

  sensors-21-04005




sensors-21-04005







Sensors 2021, 21(12), 4005; doi:10.3390/s21124005




Article



Measurement and 3D Visualization of the Human Internal Heat Field by Means of Microwave Radiometry



Igor Alexandrovich Sidorov 1,*[image: Orcid], Alexsandr Grigorevich Gudkov 1, Vitalij Yurievich Leushin 1, Eugenia Nikolaevna Gorlacheva 1[image: Orcid], Eugenij Pavlovich Novichikhin 2 and Svetlana Victorovna Agasieva 3





1



RL Research Institute, Bauman Moscow State Technical University, 105005 Moscow, Russia






2



Fryazinsky Branch of the V. A. Kotelnikov IRE of the Russian Academy of Sciences, 1141190 Moscow, Russia






3



Academy of Engineering, RUDN University, 117198 Moscow, Russia









*



Correspondence: igorasidorov@yandex.ru; Tel.: +7-916-624-8516







Academic Editors: Paola Saccomandi and Hyungsoon Im



Received: 25 April 2021 / Accepted: 8 June 2021 / Published: 10 June 2021



Abstract

:

The possibility of non-invasive determination of the depth of the location and temperature of a cancer tumor in the human body by multi-frequency three-dimensional (3D) radiothermography is considered. The models describing the receiving of the human body’s own radiothermal field processes are presented. The analysis of the possibility of calculating the desired parameters based on the results of measuring antenna temperatures simultaneously in two different frequency ranges is performed. Methods of displaying on the monitor screen the three-dimensional temperature distribution of the subcutaneous layer of the human body, obtained as a result of data processing of a multi-frequency multichannel radiothermograph, are considered. The possibility of more accurate localization of hyperthermia focus caused by the presence of malignant tumors in the depth of the human body with multi-frequency volumetric radiothermography is shown. The results of the study of various methods of data interpolation for displaying the continuous intrinsic radiothermal field of the human body are presented. Examples of displaying the volumetric temperature distribution by the moving plane method based on digital models and the results of an experimental study of the thermal field of the human body and head are given.
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1. Introduction


As a rule, thermal anomalies appear simultaneously with pathological processes occurs inside the human body distorting the natural heat field inside the body and on its surface, which can be detected using the method of microwave radiometry [1,2,3,4,5,6,7,8,9,10,11,12,13,14,15,16,17]. In this way, breast cancer [18,19], various pathologies of the brain [12,13,20,21,22], coronary heart disease [23], arthritis and blood flow disorders [24,25], urological diseases [26] and some others [27,28,29,30] can be detected. For further microwave radiometry, methods developing various microwave radiometers have been developed [9,21,31,32,33,34], using both their elements [35,36,37] and application methods with various models [38,39,40].



The various external influences can distort the natural heat field of a body, for example, drug exposure, physiological effects, the effect of a laser, infrared or microwave radiation. Registration of dynamic changes in the body’s own heat field allows reliable diagnosis of various diseases [1,2,18,20,38,39]. The temperature of the body surface can be accurately measured by medical thermometers, infrared pyrometers, thermal cameras and other devices. However, these devices cannot measure the internal temperature of the body. The introduction of a thermal sensor under the skin distorts the natural heat field and can cause damage to internal organs.



Therefore, there is an urgent need to improve non-invasive methods of measuring and visualizing the 3D distribution of internal temperatures in the depth of the human body with the aim of early diagnostics and monitoring of various pathological processes.



A special antenna-applicator is installed on the surface of the human body to measure the temperature with a radiometer [35,36], which is harmonized with the body at the installation point. In this case, the temperature averaged by the antenna pattern formed by the antenna-applicator inside the human body is measured with an accuracy of better than one tenth of a degree Celsius. To monitor the thermal processes dynamics inside the human body, it is necessary to measure the internal temperatures of the body simultaneously at several points of the body for a certain period of time, usually from 10 minutes to one hour. This problem is solved by using a multi-channel radiothermograph, which has several antenna-applicators, the signals from which are fed to the input of the radiometer through a specialized microwave switch. Each antenna-applicator receives its own electromagnetic field radiated by the body within the antenna pattern and from different depths. The radiation generated in the depth of the human body, spreading to the surface, is partially attenuated due to absorption in human tissues. The amount of wave attenuation depends on the type of tissue (muscle tissue, adipose tissue, bone tissue, skull, brain) and on the wavelength. Numerically, the attenuation is characterized by the value of the skin layer or the depth at which the power of the electromagnetic wave decreases by a factor of e (2.7282). The size of the skin layer depends on the wavelength of the radiation. Therefore, for the F2 range with a wavelength of 43 cm, the value of the skin layer for breast tissue is about 7 cm, and for the F1 range with a wavelength of 21 cm, about 3.5 cm. Thus, it is possible to differentiate the location of the source of increased thermal radiation by depth by measuring the power of the body’s own thermal radiation at one point, but in different frequency bands. This is the methodological basis of 3D radiothermography.



