
International Journal of Clinical Medicine, 2024, 15, 299-334 
https://www.scirp.org/journal/ijcm 

ISSN Online: 2158-2882 
ISSN Print: 2158-284X 

 

DOI: 10.4236/ijcm.2024.157020  Jul. 31, 2024 299 International Journal of Clinical Medicine 
 

 
 
 

Preclinical Verification of Modulated 
Electro-Hyperthermia 
—Part II. In Vivo Research 

Andras Szasz 

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

 
 
 

Abstract 
The treatments of malignant diseases nowadays are rapidly developing. One 
of the groups of novel therapies applies electromagnetic fields to destroy the 
malignant lesions. The thermal (heating) and nonthermal (polarization, mole-
cular excitations) processes are combined in novel methods. The non-ionizing 
energy absorption from the electric field may produce substantial heat, in-
creasing the targeted lesion’s temperature and inducing hyperthermic effects. 
The modulated electro-hyperthermia (mEHT) uses thermal conditions to op-
timize and accelerate the chemical reactions induced by the nonthermal exci-
tation of the electric field. The mEHT cooperates with the body’s homeostatic 
control and harmonizes the mutual efforts to destroy the malignancy. Our 
objective is to show in vivo proof of the combined complementary electro-
magnetic impact on various tumors produced by mEHT. Furthermore, we 
present evidence of the increasing efficacy of the complementary application 
of mEHT with conventional treatments. 
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1. Introduction 

Cancer therapies have rapidly developed in the last decades [1]. All classical 
treatments like chemotherapy (ChT), radiotherapy (RT), and surgery (Op) went 
through intense development. The new highly effective pharma products, the 
personalized and targeted approaches, the complex, versatile protocols, and the 
precise pointing of malignant lesions increased the success rate of the conven-
tional treatment.  
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New therapies focus on extending patient survival with an acceptable quality 
of life. Despite the robust development, the estimated 2+ million new cases in 
2024 [2] derail the optimistic and encouraging outlook for cancer care. Intensive 
efforts in drug development drive the progress of cancer therapies. Another 
challenge, however, is the present oncotherapies have severe adverse effects and 
toxicity, which limits their applications. There are 95% of the new cancer drugs 
applied in clinical studies have no approval because of their high toxicity [3]. 
Nonionizing electromagnetic therapies group different approaches without 
chemical toxicity. Like radiotherapy (ionizing radiation), electromagnetic energy 
absorption could cause thermal toxicity (burns), which differs from other ad-
verse effects. This toxicity does not develop comorbidities. Avoiding its side ef-
fects or treating the accidentally appearing one is relatively easy. The electro-
magnetic impact on chosen reactions could increase the efficacy and decrease 
the toxicity of the complementary applied therapy [4]-[6]. The selection of ma-
lignancy by biophysical effects looks optional [7] [8], and the thermal effects of 
the nonionizing could accelerate the excited chemical reactions (but chemically 
active) electromagnetic radiation [9]. These advantages support electromagnetic 
energy absorption as a helpful therapy, both standalone and in complementary 
applications.  

The chemically active nonthermal electromagnetic effects are calculated and 
verified in vitro cell culture experiments [10]. The synergy of thermal and non-
thermal effects had been measured in vitro but the selectivity considering inten-
sive physiological feedback can be studied only in vivo. The present part of the 
series aims to show the in vivo research and review its results.  

2. Method  

The modulated electro-hyperthermia (mEHT) technical solution is classical capaci-
tive coupling with radiofrequency (RF) application at 13.56 MHz. A plan-parallel 
condenser provides the energy to the experimental animal between the electrodes, 
which are asymmetric [11].  

The mEHT is a hyperthermia method, which, in addition to the thermal energy 
absorption, uses nonthermal, electric field-dependent molecular excitations, in-
creasing the tumor-destruction facility of the energy [7]. mEHT targets the electric 
and thermal differences between the malignant and healthy tissues and the micro 
heterogeneities at the tumor microenvironment (TME) [9]. The electric field selects 
the highly proliferative tumors by their high electric conductivity, and the 
low-frequency amplitude modulation active in polarization and molecular excita-
tions of transmembrane proteins of the malignant cells [5] [6]. Various apoptotic 
signals are excited by external electric field impact. The frequencies are optimized 
fro the best performance [5] [8]. The electric field selects the tumor, and the 
low-frequency amplitude modulation polarizes and excites the transmembrane 
proteins of the malignant cells. The primary guidance of mEHT is biophysical using 
updated bioelectromagnetic considerations. The selective targeting modifies the 
conventional hyperthermia which intends to heat the entire mass of the tuor iso-
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thermally. The heterogeneous heating uses the thermal effects on the targeted mo-
lecules to accelerate the signal transduction which is triggered by the nonthermal 
impact [12]. The transmembrane molecular targeting of nonionizing radiation by a 
modulated electric field is like the ionizing radiation (radiotherapy, RT), which tar-
gets also molecular components in the strand of DNA.  

The devices for in vivo use were the LabEHT100 and LabEHY200 (Onco-
therm, Budaors, Hungary). The animal lies on the rectangular-shaped 6 × 12 cm 
size grounded electrode. To prevent the mice from cooling, the temperature of 
the counter electrode was controlled; it was kept at 37˚C during the treatment. 
The round-shaped opposing electrode (applicator) is above the animal, is 18 mm 
in size, and can be adjusted with a flexible holder to the necessary position above 
the treated tumor. A bolus with distilled water ensures optimal electromagnetic 
coupling. The applicator is cooled with circulating water. The allometric scaling 
estimates the speed of mice physiology (including the heartbeats) to be seven 
times quicker than that of humans. Due to the rapid physiological feedback, an 
ultrafast tuning system makes the prompt automatic adjustment of animal reac-
tions possible. The temperature intratumoral, skin, and rectal measured, and the 
electric tuning status with the forwarded and reflected powers are also registered 
in real-time. The sampling frequency is 60/min. The temperature was controlled 
with specialized thermometers immune to RF radiation. The experimental con-
ditions are discussed in detail in every referred article.  

The animals are anesthetized during the treatment. The experimental setup is 
shown in Figure 1.  
 

 
Figure 1. Experimental setup of the in vivo experiments. Some experimental animals had 
their own untreated control tumor in a symmetrical position, usually in the left and right 
femoral regions. (A.) In the immunocompromised (nude) mice, the two tumors are sup-
posed to be independent. (B.) Only one tumor is treated (always the right side) with 
mEHT; the other is used for comparison. In immunocompromised nude mice, the un-
treated tumor is regarded as a control. (C.) In immunocompetent mice, we expect im-
mune reactions. The two tumors distantly inoculated tumors are connected, making it 
possible to measure the abscopal effect in distant locations. (D.) The measuring setup. 
(E.) mEHT treatment of a mouse. (F.) Infrared hyperthermia (iHT) treatment.  
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Numerous cancer-bearing companion animals (dogs and cats) were success-
fully treated with mEHT [13]. These treatments better approach human tumor-
ous cases because they have larger body weights than rodents. The larger body 
mass shifts the physiological timing to longer scales, better approaching human 
conditions. The naturally developed, not inoculated tumors also allow these 
treatments to be closer to human studies.  

The technical details of the treatment are described elsewhere [14]-[17]. The 
treatment conditions mostly follow a standard protocol of 42˚C in the tumor for 
30 min. The time from the inoculation of the tumor cells to the first mEHT 
treatment depends on the tumor size, which is approximately 2 g when the expe-
rimental process starts. In some experiments, Matrigel is used to control growth. 
The applied power varies by the animals and their tumors, ranging from 1 W to 
8 W. The treated tumors were studied using various methods. The tumor in its 
3D form was studied with size (caliper and ultrasound) and its activity (biolu-
minescence signals). The excised ex vivo tumors were characterized by their 
size/weight. The tumors are usually cut in half; one is frozen, formalin-fixed, and 
embedded in paraffin for further investigation. The frozen samples are helpful 
for genetic and protein analysis and Western blot, FACS, PCR, the paraf-
fin-embedded samples for morphological studies, multiple immunohistochemi-
stry, and signal pathway analyses; the most frequent processes with then excised 
samples are shown in Figure 2.  
 

