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Abstract

Purpose: Regional inductive moderate hyperthermia in combination with chemotherapy can improve the therapeutic
efficacy in patients with breast cancer with multiple liver metastases. Methods: The study included 103 patients with breast
cancer with multiple liver metastases: 53 patients (main group) who received a combined chemotherapy (TC drug combination)
and regional inductive moderate hyperthermia treatment and 50 patients (control group) who received chemotherapy (TC drug
combination) alone. Regional inductive moderate hyperthermia exploited electromagnetic fields with an operating frequency of
27.17 + 0.16 MHz and output power of 75 W. Treatment results were assessed by computed tomography and ultrasound
imaging. Results: Partial regression was defined as a 30% decrease in the sum of the maximum diameters of investigated tumors.
In the current study, partial regression was described in 8 (15.1%) patients assigned to the main group and 2 (4%) patients in the
control (P <.05). The process stabilization was reported in 32 (60.4%) patients receiving the combined treatment and |19 (38%) in
the control (P <.05). Equally important, tumor progression was observed in |3 (24.5%) patients representing the main group and
29 (58%) in the control. During a 30-minute treatment session, a temperature increase overlaying greater than 90% of the liver
projection exposed to electromagnetic irradiation was not exceeding 40°C. Conclusion: The combined regional inductive
moderate hyperthermia and chemotherapy treatment increased the overall therapeutic efficacy by 33.9% (x> = 12.182; P < .01).
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5-year survival rate of 98.7%. As for 6% of patients with BC
diagnosed at metastatic stage, the S5-year survival rate is
about 27%."

Palliative treatment for patients with metastatic BC fre-
quently includes hyperthermia.”> Hyperthermia is a treatment
in which a part of the body (eg, a body cavity, organ, or limb) is
exposed to heat. It is usually given with other forms of cancer
therapy, such as radiation therapy and chemotherapy.’> One
of the approaches to noninvasive deep hyperthermia is to
exploit the heat originated from eddy currents induced within
conductors by a variable magnetic field. Frequency of induc-
tion heating can be used as a tool to adjust temperature deliv-
ered to the tissue at various depths, leading to different effects
of cancer treatment.®™

However, previous animal studies have shown that when
hyperthermia is applied at a temperature range between 43°C
and 45°C, blood flow in normal tissues tends to significantly
increase even compared to a tumor.” Storm ez al have found out
that a combination of regional inductive moderate hyperther-
mia (RIMH) and chemotherapy improves treatment outcomes
in patients with cancer with advanced liver metastases at mod-
erate temperatures ~40°C in the liver. The combined treat-
ment resulted in disease regression (30% of patients) and
disease stabilization (50% of patients).'°

A number of recent studies has conclusively shown that
tumor response to moderate increase in temperature'' and elec-
tromagnetic irradiation'>'® can be mediated by oxidative
stress. High levels of oxidative stress can inhibit endogenous
antioxidant systems, denature proteins, modulate cellular func-
tions, and further lead to cell death.

TC chemotherapy is a combination of drugs, paclitaxel and
carboplatin, used to treat BC, which also induces high oxida-
tive stress in the tumor.'*'> Previously reported research
results have raised the key question whether RIMH can
enhance the antitumor effect of chemotherapeutic drugs with
fewer side effects. This article examines the influence of com-
bined RIMH and chemotherapy on treatment efficacy of
patients with BC with multiple liver metastases.

Materials and Methods

Patients

Patients (n = 103) included in this study had BC with multiple
liver metastases and were inpatient at the Department of Solid
Tumor Chemotherapy, National Cancer Institute of Ukraine
during 2009 to 2013. The study was approved by the Regional
Committee for Medical Research Ethics of National Cancer
Institute (protocol 05.2012) and was performed under the
1964 Helsinki Declaration and its later amendments or compa-
rable ethical standards. Written informed consents were
obtained from patients prior to initiation of study procedures.

Clinical characteristics for patients in each group are listed
in Table 1. The average age at first diagnosis was 57.4 +
1.3 years. Seventy-four (71.8%) patients aged less than 60 years
and 29 (28.2%) patients aged 60 years or older. Most patients

Table 1. Clinical Characteristics of Patients.

