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Featured Application: Devices for microwave mammography could soon appear in
clinical practice. The significant result of this study is the demonstration of the high
safety of a microwave imaging system in terms of heating induced in biological tissues.

Abstract: The impact of breast cancer on public health is serious, and due to risk/benefit
assessment, screening programs are usually restricted to women older than 49 years.
Microwave imaging devices offer advantages such as non-ionizing radiation, low cost,
and the ability to distinguish between cancerous and healthy tissues due to their electrical
properties. Ensuring the safety of this technology is vital for its potential clinical application.
To estimate the temperature increase in breast tissues from a microwave imaging scanner,
cases of healthy, benign, and malignant breast tissues were analyzed using three digital
models and adding two healthy breast models with varying densities. Virtual experiments
were conducted using the Sim4Life software (version 7.2) with a system consisting of a
horn antenna in transmission and a Vivaldi antenna in reception. Temperature increases
were estimated based on the Specific Absorption Rate distributions computed for different
configurations and frequencies. The highest temperature increase obtained in this analysis
is lower than 60 uK in fibroglandular tissue or skin, depending on the frequency and breast
density. The presence of a receiving antenna acting as a scatterer modifies the temperature
increase, which is almost negligible. Microwave examination can be performed without
harmful thermal effects due to electromagnetic field exposure.

Keywords: biomedical antennas; breast; dosimetry; microwave imaging; safety; SAR;
temperature

1. Introduction

Breast cancer has become the most frequently diagnosed cancer in the world, with
over 2.3 million new cases estimated in 2020 [1], and its impact on public health is serious.
Nowadays, aware of the risk factors linked to the onset of cancer, the female population
can implement lifestyle changes that, together with screening and technological advances
in early diagnosis and treatment, allow them to live with a history of breast cancer.
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1.1. Current Breast Cancer Screening Technologies

To date, X-ray mammography is the gold standard technology for breast cancer
screening. Mammography sensitivity can be positively or negatively affected by variables
like a woman’s age, hormonal status, and breast density (amount of fibroglandular tissue
in a breast relative to fat), as well as tumors’ size and stage. From a case-control study [2],
screening performance was found to be superior in the fat breast group compared to the
dense breast group (overall sensitivity 75.7% vs. 57.8%). In addition to the low sensitivity in
extremely dense breasts, other drawbacks of X-ray mammography are the painful physical
compression of the breast and the risk related to the use of ionizing radiation. According
to the WHO, women aged 50 and over should have a screening every two years. The use
of X-rays does not allow for a higher examination frequency because of the potentially
harmful consequences, such as the onset of cancer. For the same reason, young women
are not eligible for screening, although, worldwide, almost 30% of breast cancer cases
occur in women younger than 50 years [1]. In this scenario, different research groups are
working to develop new imaging devices based on microwaves [3]. The latter have several
advantages, including low cost, ease of use, and, mainly, the use of non-ionizing radiation.
Moreover, despite low resolution (in the order of some millimeters [3]), the quantitative
nature of the technique allows microwave imaging (MI) to differentiate between malignant
and benign tumors. Magnetic resonance imaging (MRI) and ultrasound are other relevant
breast screening techniques in the field of non-ionizing radiation. However, MRI requires a
substantial financial commitment [3] for both the initial acquisition and subsequent costs,
including maintenance, infrastructure, safety measures, and specialized staff. The limit
of ultrasound is its low sensitivity in distinguishing benign and malignant tumors [3].
Indeed, the extensive investigation into the use of microwaves in breast cancer detection
is motivated by the promise of better sensitivity due to the possibility of distinguishing
some physiopathological statuses based on tissue electrical properties (EPs). The EPs in
the range of microwaves (from 0.5 GHz to 8 GHz) differ greatly depending on the tissues.
The electrical permittivity value of a benign tumor and cancer is about 3 and 10 times
larger than that of the corresponding healthy tissue, respectively. Similar proportions are
found for the conductivity [4]. This strong contrast is expected to become visible in the MI
results. An MI system is usually composed of antennas illuminating the patient’s breast
and collecting the reflected signals. Different systems presented in the literature use horn
antennas [5], Vivaldi antennas [6], or patch antennas [7]. They usually use a compact vector
network analyzer (VNA) as the signal generator and recording device, which works in
the range from 0.5 GHz to 9 GHz. The output power is set on a scale from 0.05 mW to
32 mW, depending on the device. The VNA collects S-parameters, which can be elaborated
by software to produce an image of the target object. Different architectures are also used
in some radar-based systems, such as antenna arrangements in prosthetic bras [8] and
hand-held devices [9]. Advanced MI systems produce qualitative images in which the
contrast map can highlight the presence of an abnormal mass.

