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Abstract: Breast cancer prevention is an important health issue for women worldwide. In this study,
we compared the conventional breast cancer screening exams of mammography and ultrasound
with the novel approaches of passive microwave radiometry (MWR) and microRNA (miRNA)
analysis. While mammography screening dynamics could be completed in 3–6 months, MWR
provided a prediction in a matter of weeks or even days. Moreover, MWR has the potential of
being complemented with miRNA diagnostics to further improve its predictive quality. These novel
techniques can be used alone or in conjunction with more established techniques to improve early
breast cancer diagnosis.

Keywords: breast cancer; early diagnostics; passive microwave radiometry (MWR); microRNA (miRNA)

1. Introduction

The main goal of breast cancer screening is to detect the cancer at the earliest possible
stage. The modern diagnostic methods of mammography (MMG), ultrasound, computer
tomography (CT), and magnetic resonance imaging (MRI) can detect tumors as small as
3 mm in diameter.

The classification of breast cancer pathology is based on the Breast Imaging Reporting
and Database System (BI-RADS) score, which is used by clinicians and radiologists to
describe mammogram results [1]. It has been shown that the majority of breast cancer-
related deaths are associated with aggressive, fast-growing cancers [2], and these fall into
the category transit BI-RADS-3; this category is therefore of particular importance.

Clinical recommendations state that a follow-up mammogram should be done within
3–6 months of initial diagnosis. Most of the time, BI-RADS-3 cancers change into BI-
RADS-2, which is considered a benign process. Unfortunately, after passive observation,
2–4% of these cases then progress to BI-RADS-4a, indicating a risk of cancer of up to 10%.
As a result, many BI-RAD-4a breast cancers are only detected after 3–6 months, thereby
preventing these patients with aggressive breast cancer from receiving timely treatment.
The consequence of this is an increase in mortality. Novel diagnostic techniques that
would permit the identification of potentially harmful BI-RAD-3 tumors would allow us to
foresee the development of aggressive BI-RADS-4 cancer and, ultimately, to reduce breast
cancer-related deaths.
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The purpose of this study was to assess the potential of two new screening methods,
passive microwave radiometry (MWR) and miRNA detection, to identify BI-RADS-3
cases. MicroRNAs (miRNAs) are small, non-coding RNA molecules. With their tissue-
specific expression, correlation with clinicopathological prognostic indices, and known
dysregulation in breast cancer, miRNAs have quickly become an important avenue in the
search for novel breast cancer biomarkers [3–5].

2. Materials and Methods

We first examined 230 patients aged 35–55 years (mean age ± standard deviation:
43 ± 2.4 years) by MMG (AMULET; Fujifilm, Tokyo, Japan) to ascertain BI-RADS scores.
The scans were taken in standard craniolateral and mediolateral projections. The patients
were then examined by ultrasound (DC-60Exp; MindRay, China), Microwave Radiometry
which measures internal radiation from human bodypassively, WR (MWR2020 [formerly
RTM-01-RES]; Medical Microwave Radiometry Ltd., Edinburgh, UK) [6,7], and an miRNA
oncopanel (Oncounite; Skolkovo, Russia) [8]. The follow-up period was 12 months.

Using the MWR2020 device, internal and skin temperature measurements were con-
ducted at 22 points (left and right breast). Control points are shown in Figure 1. The results
were visualized (Figure 2) and stored in CSV data format for further analysis.
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For further assessment, the temperatures were combined into groups:

• Skin temperature of the right breast:

Tr,ir = {tir
0,r, . . . , tir

9,r} (1)

• Skin temperature of the left breast:

Tl,ir = {tir
0,l , . . . , tir

9,l} (2)

• Skin temperature of the body (reference points T1 and T2 in Figure 1):

Ta,ir = {tir
1,a, . . . , tir

2,a} (3)

• Internal temperature of the right breast:

Tr,mw = {tmw
0,r , . . . , tmw

9,r } (4)

• Internal temperature of the left breast:

Tl,mw = {tmw
0,l , . . . , tmw

9,l } (5)

• Internal temperature of the body at control points:

Ta,mw = {tmw
1,a , . . . , tmw

2,a } (6)

For temperature t, superscripts ir and mw indicate skin and internal temperature
spectrums, respectively. The first subscript value is the number of the survey point to
which the temperature value belongs (the number corresponds to the examination scheme
in Figure 1), and the second value indicates to which of the paired organs the temperature
belongs (r, right; l, left).