The use of radiometers operating at different frequencies in the same system permits us to obtain information about the internal temperatures of body areas located at different depths [21], and potentially allows us to restore the 3D distribution of temperatures inside the body. The problem of constructing 3D images of the internal temperatures of the human body based on measuring the intensity of the body’s own thermal electromagnetic radiation is solved using a multi-channel multi-frequency radiothermograph.



It is shown in [41] that in order to implement an optimal combination of multi-frequency and multi-channel characteristics in one medical radiothermograph design, it is necessary to develop optimal antenna-applicator designs that provide the specified technical characteristics. Paper [42] presents the results of designing a printed broadband antenna for a multichannel multi-frequency radiothermograph. This antenna, with a diameter of 30 mm, in the form of a ring-shaped emitter made by printing, with a built-in infrared (IR) temperature sensor, is highly technologically advanced, has a wide operating frequency band and provides the possibility of simultaneous IR thermography. The article [43] presents the results of theoretical research related to the development of a small-sized ultra-wideband printed ring antenna with a diameter of 22 mm, designed to measure the microwave radiation of biological tissues in the frequency range of 1.4–4.6 GHz.



The purpose of this article is to show the possibility of 3D visualization of the internal thermal field of a person using the results of measurements of radio brightness temperatures, simultaneously measured at different points of the body, using a multi-channel multi-frequency radiothermograph. The novelty of the approach considered is an attempt to more accurately localize the heat source position at the antenna-applicator radiation pattern the main beam zone, due to 3D visualization of the internal heat field of a body and monitoring the temperature dynamics of a heat point source inside the human body.



The most important aspects of the hardware, interpolation and 3D visualization of the internal thermal human field algorithms, as well as the tests results of the new multichannel multi-frequency radiothermograph, are presented below.




2. Materials and Methods


A multichannel radiothermograph can be used in practice to detect malignant neoplasms in the early stages of the development of pathology, even when they have not yet been detected by the X-ray method. The method is based on a glucose test, when the patient is given to drink 30 g of an aqueous glucose solution on an empty stomach. Glucose, as a high-calorie substance, is absorbed and carried by the bloodstream throughout the body, feeding the cells [31]. At the same time, the body temperature briefly increases evenly by one to two tenths of a degree. If there is a malignant formation somewhere, then in the place of its localization the temperature rises sharply and the temperature contrast can be one or two degrees, which occurs for a short time, for about a few minutes. Analysis of the dynamic process of temperature changes in the places where the antenna-applicators are installed allows to diagnose and localize the position of the tumor. And for clarification the depth of the tumor location, it can be carried out based on the analysis of the data obtained by the method described.



The analysis can be carried out on the basis of a simplified model of thermal fields in the depth of the human body described in [3] where it is shown that the maximum detection depth of the heat source zmax depends on the value of the skin layer zs for a given frequency range, the thermal contrast ΔT of the source and the sensitivity of the radiometer δT by Formula (1):


   z  max   =  z s  ⋅ ln  (    Δ T   δ T    )   



(1)







It is also shown that if the source is detected in both frequency ranges, that is, the depth of the tumor is less than the corresponding values of zmax, then the depth of the source Zc and its temperature Tc can be calculated using Formula (2):


     z c  =    z  s  λ 1     z  s  λ 2       z  s  λ 1    −  z  s  λ 2      ln  (     T  b  λ 1    −  T 0     T  b  λ 2    −  T 0     )       T c  =  T 0  +    T  b  λ 2    −  T  b  λ 1         (     T  b λ 1   −  T 0     T  b λ 2   −  T 0     )       Z  S λ 1      (   Z  S λ 1   −  Z  S λ 2    )      −    (     T  b λ 1   −  T 0     T  b λ 2   −  T 0     )       Z  S λ 2      Z  S λ 1   −  Z  S λ 2            



(2)




where T0 is the temperature of the body, Tbλ1 and Tbλ2-temperature radiothermography at the location of the tumor, ZSλ1 and ZSλ2—the size of the skin layer on the frequency bands F1 and F2. A graph of the calculated values of brightness temperatures at the location of the tumor, depending on the depth of the tumor in centimeters for the size of the skin layer of 3.5 cm when the thermal contrast of the tumor is 2 degrees, is shown in Figure 1.



The block diagram of a multi-channel dual-frequency radiothermography is shown in Figure 2. The radiothermograph consists of two identical five-channel UHF (Ultra High Frequency) and L-band radiometric receivers with applicator antennas, two identical signal pre-processing processors (PPP), and an information acquisition and transmission module (IATM) that transmits the collected information data to a personal computer for final processing and visualization of 3D images of the internal thermal field of a human body. The block diagram of a five-channel radiometric receiver is shown in Figure 3. The receiver consists of an input modulator built on a microwave switch chip, a microwave circulator, a multi-stage LNA, a band pass filter, a square power detector, a low-pass filter, and a low-pass amplifier. For the organization of scaterometric reception, the receiver has a noise generator on a noise diode and a noise signal switch.



The receiver operates under the control of the PPP module, which controls the modulation process. Control signals are sent to the control inputs of the switches. Switching of the receiving channels is carried out by transferring the control codes from the PPP module to the control inputs of the channel switch.