 
Figure 2. In immunocompromised mice, the primary measurement categories of the 
treated tumor are as follows: the whole tumor is measured in situ, while the excised (ex vi-
vo) tumors, after measuring their weight, are halved, serving different measurements.  

 
The results are compared to sham mEHT treatment, infrared hyperthermia, 

or distant, untreated tumors in the same animal.  

3. In Vivo Measurements 

The publications on in vivo measurements are collected in Table 1.  
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Table 1. In vivo preclinical research. 

Tumor cells Method Result Conclusion Ref. 

FSaII was inoculated into 
the femoral region of the 
C3H mice and treated with 
mEHT and RT. 

mEHT 41˚C, 10 + 30 min, 
2 - 3 W, plus irradiation 15 
Gy (1.3 Gy/min). Studied 
the tumor growth, 
apoptosis, and HIF-1α, 
VEGF, and CA-9 were 
measured. 

The tumor growth was 
inhibited, and the apoptosis 
rate increased with the 
combined treatment. 
Furthermore, it reduced the 
RT, increased hypoxia, and 
increased blood perfusion.  

The combined treatment 
enhances the anti-tumor 
effect of high-dose 
irradiation and minimizes 
the side effects of the RT.  

[18] 

RG2 [D74] glioma cell line 
was inoculated into the 
parietal lobe of syngeneic 
Fischer 344 rats, treated 
with pulsed mEHT. 

MRI was measured on the 
8th and 15th days after 
inoculations. Four groups 
of animals were compared 
using sham, mEHT 
stand-alone, mEHT + 
TMZ, and the pulsed 
mEHT in a time-course 
protocol. 

The pulsed mEHT was 
superior to all other 
treatment groups. 

The pulsed mEHT looks 
like a further novel 
development of the 
conventional mEHT 
method.  

[19] 

4T1 was inoculated into 
BALB/c mice, isograft, and 
treated with mEHT. 

mEHT 42˚C, 5 + 30 min, 
(skin 39.5˚C, body 
37.8˚C.) Apoptosis was 
measured with multiple 
other characteristics of 
change in time course.  

HSP70 was significantly 
induced by mEHT, with a 
maximum of 12 h after 
treatment. The cell 
destruction and cC3 have 
their maximum at 24 h, 
and the viability is 
significantly decreased. 5 
mEHT treatment 
significantly suppressed the 
Ki67 proliferation marker.  

The massive HSP70 
development exhausts the 
cells and plays a major role 
in losing cell protection 
against stress, consequently 
promoting cellular 
destruction.  

[20] 

Huh-7 and HepG2 cell 
lines xenograft in nude 
mice treated with mEHT. 

mEHT 42˚C, 5 + 30 min, 
(skin 39.5˚C, body 37.8˚C) 
caliper ruler monitored.  

mEHT significantly 
inhibited the growth of 
human HCC xenografts in 
nude mice.  

On the 19th day, the control 
tumor was double that of 
the mEHT-treated one.  

[21] 

U87-MG and A172 human 
glioma cells inoculated 
into BALB/c nude mice 
xenograft. 

mEHT 42˚C, 30 min, 3 W 
(3x), time course study. 
RNA sequencing a caliper 
ruler was used. 

Inhibited tumor growth, 
significant apoptotic rate, 
reduced cell migration. 

Increased p53 and E2F1, 
reduced PARP1 in mRNA 
level, suppressed CD133+ 
cancer stem cells.  

[22] 

HT29 human metastatic 
colorectal xenograft 
model. BALB/c nude mice.  

mEHT 42˚C, 30 min, 4 W, 
time-course study with 
Immunohistochemistry, 
Western blot, TUNEL 
assay. 

Significant apoptosis of the 
malignant cells, DNA 
fragmentation, AIF 
mediated apoptotic 
pathway. 

Caspase-independent 
apoptosis, with 
mitochondrial 
permeabilization and DNA 
fragmentation.  

[23] 
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Continued 

HT29 xenograft model, 
BALB/c nude mice treated 
with mEHT. 

mEHT 42˚C, 30 min, 4 W, 
time-course study with 
Immuno-histochemistry, 
microarray, apoptosis array,  

Measured 
damage-associated 
molecular pattern (HSP70, 
CRT, HMGB1 and HSP90).  

mEHT induces a 
spatiotemporal sequence of 
DAMP signals HT29 cancer, 
and it can be a potential local 
inducer of immunogenic cell 
death. 

[24] 

HT29 xenograft model. 
MEHT treated BALB/c 
nude mice. 

mEHT 42˚C, 30 min, 4 W, 
time-course study with 
Immunohistochemistry, 
apoptosis analysis. 

mEHT caused selective 
tumor destruction, and 
upregulation of TRAIL-R2 
and FAS was observed.   

mEHT caused massive 
caspase-independent cell 
death. 

[25] 

C26 allografts of 
immunocompetent 
(BALB/c) mice plus 
immunostimulant MTE. 

mEHT 42˚C, 30 min, 1 - 3 
W, Immunohistochemistry, 
TUNEL assay apoptosis 
analysis, comparison of the 
treated and nontreated 
tumors of the same mouse. 
Extra immune stimulant 
(MTE) is applied.  

The damage-associated 
molecular pattern was 
measured (CRT, HSP70, 
HMGB1). Ki67 was 
suppressed. Dendritic cells 
were matured, and 
antigen-presenting showed 
tumor-specific killer T-cells 
and their invasion into the 
tumor.  

The mice with immune 
stimulants had an abscopal 
effect, showing the same 
development in the 
untreated tumor as in the 
treated one. ICD formed 
tumor-specific immune 
reactions. 

[26] 

CT26 allografts of 
immunocompetent 
(BALB/c) mice plus 
dendritic cell 
immunostimulant.  

mEHT 42˚C, 30 min, DC 
cells inoculated 
intratumorally to the 
femoral area, cytotoxic T 
lymphocyte assay, 
ELISPOT, 
Immunohistochemistry.  

Significant HSP70 release 
was measured in comparison 
to wHT with the same 
temperature. The 
DC-combined mEHT 
inhibited cell growth, and 
the substantial appearance in 
CD45+, F4/80, and 
Eosinophil leukocytes were 
measured.  

mEHT can create a favorable 
tumor microenvironment 
for an immunological chain 
reaction. Rechallenging the 
same tumor was ineffective. 
The DC-combined mEHT 
worked as an 
antitumor-vaccination.  

[27] 

A2058 human melanoma 
cell line and NK cell 
immunotherapy combined 
with mEHT. 

mEHT 42˚C, 30 min, NK 
cells or IL-2 independent 
NK-92MI injected 
subcutaneously to right and 
left femoral region. Only the 
right side was treated.  

Intensive hsp70 expression 
followed by significant 
upregulation of cC3 and p53. 
NK cell accumulation was in 
the treated tumor but not in 
the untreated side. 
Upregulation of CXCL11 
and MMP2 was observed.  

mEHT ultimately leads to 
completely eradicating 
melanoma and appears to be 
a good combination with NK 
immunotherapy.  

[28] 

CT26/BALB/c mice tumor 
model mEHT with Cur and 
Res combined treatment. 

mEHT 42˚C, 30 min, 10 - 
12 W, tumor growth, and 
immune cell infiltration 
were measured together 
with cell viability, apoptosis, 
Western blot, and 
immunohistochemistry 
comparison with wHT. 

mEHT with Cur and Res 
combination inhibited the 
growth of CT26 cancer by 
inducing apoptosis and 
HSP70 expression of tumor 
cells while recruiting CD3+ 
T-cells and F4/80+ 
macrophages. 

Cur and Res combined with 
mEHT synergistically 
increased HSP release and 
immune response, showing 
enhanced anti-tumor 
efficacy.  

[29] 
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Continued 

B16F10 allograft cells 
inoculated to female 
C57Bl/6 mice (offspring of 
C57Bl/6 colonies) in the 
right inguinal area.  

mEHT 42˚C, 30 min, 
measured tumor-size, 
HSP70, PUMA, γH2AX, 
DAMP signaling was 
measured. 

