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Abstract
Purpose: To evaluate the efficacy of neoadjuvant chemotherapy in combination with regional inductive moderate hyperthermia
for patients with locally advanced breast cancer. Patients and Methods: 200 patients with stage IIB-IIIA breast cancer received
neoadjuvant chemotherapy (control group, n ¼ 97) or chemotherapy combined with hyperthermia (experimental group, n ¼
103). Inductive hyperthermia was set at 27.12 + 0.16 MHz and the 50 W output power. Results: Thermal and color Doppler
ultrasound imaging demonstrated that hyperthermia increased the surface temperature on the breasts to < 4�S while the mean
values for systolic blood flow were 3.5 times as high as those prior to treatment. Assessment of tumor size and response found a
(31.24 + 3.85)% reduction in the size of the primary tumor in patients receiving chemotherapy þ hyperthermia, while che-
motherapy alone showed a (22.95 + 3.61)% decrease on average (p¼ 0.034). The rate of objective response increased by 15.9%
in the experimental group (r ¼ 0.034) compared with the control group. The patients in the experimental group also had axillary
lymph node regression of 14.17% greater than in the control group (p¼ 0.011). Moreover, the combination treatment allowed to
increase the proportion of women eligible for breast-conserving and reconstructive surgery by 13.63% in the experimental group.
The viable tumor volume was lower in patients receiving neoadjuvant chemotherapy þ hyperthermia (24.4 + 0.2)% compared
with those given chemotherapy alone (30.4 + 0.25)%. The 10-year overall survival rates were higher (log-rank: p ¼ 0.009) in
breast cancer patients who underwent chemotherapy combined with hyperthermia than in patients receiving chemotherapy only.
Conclusion: The combination neoadjuvant chemotherapy and the technology of regional inductive moderate hyperthermia
improved the efficacy of treatment for patients with locally advanced breast cancer staged IIB-IIIA.
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Introduction

Breast cancer (BC) poses the ongoing challenge of improving

diagnosis and treatment for healthcare and society. BC is the

leading cause of death in women and is responsible for 15% of

cancer-related deaths globally. Women of reproductive age

have not considered themselves to be at risk for BC previously.