The modulation process is periodic with a period of approximately 10 milliseconds. The entire modulation period is divided into six equal parts, sub-periods. The first sub-period is designed to receive calibration signals from the matched load and the noise generator. Eighty percent of the sub-period is spent receiving by the signal from the matched load and 20% receiving the signal from the noise generator.



To set a one-to-one correspondence of the radiometer output signal to the internal temperature of a biological object, expressed in degrees on the Kelvin scale, the calibration procedure is used. Radiometers are characterized by two types of calibrations: internal, using reference sources of thermal noise built into the radiometric receiver, and external, using external equipment.



Internal calibration is performed by receiving calibration signals from internal noise sources. In the first sub-period of modulation, signals are received from the receiving channels of the antenna applicators, in the second sub-period from the first channel, in the third sub-period from the second channel, in the fourth sub-period from the third channel, in the fifth sub-period from the fourth channel, and in the sixth sub-period from the fifth channel. In the second sub-period, a signal from the antenna applicator of the first channel is applied to the output of the receiving channel switch for 80% of its duration. The signal from the output of the receiving channel switch is fed through the circulator to the receiver input for amplification and final processing. After the period receiving the signal from the antenna-applicator of the first channel expires, for the remaining part of 20% of the duration of the sub-period, the control code of the switching signal generator is applied to the control input of the switching signal switch to the input of the circulator, after passing in the direction of circulation, it enters the input of the receiving channel switch. The receiving channel switch has been open since thus period, the input of the first receiving channel is connected to the output of the receiving channel switch, and the noise generator signal is not reflected from the switch input, but passes through it and reaches the point of contact of the applicator antenna with the human body. If the antenna-applicator is perfectly aligned with the human body, then the entire electromagnetic wave of the noise generator will be radiated by the antenna-applicator and absorbed into the body. In this case, there will be no reflection from the antenna-applicator–body section and the same power will be recorded at the receiver output as in the first part of the second sub-period. If the antenna applicator is not aligned with the body, the electromagnetic wave generator noise impact from the section of the antenna applicator–the body and the reflected wave with the wave from the human body through the switch receiving channels and the circulator will be passed to the input of a low noise amplifier. Only part of the electromagnetic wave of the noise generator will be reflected from the antenna-applicator–body boundary if antenna is partly matching. It is possible to calculate the reflection coefficient from the antenna-applicator–body boundary by measuring the magnitude of the reflected wave. According to the fundamental principle of reciprocity, the reflection coefficients from the side of the human body and from the side of the antenna-applicator are equal. Therefore, defining the reflection coefficient body antenna applicator can be taken into account which part of the electromagnetic wave radiated by the body is reflected off of the body section–antenna applicator, which according to the experimental data permits us to determine the brightness temperature of the body tissues with one tenth of a degree accuracy when the reflection coefficient does not exceed 30%. For all other receiving channels, from the second to the fifth, the modulation control is similar. Also, the control and signal processing are similar for both frequency bands. The waveform of the analog signal from the output of the power detector is shown in Figure 4. The photo of a multichannel two-frequency radiothermograph located on the experimental stand is shown in Figure 5. The analog signal after the power detector stage is converted to digital form and processed according to the well-known algorithm [12] to calculate the radio brightness body temperatures for each channel and for each frequency range.




3. Results


A multi-channel multi-frequency radiothermograph receives signals from antennas-applicators located on the surface of the human body.



It is very important to choose the antenna-applicator location correctly in the installation method on the human body. Usually, the antennas are installed using a special holder with the guiding rods. Different holders are used depending on the organ being tested. A holder resembling a crown is used for the head internal temperature measurements (see Figure 5), which is fixed to the back of the chair the patient is sitting on. Shifting the sensor along the rod permits control of the coordinate position of the sensor, and moving the entire rod in a perpendicular direction permits to control another coordinate position. The sensor moves in height until it will comes into contact with the body. The sensor pressing force is determined by the degree of compression of the spiral spring installed at the end of the cylinder inside which the sensor rod can move. The antenna position in three coordinates is fixed by locking bolts. The sensor ensures reliable contact with the body due to spiral springs, even when the patient slightly changes the body position during the measurements.



The sensor’s choice of location depends on the organ being examined and the type of analysis being performed. Sometimes the analysis is carried out periodically for several days to follow the dynamics of the pathological process changes. In this case it is very important to ensure that the antennas are installed in the same positions every time. This can be done by using a template on a transparent film with marks of the sensor installation locations.



Each sensor has an individual number. The doctor chooses the organ and the analysis type that the patient needs from the program menu before measurements start. In response, the doctor receives a diagram indicating the sensor numbers and their installation locations. The program allows to enter the sensors new locations data and save this data for future use in case when sensors rearrange is necessary. Only correct sensors installation synchronized with the program data can guarantee the correct data interpolation process and their 3D visualization. Since there are only five sensors for one frequency channel, usually four sensors are located at the corners of the conditional square and one sensor in the center of the square. The sensors of the second frequency channel are located as close as possible to the sensors with the same numbers of the first frequency channel.