Upregulation of cytoplasmic 
and cell membrane HSP70 
Increased PUMA and AIF1 
and rise of cC3 without 
significant apoptosis. But, 
γH2AX indicated DNA 
double-strand breaks, which 
upregulated p53 protein and 
downstream p21waf1 and 
p27kip. mEHT promoted the 
release of DAMP; it reduced 
MHC-I levels in tumor cells. 

mEHT-related tumor 
shrinkage was primarily 
mediated by p53, upregulating 
the cyclin-dependent kinase 
inhibitors. Reduced cytotoxic 
T-cell response was observed 
despite increased DAMP 
signaling. Decreased tumor 
antigen and MHC-I levels 
suggest that NK cells and 
macrophages were the major 
contributors to tumor 
eradication.  

[30] 

FSaIIcells inoculated 
subcutaneously in the 
femoral region of C3H 
mice. mEHT plus 15 Gy RT, 
with Mef, was applied. 

mEHT 41˚C, 30 min, 
metformin was 
intraperitoneal, 150 mg/kg. 
HIF-1α, VEGF, PD-L1, and 
TUNEL apoptosis were 
measured. 

Irradiation markedly 
increased the expression of 
HIF-1 α, VEGF, PD-L1, and 
mEHT, which was reduced 
by the mEHT combined 
treatment and enhanced the 
suppression of tumor 
growth.  

The increased tumor 
response to 15 Gy 
irradiation by mEHT and 
Mef alone or in combination 
was due, in part, to the 
abrogation of the 
radiation-induced 
upregulation of HIF-1α and 
its downstream targets 
VEGF and PD-L1. 

[31] 

A549 and NCI-H1299 
cell-line BALB/c nude mice 
heterotopic xenograft 
treated with mEHT. 

The linear-quadratic (LQ) 
model was used for an 
equivalent radiation dose of 
mEHT, 42˚C, 30 min.  

mEHT + RT arrested the 
tumor growth, significantly 
increased the apoptosis. 

The thermal enhancement of 
mEHT was determined, and 
the estimated equivalent 
radiation was calculated.  

[32] 

A549 and NCI-H1299 cell 
line BALB/c nude mice 
heterotopic xenograft 
treated with mEHT. 

mEHT 42˚C, SAR = 250 
W/kg, CEM43 dose 
calculated and compared to 
the measurements. 

The tumor has > 3C higher 
temperature than the 
surrounding muscles, with 
good agreement with the 
numerical calculations. The 
tumor has > 4 times larger 
CEM43 than the 
surrounding.  

The experiments proved the 
selection of the energy 
absorption, which is 
automatically well-localized 
on the tumor, and the host 
has less heating.  

[33] 

CT26 allografts of 
immunocompetent 
(BALB/c) mice plus 
liposomal Dox. 

mEHT 42˚C, 30 min, tumor 
in femoral region, 10 mg/kg 
liposomal Dox. The effect 
was compared with wHT. 

mEHT enhanced the 
liposomal Dox uptake. The 
combined treatment arrests 
the tumor growth. The 
effects were significantly 
higher than in wHT cases. 

mEHT stimulated the 
activity of receptors and 
enzymes of cancer cells. 
Consequently, the uptake of 
Dox significantly increased 
after mEHT and effectively 
enhanced the drug’s 
therapeutic effect.  

[34] 

The liver of a healthy pig 
was mEHT treated. 

mEHT 150 W, 60 min, 540 
kJ, anesthetized female pig 
49.5 kg Immediate maximal, 
or step-up heating. 

Shallow intrahepatic 
temperature > 42˚C, deep 
intrahepatic temperature > 
41˚C, skin temperature < 
41˚C, rectal temperature < 
39˚C.  

The measurements show a 
definite increase in the 
temperature of the liver of a 
living, anesthetized pig 
treated with mEHT.  

[35] 
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Continued 

Companion animals with 
mEHT are dedicated for 
veterinarian use. 

VetEHY system treated 
dogs and cats. Step-up 
heating, < 35 W. 
Spontaneously occurring 
tumors. 

All treated cases have shown 
remarkable improvement, 
tumor shrink, and better 
animal movability.  

mEHT is a powerful 
veterinarian tool for 
companion animals and 
valuable for comparative 
clinical oncology. 

[13] 

mEHT was applied with a 
high Vitamin C dose for the 
C26 murine model. 

Vit.C 2g/kg dose, mEHT 
42˚C, 30 min.  

A histopathological study 
was made ex vivo 24 hours 
after treatment. Vit.C had no 
effect as monotherapy. The 
combined treatment had 
high fluctuations. The tumor 
distribution was the same in 
both tumors of the animal.  

The study does not allow a 
definite conclusion, but a 
sign of the possible abscopal 
effect was observed.  

[36] 

mEHT was used for the 
HT29 xenograft mouse 
model on female NMRI 
nu/nu mice. 

mEHT 1 W, 5 + 30 min. < 
40˚C, Bioluminescent 
method was used. Matching 
electric parameters were 
measured. 

mEHT had significantly less 
dT/dt than EHT. However, 
the skin temperature and 
depth were slightly higher in 
mEHT. The matching 
impedances differ between 
the EHT and mEHT.  

The study demonstrates the 
non-temperature-dependent 
anticancer effects of mEHT, 
shows the role of 
modulation, and promises 
more effective cancer 
therapy.  

[37] 

HT29 metastatic xenograft 
model. BALB/c nude mice 
treated with mEHT. 

mEHT 42˚C, 30 min, 4 W, 
time-course study. TUNEL 
apoptosis analysis. 

mEHT caused a selective 
tumor destruction, and 
upregulation of TRAIL-R2, 
FAS, FADD, 
SMACK/Diabolo, 
HTRA2/Omi HSP60 and 
HSP70 were measured.  

mEHT treatment 
upregulates a range of 
proteins related to apoptosis 
induction and heat shock 
response within 24 hours 
post-treatment.  

[38] 

Human squamous cell lung 
cancer cell-line BALB/c 
nude mice heterotopic 
xenograft treated with 
mEHT. 

mEHT 42˚C, 30 min, power 
< 2.5 W. Local temperature 
sensors: intratumoral, host 
tissue, rectal measurement. 
Conductivity and dielectric 
constant were also measured.  

Tumor temperature 42˚C, 
muscle host 34˚C, rectum 
30˚C, and the treatment bed 
28˚C. The calculated 
simulation corresponds well 
with the measurements.  

The measured temperature 
mapping and the thermal 
dose agree well with the 
numerical calculation. 

[39] 

mEHT for HT29 xenograft 
model. The irHT and 
mEHT at 42˚C, and mEHT 
at 38˚C, were compared.  

mEHT and iHTwas 42˚C, 
60 min (32 V/m field), and 
additional mEHT 38˚C. 
Micromorphological 
analysis 24 h after 
treatment. 

The dead cell ratio was 
significantly higher with 
mEHT compared to other 
groups. Notably, the mEHT 
38˚C, also did substantially 
better tumor destruction 
than the iHT on 42C.  

A strong synergy of thermal 
and nonthermal components 
is shown, proving the 
importance of the 
nonthermal effects. 

[40] 

Effect of repeated mEHT 
treatment in 4T07 TNBC. 
4T07 cells were inoculated 
orthotopically in female 
BALB/c mice.  

mEHT 42˚C, 30 min, skin 
temperature just over the 
tumor 40˚C (3 W) The 
repeated treatments were 
studied by tumor size, cC3, 
HSP70, immune profile 
(CD3+, CTLA4, PD-1, 
PD-L1), p21, and Ki67.  

The five-treatment repetition 
shows a significant positive 
change in all measured 
parameters in 4T07 TNBC. 

Repeated treatment 
improves the effect of mEHT 
and is well applicable for 
TNBC tumors, suggesting 
positive clinical 
performance.  

[41] 
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Continued 

mEHT for B16F10 
melanoma pulmonary 
metastases. Repeated 
treatment of lung.  

mEHT 30 min, 42˚C (lung) 
40˚C (pharyngeal) and 
38.5˚C (rectal 
temperatures). Measured 
immunohistochemistry, 
flow cytometry, and 
apoptotic and necrotic cell 
death. 6 times repeated 
treatment.  

mEHT induced significant 
anti-tumor effects and the 
downregulation of Ki67 
expression, as well as made 
significant DNA 
double-strand breaks, 
significantly increased 
CD3+, CD8+ 
T-lymphocytes, and 
F4/80+CD11b+ macrophage 
density in the whole lung. 

mEHT inhibits tumor growth 
and spontaneous 
proliferation of B16F10 
melanoma in a mouse 
pulmonary metastasis model.  
mEHT is a complementary 
therapeutic option to chemo- 
and/or radiotherapy. The 
massive infiltration of tumors 
by CD3+ and CD8+ 
T-lymphocytes and by F4/80 
CD11b-positive macrophages 
indicates the ability of mEHT 
to mobilize the immune 
response in treated animals.  