1.2. Safety Assessment of Microwave Technology

The introduction of MI systems in the clinical world is foreseen, considering that the
CE mark [10], denoting products compliant with EU safety, health, and environmental
standards for commercial purposes, was granted to some of them [11,12] and that clinical
studies are ongoing [13]. Since MI is an evolving field, it is useful to check through
scientifically sound dosimetric studies that the interaction between electromagnetic (EM)
fields and biological tissues related to this application is safe. Because MI devices are
based on non-ionizing radiation, the advantages over X-ray technology are indisputable,
particularly as they would allow screening without age limitations. However, quantifying
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potential adverse effects caused by exposure to this type of EM field is essential to assess
MI safety. This is important also to understand the room for further development of
the technology, in terms of better hardware configurations, to ensure sufficient and good
quality data for image reconstruction. In the MI range of frequencies, the only recognized
biological effect of EM radiation is heating, which could increase the temperature in a
localized manner. The specific absorption rate (SAR), defined as the power absorbed per
mass of tissue, with units of watts per kilogram (W-kg~'), is a well-established metric
to quantify the thermal effects of EM waves in the tissues. Since there is no specific
technical regulation for MI that establishes patient exposure limits, the guidelines for
limiting exposure to EM fields from 100 kHz to 300 GHz published by the International
Commission on Non-Ionizing Radiation Protection (ICNIRP) [14] could be a reference
starting point. For the general public, in the range from 100 MHz to 6 GHz over a 6-min
time interval, SAR should not exceed the level of exposure defined by the guidelines. Above
6 GHz, SAR is replaced by the absorbed power density (W-m~2) as the metric to assess a
more superficial effect of EM radiation localized at the skin level. As a matter of fact, the
set of metrics established by ICNIRP acts as a surrogate of the temperature increase. For
this reason, in this work, the calculation of SAR was performed not as a metric to be tested
with respect to safety limits but as an intermediary parameter used to estimate the final
temperature increase. Previous works presented studies of the thermal effects consequent
to the use of MI in breast cancer detection. They show that the level of exposure is not
dangerous for breast tissues. However, some studies were conducted with a non-anatomical
model to mimic breast tissue [15] and a plane wave illumination [16], which could not
mimic a real transmitted field. Another study used one specific virtual phantom from
a repository of 3D biological models for numerical simulation and constructed a simple
phantom that was used in a real experimental environment for validating the simulation
results [17]. In this case, the exposure to the field generated by a Vivaldi antenna was
assessed with an analysis performed by varying the signal power and the distance from
the target. The computations were performed only at the frequency of 8.5 GHz, and the
temperature increase was evaluated after a very long exposure of two hours. A dosimetric
analysis was also performed for a hand-held MI [18], which works in direct contact with
the breast and, as such, uses a relatively low transmitted power (0.045 mW). The particular
design of this MI device makes it difficult to generalize the results of this analysis to other
systems. This paper aims to assess the safety of an MI system in a wide range of frequencies
by computing the SAR distribution in different numerical breast models selected from MRI
scans of healthy and pathological breasts to cover variability in the patient population and
analyze the maximum temperature increase in the different breast tissues. This approach
enables the assessment of the thermal effects of electromagnetic fields on biological tissues
in the microwave frequency range, moving beyond the reliance on reference quantities
commonly used in guidelines, such as SAR. The study emphasizes temperature as it is
the physical metric most closely related to biological effects and is easily interpretable.
Quantification of thermal effect aids in evaluating the risk/benefit profile of the diagnostic
tool. The system considered here is the MammoWave device [11] (UBT Srl, Perugia, Italy),
consisting of a transmitting horn antenna rotating around a holder where the patient’s
breast is located during the examination. The physical model adopted in this study for
estimating the induced temperature increases could be applied to a range of breast MI
devices, with minor necessary adjustments, in case they operate on the same principle.

2. Materials and Methods

The safety assessment was conducted by means of virtual experiments performed with
the commercial software Sim4Life (Zurich MedTech, Zurich, Switzerland, version 7.2, https:
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/ /simdlife.swiss/ accessed on 30 September 2024). Sim4Life is typically used for dosimetric
analysis of biological tissues. It is widely used due to its availability and integration of
highly detailed anatomical models; however, a similar analysis can be conducted with
other EM software. Full-wave simulations have been conducted, considering Maxwell’s
equations in their complete form. In the simulations, the models of the breast and the horn
antenna that acts as a source in the considered MI system have been placed in the proper
relative position, thus allowing to take into account the near-field coupling. Figure 1 shows
the relative positioning of the antenna and the anatomical breast model.

20cm

Figure 1. Positioning of the horn antenna and an anatomical breast model. The orange dotted line
highlights the region of interest (ROI).