The sensors are installed so that the central sensor is located exactly at the site of the pathology, in case the pathology location is known in advance. It is more convenient to estimate the size of the pathological area and it depth using this arrangement. Several tests are performed with different sensor locations until one of the sensors will detects the location of the pathology in case the location of the pathology is not known in advance.



After processing the signals from one antenna, the temperature profile of the human body is restored along the normal line at the antenna applicator installation point. To restore the three-dimensional distribution function of the internal body temperatures the mathematical interpolation data procedure is used. It should be noted that the data obtained, as a rule, represent the body’s thermal response to various physiological effects—glucose test, laser or microwave local heating, exposure to drugs, and others. The results of the full-scale analysis are a three-dimensional function of internal temperatures that changes over time throughout the analysis. After the analysis, the obtained dynamic three-dimensional temperature distribution function is analyzed by the doctor to make or clarify the diagnosis, localization of the site of the inflammatory process, malignant tumor or thermal anomaly. Previously, when using a single-frequency radiothermograph, the measurement results were presented as a two-dimensional image on a monitor screen or a printout with the temperature values displayed in pseudo-colors. Images could be viewed on the screen of a personal computer monitor as a movie that could be stopped or accelerated at any time. Such a method of data visualization for multi-channel multi-frequency radiothermography is not applicable. Therefore, it is necessary to develop a new method of data visualization that allows analyzing three-dimensional images of the thermal field of the human body for more accurate localization of pathologies with the determination both their location and the depth.



Various methods of visualization of 3D objects are known, for example, holographic [44], interferometric [45], stereoscopic [46], and others. All these methods require special equipment and display only a 3D image of the external surface of the object, although with the illusion of volume. For opaque objects, displaying the internal structure of the object is not intended to use such methods.



To represent the distribution of a three-dimensional temperature function in a three-dimensional space on a flat screen the special algorithms and programs are needed. The classical methods of modeling 3D graphics used in 3D graphics editors (3D Max, ZBrush, Blender, etc.) are not suitable in this case, because they are based on modeling the boundaries of 3D objects, and in this case it is necessary to observe the internal structure of the object, which is hidden behind the boundaries. In addition, the temperature distribution boundary is not determined. Therefore, it is advisable to use slices to determine the internal structure of the temperature distribution. If, for example, during tomography, the slice pattern is determined by the device, in this case, the temperature value on the slice will be determined by double interpolation-linear and two-dimensional means.



A 3D structure for determining the temperature values on the slice is shown in the Figure 6.



Points A, B, C, D, E are located on the surface of the patient’s body. They contain the radiothermograph applicator antennas that allow to determine the surface temperature at these points and the temperature at a certain depth at points A’, B’, C’, D’, E’. The slice is defined by the abcd plane and is located at the depth of interest. The temperature at points a, b, c, d, and e is determined by linear interpolation between points AA’, BB’, CC’, DD’, and EE’, respectively.



The analysis of various methods and numerical experiments show that the interpolation method is the most suitable to use, which is based on a mathematical model of an elastic thin plate bent under the influence of external forces applied at points (xi, yi), i = 1, N. The Equations (3) and (4) of the total free energy of a curved elastic plate gives a relation describing a two-dimensional spline surface:


  φ ( x , y ) =   ∑  i = 1  N    C i  [   (  x i  − x )  2  +   (  y i  − y )  2  ]   × ln [   (  x i  − x )  2  +   (  y i  − y )  2  ] + A x + B y + D ;  



(3)







The coefficients are determined from the formulas:


    φ (  x i  ,  y i  ) =  T i  ,    i = ( 1 , N ) ;       ∑  i = 1  N    C i  = 0 ;         ∑  i = 1  N    C i   x i  = 0 ;         ∑  i = 1  N    C i   y i  = 0 ;      



(4)







(xi,yi)—points a,b,c,d,e. Ti—temperature at these points.



We obtain N + 3 equations with N + 3 unknowns. In our case, N = 5.



For clarity, here is an example of interpolation of a simple Formula (5):


  z ( x , y ) =   ( x − 0.5 )  2  +   ( y − 0.5 )  2   



(5)




two methods for 10 random points.



The map of the original function and 10 random points that are used for interpolation is shown in Figure 7a. The result of the inverse distance interpolation, in which the weight of each of the 10 points is inversely proportional to the square of the distance to the interpolated point, is shown in Figure 7b. The result of the interpolation by the proposed method is shown in Figure 7c. It can be seen that the map obtained by this method most closely looks like the map of the original function.



The special program based on the interpolation algorithm described above was developed to display the temperature of a certain area inside the human skull. The layout of the sensors is similar to their location in Figure 6. The human head model was created using a 3D graphics editor. On the monitor screen, the doctor can see one of the two images shown in Figure 8. The schematic representation of a human head with five sensors installed and three surfaces with color temperature markings on them is shown in Figure 8a. The color palette for the temperature is on the left. The upper and lower surfaces are stationary, and the middle surface can be moved either with the keys or with the mouse wheel. In this case, the temperature on this surface is automatically recalculated and displayed as a pseudo-colors. The image can be rotated arbitrarily around the x, y, and z axes for ease of perception. The image of sensors and any surfaces can be disabled. The temperature distribution on the middle plane, as well as the depth of the plane, is shown in Figure 8b. In this form, all the data obtained during the analysis are available. Presented in this way, the dynamic data of the 3D distribution of the internal temperatures of the human body allow the doctor to more accurately determine the location of the pathology in its presence.



