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Abstract 
The COVID-19 pandemic has experienced unprecedented limitations and 
extraordinary scientific efforts to address this exceptional situation. Despite 
blanket closures that have resulted in significant financial constraints and 
losses around the world, research has an “unlimited” budget, with an excep-
tional concentration of medical and scientific care on a single topic: under-
standing the mechanisms for overcoming the disease. A large number of 
clinical trials have been launched with different drugs that have been behind 
different concepts and solutions. I would like to focus on the complexity as-
pect of COVID-19. Living systems are organized in a complex way, which 
implies dynamic stochastic phenomena, and deterministic reductionism can 
mislead research. When research focuses on individual molecules or path-
ways as products, it is distracted from the processes in which these products 
operate, thus neglecting the complex interactions between regulations and 
feedback controls. Common problems in product-oriented research are arti-
culated as “double-edged swords”, “Janus behavior”, “two-sided action”, with 
a simple question: “friend or foe?” I focus on the missing complexity. I pro-
pose a bioelectromagnetic process that can maintain a complex approach, af-
fecting processes rather than products. This hypothetical proposal is not a 
comprehensive solution. Complexity itself limits the overall effects of causing 
“miracles”. Well-designed electromagnetic effects can support current efforts 
and, in combination with intensively developed pharmaceuticals, bring us 
closer to a pharmaceutical solution against COVID-19. 
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Graphical Abstract: Targeting the well-known and measured hallmarks of the infection 
does not deliver a cure. The process which produces “hallmarks” has to be considered in 
its dynamism. Instead of “products”, we have to concentrate on the “processes”. 
 

1. Introduction 

Human coronavirus-induced severe acute respiratory syndrome (SARS-CoV) 
first appeared in March 2003 [1] [2]. The current global pandemic is a disease 
called COVID-19. It is caused by severe acute respiratory syndrome coronavirus 
2 (SARS-CoV-2). It is the third known coronavirus disease, probably zoonotic, 
after SARS-CoV-1 and the Middle East respiratory syndrome (MERS). The new 
coronavirus strain was recognized for the first time in Wuhan, China [3]. It is 
classified as SARS-CoV-2, and the COVID-19 pandemic was declared on March 
11 by the WHO [4]. The number of people affected by COVID-19 is exceptional. 
The epidemiological investigation shows the validity of the networking com-
plexity (long-tail distribution). SARS-CoV-2 follows approximately the 80/20 
law [5], which means that 80% of transmissions occur by 20% of infected indi-
viduals, “super-spreaders” contagious” [6]. The analyses of the network show 
how “super-spreader” individuals spread the disease, locating “super-susceptible 
sites” [7]. Viruses appear active for quite some time on various surfaces [8], 
promoting the potency of pandemic danger [9]. The SARS-CoV-2 has much in 
common with previous coronaviruses, but their essential characteristics clearly 
differ [10]. The similarities allow us to use some experiences from previous vi-
ruses, such as slowing down the host’s inflammatory response or using some an-
tibodies or compounds that neutralize cytokines, but the essential challenge of 
complete therapy remains unresolved today. 

The tipping point of the COVID-19 pandemic was seriously underestimated 
at the onset of the disease [11]. The SARS-CoV-V2 coronavirus behind the pan-
demic is a “great imitator” [12] showing symptoms of other simple diseases. You 
may be asymptomatic, or you may have simple symptoms like a runny nose. 
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However, it differs completely from an upper respiratory tract infection (URI). 
Later, when the disease develops, you may have more severe symptoms such as 
loss of smell, fatigue, vomiting, diarrhea, abdominal pain, muscle aches, and 
even whole-body symptoms such as rashes or redness. Severe organic damage 
(heart failure, kidney damage, liver damage, etc.) is also possible, which usually 
occurs as a complication after the period of curative treatment. The long incuba-
tion period and mild symptoms of URI do not alert the patient, and many times 
when the disease worsens, it is too late to avoid harm. It should be noted that the 
relative “weakness” of SARS-Cov-2 compared to other viral infections that ma-
nifest its possible asymptomatic or misdiagnosed cold symptoms is also the 
strength of this virus. Asymptomatic and unrecognized presymptomatic indi-
viduals promote viral shedding by improving community transmission. URIs’ 
symptoms do not alert the patient, and, many times, when the disease becomes 
severe, it is too late to prevent transmission. Since the long, possibly asympto-
matic incubation period allows the virus to multiply in large numbers in the 
subject, the virus will inadvertently spread to other people and accelerate the 
pandemic. 

Massive research has begun with the advent of the COVID-19 disease to un-
derstand the causal effects of SARS-CoV-2 and other related viruses [13]. The 
goal of elucidating its infection mechanism is vivid, and, unfortunately, the solu-
tion is still waiting. 8764 publications (Aug. 10, 2020) had been published on the 
subject [14], including the record start of several clinical trials [15], and 68 on-
going clinical trials (Sep. 27, 2020) are also attempting to develop appropriate 
prevention and treatment [16]. Our knowledge is expanding day by day, and 
probably when this article appears, we will have more vital information on the 
subject than we have now. This is why I focus more on the general challenges, 
mainly on the on-demand hypothesis of the paradigm shift of SARS research. 

The central request for successful clinical therapy is an accurate understand-
ing of the infection mechanism, given its complexity, which is determined by the 
interrelated physiological feedback mechanisms of human homeostatic regula-
tion. The human body has developed defense mechanisms to prevent the growth 
and multiplication of invading pathogens. One of the oldest immune response 
types is the termination of cells infected with bacterial pathogens by apoptosis 
[17]. In plants, pathogens elicit a hypersensitivity response (HR), which induces 
systemic acquired resistance (SAR) [18] as a form of apoptosis. In animals and 
humans, dynamic homeostatic processes regulate the activation of apoptosis in a 
highly controlled manner. In both animals and plants, apoptosis is promoted by 
the production of anti-inflammatory molecules that are associated with tissue 
development and homeostasis [19]. Despite the differences, both types of apop-
tosis are associated with the induction of similar morphological characteristics, 
including membrane blowing, cytosolic fragmentation, nuclear condensation, 
and fragmentation, as well as biochemical events such as degradation of genomic 
DNA, proteolysis, and lipid redistribution of membrane [20] [21]. These 
changes are mainly due to the activation of a family of cysteine proteases, cas-

https://doi.org/10.4236/ojbiphy.2021.111001


A. Szasz 
 

 

DOI: 10.4236/ojbiphy.2021.111001 4 Open Journal of Biophysics 
 

pases [22] [23]. Furthermore, infected host cells produce defensins, innate im-
mune host protection peptides [24], and induce anti-inflammatory cytokines 
that play an important role in eliminating the invading pathogen. 

Proper vaccination could be decisive in preventing infection and stopping the 
pandemic, but it could also be an effective curative therapy tool for patients at 
different stages of the disease. So far, many solutions have been proposed to 
overcome the pandemic [25]. Many drugs are proposed for therapies [26], but 
none have currently been shown to be successful. The use of various virus-specific 
antibodies for active treatment is currently being tested more intensively [27]. 
Many companies compete in the race to develop antiviral drugs and vaccines to 
defeat the pandemic [28]. Research on basic vaccines, such as nucleic acid-based 
vaccines (RNA or DNA vaccine), recombinant protein vaccines, and viral vec-
tor-based vaccines, has not produced the results expected so far [14].  

Inhibition of coronavirus cell penetration (e.g., Hydroxycoquine [29], Umife-
novir (arbidol) [30], etc.), inhibition of virus replication (e.g., Remdesivir [31] 
[32], Ritonavir [33], Ribavirin [34], Oseltamivir (Tamiflu) [35], Favipiravir [30], 
etc.), the synthesis of bacterial proteins, the use of antiparasitic agents (Ivermec-
tin), the rethinking of other drugs previously used against the virus (Lopinavir 
[36], Ritonavir [37]), or plasma extracts from people who have recovered (im-
munoglobulins [38]), or monoclonal antibodies that enhance general immunity 
(interferon) (for example, tocilizumab [39]), have achieved clinical phase. How-
ever, many of them fail to the point of expectations [14]. The method that had 
superheated hopes, convalescent plasma from patients, who developed effective 
antibodies and transferred it as passive antibody treatment to patients in the in-
tensive care unit (ICU), has not yet been tested [40], and the decision on the va-
lidity of the “hopes” could not be made [41]. The drug hydroxycoquine, despite 
enormous political and financial support, was unable to produce satisfactory ef-
ficacy as the Cochrane meta-analysis had shown [42]. A new trend to develop 
vaccines is related to interferons [43] [44]. The intranasal application of recom-
binant interferon (rINF-α-2b) effectively shortened the duration and reduced 
the severity of coronavirus cold symptoms. A comprehensive summary of the 
activities in vaccine development reviews the actualities [45].  

Numerous drugs were tested in preclinical experiments with additional ex-
pectations, but most did not pass safety tests. One of the recent is that the Uni-
versity of Pittsburgh has published some fascinating information about its suc-
cess with one component (Ab8) of the antibody. It had been successfully tested 
in animal experiments as a possible viral vaccine [46]. However, it has yet to 
reach any human research, so in our opinion, the “news flash” is too early. Vec-
tor-based heterologous prime-boost immunization (Gam-COVID-Vac, [Sput-
nik-V]) is presently the first approved drug in the world [47]. The international 
professional community has serious doubts about this approval for security rea-
sons [48]. Experts explain the irresponsible side of the decision to certify this 
treatment [49]. Currently, we do not have enough knowledge about its effects, 
but doubts are increasing. A promising drug (AZD1222) and its clinical trial de-
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veloped in collaboration with Astra-Zeneca and the University of Oxford [50]. 
However, the studies were stopped due to serious side effects [51] and then par-
tially reauthorized, but doubts remain [52].  

The meta-analysis of the clinical trials of new, hopeful medications (Remdesi-
vir, Hydroxychloroquine, Lopinavir, and Interferon) had little or no effect on 
hospitalized patients with COVID-19 [53]. The evaluation was based on overall 
mortality, initiation of ventilation, and duration of hospital stay. No drug re-
duced the mortality (in unventilated patients or any other subgroup of entry 
characteristics), initiation of ventilation, or hospitalization duration. 405 hospit-
als in 30 countries 11.266 adults were randomized, with 2750 allocated Remdesi-
vir, 954 Hydroxychloroquine, 1411 Lopinavir, 651 Interferon plus Lopinavir, 
1412 only Interferon, and 4088 no study drugs were involved in the analysis. 
Presently (middle of October 2020) two extensive clinical studies are on halt be-
cause of safety concerns [54] [55].  

The currently known curative support (not vaccination) proven in clinical tri-
als are glucocorticosteroids and corticosteroids [28]. Dexamethasone (a corti-
costeroid) with respiratory support is the first drug that has been shown to im-
prove survival in COVID-19 disease [56]. These steroids are anti-inflammatory 
immunosuppressants. Immunosuppression is required to suppress overstimu-
lated immune responses. This is very helpful against a cytokine storm that oc-
curs late in the disease. Despite the apparent contradiction to steroids’ success, 
immune system support provides the best means when we consider the complex 
integration of immune effects into the body’s regulatory system. The immune 
effects could cause prevention to escalate the disease while blocking autoim-
mune reactions with steroids is needed in the severe stages when cytokine storm 
appears to be the most challenging danger. 

The task is to regulate the complex processes rather than control individual 
molecular products. The disease’s complexity can only be managed through the 
therapy’s appropriate complexity. With a unique molecular healing effect, a 
“miracle drug”, we can expect total success, that hope is unrealistic. The possi-
bility of a paradigm shift lies in the tracking of physiological complexity, which 
essentially seeks to restore control at the system level rather than control indi-
vidual threads. For this, the use of the immune system is more pronounced, 
which can best be achieved by a combination of chemical and physical methods. 

2. Challenges of the Complexity 

Medical history strikes a balance between two comprehensive but competing sets 
of methodologies: the inductive and deductive approaches. The inductive studies 
the details of the system, like the organs, tissues, cells, organelles, etc. and builds 
the whole body based on data from the parts and their function. The deductive 
view focuses on the whole body as a unit, taking it into its environmental inte-
ractions and deduces from them the to the parts, to organs and their functions. 
The two approaches build the diagnosis oppositely. The inductive is up from 
parts to the whole, while the deductive is down, from whole to details. The in-
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ductive system builds the complete system as workers do; the walls are built with 
bricks, while the engineer makes a general plan and breaks down deductively in 
detail how to connect the bricks to a functional structure. Both processes require 
professionals, and only together can they get the job done correctly. In medicine, 
a very similar situation occurs when an organ specialist studies the organ to de-
termine a patient’s health. We are well aware that having perfect organs does not 
mean that the system is organized healthily. Conversely, as the deductive practi-
tioner claims, having a perfectly organized system does not mean that all the 
system’s organs are functioning properly. Both approaches and their cross-talks 
and regulations are necessary to ensure healthy functioning, Figure 1. 

Unfortunately, the current clinical paradigm is very unbalanced in terms of 
inductive/deductive attitudes. Well-developed and educated medical knowledge 
characterizes the organ and its functions in the description of professionally 
well-trained organ specialists; but the whole system, the patient, does not receive 
as much attention. The same can be observed in the field of therapies: the focus 
is on the actual local disease drugs, paying less attention to the patient as a 
whole.  

Biological complexity is a well-proven fact based on physical and physiologi-
cal principles [57]. The stochastic approach is fundamental in biological dynam-
ism, including RNA polymerization and the most basic gene exchanges [58]. 
Darwin developed the uncertain (non-deterministic) idea through the theory of 
evolution that introduces probability in biological species development. This 
idea drives biological development everywhere. Contrary to the complexity of 
human organisms, the paradigm of modern medical research loses it. The con-
cept of homeostasis is ignored, and reductionist attempts to become the central 
dogma. This approach reduces the focus of medical actions to a set of the whole 
in almost isolated parts, components smaller and simpler than network inter-
connections, and hoping that the sum of these parts can explain the complete 
 

 
Figure 1. The complex thinking is the key to solve the problem of the present COVID-19 
viral infection. 
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system. This reductionism contradicts the concept of physiology and also science 
in general. 

The reductionist management and control of the disease are based on influen-
cing, inhibiting, or assisting molecular interactions, mainly leading to adequate 
medication through the creation of the effects of known drugs or through phys-
ical intervention (such as ionizing radiation) to modify the chosen molecular 
task. The forcing influence of certain molecules and signaling pathways strongly 
determines the research’s objective; complex interactive network processes are 
out of the majority of studies. However, living matter has a dynamic equilibrium 
(homeostasis) that implies a balance of sensitively adjusted feedback controls, 
showing the complexity of this highly organized material [59]. Complexity does 
not mean complication, but the intertwining of processes, which at each step 
seeks to have a dynamic and interconnected balance of suppressor-promoter 
pairs of the regulatory process [60]. Predominantly negative feedback characte-
rizes these mechanisms. Homeostasis is often ignored and used as a static 
framework for effects [61]. The challenge is the complexity of living organs, the 
highly interconnected interactions between the parts. The demand to under-
stand and use dynamic equilibrium develops a new paradigm for investigating 
the living matter, which requires a stochastic approach (probability of events 
dependent on time) instead of conventional thinking that requires deterministic 
changes [62]. The dynamic homeostatic equilibrium keeps the system in a stable 
but constantly changing state. The first efforts to show this complexity were 
made at the beginning of the last century by von Bertalanffy with general sys-
tems theory [63] emphasizing the openness of the living organisms, the deep 
embedment in the environmental interactions, Figure 2. All living organisms  
 

 
Figure 2. The viral infection is embedded in a complex network of interactions and spe-
cies. 
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are open systems, taking energy from the environment, and emitting waste 
there. A living subject’s environment is a network of the non-living and living 
objects that relate to the subject and connected with each other. The lives modify 
the environment, and vice versa. The environment modifies the lives. The infec-
tions are excellent examples of this complex interconnection. The infected cells 
are deeply embedded in the complex interactions, so the attempt to stop the in-
fection with a simple one-to-one deterministic approach is a mistake. 

The research objective of drug development’s actions is to modify the imba-
lanced inhibitor-promoter system with agonist-antagonist molecules [64]. Tur-
ing’s pioneering work on complexity established the first exact discipline of the 
life sciences, “decoded of the life, the mathematical biology [65]. The formula-
tion of morphogenesis was the first complex description, which could explain 
the chemical basis of dynamical interactions, and successfully predicted the os-
cillating chemical reactions. Most of the pharma products miss Turing’s dynam-
ism, ignoring the fundamental complexity. Agonist ligands bind to a receptor, 
while antagonist ligands prevent an agonist from binding to a receptor, trying to 
balance a dynamic equilibrium. Most of the researches miss the dynamical feed-
back mechanisms which make the agonis/antagonist relations complex. One part 
of the complex network appears in the adverse effects of the difference in agon-
ist-antagonist pair drugs.  

In most cases, the enzyme inhibition could occur due to the modification of 
homeostatic regulation [66]. The important principle is the feedback mechan-
ism, which controls the balance within a predetermined range around the refer-
ence value. It is usually well modeled with fuzzy logic, an approach to counting 
“degrees of truth” rather than the usual “true or false” decisions [67]. 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, where 
strongly interconnected negative feedback loops regulate the balance in the mi-
cro and macro ranges, forming the system’s dynamic stability. Due to this dy-
namism, the proposed paradigm shift towards the living system’s complexity is 
not an easy turn.  

The disease damages the network’s complexity in the human body, forming 
local or systemic sub-units, which declines from the equilibrium of the entire 
body. The homeostatic dynamic equilibrium is at least partially out of control. 
Restoring healthy complex mechanisms requires a careful balance of actions. 
The chosen treatment has to fit the complex challenges of the patient’s individu-
al conditions, the environmental loads, and the physiologic (homeostatic) con-
trol Figure 3. It is easy to make an agonist or antagonist change the faulty me-
chanisms, but it is not easy to keep the system’s balance. The unstable spa-
tio-temporal regulation and the variation of doses of infection destroy the ho-
meostatic balance of the healthy dynamics of the infected region. In this way, the 
repairing process in a focused part of the system can induce adverse effects in 
whole, challenging safety. Many experiments went through rigorous testing in 
the preclinical phase, and some drugs made it possible for clinical trials. These 
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Figure 3. The complex control of the living state has to be counted at the chosen treat-
ment. 
 
trials require long periods of time because safety and side effects need to be mo-
nitored in a large patient cohort population and over a long follow-up period. 
Furthermore, the dosing and practice protocol takes time to fix, considering that 
“there is only one difference between the drug and the poison: the dose”.  

Serious side effects can occur when drug rebalancing does not pay enough at-
tention to the relationships built into the balances, which are often dose-related. 
The often serious side effects of chemotherapies depend in part on the imbalance 
situation, and the risk/benefit ratio decides their applicability [68]. Pharmaco-
dynamics offers a mixed-effect agonist/antagonist (selective receptor modula-
tion) approach, acting as an agonist for some types of receptors or some tissues 
and an antagonist for others. Correcting one side of the scale by a drastic regula-
tion, side effects appear as a whole because the unbalance appears in the unfo-
cused subsystem [69]. The need to move the paradigm towards the pharmaceut-
ical industry has also been explicitly articulated in Science Magazine [70].  

A fundamental reason is why the transfer of research results cannot find a 
faster path from laboratory to clinical applications. The problem is that the 
present investigation paradigm is losing complexity due to our reductionism, 
leading the investigation in the wrong direction. The question is addressed: 
“where did the medicine go wrong” and in the response of B. West, the chief 
scientist of the United States Army laboratory, formulates the necessary task: 
“rediscover the path to complexity” [71].  
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Our task is to assist the patient’s natural dynamic homeostasis, which again 
underscores the importance of patient-oriented therapies. Patient orientation 
involves using the patient’s homeostatic capacity, regulating the patient to drive 
processes and establish general control. For this, it is not enough to administer 
an agonist or antagonist; regulation of the processes is needed that balances the 
dynamic agonist-antagonist balance in healthy control. The promoter-suppressor 
circles characterize all the dynamical changes in the organism from the molecu-
lar to the systemic level. These controlling circles are deeply interconnected, and 
a modification in one could affect multiple, directly not connected, but net-
worked regulations (Figure 4).  

When the research identifies a defect of one of the particular regulating cir-
cles, a severe challenge occurs. Various solutions could be applied to correct the 
damaged regulation in an isolated circle (Figure 5). Albeit the study and mod-
ification of one regulating ring in isolated conditions offer a relatively easy solu-
tion, the consequences in the complex network are unconditionally out of con-
trol. The lack of complexity in the research concepts in practice regularly shows 
its negative side: it is easy to develop a drug that eradicates the virus. Unfortu-
nately, it is also often harmful to human lives. The reason is simple: when the  
 

 
Figure 4. The regulation circle of promoter-suppressor balance guides all the processes in the body. These are intercon-
nected in a large complex network, and any individual change could cause an unexpected and unpredictable “avalanche” 
of the changes.  

 

 
Figure 5. The balancing corrections of one certain promoter/suppressor pair. (a) A healthy balance of a certain process (a part of 
normal homeostasis); (b) A pair of promoter/suppressor is out-balanced; (c) Rebalancing of a certain process, but the extra 
“weight” unbalances other regulatory pairs, where the promoters are also involved; (d) Resetting the reference value for rebalanc-
ing, but it disturbs all the regulatory links, connected to both, promoter and suppressor; (e) Rebalancing by catching the complex 
process in a network, where the certain pair is involved.  
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drug produces an imbalance in complex dynamic regulation, it could help in the 
desired part (killing the viral infection), but the preference suppresses other 
processes, and the system goes haywire.  

Our research task starts being complex, and new ideas are necessary for going 
over the obstacles. The focus changes. Re-establishing the regulation does not 
work correctly when we make rebalancing by the kind of extra promoter (like in 
Figure 5(c)), or by shifting the reference value of regulation (like in Figure 
5(d)), due to the complex network reacts making the complete homeostatic 
control effective. The physiological changes can cause unexpected consequences 
and appear new symptoms, called adverse effects. The task is to correct the reg-
ulation by taking care of the complexity and re-establishing the regulation circle 
smoothly with the natural homeostatic mechanisms (like in Figure 5(e)). Note 
our aggressive actions based on the high scientific ego leads us to a dead-end. 
We have to recognize the natural complexity and help these natural intercon-
nections to correct the regulatory fault. Ignoring this humble serving of natural 
process forces the complex control to fight against the actual fault to repair and 
against our aggressive “invasion”-like action.  

We rarely recognize that the current dominant medical paradigm often ig-
nores patient homeostasis [61], even though it is the central theory of physiology 
that unifies knowledge about the system’s self-regulatory processes. Hierarchical 
process control enables a wide range of dynamic adaptation to changing internal 
and external conditions. The center of the new paradigm is the homeostasis of 
the organism. It is bad news that life’s dynamic processes are probabilistic, but 
good news that this “chaos” is by no means the category that has no order [72]. 
The well-organized harmonic hierarchy of dynamic complexity manifests itself 
well in the entire organism’s interconnectedness and follows a bioscaling [73], 
which is universal for life [74].  