We used two empirical coefficients [9] to stratify and divide the patients into three
groups depending on the assessed risk of developing breast cancer. The average internal
and skin temperatures of the breast tissue were calculated. The difference between the
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maximum (7), (8) and average skin and internal temperatures for each gland (9), (10) were
also calculated. The obtained differences were summarized for the right and left breasts:

Tmax, mw = max({Tr, mw, Tl, mw}) (7)

Tmax, ir = max({Tr, ir, Tl, ir}) (8)

Tmean, mw = {Tr, mw, Tl, ir} (9)

Tmean,ir = {Tr, ir, Tl, ir} (10)

The largest value of Qmax was chosen by

Qmax = max((Tmax, mw − Tmean_mw), (Tmax, ir − Tmean, ir))

Next, the maximum temperature difference between separate symmetrical points of
the left and right mammary glands (kint, internal; kskin, skin) were determined by

kint = max(Tl, mw − Tr,mw) (11)

kskin = max(Tl, ir − Tr,ir) (12)

From these values, the parameter R was calculated. If the maximum temperature
difference for both sensors corresponded to the same point on the measurement scheme, R
was calculated as the sum of kint and kskin:

R = kint + kskin (13)

Otherwise, the maximum value is selected among the parameters kint and kskin, and the
difference of symmetrical temperatures at the point (parameter n) at which the maximum
value is taken between these parameters is added to it. In this case, the difference is
calculated by the second sensor (parameter x), i.e., if the maximum value was by the sensor
that measures skin temperatures, the difference in deep temperatures is added to it:

R = max(kint, kskin) + (tx
n,l − tx

n,r) (14)

For cases where Qmax > 2.0 and R > 2.5, a malignant tumor was suspected. Conversely,
if Qmax < 2.0 and R < 2.5, a benign tumor was diagnosed. If either Qmax or R exceeded these
thresholds, both malignant and benign tumors were possible.

Simultaneously with the described method, to determine the risk group according to
microwave radiometry, artificial intelligence methods were used, in particular, the weight
agnostic neural network, configured by the bi-population covariance matrix adaptation
evolution strategy method [10]. The main feature of this neural network is that at the stage
of searching for the optimal network architecture for the task, the average weights of the
model are used. Thus, a high convergence of the neural network optimal architecture
selection is achieved. The neural network was trained on a sample of 4377 low-risk breast
cancer patients and 535 high-risk patients. The feature space built on the basis of the
conceptual model described in [11] was used as the input layer of the neural network. At
the output, the neural network gave out whether the patient belongs to a high-risk group of
breast cancer. As a result of computational experiments, the F1-score of the neural network
reached 0.933 when cross-validated on the described database of low- ang high- risk breast
cancer patients.

This conceptual model describes the various characteristic features of thermograms of
patients with and without breast cancer. The thermograms in Figure 3 of a patient with a
high probability of developing cancer display the following features:

• High spread of skin temperatures (more than 2 ◦C);
• An area of significantly elevated temperature in the left breast;
• The same area shows a reduced difference between skin and internal temperatures;
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• High difference between the skin temperatures of symmetrical measurement points of
the breasts.

• In the left mammary gland, the area of elevated skin temperature (the prevalence of
the proliferative process) is 23%, while in the right mammary gland, the temperature
increase is practically missing.
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Figure 3. Interface of MWR2020 software. Temperature measurements of a patient with a high
probability of breast cancer.

In contrast, the thermograms shown in Figure 2 of a healthy patient do not display
any of these features; no areas with elevated temperatures are observed, and temperature
fluctuations are within the normal range. Note that not all characteristics of patients at risk
of developing breast cancer are described here. For example, patients also commonly have
specific areas with elevated temperatures, such as in the nipple area.

Based on these irregularities, a feature space was built. To do this, the measured
temperatures were divided into groups (described earlier by (1), (2), (4), and (5)) and their
ratios were determined by the following:

• Internal temperature gradient of the right mammary gland:

Tr,g = Tr,mw − Tr,ir (15)

• Internal temperature gradient of the left mammary gland:

Tl,g = Tl,mw − Tl,ir (16)

• Thermal asymmetry according to skin temperatures:

Tta, ir = Tl, ir − Tr,ir (17)

• Thermal asymmetry according to internal temperatures:

Tta,mw = Tl,mw − Tr,mw (18)

Here, the internal gradient is the difference between the deep internal and skin tem-
peratures measured at the same point of examination. Thermal asymmetry is the dif-
ference between temperatures at symmetrical measurement points of the right and left
mammary glands.

Various operations were applied to these groups and, as a result, signs characteristic
of certain temperature anomalies were obtained. For example, the oscillation of the skin
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temperature of a mammary gland characterizes the spread of temperatures in the gland,
and the maximum of these temperatures characterizes the presence of hot areas. The feature
space constructed in this way increased the accuracy of the neural network by 1% [12].