2.1. Anatomical Breast Models

The exposure of five different anatomical breast models was simulated. They represent
the case of a healthy breast (models #1, #4, and #5), the presence of a benign tumor (model
#2), and a cancerous breast (model #3). The digital models were produced from data
collected in a public repository (https://github.com/acpelicano/breast_models_repository
accessed on 30 September 2024) of models derived from MRI images for MI research [19].
The repository provides segmented medical images in MHA format that, processed with
the software 3DSlicer (https://www.slicer.org/ accessed on 30 September 2024), were
used to create STL surface models of the breast tissues. This allowed importing the
anatomical breast models into the Sim4Life simulation environment. Six different tissues
were defined in the breast models: skin, muscle, fibroglandular tissue, fat, and possibly
benign or malignant tumors. The used breast models are shown in Figure 2. Model #2
includes two benign tumors with bounding boxes of 49.0 mm x 36.6 mm X 35.1 mm
and 8.5 mm X 7.9 mm x 9.0 mm; model #3 includes two malignant tumors with bounding
boxes of 8.4 mm x 7.6 mm X 7.4 mm and 8.1 mm x 6.8 mm x 8.0 mm. Breast density is
a feature of interest because it can affect tumor detection in diagnostic imaging [20]. In
this work, by comparing the volume of fibroglandular tissue to the total volume of the
breast, we classified the models as a, b, ¢, or d, following the logic of VOLPARA software
(https:/ /www.volparahealth.com/breast-health-software/ accessed on 9 April 2025) [21].
Models #2 (breast density equal to 11%), #3 (13.7%), and #4 (9.3%) were in class ¢, models
#1 (17%) and #5 (25%) were in class d.

2.2. Hardware Configuration

MammoWave is one of the MI devices used in clinical studies [13]. Similar architectures
can be found in the SAFE (MITOS medical technologies, Istanbul, Turkey) [22] and Wavelia
(MVG industries, Villejust, France) [23] devices. All three operate with S-parameters:
MammoWave uses two antennas, one for transmission and one for reception, while the
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other two devices have multiple antennas and a switch to perform both functions. They
operate within a similar frequency range. Differently from both MammoWave and SAFE,
the Wavelia system has its antennas immersed in a coupling liquid. The MammoWave
device works in the frequency range from 1 GHz to 9 GHz with an incident power of 1 mW
and uses a moving Vivaldi antenna in reception to collect the signal scattered from the object
under exam in various positions for every stationary configuration of the transmitting
horn antenna. The five transmitting antennae assume five stationary positions uniformly
distributed around the breast holder, while the receiving antenna moves in steps of 4.5°
to measure the signal from each transmitting position [11]. In particular, experimentally,
the device works by employing 10 transmitting positions, displaced in 5 sections, with
a slight tilt from the central position of each section, in order to average the acquisitions
two by two. Simulations were performed at the frequencies of 2 GHz, 4 GHz, 6 GHz, and
8 GHz to cover the wide range of frequencies used in the MI system. All the breast models
were studied considering all five central positions of the horn antenna. These positions are
presented in Figure 3 and are numbered from 1 to 5. The Vivaldi antenna was included
in the simulated problem with model #1 at a later stage in order to determine its impact
on the estimated temperature increases. Three angles between the transmitting and the
receiving antennas were simulated. The letters A, B, and C denote the three positions of the
receiving antenna, as shown in Figure 4.

Figure 2. Digital breast phantoms used in simulations. From left to right, a left healthy breast
(model #1), a right breast with two benign tumors highlighted in red (model #2), a right breast with
two malignant tumors highlighted in red (model #3), and two left healthy breasts (models #4 and #5).

"T\

Figure 3. Studied positions of the transmitting horn antenna numbered from 1 to 5.
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)

Figure 4. (a) Configuration of horn and Vivaldi antennas with respect to the breast model; (b) three

a b

positions assumed by the Vivaldi antenna in the cases simulated labeled as C, D, and E, including the
transmitting antenna.

2.3. Mathematical Modeling

The EM problem was simulated in Sim4Life (version 7.2, https:/ /sim4life.swiss/ ac-
cessed on 30 September 2024), which implements a finite-difference time-domain solver
with absorbing boundary conditions implemented with perfectly matched layers (PML).
The anatomical models were discretized in voxels, whose dimensions range from 7 mm
in the background to 1 mm in the antenna and breast region. The size of the compu-
tational domain is 1000 mm x 362 mm X 1000 mm, with an additional padding of
300 mm x 20 mm x 300 mm. This allows for neglecting possible spurious reflection effects
in the region of interest that may arise from imperfect absorption conditions on the bound-
aries. To avoid missing any detail or symmetry, it was necessary to use a finer mesh of
0.4 mm in the power supply, represented by a coaxial cable connected to the horn antenna.
In the breast, a mesh with a resolution not larger than 1 mm ensured good accuracy in
calculating the SAR distribution because the penetration depth at the highest considered
frequency is equal to 2.4 mm. Results were scaled to an input power of 1 mW, equal to
that used by the MammoWave system. Heat transfer in biological tissues was modeled
mathematically by Pennes’ equation [24], which, with the temperature increase 6 (K) as

