRT for the treatment of rectal
cancer patients, reporting minimal, moderate, near-total, and total regression of primary tumor of 15.0%,
51.7%, 18.3% and 15.0%, respectively [33]. The mEHT is well tolerated in both studies, with predominantly mild
hyperthermia toxicity [32, 33].
Neoadjuvant CRT in association with RHT and mEHT does not increase toxicity and allows to achieve encouraging
results in terms of both tumor response and survival in rectal, colon and anal cancers patients. Further
randomized studies are required to confirm these data.

Pancreatic cancer
Pancreatic cancer has a poor prognosis with a 5-year OS < 10%. This may be due to the fact that pancreatic
cancer is quite resistant to RT and CHT, because of its hypoxic microenvironment that diminishes sensitivity
these therapies [34]. Most used CHT schedules include gemcitabine-based regimes, nab-paclitaxel and for fit
patients, the FOLFIRINOX (leucovorin, fluorouracil, irinotecan and oxaliplatin) [35, 36]. These drugs, however,
have high toxicity and often low efficacy. For this reason the association of RTH to conventional CHT and RHT
has also been introduced for pancreatic cancer treatment, enhancing the drug delivery and diffusion inside the
tumor, improving blood flow, reducing hypoxia and inhibiting DNA repair, hence enhancing tumor apoptosis [34].
Three studies compared the survival of locally advanced pancreatic cancer after treatment with the
combination CRT and RHT versus CRT alone. Their results show that the addition of RHT increased significantly
the survival: OS=8.8 vs. 4.9 months (p = 0.02), OS= 15 vs 11 months (p = 0.025), 1 year OS=80% vs 57%
(p=0.021) and PFS=18.6 vs. 9.6 months (p = 0.01) (table 3) [37-39]. The association of CHT to RHT also
encourages survival: median OS of 12.9 -17.7 months, 1 year OS=41% and two years OS=15% [40-42]. As
concerning the tumor response of locally advanced pancreatic carcinoma, the association of CHT to RHT
resulted in a DCR of 50-61% [40, 42]. The treatment is well-tolerated with toxicity of G2 pain and a skin rash
and 5% grade III–IV toxicity [38, 42].
A significant increase in survival is also observed when CRT is associated with mEHT than CRT alone as reported
by Fiorentini et al. (OS= 18.0 vs. 10.9 months, p<0.001) [10]. The other two studies report similar survivals on
mEHT for locally advanced pancreatic carcinoma treatment, OS of 8.9-15.8 months and PFS of 3.9-12.9 months
[43, 44]. mEHT also shows a high tumor response in locally advanced pancreatic carcinoma with DCR of 7196% and safety without grade III-IV toxicity [10, 43, 44]. These better tumor response and survival results of
CHT and/or RT in association with mEHT are also observed in aged (>65 years) patients with pancreatic cancer,
indeed, a greater DCR, OS and PFS are reported for mEHT group and no-mEHT group in this population (table
3) [45].
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These data suggest that RHT increases CRT and CHT benefit both in terms of median OS and in DCR in locally
advanced or metastatic pancreatic cancer with low toxicity. Further studies investigating CRT and RHT in locally
advanced pancreatic cancer include the HEATPAC trial, a phase II randomized trial [46].

Conclusions
The data presented in this narrative review are from retrospective and prospective studies and suggests that
regional hyperthermia in association with radiotherapy and/or chemotherapy may increase median OS, PFS and
tumor response of patients with esophageal, colon, rectal, anal and locally advanced or metastatic pancreatic
cancer. mEHT is a relatively new method of regional hyperthermia that targets tumor cell membranes and
extracellular matrix of the cancerous tissue to increase the temperature inside cancer tissue and sensitize it to
cancer therapies. This method has few published studies in gastrointestinal cancers. However, the results are
comparable to those of other RHT, amplifying the benefits of both chemotherapy and radiotherapy in all the
considered tumors and is well tolerated [47].
The studies presented have heterogeneity concerning the RHT protocols. For this reason it is challenging to
compare the results of different studies. Standardized RHT protocols and more randomized clinical trials are
needed for each tumor type to address this issue.
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Table 1) Esophageal cancer
Author