A novel miRNA panel was used [8] to assess the risk and dynamics of breast cancer
development. The panel includes measurements of eight types of miRNA:

1. Hsa-miR-199a-3p—causes metastasis by stimulating angiogenesis and tumor progres-
sion through overexpression of ApoE.

2. Hsa-miR-222-3p—suppressor of apoptosis in cells, resulting in increased proliferation
as well as differentiation. Is increased in at-risk individuals.

3. Hsa-let-7a-5p—increases levels of integrin B-3, which is associated with tumor necrosis
factor and the control of proliferation. Indicates a reduced risk of disease.

4. Micro-RNA-196a-2—a protective factor that reduces tumor growth and proliferation, as
well as controlling cellular migration and invasion. Reduces the risk of tumor formation.

5. Hsa-miR-106a-5p—induces apoptosis and reduces proliferation. Is reduced in tumors.
6. Hsa-miR-21-5p—activates the PI3K/Akt pathway to increase cell proliferation and

survival. Is increased in at-risk individuals.
7. Hsa-miR-21-137—regulates proliferation and apoptosis. Is reduced in at-risk individuals.
8. Hsa-miR-155—causes a decrease in taurine levels, increasing the effect of oxidative

stress. Is increased in individuals with taurine deficiency.

Isolation of miRNA was carried out according to the following method: Proteinase
K was added to the patient samples to a concentration of 5 µM and incubated at 56 ◦C
for 1 h. The samples were applied to Exigon columns (Exigon, Huldenberg, Belgium) and
centrifuged at 2000× g in an Eppendorf 5104 centrifuge (Eppendorf, Hamburg, Germany).
The columns were then washed with washing buffer and centrifuged again at 2000× g.
This washing procedure was repeated three times. Reverse transcription was performed
by adding 8 µL of reverse transcriptase to 8 µL of sample and incubating the mixture
for 1 h at 60 ◦C. Real-time polymerase chain reaction (qPCR) was performed using an
Applied Biosystems 7500 Real-Time PCR System (Thermo Fisher Scientific, Waltham, MA,
USA) with primers for the following miRNAs: hsa-miR-199a, hsa-miR-214-3p, miR-25,
miR-26a, hsa-let-7a-5p, miR-99a, miR-184, miR-24-3p, miRNA-195, hsa-miR-21-5p, and
hsa-miR-195. The results were analyzed using GenEx qPCR software (MultiD Analyses AB,
Gothenburg, Sweden).

3. Results

MMG exams were performed two times over the course of a year. Three patients
showed an increase in tumor density (>5) and were transferred to the BI-RADS-4a category.
We found a positive correlation between an increase in BI-RADS and increases in the Qmax
and R coefficients (Figure 4). Moreover, an increase in BI-RADS correlated significantly
with an increase in oncological miRNA. For those patients where there was no increase
in radiological density, there were no negative dynamics associated with MWR or the
miRNA oncopanel.

From morphological studies of punctures in patients with an increase in BI-RADS, it
was found that high MWR coefficients (Qmax > 2.0 and R > 2.5) and miRNA changes (>5)
indicated a risk of developing obligate precancer, where the tumor never progresses into
any type of lesion other than cancer. These results were confirmed by in situ histological
parameters in two cases.
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Figure 4. Internal temperature fields in the left (right) and right (left) mammary glands of an
individual at risk of developing breast cancer.

Clinical Example

Patient P., born in 1957, had complained of scanty discharge from the nipple of the
right breast. MMG showed a picture of pronounced adenosis, with a high radiographic
density of 5. Ultrasound imaging of the mammary glands, which showed no nodular
formations, revealed many microcysts with a diameter of 4–5 mm. MWR examination of
the mammary glands showed that Qmax was elevated (1.7; the threshold is 2) and that R
was slightly elevated (1.9; the threshold 2.5). The patient was also classified by the neural
network, which identified the patient as being in the high-risk group of developing breast
cancer. To further clarify the diagnosis, the patient’s levels of miRNAs in the oncopanel
were determined (Table 1). The results of the panel indicated that the patient’s risk of
developing breast cancer was slightly increased to a risk factor of 3 (1 + 1 + 1), which is
typical for patients with a low risk of developing breast cancer (Table 2).

Table 1. miRNA expression at the initial investigation in patient P. Changes in the quantitative
indicators (copies/µL) between “Norm” and “Pathology” of 1.5–2 times indicate a slight increase
(risk factor = 1), 2–5 times indicate a moderate increase (risk factor = 2), and 5 times or above indicate
a significant increase (risk factor = 3). The threshold for each miRNA was determined by precedent
statistics from literature. Concentration values are presented as log base 2 miRNA (copies/µL).