The experimental stand with the five-channel two-band radiothermograph was assembled for verification of the results obtained and debugging the algorithms and software for 3D visualization of the internal thermal field of the human body. A plastic bag with saline solution was used as a body simulator for testing and calibration (Figure 5). Test measurements were carried out directly on the human body after radiothermograph calibration. The results of measuring the thermal field of the human head obtained using a five-channel dual-band radiothermograph at frequencies F1 and F2 are shown in Figure 9a,b.



Similar results were obtained for the chest in Figure 10a,b. The results obtained will be used to calculate and visualize a 3D model of the thermal field in the chest and skull area similar to those shown in Figure 8. The internal temperature displaying the intermediate plane, whose position is specified by using the wheel of a computer mouse wheel, will more accurately determine the position of a malignant tumor, given the depth of the location. In addition, you can quickly view the results of a long test in the “cartoon” mode to analyze the dynamic thermal processes inside the human body.




4. Discussion


Body temperature is the most important indicator of human health. Usually the surface temperature of the body is measured using contact thermometers or non-contact infrared pyrometers for general diagnostic purposes. It is possible to significantly increase the list of various detectable diseases then measure the subsurface internal body temperature. Measuring the internal body temperature using ordinary invasive sensors gives a significant error, since the introduction of the sensor under the skin causes a violation of the internal heat field. It is possible to measure the internal temperature of the body non-invasively, by measuring the power of radio thermal radiation emitted by the internal body tissues and reaching its surface in the microwave range of electromagnetic waves. Microwave radiometers with ultra-sensitive receivers are used to measure the power of radio thermal radiation in the microwave range.



The use of microwave radiometers in medicine required the development of special antennas applicators and the improvement of methods for receiving and processing radio waves. The improvement of radiometer technology has made it possible to design multi-channel radiothermographs capable of measuring the internal temperature of the body simultaneously at several points of the body. Also were developed multi-frequency radiothermographs capable of receiving electromagnetic waves emitted by the tissues of the human body at different depths. Electromagnetic waves of different lengths have different attenuation values characteristics inside the body due to the well-known skin effect. Measuring the brightness temperatures of the body at different wavelengths permits the temperature profile to be calculated in depth.



This article presents the results of the development of a new radiothermograph that combines both the advantages of multi-channel and multi-frequency. Such a radiothermograph gives an opportunity to calculate and 3D visualize the internal thermal field of a human body. The well-known method of data interpolation, previously used in remote-sensing systems, as well as the method of visualizing the internal thermal field using a moving plane, were used in the new radiothermograph.



The new radiothermograph has been tested on the test objects and on the human body. The detailed information about the internal thermal field of a human body has made possible not only detection of an internal malignant tumor, but also determination of the depth of its location. The new radiothermograph gives an opportunity for more detailed analysis of the state of the vascular system of the brain and early diagnosis of various brain pathologies. Of course, it is too early to talk about all the possibilities and advantages of the new radiothermograph, which will be confirmed during clinical tests that will begin in the nearest future.



The new radiothermograph for 3D visualization of the internal thermal human body field has a minimal configuration and is intended rather to demonstrate the capabilities of the method. For effective use in clinical practice, five receiving channels and two frequency bands are absolutely not enough. Thus, when analyzing for the detection of the most common malignant pathology—women breast cancer, a complete analysis of one breast for sufficient reliability, a five-channel radiothermograph requires at least two analyses. For a complete analysis on two mammary glands simultaneously, the radiothermograph must have at least 20 receiving channels in at least three frequency bands.



For further research, it is necessary to solve the problems of developing broadband antennas for several frequency bands and micro miniature receivers combined with antennas. As well as improving the methods of clinical application and collecting a database for further use of artificial intelligence in order to analyze data and make recommendations to the doctor based on previously accumulated experience.




5. Conclusions


The relationship between the maximum detection depth of a local heat source inside the human body with the magnitude of the skin-layer, the sensitivity of the radiometer and the value of the thermal contrast of the source compared to other tissues were obtained as a result of the development and simulation. A number of experiments were carried out on the equivalent of the human body and directly on the real human body in order to obtain data for further 3D interpolation and visualization of the structure of the internal thermal field inside the human body on a computer monitor screen using the developed five-channel dual-frequency radiothermograph. The results obtained will be used for further improvement of the methods of multichannel multi-frequency radiothermograph applications in medical practice for more accurate localization of pathological neoplasms inside the human body.




6. Patents


Author’s certificate No. 2020667485 for “Program control, pre-processing and data transmission for multi-channel radiothermograph” and author’s certificate No. 2020667484 for “Program the radiothermograph data processing and visualization for a human head” were issued for software that has been designed during this work.