[42] 

mEHT for therapy-resistant 
TNBC model with 4T1 and 
4T07 cell lines inoculated 
orthotopically into female 
BALB/c mice. 

mEHT (5x) 42˚C, 30 min, 
skin temperature 40˚C. 
Measured properties: 
morphology, HSP70, Ki67, 
gene expression. 

mEHT significantly 
inhibited tumor growth and 
diminished Ki67. It 
produced several 
stress-related factors. mEHT 
treatment induced innate 
immune-response reactions, 
among others, in the tumor. 
Thirteen stress-related genes 
were observed to be 
significantly upregulated. 

mEHT has effective 
antitumor effects in the 
highly aggressive and rapidly 
growing 4T1/4T07 TNBC, 
even in monotherapy. The 
exhaustion of protective 
mechanisms diminished 
cancer proliferation and 
active caspase-mediated 
apoptotic tumor cell death.  

[43] 

SAS tumor.  

Comparison of mEHT and 
mEHT + RT. Tumor size, 
survival time, and apoptotic 
signals were measured.  

The survival time 
significantly increased with 
combined RT + mEHT 
treatment, and the tumor 
growth was inhibited. 

The increased apoptosis and 
survival time indicate the 
excellence of the mEHT + 
RT treatment.  

[44] 

C3H/He mice inoculated 
with SCCVII to the left 
femoral and in the chest 
region. Dendritic cell 
immune stimulation was 
applied.  

mEHT 42˚C 30 min, Flow 
cytometry, 
immunohistochemistry, 
CD3+, CD4+ and CD8+ 
immune-cell detection.  

The CD8+ and S100 were 
more strongly expressed in 
the DC plus mEHT 
treatment group than in 
control or stand-alone 
therapies, although Foxp3 
expression was much higher 
in the control group. 

A significant abscopal effect 
was measured between the 
treated femoral and 
untreated chest regions of 
the mice. The local 
treatment also became a 
whole-body immune attack 
on the metastatic lesions.  

[45] 

BxPC-3 human pancreatic 
adenocarcinoma xenograft. 

mEHT treatment compared 
to control the tumor size is 
measured and compared to 
sham (10-10 mice).  

The tumor sizes were 
significantly reduced, and 
mEHT inhibits the growth. 

The mEHT significantly 
responds to mice in the 
resistive, aggressive 
pancreatic tumor.  

[14] 

4T1 cells were 
orthotopically injected into 
Balb/C mice. 

Variants of liposomal 
doxorubicin were 
compared, and the release 
of the drug and the 
mechanism of the cell 
distortion were measured.  

The mEHT treatment 
significantly promoted the 
release of the drug in the 
locally treated volume, the 
highest rate was with LTLD. 

The mEHT treatment helps 
target the tumor with 
liposomal doxorubicin.  

[46] 
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Continued 

A549 xenograft injected into 
the flank of Balb/C mice. 

RT + mEHT expression 
profile of nuclear receptors 
NR4A3 and 
KLF11. 

That NR4A3 and KLF11 are 
critical for increasing the 
efficacy of radiotherapy 
combined with mEHT. 

The study identified the 
molecular mechanism to 
sensitize lung cancer to RT + 
mEHT. 

[47] 

OVCAR-3, SNU-17, 
PDTX-19 cell lines treated 
with mEHT. 

Tumor volume was studied 
in the time course. Cell 
number and Western blot 
were compared for mEHT 
and wHT 24 and 48 h after 
treatment. 

The superiority of mEHT is 
observed in all cases; the 
difference between mEHT 
and wHT increases over 
time. The addition of 
3-methyladenine (3-MA) 
increased the effects.  

mEHT induced the death of 
ovarian and cervical cancer 
cells through apoptosis, and 
its anticancer effect was 
enhanced by inhibiting 
mEHT-induced autophagy. 

[48] 

9L glioma tumor allograft. 

Tumor tissue oxygenation 
level was measured using an 
O2-sensitive electrode 
system. Standard 42˚C 30 
min mEHT. 

Oxygen level was 
significantly higher (almost 
double) in the treated tumor 
than before. 

mEHT substantially 
increases the oxygen level in 
tumors in 9 L gliomas in 
rats.  

[49] 

Companion animals (dogs 
and cats) with tumors) 
treated with mEHT. 

Natural tumors of dogs 
were treated after failure of 
conventional (surgery and 
chemotherapy) treatments.  

Significant shrinking of 
tumors (even lung 
metastasis) was achieved 
together with improved 
quality of life of the animals.  

The mEHT is a valuable tool 
for veterinary oncology and 
gives stable information for 
human clinical applications.  

[13] 

 
Most treatments were made on rodents. However, the thermal efficacy was 

measured in vivo on a healthy female pig (49.5 kg) liver, which is a model of a 
deep-seated, highly blood-perfunded organ [35]. The tumor focus was unavaila-
ble without the tumor in the liver, but the focus on the liver in the large-sized 
experimental animal was proven. The temperature dynamically grew in the liver 
mass while its surrounding temperature was behind (Figure 3). The results show 
that mEHT can thermally impact the liver without raising the skin temperature; 
no surface overheating was observed, and the skin and the fatty tissue remained 
in a safe heating regime. Anesthesia influences temperature development in a 
short time. The physiological control actively regulates thermal homeostasis, 
having isothermal heating in the liver, while in a deep anesthetic state, the regu-
lation is slower and less effective. The step-up heating condition in deep anes-
thesia allows for weaker physiologic reactions, making thermal regulation 
(Figure 3(C)). 

The temperature development was measured in various experimental setups 
[50]. The typical temperature measurements in mice and dogs show good deep 
heating focus (Figure 4) Noteworthy is the temperature in the lung (Figure 
4(D)), which is well distinguishable high despite the cooling by the animal’s 
breathing Figure 4(D). The power started high, but keeping the temperature 
enough was a fraction of the initial value because keeping the temperature only 
replaces the “lost” heat caused by the environmental conditions. Various treat-
ment setups and tumor sizes influence temperature development, and the start-
ing power is decided for the initial slope of the temperature plot.  
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Figure 3. Temperature measurement in the liver of a healthy pig (42˚C, 60 min, 150 W max.) (A.) The per-
manent 150 W power treatment was started 10 min after anesthesia. (B.) The permanent 150 W power treat-
ment was started 30 min after anesthesia. (C.) Step-up heating treatment from 60 W to 150 W. (D.) The 
anesthetized animal during the treatment.  

 

 
Figure 4. Typical temperature measurements (A.) FSall fibrosarcoma [18], (B.) B16F10 melanoma [30], (C.) 
Recurrent epithelial cell carcinoma of the lower neck region of a bull-terrier [50], (D.) B16F10 pulmonary 
melanoma metastasis [42].  

https://doi.org/10.4236/ijcm.2024.157020


A. Szasz 
 

 

DOI: 10.4236/ijcm.2024.157020 310 International Journal of Clinical Medicine 
 

The intratumoral temperature is usually fixed in the protocol for 42℃,(30 min 
treatment time), but the extratumoral temperatures vary by the animal, the tu-
mor, and the environment Figure 5.  
 

 
Figure 5. The thermal conditions of the various experiments. (A.) The temperature values are in different sensor locations: B1610 
[30], SCCVII [45], B1610 metastasis [42], 4T1 [20], and lung squamous [33] [39]. (B.) The temperature difference between the 
tumor core and its surroundings: SAS [44], CT26 [29], HT29 [26], FSall [18], B16F10 metastasis [42], B16F10 [30], 4T1 [20], 
SCCVII [45], A549 [32], HepG2 [21], HT29 [37]. (C.) The time derivative of the temperature measures the dynamics of the tem-
perature growth. (SAS [44], CT26 [29], HT29 [26], FSall [18], B16F10 metastasis [42], B16F10 [30], 4T1 [20], SCCVII [45], A549 
[32], HepG2 [21], HT29 [37].) (D.) The skin temperature was 3˚C lower than the intratumoral, but with thermal homeostasis, it 
stabilized on 2˚C difference [20]. 