The dominant universality shows multiple-scale behavior at all levels, from 
the molecular to the organism [75], emphasizing the importance of intercon-
nected and interacting networks. The spatio-temporal self-similarity [76] creates 
a self-organized network [77]. Learning this, a new science is emerging: the 
“fractal physiology” [78] [79]. The fractal-based biological scale could serve as a 
model of developmental dynamism by describing the main characteristics of the 
clinical stages of viral disease [80]. Fractal analysis gives a structural idea of viral 
rearrangement in infected tissue [81]. In a matter of time, dynamic interactions 
have a long-range correlation time lag, composing harmony in the system [82]. 
External stimuli must conform to homeostatic harmony [83].  

Instead of deterministic expectations of each molecular change, complex con-
siderations must focus on the dynamic process and not on the resulting or artifi-
cially introduced substances. Understanding the living dynamism of deeply in-
terconnected events implies a necessary paradigm shift in modern medicine, 
moving from conventional deterministic methodology to complex approaches, 
considering stochastic processes [84].  

The missing homeostatic harmony disrupts the healthy state and leads to dis-
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ease. The homeostatic balance of promotion and inhibition is activated in paral-
lel “like twins” [85]. Deterministic “one-sided” actions alter homeostasis’s bal-
ance and reduce the chances of success by causing adverse reactions. Effective 
therapy attempts to restore the lost dynamic balance in harmony with and 
without imposing restrictions against natural personal abilities. This approach 
allows individualized therapy, taking into account the specific characteristics of 
the patient [85]. Proper diagnosis finds interrupted control of regulatory me-
chanisms and points to the damage of self-organizing mechanisms [62]. The 
therapeutic intention launches modifications that help the natural repair me-
chanisms find the self-controlled and self-organized homeostatic state. 

The medical task must be focused on controllable regulations, so thinking on 
one side of the action could have serious consequences. Curing the patient as a 
complete organism has to be in the center of medical efforts, and the local infec-
tion is only a part of it. The focus on the patient’s defective part should be 
shifted to a patient-oriented approach (Figure 6). The patient is a complex sys-
tem, so medical therapy must concentrate on this dynamic equilibrium.  

The missing complexity is well illustrated by the fluctuating evaluation of 
AZD1222, [50] [51] [52]. We have to evaluate all sides of complex phenomena 
before medical actions [86]. Similar challenges have appeared in other large, well  
 

 
Figure 6. The main clinical focus has to be on the entire patient with their actual personal 
conditions. The viral-oriented clinical approach must be shifted to the patient oriented 
one, concentration of the developing processes more than on the developed products of 
these. 
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supported clinical trials [54] [55], too. The strictly deterministic clinical deci-
sions must be differentiated. Even though the symptoms are similar, the com-
plete unification of patients’ collected cohort does not result in success. The in-
dividual homeostatic regulation affects the actual principal treatment protocol, 
and it could develop complications.  

Here is a key issue. How can we ensure homeostatic equilibrium if we artifi-
cially interfere with a complex stochastic system’s functioning? How can we di-
rect natural processes towards the solution? The solution is probably to support 
the existing complexity of the living matter, removing the complex balance dis-
order as harmoniously as possible. The treatment strategy has to be formed as 
the army leads a war: Attacking the enemy’s weakest points and avoiding being 
embroiled in a conflict with their most potent forces. In this medical “war”, we 
could follow the winning strategy. The most powerful forces of the virus are in 
its process of replication. Of course, it could be the goal of stopping replication 
initiated within cells, as many of the drug developments (e.g. Lopinavir, GRL0617, 
Ribavirin, Remdesivir, Favipiravir, Alisporivir, etc.). Thus drive the blocking of 
various signal pathways intracellularly [87]; however, it is arduous work, and we 
must expect many adverse effects due to unwanted changes in general cellular 
mechanisms. We have to focus on processes rather than products [70]. It nicely 
shows the problem of complexity when the successful use of immunosuppressive 
steroids has caused some surprises when the mainstream of viral research favors 
immune enhancement. 

The expansion of COVID-19 clearly divides clinical actions into three inter-
connected parts. The first period of clinical care begins when the first symptoms 
appear. In the first period of the infection the focus has to block the further ag-
gravation of the disease. The innate immune actions are in the front of the fight 
against the virus. Intent to stabilize the patient’s condition was unsuccessful, and 
the patient experiences a more severe illness, the task changes. The patient needs 
medical help in severe symptoms like shortness of breath, fatigue, and other 
quality of life suppressants. In the third period, when the previous two could not 
block development, emergency medicine, mostly in the intensive care unit (ICU) 
continues the treatment to prevent death. All three periods have some special-
ties, which we will discuss below in this article.  

2.1. Challenges of the Physiologic Regulation and Control  

The first coronavirus pandemic (SARS-CoV-1) had shown a fundamental role of 
the angiotensin-converting enzyme-2 (ACE2) in the cellular invasion of the vi-
rus [88]. The same had also been observed in the SARS-CoV-2 virus [89] [90]. 
The enzyme ACE2 converts angiotensin I to angiotensin 1-9, just as ACE con-
verts angiotensin I to angiotensin II, which again ACE2 converts to angiotensin 
1-7. ACE inhibitors generally block the conversion of angiotensin I to II, while 
angiotensin receptor blockers (ARBs) block the angiotensin II receptor. 

The invasion process towards internalization in cells fundamentally depends 
on the peak glycoprotein (S) (fundamentally on the S1 subunit) of the SARS-CoV-2 
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virus [91]. The cellular entry of SARS-CoV-2 is promoted by type II transmem-
brane serine proteases (TTSP) [92]. The participation of TTSPs is confirmed in 
the viral entry of SARS-CoV-2 into cells. The participating TTSPs are the trans-
membrane serine protease isoform 2 (TMPRSS2) [93], the lysosomal endopep-
tidase cathepsin-L (CTSL) [94], the proprotein peptidase furin [95]. The heparan 
sulfate proteoglycans [96] [97], which are potentially membrane-bound in 
the glycocalyx layer of epithelial cells [98] could be involved as well, as it was 
proposed earlier, before COVID-19 [99] [100]. Heparan sulfate could block 
SARS-CoV-2 infection [101], and, consequently, the multiple clinical application 
of heparin was proposed [102] [103] [104].  

TTSPs, firstly TMPRSS2 [94], facilitate binding to ACE2. The virus mainly 
uses the ACE2 receptor to enter the host cell, with the help of TMPRSS2. When 
the receptor binds to the SARS spike protein (S), the process is preactivated by 
furin, cleaving the spike to prepare it for membrane fusion with the host cell. 
Furin’s assistance in binding is a special feature of SARS-CoV-2, which helps the 
virus to penetrate the cell. These types of shared structures also appeared in 
highly pathogenic viruses, such as avian influenza. The frequent mutation capa-
bility is another risk of SARS-CoV-2 infection, which is usual in cases of 
RNA-based viruses. 

Even though both SARS-CoV-1 and SARS-CoV-2 share the characteristic that 
the main receptor for viral entry is ACE2, there are essential differences in in-
tensity. The binding affinity of human ACE2 to the receptor-binding domain 
(RBD, which selectively recognizes ACE2) is significantly higher in CoV-2 than 
in CoV-1 [105]. Interestingly, RBD’s position also differs in the two viruses. The 
active state (standing) is more frequent in CoV-1 than in CoV-2, which appar-
ently could mean a lower virus binding efficiency in COVID19. Unfortunately, 
higher binding compensates for hidden RBD, and more importantly, hidden 
RBD allows immune evasion, greatly improving its binding efficiency [102]. A 
significant part of the high SARS-CoV-2 infectivity connected with the new mu-
tations in the RBD and the acquisition of a TTSP cleavage site in the S-spike 
protein. There are some formal, deterministic approaches to stop the viral repli-
cation by blocking the entry to the cells (Figure 7). These, however, could dras-
tically modify some key steps of the replication mechanisms by homeostatic reg-
ulation. These all have attempted to develop drugs without concerns about its 
complex feedback effects. The feedbacks are considered as side effects only, and 
so their applications are rather limited. The symptoms of infection or the side 
effects of drugs correlate with the dysfunction of the complex homeostasis. 

The ACE2 receptor has a central role in developing the disease, being the door 
to the virus’s cellular invasion. What would be the medical intervention? The 
first logical deterministic answer is relatively straightforward: block the most 
probable “gate” of the ACE2 receiver [106]. Consequently, the application of the 
anti-ACE2 antagonist seems an optimal medication. In fact, viral infection in the 
cell could be drastically suppressed by blocking “entry.” However, we learned  
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Figure 7. The basic steps to inhibit: neutralize the spike-protein of the virus, block the 
cellular entry of the virus, block the intracellular moving, bonding, block the RNA repli-
cation or block the egress of the newly produced virus from the cell. 
 
that additional ACE2 inhibition could increase the imbalance, leading to the pa-
tient becoming critically ill. In many cases, it requires ICU care, and some of 
these became fatal. Not only is ACE2 a helper for virus invasion, but its 
double-edged actions address the question “Is it friend or foe?” [107]. The ap-
parent contradiction illustrates the limits of the reductive deterministic thinking 
when the fundamental physiological knowledge of homeostatic regulation is not 
involved in the concepts and consequent clinical actions [70]. 

The series of built-in negative feedback mechanisms ensure the complete 
equilibrium of all participating molecules. ACE2 viral involvement dysfunction 
induces an imbalance in the RAS and, through this, involves the immune system 
(Figure 8). The immune connection was recognized at the beginning of the 
pandemic in China [108]. The massive interconnection of regulatory networks 
also points to the complexity of COVID and its interaction of the homeostatic 
system unbalanced by a viral infection. The unbalanced participation of ACE2 in 
SARS-CoV-2 explains why multiple symptoms can appear during infection, in-
volving different organs that express a considerable amount of ACE and 
processes regulated by this enzyme.  

As usual, in complex systems, ACE2 also has “two faces” [109], which are, in 
fact, multiple functions, deeply connected to the homeostatic complexity, which 
must be considered. The complex thinking takes attention to the participation of 
ACE2 in a wide range of physiological processes [110]. The actions of ACE2 in-
clude protecting against inflammation [111], compromising immunity [112], 
and protecting the active organ against hypertension, diabetes, and cardiovascu-
lar disease, as well as protecting against some types of acute lung injury [113].  
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Figure 8. The complex RAS circle shows the interconnections and feedback of the various 
involved products during the regulation process. The most frequent attack of SARS-CoV 
is shown in influencing the ACE2 processes.  
 
ACE2 plays an essential role in immune reactions that affect the innate and 
adaptive immune systems through the action of macrophages and neutrophils 
[114]. Inhibiting ACE2 could increase dangerous inflammation, grow reactive 
oxygen species (ROS), create vasoconstriction, and lead to thrombosis. The 
weakening of immune control could increase the risk of developing a critical 
condition and need ICU.  

The challenge of inhibitors of the ACE enzyme (ACEIs) or angiotensin recep-
tor blockers (ARBs) is reducing the severity of the consequences of virus inva-
sion, reducing their mortality rate [115] [116] or out of balance causing other 
severe consequences (Figure 9). When the ACEI is administered in the wrong 
time or wrong dose, the regulatory function of ACE2 decreases and the disease 
may worsen. The patient could develop a severe or critical condition. However, 
the angiotensin-converting-enzyme gene has polymorphisms [117] capable of 
forming more than 160 versions [118]. This could cause inequalities in humans 
in the level of ACE expression [119], requesting more detailed information and 
consideration of the patient’s personal status. On the other hand, a large study 
showed that ACEIs and ARBs were not associated with the infectivity of 
SARS-CoV-2. When the dosing of these administered according to the standard 
protocol for the patients suffering hypertension as comorbidity and had taken 
the medication regularly as they did before, the viral infection does not exacer-
bate [120]. These findings support the continuation of ACEI or ARB II among  
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Figure 9. Typical balancing is shown in the most frequently studied ACE2 receptors. 
Their imbalance drives the RAS processes, which activate the connected KKS and CS cir-
cles too.  
 
patients with coexisting hypertension, cardiovascular disease, and COVID-19 
[121]. The ACE2 activation has a protective effect on lung injury, including 
acute respiratory distress syndrome (ARDS), so it could be a potential curative 
action in COVID-19 [122].  

Current statistics show a correlation of COVID-19 with gender [123] [124], 
and age [125] of infected patients. Comorbidities, such as hypertension [126], 
diabetes [127], cardiovascular disease [128], asthma, chronic obstructive pul-
monary disease (COPD) [129] can lead to serious difficulties. Triggering of 
comorbidities was also detected in SARS-CoV-1 infection in patients who did 
not have such damage before [130]. The virus can activate comorbidities like 
diabetes [131] [132], kidney disease [133] or induce cardiovascular damage 
[134]. Furthermore, the risk of multi-organ infection by the virus remained a 
challenge [135] too. An unhealthy lifestyle (such as smoking) and obesity are al-
so risk factors [136] due to weakening the body’s healthy physiological regula-
tions. These risks of coronavirus infections have the same root. The virus attacks 
ACE2 receptors, which have high expression in these organs, causing an in-
creased risk of ACE2 damage. 

One of the further challenges in the pathogenesis of SARS-CoV-2 is the im-
balance in RAS, which favors severe effects. Viral interstitial pneumonia and 
diffuse alveolar lung damage appear in early pathologic changes in COVID-19, 
and pulmonary edema is also commonly seen [137]. The possible extensive cy-
tokine storm could develop the patient’s critical condition, an acute lung injury 
causing an irreversible impairment of restrictive lung function and death. The 
RAS balance has complex actions on the immune system, and ACE2 may affect 
antiviral immunity in this context [138]. ACE2 downregulation overstimulates 
RAS [139], so ACE2 inhibition may decrease viral penetration potential, and al-
tered RAS needs to be balanced. RAS maintains electrolyte and fluid balance and 
also regulates vascular resistance [140]. RAS imbalance could even cause oxida-
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tive stress alone [140], inducing many diverse diseases in clinical practice [141]. 
The impoverished ACE2 availability with the expansion of the infection or the 

too intense ACEI/ARB activates the kallikrein-quinine system (KKS), counte-
racting the RAS [142], i.e. that is, any decrease or predominance causes the op-
posite corrective change in the paired system [143]. The counterbalance action 
covers multilevel interactions [144]. The RAS-KKS system’s effect plays an im-
portant role in the entry of SARS-CoV-2 into cells [145]. The virus’s extensive 
invasion causes a shortage of the ACE2 receptors, the widespread viral infection 
developing the ACE2 dysfunction, and it plays a major role in the induction of 
the fibrosis [146]. The altered RAS through KKS impacts on bradykinin [147], 
inducing its overexpression, eliciting an overwhelming action [148]. The central 
role of bradykinin in the worsening of symptoms as advanced infection binds to 
ACE2 enzymes to such an extent that its lack can increase bradykinin level. In 
this phase of the viral infection, the bradykinin leads to the disease’s progress, 
the exhausted immune reaction, and the cytokine storm inevitable. The vast 
bradykinin expression could cause pulmonary edema [149] and induce pulmo-
nary fibrosis, too [150]. Interestingly, bradykinin’s crucial role has recently been 
“discovered” by programs running on supercomputers [151]. Clinical practice 
shows that bradykinin-associated angioedema can recover rapidly when the 
bradykinin pathway is blocked [152]. 

Another control in complex regulation is the contact system (CS), which is 
part of the innate immune system and the inflammatory response mechanism 
against artificial materials [153]. The decision proteins in CS are the members of 
the coagulation cascades, factor XII (FXII, Hageman factor), prekallikrein (PK, 
Fletcher factor) and high molecular weight kininogen (HK) that participates in 
the initiation of the blood coagulation and in the generation of the vasodilator 
bradykinin with regulation KKS. FXII acts as a growth factor. It promotes angi-
ogenesis and wound repair [154] in healthy conditions; however, pathologically, 
it can promote pulmonary fibroblasts’ proliferation leading to pulmonary fibro-
sis [155]: COVID-19 can also progress to pulmonary fibrosis. Surfaces that are 
recognized as “unusual” appear from damaged host cells and will activate CS. 
Furthermore, damaged cells release characteristic molecules into the extracellu-
lar matrix (ECM), forming a damage-associated molecular pattern (DAMP) and 
a pathogen-associated molecular pattern (PAMS), which could trigger a defense 
reaction that includes CS activation. The three large regulating feedback me-
chanisms (RAS, KKS, and CS) are complex themselves and also complexly in-
terconnected, too, Figure 10.  

It was also recognized that ACE2 alone is insufficient to explain the virus’s 
invasion into the cell [156]. The metalloproteinase inducing receptor (basigin, 
CD147) was discovered as a new alternative route [157], which is additional to 
the invasion of ACE2 [157] [158]. Basigin (BSG) is a highly glycosylated single 
transmembrane protein of the immunoglobulin superfamily. It is relatively 
small; it has 50 - 60 kDa. 
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Figure 10. The regulatory feedbacks are profoundly interconnected and undoubtedly 
modifies the homeostatic balance. 
 

The alternate route of entry of cells through BSG also participates in numer-
ous negative feedback controls, and thus its imbalance re-induces challenges. 
BSG is widely distributed in the human body with various functions. It is in-
volved in a broad spectrum of interactions [159]: regulates angiogenesis through 
VEGF, affects inflammation through Matrix metallopeptidases (MMPs), and 
IL-6, it induces pro-inflammatory cytokines through TRAF6, it is involved in the 
regulation of the cell cycle with P13K/AKT, etc. While ACE2 and TMPRSS2 are 
co-expressed in epithelial cell membranes, BSG expression appears in both epi-
thelium and immune cells [136], so BSG inhibition may produce more conse-
quences than in ACE2. In the bronchial biopsy, in the cells of the bronchoalveo-
lar fluid (BAL) and the blood, a greater expression of genes related to ACE2 and 
BSG was found; and in addition, genes related to BSG were positively correlated 
with body mass index (BMI) [136].  

On the other hand, BSG is involved in multiple physiological regulations. BSG 
regulates cell proliferation, apoptosis, migration, metastasis, and differentiation 
of tumor cells, especially under hypoxic conditions [160]. Inhibition of the BSG 
protein prevents interleukin IL-17 and CD4+ and CD8+ memory T-cells in the 
peripheral circulation [161]. The activity of BSG (CD147) increases under hy-
poxic conditions [160], which is usually generated by the massive use of ATP for 
cellular viral infection. It is well-known that BSG appears in most of the malig-
nant processes [162] that are involved in the production of vascular endothelial 
growth factor and can promote tumor cell invasion and metastasis. The BSG 
protein appears to be a hallmark of cancer through metabolic reprogramming. 
BSG improves glucose metabolism [163] and contributes to immunosuppression 
by inhibiting the p53-dependent signaling pathway [164]. The BSG is a part of 
the complex physiological regulation (Figure 11). The SARS-CoV-2 virus can  
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Figure 11. The complex regulatory effects of BSG. BSG is an alternative of the SARS-CoV-2 
entering into the host cell, but its presence and change broadly act in the entire body’s 
physiology. 
 
reprogram cell bioenergetics supporting its replication [165]. In such a way, the 
SARS-CoV-2 virus shifts the cellular metabolic activity activating the simple 
glycolysis, similarly to the malignant cells. The glycolytic shift induces hypoxia 
triggering inflammatory changes in the lungs. This regulates the respiratory ac-
tivity creating hypoxemia, which could support the viral infection by a positive 
feedback loop.  

Importantly other feedback regulations help the extension of the viral infec-
tion [166]. The RAS-KKS-CS complex regulation has extensions with evading the 
immune response (vicious viral loop, “sneaky virus”) gaining hyper-inflammation, 
including T-cell lymphopenia and infiltration of macrophages and polymor-
phonuclear neutrophils (hyper-inflammatory loop, “gathering storm”), the 
non-canonical RAS, the ACE2/angiotensin-1-7 loop involving platelet dysfunc-
tion and at the end vascular leakage, (loop of the “helpless lung”), and the 
hypercoagulation loop developing fibrosis (“an epidemic within a pandemic”), 
[166]. This interconnected networking shows the complexity of the COVID-19 
processes, which must be considered in the therapy approaches.  

Inhibition of the BSG protein (like the same for ACE) may be a useful strategy 
in preventing or first-line treatment of infection by the SARS-CoV-2 virus, sup-
pressing the possibility of developing the disease to a severe phase. However, the 
regulatory action needs a careful choice of the right time with the right dose; 
otherwise, the treatment could seriously affect other connected functions, caus-
ing severe adverse effects or even directly opposite processes than the expected. 
The involvement of various receptors in SARS-CoV-2 infection shows a wide 
range in epithelial barriers and immune cells [63], so inhibition of a key player 
could come at a price broadening the spectrum of the fights during the disease.  

The spike proteins of the SARS-CoV-2 are the key in viral entry to the host 
cell and in the induction of neutralizing-antibody and T-cell responses [167]. 
Blocking the S-spike protein with a polyclonal antibody is one of the promising 
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prophylactic neutralizations of the possible viral penetration [168]. Various pep-
tides, antibodies, organic compounds, and short interfering RNAs are also other 
anti-SARS-CoV therapeutics targeting the S protein [167], developing a vaccine 
for the prevention of the infection. The S-block, together with the inhibition of 
the main gates of cellular entries like ACE2 and BSG could be a successful strat-
egy in the early infection period.  

2.2. Challenges of the Immune Regulation and Control  

The patient-oriented approach involves the detailed measure of the personal pa-
tient features, taking care of their individual character. Patients are different in 
their homeostatic control. Their pre-set “trained” immunity and complete regu-
latory system depend on the environmental conditions, modified by the diets 
and habits, as well as the recognized or hidden comorbidities. Every living or-
ganism has intrinsic self-time defined by their individual features [169] [170]. 
One study compared the host immunity of SARS-infected patients directly at the 
time of admission for care [171]. Differences in host immunity were found when 
the patient developed mild or severe disease. Host values for ferritin, lactate de-
hydrogenase, and D-dimer increased as patients develop harsh conditions dur-
ing care.  

Conversely, the absolute number of CD4+ helper T-cells and CD8+ killer 
T-cells and B cells decreased significantly, and NK cells increased substantially 
with increasing infection intensity. At the same time, their share-percentage did 
not change so markedly. The CD4/CD8 cell ratio did not change, while the 
CD4+ and CD8+ T cell activation markers (HLA-DR and CD45RO) increased, 
and the costimulatory CD28 decreased as the disease worsened. The percentage 
of natural regulatory (suppressor) T-cells (Tregs) decreased in the patients’ ex-
treme conditions. The rate of interferon-gamma (IFN-γ), a soluble cytokine es-
sential for innate and adaptive immune reactions, is produced predominantly by 
NK cells and promotes the development of CD8+ and CD4+ T-cells, increases 
with the development of the illness. Cytokines IL-2R, IL-6, and IL-10 all in-
creased in host immunity in patients who developed extremely severe condi-
tions. Activation of dendritic cells (DC) and B cells decreased in extremely se-
vere stages from the patients. Interestingly, patients’ age in severe and extremely 
severe disease stages did not have a significant influence. Another notable ob-
servation is that CD4+ and CD8+ T-cells are involved in the pathogenesis of an 
extremely severe viral infection [164]. Genetic diversity studies show that muta-
tions interact with host CD8 and CD4 T-cells and could cause simultaneous in-
fections with different genetic compositions [172].  