However, the disease also affects younger women who could

benefit from breast conservation therapy. While most countries

report the increase in BC incidence, the death rates continue to

decline.1,2

BC is a heterogeneous disease with distinct molecular,

redox, genetic, histological and clinical signatures between

tumors originating from the epithelium lining the milk ducts

and lobules of the breast.3 The heterogeneous nature of the

redox signaling contributes to tumor adaptation and the devel-

opment of aggressive BC resistance to treatment.4 Cancer cells

generally exhibit higher oxidative stress than normal cells. Not

only do elevated levels of reactive oxygen species (ROS) dam-

age DNA, induce mutations needed to drive tumor initiation

and progression, but also much of research attention has been

drawn to redox targeted strategies for BC treatment.5,6

Despite potential side-effects, chemo-, radiotherapy and

breast surgery are the preferred treatment for most women. In

the past 3 decades, surgical treatment of the primary tumor has

shifted toward breast conservation techniques that preserve the

appearance and function of the breast. The combination of

breast-conserving surgery and other treatment modalities

improves long-term survival.7

Cardiotoxicity associated with chemo- and radiotherapy

involves ROS-mediated signaling and damage. BC patients

who have undergone neoadjuvant chemotherapy (NACT) may

be at higher risk of cardiovascular mortality.8 The proposed

mechanism by which many chemotherapeutic agents, such as

doxorubicin in combination with 5-fluorouracil and cyclopho-

sphamide—FAC regimen, act in the tumor cell is based on pro-

oxidant effects. An additional increase in ROS levels triggers

preferential killing of tumor cells, whereas normal cells are

more likely to upregulate antioxidant defense responses to cope

with oxidative stress. Further clinical data collection is required

to determine exactly how pro-oxidant therapy affects BC

prognosis.9

The use of combined radiofrequency hyperthermia, che-

motherapy and/or radiotherapy provides proven benefit to

patients with BC in the neoadjuvant, definitive and adjuvant

setting. The mechanism underlying biological interactions with

the electromagnetic field involves spin conversion in free

radical pairs. The change in the balance between triplet and

singlet state probabilities in favor of the latter promotes ROS

generation and oxidative stress.10 Previously, our experimental

investigation has indicated that inductive moderate hyperther-

mia combined with anthracyclines initiates oxidative stress

damage to cancer cells.11

Regional inductive moderate hyperthermia (RIMH) is a

treatment modality for locally advanced and metastatic BC

where time-varying magnetic fields induce eddy currents to

heat (< 42�S) and alter the redox state of the tumor and/or

metastasis. Recent evidence suggests that even a moderate

temperature rise can cause redox-mediated changes in the

tumor during RIMH. Since electromagnetic radiation can act

on anticancer drugs with the free radical mechanism, the activ-

ity of these agents is modulated in the tumor area exposed to

RIMH.12-15 Failure of antioxidant systems to protect against

elevated levels of ROS, i.e. lipid peroxidation, protein damage,

leads to tumor cell death.16 RIMH technology could introduce

a personalized approach for NACT by increasing the efficacy

of anticancer drugs given before breast-conserving and recon-

structive surgery.

This paper is a continuation of previous work designed to

compare NACT versus NACT and RIMH in BC patients with

multiple liver metastases.17 The present study examines the

application of RIMH to improve the antitumor efficacy of

NACT followed by breast-conserving and reconstructive sur-

gery in patients with locally advanced BC.

Patients and Methods

Patients

Eligible women patients, aged � 18, had a histological diag-

nosis of invasive unilateral BC with (T2N1M0, T3N0M0,

T1N2aM0, T2N2aM, T3N1M0, T3N2aM0) stage and an East-

ern Cooperative Oncology Group (ECOG) performance status

of 0-2. All patients had a clear indication for neoadjuvant ther-

apy and provided written informed consent for RIMH.

Research procedures were performed in accordance with the

Declaration of Helsinki and approved by the Regional Com-

mittee for Medical Research Ethics of National Cancer Institute

of Ukraine (NCI) protocol No. 63.

Patients were excluded if they were pregnant, breastfeeding,

had a serious concomitant disorder (stage 3 congestive heart fail-

ure, liver or kidney failure, etc.) or any malignancy other than BC.

Participants were randomly assigned to the experimental

(neoadjuvant FAC þ RIMH) group or the control group

(neoadjuvant FAC). Baseline assessment included bilateral
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mammography taken in mediolateral oblique and craniocaudal

projections, breast and axillary ultrasound (US), breast mag-

netic resonance imaging (MRI), computed tomography (CT).

Tumor tissue slides were obtained from the pre-treatment tre-

phine biopsy and surgical specimens to carry out hematoxylin

and eosin staining for standard histological examination under

a light microscope (Zeiss Axiostar Plus, Germany).18 Immuno-

histochemistry based estrogen receptor, progesterone receptor,

human epidermal growth factor 2 receptor (HER-2) were

assessed in all patients.19

Treatments

The control group received 4 courses of neoadjuvant 5-

fluorouracil 500 mg/m2, doxorubicin 50 mg/m2, cyclophospha-

mide 500 mg/m2 (FAC). The patients in the experimental group

were given 4 courses of NACT followed by a RIMH session 30

minutes after chemotherapy infusion. MRI-based treatment

plans were generated prior to RIMH sessions in the experimen-

tal group. Three weeks after completion of NACT or NACT þ
RIMH, the patients underwent radiological evaluation of treat-

ment response for further disease management. Toxicities were

graded according to the Common Terminology Criteria for

Adverse Events (NCI-CTCAE) v4.03 using a scale from 1 to

5. Figure 1 provides the treatment algorithm for patients with

locally advanced BC.