 
The thermal component of mEHT heats the target. When the power adjusted 

step-up for a longer time (~1000 s) from 1.5 W to 2.5 W, the steady temperature 
growths proportionally reaching 42˚C in the tumor and ~33˚C in nearby tissues 
after 1000 s, when the power is downregulated to 2 W [33]. This high difference 
between the tumor and host temperatures is caused by the cooperative changes 
with thermal homeostasis and relatively high cooling, which requires 2 W power 
to keep the temperature constant. These special conditions were used for tem-
perature mapping in a murine model, which agrees well with the simulations. In 
humans, the efficacy of mild temperature hyperthermia was studied in cervical 
cancer, which increases the peritumoral temperature to 38.5˚C, with proper 
blood flow for the complementary treatments [51]. The synergy of thermal and 
nonthermal processes induced by mEHT destroys the tumor, Figure 6.  
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Figure 6. The tumor volume relative to control was measured in various tumors in different pub-
lications. (U87-MG [22], SCCVII [45], HepG2 [21], OVCAR [48], SNU17 [48], PDTX-19 [48], 
CT26 [29], HT29 [40].) 

 
The tumor inhibition by oncothermia on human pancreatic adenocarcinoma 

cell line (BxPC-3) in female CD-1 mice (10-10 animals are involved). On Day 72, 
mice were sacrificed, and their tumors were excised and weighed. A significant 
difference was observed in the total weight of excised tumors between the con-
trol and treated groups. In summary, there were a total of ten treatment doses 
administered to each mouse (six doses in cycle 1 and four doses in cycle 2) using 
oncothermia [14], Figure 7. The mice responded well to the treatments, and no 
adverse side effects were observed. The treatment does not change the average 
body weight of mice. The tumor growth inhibition was 66% after the second 
cycle (p < 0.0005) measured on excised tumor weights. 
 

 
Figure 7. The pancreatic adenocarcinoma (BxPC-3) xenograft experiment [14]. (A.) The tumor volume of the treated and sham 
control is from the inoculation of the cancer cells. (B.) The ratio of mEHT to sham shows significant growth inhibition.  
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It is noteworthy that the suppression of the tumor volume may be observed at 
temperatures as low as 39˚C. Figure 8, measured in gynecological (ovary and 
cervix) tumor models. The tumor volume was significantly below the control in 
all cases.  
 

 
Figure 8. Temperature as low as 39˚C significantly suppresses the volume of ovarian 
(OVCAR-3) and uterus cervical (SNU-17, PDTX-19) tumors compared to the control in 
the athymic nude mice model. A 2C temperature increase reduces the tumor volume by 
25% and 10% in OVCAR-3 and SNU-17 tumors, respectively [48]. The reference control 
is shown with a dotted line at 1.  
 

Obtaining information about the synergy of thermal and nonthermal effects 
needs infrared heating [40] instead of the inapplicable water bath, which was in 
vitro a plausible pure thermal reference. The nonthermal addition to the thermal 
basis (42˚C) increased the dead tumor part ≈ 4.3 times larger than the only 
thermal effect in HT29 colorectal carcinoma [40], Figure 9. It is noteworthy to 
check that the nonthermal component, the difference between the mEHT treat-
ment and control, both at 38˚C, shows a missing value to the mEHT 42˚C results 
are about the same as those of the measured thermal effect alone.  

Apoptotic cell death dominates tumor cell destruction with intensive devel-
opment of apoptotic bodies, Figure 10. The volume of apoptosis depends on the 
treatment time and rapidly grows by the posttreatment time of the mEHT. The 
tumor destruction ratio (TDR, %) differs between the treated and distant, non-
treated tumors. Notably, the dead area in the nontreated tumor decreases over 
time, while the treated tumor increases it. The ratio of the dead areas became 
constant from 48 h to 72 h, making the distant tumors’ interaction probable over 
time. In the early stages, the mitochondrial changes (decrease of membrane po-
tential and opening transition pores); in the late stages, the caspase activation 
nucleus karyopycnosis, loss of cell membrane integrity, and DNA fragmentation 
occur.  
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Figure 9. The comparison of thermal (infrared heating, iHT) and combined thermal and 
nonthermal (mEHT) effects relative to control [40]. The mEHT was done in temperatures 
of 38˚C and 42˚C, the sham control at 38˚C and the iHT at 42˚C. The comparison of 
sham and iHT shows the pure thermal effects and the mEHT (38˚C to sham the pure 
nonthermal. The sum of thermal and nonthermal components gives the combined effects, 
which was measured with mEHT at 42˚C, indeed.  
 

 
Figure 10. The apoptotic ratio of treated tumors. (A.) Early and late apoptosis (measured with Annexin V/PI and Annexin 
V/7-AAD, respectively) in B16F10 lung metastasis of melanoma in mice registered 24 h after treatment [42]. (B.) Late apoptosis 
and apoptotic bodies 24 h and 48 h after treatment of HT29 xenograft in mice [52]. The ratio of the treated and non-treated tu-
mors in the same animals is shown. (C.) The development of the dead area (%) is treated and nontreated tumors on the same 
mouse [52]. The ratio of the percentages is shown in the secondary axis. The lines are guiding for the eye. 

 
The stress-induced antiapoptotic chaperones HSP70 and HSP90 are exhausted 

in the cytosol [20] and turn proapoptotic by relocating to the membrane and 
expressing in the tumor microenvironment (TME). The internal HSPs (iHSPs) 
exhaustion is connected to the subsequent cell destruction (Figure 11). The 
shifts in the time course points of different tumor entities could be only the ef-
fect of the discrete point measurements (Figure 11(A)). The iHSP90 has its 
maximum much earlier than the iHSP70 (Figure 11(B)), and TDR follows the 
iHSP expressions in their baseline return [20] (Figure 11(C)). The identical dy-
namism of the destruction and cCas-3 shows the dominance of the cas-
pase-dependent apoptotic pathways in 4T1 tumors [20]. Notably, the significant 
development of chaperoning iHSPs was a few hours posttreatment, indicating 
that the combined stress of the mEHT treatment excited intracellular processes, 
which induced the chaperone activity.  
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Figure 11. The HSP chaperons and the cell destruction by time-course experiments. (A.) iHSP70 development in 
HT29 [24] and 4T1 [20] tumors. Other measurements in single time point 24 h (4T1 tumors, ▲, [43]), and 48 h 
(B16F10 tumors, ♦, [30]) are also shown. (B.) The progressing dynamism of iHSP70 and iHSP90 with cellular dis-
traction [23] [24]. (C.) The iHSP development in mRNA and protein levels was followed by the destruction of the 
4T1 tumor [20]. (D.) the cCas-3 and the tumor-destruction dynamisms are identical [20]. 

 

The gene study 4 h post-mEHT (42˚C, 30 min) treatment of HT29 tumor xe-
nograft showed significant differences between the wHT and mEHT at the same 
42˚C temperature, and both significantly altered from the sham control [24] 
(Figure 12). The mEHT mostly upregulates the expression of iHSPs at the 
mRNA level. The HSPA1A, HSPA6, and HSPA8 genes encode various HSP70 
family members (proteins 1A, 6, and 8, respectively). The HSPD1 and HSPH1 
genes encode HSP60 and HSP105 chaperons, respectively. The death receptor 
D6 (TNFRSF21) is upregulated, and the surface receptor activator of osteoclasts, 
RANK (TNFRSF11), as well as Calpain 1 and 9, which support the cell autono-
my and defecting the cytoskeleton, are downregulated. The BAG gene encodes 
the cochaperone of HSP70, and the EGR1 gene encodes a transcription factor 
protein, which is involved in multiple upregulated apoptotic processes. In gener-
al, we conclude from the gene map analysis that the mEHT strongly supports the 
apoptosis of the selected tumor cells and destroys the tumor “softly”. Nonne-
crotic destruction helps liberate undeformed intracellular information from the 
dying cell, which could trigger antitumoral immune processes. Some other gene 
mapping [21] [22] [43] strongly support the above observations in vivo, which 
was also seen in vitro [53]. The gene map shows a distinct difference in the gene 
regulations between the homogeneous wHT and inhomogeneous mEHT treat-
ment sat the same 42˚C temperature. Injection of NR4A3 or KLF11 siRNA into 
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mouse A549 lung xenograft tumors knock down the effectiveness of RT and its 
combined application with mEHT [47], revealing some aspects of the mechan-
ism of sensitization of A459 tumors for RT and mEHT in xenograft experiments.  
 