The SARS-CoV-2 virus down-regulates the ACE2 by developing the infection, 
reducing the anti-inflammatory role of this enzyme. The early lymphopenia ob-
served was possibly associated with a reduction in CD4+ T-cells and some CD8+ 
cells, which could delay or suppress the immune response and viral shedding. 
Macrophages and hyper-stimulated neutrophils can produce uncontrolled am-
plification of cytokine production [173]. Excessive autoimmune reactions wor-
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sen symptoms and could lead to a critical condition. A positive side of the inhi-
bition of ACE2 proteins is that their limited availability typically reduces the au-
toimmune effect [174] and suppresses the cytokine storm, and contributes to al-
leviating the disease in this way. From this point, the cytokine storm’s critical 
state is highly dependent on the additional expression of bradykinin, regulated 
by the KKS system as a counteraction of the RAS imbalance.  

Most patients who are transferred to the ICU have severe cytokine storm. The 
storm is an attempt to regulate body homeostasis that reacts to hyper inflamma-
tion induced by the SARS spike protein’s active binding to ACE2 [175]. The high 
concentration of various pro-inflammatory interleukins such as IL-1β, IL-4, 
IL-5, IL-6, IL-17, IL-18, IL-21, IL-22, IL-23, etc. together with chemokines (such 
as CCL2, CCL3, CCL5, CXCL8, CXCL9, CXCL10 etc.) [176] and GM-CFS is re-
leased into the extracellular matrix and into the bloodstream. Due to attempts to 
regulate weak physiological control, anti-inflammatory cytokines (such as IL10, 
IL-13, M-CSF, etc.) are produced [177], but their presence is insufficient to re-
balance severe inflammatory overload. The situation, together with the blocked 
ACE2, could lead to pneumonia and associated edema. SARS-CoV-2 develops 
pulmonary [178] and laryngeal [179] edema associated with pneumonia, also 
seen in SARS-CoV-1 infection [180]. However, the SARS-CoV-2-induced edema 
and pneumonia differ from standard high-altitude pulmonary edema (HAPE) 
[181] [182], even though they both meet the criteria for ARDS [183]. The dif-
ference is the vascular endothelial cell injury [184] that the COVID-19 infection 
presents diffuse alveolar damage and airways inflammation. Medium and small 
vessels dilate accompanied by perfusion abnormalities in the lung [185]. Both 
types of ARDS have the risk of being lethal, but HAPE, for the most part, does 
not need ICU treatment, whereas the consequence of COVID does, frequently 
developing multiple organ failure [186], even heart failure [187]. Endothelial 
cells’ role is essential in SARS-CoV-2 infection [188], characterizing COVID-19 
as an endothelial disease [189].  

Another side of the complexity shows the production of cytokines and che-
mokines. A subclass of cytokines, interferons (INFs, named for their interfering 
actions) again have double-sided activities. On the one hand, IFNs are usually 
active in antiviral defenses. IFNs are communication molecules between cells to 
activate protective [190]. The automatic physiological control releases IFNs by 
the cells infected “alarming” neighboring cells and prepares them for possible 
viral invasion, helping the immune system destroy pathogens [191]. IFNs can 
activate natural killer cells and macrophages, and promote antigen presentation 
by increasing major histocompatibility complex (MHC) antigens. While IFNs 
are perfect communicators that help organize a defense against viral infection, it 
upregulates inflammatory symptoms (fever, muscle pain, flu symptoms) that are 
also commonly present in COVID-19. The molecular basis for the frequently 
observed progression of pulmonary fibrosis due to SARS-CoV-2 infection is not 
yet fully clarified. It is most likely due to multifactorial causes [192]: direct viral 
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effects, immuno-dysregulation, cytokines (MCP-1; IL-6, IL-8, TGF-β, TNF-α) 
and increased oxidative stress [193]. IFNs along with IL-1, IL-6, IL-15, IL-17, 
and tumor necrosis factor (TNF) are pro-inflammatory agents that orchestrate 
various signaling cascades that lead to the induction of chemokines and, what is 
more important, they trigger the production of other cytokines, which could 
cause an emergency in the advanced stage of COVID infection. 

Consequently, inhibiting these pro-inflammatory proteins could be one of the 
winning strategies in the severe phase of COVID, when ARDS formation ap-
pears as the number one danger [194]. On the other hand, many cytokines, such 
as IL-1, IL2, TNF, and colony-stimulating factor (CSF), can also enhance IFN 
production [195]. Other problems appear to be that type I INF (IFN-I) produces 
fibroblasts and monocytes, which could favor fibrotic processes in the disease’s 
severe phase. On the other hand, the immediate and efficient production of the 
same IFN-I helps the viral clearance in a mild or moderate state of COVID-19, 
and its impaired production and weak activity lead to viral existence and further 
development of the disease. Homeostatic feedback is also active here. The pro-
duction of IFN-α type I could be inhibited by IL-10. IL-12 acts directly on CD4+ 
T-cells to enhance the priming of type II IFN (known as IFN-γ, as immune IFN) 
[196], which could inhibit viral replication [197]. On the other hand, IFN-γ can 
spread intravascular coagulation and decrease serum protein, maintaining the 
balance glucocorticoids regulate, inhibit IFN-γ [198].  

The regulatory system completely overlaps, and complex feedback signaling 
maintains dynamism in balance in healthy homeostasis [199]. Patients’ whole 
blood profile in COVID-19 indicates triggering of the highly dynamic immune 
response even in early stages [200]. The starting disease dynamically induces most 
the pro-inflammatory genes, causing a well detectable inflammatory response on 
the SARS-CoV-2. The T cell involvement is likely while CD4 and CD8 are ex-
pressed as a part of the pro-inflammatory response, which could worsen the 
disease or prolong the infection [200]. These findings could help to make prog-
nosis in the early stages and develop patient-oriented, host-directed therapies.  

The interaction of several effects also has consequences in diagnostic strate-
gies, where complexity must be considered adaptively depending on the disease 
[201] [202]. When we act on one side of the scale, this complex system could be 
so seriously disturbed that it could not find dynamic equilibrium again through 
the interaction of negative feedback loops’ mechanisms. In this way, the system 
will be out of regulatory range, out of control, as if shown in the case of IL-17 
inhibition [203]. For example, a drug such as azithromycin decreases the expres-
sion of BSG. It increases the levels of interferons and interferon-stimulated pro-
teins [203], which are effective antiviral inhibitors in the early phase of infection 
but could cause a storm of severe cytokines in the second phase. Managing in-
flammatory processes could be the critical issue in the different stages of the 
disease, again showing a complex tissue response behavior, requiring an adaptive 
adjustment of therapies [204].  

Interestingly, there is a cross-immunity that had been observed between the 
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rhinovirus and SARS-CoV-2 [172]. Rhinovirus infection could prepare the im-
mune system’s mechanisms against other viral [205] [206] diseases. While possi-
ble prevention against common cold coronavirus (CCC) infection was shown 
more than 30 years ago [207], this research was abandoned. It became a hot top-
ic to investigate again only today whether it has a possible cross-immunity con-
nection with SARS-CoV-2 [208]. The idea of CCC protection had been reex-
amined, and it was hypothesized that pre-existing immunity in COVID-19 was 
primarily determined by previous CCC infection [209]. The research could con-
tain exposure to cold without viral load, which was expected to also prepare the 
immune system for better performance against the viral infection [210] [211]. 
An exciting idea emerges that the Bacillus Calmette-Guerin (BCG), an atte-
nuated strain of Mycobacterium Bovis, applied against tuberculosis for a century 
could decrease the mortality rate of COVID-19 [212] [213]. The cross-immunity 
assumption goes even further. There are assumptions that other live vaccines 
may have a role to prevent COVID-19 [214]. The mixed injection against 
measles, mumps, rubella (MMR) or Polio vaccine [215] may be a practical addi-
tion to avoid the worst developments of COVID-19 [216]. These theories and 
ideas well characterize how complex the infection and its consequences, and 
how much these depend on various personal and conditional factors. Even the 
oxytocin hormone level, which usually has a social and emotional bonding role, 
may have part in the prevention [217].  

3. The Hypothesis 

We propose to apply electromagnetism to defeat coronavirus infection. This idea 
fits well with the request to lock processes rather than remove some products 
[70]. The suggested new technology is physical so that it could avoid the pitfalls 
of the chemical approaches. 

The conventional heating could affect the SARS-CoV. However, there is a 
further challenge: This virus is heat resistant even at higher temperatures, while 
other coronaviruses are heat sensitive. Complete inactivation of the virus re-
quires a reasonably high temperature, [218], with a phenomenon similar to a 
phase transition at 56˚C, which is well above the physiological limit of body 
temperature. Nevertheless, the rising temperature could partially inactivate the 
viral infection by a long-lasting fever. Fever could alter the complex homeostatic 
regulation of the human body [219] [220].  

We propose to use modulated electrohyperthermia (mEHT, trade name in 
oncology “oncothermia”) [221] as a physical method complemented with ap-
propriate immunostimulants in oncology [222] [223]. This method is not simple 
heating. It has a double role, heats and excites by absorbed energy of the electric 
field. The mEHT process has already demonstrated its ability to elicit tu-
mor-specific and selective immune effects [224] and is widely applied in clinical 
oncology [225]. It has only some contraindications [226] and its adverse effects 
are minor [227]. The widely published preclinical and clinical [228] results on 
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tumors clearly show healing processes driven by specific immune functions, 
[229]. To our knowledge, we also expect successful treatment for viral infections 
[230]. When the procedure is not effective in a particular virus-infected case, our 
current experience suggests that we do not harm the patient. It does not increase 
the intensity of the infection process at any stage. This implies that we expect 
mEHT treatment to be extremely safe. However, since the method was applied 
to viral infection by HIV/cancer [230] [231], the transposition of the results of 
malignancy in COVID cases is hypothetical, although the processes listed con-
firm the practical applicability of the hypothesis. Technical details discussed 
elsewhere [232], as well as the practical issues, are shown in detail in protocols 
[233] [234].  

The main task of cellular treatment is to select infected cells without damaging 
healthy ones. The selection of mEHT uses biophysical differences between ma-
lignant and healthy cells [235]. Specialties of the SARS-CoV-2 infection cause 
the biophysical differences presenting the selection possibility. The metabolic 
rate of cells loaded with the virus remarkable grows because it needs extra ener-
gy to support the replication process [236]. The “hijacking” of the energy re-
sources of the host cell [237] [238] makes recognizable the infected cells from 
the uninfected ones. The higher metabolic rate needs an intensive exchange of 
ionic species, frequently forcing the cells to direct glycolysis. This accelerated 
ATP production makes only two ATPs from the glucose. Still, this quick and 
straightforward process delivers more ATP in a unit of time than the more com-
plicated citrate (Krebs) cycle in the mitochondria with its 36 ATP/glucose. The 
result is a high concentration of lactate and other ions near virus-infected cells. 
This makes the microenvironment of infected cells more conductive, recognized 
by well-chosen radio frequency (RF) current flowing through the tissues. The 
distinguished flow increases the electric current around the targeted cells and 
could excite some transmembrane proteins (Figure 12).  

 

 
Figure 12. The primary selection of virus infected cells by RF-current, flowing through the tissue. (a) The microenvironment of 
infected cells is highly conductive due to the high metabolic rate of the cells. (b) The cellular membrane is an isolator (condens-
er) so the well-chosen current will flow mainly in the extracellular electrolyte. (c) The selected cells are excited by their trans-
membrane proteins, including the virus-entry points.  
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The method is centered on electromagnetic action, which synergistically com-
bines the heat and electromagnetic bio-effects on the targeted cells [239], like it 
is proven and widely used in the similar conditions of malignant cells [240] 
[241]. Conventional heating also has a general antiviral impact with its thermal 
effect [242]. The challenge that it heats the tissue equally, but the temperature 
alone is not selective. However, mEHT is certainly heterogeneous by the 
non-isothermal electrothermal effect, [243], which precisely attacks only the mi-
croenvironments of the target cells [244]. The absorbed electromagnetic energy 
on selected target cells partly heats them up while the electric field extrinsically 
excites various signals. The cells’ heated microenvironment will increase their 
conductivity, promoting the selection process in a positive feedback loop. The 
applied bioelectromagnetic concept chooses the cells that are out of the ho-
meostatic regulation, recognizing where the dynamic equilibrium of homeostatic 
control is changed. The combination of temperature-dependent and indepen-
dent factors could provide optimal treatment [245] [246]. Importantly, the 
lung’s intensive cooling with breathing does not modify the process due to the 
low dependence on the thermal factors.  

The relatively low electrical impedance of infected cells’ microenvironment 
allows selection deeply in the body (Figure 13); as occurs in cases of malignant 
neoplasms [247] too.  

Cell membranes contain numerous transmembrane proteins, which are con-
nected to the cytoskeleton on one side and act as receptors or intercellular con-
nections (cadherins, junctions) between cells. Some of the transmembrane pro-
teins with the interaction of membrane lipids clump together and form a clus-
tered group. The combination of glycosphingolipids, cholesterol, and protein 
receptors is organized into lipid microdomains of glycolipoprotein. These clus-
ters (lipid rafts) in the plasma membrane have various functions [248], including 
signal transmission by group receptors [249], and play an important role in 
membrane dynamics [250]. Instead of chemical reagents to excite or block the 
receptors, mEHT targets the selected cells’ lipid rafts directly [251]. The membrane  
 

 
(a)                                      (b) 

Figure 13. The electric field directs the radiofrequency current which selects the infected 
cells. (a) the current flows to the volume where the overall average conductivity is higher 
(b) the selection could be multilocal, the current flows the electronic rules.  
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rafts absorb most of the electromagnetic energy (Figure 14). It works in nano 
targeting of the natural nano-units, the rafts [251].  

Precise in silico models well describe the special energy absorption of the 
membrane rafts of selected cells [252] (Figure 15). 

In this way, the mEHT has a double-action (Figure 16): the thermal part of 
mEHT [253] locally heats the membrane rafts of the target cells in the depth of 
the body, [254], which could cause changes in their structure [255]. It is essential 
to highlight that the lipid rafts of the cell membrane are involved in the cellular 
invasion of SARS-CoVs [256] [257] [258], and could have an active reduction of 
the infectivity of SARS-CoV-2, inhibiting the dependent binding of lipids to host 
cells [259]. The viral surface’s weak temperature dependence could be an addi-
tional factor of mEHT action on the selected cellular microenvironments, where 
the temperature could be locally high [243]. Measurements of viral load in spu-
tum show a small partial inactivation of viral load at 42˚C for 15 min, [260]. Al-
though the virus can recover from severe mechanical disturbances and is un-
usually resistant to temperature, its surface is progressively stripped of spikes  
 

 
Figure 14. The excitation process in steps: it starts with the transmembrane protein groups (lipid rafts) which absorb more energy 
than the non-conductive lipid membrane, the proteins are excited in the chosen rafts and at the end the death receptor and its 
complex molecular set start the apoptotic process.  

 

 
(a)                                     (b)                                       (c) 

Figure 15. The energy absorption can be calculated in silico, (ECM in upper, cytoplasm in lower parts of the figures divided by the 
membrane, with a raft in the center: (a) the electric field; (b) the current density; (c) and the specific absorption rate values.  
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Figure 16. The mEHT uses double effects. The absorbed electric field makes excitation 
non-thermally, while the absorbed energy heats the absorber, and gives optimal condition 
for the excitation process. 
 
with thermal exposure. Its dynamism is reduced as measured by atomic force 
microscopy [261]. Therefore, both the infectivity and the thermal sensitivity of 
SARS-CoV-2 depend on the stenosis of the superficial peak and dynamics of the 
virus, and so the growing temperature could decrease the replication speed. The 
heat affected virus and the observed thermal aggregation may be one reason for 
the suppressed activity of the SARS-CoV-2 virus by heat [262]. In addition to the 
effects of the outside temperature, the infection process also generates heat. The 
infection uses several metabolic pathways in the host, using large amounts of 
energy, while ATP’s amount decreases as early as 3 hours after invasion [263]. 
This intensive consumption of ATP in a short time causes a sudden increase in 
temperature, which could reach approximately 4˚C - 5˚C of the host cells [258], 
which, together with the increase in ionic concentration in the neighboring 
extracellular electrolyte, decreases impedance also supporting the mEHT selec-
tion mechanism. 

When cells are exposed to heat shock, they develop protective proteins (heat 
shock proteins, HSP [264]) in response to exposure to stressful conditions. 
These proteins also have very complex functions in the cell-life. It was discov-
ered as the protection of cells against thermal stresses [265]. Many HSPs are 
“chaperones” to stabilize new proteins that fold properly or help to refold pro-
teins damaged by various cell stresses and are found in almost all living organ-
isms. In general, any stress develops HSP [266], including electromagnetic inte-
ractions without thermal effects [267]. Under healthy conditions, cell survival 
modulated by the essential activity of HSP70, repairing the stress damages.  

HSPs are very conservative proteins, which are part of general protection at 
the cellular level. HSPs are involved in stress-induced damage repair mechan-
isms and are also involved in multiple signal pathways, including many apoptot-
ic signal transmissions. Various HSPs (indicated by their molecular weight in 
kD) operate to correct the various stress consequences. The most important HSP 
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members are the 60, 70, and 90 kD proteins (HSP60, HSP70, HSP90). These 
chaperones are widely used in medicine [268]. Like heat stress induces most of 
HSP70 [269]; respiratory hyperthermia induces a cytoprotective response to heat 
shock in vesicular stomatitis virus [270] and rhinovirus-infected cells [271]. The 
main functions of HSPs as chaperones help repair misfolded or unfolded poly-
peptides, protect cells from various types of toxic stress, and present immune 
and inflammatory cytokines that support immune regulations. Merely speaking, 
HSPs are the guardians of the real dynamic status quo of the system.  

Viral infection generally triggers apoptosis or programmed cell death of the 
infected cell [272]; the cell automatically activates its pathways for programmed 
cell death [273]. As the oldest cellular immune defense, the natural self-destruction 
of cells selected by apoptosis can be a significant point to eliminate the vi-
rus-infected cells. Despite the normal cellular reactions that induce apoptosis, 
the “hostile behavior” of HSPs disrupts apoptotic processes, blocks the signal 
pathways that keep infected cells active [274]. HSP70 has a belligerent activity in 
viral infection with their protective functions, it cooperates with numerous vi-
ruses [275], keeping the host cell alive during the virus’s replication and exit. The 
intrinsic mitochondrial pathway of apoptosis in cells infected with SARS-CoV-2 
is positively correlated with the induction of viral pathogenesis of apoptosis and 
virus replication [276] [277]. The caspase-dependent mitochondrial apoptosis is 
active in viral pathogenesis [278]. We hypothesize that the complex cellular heat 
shock and electrical shock presented by mEHT will aid [279] apoptosis of in-
fected cells and induce protective chaperone expression against viral invasion in 
uninfected cells. The main action of apoptosis by mEHT uses an extrinsic apop-
totic pathway, exciting TRAIL (DR) death receptors on the surface of the mem-
brane selected cells [280]. The TRAIL can induce apoptosis in virus-infected 
cells and can promote immune defense against viral infections [281]. On the 
other hand, there is evidence of the complexity of the feedback-controlled func-
tion of TRIAL in the immune system, helping to kill virus-infected cells or pro-
moting their survival [282], showing the complexity of this effect. Furthermore, 
the TRAIL is an IFN-dependent mediator. The balance of the IFN/TRIAL sig-
naling response has complex modulation and is essential to balance viral disease 
promotion or suppression [282]. The IFN-γ could help to develop antitumor 
immunity in malignancies [283]. The mEHT therapy induces IFN-γ proven in 
vivo [284]. It was measured, that the number of IFN-γ-secreting CD8+ T-cells in 
mice that were co-treated with DC and mEHT significantly exceeded the cor-
responding numbers in mice that were treated with DCs alone. The development 
of IFN-γ supports the systemic abscopal effect of mEHT [285] and helps to avoid 
the growth of the rechallenged tumor in the animal [284], and so it works like a 
vaccination. The mEHT developed IFN-γ could promote the appropriate im-
mune-response at the early stages of the viral infection too.  

The TRIAL induced extrinsic apoptotic signal goes through caspase (CAS) 
dependent (CAS-8 → CAS-3, or mitochondria → CAS-9 → CAS-3) and also in-
dependent (apoptosis-inducing factor, AIF) pathways [286]. The different apop-
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totic processes could usefully suppress viral replication, including the c-Jun 
N-terminal kinases (JNK) as the dominant factors to induce apoptotic cell death 
in mEHT [287]. Importantly the radioresistant cells could be forced for apopto-
sis with mEHT [288] The apoptosis is such a basic feature of mEHT, that its dose 
could be measured by apoptotic rate [289].  

The complex regulation of dynamic equilibrium of homeostatic regulation is 
active in the role of HSPs too. Their guardian function is a double-edged sword. 
Processes could express the HSPs on the cell membrane, [290] or release of HSP 
to the ECM, or secreted in exosomes [291]. The HSPs’ function turns to the op-
posite direction when they are outside of the cytoplasm. In this situation, protec-
tion of the “status quo” by HSP activity takes on an opposite meaning outside 
the cytoplasm: it supports systemic integrity and aids apoptosis of infected cells. 
The selective stress of the mEHT method expresses HSP70 in the cell membrane 
and releases these proteins to the ECM [292], well-proven in malignant cases 
[293]. On this way, the HSP70 out of cytoplasm in oncology induces apoptosis 
signals and promotes immune effects [294], as well as immune-mediated sys-
temic effects (abscopal) [295] and increases tumor-specific adaptive immune ac-
tivity [224] in addition to apoptosis. The beneficial immunogenic actions of 
HSPs could be a helpful tool against COVID-19 too. HSP70 in ECM carries out a 
transfer of information essential for the specific immune action against the virus. 
HSPs are crucial components of antigen presentation [296] formed by anti-
gen-presenting cells (APC) and also cross-presentation [291] and autophagy 
[297]. MEHT induces a complex process that creates a “damage-associated mo-
lecular pattern” (DAMP) in ECM [294]. As is usual for all complex regulators, 
the DAMP has a two-sided behavior: it could be antiviral, causing apoptosis, in-
hibit virus reproduction, or it could be a promoter of the consequences of infec-
tion by enhancing the process of severe inflammation [298]. The DAMP created 
by mEHT includes calreticulin (CRT), “high mobility group box protein 1” 
(HMGB1), 70 kDa heat shock proteins (HSP70), and ATP. The members of the 
pattern that appear in the ECM are separate information carriers: HSP70 carries 
the genetic information, CRT is the “eat me signal” [299], HGMB1 is the “dan-
ger signal” [300], and ATP provides the “find me signal”. These pieces of infor-
mation form a set of spatially and temporally harmonized immune processes in 
the ECM [301], orchestrated primarily by CDs’ maturation to APC [302]. Note 
the possible shift in DAMP’s regulatory direction from suppressor to a promo-
ter, because all the effects of the molecular components have connections em-
bedded in complex ways, and our positive actions could easily be reversed when 
the system is out of balance. We have to apply mEHT in the mild or moderate 
phase of the disease when the inflammation and cytokine production promote 
immune activity and do not lead to an emergency cytokine storm condition. 
Recurrent in the “double-edged sword” phenomenon also characterizes all ele-
ments of DAMP, shown for CRT [303] [304] and for HMGB1 [305] and in 
HSP70 [275]. ATP as an energy source for dynamic changes could also support 
viral infection through its energy supply function. DAMP induces immunogenic 
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cell death (ICD) generating APC [306], with the maturation of DCs [307]. The 
APC formed by ICD carries specific information about the infected cell and 
could produce virus-specific killer (CD8+) and helper (CD4+) T-cells (Figure 
17). An interesting observation in cancer experiments, that mEHT treatment 
enhances the γδT-cell migration towards tumor cells even as low temperature as 
38˚C [308]. The γδT-cells link the innate and adaptive immune systems, [309], 
so could have effective participation in the developing of immune defenses 
against SARS-CoV-2 invasion.  