Main Group, Control Group,

n=>53(%) n=50(%) P
Age
Young (28-29 years) 1 (1.9%) 0 >.05
Mature (30-44 years) 12 (22.6%) 9 (18%)
Middle-aged (45-59 years) 27 (50.9%) 25 (50%)
Elderly (60-74 years) 13 (24.5%) 16 (32%)
Tumor histology
Infiltrative lobular carcinoma 38 (71.7%) 35 (70%) >.05
Infiltrative ductal carcinoma 10 (18.9%) 9 (18%)
Mucinous carcinoma 3 (5.7%) 4 (8%)
Medullary carcinoma 2 (3.8%) 2 (4%)
Grade
1 0 0 >.05
2 36 (67.9%) 34 (68%)
3 17 (32.1%) 16 (32%)
Tumor subtypes
Luminal A 22 (41.5%) 15 (30%)  >.05
Luminal B Her 2 — 24 (45.3%) 28 (56%)
Luminal B Her 2 + 2 (3.83%) 4 (8%)
Her 2 1 (1.9%) 1 (2%)
Triple negative 4 (7.5%) 2 (4%)
Distant metastases
Bones 9 (9.6%) 12 (13.2%) >.05
Lungs 14 (14.9%) 18 (19.8%)
Liver 53 (56.4%) 51 (56%)
Other 18 (19.1%) 10 (11%)
Concomitant diseases
Cardiovascular system 22 (53.7%) 27 (55.1%) >.05
Gastrointestinal tract 10 (24.4%) 9 (18.4%)
Genitourinary system 1(2.4%) 3(6.1%)
Endocrine system 8 (19.5%) 10 (20.4%)
ECOG
0-1 53 (100%) 50 (100%)  >.05
2-3 0 0

Abbreviations: ECOG, Eastern Cooperative Oncology Group; Her-2, human
epidermal growth factor receptor-2.

across all groups were diagnosed with invasive lobular carci-
noma: 38 (72.2% + 6.3%) patients (main group) and 35 (70%
+ 6.2%) patients (control group), P > .05. For both groups,
there were no significant differences in age, tumor histology,
tumor differentiation grade, tumor subtypes, distant metastases,
concomitant diseases, and Eastern Cooperative Oncology
Group (ECOG).

Evaluation of estrogen receptor (ER), progesterone receptor
(PgR), and human epidermal growth factor receptor-2 (Her-2/
neu) expression was performed in biopsy specimens by immu-
nohistochemistry following the standard methods.'® Monoclonal
antibodies: ER o (Clone 1D5, ready-to-use; Dako, Santa Clara,
California), PgR B (Clone PgR 636, ready-to-use; Dako), and a
polyclonal antibody to detect tyrosine kinase receptor c-erbB-2
oncoprotein (Her-2/neu; in a 1:250 dilution; Dako) were used as
the primary antibodies. The study utilized 7300/7500 Real-Time
PCR Systems (Applied Bio Systems Inc, Foster City, California)
and NanoDrop1000 (Thermo Fisher Scientific, Waltham, Mas-
sachusetts) to conduct immunohistochemistry assay.
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Immunohistochemistry test and tumor differentiation grade
results were analyzed in all patients. G3 was determined in 33
patients and G2 in 70 patients. The hormone receptor assay
revealed ER- and PgR-positive tumors in 95 patients (“+” in
15 patients, “++" and “4+-+" in 80 patients, respectively). Six
patients had ER- and PgR-negative tumors. Human epidermal
growth factor receptor 2 was detected in 68 patients (“+” in
51 patients, “++" in 9 patients, and “+++" in 8 patients),
reflecting the very small possibility of a favorable outcome.
Thirty-five patients demonstrated HER-2/neu-negative tumors.
The majority of patients had multiple metastases to other
organs besides the liver: 39 patients (main group) and
40 patients (control group). Of the 103 patients, 74 had con-
comitant diseases: the cardiovascular (49 patients), genitourin-
ary (4 patients), endocrine (18 patients) systems, and
gastrointestinal tract (19 patients). Common concomitant dis-
eases included the ischemic heart disease, hypertensive heart
disease, chronic cholecystitis, and pancreatitis.