Year

Sheng
[18]

2017

Nishimur
a [13]

2015

Treatment

Hypertermia
protocol

Number
of
patient
s (n)

Survival

Tumor
Response

CRT with
cisplatin based
regimens+RHT

Radiofrequency
capacitive
heating device,
with
microwave
spiral strip
applicators,
HRL-001, within
30 min from
RT, or 2h after
CHT

50

3-year
OS=42.5
% PFS=
34.9%

ND

Pain (G12)=38.0%

CRT with
cisplatin/5-

8-MHz
radiofrequency,
capacitive
heating system
(Thermotron
RF-8), at 4001400 W
(median 1200
W) for 50 min
once or twice a
week

11

1 year
OS=72.7
%

CR=27%

ND

ND

24

fluorouracil,
oral
fluoropyrimidin
e and
irinotecan+RHT

Nakajima
[16]

2015

CRT with
docetaxel + RHT

SD=45%

2 years
OS=54.5
%
5 years
OS=9.1%
3 years
OS=56.3
%

DCR=41.7%
CR=17.6%

5 years
OS=50.0
%
Hulshof
[17]

2009

Neoadjuvant
CRT with
carboplatin and
paclitaxel+ RHT

home-made
AMC
(academical
medical
center), phased
array of four
70MHz

RHT
related
toxicity

28

1 year
OS=79%
2 years
OS=57%
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CR=19%
PR=31%
SD=23%

toxicity
G2
occurred
in six
patients

pain
(sternal
or
shoulder)
or general
discomfor
t in seven
237

antennas, at a
power of 800
W for 1.5 hour
Albregts
[15]

2009

Neoadjuvant
CHT with
cisplatinum and
etoposide+HRT

home-made
AMC
(academical
medical
center), phased
array of four
70MHz
antennas, at a
power range of
800–1000 W

3 years
OS= 54%

26

1 year
OS=86%
2 years
OS=76%

patients
and in two
patients
CR=9%

Discomfo
rt in 1
patient
and ‘socklike’
sensory
neuropath
y (G2) in 1
patient

RT= radiotherapy, RHT= hyperthermia, OS= overall survival, SR= survival rate, Clinical benefit= complete response+partial
response+ stable disease, CHT= chemotherapy, DFS=Disease free survival, CRT= chemoradiotherapy, LRFS= local relapsefree survival, n.s.= not significant. ND= not reported.
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Table 2) Colorectal and anal cancer
Author

Year

Type of
tumor

Treatment

Hypertermia
protocol

Ranieri
[33]

202
0

Metastati
c colon
cancer

CHT with
Beva+FOLFOX4+mE
HT

mEHT with
13.56 MHz
(EHY-2000)
twice a week
(8 times)

You [32]

202
0

Rectal
cancer

Neoadjuvant
CRT with 5fluorouracil or oral
capecitabine+mEHT

Zwirner
[23]

2018

Neoadjuvant CRT
with 5-fluororuracil
+RHT

Gani [22]

2016

Locally
advanced
rectal
cancer
Rectal
cancer

Shoji
[27]

2015

Rectal
cancer

Neoadjuvant
CRT with
Capecitabine+RHT
33 were resected
16 non-resected

Kato [28]

2014

Rectal
cancer

Neoadjuvant
CRT+RHT

Schroede
r [29]

2012

Locally
advanced
rectal
cancer

Neoadjuvant
61 CRT with 5Fluorouracil+RHT vs
45 CRT with 5Fluorouracil

Neoadjuvant
43 CRT with 5fluororuracil vs
60 CRT with 5fluororuracil +RHT

Nr of
patient
s (n)
40

Survival

Tumor
Response

RHT related
toxicity

PFS=12.1 months
(range 3.5–32.6
months).

mEHT with
13.56 MHz
(EHY-2000)
twice a week
(8 times)

60

ND

mild
positional
pain in four
patients,
Erythema in
the target
area in 3
patients,
powerrelated pain
occurred in
two cases
26.7%
developed
thermal
toxicity, which
was mostly
G1 (93.8%)