N Marker Norm Pathology Fold Change

1 Hsa-miR-155 28,294 202,238 7.1
2 Hsa-miR-196a-3p 104,809 324,654 3.1
3 Hsa-miR-222-3p 159,928 88,908 0.6
4 Hsa-let-7a-5p 13,327,568 2,665,531 0.2
5 Micro-196a-2 1,665,957 333,191 0.2
6 Hsa-miR-106a-5p 380,633 76,126 0.2
7 Has-miR-21-5p 22,209,402 111,047,010 5.0
8 Hsa-miR-137 555,235,050 111,047,010 0.2
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Table 2. miRNA expression in patient P at the initial investigation.

N Marker Expression

1 Hsa-miR-155 Norm
2 Hsa-miR-196a-3p Norm
3 Hsa-miR-222-3p Slight increase
4 Hsa-let-7a-5p Slight increase
5 Micro-196a-2 Norm
6 Hsa-miR-106a-5p Slight increase
7 Has-miR-21-5p Norm
8 Hsa-miR-137 Norm

After 6 months, the patient went for a follow-up examination with complaints about
the appearance of a nodular formation in the right mammary gland and enlarged axillary
lymph nodes on the right. MMG determined a nodular polycyclic formation of 20 mm
in diameter in the right mammary gland and the presence of grouped microcalcifications.
Ultrasound of the right mammary gland showed an irregularly shaped quadrant hypoe-
choic formation of 20 mm and enlarged nodes of up to 25 mm in the right axillary region.
MWR assessment showed Qmax and R values of 2.45 and 3.2, respectively, which indicated
a probability of developing breast cancer of over 85%. The results of the dynamic study of
miRNAs are shown in Table 3.

Table 3. miRNA expression in patient P after 6 months.

N Marker Expression

1 Hsa-miR-155 Norm
2 Hsa-miR-196a-3p Norm
3 Hsa-miR-222-3p Pronounced increase—3
4 Hsa-let-7a-5p Pronounced increase—3
5 Micro-RNA-196a-2 Norm
6 Hsa-miR-106a-5p Slight increase—1
7 Has-miR-21-5p Norm
8 Hsa-miR-137 Norm

The risk factor was 7 (3 + 3 + 1), which is typical of patients with a high risk of developing
breast cancer. Histological examination confirmed the presence of invasive carcinoma.

4. Discussion

We propose a new scientific approach to breast cancer screening that utilizes the bio-
physical and molecular biology principles of MWR and miRNA analysis. This novel
approach could be used to supplement existing established methods, such as MMG
and ultrasound.

In several clinical examples [13] using two coefficients [9], data obtained using MWR
showed to be ahead of MMG results by 1.5–2 years. More recently, artificial intelligence-
based approaches have been applied to MWR data for early stage breast cancer prediction
to approve diagnostic accuracy. For example, in a study on MWR data from >4000 patients
who had been classified by clinicians as either being at low or high risk of develop-
ing breast cancer, deep neural networks achieved with an accuracy of breast cancer
prediction >0.93 [10,14,15].

Despite the advantages afforded by MWR, the technique has certain limitations in
some pathologies of the mammary gland. First, with slow growing malignant neoplasms,
heat dissipation can be masked by the heat generated by the surrounding tissues. Second,
a large malignant neoplasm of the mammary gland (40–50 mm) can be limited to a fibrous
capsule, which, like a Dewar’s vessel, does not allow heat to go beyond the border of the
tumor. These problems can be largely solved with more frequent measurements, such as
over the course of a few weeks or even days. Other methods of thermometry could also be
explored for cancer detection [16,17].
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Another novel way in which the pathology of breast cancer tissue could be assessed
is to analyze the ratio of disease markers [18]. Since genetic mutations in precancerous
and neoplastic pathologies are of the same nature, the factors that are indicative of the
qualitative transition from precancerous pathology to the neoplastic process could be iden-
tified by determining the mutations in precancerous neoplasms. While this method is quite
promising in relation to the administration of targeted therapy, it is costly and impractical.

Another solution is the analysis of intercellular interactions, i.e., the result of mutant
genes. It has been shown that exosomes and, more specifically, their qualitative composition
play a leading role in this process. Cellular communication through exosomes is able to
influence the fate of cells when under stress, such as exposure to ionizing radiation. In vitro
and in vivo studies have shown that exosomes may play a role in off-target radiation effects
by carrying molecular signaling mediators of radiation damage, as well as performing pro-
tective functions that lead to resistance to radiation therapy. Moreover, miRNA expression
is affected by tissue exposure to radiation, and exosomes from the plasma of irradiated mice
prevent radiation-induced apoptosis [19]. Thus, the main factor that transmits information
is the quantitative and qualitative miRNA composition of exosomes.

miRNAs are the “global switches of the genome”, regulating multiple metabolic
pathways and the formation of protein products. Some miRNAs, including 21, 155, 196a-2,
27a, 9, 199a-3p, 222-3p, let-7a-5p, 137, and 106a-5p are known to have oncogenic effects [20].
miRNA-21 is one of the most well-known miRNAs and has been studied extensively in
different types of tumors. Its expression, which sharply increases in breast cancer, causes
apoptosis genes to be blocked and is therefore associated with tumor growth, metastases,
and an unfavorable prognosis for the course of the disease [21,22].