The virus uses the cell cytoskeleton for all its invasion, movements in the cy-
toplasm, and leaving the cell for replications [310]. The cytoskeleton compo-
nents provide a dynamic framework for viral trafficking in the cytoplasm. They 
are involved in the entire process of the virus in the host, providing efficient eli-
mination, replication, and egress exit [311]. In the first step, the spike protein 
binds to the cell surface. The docking strategy is universal; it works for all 
mammals. The binding process rearranges the cytoskeleton in one hour [312]. 
After this initiation, the intracellular transport of the virus involves both the cy-
toskeletal filaments of actin and tubulin and their dynamic components dynein, 
kinesin, and myosin [313]. After transport to the perinuclear region, the corona-
virus replicates. With the active promotion of microtubules, the virion is trans-
ported to the plasma membrane, “hijacking” the host’s cytoskeletal system [314] 
and helping the viral replication exit. The applied electric field of mEHT also af-
fects intracellular components. The rearrangement of the cytoskeleton by the 
modulated electric field signal suppresses the viral replication by limiting the 
intracellular transport by modifying the necessary polymerizing components for 
viral replication [315]. The structural reorganizing of the microtubules and actin 
filaments and also limiting the dynamics of cytoskeletal “motors” dynein, kine-
sin, and myosin [316] distract the correct transports for virus replication. 

The hypoxemia caused by the low oxygen availability in later stages of the vir-
al infection help many viruses replicates more easily. Hypoxia leads to inflamma-
tion and endothelial activation [317]. Cells adapt to hypoxia and induce cell survival 
and specifically endothelial cell adaptation (migration, growth, differentiation)  
 

 
Figure 17. The immunogenic process has a systemic feedback from the local excitement. The clue is the immunogenic action, 
which makes the genetic information available for the immune-system. The “trained” immune mechanism produces adequate 
cells (killer cells) to attack and kill the virus infected cells in all over the body.  
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[318]. The developing hypoxemia in COVID-19 upregulates the hypoxia-inducible 
factor-1 (HIF-1α), increases the ACE protein expression, while counterbalancing 
downregulates the ACE2 enzymes [319]. Due to the possible bradykinin over-
load, the process produces cytokine storm, evolving the patient state to critical. 

On the other hand, the hypoxia at the onset of the COVID-19 helps avoid se-
rious infections because ACE2 is the main target of SARS-CoV-2 in pulmonary 
epithelia. Clear epidemiologic fact among highlander populations supports the 
positive role of hypoxemia in preventing the COVID-19 [320] [321]. This well 
emphasizes the double-faces of HIF-1α which could help in prophylactics in 
early infection stages [322], but oppositely active during development of the dis-
ease. A variety of viral pathogens may activate the HIF-1α, as well as the glyco-
lytic supported high metabolic rate, which is induced with viral infection in the 
host cell, which promotes inflammation, and facilitates viral replication [323]. 
Suppression of HIF-1α [324] is an additional advantage of mEHT against the 
development of the symptoms.  

Other factors involving mEHT to COVID-19 treatments are that both mEHT 
and bradykinin promote the activation of TRPV1 receptors [325], which can 
trigger additional regulatory mechanisms and reduce pain sensation. Although 
TRP channels have no role in healthy lung function, repair processes use them to 
promote endothelial permeability, inducing inflammation for immune action, 
which are normal helper processes. Still, again their activation could become 
pathological [326], involved in asthma, COPD, and pulmonary fibrosis [327] 
and pulmonary edema [328].  

The KKS induced overregulation of bradykinin due to the RAS disbalance is 
caused by dysfunctional or downregulated ACE2. This process can be partially 
corrected by mEHT, producing vasodilation [329] without RAS control. This 
bradykinin-free action would be a helpful option for the vasocontraction chal-
lenge, which additional advantage could be essential in the treatment of patients 
in the ICU. 

Fibrotic processes dangerously risk the survival of the patient and could cause 
serious harm and reduce the quality of life of the patient even chronically after 
successful antiviral therapy as well. Those who survived treatment the applied 
aberrant and excessive treatment in the ICU, sometimes have hardly reversible 
or irreversible lung damage and fibrosis, resulting in functional disability and a 
significantly reduced quality of life [330] [331]. The worsening of symptoms 
could also become chronic without further viral infection. The fibrotic damage 
in patients during and after a viral infection may cause acute lung injury (ALI), 
releasing fibrosis mediators [332]. The epithelial-mesenchymal transition (EMT) 
[333] promotes fibrotic processes [334] [335] derailing the epithelial-fibroblastic 
crosstalk [336]. The mEHT is feasible for treating fibrotic states due to its elec-
tric field effect, which could moderate the EMT [337], so we consider it to treat 
certain fibrotic conditions. The successful anti-fibrotic effect of mEHT is proven 
for patients with fibrosis of the penis (Peyronie’s disease) [338], and fibrosis of 
the palm (Dupuytren’s contracture) [339]. Furthermore, mEHT treatment in 
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malignant fibrosarcoma also showed a great benefit to the patient [340]. Note 
that RF current is widely used for cellulite fibrosis [341], and skin laxity [342], 
but only for areas near the surface. MEHT is active in deeply located tissues of 
the body [247], so therefore the usual activity against fibrotic structures is ex-
pected anyway. Due to its repairing action, the mEHT therapy could be in the 
healing process or also in the rehabilitation period when the infection does not 
appear. Still, its consequences (primarily pulmonary fibrosis) need care. 

Further possible impact of mEHT on fibrosis is developing HSP, which sup-
presses the fibrotic processes [343], like this is shown in wart healing [344] 
[345]. Additionally, the positive impact of high-dose vitamin-C [346] may inhi-
bit fibrosis complementing with mEHT, using its intensive attack of viral in-
fected cells’ membranes. Clinical study shows successful complementary treat-
ment for lung cancer with high dose vitamin-C [347]. Lung effusion is also one 
of the patient’s remaining negative states cured of the SARS-CoV-2 viral disease. 
mEHT also offers a solution to this problem [348].  

The above effects present the complex behavior of mEHT therapy. Low-frequency 
modulation mEHT on a high-frequency carrier [232] allows penetration into the 
entire lung, attacking the virally infected cells in. The demodulated signal pro-
motes the restoration of the cells’ homeostatic balance by loading the redistribu-
tion. It forces the process to maintain equilibrium [349] forms multiple regula-
tion loops to support the homeostatic control of the body (Figure 18).  

4. Discussion 

Like we learned in malignant diseases, the SARS-CoV-2 coronavirus infection 
exhibits a complex phenomenon by upsetting the healthy homeostatic balance. It 
means that the processes in developing conditions are stochastic (probabilities of 
events dependent on time). They have promoters and suppressors, and their 
equilibria decide the fate of the infection. The cumulative dose of viral exposure 
and the efficacy of the local innate immune response (natural IgA and IgM an-
tibodies, mannose-binding lectin) form the most important equilibrium in the 
first 10 - 15 days of infection. When the virus can block the primary innate de-
fense immunity, it could rapidly spread from the upper respiratory tract to the 
alveoli, replicating without local protection. This phenomenon causes pneumo-
nia and clinically induces a high antigen concentration. The delayed and strong 
adaptive immune response (high-affinity IgM and IgG antibodies) that follows 
causes unstoppable inflammation and generates a cytokine storm, which re-
quires mainly intensive care and is fatal in some cases [176]. Balancing physical 
activity also affects: low or moderate physical activity can be helpful, but extreme 
action can facilitate the virus’s shedding. The same problem could arise in the 
case of oral respiration with hyperventilation during the incubation processes. 
The virus bypasses the immune barrier and determines the rapid development of 
the disease. This well-presented spatio-temporal harmony (balance of the viral 
load, repetitive infection, timing of immune actions, concurrent effects of personal 
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Figure 18. The complexity of mEHT is its two balancing and interaction branches of actions. The conditional 
heating (depends on square of the field strength) prepares the physiological and cellular conditions, while the 
electric effects (linearly proportional with field strength) act on molecular level supporting the immune 
processes.  

 
immune regulations, etc.) of the development of infection decides the fate of the 
patient. 

Consequently, understanding the complex process of infection development is 
essential for the medical care, prevention, treatment, and rehabilitation of pa-
tients. The COVID-19 disease has many unusual aspects compared to other res-
piratory viral infections. The severe lymphopenia, which causes a deficiency in 
the immune regulation processes, and a cytokine storm with extensive activation 
of cytokine-secreting cells with innate and adaptive immune mechanisms, is 
special, leading to acute respiratory distress syndrome and multiple organ failure 
[350]. Laboratory evidence from clinical patients showed that a specific T-cell 
response against SARS-CoV-2 is essential for recognizing and destroying in-
fected cells [351], and the measurement of these could inform the design of 
prophylactic vaccines and immunotherapy for the future.  

Most of the current drug developments are strongly connected to some cho-
sen molecular products. My current proposal opens a new approach with the 
bioelectromagnetic method. It supports the complex processes of regulation and 
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control and the restoration of the natural homeostatic balance. This proposed 
paradigm shifts from current drug-focused developments to bioelectromagnet-
ics. Besides, the change proposes a shift from the product-oriented to the 
process-oriented approach. This strategic objective has historically been proven 
in the fights against dangerous enemies. The winning strategy seeks out and at-
tacks the weak side of the “enemy” and avoids having too much confrontation 
with their strong positions. Applying in the COVID-19 fight case, we must at-
tack the infection’s weak side (violation of collective regulation), instead of the 
viral force (reproductive capacity). My new strategy proposal is biophysical. The 
mEHT which composes novel advantages:  

1) It “rides” the high-frequency carrier, which carries this information in 
depth, which would not be possible only with this low frequency through the 
insulating layers, including the tissues, applicators, and boluses. 

2) The applied modulation uses appropriate time-fractal series, which pro-
mote the correct signal processes in cells after the plasma membrane demodu-
lates the signal. The time-fractal represents the spatio-temporal complexity of 
healthy homeostasis, maintaining the necessary systemic equilibrium, despite 
the disturbing local balances.  

These novelties, as I described above, could solve many problems connected 
to the complex control. The homeostatic balance of the immune system is essen-
tial. The flexible adaptability of SARS-CoV-2 avoids any homeostatic regulations 
that make it complex indeed. Our task is supporting the natural processes to find 
a way of repairing the lost control. The in situ generated ICD provides genetic 
information for APC and forms CD8+ T-cells may be one of the solutions. The 
transferred information is specific to the actual infected cell and, regardless of 
the mutation, serves as a feedback mechanism to destroy it. This is an opportu-
nity to target and try to kill cells infected by viruses. Through this mechanism, 
mEHT treatment could interrupt or at least slow down the rate of viral replica-
tion, the delay of which may be essential in preparing for adaptive immune de-
fense. Slower replication activity can retain mild disease does not evolve to se-
vere stages. The complex cooperation of mEHT with the innate and adaptive 
immune system causes a systemic effect (abscopal) from the local treatment site 
throughout the body [352]. The method had shown preclinically [353] and clin-
ically [225] eliciting an adaptive immune response in oncology. DAMP induces 
targeted apoptosis leading to ICD by creating molecular clusters and systemic 
effects (tumor vaccination, patented [354]). And expectedly could lead to vacci-
nation against viral infection, as occurs in malignant cases.  

The inhibitory effect of mEHT against COVID-19 is hypothesized due to its 
immunological and biophysical selection of cells that create apoptotic signal 
transduction in infected cells. The process uses bioelectromagnetic effects and 
takes into account complex regulatory needs. The actions of mEHT in the later 
stages help the complex fight for healing. The method we propose can generate a 
virus-specific immune response electromagnetically in situ.  
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Challenges of the Therapeutic Paradigm and Management of  
the Therapy 

The clinical management of the disease is complex and needs right-time deci-
sions about the applied treatments [355]. The adequately sequenced treatment 
series could synergistically increase the patient’s chance of cure. This is also re-
lated to the fact that when the treatment starts in the early stages of infection, it 
may significantly slow down the infection’s exacerbation, which can provide suf-
ficient time to develop an adaptive immune response, which can be aided by 
DAMP-ICD processes.  

At the time of development, infection with the SARS-CoV-2 virus can be di-
vided essentially into two phases, separated by basic immune processes [350]. 
The two phases, innate and adaptive immune reactions [356], occur superim-
posed and accompanied by cytokine waves [357]. The applied mEHT must be 
adjusted to the treatment periods (Figure 19). It is sometimes performed suc-
cessfully when the patient remains asymptomatic, or the symptoms are so mild 
that the patient does not recognize them.  

The clinical intention is to prevent the development of a severe disease even in 
the first phase when the patient still shows mild symptoms. A problem arises 
when the viral load dose is too high or the innate immune response is too weak 
to exceed that dose. Then rapid progress of shortness of breath dominates the 
symptoms [358]. When the disease worsens in the second stage, the adaptive 
immune system’s activity will be decisive [356]. The immune-activated high cy-
tokine production in the second wave typically creates a cytokine storm that 
primarily requires active medical attention and sometimes treatment in the pa-
tient’s ICU [359]. Leukocyte-mediated antiviral responses again need a balance 
in a dual role, as they can help counter the effects of the SARS coronavirus and 
cause severe pneumonia. The dose of the virus and the timing of the processes 
can be crucial in preventing infection, which again requires only dynamic sto-
chastic considerations. The direct way considers the complex dynamism of using 
the different drugs in their regulation of equilibrium. When the therapy uses 
them in the appropriate time sequences and taking care of homeostatic regula-
tion and its temporal factors, success will not be lacking.  

The INF-mediated immunological dynamics became the guiding factor [360] 
to find the optimal and adaptive treatment. The favorable balance of DAMP in 
antiviral activity requires close monitoring and patient adjustment. The dose to 
form the various immuno-active molecules must be adjusted to cytokines’ con-
centration, which helps avoid over-regulation, leading to a septic storm. Devel-
oping fibrotic processes is one of the clinically most problematic tendencies. In 
the intermediate stage of viral infection (weeks 2 - 5), fibrosis signs are already 
shown: fibrin deposition and infiltration of inflammatory cells and fibroblasts in 
the epithelial cells of the alveolar parts. In the later stage (weeks 6 to 8), the lung 
tissue becomes very fibrotic with collagen deposits. 

The fibrosis treatment could be artificial respiration in case of shortness of  
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Figure 19. The distribution of the various characters of SARS-CoV-2 infection and treatment possibilities during 
the infection. Note the distributions are probabilistic, do not cover individual cases. The individual conditions de-
pend on various factors, including the dose of the viral load, the patient’s environment, the habits and diets, the 
“prepared” protection of the immune system, etc. Due to the considerable individual differences, the distributions 
are normalized as much as was possible. The intervals are approximate like the distributors are also estimates. Dis-
tributions are composed in their most probable form using the results [199] [355] [361]-[369]. The disappearance 
of antibodies against SARS-CoV-2 was also measured [370], but others measured the opposite; the antibody pro-
tection exists for at least two years [371]. 

 
breath. In less severe cases, this is done simply by intubation with tubular dosing 
of oxygen, but in more severe cases with mechanically forced ventilation, “posi-
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tive end-expiratory pressure” (PEEP) is applied [372]. Although this procedure 
saves lives, strong mechanical interaction can cause serious side effects [373]. 
Lung damage caused by mechanical ventilation can develop into additional ALI 
[332]. These changes’ underlying mechanisms may be an epithelial-mesenchymal 
transition (EMT), and the release of profibrotic mediators caused by cell stret-
ching and mechanical ventilation [335]. Aggravating ALI could also induce 
pulmonary fibrosis. In the period of infection, the SARS-CoV-2 virus progres-
sively replicates in the upper respiratory tract. Extensive mechanical ventilation 
can facilitate the direct penetration of high concentrations of the SARS-CoV-2 
virus from the URI into the lower respiratory tract, eliciting the effects of neutra-
lizing possible antibodies on the mucosa. Intensive PEEP may be associated with 
strong functional effects; hyperinflation, and significant hypercapnia (hypercar-
bia) caused by ventilation of dead parts and occurs to reduce hypoxia [374]. 
With ventilation, the risk of lung injury is high; most mechanically ventilated 
patients develop severe ARDS [375]. The detrimental effects of mechanical ven-
tilation can further exacerbate the patient’s condition, which is mediated by cel-
lular, molecular mechanisms involved in mechanical stress-induced lung dam-
age. However, patient selection for PEEP treatment is also not straightforward, 
as the additional extent of viral lung injury limits patients’ choice. In contrast, 
pulmonary hypertension is usually not a clinically relevant factor in the screen-
ing process, causing physiological problems during treatment. 

Due to the possible damages, the use of “preventive” PEEP is not recom-
mended [376]. Use it only in case when it is necessary indeed. After intubation 
oxygen supply, an assisted breathing associated with intubation should be used. 
In this phase, the patient could be treated by mEHT to ease the symptoms by 
freeing the airways with dilatation and painless relaxing. Accordingly, PEEP 
mechanical ventilation should only be used in insufficient critical respiration 
and should be used as carefully as possible. The adverse effects of PEEP could be 
severe, leading to worsening the patient’s condition. The risk/benefit ratio of 
PEEP-induced lung injury may be higher than without this mechanical support. 
The strategy has to be well adapted to the patient [377]. When necessary, the 
PEEP treatment must be kept to the minimum, which enough for patient 
breathing. The analysis of data shows attention to the technical data shows. This 
usually means that the application of PEEP is airway occlusion pressure P0.1 < −4 
cm H2O or the expected pressure generated by respiratory muscles Pmus > 15 cm 
H2O, or expected transpulmonary respiration > 17 cm H2O) [149]. The position 
of the patient is also an important factor to evaluate in the actual case and stage. 
The proposed prone position [378] needs to be applied in the proper time- 
course [379]; otherwise, it could cause damages [380].  

Approximately one-third of the patients experienced persistent lung abnor-
malities after being cured of SARS-CoV-1 and MERS’ acute disease. Further-
more, approximately one-third of patients infected with SARS-CoV-2 develop 
acute idiopathic pulmonary fibrosis (IPF) even after improvement and discharge 
from the hospital [381] [382]. Consequently, strict follow-up observation is ne-
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cessary after 3 - 6 months of the healing process completed in the hospital to 
warn of the potential hidden risk of developing IPF. Post-treatment care should 
prevent, cure, or at least block the further development of the disease’s conse-
quences, mainly the problems of fibrotic processes. The antifibrotic treatment of 
mEHT, like we shown above, could be considered during, as well as it could be a 
useful approach in post-cure time (Figure 20).  

In the second wave of the pandemic, more and more patients have relapsed 
with persistent symptoms, especially myalgia, intense fatigue, a sensation of fev-
er, shortness of breath, chest tightness, tachycardia, headaches, and anxiety 
[383]. Regardless of the severity of the disease, avoiding permanent ARDS, the 
damage could significantly reduce the patient’s quality of life. The 8 - 12 weeks 
after hospitalization complains are pretty common. 74% of patients had persis-
tent symptoms (notably breathlessness and excessive fatigue) [384] in the UK. In 
an observational cohort study, 78% of patients who had recovered from 
COVID-19 had abnormal findings on cardiovascular MRI (median of 71 days 
after diagnosis), and 36% reported dyspnoea and unusual fatigue [385]. The 
three or more weeks of primary care after the presence of symptoms have pro-
posed guidelines [386]. Nevertheless, the research on the reasons for the 
long-term care is warranted, together with the rising questions about the conse-
quent morbidities like diabetes, metabolic disorder of interstitial lung-disease 
[387].  

The reinfection of cured patients is also possible [388], so follow-up is rea-
sonable. Returning to the analogy of military strategy: the possibility of winning 
a war lies in the new technologies, the new weapons that are beyond the enemy’s 
 

 
Figure 20. The possible rehabilitation treatment of mEHT. The treatment may be used successfully for the 
convalescent period against the remaining fibrosis and edema. 
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expectations. Chemical machinery is embedded and regulated in complex ways 
in living objects, developed and optimized by evolution over millions of years. 
We have to use those effects and technology against COVID, which is above 
specially chosen chemical reactions. We need a deductive (holistic) approach, 
which considers the system, and deduces the details from the complete unit 
[389]. Our presented hypothesis below gives a proposal to solve this challenge.  

5. Conclusions 

The human system has a complex regulatory mechanism controlled by various 
homeostatic actions to maintain the dynamic balance of the living organism. 
The self-similar structuring [76] develops an intrinsic self-time [169], regulating 
any developmental process’s complex effects in the organism. Responses must 
consider this complexity, taking care of events’ timing and the formulation of a 
balance. The balance determines the immune/autoimmune developments, the 
viral dose’s effect concerning the immune developments, and the dangerous cy-
tokine storm. The mEHT method, with its fractal physiology considerations, 
could help you find the best treatment option. I am convinced that the complex-
ity of the treatment could only manage the disease’s complexity. Expectations 
about a “miraculous” and unique curative effect are not realistic.  

According to our recent knowledge except us nobody presented bioelectro-
magnetic treatment proposal to treat the COVID-19 and its consequences in 
convalescent period of time.  

The mEHT method seems to be an optimal complementary treatment for 
SARS-CoV-2 infection and its consequences. It has special bioelectromagnetic 
steps to select for virus-infected cells, based on their markedly changed imped-
ance in their cellular microenvironments. Excitation of membrane rafts and re-
ceptors induces transmembrane signals that choose apoptotic pathways and 
form DAMP and ICD, which develop virus-specific immune responses. An ap-
propriate time fractal amplitude modulation attempts to balance the unusual 
systemic regulations. Time-fractal modulation drives processes in the direction 
of healthy homeostatic balance, promoting the immune system for vigilance 
[390]. Allometric fractal considerations help solve structural and metabolic 
problems of SARS viruses [81]. Mechanistic investigations of the effects of 
mEHT in related pulmonary fibrotic animal models can be effectively performed 
using in vivo molecular imaging outcomes [391], and X-ray computed tomo-
graphy fractal dimension analysis [392]. The mEHT acts on the fractal complex-
ity [393]. It uses an allometric approach [394] for the self-similarity [76] of ho-
meostatic systems [59] [395], providing additional support for its action against 
the formation of IPF.  