Author Contributions


I.A.S. suggested the idea, wrote the introduction and edit the manuscript, A.G.G. wrote materials and methods, V.Y.L. assembled experimental stand and took part in the experiments, E.N.G. took part in the experiments and wrote results, E.P.N. design the programs and processed the data, S.V.A. took part in the experiments and wrote discussion and conclusion. All authors have read and agreed to the published version of the manuscript.




Funding


The research was done by a grant from the Russian Science Foundation (project number 19-19-00349).




Institutional Review Board Statement


Ethical review and approval were waived for this study, due to only authors took part in the tests. All participants gave written agreement for tests and data publication.




Informed Consent Statement


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




Data Availability Statement


All data is contained within the article no data from external sources were used.




Conflicts of Interest


The authors declare no conflict of interest.




References


	



Scheeler, R.; Kuester, E.F.; Popovic, Z. Sensing Depth of Microwave Radiation for Internal Body Temperature Measurement. IEEE Trans. Antennas Propag. 2014, 62, 1293–1303. [Google Scholar] [CrossRef]

	



Livanos, N.-A.; Hammal, S.; Nikolopoulos, C.D.; Baklezos, A.T.; Capsalis, C.N.; Koulouras, G.E.; Charamis, P.I.; Vardiambasis, I.O.; Nassiopoulos, A.; Kostopoulos, S.A.; et al. Design and Interdisciplinary Simulations of a Hand-Held Device for Internal-Body Temperature Sensing Using Microwave Radiometry. IEEE Sens. J. 2018, 18, 2421–2433. [Google Scholar] [CrossRef]

	



Novichikhin, E.P.; Sidorov, I.A.; Leushin, V.Y.; Agasieva, S.V.; Chizhikov, S.V. Detection of a local source of heat in the depths of the human body by volumetric radiothermography. RENSIT 2020, 12, 305–312. [Google Scholar] [CrossRef]

	



Momenroodaki, P.; Scheeler, R.; Popovic, Z. Microwave Radiometry for Internal Body Temperature Monitoring. In Proceeding of the 36th Annual International Conference of the IEEE Engineering in Medicine and Biology Society (EMBC’14), Chicago, IL, USA, 26–30 August 2014. [Google Scholar]

	



Momenroodaki, P.; Haines, W.; Popovic, Z. Non-invasive microwave thermometry of multilayer human tissues. In Proceedings of the 2017 IEEE MTT-S International Microwave Symposium (IMS), Honololu, HI, USA, 4–9 June 2017. [Google Scholar]

	



Stauffer, P.R.; Rodriques, D.B.; Salahi, S.; Topsakal, E.; de Oliveira, T.R.; Prakash, A.; D’Isidoro, F.; Reudink, D.; Snow, B.W.; Maccarini, P.F. Stable microwave radiometry system for long term monitoring of deep tissue temperature. Energy-Based Treat. Tissue Assess. VII 2013, 8584, 85840R. [Google Scholar] [CrossRef]

	



Momenroodaki, P.; Haines, W.; Fromandi, M.; Popovic, Z. Noninvasive Internal Body Temperature Tracking with Near-Field Microwave Radiometry. IEEE Trans. Microw. Theory Tech. 2018, 66, 2535–2545. [Google Scholar] [CrossRef]

	



Asimakis, N.P.; Karanasiou, I.S.; Uzunoglu, N.K. Non-invasive microwave radiometric system for intracranial applications: A study using the conformal l-notch microstrip patch antenna. Prog. Electromagn. Res. 2011, 117, 83–101. [Google Scholar] [CrossRef]

	



Stec, B.; Dobrowolski, A.; Susek, W. Multifrequency Microwave Thermograph for Biomedical Applications. IEEE Trans. Biomed. Eng. 2004, 51, 548–551. [Google Scholar] [CrossRef] [PubMed]

	



Jacobsen, S.; Stauffer, P. Multifrequency radiometric determination of temperature profiles in a lossy homogeneous phantom using a dual-mode antenna with integral water bolus. IEEE Trans. Microw. Theory Tech. 2002, 50, 1737–1746. [Google Scholar] [CrossRef]

	



Hand, J.W.; Van Leeuwen, G.M.J.; Mizushina, S.; Van De Kamer, J.B.; Maruyama, K.; Sugiura, T.; Azzopardi, D.V.; Edwards, A.D. Monitoring of deep brain temperature in infants using multi-frequency microwave radiometry and thermal modelling. Phys. Med. Biol. 2001, 46, 1885–1903. [Google Scholar] [CrossRef]

	



Sugiura, T.; Kouno, Y.; Hashizume, A.; Hirata, H.; Hand, J.; Okita, Y.; Mizushina, S. Five-band microwave radiometer system for non-invasive measurement of brain temperature in new-born infants: System calibration and its feasibility. In Proceedings of the 26th Annual International Conference of the IEEE Engineering in Medicine and Biology Society, San Francisco, CA, USA, 1–5 September 2004. [Google Scholar] [CrossRef]

	