Overexpression of miRNA-155, which manifests as a decrease in the level of taurine
and an increase in the level of oxidative stress, is often found in breast tumor tissue and
negatively affects survival and chemosensitivity (through the FOXO3a gene) of tumor cells,
while reduced expression this miRNA can enhance cellular chemosensitivity and apoptosis.
The activity of miRNA-155 [23] is necessary for the normal functioning of cells; an increase
in the expression of this miRNA has been noted in autoimmune diseases and various forms
of cancer. In addition, miRNA-155 is associated with the estrogen-positive status of tumors
and can potentially serve as a diagnostic marker.

miRNA-221/222 is classified as an oncogenic miRNA, the overexpression of which in
different types of tumors leads to increased cell proliferation, inhibition of apoptosis, and
induction of angiogenesis. The suppression and low expression level of miRNA-221/222 in
breast tumors correlate with the positive status of estrogen receptors and a more favorable
prognosis of the disease.

According to a previous report [24], miRNA-205 is a tumorigenesis suppressor; it
induces apoptosis and inhibits the growth and invasion of tumor cells.

Several miRNAs (21, 155, 221, and 222) have been studied in patients diagnosed with
breast fibroadenoma. The authors of these studied noted a ten-fold increase in the number
of miRNAs that induce apoptosis and cell growth. Another study on the role of miRNAs
137, 199, and others provided an informative analysis of the body’s resistance to tumor
aggression [25–27] for early cancer diagnosis.

Breast cancers have complex phenotypes, characterized by a large number of cellular
and biomolecular formations. Biological pathways have been successfully used to reveal
some heterogeneity in phenotypes between disease states, while gene networks have been
used to study large-scale regulatory patterns. Ultimately, biological processes are carried
out by proteins and their complexes. Therefore, as demonstrated in a recent study [28], the
profiling of breast cancers can be extended by analyzing open proteomic data along with
gene expression.

It is known that miRNAs are aberrantly expressed in the serum, tissues, and peripheral
blood mononuclear cells of cancer patients and can serve as potential non-invasive diagnos-
tic markers of breast cancer. In a previous study [29], differentially expressed miRNAs were
identified using next generation sequencing in breast cancer patients and healthy people of
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the same age. Four miRNAs—three (miR-24-2-5p, miR3609, and miR-664b-3p) downreg-
ulated and one (miR-192-5p) overexpressed—were identified as potential biomarkers for
patients with locally advanced breast cancer.

Nucleic acid sequence-based amplification (NASBA) is a specific single-stranded RNA
fragment amplification technique that is useful for highly sensitive miRNA detection. In a
study by Karasawa and colleagues [30], the authors developed a new miRNA analytical
system by combining NASBA and chemiluminescence. Since the NASBA reaction is carried
out at a constant temperature and detection by the chemiluminescence reaction does not
require a light source, these methods can be combined for miRNA amplification. This
combined miRNA detection method may be useful for the future development of compact
point-of-care testing systems.

With regard to other forms of cancer, miRNAs, which can be used as stand-alone
biomarkers or integrated into molecular signatures of clinical interest, are considered ideal
for diagnostic purposes and accurate molecular classification of kidney tumors. In addition,
miRNAs could serve as prognostic biomarkers in patients with renal cell carcinomas,
facilitating the prediction of relapse-free and overall survival of patients, thus reducing over-
and/or under-treatment. miRNAs can also be used as predictors of a patient’s response to
targeted therapy with tyrosine kinase inhibitors, facilitating the decision-making process
for selecting an appropriate treatment plan [31,32].

Currently, cancer diagnosis is undergoing a paradigm shift by incorporating molecular
biomarkers, such as DNA, RNA, miRNA, and proteins, into the routine diagnostic panel. In
recent years, researchers have developed deep learning-based methods for cancer diagnosis.
To overcome the superclass problem, an improved generative adversarial network has
been proposed, optimized using the Mayfly optimization algorithm [33]. The enhanced
generative adversarial network is a combination of the deep convolutional generative
adversarial network (DCG) and the modified convolutional neural network (MCNN).
Along with this new algorithm, the algorithms CMiRNA-BC-CNN, which uses a new
representation algorithm and evolutionary deep learning, and CMiRNA-BC-GCNN, which
uses multi-ohm data with graph convolutional networks, already exist for the classification
of cancer miRNA biomarkers. Further neural networks with an optimization process are
being developed to select the correct miRNA data [34,35].