The mEHT is a possible and feasible treatment to manage the complexity of 
the therapy. It could be used for three purposes, encompassing all medical activ-
ities used in the epidemic. The method could be applied: 

1) as prophylactics, when the infection is recognized, but symptoms have not 
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developed or only weakly developed yet; 
2) for the treatment of patients suffering from mild and severe symptoms; 
3) for the recovery period, when the individual is discharged from the hospital 

but needs rehabilitative care. 
Our proposal is to use an adequate electromagnetic treatment, which can 

solve numerous challenges in the SARS-CoV-2 viral infection and its conse-
quences, based on the results obtained by the mEHT applications that have 
proven to be successful in malignant diseases [396]. We propose the application 
of a broad set of mEHT actions for the treatment of SARS-CoV-2 infection and 
its post-treatment syndrome.  
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Abstract 
A heuristic stochastic solution of the Pennes equation is developed in this 
paper by applying the self-organizing, self-similar behaviour of living struc-
tures. The stochastic solution has a probability distribution that fits well with 
the dynamic changes in the living objects concerned and eliminates the prob-
lem of the deterministic behaviour of the Pennes approach. The solution em-
ploys the Weibull two-parametric distribution which offers satisfactory deli-
very of the rate of temperature change by time. Applying the method to ma-
lignant tumours obtains certain benefits, increasing the efficacy of the distor-
tion of the cancerous cells and avoiding doing harm to the healthy cells. Due 
to the robust heterogeneity of these living systems, we used thermal and bio-
electromagnetic effects to distinguish the malignant defects, selecting them 
from the healthy cells. On a selective basis, we propose an optimal protocol 
using the provided energy optimally such that molecular changes destroy the 
malignant cells without a noticeable effect on their healthy counterparts. 
 

Keywords 
Self-Organizing, Self-Similarity, Avrami-Function, Weibull-Distribution, 
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1. Introduction 

Hyperthermia has had a long and bumpy history from the dawn of human med-
icine. The overall body temperature has long served as the basic reference by 
which to measure the systemic hyperthermic effect of various conditions, in-
cluding natural and artificial impacts. Localized heating, however, was not so 
easy to understand. The body’s thermal homeostatic control regulates the 
blood-perfusion to prevent a sustained increase allowing for a rapid reduction in 
temperature, provided no further energy was provided from a local ener-
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gy-source. The blood which has a cooling action on the local tissue, also has a 
heating effect on the whole system as the heat is transferred through the circula-
tion to the rest of the body tissues  

However, the process of heat distribution in the body is not a simple thermo-
dynamic process. Living organisms are highly heterogenic and have complex in-
terconnections and feedback regulations within. The non-linearly increasing 
blood-flow (BF) [1] for the regulation of rising temperature does not only act as 
a thermodynamical heat-exchanger. The blood delivers life-supporting mole-
cules, such as oxygen and nutrients, as well as various regulating species such as 
circulation cells (like immune cells), proteins (like cytokines, chemokines, eryt-
hrocytes, etc.) and molecules (like carbon dioxide, various ions, etc.), for the 
chemical actions required for the processes of living. The thus intensified oxygen 
delivery supports the radiosensitivity of tissues. This effect is well established in 
radiotherapeutics. Moreover, the vasodilation and better perfusion through the 
vessel walls and the cell-membranes as a result of increased heat, together with 
the increased reaction rate of the chemicals, supports the action of chemothera-
pies. On the other hand, in massive tumours, the neo-angiogenic arteries do not 
vasodilate, as they lack musculature in their vessel walls [2].  

The malignant tissues are different in their structure, cellular network, meta-
bolic processes, and energy- and alkaline balances from their healthy counter-
parts. These particular biophysical differences determine the reaction to heating 
[3]. The bloodstream counteracts the overheating, regulating the flow capacity of 
the vessels as a result of physiological feedback cycles. The elevation of the tem-
perature can cause vasoconstriction in certain tumours, reversing the develop-
ment of blood perfusion and modifying the heat conduction [4]. The same in-
crease in temperature in the neighbouring healthy tissue causes vasodilatation, 
with a corresponding rapid growth in its relative blood perfusion and heat con-
duction [5]. The change of blood-perfusion can result in a heat trap [6], helping 
us to selectively increase the temperature in the area of already-limited perfusion 
[7] caused by the higher internal pressure of the tumour [8]. The blood-flow 
(BF) of tumour tissue behaves in a different way with respect to temperature than 
its healthy counterpart [9]. Due to the missing musculature of the neo-angiogenic 
arteries, tumours are not able to react in the same way as the normal vessels in 
an adult body, and so the BF can decrease as a result of heating [10]. The relative 
BF can even drop below that of healthy vessels [11] and the dynamism of the 
various tissues changes [12]. The increasing temperature can change local im-
mune-reactions and the immune-status of the heated volume. A temperature of 
over 40˚C downregulates the natural killer cell cytotoxicity [13], and other im-
mune actions can be weakened too [14].  

A mandatory parameter of all medical interventions is dosage, by which the 
desired effects and active changes are measured and controlled. Hyperthermia, 
by definition, involves a temperature increase, so the use of the temperature as a 
dosing parameter appears to be evident. However, for the regulative control of 
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dose, we expect a volume/mass dependence of the applied unit, such that a 
half-dose could be applied for half the mass, with the size of the target deter-
mining the applied dose. The challenge is that the temperature does not satisfy 
this elementary supposition; it does not depend on the size of the target. If we 
apply temperature as a dose and have a certain temperature in a volume, then 
half of that volume will have the same temperature and, indeed, any portion of 
the volume will also have the same value of temperature because the temperature 
is the measure of an energy average. The challenge of dosage is a barrier to the 
acceptance of hyperthermia in oncology [15]. The solution could lie in defining 
a reference point [16] chosen for necrotic tissue damage. It is observed that a 
temperature of 43˚C causes satisfactory necrosis in vitro in cell-culture of Chi-
nese Hamster ovary tumour-cells [17].  

The living object is a complex, mostly chemical piece of “machinery”, where 
the temperature is one of the overall regulating factors. We can use the temper-
ature dependence of the general chemical reaction rate (Arrhenius law [18]), 
which is also applicable in biology [19], where the Boltzmann distribution exists 
[20]. The dose was chosen according to this concept [21], and was later defined 
as “cumulative equivalent minutes at 43˚C” (CEM43˚C). The location of a phase 
transition within the cells is expected to be in the lipid membranes [22] [23] 
[24]. This cellular phase transition supports the choice of 43˚C, as the base tem-
perature is at approximately 42.5˚C [25]. The break characterizing this phase 
transition is observed clinically, too [26] [27]. 

While the challenge associated with the dose was overcome by fixing the dose 
of hyperthermia, another barrier in the acceptance of hyperthermia was hig-
hlighted. The BF causes an unstable situation in the locally heated tumour due to 
its active cooling as it travels from the unheated body through the tumour. Ad-
ditional to their extreme heterogeneity, most tumours create inhomogeneities in 
temperature in the tumour which is increased by the competitive thermal ac-
tions between the external heating and the blood-cooling in the capillary levels 
too. Isothermal equality, which is mandatory for the dosing, is therefore not 
guaranteed. The solution was to add an additional measure to the CEM43˚C unit 
in which the character of the inhomogeneity is conveyed by a special notation, 
Tx, denoting the percentage x in the target volume having temperature T: 
CEM43˚CTx. Presently this is the widely applied “official” dosage unit of hyper-
thermia applications in oncology. A new, temperature related dose is emerging, 
the TRISE, which correlates with the complete remission of the patients [28].  

2. Method 

The temperature development (measured in ˚C) is interconnected with the spe-
cific absorption rate (SAR):  

absorbed power Watt W
mass which absorbsit kg kg

SAR  
= = 

 
                (1) 

(The expressions in the [ ] brackets denote the SI units of the value). The energy 
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absorption creates the increase in temperature, and the SAR characterizes the 
dynamism of the absorbed energy  

absorbed energy Joule JPower W
time period of absorption second s

 = = =  
           (2) 

The temperature change (∆T) depends on the absorbed energy in the heated 
mass. The absorbed energy is determined by the absorbed power, the SAR mul-
tiplied by the duration of its action providing the energy absorption in the target, 
so the absorbed energy is the sum of the products of the SAR and its actual dura-
tion:  

( ) 0

energy J
mass kg

tE t SAR SAR tτ
 

= = ⋅ = ⋅  
 

∑                (3) 

where t is the duration of constant SAR value. The ( )SAR SAR τ=  usually de-
pends on the time; consequently the energy is the integral of the ( )SAR τ  by τ 
time until t application time:  

( ) ( )
0

Jd
kg

t

E t SAR τ τ
 

=  
 

∫                       (4) 

The energy absorption naturally depends on the specifics of the character of 
the matter (c, specific heat), showing how much energy is necessary to heat up 1 
kg of given material by 1˚C:  

energy J,
mass C kg C

c  
=  ⋅ ⋅  

                       (5) 

Hence the temperature rise of the tissue with specific heat c during the time 
period ∆t is: 

power W s J~ ,
mass kg kg

c T t  ⋅
∆ ∆ = 

 
                   (6) 

and consequently 

power W
mass kg

Tc SAR
t

 ∆
= =  ∆  

                    (7) 

However, the heating situation is more complicated because the local heat is 
conducted away by the BF, which acts as a heat-sink of the absorbed SAR. The 
specific heat of the blood is cb and the effective blood perfusion rate is  

3
6ml 1 mor 10

100 g min 6 kg sbw − 
× ⋅ ⋅ 

, which is the blood flow through the vasculature  

of the given volume per unit tissue-mass per unit time. In most cases, the tissue is 
considered to be equal in size to the complete volume of the micro-circulatory sys-
tem. According to this approximation, the unit of the blood-perfusion transferred  

is approximately described by 3ml 1 1 1 110
100 g min 100 60 s 6 s

− 
≅ = × ⋅ × 

. When we 

apply the above consideration for SI units, we get: 
3

3m 110
kg s s

− 
≅ ⋅ 

. The error in 
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this is 1%bρ
ρ

< , where bρ  and ρ  are the density of the blood and the sur-

rounding tissue, respectively.) The blood density 3

kg,
mbρ
 
  

 sinks energy thus: 

3 3

J kg 1 Wcooling , C
kg C sm mb b bc w Tρ ∆
 

= − ⋅ ⋅ ⋅ = ⋅ 




             (8) 

Due to the regulatory role of the blood in thermal homeostasis, the bW  de-
pends on the temperature: ( )b bW W T= . The thermal role of the BF requires a 
massive thermal pool which keeps the base temperature constant (body temper-
ature, [ ]36.5 CbodyT =  ). Various heat exchanges with the environment ensure 
the stability of the base temperature. We can therefore introduce a parameter f 
[29] such that: 

1 when no heat loss
0 when only heat loss

f 
= 


                   (9) 

The 1f =  condition means all metabolic energy is used for the reactions as-
sociated with life, while 0f =  means the metabolic energy does not support 
life; it is radiated to the environment as heat. Naturally, both are extremes, 

1f =  being impossible because the living state is an open system, and 0f =  
because life needs energy for itself. For human adults at rest 0.15f ≅  [30], so 
the heat exchange is intensive enough even though there is intense local heating. 
This is an important factor when the blood-cooling by BF is considered, the heat 
being effectively radiated out, showing that the blood is able to maintain its 
cooling efficacy.  

A further complication is the heat-diffusion in the tissues, by which the tem-
perature spreads by time even without blood-circulation. This naturally depends  

on the gradient of the temperature in the space, given by ( ) d
d
Tgrad T =
x

, where 

d C,
d m
T  

  x


 is the temperature change dT in the space interval dx calculated in all  

directions (all directions being designated by the bold lettering). This gradient 
will be the driving force of the smearing of the temperature in the space, so its 
change in the space characterizes the thermal diffusion:  

( ) 2 2 2

2 2 2 2 3

d d d d J C J,
d m Cd d d m m

T T T Tk k k T
x y z

       = + + = ∇ ⋅ =   ⋅  

grad
x





  (10) 

where the sign “∇ ” symbolizes the thermal diffusion process in all three 
( ), ,x y z  dimensions of the space, centred around the actually chosen x point,  

and where 
W,

m C
k  
 ⋅ 

 is the coefficient of the heat-diffusion. (“ T∇ ” therefore,  

demonstrates the temperature spreading in all three dimensions). One more 
factor modifies the energy balance: the increased metabolic rate by temperature  

( )
0 3

W~ 1.1
m

Tq ρ ∆  
  

 [31], where 0q  is the basal metabolic rate 0
W,
kg

q BMR
 

=  
 

. 
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The BMR has allometric scaling [32], which allows the determination of the 
BMR depending on the body-mass [33].  

Considering the above terms, the equation which describes the heating 
process is: (Pennes equation [34]) 

( )( ) ( )2
0 1.1 T

h h b b b h
Tc SAR c w T T k T q
t

ρ ρ ρ ρ ∆∂
= − ∆ − ∇ +

∂
        (11) 

The analytical solution of this partial differential equation is a difficult task. 
The first approach uses the Green-function [35] [36] and the Green heat kernel 
function [37], and approaches an analytical solution [38]. The point source 
Green function solution [39] can simulate the highly localised heating using a 
nanoparticle or thin needle. Heating by 915 MHz from the skin’s surface was 
calculated. Interestingly, when the BF has spatial inhomogeneity due to the 
cooling bolus on the surface, it produces a bump in the temperature develop-
ment by depth [40].  

Despite the possibility of the analytical solution of the Pennes equation, it is 
not widely applied in practical use. Its complicated mathematics deters many 
physicians from using it, but in fact, the complicated mathematical calculation is 
not necessary. Numerical methods are precise enough for efficient use [41]. Us-
ing small differences (small steps of developing processes, denoted with ∆), in-
stead of the differential approach, is entirely compatible with the homeostatic 
control, which does not allow sudden, very rapid changes, even when the con-
trolling signals are rapid. Clinical standards average the SAR in the MHz range 
of frequencies over a six-minute period [42]. As a consequence, the differences 
can be used instead of derivatives in practical approaches. Hence the complete 
balance of treated healthy tissue is: 

( )( )

( )
0 1.1

h h b b b

T
h

Tc SAR c w T T
t

T T T
x y z

k q
x

ρ ρ ρ

ρ ∆

∆
= − ∆

∆
  ∆ ∆ ∆
∆ + +  ∆ ∆ ∆  − +

 ∆
  
 

i j k          (12) 

where ,i j  and k  are the unit vectors in the 3D dimensions x, y and z, and 

the equation is written using the SI units 3

W
m
 
  

.  

The characteristic constants used, collected from various pieces of literature, 

are: 3

kg1050
mtumoqur tρ ρ  = =   

, 3

kg1060
mblood bρ ρ  = =   

,  

3

kg1190
mhealthy hρ ρ  = =   

, 0 3

W W368 0.37
kgm

q
  = ≈      

, [43]; or  

0 3

W W1 1000
kg m

q    ≈ ≅     
, [44]; 

J3639
kg Ctc  

=  ⋅ 

; 
J3840

kg Cbc  
=  ⋅ 

, [45];  

J3800
kg Chc  

=  ⋅ 

, [46]; 
W0.56

m Ctk  =  ⋅ 

; 
W0.56

m Chk  =  ⋅ 

;  
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- 3

kg1.8
m sb tumour b btW wρ  = =  ⋅ 

; - 3

kg3.6
m sb healthy b bhW wρ  = =  ⋅ 

; [47] [48]. Data 

may vary by organs [49]. 
It is evident that the BF can fundamentally modify the calculations. The mea-

surements of the BF in clinical practice give inconsistent results measured even 
in the same patient. The person’s actual state, comfort level, stresses, and envi-
ronmental and social factors cause deviations in the skin condition, modifying 
the results of the measurements, so the uncertainty is clinically inherent [50].  

The 
W
kg

SAR
 
 
 

 identifies the power intake per unit mass from outside energy  

sources. The critical fact is that the electromagnetic non-ionizing heating 
processes dominantly use electric fields, pumping considerable energy into the  

larger target. The SAR depends on the conductivity (
1
m

σ  
 Ω ⋅ 

) and the allied 

electric field (
V
m
 Ξ   

):  

2
3

W
m

SARρ σ  = Ξ   
                         (13) 

when the electric field is sinusoidal then its peak value has to be divided by 2  
to obtain the average. Consequently, in practical use, [51]:  

2 W
2 kg

SAR σ
ρ

 
= Ξ  

 
                         (14) 

The most substantial challenge in the calculation of the absorbed energy is the 
high heterogeneity of the absorption process. The human target is heterogenic in 
the thermal, electrical and structural aspects.  

Additional to the static challenges, the heterogeneity appears in the dynamism 
of the transports non-linearly, as well as in the various chemical reactions that 
consume energy in the living target. Consequently, the parameters in (11) and 
(14) are time (t) and space (x) dependent so the correct equations, taking into 
consideration the heterogeneity in micro and macro ranges, are in reality very 
complicated. The Pennes equation with spatiotemporal ( ),x t  dependences is:  

( ) ( ) ( )

( ) ( ) ( ) ( )( )
( ) ( ) ( ) ( ) ( )( ),2

0

,
, ,

, , , , ,

, , , 1.1

h

h b b b

T x t
h

T x t
x t c x t

t
x t SAR x t c w T x t T x t

k x T x t q x t x t

ρ

ρ ρ

ρ ∆

∂
∂

= − ∆

− ∇ +

            (15) 

and the external energy-pumped is:  

( ) ( )
( ) ( )2, W, ,

2 , kg
x t

SAR x t x t
x t

σ
ρ

 
= Ξ  

 
                 (16) 

Due to the complications, we usually simplify the situation with rational as-
sumptions: 

1) The metabolic addition in the heating phases will be negligible compared to 
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the incoming SAR, so it is not considered in most of the calculations. The neg-
lection can be explained according to the principal of the optimization of living 
processes in their adaption to environmental challenges. The consequence of the 
life-optimization of energy transfers via chemical reactions minimizes thermo-
dynamic losses [52] [53]. However, hyperthermia increases biochemical reaction 
rates [54] and, therefore, the metabolic rate as well. The rapid growth and higher 
metabolism of tumours typically yield tumour temperatures higher than the 
surrounding healthy baseline temperature [55]. When the metabolic addition is 
more than 5% on top of the SAR, we include it in the calculation.  

2) In a tumour situation, the main macroscopic heterogeneity is between the 
tumour and its healthy environment. The parameters at the surface of the tu-
mour do not jump but have a slope, depending on the kind of the tumour and its 
stage. The gradient is mostly created by the homeostatic control of the BF.  

3) The macroscopic spatiotemporal dependence of the densities (ρ), specific 
absorption rates (c) and conductivity (σ) is weak, usually it is less than 5% in 
both the tumorous and healthy tissues. Consequently, in practical calculations, 
we consider these parameters as constants in the specific tissues, distinguishing 
only the tumorous and non-tumorous mass. Detailed reviews and discussions on 
tumour-blood-flow affecting the applied temperature are available [56] [57]. 

4) The largest heterogeneity, however, is microscopic. The tissue contains in-
herently different electrolytes separated by membranes and other structures 
(such as vessel-walls, node-walls, etc.). In tumours, the malignant cells and their 
microenvironment dominate the heterogenic behaviour. The microscopic hete-
rogeneity can be specially targeted, choosing the proper frequency for selection 
[58] [59]. The frequency dispersion by the various components of the micro-
scopic tissue environments will be discussed later.  

The homeostasic functions characterize the local stability of the living system, 
having very complex feedback mechanisms which secure the stability against a 
relatively wide-range of perturbations. The homeostasis is not static. It is a 
self-organized dynamic process that has no static state at all. The system is ener-
getically open. Its rigid, static state is death. The complexity of the dynamic be-
haviour guarantees robust stability, so the system is in a homeodynamic position 
rather than homeostatic.  

The complexity of the dynamic interaction represents a feedback regulation of 
the system at every level of its structure. The complex system cannot be consi-
dered as a sum of its distinct parts. The whole is more than the sum of the parts; 
the interactions are largely non-linear; the system is energetically open and has 
adaptive exchanges with its environment. The approach to describing it must be 
analytic and not synthetic. Considerations regarding the complexity create huge 
challenges in the development of the calculations, the attempted solutions to 
which typically uses a synthesis of the parts, which could be calculated. However, 
this calculation strategy does not work. The analysis must consider the complex-
ity.  
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We could overcome the above difficulties by considering one of the robust beha-
viours of this complexity: the self-organization and its consequent self-similarity 
[60]. The complexities of the living structures have a universal behaviour: they 
are self-organized [61]. Recent decades have seen the development of various 
approaches describing the complexity of systems on the basis of self-organization 
[62] [63]. A great many studies deal with fractal physiology [64] [65], describing 
biological self-organization [66]. This peculiar structure is built up according to 
relatively simple rules based on self-similarity [67]. The dynamism of the struc-
ture is determined by the symmetries of the system [68], and constructs a 
self-managed spatiotemporal fractal network [69] [70], leading to a common bi-
oscaling behaviour of living material [71]. As a result, the similarity of living 
species [72] allows allometric scaling in 24 orders of magnitude from the smal-
lest to the largest bio objects [73]. 

Living systems are open dynamic structures, completing random stationary 
stochastic self-organizing activities [74]. The self-organizing technique generates 
a spatiotemporal fractal structure, which is self-similar both in space and time 
[75]. The emerging fields of bio-scaling [32] [76] [77], and network analysis [78] 
[79] extend detailed analyses. The characteristic stochastic (probability) beha-
viour of living matter is related to the intrinsic bifurcation in the entirety of the 
living organization. The basic bifurcation mechanism could be represented by a 
non-linear double-well potential of chemical reactions [80] [81], generating a 
chaotic arrangement. 

The self-organized self-similarity describes and defines living objects [82] ac-
cording to the universality of their complex feedback mechanisms to control the 
actual dynamic equilibrium, that is, their homeostasis. The progression of life 
involves non-linear and non-equilibrial thermodynamic and chemodynamic con-
sequences including fractal structures and phase transitions like in non-living sys-
tems. We may use the robust self-similar actions in solving the heating process 
in a stochastic way.  

To calculate the temperature development over time, let us introduce a stochas-
tic variable θ defined by measurements on the cohort of individuals. θ is the time 
taken to reach thermal homeostasis, a saturation in the temperature development  

(the time to the stage when 0T
t

∆
≅

∆
). The deterministic approach gives modelling  

facilities for the interpretation of data, but the reality is stochastic, determined by 
the probabilities of events, and no deterministic decisions can be made. Deter-
ministic models could give information about the large-scale average nature of 
the dynamism, but the details will be hidden. The stochastic description de-
scribes the reality in a very general way and provides a good tool for the design 
and analysis of experiments. The introduced θ stochastically describes the personal  

and individual differences in obtaining 0T
t

∆
≅

∆
 conditions during the time of  

treatment. It shows the variation in the control of thermal homeostasis (TH) ac-
cording to the subject of an individual treatment; see Figure 1. 

https://doi.org/10.4236/ojbiphy.2021.111002


O. Szasz, A. Szasz 
 

 

DOI: 10.4236/ojbiphy.2021.111002 77 Open Journal of Biophysics 
 

 
Figure 1. The TH state fixes a temperature value TH, where the curve saturates, and the 

thermal homeostasis keeps the temperature constant 0T
t

∆ ≅ ∆ 
. The stochastic time- 

parameter θ of the individual heating characterizes the time when the TH happens. 
 