The most frequent indications for mastectomy (Madden

technique) with or without immediate reconstruction were sta-

ble disease and disease progression. The patients who had

achieved a partial or complete response and negative margin

resection were candidates for quadrantectomy with simulta-

neous axillary dissection. Subcutaneous mastectomy and

immediate reconstruction were performed on patients with

tumors in the central quadrant or multifocal microcalcification.

Figure 1. Treatment algorithm for patients with locally advanced breast cancer. Abbreviation: FAC, 5-fluorouracil, doxorubicin, cyclopho-

sphamide; MRI, Magnetic resonance imaging; RIMH, Regional inductive moderate hyperthermia.
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Either the modified radical or subcutaneous mastectomy was

indicated for BC patients with positive margins at the resec-

tion.20,21 After having assessed the clinical benefit of patients,

adjuvant therapy was prescribed in agreement with.22 The

patients were followed according to National Comprehensive

Cancer Network (NCCN) Clinical Practice Guidelines version

3.2020 for invasive BC.

Technology of Regional Inductive Moderate
Hyperthermia

Based on our earlier study,11 the breast and the axilla were

being simultaneously irradiated with a MagTherm system

(Radmir, Ukraine) at 27.12 + 0.16 MHz and the 50 W output

power for 30 minutes in patients assigned to the experimental

group after NACT infusion. The MagTherm applicators were

placed parallel to the patient’s body over the tumor to produce

the highest intensity of electromagnetic radiation. The main

applicator (1) had an ellipsoidal shape with a size of 14 � 22

cm placed on the breast, whereas the additional applicator (2)

had a size comparable with the tumor (Figure 2). The use of

RIMH had a distinct advantage of delivery and absorption in

the tumor over other treatment modalities. RIMH was contra-

indicated in patients who had a fever; acute inflammation; heart

failure; respiratory failure, the presence of metallic foreign

bodies; pregnancy; epilepsy; complicated ulcer; exacerbation

of mental illness; liver and kidney failure; etc.

Computer-assisted planning allowed us to select a persona-

lized distribution of the magnetic, electric and thermal fields

generated by RIMH with an individual anatomical precision.

MRI-based breast tumor models were created in 2D program

SolidWorks. At the time of MRI acquisition and RIMH treat-

ment, the patients were positioned supine. The models for elec-

tromagnetic and temperature distribution were built in

COMSOL Multiphysics (COMSOL Inc., USA) based on phys-

ical characteristics listed in Table 1.23,24

The intratumor temperature was predicted to increase from

37�C to 38.85�C, while the mean value for the specific absorp-

tion rate (SAR) was 5.5 W/kg during the treatment session

(Figure 3). Along with the tumor, the parameters of

electromagnetic irradiation for axillary lymph nodes were also

computed: the average temperature of 37.2�C and SAR of 0.59

W/kg. RIMH planning found that the breast tumor heated at

nearly 39�C was more beneficial since moderate hyperthermia

would not upregulate the expression of heat-shock proteins in

the BC cell, nor restrict blood flow to the tumor. Note that

chemotherapy resistance was previously reported at tempera-

tures above 42�C.25

Imaging Techniques and Analysis

A FLIR thermal imaging camera (FLIR Therma CAMTM E

300) and fiber optical thermometers (TM-4, Radmir, Ukraine)

were used for monitoring tumor temperatures during RIMH.

Doppler measurement of velocity combined with B-mode

measurement of vessel diameter and tissue harmonic imaging

was performed using a NEMIO XG (Toshiba) US scanner with

a micro-convex transducer (3.5-5.0 MHz) according to the

standard protocol for breast US. Doppler measurements of the

peak systolic and end-diastolic velocities provided data about

breast tissue vascularity. The examination was performed

before NACT þ RIMH and 30 minutes after treatment.