Deep regional
hyperthermia
once or twice
a week
RHT with
Sigma Eye or
Sigma-60
applicator
(BSD
2000/3D)
once or twice
a week
RHT with 8
MHz RF
capacitive
heating
device
(Thermotron
RF-8) after
RT for 50
minutes (5
weeks)
RHT with
Thermotron
RF-8, Once a
week (2-5
times)
RHT with
BSD-2000
Once or twice
a week (1-9
times)

86

5-years
OS =87.3%
DFS =79.9
LRFS =95.8%
5-years
OS= 76% vs
88% p < 0.08
DFS= 73% vs
78%
LRFS =77% vs
75%

90 days:
PR=30%
SD=65%
PD=5%
DCR=95%
3 months:
CR=5.3%,
PR=26.3%,
SD=55%,
PD=10%,
DCR=89.5
%
minimal,
moderate,
near total,
and total
regression
of primary
tumor was
15.0%,
51.7%,
18.3% and
15.0%
respectivel
y.
ND

ND

ND

103

ND

49

ND

DCR=28.5
%

One grade 3
patient had
perianal
dermatitis,
29.7%
suffered pain,
and 2.1% had
subcutaneous
induration

48

ND

CR=29.2%

No
hematologica
l toxicity

106

ND

pCR rate
16.4% vs
6.7%

34%
hyperthermia
discontinuatio
n, due to pain
or hot-spot
phenomena,
urinary tract
infections,
hypertension,
tachycardia

Oncothermia Journal Volume 31, March 2022

239

or severe skin
toxicity

Kang [31]

2011

Locally
advanced
rectal
cancer

Neoadjuvant
CRT with 5-FU,
leucovorin and
mitomycin C+RHT

RHT with 8MHz
radiofrequen
cy capacitive
heating
device
(Cancermia
GHT-RF8)
twice a week
during RT

214

5 years
OS=73.9%
DFS=75.1%
LRFS=93,9%
DMFS= 79.8%

DCR=50.9
%

ND

Maluta
[24]

2010

Locally
advanced
rectal
cancer

Neoadjuvant

RHT with
BSD-2000
Once a week
(1-5 times)

76

5-years
OS= 86,5% DFS=
74,5% LRFS
=73,2%

CR=23,6%
DCR=94,8
%

Rau [25]

200
0

primary
rectal
cancer
(PRC)
recurrent
rectal
cancer
(RRC)
Squamou
s anal
cancer

Neoadjuvant
CRT with 5fluororuracil and
leucovorin +RHT

RHT with
BSD-2000
Once a week
(1-5 times)

37

5-year OS=60%

DCR=59%

G0-2 general
or local
discomfort in
15%, no G3,
G4
Subcutaneous
burns in 5.2%
none

CRT with 5fluororuracil and
mitomycin C vs
CRT with 5fluororuracil and
mitomycin C + RHT

RHT with the
BSD 20003D- and BSD
2000-3D-MRHyperthermia
System
once or twice
weekly
(5-10 times)

112

Ott [26]

2019

CRT+RHT

18

DCR=28%

5 years OS=
95.8 vs. 74.5%,
P = 0.045DFS=8
9.1 vs. 70.4%,
P = 0.027LRFS
=97.7 vs. 78.7%,
P = 0.006

ND

Comparable
toxicity for
Grades 3–4
early side
effects: skin
reaction,
diarrhea,
stomatitis,
and
nausea/emesi
s, with the
only
exception of a
higher
hematotoxicit
y rate for the
CRT+RHT
group (66 vs.
43%, P=
0.032).

RT= radiotherapy, RHT= hyperthermia, OS= overall survival, SR= survival rate, Clinical benefit= complete response+partial
response+ stable disease, CHT= chemotherapy, DFS=Disease free survival, CRT= chemoradiotherapy, LRFS= local relapsefree survival, ND=not specified.
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Table 3) Locally advanced pancreatic cancer
Author

Year

Treatmen
t

Hypertermia
protocol

Nr of
patients
(n)

Surviva
l

Tumor
Response

RHT
related
toxicity

Sarti [45]

2020

mEHT+RT or
CHT
with
gemcitabine
regimen

mEHT with 13.56
MHz
(EHY-2000)
twice a week (8
times)

32

OS=
18
months
(range
10.3-28.6)
versus
10.97
months
(range
4.0022.16)

DCR= 85% vs
26% (p=0.0018).