 
Figure 12. The mRNA gene chip results from some primary players of the mEHT effect. (Affymetrix 3’ IVT Express 
Kit (Affymetrix, Santa Clara, CA, USA). Samples were hybridized on HGU133 Plus2.0 arrays [24]. Pooled samples 
from 3 animals. (A.) The massive upregulation of iHSPs and death receptor D6 together with the proapoptotic MCL1. 
(B.) The values of the up regulation of iHSP genes. (C.) Some other up regulated genes help the apoptotic processes.  

 

The protein expression (Proteome Profiler Human Apoptosis Kit) of HT29 
tumor in xenograft experiments, 8 h, 14 h, and 24 h after mEHT treatment 
(42˚C, 30 min) shows many proteins, including pro and anti-apoptotic sets. 8 h 
posttreatment, the transmembrane excitation of the extrinsic pathway shows an 
increase of TRAILR2/DR5 and FAS-FADD complex and enhanced expression of 
antiapoptotic proteins, which activity drastically reduced at 14 h and further at 
24 h posttreatment observations. The catalase protein remains active after 24 h, 
which probably regulates ROS production to the level necessary for proper 
apoptosis to avoid necrosis. All other proteins remain under the reference level 
after 24 h posttreatment of HT29 xenograft measurement (Figure 13) [52]. 
 

 
Figure 13. Relative expressions of proteins play a majority role in apoptotic processes [52]. The baseline is 
shown with dashed lines at 1. (A.) The matrix of the Proteome profiler human apoptosis kit array. (B.) 8 h after 
mEHT treatment. (C.) 14 h after mEHT treatment. (D.) 24 h after mEHT treatment. 
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The cyclin-dependent kinase (CDK) inhibitors p21 and p27 are highly acti-
vated in the first 6 h after mEHT treatment and assist apoptosis by acting at dif-
ferent stages of the cell cycle as checkpoint controllers under the regulation of 
the p53 tumor-suppressor protein. The p27 CDK remains activated at 14 h post-
treatment, preventing premature DNA synthesis. When the cell encounters 
stress like DNA damage, p53 becomes activated and plays a critical role in de-
ciding cell fate. It can trigger cell cycle arrest to allow for DNA repair or initiate 
apoptosis (programmed cell death) if the damage is too severe. The activated p53 
may trigger apoptosis by initiating proapoptotic genes and inhibiting antiapop-
totic genes. The base form is the unphosphorylated p53 protein, which has mod-
ifications by the phosphate group (PO4) bonded to serine (S) amino acids at po-
sitions 15, 46, or 392, modifying its regulatory mechanisms. Phospho-p53 (S15) 
increases the p53 protein stability and enhances the ability to bind to DNA and 
activate its target genes. The phospho-p53 (S46) promotes apoptosis, and the 
phospho-p53 (S392) is involved in transcriptional activation and potentially 
modulates its role in cell death pathways independent of transcription. The 
mEHT treatment significantly increases the expression of p53, p21, and p27 
proteins in various tumors of treated mice, while the wHT effect is moderate, 
Figure 14.  
 

 
Figure 14. The expression of p53, p21, and p23 proteins in various tumor types. (A.) Immunohistochemical pattern 
of p53 protein 24 h after treatment on HT29 xenograft [54]. (B.) The masked p53 was significantly higher in the 
treated tumor than the untreated one in the same animal [54]. (C.) Development of p53 and p23 proteins 24 h after 
wHT[21]. (D.) Expressions of p53, p21, p27 proteins in various tumors 24 h after the mEHT treatment. (B16F10 
[30], A2058 [28], B16F10 metastasis [42], HepG2 [21], Huh-7 [21]). 
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The mEHT extrinsically excites pathways for apoptosis [4] [55]. The extrinsic 
signal starts in the TRAIL death receptor with FADD and FAS complexes [38]. 
The TRAIL signaling, as usual in complex systems, has a dual effect, being 
pro-or antitumoral, depending on the TME conditions [56]. The membrane 
fluidity increases due to thermal effects [57]. Investigating the thermal and non-
thermal complexity of apoptosis shows that the mEHT excites numerous apop-
totic pathways in the cell, Figure 15. The optimally modulated carrier signal di-
rects the TRAIL to be proapoptotic. Massive apoptosis is noted with mEHT 
treatments, likely following the caspase-dependent extrinsic signal pathway with 
Caspase-8 (Cas8). The path may split towards the Cas3 followed by apoptosis 
( Cas8 Cas3 apoptosis→ → ), or to mitochondria by signal transfer of BID pro-
tein. Mitochondria may ignite the intrinsic signals for apoptosis [20]. The in-
trinsic path has two options: it could be caspase-dependent (through Cas9), in-
volving apoptosis-inducing factor (AIF) [23] [58]. AIF is usually located in the 
mitochondrial intermembrane space, but it is translocated to the nucleus, gene-
rating chromatin condensation and DNA degradation, providing an additional 
signal pathway for apoptosis. This process has the potential to affect untreated 
tumors as well. A notable factor is the arrest of the XIAP effect to block the main 
path of caspase-dependent apoptosis by the secretion of SMAC/Diabolo [38] and 
Septin4 [21]. The ignited nonthermal chemical processes are massively gained by 
the thermal conditions, producing a complex network resulting in  
 

 
Figure 15. The mEHT excited apoptotic pathways. Some immunohistochemical results are 
shown around [23] [24] [52]. The main apoptotic pathways, without detailed molecular in-
volvements. Multiple pathways may cause apoptosis after the mixture of thermal and non-
thermal energy absorption. The protective mechanisms of intracellular HSPs exhausted, and 
the network of multiple possible pathways executes the apoptotic process.  
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apoptosis. Thermal stress strongly supports the intrinsic apoptotic pathway 
through BAX and cytochrome c (point of no return), finishing the apoptosis 
through the cleaved Cas3 (cCas3) path. DNA fragmentation drives tumor-cell 
degradation [59]. The induced stress by mEHT upregulates the tumor suppres-
sor p53 protein, one of the key cell-cycle regulation and DNA repair players. The 
p53 “master switch” drives the DNA fragmentation and the appearance of 
apoptotic bodies.  

Noteworthy that mEHT also destroys the tumor stem cells in the U87-MG 
and A172 human glioma cells inoculated into BALB/c nude mice xenograft [22].  

The appropriately chosen modulation may trigger resonant excitations of the 
transmembrane proteins, excite the TRAIL R2 (DR5) death receptor, and acti-
vate the apoptotic pathway. Despite the increased expression of iHSPs, the 
mEHT inhibits tumor growth and supports apoptotic processes [25]. The ex-
pression of HSP70s has its maximum at around 12 h posttreatment. The ex-
tremely large complex thermal and non-thermal stresses exhaust the HSP pro-
tective response [20]. The intracellularly overproduced antiapoptotic HSPs relo-
cate to the cell membrane or are released to the TME. The exhausted HSPs can-
not block the apoptotic process [20]. Another antiapoptotic protein, the XIAP, is 
arrested by Septin-4 [21], SMAC/Diabolo, and HTRA-2 proteins in HT29 xeno-
graft treated with mEHT 42˚C 30 min. [52]. The development of the primary 
components was measured by immunohistochemistry of resected tumors of the 
sacrificed animals, Figure 16.  
 