Breast MRI scans were acquired on a 1.5 T Intera system

(Philips Medical Systems, the Netherlands) following the stan-

dard protocol for breath-hold sequences.

Chest CT images (Brilliance Big Bore, Philips Healthcare)

were acquired in accordance with the standard protocol for BC

patients.

Collected medical images were independently presented to

selected radiologists, who were blinded to treatment and any

clinical data except that the patients had BC. Two radiologists

interpreted each case according to the Response Evaluation

Criteria in Solid Tumors (RECIST 1.0).

Statistical Analysis

Statistical significance was determined using the 2-tailed t tests

(p < 0.05) as appropriate. The Kolmogorov-Smirnov test exam-

ined if the data were normally distributed. Overall survival was

Figure 2. The main applicator (1) and the additional applicator (2)

overly the tumor in a patient with locally advanced breast cancer

during a 30-minute regional inductive moderate hyperthermia session.

Table 1. Physical Characteristics of the Breast.

Parameters

Element Characteristic Value

Skin heat capacity at constant pressure 3391 [J/(kg*K)]

density 1109 [kg/m3]

thermal conductivity 0.37 [W/(m*K)]

electrical conductivity 0.5 [S/m]

Breast heat capacity at constant pressure 4200 [J/(kg*K)]

density 1080 [kg/m3]

thermal conductivity 0.48 [W/(m*K)]

electrical conductivity 0.2 [S/m]

Tumor heat capacity at constant pressure 4200 [J/(kg*K)]

density 1090 [kg/m3]

thermal conductivity 0.49 [W/(m*K)]

electrical conductivity 1.5 [S/m]
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estimated using the Kaplan-Meier method and treatment

groups were compared from the log-rank test (p < 0.01). The

entropy parameter was a statistical measure of randomness in

the image content analysis. CHAOS & IMAGE version 1.0

(NCI)26 computed Shannon’s entropy for obtained thermal

images according to.27,28 All statistical analyses were con-

ducted in Statistica 13.0 (Stat-Soft, Inc, 2015).

Results

Patients

200 patients with locally advanced BC stage IIB to stage IIIA

were recruited at the Department of breast cancer and recon-

structive surgery, NCI between 2008 and 2017, of whom 97

received NACT and 103 who received NACTþ RIMH. Patient

characteristics were similar between the 2 groups (Table 2).

There were 5 patients in the experimental group and 4 patients

in the control group who had a different subtype after NACT.

Identified subtypes did not have an impact on treatment out-

comes nor required changes. Likewise, no significant differ-

ences were found in the molecular profiles of treated BC

patients between the primary tumor and regional lymph node

metastases after surgery. This observation was in agreement

with the linear evolution model for BC, where molecular pro-

files of primary breast tumors matched those of metastases.29,30

Thermal Images and Blood Flow of the Breast

The results of temperature distribution and changes in tumor

blood flow before RIMH and after can be compared in Figure 4

and Figure 5. RIMH increased the surface temperature on the

breasts to < 4�S (Figure 4). Despite the fact that we irradiated

the right breast and axilla, the temperature increased in both

breasts and axillae. Axillary lymph node status was of great

clinical significance in BC prognosis.31 The entropy parameter

computed for BC thermal images was decreased in both breasts

by 10% on average after RIMH.

Color Doppler US examinations were recorded to assess

blood flow in the breasts in the experimental group (Figure 5).

RIMH significantly increased the number of color signals

detected through the blood vessels in the breast tissue. The

blood flow rate increased from 44.58 cm/s to 192.78 cm/s after

treatment. The mean values for systolic blood flow were 3.5

times as high as those prior to the RIMH session. Similarly, the

Figure 3. The specific absorption rate (A), temperature distribution (B) and temperature rise (C) for breast cancer treatment planning with a

MagTherm system at 50 W output power were based on an axial magnetic resonance imaging scan (axes in mm). 1—breast; 2—tumor.

Table 2. Patients and Tumor Characteristics.