The distribution function of TH is the probability of the θ time being less than 
or equal to time t, namely 

( ) { }THp t P tθ= ≤                          (17) 

Thus, the probability distribution of dynamic equilibrium (temperature de-
velopment function, the time of control of the development (C)) can be defined 
by the probability of the equilibrium θ time being higher than t, which can be 
expressed in the form 

( ) ( ) { }1C THp t p t P tθ= − = >                    (18) 

The density function of the dynamic control distribution function is a derivative 
of ( )Cp t : 

( ) ( )d
d
Cp t

f t
t

=                          (19) 

The ( )f t  is the density of the probability of θ; therefore, the average θ is: 

( ) ( )
0 0

d dCtf t t p t tθ
∞ ∞

= =∫ ∫                    (20) 

Let us introduce a function of the rate at which a loss of control occurs at 
( t t+ ∆ ): ( )h t . This failure-rate refers to when the thermal homeostasis cannot 
control the heating process. It is a “hazard” that θ does not describe the ho-
meostatic process. The ( )h t  is the “uncontrolled rate” or “out of control rate”. 
The ( )dh t t  rate measures the probability of the failures during the t length of 
control-time of the evolving process to TH. Therefore, the probability that in the 
case of a t length of time to TH, loss of control occurs at ( t t+ ∆ ) is: 

( ) ( )
( )

( )

( )

( )

( )
( )
( )

d 1
d

d d1

THC

C

C C C C

p tp t
p t t f tt th t t t t t

p t p t p t p t

−  
+ ∆

∆ = − = − ∆ = − ∆ = ∆  (21) 
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Hence: 

( )
( )

( )
( )
( )

d
d

C

C C

p t
f tth t

p t p t
= − =                       (22) 

It’s cumulative form is: 

( ) ( ) ( )( )
0

d ln
t

CH t h p tτ τ= = −∫                    (23) 

and consequently: 

 ( ) ( )e H t
Cp t −=                           (24) 

As we discussed above, the inherent property of living objects is self-organization 
and the consequent self-similarity [60]. This could be the basis of the proper pa-
rameterization of homeostatic thermal control, and likewise of the control of the 
TH. Taking this self-similarity into consideration, the failure rate in (22) must be 
a self-similar time function [83], mirrored by a scaling, shown as follows: 

( )h t tβα=                            (25) 

Its self-similarity is obvious because it gives the same function by a magnifica-
tion of any number m:  

( ) ( ) ( )h mt mt m t m h tβ β β βα α= = =                 (26) 

The survival probability distribution function from (23) and (24) is: 

( ) ( )0 de
t h

Cp t τ τ−∫=                        (27) 

The self-similar failure rate (hazard function) is: 

( ) 1

0

d
1

t

H t tβ βαατ τ
β

+= =
+∫                    (28) 

Substituting (28) with survival (27), we get: 

( )
1

0 d 1e e
t t

Cp t
ββ

α
ατ τ β

+−− +∫= =                   (29) 

Introducing 
1

0 and 1
nnt n β

α
 = = + 
 

                   (30) 

we hence arrive at: 

( ) 0e

n
t
t

Cp t
 

−  
 =                        (31) 

which has two parameters for one curve, t0 being the scale parameter, which is 
the natural scale of the time-function variation, and n being the shape parameter. 
Consequently, the thermal homeostatic distribution function ( )THp t  by (17) 
and (18) is the well-known cumulative form of the two-parametric Weibull dis-
tribution (W(t)) [84]:  
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( ) ( ) ( )01 e 1

n
t
t

TH Cp t W t p t
 

−  
 = = − = −               (32) 

with the additional conditions that 0t ≥ , ( ) 0W t =  when 0t < . The inverse 
function, when the time t is calculated from a given probability p is: 

( ) ( )( )
1

0 ln 1 n
invt W p t p= = − −                   (33) 

The full regulation and controlling processes are essentially, inherently dy-
namic, so it is better to use the term “homeodynamics” instead of “homeostasis” 
[85]. A broad-spectrum of self-organized structures could be described with the 

( )W t  function, among these structures gene expression data [86] and neural 
networks [87]. A consequence of the widely applicable universality of behaviour, 
general ontogenic growth [88] also allows the deduction of the Weibull distribu-
tion [89]. Importantly, the information traffic on networks also has self-similar 
fractal behaviour as described by the Weibull distribution [90], which also allows 
the self-organizing dynamic approach for the stabilizing regulation of the system. 
We may conclude that self-organizing and self-similarity are universal laws fin-
gerprinted in the fractal description and can be described by a cumulative Wei-
bull distribution ( )W t . 

Note, that we have preciously applied a mathematical transformation which 
unified the physical models of biological processes and self-similar processes 
with the help of an appropriate comparative function [83]. Choosing the Avra-
mi-like comparative function, the mathematical model of the processes will be 
described by the Avrami-equation [91]. This unusual universality is a conse-
quence of the self-organized behaviour of the homeodynamic conditions of life, 
and the general analogy of self-organized processes can be a fruitful heuristic 
method in biological model-calculations. The Avrami describes some living 
phenomena well [92] [93], and the equation is connected to the self-similarity 
and dynamism of the living structures [87]. The Avrami-equation has the fol-
lowing form, which is identical to the Weibull distribution using Weibull func-
tion (WF):  

( ) ( ) 01 e

n
t
tW t WF t

 
−  
 − = =                      (34) 

The shape parameter is usually 1n > , having the same shape as the psycho-
metric function [94], a consequence of the Weber-Fechner law. In the case that 

1n = , WF is a simple exponential function, and where 1n < , the decrease is 
faster than an exponential decrease.  

The case in which 1n =  is a simple, very frequently occurring behaviour of 
stand-alone systems, satisfying the basic rule of self-regulation by negative feed-
back: the change of the property Θ over time is negatively proportional to the 
value of the property Θ. In mathematical form:  

( ) ( )
d

d
t

c t
t

Θ
= − ⋅Θ                         (35) 
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The solution is exponential decay:  

( ) ( )0 e ctt −Θ = Θ                          (36) 

where c is a constant and ( )0Θ  is the starting ( )tΘ  value ( 0t = ). When the 
starting ( )0 0Θ = , then the solution is a decreasing function from ( )0Θ : 

( ) ( )( ) ( ) 00 1 e 0 1 e
t
tctt

 
−  −  

 
 Θ = Θ − = Θ −
 
 

              (37) 

where 0
1t
c

= . This is the form of ( )W t  at 1n = . By the growth of 1n > , the 

complexity of the interaction grows. The equation modifies, thus:  

( ) ( ) ( )( )1d
0

d
nt

c t t
t

−Θ
= − ⋅ Θ −Θ                    (38) 

and the solution is:  

( ) ( ) 00 1 e

n
t
tt

 
−  
 

 
 Θ = Θ −  
 

                     (39) 

where 
1

0

nnt
c

 =  
 

. The solution in (39) is identical to that in (37) at the limit of 

1n = .  
It is clear that the shape factor n characterizes the complexity of the function. 

The initial change is a power function and is not linear. The changes in the 
( )WF t  function are shown in Figure 2. The limit ( )limn WF t→∞  is a step  

function at 0t t= , while the ( ) ( ) ( )
0

lim 0.368 0
en WF t→∞

Θ
= ≅ ⋅Θ  is constant.  

The mean, the median, and the inflection points are frequently used in the 
practical evaluation, as shown in Figure 3: 
 

 

Figure 2. The changes in ( )WF t  by n, measured in self-time units ( 0 1t = ). 
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Figure 3. The noteworthy points of WF, when 0 1t =  and 2n = . The reference point is
1 0.37
e
≅ , when 0t t= . The inflection point marks the mode, the change of the sign of the 

growth of the derivative of the function. 
 

 

( ) ( )

( )

( )

1

0

1

0 00

1

0

median ln 2

1mean e d Γ 1

1mode

n
S

x n
S

n

S

p t t

p t t x x t
n

np t t
n

−∞

=      

 = = +      

− =     

∫              (40) 

The values of the median, mode and mean when 0 1t =  and 2n =  are 0.5, 
0.607 and 0.456, respectively. The quantile of the WF function is ≈0.632, and it is 
independent from the value of n. All the notable points are proportional to t0, 
and consequently, 0 1t =  is chosen for the natural unit of the elapsed time. The 
value of t0 characterizes the self-time of the living system, which is responsible 
for the individual complexity (personal variation) of the living unit [95]. Ther-
modynamic optimizing introduces variation in self-time, on the basis of constant 
entropy production over time [96]. Self-time is connected to allometry [97], and  

it scales with the allometric factor, which is usually 
3
4

α ≈ , the power rule of  

which is strongly supported by various physiological times [98]. The real ob-
served coordination time and the self-time are strictly connected, and their val-
ues are transformed into each other [95]. The changes of self-time in the various 
parameter-pairs of WF are shown in Figure 4. 
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(a)                                                         (b) 

Figure 4. WF with various parameters: (a) changing t0 (scale parameter) in simple exponential conditions, (the shape parameter 
is 1n = ); (b) the shape parameter differs from the exponential, containing extended complexity ( 3n = ). 

 
The energy absorption of living objects follows the rule of complexity, and the 

temperature development depends on it. The complex structure determines the 
heat-conduction, the dynamic feedback properties, and the steady-state satura-
tion and stabilization of the temperature, providing a constant SAR value. We 
assume that the complex behaviour of the WF describes the absorption and 
wash-out processes well, and without a complicated solution of the Pennes Equ-
ation (15) we may describe the hyperthermia process by temperature develop-
ment in a complex system. 

3. Results 

The WF function is assumed to describe the complex heating process over time 
in conditions of thermal homeostasis. Consequently, the entire velocity vT of the 
change of the temperature could be described with the WF:  

( ) T
TWF t v
t

∆
∝ =

∆
                        (41) 

The letter ∝  means that Tv  behaves in the same way as ( )WF t  does. It 
denotes only a character of heating and not equality, because the values of 

( )WF t  are limited ( ( )0 1WF t≤ ≤ ). The character vT is a multiplicative factor 
of the real reaction when the system reaches its heating maximum at the TH in 
time tTH then ( ) 1THWF t = . In this approach, the development of the tempera-
ture behaves like the sum of ( )WF t t∆  terms:  

( )WF t t T∆ ∝ ∆∑                        (42) 

In analytical form, using (34) and referring to the body temperature (Tbody) as 
the base-line:  

( )
00

exp d
nt

bodyT t T
t
τ τ

   − ∝ −    
∫                  (43) 

Hence Figure 5 shows the graphical measure of the temperature.  
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Figure 5. The approximation of temperature development (solid line) by the WF (dashed 
line). The parameters are 1.48n =  and 0 1t = . The unit of time is t0. The temperature 
development is a relative form (it is normalized) of the real temperature, so it is denoted 
by ( )T t  in the curve. 

 
The normalization of ( )T t  can be determined from the saturation value 

(the TH value) of the actual homeodynamic case. The TH condition reduces the 
Pennes Equation (11) thus:  

( )( ) ( )2
0 1.1 T

b b b hc w T T k T SAR qρ ρ ρ ∆∆ + ∇ = +             (44) 

because in this state 0T T
t t

∂ ∆
≅ =

∂ ∆
. As we discussed, the metabolic term  

( )
0 1.1 Tq ρ ∆  is negligible compared to SARρ . The diffusion term is also small 

compared to the BF, which is an effective heat exchanger. Hence these approx-
imative steps reduce (44) to: 

( )( ) ( )b b b body
b b b

SARc w T T SAR T T
c w T
ρρ ρ
ρ

∆ = ⇒ − =          (45) 

The density ρ characterizes the healthy (ρh) or tumorous (ρt) tissue, depending 
on the absorption volume under investigation. Also, the BF changes as well, de-
pending on whether we consider a healthy (wbh) or tumorous (wbt) target. An 
early study has shown that an internal temperature change (mild fever) causes a 
sudden increase in the heat conductance of healthy tissues [99] due to, after 
passing a threshold, the BF delivering seven times more power (up from 21 W/K 
to 150 W/K with an increase in body temperature of <1˚C). Later it was shown 
that the development is not a step-function but a power function. For the tempera-
ture-dependent BF we use the results obtained by a nonlinear three-dimensional 
heat-transfer model [100]. The obtained functions for prostate and surrounding 
tissues are: 

For healthy muscle 

( )
( )245

0.45 3.55exp if 45
12

4 if 45
bm bm

T
T

w T

T

ρ

  −
  + − ≤  =   

>

      (46) 
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for healthy adipose tissue 

 ( )
( )245

0.36 0.36exp if 45
12

0.72 if 45
ba ba

T
T

w T

T

ρ

  −
  + − ≤  =   

>

        (47) 

for tumour tissue 

( ) ( )4.8

0.833 if 37

37
0.833 if 37 42

5438
0.416 if 42

bt bt

T

T
w T T

T

ρ

<


−= − ≤ ≤


>


           (48) 

The graphs of these solutions are shown in Figure 6. The vasoconstriction of 
tumour-tissue is expected from finite elements calculations too, modelling the 
human prostate [101].  

With increasing temperature, the tumour serves as an effective heat-trap due 
to the BF within barely increasing [102], so the heat-sinking effect seen in 
healthy tissue is absent. The characteristic difference between the absolute BF of 
a tumour and healthy tissue has been observed by others, too [103] [104]. Due to 
the angiogenetic effect, the size of the tumour also affects the BF. This depends 
on the tumour-weight by negative logarithmic function [105].  

Equations (46)-(48) allow the determination of the TH from (45). When there 
is forwarded power applied (Pfwr), and the complete heated mass is M containing 
mt and mh tumour and healthy masses, then t hM m m= + . Assuming an equal 
SAR throughout the volume of M, we may calculate the SAR taking into account 
the reflected power (Prefl) and the efficacy (η), which is calculated from the vari-
ous losses by the technical realization; we get:  

 

 

Figure 6. The modelled blood flow by temperature variation [104]. Tumorous tissue 
(solid line), healthy muscle (dotted line), healthy fatty tissue (dashed line). 
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( )fwr refl

t h

P P
SAR

m m

η−
=

+
                       (49) 

Using (46) and (48) for muscle and tumour, respectively, we may calculate the 
TH, solving Equation (45). Denoting the roots of tumour and muscle TH by Tt 
and Tm, we can construct the final TH by supposing a complete isothermal TH 
condition: 

t t h m
H

t h

m T m T
T

m m
+

=
+

                        (50) 

Knowing this TH value, the temperature gain is gain H bodyT T T= − , and so, us-
ing the normalized ( )T t , the curve of temperature growth can be obtained:  

( )
( )

body gain
H

T t
T t T T

T
= +                      (51) 

This curve captures all the complex interactions arising from the structure of 
the heated volume. The two parameters n and t0 contain the stochastic complex-
ity characterizing the WF of the system, so the diffusivity is also included in the 
pool of the complexity.  

Let us make the calculation for the capacitive coupling of modulated elec-
tro-hyperthermia (mEHT, trade name oncothermia [106]), with actual values of 
WF parameters 1.48n =  and 0 1t = . We will assume the following parameters:  

The diameter of the applicator 0.2 mappD = , 150 WfwrP = ,  
( )3 W 2%reflP = , 0.85η = , depth of the tumour 0.1 mth = , the size of the tu-

mor 
3 30.1 0.05 0.1 0.5 10 m 0.5ts −= × × = × =  , the body thickness in the supine 

position at the belly 0.2 mbodyd = , and size of the entire affected volume  
3 39.05 10 m 9.05Vs
−= × =  .  

The calculated values are: 0.595 kgtm = ; 9.5 kghm = ; 3

W12.377
m

SAR = .  

The obtained TH temperatures 45.89 CtT =  ; 40.32 ChT =  , and consequently 
40.65 CHT =  ; hence 4.15 CgainT =  . The metabolic addition has no role in this 

approximation. The temperature grows as shown in Figure 7.  

The metabolic addition is 3

W W381 0.38
kgm

= , [43]. For simplicity, we count  

the metabolic rate as equal in the tumour and healthy tissue, because the same 
volume, where the tumour has less malignant cells due to the increased volume 
of extracellular electrolyte [107], as well as its volume having certain necrotic 
parts. Consequently, with the already higher than healthy metabolic rate of the 
tumour-cells, their metabolic activity in the unit-volume is equal to that in the 
healthy volume. The overall metabolic activity is 3% of the applied SAR, so it 
could be counted in the calculation. In this case, the determined TH values are: 

47.10 CtT =  ; 40.44 ChT =  , and consequently 40.85 CHT =  ; hence  
4.35 CgainT =  , which is 0.2˚C higher with metabolic addition than without it. In  

a more general estimation, we use the metabolic part of the 
( )T t
t

∆
∆

 change:  
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Figure 7. The temperature development of the tumour (right-hand axis) 0.595 kgtm =

and 9.5 kghm =  by the WF approximation ( 01.48, 1n t= = ) calculated for mEHT. 

( 150 WfwrP = , ( )3 W 2%reflP = , 0.85η = ). Other parameters in the calculation are in 

the text. 
 

( ) ( )( ) ( ) ( )( )0
0 1.1 1.1T t T tt

h t
h

T t q
c q T t t

t c
ρ

ρ ρ
ρ

∆ ∆∆
= ⇒ ∆ ≅⋅ ∆

∆
       (52) 

In the case of a 6˚C temperature increase during the entire 1 ht =  period of 
treatment, the metabolic addition is 0.5 CT∆ ≤  . Consequently, ignoring it is 
correct.  

The beginning of the heating process is quasi-adiabatic, due to the relatively 
slow processes of the homeostatic feedback [108] [109]. This situation means 
that at the beginning of the heating, the energy entirely heats the target without 
other components of the energy balance.  

( ) ( )( ) 2
0 1.1 0T

b b b hq c w T T k Tρ ρ∆ − ∆ − ∇ ≅               (53) 

Hence the task at the start of the heating is to determine the slope of the 
starting curve from (15):  

h h
T T SARc SAR
t t c

ρ ρ∂ ∆
≈ ⇒ =

∂ ∆
                  (54) 

This approximation is allowed up until it reaches the non-linearity shown in 
the curve, numerically calculated for the above data; see Figure 8.  

The activation of the various feedback mechanisms, like the BF, the metabolic 
rate, and the heat-conduction, causes the curve to deviate from the linear slope. 
The variation of the forwarded power changes the curves, and the appropriate 
equilibrium temperature is shown in Figure 9. 

The change of the t0 self-time changes the shape of the heating curve, but the 
final temperature in equilibrium remains constant; see Figure 10.  
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Figure 8. The linear slope of ( )T t  at start (dashed line, right-hand axis). The tempera-

ture development of the tumour 0.595 kgtm =  calculated for mEHT ( 150 WfwrP = , 

( )3 W 2%reflP = , 0.85η = ). Other parameters in the calculation are in the text. 

 

 

Figure 9. The temperature development (solid lines) of the tumour 0.595 kgtm =  by 

various forwarded powers, calculated for mEHT ( ( )3 W 2%reflP = , 0.85η = ). The slopes 

are shown (dashed line). Other parameters in the calculation are in the text. 
 

The change of the n shape-factor does not effect as robustly as the scale factor 
did; see Figure 11.  
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Figure 10. The temperature development (solid lines) of the tumour 0.595 kgtm =  by 

various time-constants, calculated for mEHT. ( 100 WfwrP = , ( )3 W 2%reflP = , 0.85η = ). 

Other parameters in the calculation are in the text. 
 

 
Figure 11. The effect of developing complexity by growing shape factor n: (a) temperature development; (b) change to the starting, 
quasi adiabatic slope value by n ( 150 WfwrP = , ( )3 W 2%reflP = , 0.85η = ). 

 
The shape-factor n, which characterizes the complexity by (39), is distin-

guishable from the simple, single feedback mechanism ( 1n = ). While complexi-
ty develops (n increases) the adiabatic slope starts changing considerably in the 
1 3n≤ ≤  interval, but afterwards the change is not considerable.  

When the power is switched off, 0SAR = , the system cools down as a result 
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of its complex interactions, and Equation (11) reduces to the form where the 
complex interactions in (54) derive the change of the temperature:  

( )( ) ( )2
0 1.1 T

h b b b h
Tc c w T T k T q
t

ρ ρ ρ ∆∂
= − ∆ − ∇ +

∂
           (55) 

The washout time, driven by the BF, is different for thermal processes and the 
clearance of molecules (like radiofarmacons, tracers or blood-delivered mole-
cules or particles). The main difference is in the mechanisms of diffusion, which 
are different for various blood-delivered particles or molecules and for heat. The 
thermal washout is also a complex process mainly driven by the BF, but not de-
termined by it alone. In investigations of the clearance of tracers, it is clearly 
shown that in reality the clearance (wash-out) tightly depends on BF, but these 
parameters are not equal, instantaneous mixing with metabolic changes and dif-
fusion breaking the unity. Also, the metabolic heat does not have a direct action 
on the clearance, while the thermal washout is directly modified by it.  

A “similarity” can be observed in the washout of tracers [110], which is a res-
caling of the time, showing similar scaling behaviour as we have seen in the 
heat-up process. The scaling of washout “similarity” is present in the wash-in of 
tracers as well [111]. An important observation in contrast material studies is 
that the enhancement of the contrast material decreases with temperature 
growth, while it increases with the thermal cooling coefficient; see Figure 12 
[112]. The main message of this is that the high variability of the BF by tumour 
entities, as well as the tumours having massively heterogenic BF, form a gradient 
from the centre to the periphery.  

In most of the examinations, the diffusion and metabolic parts are neglected 
for simplicity, and the temperature dependence of the BF not being considered, 
so the following equation remains to be investigated:  

( )d
dh b b b body
Tc c w T T
t

ρ ρ= − −                     (56) 

 

 
Figure 12. The effect of BF on the thermal coefficient and the steady temperature measured in different tumours. It is important 
to note that the tumour-periphery has the highest BF. The BF was measured with the concentration of the contrast material. 
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The starting temperature is TH and so the analytical solution is exponential:  

( ) ( ) 0
0e where

t
t h

H body body
b b b

c
T t T T T t

c w
ρ
ρ

−

= − + =            (57) 

It is a simple exponential equation, which is a special case of WF, when 1n = . 
In general, neglecting the time-dependent metabolic addition, the thermal cool-
ing is exponential; see Figure 13. The initial slope of the curve characterizes the 
quasi-adiabatic energy-take-off again, so it describes the given conditions deter-
mined by the blood flow.  

The thermal washout (cooling rate) measurement validated Equation (57) in 
the given circumstances, and the guessed washout time, (when the 0t t= ) is 
about 6.5 min, cooling down from 42˚C after 30 - 60 min microwave heating 
[113]. This approximation was made based on the measurement of the first 3 
min, while the cooling to the Tbody required a longer time. The washout depends 
on the measured tissue and other conditions; see Figure 14. 