unknown, is given by

20
pCETt = V:(kV6) —hy6 + Qe 1

where C is the specific heat capacity (J-kg~!-K™1), p is the mass density (kg-m~3), t is time
(s), k is the thermal conductivity (W-m~1-K~1), hy, is the perfusion coefficient (W- m—3.K~1),
and Qe is representing the EM heat-source density (W-m~3). The temperature increase as
unknown allows us to write Pennes’ equation without explicitly including the metabolic
heat and the blood temperature, which are highly subject-dependent parameters [24]. EM
heat source density is expressed as:

Qem = —5— = PSAR 2)

where |E| is the peak value of the electric field generated in the considered point of
tissue (V-m~!), o the electric conductivity of the tissue (S-m~!), and SAR the specific
absorption rate of the radiation in the tissue (W-kg~!). Because of the short duration
of the exposure with respect to the time scale of the thermal conduction in biological
tissues, the precautionary hypothesis of adiabatic heating was assumed, namely both the
diffusion of heat towards neighbor voxels (described in the equation by the term with
thermal conductivity) and the diffusion towards the blood (described by the term with the
perfusion coefficient) were neglected. Thus, SAR and temperature increase became linearly
related as follows: .

0= éSAR 3)
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where t. is the duration of exposure (s). Henceforth, the duration of exposure is set to
te = 15 s. Over the entire duration of a single breast diagnostic exam, the active time of the
VNA was estimated as the product of 10 ms (VNA ignition time for every signal transmis-
sion) times 1601 (number of steps of frequency sampling, 5 MHz each, in the range from
1 GHz to 9 GHz) times 800 (number of combinations of 10 transmitting, 5 positions each
one with 2 transmissions, and 80 receiving positions scanned with a two-port VNA) [11].
Therefore, 15 s is an overestimation of the actual duration of exposure. Moreover, it is worth
noting that the active time should be distributed within the entire examination, which lasts
about 8 min, obtaining a low-duty cycle. However, to obtain conservative results, 15 s
of continuous exposure was considered for each of the five positions of the transmitting
antenna chosen in this study and for each selected frequency. The electrical properties
of the healthy tissues were assigned according to the IT’IS Foundation database [25] and
assumed to be invariant with respect to temperature. Values of the specific heat capacity
of the different breast tissues, including cancer, were set for every tissue [26]. The specific
heat capacity of cancer was assigned to the benign tumor tissue as well. Regarding the
mass density, its correlation with the tissue water content was exploited. Precisely, a linear
regression between the water content of the skin, breast gland, adipose tissue, and mus-
cle [26] and the mass density of the corresponding tissues [25] was used to obtain the breast
cancer mass density given its water content [26]. The same mass density was also assigned
to the benign tumor. The values set for all the thermal parameters are shown in Table 1.
The EPs of benign and malignant tumors were set, distinguishing between breast benign
abnormalities and cancer at the frequency of 2 GHz, 4 GHz, 6 GHz, and 8 GHz, according
to the literature [4]. For each tissue, the peak SAR value and its position were extracted
from the simulation results. The collected SAR values were used to compute the maximum
temperature increase inside each breast tissue. To further investigate the sensitivity of
simulation results with respect to the used input parameter values, a 10% variation was
taken into account for these values. Precisely, two additional simulations were performed
in a later stage at the intermediate frequency of 6 GHz and with the horn antenna in the
position leading to the largest temperature increase in model #1. In each additional simula-
tion, the values of the electrical and thermal properties of breast tissues were decreased or
increased by 10%. All the properties were increased or decreased together, assuming that
the variation in the properties is due to a variation in the tissue water content.

Table 1. Values of specific heat capacity, water content, and mass density of breast tissues.

Tissue Specific Heat Capacity Water Content Mass Density
(J-kg 1. K1) (%) (kg-m—3)
Fat 2300 50 911
Gland 3000 60 1041
Skin 3300 60 1109
Tumor 3850 80 1179
3. Results