5. Conclusions

The combined use of the classical methods of MMG and ultrasound exams with
MWR, meta-omics, and miRNA with neural networks for early breast cancer screening
will make it possible to identify pathologies that will most likely turn into cancer in the
future. When used alone, these novel methods indicated slightly raised probabilities of
cancer development in patients with high-risk malignancies, while the combination of
these methods gave clear indications of these malignancies. This novel approach will
make it possible to prescribe at-risk individuals with onco-prophylactic complexes to
regress obligate precancers, thereby reducing the number of precancers that develop into
breast cancer.

Author Contributions: Methodology, D.C.; formal analysis, I.G.; investigation, L.F.; resources, S.V.;
data curation, D.C. and I.G.; writing—original draft, O.F. and I.G.; writing—review and editing, M.D.,
A.T., A.G., B.O., S.K. and I.K.; project administration, O.F.; funding acquisition, calculations, L.P., A.L.
and L.F. All authors have read and agreed to the published version of the manuscript.

Funding: This research received no external funding.

Institutional Review Board Statement: Protocol N3 14 September 2022 Ethics committee of Russian
Academy of Medical-Social Rehabilitation.

Informed Consent Statement: Informed consent was obtained from all subjects involved in the study.



Diagnostics 2023, 13, 118 11 of 12

Data Availability Statement: The data presented in this study are available on request from the
corresponding author. The data are not publicly available due to ethics restrictions.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. Mohammad Zare, M. Bi-RADS®for Mammography and Ultrasound (2013 Updated Version); Breast Imaging CMEAt: Tehran, Iran, 2015.
2. Lee, S.H.; Kim, Y.-S.; Han, W.; Ryu, H.S.; Chang, J.M.; Cho, N.; Moon, W.K. Tumor growth rate of invasive breast cancers during

wait times for surgery assessed by ultrasonography. Medicine 2016, 95, e4874. [CrossRef] [PubMed]
3. Søiland, H.; Janssen, E.A.M.; Helland, T.; Eliassen, F.M.; Hagland, M.; Nordgård, O.; Lunde, S.; Lende, T.H.; Sagen, J.V.;

Tjensvoll, K.; et al. Liquid biopsies and patient-reported outcome measures for integrative monitoring of patients with early-stage
breast cancer: A study protocol for the longitudinal observational Prospective Breast Cancer Biobanking (PBCB) study. BMJ Open
2022, 12, e054404. [CrossRef] [PubMed]

4. Dabi, Y.; Suisse, S.; Jornea, L.; Bouteiller, D.; Touboul, C.; Puchar, A.; Daraï, E.; Bendifallah, S. Clues for Improving the
Pathophysiology Knowledge for Endometriosis Using Serum Micro-RNA Expression. Diagnostics 2022, 12, 175. [CrossRef]
[PubMed]

5. Casey, M.; Sweeney, K.J.; Brown, J.A.L.; Kerin, M.J. Exploring circulating micro-RNA in the neoadjuvant treatment of breast
cancer. Int. J. Cancer 2016, 139, 12–22. [CrossRef] [PubMed]

6. Vesnin, S.; Turnbull, A.K.; Dixon, J.M.; Goryanin, I. Modern microwave thermometry for breast cancer. J. Mol. Imaging Dyn. 2017,
7, 1000136.

7. Goryanin, I.; Karbainov, S.; Shevelev, O.; Tarakanov, A.; Redpath, K.; Vesnin, S.; Ivanov, Y. Passive microwave radiometry in
biomedical studies. Drug Discov. Today 2020, 25, 757–763. [CrossRef] [PubMed]

8. Chebanov, D.K.; Fisher, L.N.; Fisher, O.A.; Abramov, A.A.; Tatevosova, N.S. Method for Screening Breast Cancer and Predisposi-
tion to It, Russia. Patent for invention No. 2705344, 15 March 2019.