3% of G1-G2 skin
pain and burns

OS= 18.0
months vs
10.9
months
(p<0.001)

3 months

no grade III–IV
toxicity

vs

RT or CHT

PFS=12
months
(range 328.6)
versus
4.53
months
(range
1.33-17.57)
(p=0.003)

Fiorentini
[10]

2019

mEHT+RT or
CHT
with
gemcitabine
regimen

mEHT with 13.56
MHz
(EHY-2000)
twice a week (8
times)

106

DCR=
66%

92%

vs

vs

RT or CHT

Iyikesici
[44]

2019

CHT
with
gemcitabine or
FOLFIRINOX
regimen
+mEHT

mEHT with 13.56
MHz (EHY-3010) at
110-130W power for
60 minutes

25

OS=15.8
months
(95% CI,
10.5–21.1)
PFS=12.9
months
(95% CI,
11.2–14.6)

3
months
DCR=96%

None

Ono [40]

2019

CHT
with
FOLFIRINOX,
Gemsitabin
plus
nabPacritaxel or S1 +RHT

RHT
with
Thermotron
RF-8,
for 50 minutes after
CHT once a week (5
times)

28

1
year
OS=41%

3
months
DCR=57%

ND

2
years
OS=15%

6
months
DCR=45%

12
months
DCR=12%
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18
months
DCR=6%

Maebayash
i [37]

2017

CRT with 5fluororuracil
or gemcitabine
+ RHT

RHT
with
Thermotron
RF-8,
for 50 minutes at
800-1200W power
once or twice a week
(5 times)

13

CHT
with
gemcitabine
and cisplatin
+RHT

RHT with BSD-2000
day 2 and 4, 1 hour
twice a week for 4
months

27

CRT
with
gemcitabine
based
regimens+RHT

RHT with BSD-2000
Once a week

68

Median
OS= 15 vs 11
months (p
= 0.025)

26

Median
PFS= 3.9
months.

vs CRT

TschoepLechner
[41]

Maluta [39]

2013

2011

1 year

Lower
hematological
and
gastrointestinal
toxicity than CRT
alone

OS=80%
vs
57%
(p=0.021)

PFS = 5.9
months

DCR=50%

no grade III–IV
toxicity

DCR=71%

no grade III–IV
toxicity

Median
OS=17.7
months

ORR=11.1%

G2 pain and a
skin rash

Median
OS=8.8 vs.
4.9
months, P
= 0.02,

ND

OS
12.9
months

(1-5 times)

vs CRT

Volovat
[43]

2014

CHT (GEMOX)
+mEHT

mEHT with
2000 device

EHY-

at 70-150 W on day 1,
3, 5 of every CHT
cycle

Ishikawa
[42]

Ohguri
[38]

2012

2008

Median
OS=
8.9
months.

CHT
with
gemcitabine+R
HT

RHT
with
Thermotron RF-8 at
1100 to 1500 W
power
for
40
minutes once a week

18

CRT
with
gemcitabine+R
HT vs

RHT
with
Thermotron RF-8 at
900W power, once a
week 1–3 hours after
RT and during CHT