 
Figure 16. Mayor molecules are involved in the mEHT-induced apoptotic process. (A.) The develop-
ment is shown 8 h, 14 h, and 24 h after treatment in HT29 xenograft [52]. (B.) The cas-
pase-independent AIF pathway in A2058 [28], B16F10 [30], HT29 [23], and HepG2 (in vitro [60]) tu-
mors. The Ki67proliferation marker protein, expressed in the nuclear membrane only in the dividing 
cells, is strongly suppressed (about one order of magnitudes) by mEHT in rat glioma (L9) [49].  
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Figure 17. Effect of modulation in mEHT treatment [37]. (A.) Changes in relative tumor volume after inoculation of HT29 
tumor. After 5 days of the last (3rd) treatment, the difference became significant between tumor distraction by EHT and 
mEHT. (B.) The development of the diseases also favors modulated treatment. (C.) Between the 29th and 34th days, the dere-
ference is stabilized. Compared to wHT, the unmodulated EHT has the advantage of tumor growth measured by the 
non-invasive bioluminescent method. (E.) The Ki67 proliferation marker is significantly suppressed in mEHT compared to 
EHT, which is proven by 4T1 tumors [43], too. (F.) The modulation effect in mice with double-distant C26 colorectal tu-
mors inoculated in the two femoral regions. The right side was treated while the left was regarded as a control [65]. (G.) The 
Ki67 proliferation marker significantly decreases with the treatment in both (treated and untreated) tumors of the same 
mouse [65]. However, the modulation has no significant difference from the unmodulated one in C26 tumors. (H.) The rel-
ative dead area in the middle cross-sections of the isolated tumor was taken from both sides after treatment on only one 
side. The difference became obvious by the elapsed time: the treated tumor shrank further, increasing the dead area, while 
the untreated grew in HT29 tumors [66].  

 
The amplitude modulation of the carrier frequency signal (13.56 MHz) in-

creases the effective value of the electric field of mEHT. It supports the cytoske-
leton’s polymerization and the reorganization of the cytoskeletal network. Cy-
toskeletal polymerization has a significant effect on cancer cells, which inhibits 
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cellular plasticity and cell migration. The 1/f fractal noise modulation introduces 
a huge amplitude increase at the carrier frequency, increasing its selective excita-
tion facility. The noise modulation approach is like the harmonizing method 
[61], whose application is emerging in physiology [62]. The modulation may 
promote the execution of the enzymatic processes [63], modifying the transition 
between the initial and final states of molecules [64]. The applied modulation 
orchestrates the spatiotemporal order of the exported molecules to the TME and 
may trigger resonant excitations of the transmembrane proteins and extrinsically 
excite signal pathways for apoptosis. The benefits of modulation appear com-
pared to the unmodulated (EHT) treatments (Figure 17). [37] Modulation ex-
periments with the mice having two distant tumors in their femoral regions also 
show the advantage of the modulation [65] [66], Figure 17(F), Figure 17(G), 
Figure 17(H). 

The pulsing modulation pattern further improves tumor destruction [19], 
Figure 18. The pulsed signal significantly increases apoptosis (suppresses the 
Ki67 proliferating marker), decreases the growth rate, and develops fewer anti-
proliferative iHSP70 chaperones.  

 

 
Figure 18. Effect of pulsed modulation measured in RG2 (D74) glioma is Fisher rats [19]. (A.) Ki67 proliferation marker. 
(B.) The growth of the tumor between 8 - 15 days. (C.) Development of the iHSP70 in different treatments.  

 
The thermal component of mEHT acts in synergy with the electric excitation, 

affecting the repair of DNA. The induced upregulation of cyclin-dependent ki-
nase inhibitor protein ( 121wafp ) and the reduced Ki67 proliferation marker cor-
relates with the expression of the 2H AXγ , which is a sensitive molecular 
marker of DNA damage, Figure 19. When p27 was unsuccessful in inhibiting 
premature DNA synthesis, the double-strand break (DSB) in DNA (shown by 
the 2H AXγ ) leads to apoptosis in mEHT-treated tumors [30] [42]. mEHT ac-
tivates DSB production.  
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Figure 19. The relative expression of the 2H AXγ  in various tumors developed by inoculation 
of cancer cell lines. The reference level is 1, indicated by a dashed line. (Subcutaneous B16F10 
[30], metastatic B16F10 [42], subcutaneous A2058 [28], subcutaneous SCCVII [45], and Panc1 (in 
vitro) [67]).  

 
DNA damage by DSB could be promoted with an ionization beam of RT in 

complementary applications with mEHT. The TDR with RT + mEHT combina-
tion shows a significant decrease. The tumor volume increase is inhibited more 
in combined treatment than in standalone treatments, and survival decreases 
most rapidly in combined therapy of mice [44], Figure 20. The only thermal 
treatment with RT (RT + wHT) does not show the same inhibition of tumor 
growth as the RT + mEHT does.  
 

 
Figure 20. Growth inhibition with complementary RT + mEHT treatment combination for mice having tumors by inoculated 
SAS cancer cells. (A.) The RT + mEHT combination slows the growth of tumor volume. The tumor volume practically did not 
change in 32 days after treatment, while RT alone or its combination with wHT had 2+ times higher growth rate. (B.) The surviv-
ing fraction of various treatment modalities shows the superiority of RT + mEHT.  

 
The equivalent dose for apoptosis was determined [32] in Figure 21 for tu-

mors of A549 and NCI-H1299 cells in BALB/c nude mice in a xenograft experi-
ment. The amount of apoptosis was the same with RT and mEHT on tumors by 
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inoculated A549 cells five days posttreatment (mEHT standard before RT (42˚C, 
30 min)/session, RT standard 5 Gy/fraction, daily 2 times). The equivalent dose 
calculation used the in vitro determination of linear-quadratic equations from 
cell survival curves at standard RT + mEHT treatment: 549 0.5318Aα = ,  

1299 0.5141NCI Hα − = , and 549 0.0283Aβ = , 1299 0.0163NCI Hβ − = . The α  value in  

vivo linearly depends on the temperature with a slope 0.005 1
CGy ⋅

, starting  

from 0.056α =  at 40.5˚C. The apoptosis relative to the control did not show 
differences between the standard RT and mEHT treatments, but their combined 
treatment showed ~20+% more apoptosis than the addition of the two indepen-
dently obtained values (Figure 21(A)), which supports that the combination is 
not additive but synergetic. The mEHT equivalent changes by temperature, 
starting with 20 Gy at 37˚C and almost doubling to 42˚C (Figure 21(B)). 
 

 
Figure 21. The equivalent dose determination [32]. (A.) Apoptosis measurement compared to the control. (B.) The equiva-
lent radiation dose to addition to 20 Gy at 37˚C baseline.  

 
The measurements of oxygenation (p 2O ) before and right after the mEHT 

treatment showed a 78% increase in the p 2O  value on the treated side com-
pared to untreated in Fisher rats with inoculated L9 glioma cell line in double 
tumors [68]. This increase supports the complementary therapy with RT. The 
mEHT generally increases blood flow in tumors, as shown in cervix tumors [51], 
and the higher blood flow increases oxygenation. On the contrary, the RT de-
creases blood flow due to damaged vessels, consequently increasing hypoxia in 
addition to hypoxic tumors. Hypoxia activates the hypoxia-inducible factor-1α  
( HIF 1α− ) and the homeostatic regulation induces vascular endothelial growth 
factor (VEGF) to revascularization and could promote tumor recurrence. 
HIF-1α can interact with the tumor suppressor protein p53, potentially leading 
to increased p53 activity and downstream pro-apoptotic signaling. While RT (15 
Gy) alone upregulated the HIF-1𝛼𝛼 mEHT with 41˚C, 30 min treatment sup-
pressed it together with the VEGF in FSalltumors of C3H mice [18]. The mEHT 
promoted the apoptosis of tumor cells and suppressed the tumor growth rate, 
Figure 22.  

https://doi.org/10.4236/ijcm.2024.157020


A. Szasz 
 

 

DOI: 10.4236/ijcm.2024.157020 323 International Journal of Clinical Medicine 
 

 
Figure 22. The synergy of RT (15 Gy) and mEHT (41˚C, 30 min) combined application [18]. (A.) Apoptosis, relative to control. 
(B.) Relative hypoxia and blood perfusion in the targeted tumor. (C.) The relative HIF-1α , CA9 (Carbonic anhydrase IX, CA9, 
having a significant role in tumor acidification) and VEGF.  