Patients were dichotomized into 2 groups: main (53 patients)
and control (50 patients). The main group received the com-
bined treatment with 6 cycles of paclitaxel 175 mg/m? + AUC
6 carboplatin once every 3 weeks (TC drug combination) and
RIMH, whereas the control received TC drug combination
alone. The treatment algorithm for patients with BC with liver
metastases can be seen from Figure 1. Once patients were
diagnosed with BC, they underwent a complete examination.
Instrumental study included a computed tomography (CT) of
the chest with intravenous contrast enhancement for the abdo-
men and pelvis, esophagogastroscopy, electrocardiogram, and
echocardiography. A full blood count and blood chemistry tests
(measuring the level of glucose, general and direct bilirubin,
creatinine, urea, total protein, alanine aminotransferase, aspar-
tate aminotransferase, alkaline phosphatase) were routinely
performed. For patients discovered to have a solitary liver
metastasis, the surgeon assessed the patient’s fitness for inter-
vention. If deemed medically unfit for surgery, patients
received chemotherapy and RIMH. Regional inductive moder-
ate hyperthermia was delivered 30 minutes after the complete
drug infusion. A course of the combined treatment was given
once every 3 weeks. For patients completed 3 cycles of the
combined treatment, a CT of the chest, abdominal cavity, and
pelvic organs was performed.

Regional Inductive Moderate Hyperthermia

Regional inductive moderate hyperthermia was used to treat
patients with BC suitable for receiving chemotherapy with an
isolated and inoperable liver metastasis, multiple liver metas-
tases, and ECOG 0 to 2. The main contraindications to RIMH
by MagTherm (Radmir, Kharkiv, Ukraine) included a condition
of a fever; acute inflammatory process; systemic blood disease;
active tuberculosis; severe ischemic heart disease; cardiac aneur-
ysm; disturbance of the heart rhythm; insufficiency of blood
circulation; metallic foreign bodies in tissues; pregnancy; epi-
lepsy; complicated ulcer; exacerbation of mental illness; decom-
pensated liver, kidney, pancreas disorders; respiratory failure;

Breast Pathology
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Figure 1. Treatment algorithm for patients with BC with liver
metastases. BC indicates breast cancer.

polyserositis; and leucopenia. As it was previously mentioned,
RIMH was only to use in combination with chemotherapy and
under no circumstances alone as monotherapy. '’

MagTherm (Radmir, Kharkiv, Ukraine) apparatus generated
electromagnetic fields with an operating frequency of 27.17 +
0.16 MHz and output power of 75 W. The applicator of
MagTherm (Radmir, Kharkiv, Ukraine) was set in the area of
metastasis to generate the maximum intensity of electromag-
netic irradiation that was calculated by the specific absorption
rate (SAR) and temperature. Fiber optical thermometers TM-4
(Radmir, Kharkiv, Ukraine) were used to control temperatures.
During the 30-minute treatment session, a temperature increase
overlaying greater than 90% of the liver projection exposed to
electromagnetic irradiation was not exceeding 40°C.

Imaging Techniques

Patients with BC underwent CT on a Brilliance Big Bore scan-
ner (Philips Medical Systems, Best, the Netherlands) at 120 kV
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Figure 2. Distribution of SAR calculated from the electric field (A), SAR calculated from the magnetic field (B), and temperature contour (C) in
the liver metastasis based on a CT axial scan (axes in mm) for MagTherm (Radmir, Kharkiv, Ukraine) utilized with an output power of 75 W. 1
indicates liver; 2, metastasis; CT, computed tomography; SAR, specific absorption rate.

and 350 mA. Data acquisition was performed during a single
breath-hold following the standard algorithm for all image
displays.

NEMIO XG (Toshiba, Tustin, California) ultrasound (US)
system with a microconvex transducer 3.5 to 5.0 MHz was used
to measure the blood flow velocity and evaluate the efficacy of
the combined chemotherapy and RIMH treatment, following
the standard method for liver US imaging. Patients with BC
underwent a comprehensive US examination of the liver in
several modes: real-time mode, B-mode, tissue harmonic ima-
ging, and Doppler mode (Doppler color and energy imaging of
the hepatic artery and portal vein).

Image Analysis

The obtained CT and US scans were independently analyzed in
a blinded fashion by 2 radiologists per modality. Radiologists
were unaware of clinical findings or any imaging studies
related to the patients, although they were informed that the
patients had BC. The criteria used with CT imaging to diagnose
liver metastases were described as defined heterogeneous
nodules with higher attenuation than that of bile with some
degree of enhancement.

Doppler US imaging allowed to measure blood flow char-
acteristics of the hepatic artery, portal vein, and metastatic
tumor vessels such as the peak systolic velocity, end-diastolic
velocity, and resistive index, commonly known as the Pource-
lot index RI = (S-D)/S.