9. Vidyukov, V.I.; Mustafin, C.N. Method of Differential Diagnostics of Benign and Malignant Tumors. Patent No 2532372,
5 September 2014. (In Russian)

10. Li, J.; Galazis, C.; Popov, L.I.; Ovchinnikov, S.; Vesnin, A.; Losev, I. Goryanin Dynamic Weight Agnostic Neural Networks and
Medical Microwave Radiometry (MWR) for Breast Cancer Diagnostics. Diagnostics 2022, 12, 2037. [CrossRef] [PubMed]

11. Levshinskii, V.V. Mathematical models for analyzing and interpreting microwave radiometry data in medical diagnosis. J. Comput.
Eng. Math. 2021, 8, 3–14. [CrossRef]

12. Vidyukov, V.I.; Mustafin, C.K.; Kerimov, R.A.; Fisher, L.N. Differential diagnosis of breast tumors on the basis of radiothermometric
findings. Tumors Female Reprod. Syst. 2016, 12, 26–31. [CrossRef]

13. Losev, A.G.; Popov, I.E.; Petrenko, A.Y.; Gudkov, A.G.; Vesnin, S.G.; Chizhikov, S.V. Some Methods for Substantiating Diagnostic
Decisions Made Using Machine Learning Algorithms. Biomed. Eng. 2022, 55, 442–447. [CrossRef]

14. Levshinskii, V.; Galazis, C.; Ovchinnikov, L.; Vesnin, S.; Losev, A.; Goryanin, I. Application of Data Mining and Machine Learning
in Microwave Radiometry (MWR). In International Joint Conference on Biomedical Engineering Systems and Technologies; Springer:
Berlin/Heidelberg, Germany, 2019.

15. Galazis, C.; Vesnin, S.; Goryanin, I. Application of Artificial Intelligence in Microwave Radiometry (MWR). In Proceedings of the
12th International Joint Conference on Biomedical Engineering Systems and Technologies—BIOINFORMATICS, Prague, Czech
Republic, 22–24 February 2009. [CrossRef]

16. Son, S.-H.; Simonov, N.; Kim, H.; Lee, J.; Jeon, S. Preclinical Prototype Development of a Microwave Tomography System for
Breast Cancer Detection. ETRI J. 2010, 32, 901–910. [CrossRef]

17. Makarov, V.N.; Shmeliova, D.V.; Boos, N.A. Phantom to control the thermal ablation process. Russ. Technol. J. 2021, 9, 73–78.
[CrossRef]

18. Szczepanek, J.; Skorupa, M.; Tretyn, A. MicroRNA as a Potential Therapeutic Molecule in Cancer. Cells 2022, 11, 1008. [CrossRef]
[PubMed]

19. Pazzaglia, S.; Tanno, B.; De Stefano, I.; Giardullo, P.; Leonardi, S.; Merla, C.; Babini, G.; Cagatay, S.T.; Mayah, A.; Kadhim, M.; et al.
Micro-RNA and Proteomic Profiles of Plasma-Derived Exosomes from Irradiated Mice Reveal Molecular Changes Preventing
Apoptosis in Neonatal Cerebellum. Int. J. Mol. Sci. 2022, 23, 2169. [CrossRef]

20. Calin, G.A.; Crose, C.M. Micro RNA signatures in human cancer. Nat. Rev. Cancer 2006, 6, 857–866. [CrossRef]
21. Pillai, R.S. Micro RNA function: Multiple mechanisms for a tiny RNA? RNA 2005, 11, 1753–1761. [CrossRef]
22. Savad, S. Expression analusis of MiR MiR 205 and MiR 342 in breast cancer in Iran. Asian Pac. J. Cancer Res. 2007, 67, 11612–11620.
23. Valastyan, S. A pleiotropically acting micro RNA, miR -31, Inhibits breast cancer metastasis. Cell 2009, 137, 1032–1046. [CrossRef]
24. Huang, J.; Wang, X.; Wen, G.; Ren, Y. miRNA-205-5p functions as a tumor suppressor by negatively regulating VEGFA and

PI3K/Akt/mTOR signaling in renal carcinoma cells. Oncol. Rep. 2019, 42, 1677–1688. [CrossRef]
25. Wang, J.; Wu, J. Role of MiR 155 in breast cancer. Front Biosci. 2012, 17, 2350–2355. [CrossRef]
26. Zhao, J.J. MicroRNA-221/222 negatively regulates estrogen receptor alpha and is associated with tamoxifen re-sistance in breast

cancer. J. Biol. Chem. 2008, 283, 31079–31086. [CrossRef]