 
Electrical stimuli increase the penetration of drugs like doxorubicin [69] in 

vivo, and the application of electromagnetic fields has been shown clinically to 
increase the sensitivity of cells to the effects of chemotherapies such as paclitaxel 
and doxorubicin [70] [71]. The complementary application of mEHT with che-
motherapy improves the cellular destruction of the targeted tumors. The thera-
peutic effect of thermosensitive liposomal encapsulated doxorubicin (LTLD) was 
studied in BALB/c mice with tumors inoculated with 4T1 triple-negative breast 
cancer (TNBC) [46]. The variants of administered doxorubicin (free doxorubi-
cin, (DOX); PEGylated liposomal DOX, (PLD); and LTLD) were compared by 
their DOX accumulation in tumors after mEHT. The TDR increased signifi-
cantly by mEHT treatment and further grew by DOX, PLD, and LTLD in that 
order. The LTLD practically destroyed the complete tumor measured 24 h after 
the 3rd mEHT treatment. The tumor destruction was massively apoptotic 
through the cCas-3 signal pathway, which was measured linearly with TDR. The 
apoptotic process was also indicated by the significant decrease of the Ki67 pro-
liferation marker on the nuclear membrane of the dividing cells [46], Figure 
23(A). The LTLD success shows the importance of the thermal effects for ther-
mosensitive liposomes. In another model, murine colon carcinoma-inoculated 
CT26 cells were measured and treated with only thermal (wHT) and complex 
thermal and nonthermal (mEHT) effects [34]. While the thermal effects are ef-
fective, its synergy with nonthermal processes in mEHT doubles the release of dox-
orubicin. The mEHT significantly enhanced the uptake of liposome-encapsulated 
doxorubicin in BALB/c mice. Noteworthy that the liposomal envelope did not re-
lease the doxorubicin in the extracellular matrix but was directly liberated in the 
cytosol of tumor cells, Figure 23(B). In consequence, the tumor growth was sig-
nificantly suppressed by mEHT, indicating the efficacy of the nonthermal com-
ponent of the energy absorption. The effect of the thermal factor was earlier also 
proven by wHT treatment at 39˚C - 40˚C [72].  

Other complementary applications with pharma products also show the ad-
vantage of the mEHT. The metformin increases the efficacy of mEHT (41˚C) 
+RT (15 Gy) complementary application in FSall fibrosarcoma in C3H mice. 
The apoptotic index and cCas-3 grow parallel with the metformin administra-
tion, showing the caspase-dependent apoptotic pathway in this tumor [31]. The 
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metformin suppresses the expression of HIF-1α, VEGF and PD-L1, increasing 
the efficacy of the standalone treatments, Figure 24. 

 

 
Figure 23. Application of mEHT for liposomal doxorubicin preparations [34] [46]. (A.) 
The development of cCas-3 and decreased Ki67 were shown with different treatments of 
4T1 TNBC tumors in mice. The TDR develops proportionally with cCas-3 [46]. (B.) The 
release of doxorubicin in the tumor by wHT and mEHT [34].  
 

 
Figure 24. Complementary application of mEHT with Metformin medication. The re-
sults are from the 5th day after treatment [31].  
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Curcumin and resveratrol, effective antioxidants and immune activators were 
added as medications during the mEHT treatment period of inoculated CT26 
cells forming allograft tumors in BALB/c mice. The added medication signifi-
cantly induced cell cycle arrest and apoptosis of CT26 cells, significantly de-
creasing the weights of the excised tumors from the euthanized animals [29], 
Figure 25. The mEHT significantly elevated the serum concentrations of cur-
cumin and resveratrol. The combination induced HSP70 expression while re-
cruiting CD3+ T-cells and F4/80+ macrophages [29]. 
 

 
Figure 25. Effect of curcumin and resveratrol on tumor weight excised from the eutha-
nized animals.  
 

Preclinical animal experiments on dogs and cats have a notable advantage be-
cause the tumors are naturally developed, not inoculated to the animal. The 
mEHT treatments of dogs show successful tumor degradation proven by various 
diagnostic methods, including imaging controls [13]. The treatments of dogs 
showed significant shrinking of tumors and considerable improvement in the 
quality of life of the animals [13]. These preclinical treatments, together with the 
validation of the method, help to optimize the technical solutions of mEHT be-
cause the body size of the animal is much larger than that of the rodents, and 
some of those approach human size, Figure 26. Consequently, these studies can 
be transferred directly to human clinical applications to develop more precise 
treatment systems for clinical oncology. 
 

 
Figure 26. The similarity of the clinical imaging of humans and companion animals. (A.) 
Pulmonary metastases from recurrent melanoma in a human patient (image courtesy of 
Dr. DG. Borgeson), (B.) The same lung metastasis of melanoma in a Labrador dog [13]. 
(C.) mEHT treatment of a dog having pulmonary melanoma metastasis.  
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Numerous successful veterinary cases were observed [73]. Many cases were 
treated with mEHT after first or second-line unsuccessful surgery and/or che-
motherapy, Figure 27. 
 

 
Figure 27. X-ray image of the lung metastasis of melanoma of an 8-year-old male Cocker 
spaniel. (A.) The images after unsuccessful chemotherapy, before mEHT treatment. The 
metastatic lesions are pointed by arrows. (B.) The same image after treatment. A signifi-
cant decrease in the size of the lesions is observed, and some of those completely disap-
peared. 

4. Conclusions 

The in vitro experiments in the previous part of the series about mEHT results 
had shown clear pieces of evidence of how the nonthermal electric field, com-
pared to the only thermal treatment (wHT) sinergetically improved the cell de-
struction [10]. The primary message from the preclinical experiments in vivo is 
that electromagnetic energy absorption has thermal and nonthermal effects ap-
pearing synergistically in the mEHT. The strong synergy appears in many com-
parisons  
• The only thermal (iHT) and mEHT treatments declared strong synergy 

(Figure 9). [40] 
• The observed massive appearance of extracellular HSP70 (eHSP70) 72 h post 

treatment is a strong addition to the thermally developed intracellular 
iHSP70 induced by hyperthermia (Figure 11). 

• The mRNA gene chip results show the characteristic gene up and down reg-
ulation differences when the non-thermal effect is active (Figure 12). 

• The marked p53 and p21 appear when the non-thermal component is added 
in Figure 14. 

• The effect of modulation in mEHT shows significant changes when the 
non-thermal addition was given (Figure 17). [37] 
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• The pulsing treatment (which decreases the thermal but increases the 
non-thermal absorptions), increases the cell destruction (Figure 18). 

• The complementary applications of mEHT with the conventional methods 
(RT and ChT) also show the advantages of the mEHT.  

The well-chosen modulated radiofrequency (RF) signal may trigger resonant 
excitations of the transmembrane proteins, which triggers extrinsic apoptotic 
signals. The focused thermal factor generates hyperthermic conditions. The in-
creased temperature provides an appropriate situation for the nonthermal elec-
tric field exciting processes by optimizing the chemical reaction rates and enzy-
matic reactions. The direct thermal and nonthermal effects complete each other, 
making a complex synergy of mEHT actions, Figure 28. 
 

 
Figure 28. The measured thermal and nonthermal effects of mEHT. The thermal effect has an Arrhenius character, while the 
nonthermal effects are quantum-mechanical, promoting the enzymatic processes through a transitional state. The thermal 
conditions optimize and accelerate the nonthermal processes.  

 
The in vivo experiments reinforce the previous in vitro observations [10], and 

the physiologic conditions make further support which drives the expectations 
from the clinical applications. The in vitro and in vivo proofs verify the useful-
ness of the mEHT making promises to a significant step forward in human on-
cology.  
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Abbreviations 

CDK cyclin-dependent kinase 
ChT chemotherapy 
DAMP damage associated molecular pattern 
DC dendritic cell 
DNA deoxyribonucleic acid 
HMGB1 high-mobility group protein 
HSP heat-shock protein 
ICD immunogenic cell death 
mEHT modulated electro-hyperthermia 
NK cell natural killer cell 
PCR polymerase chain reaction 
ROS reactive oxygen species 
RT radiotherapy 
Op surgery 
TDR tumor destruction ratio 
TRAIL tumour-necrosis factor related apoptosis inducing ligand 
XIAP X- linked Inhibitor of apoptosis 
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