Equation 1 reveals changes in blood flow rates:

[AS = 8/So,
AD = D/Dy, (1)
ARI = RI/RI,),

where S, is the systolic amplitude before RIMH; S is the
systolic amplitude after RIMH; D is the diastolic amplitude
before RIMH; D is the diastolic amplitude after RIMH; Rl
is the resistive index before RIMH; RI is the resistive index
after RIMH.

Patients received 2 US scans: before combined chemother-
apy and RIMH and 30 minutes after the combined treatment
session.

Regional Inductive Moderate Hyperthermia Planning
for Liver Metastases

The SolidWorks 2015 x64 Edition software tool was used to
build a 3-D model of the liver with multiple metastases based
on CT scans from patients with BC. The mean liver volume
measured by CT was 1548 + 233 cm’® before the combined
treatment, whereas the mean volume of liver metastasis was
equal to 56 + 24 cm’. Generally, the liver in women had a
volume of about 1300 + 100 cm’.

It was decided to adopt the COMSOL Multiphysics 5.2
software for modeling the optimal distribution of electromag-
netic and temperature fields in liver metastasis for each patient
during RIMH. Figure 2 illustrates the distribution of SAR cal-
culated from the electric, magnetic, and temperature fields
within the liver (1) and metastasis (2). The calculations were
made based on a CT axial scan when modeling the impact of
MagTherm (Radmir, Kharkiv, Ukraine) with an output power
of 75 W. In particular, the maximum values of SAR calculated
from the electric and magnetic fields were respectively equal to
0.02 and 3.39 W/kg. Such a difference between the maximum
values can be explained due to absorption properties of the
magnetic and electric components in the body tissues.'® The
maximum value of the temperature field was 38.8°C. In regard
to the abovementioned, the impact of electromagnetic irradia-
tion could have only initiated moderate hyperthermia. We con-
sider RIMH to be a more promising approach, since
temperatures higher than 42°C lead to the production of heat
shock proteins in a tumor cell, which may cause chemotherapy
resistance and hypoperfusion of the tumor and its
microenvironment.'*2°

Statistical Analysis

Data comparisons were performed with Statistica 13.0 (Stat-
Soft, Inc, 2015) software by the Student ¢ test when the data
complied with the conditions of normality. The Kolmogorov-
Smirnov method was applied to test for normality. The signifi-
cance criterion of P < .05, determined from 2-sided test, was
used. The y* test was used for a nonparametric correlation
analysis.
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Figure 3. Liver sonogram, B-mode vessels imaging combined with Doppler flow measurement (color Doppler mapping, Pulsed wave
[PW]Doppler), before RIMH (A) after RIMH (B). RIMH indicates regional inductive moderate hyperthermia.

Results and Discussion

Patients with BC experienced mild (grade 1) adverse events
commonly associated with chemotherapy (TC-drug combina-
tion) in both groups. No patient had a serious adverse event that
was related to the treatment.*!

As is widely known, the liver vessels affected by metastasis
show a decrease in blood flow which results in low Doppler
signal.?* Targeting drugs to the liver metastases under condi-
tions of impaired blood flow may be restricted. The results
obtained from the preliminary analysis of the RIMH influence
on blood flow are presented in Figure 3. The investigated
metastasis located in the liver segment VI with the size of
16.2 x 15.0 mm is indicated by a dashed line. Blood vessels
surrounding metastasis are also indicated by the dashed line.

The blood flow rate in the hepatic artery was 43.3 cm/s after
RIMH. Thus, RIMH provided an increase in the hepatic artery
flow by 22.1 cm/s (Figure 3) that could have improved drug
delivery to liver metastases.

Three patients experienced local hyperemia in a specific
area of the skin exposed to electromagnetic irradiation that
disappeared within 30 to 40 minutes. The main notable side
effects caused by the combined treatment were nausea, vomit-
ing, alopecia, and leucopenia. The body weight of patients with
BC during treatment varied from 71.17 + 17.49 kg to 74.17 +
14.39 kg.

Radiographic response was determined by the spiral CT
appearance following definitions: complete regression (CR),
a decrease in the tumor size with depiction of normal zonal
anatomy; partial regression (PR), a 30% decrease in the sum of
the maximum diameters of investigated tumors. The results of
this study did not show any case of CR (Table 2). Partial
regression was described in 8 (15.1%) patients assigned to the
main group and 2 (4%) patients in the control (P < .05). The
process stabilization was reported in 32 (60.4%) patients
receiving the combined treatment and 19 (38%) in the control
(P < .05). Equally important, tumor progression was observed

Table 2. The Main Group BC Treatment Results According to
RECIST Ceriteria.