The SAR distributions simulated under the conditions described above were extracted
for each anatomical breast model. To quantify the level of conservativeness of the adiabatic
heating assumption, the temperature increase in the healthy model #1 at 2 GHz with the
antenna in position 1 was computed with the thermal transient solver of Sim4Life, taking
into account both diffusion and perfusion, with parameters from the IT’IS Foundation
database (version 4.2) [25]. The computed values were everywhere lower than the ones
provided by the method adopted in this work, with a peak of 2.46 uK against 7.42 puK.
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Peaks of temperature increase in the healthy breast model #1 deduced from the peaks of
SAR with the horn antenna in the five considered positions at each selected frequency are
reported in Table 2. Table 3 presents the results for model #2, which includes a benign
anomaly highlighted in the table insets as red dots. Table 4 reports the values for breast
model #3, which includes a malignant tumor, highlighted using red dots in the table insets.
The obtained values for models #4 and #5 are shown in Tables 5 and 6, respectively. SAR
distributions on the surface of the five exposed models are shown in Figure 5. The effect of
the receiving Vivaldi antenna in the field distribution was tested for model #1, considering
the horn antenna in position 3 transmitting at 6 GHz, which is the scenario showing the
highest temperature increase in Table 2. Results are reported in Table 7. The sensitivity
of the results with respect to variations in electrical and thermal properties of tissues
was investigated for model #1, considering the horn antenna in position 3 transmitting at
6 GHz. Results are reported in Table 8. In the same scenario, SAR value sensitivity to mesh
refinement was analyzed. The mesh density in the breast model domain was decreased by
50%, resulting in a 2 mm element size. Table 9 presents a comparison between temperature
increases in this coarsened mesh assessment versus the original mesh configuration. The

results suggest that any potential underestimation of SAR values when using a mesh
dimension of 1 mm instead of 0.5 mm would not lead to harmful oversight of the actual
temperature increases in tissue.

Figure 5. SAR distributions on the breast model surfaces computed with the horn antenna transmit-
ting at 2 GHz in position 4.

Table 2. Peak of temperature increase (uK) varying frequency, breast tissue, and horn antenna
position. Bolded values identify, for each frequency and antenna position, the tissue with the highest
temperature increase.

Model #1 Horn Antenna Position

NI L] Q N 0
o e (7 (07 o(OF (g =]
0 0 2 0 T3 0 4 0 s

Fat 1.27 2.40 3.26 4.19 1.84

2 Gland 7.42 13.0 17.8 27.7 11.7
Skin 2.55 2.98 6.02 9.02 2.38

Fat 2.07 2.59 4.65 2.74 3.92

4 Gland 13.8 7.75 13.9 12.3 5.46
Skin 5.35 478 8.97 8.81 5.79

Fat 4.60 451 6.94 441 5.53

6 Gland 34.0 16.4 38.2 28.6 14.9
Skin 11.8 9.60 11.2 17.3 12.7

Fat 3.17 495 4.74 411 6.00

8 Gland 224 214 29.5 199 12.5

Skin 11.2 15.6 19.9 23.6 15.8
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Table 3. Peak of temperature increase (uK) varying frequency, breast tissue, and horn antenna
position. Bolded values identify, for each frequency and antenna position, the tissue with the highest
temperature increase.

Model #2 Horn Antenna Position
N 0 )
f [GHz] 3reast ® (\i‘jDO - %'_)O O \ '7/\0 O %T\O - >'7\|6
tissue % @) G‘» Q C O O.J @ B_,/ >
Fat 1.31 3.15 3.53 291 3.67
5 Gland 5.26 14.1 12.7 18.3 13.6
Skin 227 6.21 6.17 5.49 2.95
Tumor 1.27 341 0.65 0.56 0.70
Fat 2.51 2.65 6.74 3.29 4.56
4 Gland 7.70 10.8 329 10.8 16.1
Skin 3.26 5.05 9.55 5.39 4.49
Tumor 2.50 4.16 0.40 0.20 0.30
Fat 4.08 5.15 7.20 5.64 4.08
6 Gland 14.0 20.7 29.6 27.7 171
Skin 8.41 9.17 14.1 15.5 8.41
Tumor 1.58 2.10 0.46 0.04 0.38
Fat 3.48 3.53 9.55 3.61 3.29
g Gland 8.72 17.3 23.6 13.6 11.8
Skin 14.8 16.1 28.0 28.2 16.2
Tumor 0.64 0.76 0.16 0.02 0.15

Table 4. Peak of temperature increase (uK) varying frequency, breast tissue, and horn antenna
position. Bolded values identify, for each frequency and antenna position, the tissue with the highest

temperature increase.

Model #3 Horn Antenna Position
0 0 0 0

wana 2 e o0 o o o)
0 Q O‘ O 0 —Q 0* e 0-' O

Fat 1.27 3.52 4.86 2.08 0.574

) Gland 3.45 13.5 11.3 10.9 3.20

Skin 1.89 4.39 8.81 4.74 1.57

Tumor 0.59 1.19 0.43 0.63 0.39

Fat 1.00 3.08 7.00 2.33 1.30

4 Gland 3.60 7.96 24.6 6.56 4.11

Skin 3.64 5.11 13.1 391 2.19

Tumor 0.91 0.17 0.04 0.02 0.40

Fat 341 417 11.3 3.10 2.93

6 Gland 14.7 15.5 23.5 13.8 7.05

Skin 8.12 7.89 12.6 9.39 5.52

Tumor 0.36 0.03 0.02 0.01 0.17
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Table 4. Cont.