Group

Parameter

Experimental
(NACT and

RIMH),
n ¼ 103

Control
(NACT),
n ¼ 97 p

Mean age (29-78) years 51.89 + 9.44 51.03 + 10.04 > 0.05

Disease stage (NCCN), n (%)

IIB (T2-3 N0-1M0) 68 (66.02 + 4.67) 56 (57.73 + 5.02) > 0.05
IIIA (T2-3N1-2M0) 35 (33.98 + 4.67) 41 (42.27 + 5.02)

Histological type (ICD-O-3), n (%)

Invasive ductal carcinoma 96 (93) 89 (92) > 0.05
Invasive lobular carcinoma 3 (3) 2 (2)
Mixed lobular-ductal

carcinoma
2 (2) 2 (2)

Rare breast cancer types 2 (2) 4 (4)

Tumor subtypes, n (%)

Luminal A 45 (44) 49 (51) > 0.05
Luminal B 26 (25) 22 (23)
HER-2þ 20 (19) 14 (14)
Triple negative 12 (12) 12 (12)
Tumor size 15-85 mm 40.07 + 1.85 39.59 + 1.86 > 0.05

Abbreviation: ICD-O-3, International classification of diseases for oncology

3rd edition; HER-2, Human epidermal growth factor 2 receptor; NACT, Neoad-

juvant chemotherapy; NCCN, National Comprehensive Cancer Network;

RIMH, Regional inductive moderate hyperthermia.
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mean diastolic blood flow tended to raise after RIMH. Doppler

signals from tumor vasculature were more variable due to

spatio-temporal heterogeneity of breast tumors.

Treatment Response

Tumor response rates are summarized in Table 3. Assessment

of tumor size found a (31.24 + 3.85)% reduction in the size of

the primary tumor in patients receiving NACT combined with

RIMH, while NACT alone showed a (22.95 + 3.61)%
decrease on average (p ¼ 0.034). The objective response was

achieved in 58.2% of the patients assigned to the experimental

group as compared with 42.3% in the control group (p ¼
0.034).

Thus, NACT combined with RIMH increased the rate of

objective response by 15.9% (r ¼ 0.034) in patients with

locally advanced BC.

There were no significant differences in the size of regional

lymph nodes between the 2 groups prior to any treatment pro-

cedures. The combination of NACT and RIMH showed a

decrease of 7.67 mm (32.08 + 4.13)% in the size of the

involved lymph nodes, whereas BC patients given NACT alone

had a 5.79 mm (17.91 + 4.35)% reduction on average. Figure 6

presents a typical case of the lymph node reduction in a BC

patient treated with NACT þ RIMH. There was a 14.17%
difference in the treatment response of axillary lymph node

metastasis between NACT followed by RIMH and NACT

alone (p ¼ 0.011).

Comparing parameters of hematological, gastrointestinal

toxicities, liver and kidney function, there was no significant

difference between the experimental and the control group.

Treatment-induced changes in hematopoiesis and liver func-

tion did not represent dose-limiting effects on the prescribed

NACT regimen and NACT combined with RIMH in locally

advanced BC patients. Moreover, the combination treatment

Figure 4. Thermal images of a patient with locally advanced breast cancer taken before regional inductive moderate hyperthermia (A, B, C) and

after (D, E, F) the treatment session. The entropy (E, arb. units) parameter is computed for obtained images. The tumor is highlighted with the

black square. A, D—frontal view; B, E—right oblique view; C, F—left oblique view.
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allowed to increase the proportion of women eligible for

breast-conserving and reconstructive surgery by 13.63% in the

experimental group. Histological changes in tumor tissue

treated with NACT and NACTþ RIMH are shown in Figure 7.