Bardati, F.; Marrocco, G.; Tognolatti, P. New-born-infant brain temperature measurement by microwave radiometry. In Proceedings of the IEEE Antennas and Propagation Society International Symposium (IEEE Cat. No.02CH37313), San Antonio, TX, USA, 16–21 June 2002. [Google Scholar] [CrossRef]

	



Sastre, J.A.; Pascual, M.J.; López, T. Evaluation of the novel non-invasive zero-heat-flux Tcore™ thermometer in cardiac surgical patients. J. Clin. Monit. 2018, 33, 165–172. [Google Scholar] [CrossRef]

	



Conway, A.; Bittner, M.; Phan, D.; Chang, K.; Kamboj, N.; Tipton, E.; Parotto, M. Accuracy and precision of zero-heat-flux temperature measurements with the 3M™ Bair Hugger™ Temperature Monitoring System: A systematic review and meta-analysis. J. Clin. Monit. 2021, 35, 39–49. [Google Scholar] [CrossRef]

	



Tarakanov, A.V.; Efremov, V.V.; Tarakanov, A.A. Perspectives of microwave radio thermometry application at dorsopathy in hospital department of the emergency call service. Emerg. Med. Care 2016, 17, 59–62. (In Russian) [Google Scholar] [CrossRef]

	



Ivanov, Y.D.; Malsagova, K.A.; Vesnin, S.G.; Tatur, V.Y.; Ivanova, N.D.; Ziborov, V.S. The Registration of a Biomaser-Like Effect in an Enzyme System with an RTM Sensor. J. Sens. 2019, 2019, 7608512. [Google Scholar] [CrossRef]

	



Hassan, A.M.; El-Shenawee, M. Review of Electromagnetic Techniques for Breast Cancer Detection. IEEE Rev. Biomed. Eng. 2011, 4, 103–118. [Google Scholar] [CrossRef] [PubMed]

	



Vesnin, S.; Turnbull, A.K.; Dixon, J.M.; Goryanin, I. Modern Microwave Thermometry for Breast Cancer. J. Mol. Imaging Dyn. 2017, 7, 10–1109. [Google Scholar] [CrossRef]

	



Gudkov, A.G.; Leushin, V.Y.; Sidorov, I.A.; Vesnin, S.G.; Porokhov, I.O.; Sedankin, M.K.; Agasieva, S.V.; Chizhikov, S.V.; Gorlacheva, E.N.; Lazarenko, M.I.; et al. Use of Multichannel Microwave Radiometry for Functional Diagnostics of the Brain. Biomed. Eng. 2019, 53, 108–111. [Google Scholar] [CrossRef]

	



Sugiura, T.; Hirata, H.; Hand, J.W.; Van Leeuwen, J.M.J.; Mizushina, S. Five-band microwave radiometer system for noninvasive brain temperature measurement in newborn babies: Phantom experiment and confidence interval. Radio Sci. 2011, 46. [Google Scholar] [CrossRef]

	



Sedankin, M.; Chupina, D.; Vesnin, S.; Nelin, I.; Skuratov, V. Development of a miniature microwave radiothermograph for monitoring the internal brain temperature. East. Eur. J. Enterp. Technol. 2018, 3, 26–36. [Google Scholar] [CrossRef]

	



Toutouzas, K.; Benetos, G.; Koutagiar, I.; Barampoutis, N.; Mitropoulou, F.; Davlouros, P.; Sfikakis, P.P.; Alexopoulos, D.; Stefanadis, C.; Siores, E.; et al. Noninvasive detection of increased carotid artery temperature in patients with coronary artery disease predicts major cardiovascular events at one year: Results from a prospective multicenter study. Atherosclerosis 2017, 262, 25–30. [Google Scholar] [CrossRef] [PubMed]

	



Drakopoulou, M.; Moldovan, C.; Toutouzas, K.; Tousoulis, D. The role of microwave radiometry in carotid artery disease. Diagnostic and clinical prospective. Curr. Opin. Pharmacol. 2018, 39, 99–104. [Google Scholar] [CrossRef]

	



Pentazos, G.; Laskari, K.; Prekas, K.; Raftakis, J.; Sfikakis, P.P.; Siores, E. Microwave Radiometry-Derived Thermal Changes of Small Joints as Additional Potential Biomarker in Rheumatoid Arthritis. JCR J. Clin. Rheumatol. 2018, 24, 259–263. [Google Scholar] [CrossRef] [PubMed]

	



Kaprin, A.D.; Kostin, A.A.; Andryukhin, M.I.; Ivanenko, K.V.; Popov, S.V.; Shegai, P.V.; Kruglov, D.P.; Mangutov, F.S.; Leushin, V.Y.; Agasieva, S.V. Microwave Radiometry in the Diagnosis of Various Urological Diseases. Biomed. Eng. 2019, 53, 87–91. [Google Scholar] [CrossRef]

	



Vesnin, S.G.; Sedankin, M.; Leushin, V.; Skuratov, V.; Nelin, I.; Konovalova, A. Research of a microwave radiometer for monitoring of internal temperature of biological tissues. East. Eur. J. Enterp. Technol. 2019, 4, 6–15. [Google Scholar] [CrossRef]