29

CRT

DCR= 61.1%

5% grade III–IV
toxicity

Median
PFS=18.6
vs.
9.6
months, P
= 0.01

RT= radiotherapy, RHT= hyperthermia, OS= overall survival, SR= survival rate, Clinical benefit= complete response+partial
response+ stable disease, CHT= chemotherapy, DFS=Disease free survival, CRT= chemoradiotherapy, LRFS= local relapsefree survival, DCR= disease control rate, mEHT= modulated electro hyperthermia, ORR= overall response rate
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Abstract: Breast cancer (BC) with cardiac metastases (CMs) is often associated with poor prognosis
due to late stage of diagnosis. Palliative radiotherapy (RT) for CMs is generally used for symptomatic
treatment and to maintain normal cardiac function. Palliative RT with hyperthermia (HT) or
immunotherapy have been reported to be effective in prolonging the overall survival and
progression-free survival in metastatic patients. In this case report, we present a heavily pretreated
51-year-old lady of metastatic BC presented with recurrent right breast mass with progressive
exertional dyspnea caused by symptomatic CM. She received combined palliative low-dose palliative
RT [20 Gray (Gy) in 12 fractions], combined with low-dose chemotherapy, biweekly HT treatment
course, and low-dose “double blockade” immunotherapy by ipilimumab (0.3 mg/kg) and nivolumab
(0.5 mg/kg). The irradiated right chest tumors responded rapidly to treatment. Interestingly,
unirradiated metastatic lesions outside the RT and HT treatment field also demonstrated a sustained
abscopal response. She continued monthly low-dose immunotherapy in conjunction with HT after
RT. The posttreatment cardiac echography disclosed considerably reduced pericardial effusions
without cardiac wall motion abnormalities. She remained stable for more than 6 months with no
notable treatment-related toxicities. The combination of low-dose RT, low-dose immunotherapy, and
HT protocol appears to be a safe method with promising efficacy in metastatic BC patients.
Keywords: Cardiac metastases (CMs); radiotherapy (RT); immunotherapy; hyperthermia (HT); case
report
doi: 10.21037/tro-21-16
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Introduction
Cardiac metastases (CMs) occur more frequently than is often expected. The incidence of CMs in metastatic
cancers is up to 14.2%, and they are most commonly derived from lung cancer (incidence of 36–39%), followed
by breast malignancies (incidence of 10–12%) and hematologic malignancies (incidence of 10–21%) (1). CMs are
associated with a grave prognosis due to their generally late diagnosis at profound stages (2). CMs are clinically
silent in general; nevertheless, they can be lethal when cardiac tamponade or a rapid accumulation of
pericardiac effusion occurs (3). CM management strategies are generally aimed at symptomatic control and
maintenance of normal cardiac function. The role of palliative radiotherapy (RT) in managing CMs is limited due
to concerns over reported cardiac toxicities. The literature discussing RT as palliative treatment for CMs mostly
involves case reports with varied radiation doses [6 to 54 Gray (Gy)] and response durations (4-6).
Breast cancer (BC) patients with CMs are often heavily pretreated before diagnosis, which means the remaining
therapeutic window is narrow. Combinatory use of immunotherapy and chemotherapy was determined to be
effective in prolonging overall survival and progression-free survival in patients with metastatic triple-negative
BC (7). Hyperthermia (HT), known for its radio, or chemo-sensitization effect, combined with salvage RT has
become an effective treatment method for recurrent BC (8). Modulated electrohyperthermia (mEHT) is a form
of HT that transmits radiofrequency energy into the tumor cell membrane to produce an electric field. This
field causes lymphocytic and dendritic cells to penetrate the tumor to achieve pronounced immunogenic cell
death (9,10). A combination of RT, mEHT, and immunotherapy may enable a rapid and sustained abscopal effect,
as discussed in a retrospective study (11).
Herein, we report the case of a patient with metastatic BC with CMs who achieved marked local and distant
responses after receiving a combination of low-dose RT, low-dose chemotherapy, mEHT, and low-dose
immunotherapy. We present the following case in accordance with the CARE reporting checklist (available at
https://dx.doi.org/10.21037/tro-21-16).