Model #3 Horn Antenna Position
Fat 2.63 3.47 5.40 3.29 2.02
Gland 10.6 15.3 15.9 18.5 9.72
8 Skin 14.9 19.6 27.7 19.7 13.3
Tumor 0.42 0.004 0.003 0.003 0.06

Table 5. Peak of temperature increase (uK) varying frequency, breast tissue, and horn antenna
position. Bolded values identify, for each frequency and antenna position, the tissue with the highest

temperature increase.

Model #4 Horn Antenna Position

0 ) Q 0 Q
ronn Ut e ()7 (] o =] =)

0 0 o9 0 o

Fat 0.36 0.92 1.74 1.12 0.89

2 Gland 1.49 4.14 4.91 5.23 2.42
Skin 1.10 1.72 3.15 5.59 2.00

Fat 1.06 0.70 1.01 147 1.06

4 Gland 342 3.15 3.65 6.93 3.13
Skin 2.05 2.34 2.94 411 3.03

Fat 1.20 142 2.52 1.87 217

6 Gland 2.37 3.39 4.05 477 3.63
Skin 4.69 5.07 9.52 8.11 4.96

Fat 1.56 1.65 391 2.77 1.93

8 Gland 3.73 4.20 6.84 453 3.27
Skin 10.6 11.5 15.3 15.5 10.8

Table 6. Peak of temperature increase (uK) varying frequency, breast tissue, and horn antenna
position. Bolded values identify, for each frequency and antenna position, the tissue with the highest
temperature increase.

Model #5 Horn Antenna Position
0 e Q 0 Q
f [GHz] ],zrszis; @ OZ ) ( )Z O (: /\i @) ; \/; =) <., g
0 0 o - 0 4
Fat 1.77 1.89 1.27 2.46 1.07
2 Gland 6.48 5.70 6.99 15.7 6.41
Skin 2.49 3.76 4.38 471 1.57
Fat 3.07 1.87 1.62 3.39 2.56
4 Gland 11.9 7.91 5.92 13.9 7.93
Skin 8.12 3.87 3.24 5.15 3.50
Fat 3.10 2.02 2.71 2.42 3.05
6 Gland 10.5 8.54 10.7 17.5 17.1

Skin 8.25 6.67 5.80 5.94 5.90
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Table 6. Cont.

Model #5 Horn Antenna Position
Fat 4.97 212 241 2.60 2.36
8 Gland 141 8.28 6.63 11.6 12.3
Skin 15.9 12.6 12.7 13.3 12.0

Table 7. Peak of temperature increase (1K) varying breast tissue, horn, and Vivaldi antenna position.
Bolded values identify, for each antenna’s position, the tissue with the highest temperature increase.

Model #1 Horn and Vivaldi Antenna Position
f [GHz] Breast tissue ® () @ g)— @ (_>\_
0 “sc 0 “sp 0 s
Fat 2.10 7.76 7.86
6 Gland 7.74 58.5 43.9
Skin 6.81 11.8 10.5

Table 8. Peak of temperature increase (1K) varying breast tissue, horn, and Vivaldi antenna position.
Bolded values identify, for each antenna’s position, the tissue with the highest temperature increase.

Model #1 Horn Antenna Position
B ;_\\ @ B ,,M/"_"\»O
O ) O )
f [GHz] Breast tissue S Pl
0 0
-1 00/0 +10%
Fat 7.80 6.25
6 Gland 43.7 33.7
Skin 11.7 11.0

Table 9. Peak of temperature increase (1K) varying breast tissue, horn, and Vivaldi antenna position.
Bolded values identify, for each antenna’s position, the tissue with the highest temperature increase.

Model #1 Horn Antenna Position
p Sy
O ) O | )
f [GHZz] Breast tissue Sy ~—0
Actual mesh Coarser mesh