The 10-year overall survival was significantly higher in BC

patients who underwent NACT combined with RIMH than in

patients receiving NACT alone at the long-rank p < 0.009 level

(Figure 8). There was a significant difference in the 5-year over-

all survival rate of stage IIB patients between the experimental

group (81.7%) and the control group (79.0%), p < 0.05. We also

recorded a significant difference between the overall survival

rates for patients with stage IIIA between the experimental

group and the control group: 65.9% and 42.4% at 6 years and

51.1% and 19.8% at 9 years (p < 0.05), respectively.

Discussion

A discussion of the main clinical findings is provided in this

section. As is well known abnormal vasculature and growth

give rise to the heterogeneous distribution of anoxic, hypoxic

and normoxic regions within the tumor and its microenviron-

ment which poses a potent barrier to chemotherapy. There are 2

Figure 5. B-mode and color Doppler ultrasound imaging of tumor blood flow acquired from a patient with locally advanced breast cancer before

regional inductive moderate hyperthermia (A) and 30 minutes after (B) treatment.

Table 3. Tumor Response to Treatment According to RECIST.

Group, n (%)

Experimental (NACT þ RIMH) Control (NACT)

Response rate (RECIST 1.0) IIB stage IIIA stage IIB stage IIIA stage r

Complete response 9 (8.7 + 2.8) 6 (6.2 + 2.4) 0.68

8 (11.8 + 3.9) 1 (2.9 + 2.8) 4 (7 .1 + 3.4) 2 (4.9 + 3.4)

Partial response 51 (49.5 + 4.9) 35 (36.1 + 4.9) 0.076

31 (45.6 + 6.0) 20 (57.1 + 8.4) 27 (48 .2 + 3.9) 8 (19.5 + 6.2)

Stable disease 37 (35.9 + 4.7) 49 (50.5 + 5.1) 0.052

23 (33.8 + 5.7) 14 (40.0 + 8.3) 18 (32 .1 + 6 .2) 31 (75.6 + 6.7)

Disease progression 6 (5.8 + 2.3) 7 (7.2 + 2.6) 0.91

6 (8.8 + 3.4) 0 (0) 7 (12.5 + 4.4) 0 (0)

Total 103 (100.0) 97 (100.0)

Total in each stage 68 (100) 35 (100) 56 (100) 41 (100)

Abbreviation: NACT, Neoadjuvant chemotherapy; RECIST, Response evaluation criteria in solid tumors v.1.0; RIMH, Regional inductive moderate

hyperthermia.
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likely causes for this condition: chaotic fluctuations in the

tumor perfusion and limitations of oxygen diffusion (i.e., the

distance of a tumor cell from the nearest vessels exceeds 100

mm).32 Using the combination approach, we suggested synergy

between NACT and RIMH to improve the blood flow and

hence oxygenation in the tumor.33

Having compared the difference between NACT alone and

with RIMH, it was shown that 30-minute electromagnetic

radiation increased the surface temperature and blood flow to

the breast tissue. Acceleration of blood flow through a chaotic

vascular network in the breast tumor receiving RIMH with a

non-uniform electromagnetic field facilitated more even perfu-

sion which enhanced drug diffusion and microvascular perme-

ability of the tumor.34 That is, one of the strategies to

overcome hypoxia-mediated drug resistance is to increase

tumor blood flow.

Histological changes are a strong prognostic factor in solid

tumors. They can identify patients at high risk of distant disease

Figure 6. Computed tomography scans of the chest showing reduction of axillary lymph node metastasis in a 47-year-old patient who received

NACT combined with RIMH: A—before combined treatment; B—after combined treatment. White arrows indicate axillary lymph node

metastasis. Abbreviation: NACT, Neoadjuvant chemotherapy; RIMH, Regional inductive moderate hyperthermia.