Case presentation
In 2012, a 51-year-old woman was diagnosed as having left-sided luminal A subtype BC (cT2N0M0), stage IIA.
After receiving 2 cycles of neoadjuvant chemotherapy, the patient refused surgery and received only tamoxifen
and naturopathic therapies for over 6 years. In July 2018, the patient finally agreed to undergo salvage leftsided modified radical mastectomy due to local progression by skin invasion and palpable axillary and
supraclavicular nodes, she finally agreed for salvage left-sided modified radical mastectomy. Pathology
reports revealed invasive ductal BC with chest wall and skin invasion, 11 positive lymphadenopathies,
complicated by positive surgical margins, and extranodular extension, which indicated pT4bN3a, stage IIIB. The
patient refused adjuvant treatments after surgery. In February 2019, she noticed multiple eruptions of left chest
wall tumors that, through biopsy, were confirmed to be metastatic BC and phenotype transformation into triplenegative subtypes. She was salvaged through reoperation and cryotherapy.
In July 2020, the BC recurred with multiple left chest wall indurations and serous discharge as well as an
enlarged axillary mass measuring more than 7 cm. The patient was salvaged through RT administered at 50
Gy in 25 fractions to the left chest wall and regional nodes, in addition to a focal boost of 70 Gy administered in
35 fractions to the axillary mass. After 2 months, the patient sought a second medical opinion due to a rapid
outburst of a right breast nodule measuring more than 5 cm, as well as progressive exertional dyspnea. A
positron emission tomography (PET) scan performed in October 2020 revealed a right breast tumor of more
than 7 cm protruding from the skin along with numerous metastatic nodules over the right breast and left chest
wall. The scan also revealed multiple metastatic lesions in the regional and distant lymph nodes, ribs, lungs, and
adrenal glands; bilateral pleural effusions; and pericardial masses extending from the left to the right atrium.
Cardiac echography revealed pericardial metastases and pericardial effusion (Figure 1). The patient refused
Oncothermia Journal Volume 31, March 2022
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intravenous chemotherapy but agreed to receive a combination of palliative RT, oral chemotherapy, mEHT, and
low-dose immunotherapy.
Treatment began after pericardiocentesis with a low dose of ipilimumab 15 mg (0.3 mg/kg) and nivolumab 30
mg (0.5 mg/kg) given every 4 weeks, in addition to mEHT treatment in 1-hour sessions twice weekly. mEHT
was applied using an EHY 2000+ device (OncoThermGmbH, Germany). The mEHT protocol involved a large
treatment field implemented using a 30-cm electrode covering the right breast and a small treatment field
implemented using a 10-cm electrode applied directly to the protruding mass on the right breast; the 2
electrodes were applied alternately. A radiofrequency of 13.56 MHz was used with an automatic, real-time
tuning device to ensure a standard wave ratio was maintained. The intratumoral temperature was not
measured because the temperature elevation inside a treatment field measured using a conventional
thermocouple is typically <2 ℃(12). After 4 sessions of mEHT treatment, palliative RT at 20 Gy in 12 fractions
given daily, was administered to the right ulcerative breast tumor, pericardial lesions, and rib metastatic lesions
by tomotherapy (Accuray, Sunnyvale, CA, USA) (Figure 2). Chemotherapy was given concurrently by using
low-dose capecitabine 500 mg t.i.d. and vinorelbine