Fat 6.94 491

6 Gland 38.2 33.9

Skin 11.2 10.6

4. Discussion

Testing the safety of microwave mammography through virtual experiments was
the aim of this work, with a focus directly on the biological effect, namely the induced
temperature increase. The highest temperature increase observed in this analysis is 58.5 pK.
Such a small temperature increase is related to the low incident power level at which the
MammoWave system operates (1 mW). Other MI devices could operate at different power
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levels; however, the linear relationship between temperature and power ensures that the
temperature increase at these frequencies remains very low even at much higher powers,
such as up to 1 W. In this case, linearity assures that the temperature peak will increase
by three orders of magnitude, with a maximum temperature increase lower than 60 mK.
Simulations showed that the breast absorbs energy from the EM waves, whose intensity
becomes attenuated as the radiation penetrates the biological tissue. In most cases, the
temperature peak occurs in fibroglandular tissue. Specifically, this happens throughout the
range of frequencies analyzed in models #1, #2, and #3 up to 6 GHz, except for model #1
with the horn antenna in position 5 transmitting at 4 GHz and for model #3 with the horn
antenna in position 1 transmitting at 4 GHz, where the temperature peak was found in
the skin. At 8 GHz, temperature peaks tend to move from the fibroglandular tissue to the
skin for all models. Precisely, this happens for model #1 with the horn antenna in positions
4 and 5, for model #2 with all horn positions except number 2, and for model #3 with all
the considered antenna positions. In models #2 and #3, the tumor tissue experiences the
smallest temperature increase. This could be due to the fact that tumors receive a rather
attenuated field, being located in a more internal area of the breast. In addition, it was
mostly found that the benign tumor has a higher absorption than the malignant tumor
despite the lower conductivity. This may depend on the fact that the tumor in model #3
is deeper than the one in model #2. Larger temperature increases could be observed in
more superficial tumors that were not included in the investigation. However, the order
of magnitude of the obtained results reassures us of the absence of thermal hazards even
in such a situation. In order to better understand the variability of the presented results,
the investigation took into account some parameters that could affect the temperature
estimation, including breast density and the presence of a receiving antenna. The influence
of the former parameter was studied in models #4 and #5. The temperature peak is located
in the skin for model #4 at 6 GHz, 8 GHz, and 2 GHz with the horn antenna in position 4,
whereas for model #5, it is in the fibroglandular tissue for all the considered frequencies
except 8 GHz, excluding the horn antenna in position 5. When breast density is low, as in
model #4 (9.3% of fibroglandular tissue), the energy of the radiation tends to be primarily
dissipated in the outermost tissue, whereas in the case of high breast density, as in model #5
(25% of fibroglandular tissue), the energy of the radiation is dissipated in a relevant amount
also in the most superficial areas of the glandular tissue. The considered MI system has
an antenna configuration in which the transmitting and the receiving antennas operate
in distinct moveable positions. When the receiving Vivaldi antenna is placed between
the transmitting horn antenna and the breast model, the emitted signal can be distorted.
Indeed, the results collected in Table 7 show that when the transmitter and the receiver
are aligned, a reduction in the temperature peak is found in fat (—69.7%), fibroglandular
tissue (—79.7%), and skin (—39.2%). In this case, the receiver, acting as a scatterer, tends
to spread the transmitted EM field outward, and the signal received by the breast gets
lower, with a reduced temperature increase compared to the case without the receiving
antenna. When the transmitter and the receiver are at 30° from each other, an increase in
the peak temperature was found in fat (+11.8%), fibroglandular tissue (+53.1%), where the
strongest was observed, and skin (+5.4%). Finally, when the transmitter and the receiver
are at 60° from each other, the temperature peak increases in the fat (+13.3%) and in the
fibroglandular tissue (+14.9%) but decreases in the skin (6.2%). These results show that
if the Vivaldi antenna is shifted with respect to the horn antenna, it can focus the EM
waves toward the breast, causing a higher temperature increase than in the case without
the receiving antenna. Other positions for the Vivaldi antenna were not studied because
if the angle between the two antennas is greater than 90°, the impact was assumed to be
negligible. Considering the small temperature elevation that occurs even in the worst case,
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the presence of the receiving antenna acting as a scatterer does not compromise the safety of
the system. Varying the electrical and thermal properties of breast tissues of +10% showed
a temperature increase consistent with that obtained with nominal values, with a variation
related to the applied changes of at most 15%. A thorough analysis of the influence of tissue
property variability would require a stochastic dosimetry approach [27], but considering
the extremely low levels of thermal effects, a deterministic approach has been chosen. The
outcome builds upon the previous findings and supports the conclusion that the MI system
can be considered safe.