Patient Group, n (%)

Main, n = 53 Control, n = 50 P
Complete regression 0 (0) 0(0) -
Partial regression 8 (15.1) 2 (4) <.05
Process stabilization 32 (60.4) 19 (38) <.05
Process progression 13 (24.5) 29 (58) >.05
Total 53 (100) 50 (100) -

Abbreviations: BC, breast cancer; RECIST, Response Evaluation Criteria in
Solid Tumors.

in 13 (24.5%) patients representing the main group and 29
(58%) in the control. Consequently, the overall efficacy of
treatment for patients with BC assigned to the main group was
75.9%, while in the control 42%. In other words, combined
RIMH and chemotherapy increased the overall efficacy of
treatment by 33.9% (3> = 12.182; P < .01).

A typical example of axial CT scans for a 73-year-old
female patient with BC with liver metastases before and after
treatment showed PR (Figure 4). Computed tomography image
analysis revealed that there was a ~ 30% reduction in liver
metastasis volume after completing the combined treatment.

Furthermore, liver metastases developed in patients
assigned to the main group from 5 + 0.01 months to 154 +
0.08 months and on average of 50.72 months after BC diag-
nosis. Whereas in the control, the minimum and maximum time
prior to liver metastases development was equal to 2.90 +
0.01 months and 88.30 + 0.04 months, respectively, with an
average of 33.06 months after BC diagnosis. Thus, the time
between BC diagnosis and liver metastases development was
8.51 + 0.42 months in patients receiving combined RIMH and
chemotherapy compared to 4.32 + 0.31 months in the control
group (P < .05).
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Figure 4. Axial CT scan for a 73-year-old female patient with BC with liver metastasis (1): (A) metastasis volume before chemotherapy and
RIMH treatment 27 cm® and (B) metastasis volume after the combined treatment 20 cm>. BC indicates breast cancer; CT, computed tomo-

graphy; RIMH, regional inductive moderate hyperthermia.

The obtained results can be interpreted as clinical support
for the concept that modulation of oxidative stress has already
been exploited for therapeutic benefits.”> Magnetic fields gen-
erated during RIMH are able to significantly accelerate the
chemical interactions between molecular oxygen and cell
metabolites. Based on a triplet—singlet spin state interconver-
sion in radical pairs, these interactions are used to modulate the
oxidation rates of polyunsaturated acids and lipids.>* More-
over, the increase of oxidative stress in the tumor and its micro-
environment significantly enhances hyperthermia-induced
apoptosis.>> Oxidative stress also plays a key role in cell sig-
naling pathways, including immune pathways in anticancer
therapy. Phagocytes produce reactive oxygen species that
could regulate cancer cell metabolism.*®

The results of this investigation suggested that combined
RIMH and chemotherapy improved the treatment efficacy of
antitumor drugs and quality of life in patients with BC with
multiple liver metastases. We believe that future research in the
field of RIMH should be focused on developing adjuvant stra-
tegies for oxidative stress modulation in tumors.

Conclusion

Therefore, the current study has shown that the combined use
of RIMH and chemotherapy in patients with BC with liver
metastases does not cause significant adverse changes in
blood count and blood chemistry tests. Likewise, the com-
bined treatment was not associated with complications that
could deteriorate the patient medical state and extend duration
of hospital stay.

It is important to note that RIMH markedly increased liver
blood flow in patients with BC. The combined use of RIMH
and chemotherapy significantly improved the treatment results
(x> = 12.182; P < .01) and immediate outcomes (disease sta-
bilization 21.3%, PR 12.6%).

Quantitative assessment of the health status in patients fol-
lowing the questionnaire EQ-5D demonstrated an increase of

5.3% in the total score for the main group after the combined
treatment, whereas the control showed a decrease of 12.1%.
The quality of life for patients with BC with liver metastases
who received combined RIMH and chemotherapy improved by
17.4% compared to the control. Finally, the median time prior
to disease progression was greater in patients receiving the
combined treatment: (8.51 + 0.42) months compared to the
control (4.32 + 0.31) months (P < .05).
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