Figure
26.
Heavily
pretreated metastatic BC
with (A) massive pericardial
effusions treated through
pericardiocentesis
and
drainage. (B) PET scan
revealing multiple lesions
involving
the
bilateral
breast, pericardial (red
circle), regional, and distant
lymp
40 mg weekly. The lesions
of the left chest wall were
not included in the RT field
due to the short retreatment time and high in-field dose in previous treatment.
The patient refused oral chemotherapy 6 weeks after treatment was initiated. The protruding tumor of the
right breast was nearly invisible at 3 weeks of treatment, and the patient was free from dyspnea after
completing the RT course in December 2020. A PET scan 2 months after treatment revealed marked regression
of the irradiated lesions and diminished pleural and pericardial effusions. Notably, the unirradiated left chest
wall lesions and adrenal metastases outside the local treatment field demonstrated remote disease control
(Figure 3). A posttreatment cardiac echocardiogram revealed diminished pericardium effusions without cardiac
wall motion abnormalities. The patient continued the monthly low-dose immunotherapy protocol in conjunction
with mEHT without any treatment-related toxicities. The patient’s condition has remained stable for more than
6 months at the time of writing.
All procedures performed in studies involving human participants were in accordance with the ethical standards
of the institutional and/or national research committee(s) and with the Helsinki Declaration (as revised in 2013).
Written informed consent was obtained from the patient for publication of this case report and accompanying
images. A copy of the written consent is available for review by the editorial office of this journal.
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Discussion
We present a case of BC with CMs that demonstrated an abscopal response more than 6 months after
combination treatment involving low-dose immunotherapy, low-dose chemoradiotherapy, and HT. The
prognosis of CMs is generally grave, with a median survival of 3.5 months if untreated (4,5,13). Although
patients with CMs typically present with disseminated disease, appropriate management can improve their
quality of life and overall survival. Palliative RT is often underused due to the poor prognosis of CMs and the
lack of randomized controlled trials (5,6). In our case, we demonstrated that the combinatory treatment was
effective and notable in that it produced a rapid and sustained abscopal response, demonstrated a radio- and
immune-sensitization effect through HT, and involved of a low-dose immunotherapy protocol.
The patient was heavily pretreated; therefore, the response rate and duration of the response were expected
to be low. Nevertheless, the observed local and distant responses to treatment were notably positive. Whether
our case was a bona fide abscopal response is debatable because immunotherapy was applied. However, among
the millions of patients treated with palliative RT between 1969 and 2014, only 46 cases were identified as
abscopal events (14). Accordingly, we hypothesized that a rapid release of extracellular damage-associated
molecular secretion patterns (DAMP) through RT and HT would facilitate tumor immunogenicity and enhance
the efficacy of immunotherapy. Our patient exhibited a rapid response to treatment at the second week of RT,
which supports a previous report that a rapid response may be correlated with abscopal events (11). The
prescribed RT dose was low when compared with conventional palliative RT courses administered at 30–35 Gy
for 2–4 weeks. Despite the lower fractionated dose, the treatment response was robust and indicated a
radiosensitization effect due to the combined HT. A study of metastatic melanoma treated with RT and
immunotherapy revealed that, other than HT, an RT fraction size of less than 3 Gy was the only factor associated
with a high response rate (15). In our case, the protruding mass, especially the large-sized tumor, exhibited a
stronger response than the smaller tumors did when treated with combined RT and mEHT (11). Larger tumors,
usually situated near the surface of the body, absorb the radiofrequency energy more effectively. The absorbed
energy results in prominent apoptosis, necrosis, and a release of DAMP, which may facilitate abscopal response
(7,11,16).

Figure 27. Dose-volume histogram,
region of interest, and isodose curve.
The RT plan was administered
through tomotherapy at 20 Gy in 12
fractions to the right breast tumor,
pericardial, and rib metastases. RT,
radiotherapy; Gy, Gray.
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Immunotherapy along with chemotherapy was observed to prolong the overall survival of patients with
metastatic triple-negative BC (7). For patients who refuse chemotherapy, a double checkpoint inhibitor blockade
may be a sensible approach. Combination treatment involving an anti-CTLA4 antibody (ipilimumab) and anti-PD1 antibody (nivolumab) was reported to achieve a 3-year overall survival rate of 63% in metastatic melanoma
but at the expense of a 58.5% rate of grade 3 or 4 immune-related adverse events (irAEs) (17). A meta-analysis
of 80 clinical trials revealed that a combination of double checkpoint inhibitors (anti-CTLA-4 and anti-PD-1
inhibitors) was associated with the highest rate of irAEs proportional to the prescribed dose (18). The concept
of utilizing low-dose double immune checkpoint blockade was analyzed in a retrospective study of 131
metastatic patients who failed all conventional treatments (19). Treatment using low-dose ipilimumab (0.3
mg/kg) with nivolumab (0.5 mg/kg), HT, and interleukin-2 was associated with an objective response rate of
31.3% and a 2-year survival rate of 36.6%. In addition, BC patients (including all phenotypes) demonstrated a
31% response rate, and the documented irAEs were mild (19).

Figure 28. Red circle indicates the
irradiated right breast mass and pericardial
metastases
with
almost
complete
response. Green circle indicates the
unirradiated left breast tumor with an
abscopal response in the following image
with diminished pericardia

The combination of low-dose chemoradiotherapy, low-dose immunotherapy, and HT is a safe option for
palliative treatment. The observed rapid and sustained abscopal response renders this combination worthy of
further study. An official trial should be launched.
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