Comparison with Existing Studies About the Safety of M1

This section compares the findings of the current study regarding the safety of the
MI system with results from other relevant studies in the field. In [15], a dosimetric
analysis on a monostatic radar-based MI system is proposed, employing a geometrical
three-layer phantom with inclusions simulating tumors of various sizes and a microstrip
patch antenna functioning as both transmitter and receiver. The SAR and the temperature
increase induced in the phantom were computed at 4 GHz, 6 GHz, and 8 GHz, taking into
account various distances of the antenna from the phantom and different dielectric property
values to simulate the influence of the patient’s age. In the absence of tumors, the highest
SAR is found in the skin layer, while it is found in the tumor if it is present. Temperature
analysis reveals a slight increase, with maximum values of 55 mK in healthy tissue and
95 mK in cancerous tissue, with distribution patterns varying for continuous exposure
times ranging from 10 to 60 min. The temperature variations are approximately four orders
of magnitude higher than those reported in the current research. However, this discrepancy
can be attributed to differences in system architecture and to the longer simulated exposure
time, which is at least 10 min. Additionally, the model used in this study does not include
fibroglandular tissue, which is found to be the primary energy-absorbing tissue in the
current research. Simulating a realistic anatomical structure allows for better consideration
of the breast’s heterogeneities, enhancing the accuracy of the analysis. In [16], a worst-
case scenario was analyzed involving the exposure of a 3D anatomical breast model to
a plane wave at various frequencies in the 0.4-9 GHz range. The input surface power
density of 10 W/m?, maximum exposure level in the frequency range of interest according
to [28], resulted in SAR peak values located in the skin higher than those observed in the
current study. Despite differences in the physical nature of the source and input power,
the increasing trend of SAR peak values with frequency reported in this study agrees with
the trend of temperature rise with frequency calculated in the current work. To produce a
quantitative comparison, the averaged incident surface power density was computed on
the breast surface from a simulation performed on free space (without the breast tissues),
yielding a value of 0.005 W/m? at a frequency of 2 GHz. Using this value, the SAR was
scaled to an input surface power density of 10 W/m?, resulting in a peak SAR of 2.97 W /kg
in the fibroglandular tissue. This value is lower than the local peak SAR at 2 GHz reported
in the other study, which is approximately 8 W/kg. Nevertheless, the order of magnitude
of the SAR is consistent between the two studies. Experimental measurements available in
the literature [17] show that the SAR value due to a Vivaldi antenna transmitting at 8.5 GHz
with an incident power of 1 mW is in the order of 1 mW /kg. As can be seen in Figure 5, the
results of this study are in the same order of magnitude, although a horn antenna was used
in transmission. Moreover, the computation presented here shows that, despite the adopted
conservative model, the thermal effect is small enough to be considered negligible. In [17],
a variation of £10% at 10 mW in the experimental SAR with respect to simulated SAR is
reported. Since the current study does not provide an experimental setup for measuring
SAR, this expected variation in the case of simulated data can be used, asserting that a
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+£10% variation in computed SAR values and, consequently, in temperature increases does
not change the biological effect on breast tissues, which remains negligible (conservatively,
the maximum temperature increase of 58.5 uK could be corrected with a 10% increase to
64.3 pK). In [18], a SAR evaluation on a hand-held impulse-radar breast cancer detector,
designed for placement on the breast with the patient in the supine position, has been
conducted to ensure patient safety. With an output power of 0.045 mW transmitted through
a single antenna at a time, the maximum 1g averaged SAR values in the breast were found
to range from 0.0118 W /kg to 0.0246 W /kg across the frequency range from 3.1 GHz to
10.6 GHz. Due to significant differences in the architecture and positioning of the device
relative to the breast, these results cannot be directly extended to or compared with the
analysis conducted in the current work. In concluding the overall analysis, as shown in [17],
it would be beneficial to conduct experimental trials to validate these results; however,
the current MI system does not support SAR or temperature measurements. Nevertheless,
Sim4Life software has been validated multiple times in dosimetric and thermal studies,
for example, in [29], and the fact that the found temperature increases are extremely low
reaffirms the fact that even significant variations between simulated and measured data
would not compromise the safety of the diagnostic examination. Rigorous computational
methods, coupled with conservative safety margins, provide a robust framework for
assessing potential thermal risks in medical imaging. Moreover, a cross-platform validation
has been performed by comparing the Sim4Life simulation of a simplified test case with an
equivalent model implemented in CST Microwave Studio (version 2023, https:/ /www.3ds.
com/products/simulia/cst-studio-suite accessed on 1 March 2025). The same transmitting
horn antenna model has been implemented in both platforms, with a target consisting
of a cylindrical phantom containing homogeneous material with electrical conductivity
of 2 S/m and relative permittivity of 20. The comparative analysis revealed consistent
results between these independent computational platforms, confirming the reliability of
the presented results.

5. Conclusions

The small temperature variations observed in this study support the conclusion that
the exposure of human breast tissues to the electromagnetic field generated by the MI
system is not harmful, making adverse thermal effects highly unlikely during exams. In
the perspective that the receiving antenna, acting as a scatterer, significantly influences the
EM field and SAR distribution, it would be relevant to explore alternative configurations
for the receiving system, such as the adoption of metamaterials. Moreover, there is the
possibility to optimize the performance of the device, for example, by modulating the
input power when the signal-to-noise ratio is altered by the presence of a scatterer (as
the receiving antenna) or if it is necessary to enhance output images. This is possible
because of the large safety margin in the transmitted power level identified, taking into
account the linear dependency of the temperature increase on the transmitted power level
itself. Considering a potential patient-specific approach, the MI system can be leveraged to
calculate differential power between input and output through signal analysis, enabling
individualized SAR estimation within the breast. This methodology would allow safety
assessments tailored to each patient’s unique characteristics. In conclusion, microwave
examination can be performed without harmful thermal effects due to EM field exposure.
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