http://doi.org/10.1097/MD.0000000000004874
http://www.ncbi.nlm.nih.gov/pubmed/27631256
http://doi.org/10.1136/bmjopen-2021-054404
http://www.ncbi.nlm.nih.gov/pubmed/35487718
http://doi.org/10.3390/diagnostics12010175
http://www.ncbi.nlm.nih.gov/pubmed/35054341
http://doi.org/10.1002/ijc.29985
http://www.ncbi.nlm.nih.gov/pubmed/26756433
http://doi.org/10.1016/j.drudis.2020.01.016
http://www.ncbi.nlm.nih.gov/pubmed/32004473
http://doi.org/10.3390/diagnostics12092037
http://www.ncbi.nlm.nih.gov/pubmed/36140439
http://doi.org/10.14529/jcem210101
http://doi.org/10.17650/1994-4098-2016-12-1-26-31
http://doi.org/10.1007/s10527-022-10153-y
http://doi.org/10.5220/0007567901120122
http://doi.org/10.4218/etrij.10.0109.0626
http://doi.org/10.32362/2500-316X-2021-9-1-73-78
http://doi.org/10.3390/cells11061008
http://www.ncbi.nlm.nih.gov/pubmed/35326459
http://doi.org/10.3390/ijms23042169
http://doi.org/10.1038/nrc1997
http://doi.org/10.1261/rna.2248605
http://doi.org/10.1016/j.cell.2009.03.047
http://doi.org/10.3892/or.2019.7307
http://doi.org/10.2741/4056
http://doi.org/10.1074/jbc.M806041200


Diagnostics 2023, 13, 118 12 of 12

27. Burlyaev, V.V.; Davydenko, A.A.; Nikolaeva, O.M.; Russu, L.I.; Suetina, I.A.; Mezentseva, M.V. The prognostic model of antitumor
effect of targeted drug in immunotherapy. Fine Chemical Technologies. Fine Chem. Technol. 2016, 11, 69–74. [CrossRef]

28. Ruhle, M.; Espinal-Enríquez, J.; Hernández-Lemus, E. The Breast Cancer Protein Co-Expression Landscape. Cancers 2022, 14, 2957.
[CrossRef] [PubMed]

29. Tripathi, S.K.; Mathaiyan, J.; Kayal, S.; Ganesh, R.N. Identification of Differentially Expressed Mirna by Next Generation
Sequencing in Locally Advanced Breast Cancer Patients of South Indian Origin. Asian Pac. J. Cancer Prev. 2022, 23, 2255–2261.
[CrossRef] [PubMed]

30. Karasawa, K.; Arakawa, H. Detection of micro-RNA by a combination of nucleic acid sequence-based amplification and a novel
chemiluminescent pyrophosphate assay. Luminescence 2022, 37, 822. [CrossRef]

31. Griñán-Lisón, M.A.; Olivares-Urbano, G.; Jiménez, E.; López-Ruiz, C.; Val, C.; Morata-Tarifa, J.M.; Entrena, A.R.;
González-Ramírez, H.; Boulaiz, M.; Zurita Herrera, M.I.; et al. Marchal miRNAs as radio-response biomarkers for breast cancer
stem cells. Mol. Oncol. 2020, 14, 556–570. [CrossRef]

32. Tsiakanikas, P.; Giaginis, C.; Kontos, C.; Scorilas, A. Clinical utility of microRNAs in renal cell carcinoma: Current evidence and
future perspectives. Expert Rev. Mol. Diagn. 2018, 18, 981. [CrossRef]

33. Tamilmani, G.; Devi, V.B.; Sujithra, T.; Shajin, F.H.; Rajesh, P. Cancer MiRNA biomarker classification based on Improved
Generative Adversarial Network optimized with Mayfly Optimization Algorithm. Biomed. Signal Process. Control 2022, 75, 103545.
[CrossRef]

34. Souza, K.C.B.; Evangelista, A.F.; Leal, L.F.; Souza, C.P.; Vieira, R.A.; Causin, R.L.; Neuber, A.C.; Pessoa, D.P.; Passos, G.A.S.;
Reis, R.M.V.; et al. Identification of cell-free circulating MicroRNAs for the detection of early breast cancer and molecular
subtyping. J. Oncol. 2019, 2019, 8393769. [CrossRef]

35. Jamali, L.; Tofigh, R.; Tutunchi, S.; Panahi, G.; Borhani, F.; Akhavan, S.; Nourmohammadiv, P.; Ghaderian, S.; Rasouli, M.;
Mirzaei, H. Circulating microRNAs as diagnostic and therapeutic biomarkers in gastric and esophageal cancers. J. Cell. Physiol.
2018, 233, 8538–8550. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

http://doi.org/10.32362/2410-6593-2016-11-4-69-74
http://doi.org/10.3390/cancers14122957
http://www.ncbi.nlm.nih.gov/pubmed/35740621
http://doi.org/10.31557/APJCP.2022.23.7.2255
http://www.ncbi.nlm.nih.gov/pubmed/35901329
http://doi.org/10.1002/bio.4226
http://doi.org/10.1002/1878-0261.12635
http://doi.org/10.1080/14737159.2018.1539668
http://doi.org/10.1016/j.bspc.2022.103545
http://doi.org/10.1155/2019/8393769
http://doi.org/10.1002/jcp.26850

	Introduction 
	Materials and Methods 
	Results 
	Discussion 
	Conclusions 
	References