The time of thermal washout can be modified by changing the metabolic rate 
by lowering the temperature, causing a longer tail to the washout function in 
time. Consequently, with a longer 0 0t t′ >  the value will be added to the simple 
exponential, which depends on the decreased metabolism resulting from the 
cooling process. This additional effect will have a time-lag because of the actual 
physiological time of metabolic reaction. Due to the physiological self-time, 
which is approximated as the thermal washout physiological time, this time-lag 
will be nearly 6 min.  

The thermal self-cooling mechanism also has complex behaviour, because it 
too depends only on the simple unchanged BF. The BF depends on the temper-
ature, as well as the heat-conduction, the surface cooling with the environment, 
and other physiological factors (like sweating, control by the hair, stress-status). 
 

 
Figure 13. The exponential thermal cooling (washout) of the heated target (solid line). 
The quasi-adiabatic fit is shown (dashed line). 
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Figure 14. The slopes of the linear fit of the blood-flow vs the washout time of various 
tissues [117]. (● slope of steady-state temperature vs thermal washout; ■ the slope of the 

steady-state temperature vs 
power

theraml washout
.) 

 
The decreasing temperature causes slower BF and lessens the other regulatory 
actions off the cooling rate, so the cooling will have a longer tail than the expo-
nential (WF n = 1) alone. This complexity again induces the application of the 
integrative WF instead of the simple exponential. The integral of WF with the 
parameter n > 1 is shown in Figure 15. 

The complete heat-up and cool-down temperature development are shown in 
Figure 16. Both the heating and cooling have a quasi-adiabatic fit to the linear 
slope covering the curve for pretty long sections. Still, the slopes differ, due to 
the separate mechanisms and conditions. The heating starts from body temper-
ature, while the cooling starts higher, from the homeostatic one. The conditions 
of the BF and other factors change, which cause the deviations from linearity 
during the thermal processes. The heating linearity deviates by SAR-promoted 
intensified activities of BF, heat-diffusion, and metabolic rate, so the thermal 
conditions are forced by energy-absorption. In the cooling period, the system is 
alone, and with no constraints, the BF, the metabolic rate, and the temperature 
decrease. The heating has an 1n >  condition, depending on the structure of the 
target, and the self-organized network, which absorbs the energy, while during 
cooling 1n ≈ . 

The curve changes characteristics with the applied SAR values. Calculating the 
SAR from the power situation, we have temperature curves for different applied 
power; see Figure 17.  

4. Discussion  

The original Pennes Equation (11) describes a non-equilibrial heat-flow when  
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Figure 15. The long-tail washout function due to the complexity of cooling. 

 

 
Figure 16. The complete temperature history of heating and the self-cooling by thermal 
homeostasis after the switching off of power-absorption. 
 
the temperature is the only driving force, and the parameters are constants, in-
dependent of the temperature. The temperature definition supposes a system in 
which the participating units are independent, and only their mechanical energy 
changes by growing energy-intake. This has a temperature distribution [114], 
and supposes no interactions between the participating units (called an ideal gas). 
The Pennes equation is correct and usable, since the internal energy depends ex-
clusively on the temperature, for which numerous model-calculations have been  
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Figure 17. The temperature development by the applied power. 

 
provided [115] [116] [117] [118]. To tackle time-dependent transient problems, 
some solutions have been published [39] [119].  

Nevertheless, in reality, these are temperature-dependent values, and fur-
thermore, their temperature functions are non-linear due to their complexly inter-
connected functions. The non-linear complexity of homeostasis is a game-changer 
for the discussion of (11).  

Naturally, living objects are not such systems. Interactions with homeostatic 
functions must be considered, modifying the energy distribution in the heated 
matter. This type of energy utilization is missing from the Pennes bioheat-equation, 
leading to the above application of WF to represent the homeostatic complexity. 
The main basic constants, the BF, the densities, the specific heat values, the coef-
ficient of the heat-diffusion and the metabolic rate represent the main constants 
in (11), but as a consequence of the homeostatic interactions, these parameters 
are also altered, which we denoted by the spatio-temporal functions in (15).  

The complexity of the task is extended with the inhomogeneous breaks on the 
curves when phase transition happens. As a consequence of energy-induced 
structural changes, enzyme-assisted phase transitions are frequent in the ho-
meostatic system. The massive number of these structural transitions (entropy 
changes in micro-environment of the molecules) gives us the possibility to han-
dle them as a distribution, and we are again in the realm of the self-similarity 
self-ordering idea described by WF.  

Hyperthermia in oncology is devoted to destroying the malignant cells as se-
lectively as possible. The Weibull distribution is used with success for the 
self-organized malignancy in space and time [120]. Cancer breaks the network of 
normal cells. The cooperative harmony of the tissue changes to non-cooperative 
competitiveness. It forms a new complex structure non-linearly, far from ther-
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modynamic equilibrium, but also self-organized. It could be described as a dy-
namic phase transition from healthy to cancerous [121], described with a clear 
analogy to phase transitions in a lifeless phenomenon. The self-organized bio-
logical development of tumours intrinsically developing in a healthy environ-
ment, the tumour-development deriving from that environment and showing 
the universal law of growth [122] [123], ( )W t  is preferred to describe malig-
nant diseases too. 

The heating not only effects the temperature growth but also naturally causes 
physical changes. The structure of the tissue will not remain the same as it was 
before. The structural rearrangements will be temperature-dependent, and also 
energy-consuming. When the energy causes the phase to change, the tempera-
ture does not change; only the structure changes. This is like when water is being 
heated and it reaches 100˚C, and for a period the system expends all its energy to 
turn the liquid to gas (structural transition), while the temperature does not 
change during this process. The process is naturally thermal, but the tempera-
ture does not change. When the structural rearrangement is complete, the tem-
perature starts to rise again as the energy intake continues. A similar effect oc-
curs with ionizing radiation therapy when we expect the breaking of the DNA 
strands, which absorbs energy. The energy which is not used for this bonding 
break causes an increase in temperature, which would be an adverse effect in 
radiation therapy.  

Some special papers have been devoted to modifying the Pennes-like equa-
tions [124] [125] [126] [127], but none have yet to consider the energy used in 
the distortion of the actual arrangements. The energy could be used solely to 
bring about chemical changes (distortion of the molecules and restructuring of 
the arrangements) in oncological hyperthermia. The temperature will not be 
changed locally when the energy is consumed for structural change. The tem-
perature is only a condition (when the change happens) but not a measure of the 
change itself. The Pennes equation could be generalized [128] considering the 
cellular destruction and the structural rearrangements [129].  

The introduction of a WF assisted solution offers the possibility to measure 
this structural change from the temperature development curve. The WF as the 
velocity of temperature change (41) has a development which is described by the 
probability distribution function (PDF) as the derivative of the WF which we 
used:  

( ) ( ) ( )
0

1

0 0

d d e if 0
d d

0 if 0

nn t
t

PDF

n tv t W t tWF t t tt t
t

 −
−  
 

   ≥ = = =   
<

      (58) 

First, the velocity changes very rapidly and then, after a peak, it decreases; 
with homeostatic control, the reaction of the body activates (Figure 18). This 
distribution determines the change of temperature (the WF function), which 
determines the temperature curve (the ( )T t  function), as shown in Figure 7. 
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Figure 18. The power-density function of WF. The maximum of the PDF curve is the 
approximate limit of the quasi adiabatic heating (see text). 

 
The PDF curve shows the change in velocity of the temperature growth. The 

curve starts with the rapid increase in temperature until reaching its peak. The 
comparatively very rapid growth could be considered the quasi-adiabatic process, 
which determines the starting slope in Figure 8, and so determines the certainty 
of the slope.  

A simple approach of WF parameters could be obtained from the measured 
temperature plot by time [130]. Two helpful points have to be noted, as shown 
in Figure 19. The point xm marks the highest point where the linear fit of the  

quasi-adiabatic slope ( T
t

∆
∆

) follows the measured curve, and xH is determined by  

the point at which the temperature reaches a steady state (homeostatic equili-
brium). These are measured in real-time (in seconds), and are different of course 
for tumorous and for healthy plots, which are denoted by the additional sub-
scripts t and h, respectively. We show these values in Figure 19. 

The xm point fits the mode of the distribution function because it corresponds 
to the peak of the change of velocity (Figure 18), while the xH point denotes 
when the WF decreased to below an error value, which we decide on as 1%. Re-
cognizing these values, we get:  

( )( )1

0 0

ln ln 0.011 and exp
n

m H
nx t x t

n n

 −− = =        
         (59) 

Both parameters of the original WF could be determined from the two equa-
tions of (59). In doing this, we are able to use the original t0 units for exact eval-
uations. Note, xH marks a point from the stochastic approach, which was denoted 
by θ at the introduction of the WF; see Figure 1. The difference seen in Figure 
19 between the tumorous and healthy temperature plots follows the selectivity of  
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Figure 19. The measured temperature plot is a preclinical measurement [130]. 

 
the treatment, which can be quantified by the starting slopes as well as by the 
specific differences of the parameters ( )mt mhx x−  and ( )Ht Hhx x− . 

The t0 point can be determined by simple geometric fitting. We know that the 
value of t0 is always at the point where 1 e 0.368≅ , so having a slope with this 
value on the temperature plot determines the position of t0, as shown in Figure 
20. The angle of the specific slope which we use is 0.353 [rad] or 20.2˚. This sim-
ple approximation directly determines the conversion of time to t0. Note, the  

derivative of WF at the t0 point ( )0

0 0

d 1 0.368
d e

W t n n
t t t

 = − ≅ − 
 

 differs by mul-

tiplication with 
0

n
t

 from the same-point derivative of the temperature plot, 

( )0

0 0

d 1 0.368
d e

W t n n
t t t

 = − ≅ − 
 

. 

The comparison of the results of Figure 10 and Figure 11 shows that the scale 
factor t0 causes a massive change in the quasi-adiabatic starting slope, while the 
shape factor n causes only a minor change. The difference mirrors their roles in 
homeostatic (homeodynamic) control: the t0 scale factor depends on the dynam-
ic processes in the regulation, principally on BF, while the n shape factor primar-
ily reflects the structural differences. In this way, the shape parameter follows 
one of the major factors of the complexity in the temperature development, the 
BF, which changes non-linearly with the temperature [131]. The non-Newtonian 
behaviour [132], and the flow-state, which can cause the negative impedance of 
BF [133], alters the non-linearity by temperature. The difference in angiogenesis 
between the tumour and healthy vessel network [134] could also affect the tem-
perature dependence of the BF. The attractive idea of our present approach is the  
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Figure 20. A simple geometric fitting to determine the t0 unit (see text). Calculating with 
(59) could perfectly control this approximate fit. 
 
stochastic considerations, so these effects are well presented in the personal dif-
ferences in the heating reactions, which are considered in the personalized fit of 
WF approach; the complex package in WF considers all, even small, modifica-
tions.  

The assumption is ordinarily that the temperature reaches the homeostatic 
state by a rigorously monotonic function. This could be incorrect, however, 
when the homeostatic control is achieved too late, or when it does not have 
enough cooling capacity to compensate for the heating energy [135]. When sa-
turation occurs earlier than the negative physiological feedback to regulate it, an 
overshoot can happen, or an equilibrium may not be formed due to the massive 
energy input (Figure 21). The uncontrolled absorption leads to ablation. Such 
overshooting and ablation (burning) situations are beyond the possibilities of 
these present considerations. The complexity described by WF is valid only in 
near stationary developments.  

When phase transition does not occur (like when heating water from 0˚C to 
100˚C at normal pressure), the temperature plot is linear across its full range, 
but keeping a constant temperature at the phase transition (100˚C) and then 
continuing linearly with another slope, corresponding to the thermal parameters 
of the new phase (Figure 22).  

Note the development of the temperature in the case of heating pure water. 
Here a fraction of the power applied to humans in local hyperthermia could heat 
up the same mass of the water from 36˚C to 45˚C (Figure 23).  

Living objects, of course, do not have the same behaviour as pure water. The 
water phantom is far from correct in comparison to a living reality. The water 
phantom is homogenous, having only non-homogenous heating due to the ex-
ponential decay of the electromagnetic energy-absorption by depth [136], which  
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Figure 21. Relation of the absorbed energy to the homeostatic thermal regulation. The 
timing and the energy-compensation balance the actual shape of the temperature plot. 
 

 
Figure 22. Heating of simple water phantom, temperature vs time. The phase transition 
at 100˚C happens at a constant temperature, while the elapsed time develops. 
 
may initialize mas-transports by temperature gradient in the volume. The expo-
nential decay sharply, and inversely depends on the wavelength [137]. The at-
tenuation of the power absorption of human tissues differs from water [138]; 
nevertheless, the penetration remains exponential with various rates of decrease 
in the variety of tissues.  
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Figure 23. The heating of the water phantom only: (a) 124 W is applied (using 150 W forwarded but calculating 3% reflected 
power and 85% efficacy of heating) and heats up ten litres of water from 36˚C to 45˚C in a duration of less than an hour, while a 
volume of 1 litre needs only less than 5 min; (b) ten litres of water reaches the desired 45˚C within one hour with 100 W absorbed 
power, while one litre needs only 10 W to elevate the temperature from 36˚C to 45˚C. 

 
A living structure represents an inherent decisional heterogeneity, having a 

large number of electrolytes separated by various walls and membranes. Conse-
quently, both the thermal and electromagnetic parameters vividly change in the 
macroscopic and microscopic ranges and the homogeneous SAR is illusory. The 
self-organized structure drives the organization of the heterogeneity, forming 
fractal behaviour [139]. The self-organized self-similar structure present both in 
space and time [75], develops spatio-temporal behaviour of the tissues. The 
concentration of the electrolytes dynamically changes due to their energetically 
open structure, which initializes the dynamism of the system. The living dynam-
ism performs random stationary stochastic self-organizing processes [74] [140] 
as a consequence of its self-similar stochastic behaviour. It fluctuates by a partic-
ular noise (called pink-noise, or temporal fractal noise) [141] [142], a fingerprint 
of the self-organizing [143], representing a general behaviour of living bioma-
terial [70].  

Together with the macro heterogeneity, the tumour is also massively diverse 
on a microscopic level. The BF in the tumour has a threshold between the vaso-
dilation and vasoconstriction. The threshold depends on the temperature, and is 
usually at an interval between 39˚C and 43˚C [11]. The angio-change is inde-
pendent of the general inhomogeneity of the tissue but depends on the type of 
the tumour and its stage. The angio-reaction will change the temperature devel-
opment, due to the massive change of BF from the vasodilated situation to the 
low-BF vasoconstriction. The drop in BF increases the temperature due to the 
lowered cooling capacity. The quasi-adiabatic slope jumps in the vasoconstric-
tive stage of the tumour, and the same SAR generates a greater temperature de-
velopment per unit time [135].  
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Further microscopic heterogeneity is observed on a molecular level. The struc-
tural disruption and rearrangements use a part of the energy without any consi-
derable change of temperature. Where the energy concentrates on the structural 
order, the points on the temperature plot by time remain approximately at the 
same temperature values, despite the continuously absorbed SAR accompanied 
by the approximately constant temperature as we expect during phase transi-
tions. The SAR at these points is dominantly consumed by the structural energy 
and not for the heating of the tumour’s environment.  

The heterogeneities influence temperature development, and such a linear 
temperature development, as we have in the case of water (Figure 23) is unrea-
listic in the human body. The macroscopic temperature is roughly like that seen 
in Figure 8, presenting a linear slope only at the beginning of the heating when 
the heat is not yet spreading intensively by diffusion, and the blood-flow regula-
tion has a lag. However, the simple picture has a fine-structure depending on the 
dynamism of the heat-diffusion and the blood-flow and other regulating com-
ponents like metabolism. The initial linear slope starts curving downwards, and 
after a maximum, the temperature decreases (Figure 24). The intensification of 
the blood-flow causes this “bump” in temperature and it is visible only when the 
time-lagging feedback appears at the end of the period of intensively rising tem-
perature. Note, the break of the linearity could be earlier in preclinical mea-
surements (see Figure 19), where the homeostatic reactions are quicker. The 
thermal homeostatic function keeps the temperature unchanged (TH2) and is the 
first saturation period, where the vasodilatation/vasoconstriction transition bal-
ances approximately constant value in the tumour (see the tumour-curve up to 
39˚C in Figure 6), After this point, the temperature might stabilize at another 
level for a short time due to the balance (TH1), or, if the homeostatic regulation 
cannot stabilize the equilibrium, it might start to grow continuously. The vaso-
constriction could easily develop additional necrotic volumes lacking blood-flow 
regulation such that the temperature could grow in those regions rapidly. While 
the forwarded SAR does not chage; its hetereogenic absorption changes, but va-
ries from the temperature development primarily because of the heterogeneity of 
BF. The applied SAR is constant, while the absorbed energy grows but not as ra-
pidly as expected, because the blood-cooling takes energy away in the system. 
The energy absorption changes at the vasodilatation/vasoconstriction transition. 

The homeostatic “bump” modifies the temperature development at all varia-
tions of the power, too (Figure 25), but the slope of the quasi-adiabatic linear-fit 
at the beginning does not change until the very slow temperature increase when 
the time-lag of the homeostatic control modifies the starting slope as well. We 
assume that the homeostatic cooling switches on smoothly by a Gaussian distri-
bution and with an amplitude factor A:  

2

exp
2 2

A t µ
σ σ

 − 
−  π    

                       (60) 
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Figure 24. The possible fine structure of the development of temperature in macroscopic 
steps. The important factor of the figure is the time-lag of the various effects. Here all the 
possible effects are shown, not all of which will necessarily be active in the actual ener-
gy-absorption. 
 

 
Figure 25. The homeostatic regulation could become active with different time-lags μ. 

 
which is equal with WF when 0 2t σ=  and 2n = . The time-lag of the start of 
this feedback is included in the μ, and the “smoothness” is in the t0. The shape 
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does not change, 2n = . The time-lag 0.2µ =  shows an early homeostatic 
reaction, which regulation requires a high velocity of BF. In animal experiments 
where the heart-rate is higher than in humans, because of the allometric scaling, 
a short time-lag is frequent, as we see in preclinical experiments [130]; see Fig-
ure 19. Different time-lags have been used under various conditions in calcula-
tions [43].  

The thermal and electromagnetic heterogeneity allow two different ways of 
handling the energy-absorption of the living material: make a complete average 
of the microscopic deviations, regarding this as equal in the target, or use the 
biophysical differences accepting the micro-variations to select the malignant 
cells. The first approach considers the entire volume in focus as being like ho-
mogeneous matter, and it is heated irrespective of the differences in the mi-
cro-environments, while the second one concentrates on malignant cells as the 
direct aim of the study. The two approaches fundamentally define the perfor-
mance of the actual treatment. When the target is regarded as homogeneous, its 
full mass represents the energy-absorber, requesting such energy as is enough for 
this task. The micro-selection however demands much lower energy consump-
tion, the intended target of the energy absorption being only a fraction of that in 
the homogeneous approach. The selection of the energy absorption specifies the 
efficacy of the actual treatment.  

The isothermal, homogeneous heating of a local tumour does not reach stable 
thermal equilibrium, because the non-linear reaction of the feedback mechan-
isms opposes the heating action, so an instable equilibrium forms a steady-state 
situation. In this process, the target develops new thermal inhomogeneities, be-
cause the cooling action of the blood is not equally distributed in the volume of 
the focus. As a consequence, clinical practice divides patients into “heatable” or 
“non-heatable” categories [144]. The selection is based on the possibility of the 
temperature increase in the actual location by local/regional treatment failing to 
reach the desired temperature in the target. The “non-heatable” cases could have 
the same SAR as the “heatable” ones, but their intensive homeostatic control 
blocks the marked temperature increase. We have to accept the real situation: 
the technical difficulty of the focussing of temperature is not identical with that 
of the focussing of SAR. The temperature depends on various processes, and 
naturally changes by elapsed time, spreading over the neighbouring volume.  

The final goal of the energy-absorption is not a simple heating; the intention is 
to destroy the malignancy. Naturally, chemical and structural changes happen in 
the process of the cell dying. An overall, isothermal heating could complete this 
task, pumping much more energy into the target than necessary for the elimina-
tion of the cancer cells, heating up all the parts, even those which trigger the 
counter-actions of the thermal control. The isothermal approach requires extra 
energy to compensate for the forced physio-regulation attempting to restore 
thermal homeostasis. The homogeneous heating induces intensive BF and so 
risks the development of life-threatening micro and macrometastases, by the in-
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tensification of the delivery of the circulating tumour cells, worsening the 
life-prognosis. Multiple isothermal hyperthermia studies have shown effective 
and significant local control of the treated tumour, but at the same time present 
a decreased overall survival among others for breast carcinoma [145] [146], for 
non-small-cell lung cancer [147] [148], for uterine cervix cancer [149] [150], and 
even for the easily “heatable” surface tumours [151].  

However, the thermal and electronic parameters differ between the tumour 
and the healthy environment, allowing the microscopic selection of biophysical 
origin. The variation of these parameters modifies the macro and microstruc-
tures of the tissue, varying the heterogeneity of the energy absorption. Malignant 
cells metabolize intensively, supporting their proliferation [152]. Their increased 
glucose metabolism can be measured by positron emission tomography (PET) 
[153]. The extra metabolic activity increases the ionic concentration in the vicin-
ity, increasing the conductivity of that region [154], also detectable by imaging 
[155]. The changing of the networking arrangement microscopically causes the 
loss of the healthy cooperative connections with neighbouring cells, constructing 
a largely different fractal structure [156]. The malignant cells break their inter-
cellular bonds [157] and junctions [158], and individually “combat” all other 
cells for metabolic energy. Measurement of the growing disorder in cancer came 
with the first imaging of a lesion [159], proving the increase of the dielectric 
constant in the microenvironment of the cells [160]. This decreases the complex 
electric impedance of the microenvironment of the tumour cells, channeling the 
radiofrequency (RF) current to their location [161], allowing their selection by 
electromagnetic means [162].  

The energy of the current primarily heats up the lipid rafts on the membrane 
of the cancer cells [163]. The membrane rafts are groups of clustered transmem-
brane proteins fixed by lipid-protein interactions [164]. A dominant part of the 
transmembrane proteins is clustered in raft domains. The rafts collect dynamic 
proteins [165], and have high lateral mobility in the membrane [166]. The size of 
these clusters is in the nano-range; depending on the ratio of protein to lipid 
content, different ranges of their horizontal diameters have been measured: 10 - 
100 nm [167]; 25 - 700 nm [168]; 100 - 200 nm [169]. The width of the mem-
brane is 5 nm [170], but the thickness of rafts, due to their transmembrane pro-
teins, is larger. An interesting result [216] is that the temperature increase of the 
nanoparticle is proportional to the square of its radius, which gives an easy 
comparison of the temperature using the sizes of the particles. The size of rafts is 
6 - 50 nm, and the large rafts dominate the protein content of the membrane 
[171]. The malignant cells lose their intercellular connections, and the formerly 
connected transmembrane proteins form rafts, which are significantly denser in 
the membrane of cancer-cells than in their noncancerous counterparts [172].  