Figure 7. Compares tumor histology changes in response to NACT and NACT þ RIMH. The viable tumor volume was lower in patients

receiving NACT þ RIMH (24.4 + 0.2)% compared with those given NACT alone (30.4 + 0.25)%. A, Invasive ductal carcinoma after NACT

combined with RIMH treatment. The stroma contains tumor infiltrating lymphocytes, microvascular thrombosis, focal hemorrhages along with

the hyaline material, sclerosis and massive necrosis (hematoxylin and eosin staining; magnification �100); B, invasive lobular carcinoma after

NACT combined with RIMH treatment. The appearance of fibrotic changes, prominent sclerosis and cysts (hematoxylin and eosin staining;

magnification �100); C, invasive mixed lobular-ductal carcinoma after NACT. Microvascular thrombosis, blood “sludge,” focal hemorrhages,

depositions of hemosiderin and sclerosis (hematoxylin and eosin staining; magnification �200). Abbreviation: NACT, Neoadjuvant che-

motherapy; RIMH, Regional inductive moderate hyperthermia.

Figure 8. 10-year breast cancer survival rates compared from the log-

rank test (p < 0.009): NACT (control group); NACT combined with

RIMH (experimental group). Abbreviation: NACT, Neoadjuvant

chemotherapy; RIMH, Regional inductive moderate hyperthermia.
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recurrence who benefit from adjuvant therapy.35 Adverse

events were mild (grade 1) and consisted of the well-known

side effects for neoadjuvant FAC. Although there was no sig-

nificant difference between the 2 groups, adverse events tended

to reduce in BC patients receiving NACT and RIMH.36

The neoadjuvant approach to locally advanced BC can make

patients eligible for breast-conserving surgery.37 Despite the

fact that a full discussion of surgical procedures linked with

BC lay beyond the main focus of our study, a total of 50.52% of

the patients in the control group underwent mastectomy,

whereas the rates of mastectomy were decreased to 36.89%
in the experimental group. NACT þ RIMH treatment also

showed an 8.3% increase in the number of patients who were

suitable candidates for breast surgery compared with NACT

alone (r ¼ 0.055). Furthermore, the experimental group had

higher rates of breast-conserving surgery than the control

group.

The current standard of care for managing locally advanced

BC involves removing the primary tumor followed by axillary

dissection. Complete lymph node dissection is often associated

with a high likelihood of arm lymphedema, loss of motor func-

tion and sensory neuropathy.38 For this reason, it was more

beneficial to use NACT þ RIMH to achieve the treatment

response of axillary lymph node metastasis.

After treatment completion, the 10-year follow-up between

2008-2017 showed that the overall survival was significantly

higher in women treated with NACT þ RIMH. The treatment

outcomes, while preliminary, need to be interpreted as the

early-stage experimental results that mirror several mechan-

isms by which the combination of NACT and RIMH acts on

the tumor: (a) tumor heating at 39-40�C prevents the side-

effects of the traditional hyperthermia approach such as over-

expression of heat shock proteins leading to tumor cell

invasion, metastasis and anti-apoptotic pathways associated

with chemotherapy resistance39; (b) the inhomogeneous elec-

tromagnetic field increases blood flow and facilitates more

even perfusion to the tumor tissue under which the pulsatile

blood flow, shear stress and higher partial oxygen pressure

promote oxidative stress arisen from mechano-chemical and

magneto-electric redox reactions, thus inducing ROS-

mediated apoptosis and necrosis of tumor cells.40

Conclusion

The findings from the present study provided additional clin-

ical evidence that RIMH technology improved the efficacy of

NACT given following the standard protocol for patients with

locally advanced BC staged IIB-IIIA.

In selected patients NACT combined with RIMH signifi-

cantly increased the objective response rate, the proportion of

women eligible for breast-conserving and reconstructive sur-

gery and the 10-year overall survival rates compared with

NACT alone.

Future clinical studies should assess the influence of the

proposed RIMH approach on other solid tumors. A natural

progression of this work is to develop personalized theranostic

technology integrating magnetic resonance imaging and treat-

ment based on magnetic nanotherapy which will further con-

tribute to improve drug delivery and circumvent chemotherapy

resistance in cancer patients.
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