The extracellular matrix (ECM) and the cellular membrane absorb the main 
part of the energy in the MHz region of RF [173]. The water content of the ECM 
interacts with the membrane [174], having variant bonds [175], and importantly 
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alters the membrane effect, showing a low SAR but high voltage drop [176], 
which can help the signal’s excitation of the raft proteins [177]. The electrostatic 
charge of the membrane attracts the ions from the ECM, the effect of which is 
sufficient to establish a transmembrane potential [178].  

The primary targets to absorb the well-chosen RF on the membrane of the se-
lected malignant cells are the transmembrane proteins located in the rafts. The 
β/δ frequency dispersion [179] promotes the focusing of the energy on the li-
pid-protein interactions at the applied 107 Hz frequency range. Nearly ten times 
higher conductivity was measured at transmembrane proteins [180]. Models of 
added protein domains with different concentrations in the lipid layer showed 
between one and three orders of magnitude higher conductivity in the presence 
of protein fractions than the lipid membrane alone [181]. These electric imped-
ance differences guide the RF to the rafts [182]. The thermal effect is limited to 
nanoscopic local “points”, the rafts, which are most sensitive to any lethal attack 
on malignant cells, which is the basis of the mEHT method. The well-chosen RF 
current [183] uses a 13.56 MHz carrier frequency according to the medical stan-
dards. An appropriate time-fractal modulation is applied [184], which is essen-
tial to obtaining the proper selection effect. (The technical description can be 
found elsewhere [185] [186]). In this way, mEHT targets the lipid-protein inte-
ractions that can cause specific energy-absorption in the membrane rafts, which 
carry many signal-receptors and are involved in multiple functional signal 
pathways [182]. 

Many observations have been made on various electromagnetic ener-
gy-absorptions, aside from those regarding temperature changes. The electric 
field promotes cellular fusion at low [187], and high [188] frequencies; a 
field-strength-dependent haemolytic effect has been observed resulting from RF 
exposure [189], as has the activation of ion-channels at the cellular membrane 
[190], membrane-mediated Ca2+ signalling effects on the immune system [191], 
and the induction of transmembrane Ca2+ by alternating current (low-frequency 
electromagnetic fields [LFEMF]) [192]. The biological effects of LFEMF have 
raised significant interest and debate in the past. Numerous reviews [193] [194] 
and articles report the responses of biological matter to LFEMF [195]-[203]. 
These observations realize the entropy change (structural and chemical altera-
tions), which due to the energy absorption, are clearly thermal, but the temper-
ature is only a condition and does not change during the process [204].  

The strength of electric field ( )tΞ  determines the energy delivery by the 
electromagnetic energy supplies, and determines the SAR in the media of ρ den-
sity and σ conductivity (assuming homogeneous target):  

( ) ( )2 W
2 kg

SAR t tσ
ρ

 
= Ξ  

 
                      (61) 

Note, the σ thermal conductivity varies non-linearly by temperature [205]. 
Radiating the homogeneous resistive media with R resistance by P power, and 
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the thickness of the target being d, we may calculate the ( )tΞ  field: 

( ) V
m

R Pt
d
⋅  Ξ =   

                       (62) 

If the energy delivery is sinusoidal, the average of the 
2
Ξ

Ξ = , so the effec-

tive electric field is: 

( )
2eff

R Pt
d

⋅
Ξ =                         (63) 

when the target resistance is 50R = Ω , and the applied power is 150 WP = , 
and 0.75 S m 1 mσ = = Ω⋅ , the SAR from (61) and (62) is: 

( ) W45
2 kg

R PSAR t
d

σ
ρ

 ⋅
= ≅  

 
             (64) (65) 

The provided energy inversely depends on the mass of the target and linearly 
by the duration of the SAR. For example, the energy in ablation techniques to 
gain high temperature needs extremely high SAR (in the range of 10 - 100 
kW/kg [206]), but it targets only a relatively small mass, so the absorbed energy 
is small. Local hyperthermia with isothermal intent uses a relatively large SAR 
compared to the selective method, to heat the mass as homogeneously as possi-
ble. However, these treatments can create unwanted hot-spots [207] depending 
on the technical realization and the actual conditions of the patient, causing very 
frequent complaints during the treatment [208].  

In heterogenic matter, when we select the absorption target inside the volume, 
and the mass ratio of the selected mass m to the total M is ξ, the SAR concentrates  

on the selected part with a value of 
m
M

ξ =  higher. So when nanoparticles (NPs) 

are chosen there, and its concentration is a 50 mg mass in 1 kg, the correspond-

ing SAR in our numerical example (65) is 5 W kW1.8 10 180
kg kgnanoSAR ≅ × = , and  

when the energy pump is sinusoidally periodic, according to (63) it becomes 
halved: 90 kW/kg.  

Usually, the SAR value in nano-heating is even higher, ranging from 100 to 
500 kW/kg [209]. These values are 1000 times higher than local hyperthermia 
uses but correspond well with the absorbed power in a nano-selective heating 
solution of membrane rafts.  

The mEHT method could be used to heat injected artificial nanoparticles to-
gether with exciting the intrinsic membrane rafts. When injecting gold nanopar-
ticles in the tissue the energy absorption is focused on both nano-centres, and 
the temperature grows by the diffuse heating from these [210]. However, the 
apoptotic cell-distortion, which is the hallmark of mEHT action, was decreased, 
probably because of the sharing of the energy between the membrane rafts and 
the gold nanoparticles; however, the heating was active in both situations.  
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The selective heating of mEHT uses the membrane’s peculiarities for the exci-
tation of the transmembrane proteins by energy absorption of the chosen cells. 
The absorbed energy at the membrane sharply depends on the electric field con-
ditions in the membrane and its immediate vicinity. The double phospholipid 
membrane structure modifies the applied electric field. The temperature gra-
dient is one of the driving forces of the signal propagation that starts at the outer 
membrane of the cell as extrinsic excitation. The excitation requires energy ab-
sorption and changes the molecular structure, involving the bound water. The 
effects cause thermal changes, but not in a temperature-dependent manner [128] 
[211]. The action is like a first-order phase transition with latent energy ex-
change at constant (transition) temperature. 

The absorbed bound water on the membrane has an important role in the 
SAR and electric field distribution [176]. The modification distinguishes the in-
tra- and extracellular electrolytes and the membrane itself, as well as the outer 
and inner sides of the membrane water-absorption layer [176]; see Figure 26.  

Heating of the transmembrane protein clusters (rafts) shows different patterns 
than in the phospholipid membrane [182]. The water bound to the protein in-
creases the altogether otherwise high average dielectric constant of the raft [212]. 
A precise model calculation [182] shows the electric loss density jump on the raft 
(Figure 27) with a rapid change on the membrane surfaces on both sides. Two 
calculations were made: in the homogenous approach the two sides of the raft  
 

 
Figure 26. Comparison of the free membrane (solid lines) and membrane-bounded water (dashed line) electric field (a) and the 
SAR (b) at 27 MHz in spherical cell-model (It is modified to same scales from [176]). 
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(a)                                                         (b) 

Figure 27. The electric energy loss density near the membrane of the cell in a spot of the raft under homogenous (solid line) and 
complex heterogenic (dashed line) assumptions: (a) The environment of the membrane; (b) Enlarged membrane area. 

 
are identical, while in the complex, heterogenic one, the outer side has higher 
conductivity due to the difference of the electrolyte composition of the cytop-
lasm and the extracellular matrix (ECM), and the inner part has a lower dielec-
tric constant, due to the complex connections inside the cell. The energy loss 
density is higher in the ECM.  

The calculation used 13.56 MHzf =  frequency and assumed  
7

13.56 MHz
V mV1.1 10 11
m nm

E = × = , consequently having 55 mV membrane potential  

in the thickness of 5 nmmembraned = . This potential is lower than the healthy cell 
usually has, but the malignancy lowers the membrane potential in most cases 
[213]. The heterogenic complexity decreases the jump of electric loss density, 
which is clearly followed by the local SAR (Figure 28). 

The temperature development on the surface of the membrane is the same on 
both sides; but macroscopically (distant from the surface), the temperature is 
lower in the ECM than in the cytoplasm (Figure 29).  

The temperature of the rafts affects the ECM in its immediate vicinity only. A  

similar size gold nanoparticle with radius 30 nmnr = , absorbing 4
0 2

W10
m

I =   

energy flux, was heated up by 4˚C in surrounding water, and at a distance of 70 
nm from its surface, the gain of temperature practically vanished [214]. This 
rapid disappearance of the temperature in the vicinity of the nanoparticle sup-
ports the approximation in which we ignored the diffusion part of the Pennes 
equation, to simplify its solution. This approach is valid in nanoscopic ener-
gy-absorption only, which is realized in the mEHT too.  

The excitation of the rafts needs extra energy, and structural changes happen,  
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Figure 28. The provided SAR to the membrane area, in a spot of the raft under homo-
genous (solid line) and complex heterogenic (dashed line) assumptions. 
 

 
(a)                                                     (b) 

Figure 29. The developed temperature in a spot of the raft under homogenous (solid line) and complex heterogenic 
(dashed line) assumptions: (a) The environment of the membrane; (b) Enlarged membrane area. 

 
which rearranges the giant membrane vehicles [215] and could modify the cell 
membrane [216]. The membrane phase transition can be modelled experimen-
tally too, when the Arrhenius dependence breaks in both the resistivity and ca-
pacity parts of the lipid bilayer [217] (Figure 30). This again needs a local, mi-
croscopic increase in the absorbed energy, which appears microscopically. 

The energy absorption of membrane rafts realizes heterogenic energy absorp-
tion, which follows the natural heterogeneities of the living matter. While the 
homogeneous concept intensifies the quick physiological regulation, the hetero-
genic selection has less strength to trigger the immediate feedback of regulation  
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Figure 30. Arrhenius-like plots of the resistance and capacity of the membrane. It shows 
a phase transition at the temperature of 39.5˚C (● The capacitive x the resistive plot). 
 
mechanisms. The physiological reaction appears later when the small heated 
substances heat up their environment, attracting the reaction of the general con-
trol. The temperature development in the microscopic range has many similari-
ties with the macroscopic pattern but has a certain difference in the absorbed 
SAR (Figure 31). The absorbed SAR transfers one state to the other one, and the 
change of temperature is a “side effect”: the excess part of the constant systemic 
SAR heats up. The spread of heat energy by time keeps the energy-replacement 
macroscopic, and gradually less energy will be selectively taken by the rafts, 
which constitute only a minimal fraction of the total mass of the tumour. There 
are two possible phase transitions that happen: one is for the chemical changes 
to produce signals and its structural consequences; the other one is the phase 
transition of the lipid membrane. Their temperatures are denoted by Tch and 
Tmem, respectively. Both transitions are temperature-dependent, so when the raft 
does not heat up to the transition temperatures, these will not occur. When the 
transition happens, the temperature remains constant until it finishes. After-
wards, the temperature increases as usual until the SAR switches off. When the 
rafts absorb the constant average, which heats the entire mass, its temperature 
will be equal to its environment. The selection disappears due to the homeostatic 
equilibrium. However, in this state, the energy-absorption in the target acts only 
to replace the energy being carried away by heat-exchange with the environment 
of the target and also the environmental conditions of the human body.  

The constant SAR is macroscopic; the active absorption at the microscopic 
level is different, being deducted from the average SAR, and the remaining pow-
er heating the lesion, as is shown in a hypothetical situation in Figure 31. The 
SAR value which is required to maintain a chosen temperature changes. The  
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Figure 31. The temperature development and the SAR in the microscopic range (For ex-
planation, see the text). 
 
continuously growing temperature reaches definite values at which the energy 
requirement is higher than the general adiabatic need, as we showed by time de-
velopment in Figure 31. The points at which the required micro (mSAR) 
changes, in order to energize the micro processes, are: the chemical phase transi-
tion Tch, the membrane phase transition Tmem and the switching off of the supply 
after reaching the TH homeostatic equilibrium, Figure 31. The first, chemical 
phase transitions, modify the microscopic energy consumption through chemi-
cal processes (signal excitation, signal transduction, protein structural changes), 
and usually we do not take the temperature so high as that at which the mem-
brane phase transition happens (>42˚C). The change of mSAR vs temperature 
development shows a double peak pattern when the temperature goes over 42˚C, 
and afterward, the temperature grows directly with the constant average SAR in 
the target (Figure 32; it becomes a homogenous situation, the rafts having the 
same average SAR as the wider environment, which is in thermal equilibrium. 
The system temperature grows until reaching the homeostatic point and remains 
at this temperature until the switching off of the SAR. This is the stage at which 
the system has constant temperature due to the constant SAR replacement of 
lost energy.  

Changes of mSAR by temperature depend on the demand for energy in the 
studied region. This changes not only with the phase transitions but also due to 
the homeostatic mechanisms, and in the end, the raft is heated in the same way 
as its environment. 

Understanding these heating processes, the optimal strategy is to keep the growth  
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Figure 32. The required SAR values vs temperature in the micro-region of selectively 
heated rafts. The red dot before the switching off of the SAR represents the equilibrium 
when both the SAR and the temperature are constant. The provided absorbed energy is 
only replacing the loss by cooling to the environment. 
 

of temperature continuous, so to maintain the condition where 1T SAR
t c

∆
=

∆
. 

The well-developed treatment protocol makes use of step-up heating when the 

linear T
t

∆
∆

 slope dominates (Figure 33).  

When the temperature development deviates from the slope, going to be sta-
tionary another so called constant perfusion rate model could be introduced, 
when the Pennes’ Equation (11) reduced to: 

( )( )h h h b b b
Tc SAR c w T T
t

ρ ρ ρ∂
= − ∆

∂
                  (66) 

The solution of (66):  

( )
1 e cp

t

h

b b b

SAR
T

c w T
τρ

ρ

 
 − 
 

 
 ∆ = −  
 

                    (67) 

where  

( )
h h

cp
b b b

c
c w T

ρ
τ

ρ
=                           (68) 

Is the time-constant of the constant perfusion model, and 0cp tτ ≅  when t is 
large, corresponding with the stationery solution of (57). Using realistic para-
meters we get 7 mincpτ ≅ . So the temperature rise will be different, Figure 34.  

In the case of gradual step-up heating the simplified Pennes equation:  

( ) ( )

( ) ( ) ( ) ( ) ( )( )0 1 1 1 1

, ,

2

b b b b b b
Tc c w T T p t c c
t

p t p H t H t H t H t n

ρ ρ ρ ρ∂
+ − = ≅

∂
= + −Θ + − Θ + + − Θ

     (69) 
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Figure 33. The temperature development by the step-up in the time period, when the 
curve is in the quasi-adiabatic line. 
 

 
Figure 34. The temperature development by the step-up in the period out of the constant 
perfusion model, Note, at the end the temperature could grow higher than in Figure 33. 
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where ( )1H t  is the Heaviside unit-jump function, p0 is the jump of SAR (as-
sumed equal tranches!) and Θ is the time between the two jumps on.  

So, we get:  

( )

1

1 ,

b

p tT T
t c

w
τ ρ

τ −

∂∆
+ ∆ =

∂

=

                      (70) 

Using Laplace transformation:  

( ) ( )

( ) ( )2
0

1 ,
1

1 1 e e es s sn

T s p s
c s

p s p
s

τ
ρ τ

− Θ − Θ − Θ

∆ =
+

= + + + +

             (71) 

We get by inverse Laplace transformation the time-function of the temperature 
rise:  

( ) ( ) ( )

( ) ( )

0 1 1

2

1 1

1 e 1 e

1 e 2 1 e

t t

t t n

T t p H t H t
c

H t H t n

τ τ

τ τ

τ
ρ

−Θ
− −

− Θ − Θ
− −

   
∆ = − + − −Θ         

   
+ − − Θ + + − − Θ            



    (72) 

Note, 0p SAR= , in simple one-step heating, like it was used in (54). This is 
physically simple: in every Θ time a new exponential function starts and added 
to the previous time-function Figure 35.  

The time-derivative function of (72) is: 

( ) ( ) ( )

( )

2
0

1 1 1

1

d e e e 2
d

e

t t t

t n

pT H t H t H t
t c

H t n

τ τ τ

τ

ρ

−Θ − Θ
− − −

− Θ
−

∆
= + −Θ + − Θ +




+ − Θ 




    (73) 

The right-side derivatives of the time-dependent temperature of (72) show the 
newly started targeting: 

0 0

0

2
0

d d, 1 e , ,
d d

d 1 e e e
d

t t

n

t n

p pT T
t c t c

pT
t c

τ

τ τ τ

ρ ρ

ρ

Θ
−

=+ →+Θ

Θ Θ Θ
− − −

→+ Θ

 ∆ ∆
= = +  

 
 ∆

= + + + +  
 





            (74) 

It is simply the identical restart of the SAR process, when the time Θ is longer 
than the τ blood-perfusion time-constant. In this case all the jumps could be de-
scribed independently. Using the practical units in physiology:  

[ ] [ ]

0
0

0

0

0

1 e

W kg W kg
in practical units : min[]

67

t

t

t

pT p
t c c

SAR SART C
t c

ττ
ρ ρ

−

=

=

 ∆
= − ≅  

 
 ∆
 
 

   (75) 
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Figure 35. The time-function of temperature in case of step-up jumps of SAR.  

 
with the above calculated (75).  

When the incident power is terminated, the blood-perfusion starts to cool the 
target (clearance of temperature). This could be described by the Pennes equa-
tion too: 

( ) ( )
1

1 0,b
b

b

T T
T T

t
w

τ
τ −

∂ −
+ − =

∂
=

                   (76) 

Its solution is: 

( ) ( ) 0e ,
t

bT t T T p
c

ττ
ρ

−
∆ = − =                   (77) 

From ( )T t∆  function the τ blood-perfusion time-constant could be deter-
mined, and so we get wb too by (57) and (70). The clearance temperature (the 
speed of cooling) is: 

0

0

d
d t

pT
t cρ=

∆
= −                          (78) 

which is in its absolute value identical with (54) (after stationary heating, and so 
the target is in thermal-equilibrium). Using again the physiology units, we get:  

[ ]0

0

W kgd min[]
d 67t

SART C
t =

 ∆
 
 

                (79) 

The results have to be generalized, recognizing, that the living target changes 
during the heating in its multiple parameters, including the thermal and the 
electrical ones. This changes the blood-perfusion as well as the complete tem-
perature rise, despite the constant power provided, the SAR will change too. Due 
to this instead of (72) we use 
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and consequently instead of (73):  

( ) ( )

( ) ( )

0 1 1 1

2

2 1 1

d 1 e e
d

e 2 e

t t

t t n

n

T p H t p H t
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τ τ
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ρ

−Θ
− −

− Θ − Θ
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∆
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      (81) 

The right derivatives of the curve in (81):  

0

0 11

0 1

0

2
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           (82) 

And again, when the switching time Θ is much longer the largest blood-perfusion 
time-constant, than we may use again the approximation (75): 

[ ]
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             (83) 

The realization of the strategy of blocking the development of thermal spreading  

could be more effective when the linear period of T
t

∆
∆

 is carefully managed  

and the system cooled down before the spread of the heat starts. The concept 
could be completed by the cutting of the heating curve, which could be done at 
various points of the temperature development (Figure 36).  

The straight-line sided triangle at the early cut looks the most controllable 
situation, stopping the heating at the end-point when the linear slope fits. Tech-
nically the appropriate pulsing of the SAR follows the optimizing rule well 
(Figure 37). This protocol does not change, or changes by only a little, the over-
all temperature, so all the energy is concentrated on the selected rafts.  

Note, the selective, non-isothermal energy-absorption is similar to the ioniz-
ing radiation concept when the selection is directed at the breaking of DNA. The 
heat and temperature gain which they produce during treatment are adverse ef-
fects, and the protocols try to avoid them. The dose in the ionizing radiation is  
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Figure 36. The temperature development terminated in different stages of the process. 

 

 
Figure 37. Temperature development by the appropriately pulsed power, providing step-up: (a) Terminated before the non-linear 
period starts; (b) Terminated after the non-linear period starts. 

 
the Gray Gy = J/kg, which is the measure of the absorbed energy, by (3), and in 
time-dependent power by (4). The dose of the radiotherapy treatment-cycle is 
the sum of the fractional doses in the process. We may introduce the same in 
hyperthermia with regard to the absorbed energy:  

( ) ( )Σ
1 0

d
itN

dose
i

E t SAR τ τ
=

= ∑∫                       (84) 

where N is the number of treatments in the actual cycle, ti is the time of the i-th 
treatment and  
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1 2 1
1

N

N N i
i

t t t t t tΣ −
=

= + + + + = ∑                    (85) 

is the entire treatment time in the cycle.  
The evaluation of ( )SAR τ  in a selective mode of hyperthermia counts the 

energy absorbed in the target irrespective of the kind of source, so the specific 
energy unit Gy could be applied in the non-ionizing radiation too. The energy 
which is provided by ionizing radiation (IR) triggers biological mechanisms, 
which are mostly the rupturing of DNA, while the desired effects are different in 
non-ionizing applications (nIR). We may observe contrary interests in using the 
absorbed energy in these therapies [3]. In the ionizing strategy, the distortion of 
the DNA strands is the goal, and the heat-production during this process is an 
adverse effect. In nIR hyperthermia, it is the other way round, and the heat pro-
duction becomes the goal of the treatment. While the IR treatment is of short 
duration, the nIR is significantly longer, and while the physiological control 
mechanisms have no role in IR, these have an important role in nIR applications. 
Both treatments are electromagnetic, but IR has a frequency a few billion times 
higher and also has much shorter duration of treatment than nIR. 

5. Verification 

The preclinical verification of the dose and its temperature dependence shows 
the practical applicability of the above model-calculation. Phantom experiments 
[218], and in vitro cell-culture measurements show the apoptotic efficacy [219] 
[220] of mEHT, and the temperature mapping gives also a hint, that the above 
considerations are realistic [221]. The pulsed power application is measured [222] 
and verifies the advantage of the increased efficacy of such heating method [223]. 
The clinical applications have a well-defined protocol [224] and guideline [225] 
with the step-up heating requirements, and the clinical results validate the usage 
of the step-up heating model [226].  

The present considerations are valid for solid tumours, where the Pennes- 
equation is effective. The selective activation of the haematological cancers is in 
progress. 

6. Conclusion 

Considering the homeostatic self-similarity, we have shown a stochastic heuristic 
solution of the Pennes equation and its applicability in hyperthermia treatments 
in oncology. Weibull parametric distribution with satisfactory refinement can 
solve the problem of the description of the heating of the body, without the 
complications involved in solving the Pennes equation. This solution is stochas-
tic, having a probability distribution which fits much more to the dynamic 
changes in the living objects, and eliminates the problem of the deterministic 
behaviour of the Pennes approach. The introduced selective heating allows fo-
cusing upon the malignant cells using the thermal and bioelectromagnetic hete-
rogeneity of the tumorous lesions. The solution allows the introduction of a 
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protocol that most optimally uses the provided energy for molecular changes, 
destroying the malignant cells without a noticeable effect on their healthy coun-
terparts. The present considerations are valid for solid tumors, where the 
Pennes-equation is effective. The selective activation of the haematological can-
cers is in progress.  
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