	



Sedankin, M.K.; Gudkov, A.G.; Leushin, V.Y.; Vesnin, S.G.; Sidorov, I.A.; Chupina, D.N.; Agasieva, S.V.; Skuratov, V.A.; Chizhikov, S.V. Microwave Radiometry of the Pelvic Organs. Biomed. Eng. 2019, 53, 288–292. [Google Scholar] [CrossRef]

	



Ivanov, Y.; Kozlov, A.F.; Galiullin, R.A.; Tatur, V.Y.; Ziborov, V.S.; Ivanova, N.D.; Pleshakova, T.O.; Vesnin, S.G.; Goryanin, I. Use of Microwave Radiometry to Monitor Thermal Denaturation of Albumin. Front. Physiol. 2018, 9, 956. [Google Scholar] [CrossRef]

	



Toutouzas, K.; Synetos, A.; Nikolaou, C.; Stathogiannis, K.; Tsiamis, E.; Stefanadis, C. Microwave radiometry: A new non-invasive method for the detection of vulnerable plaque. Cardiovasc. Diagn. Ther. 2012, 2, 290–297. [Google Scholar] [CrossRef] [PubMed]

	



Gulyaev, Y.V.; Leushin, V.Y.; Gudkov, A.G.; Shchukin, S.I.; Vesnin, S.G.; Kublanov, V.S.; Porokhov, I.O.; Sedankin, M.K.; Sidorov, I.A. Devices for diagnostics of pathological changes in human organism by the methods of microwave radiometry. Nanotechnol. Dev. Appl. XXI Century 2017, 9, 27–45. [Google Scholar]

	



Gudkov, A.G.; Leushin, V.Y.; Vesnin, S.G.; Sidorov, I.A.; Sedankin, M.K.; Solov’Ev, Y.V.; Agasieva, S.V.; Chizhikov, S.V.; Gorbachev, D.A.; Vidyakin, S.I. Studies of a Microwave Radiometer Based on Integrated Circuits. Biomed. Eng. 2020, 53, 413–416. [Google Scholar] [CrossRef]

	



Ravi, V.M.; Arunachalam, K. A low noise stable radiometer front-end for passive microwave tissue thermometry. J. Electromagn. Waves Appl. 2019, 33, 743–758. [Google Scholar] [CrossRef]

	



Popovic, Z.; Momenroodaki, P.; Scheeler, R. Toward wearable wireless thermometers for internal body temperature measurements. IEEE Commun. Mag. 2014, 52, 118–125. [Google Scholar] [CrossRef]

	



Vesnin, S.G.; Sedankin, M.K.; Gudkov, A.G.; Leushin, V.Y.; Sidorov, I.A.; Porokhov, I.O.; Agasieva, S.V.; Vidyakin, S.I. A Printed Antenna with an Infrared Temperature Sensor for a Medical Multichannel Microwave Radiometer. Biomed. Eng. 2020, 54, 235–239. [Google Scholar] [CrossRef]

	



Gudkov, A.G.; Sedankin, M.K.; Leushin, V.Y.; Vesnin, S.G.; Sidorov, I.A.; Agasieva, S.V.; Ovchinnikov, L.M.; Vetrova, N.A. Antenna Applicators for Medical Microwave Radiometers. Biomed. Eng. 2018, 52, 235–238. [Google Scholar] [CrossRef]

	



Gudkov, A.G.; Ivanov, Y.A.; Meshkov, S.A.; Agasieva, S.V.; Petrov, V.I.; Sinyakin, V.Y.; Schukin, S.I. Prospects for Application of Radio-Frequency Identification Technology with Passive Tags in Invasive Biosensor Systems. Biomed. Eng. 2015, 49, 98–101. [Google Scholar] [CrossRef]

	



Tuncay, A.H.; Akduman, I. Realistic Microwave Breast Models Through T1-Weighted 3-D MRI Data. IEEE Trans. Biomed. Eng. 2014, 62, 688–698. [Google Scholar] [CrossRef] [PubMed]

	



Sedankin, M.; Leushin, V.Y.; Gudkov, A.G.; Vesnin, S.G.; Sidorov, I.A.; Agasieva, S.V.; Markin, A.V. Mathematical Simulation of Heat Transfer Processes in a Breast with a Malignant Tumor. Biomed. Eng. 2018, 52, 190–194. [Google Scholar] [CrossRef]

	



Galazis, C.; Vesnin, S.; Goryanin, I. Application of Artificial Intelligence in Microwave Radiometry (MWR). In Proceedings of the 12th International Joint Conference, BIOSTEC 2019, Prague, Czech Republic, 22–24 February 2019. [Google Scholar] [CrossRef]

	



Sedankin, M.; Leushin, V.; Gudkov, A.; Sidorov, I.; Chizhikov, S.; Mershin, L.; Vesnin, S. Development and optimization of an ultra wideband miniature medical antenna for radiometric multi-channel multi-frequency thermal monitoring. EUREKA Phys. Eng. 2020, 71–81. [Google Scholar] [CrossRef]

	



Shevelev, O.A.; Petrova, M.V.; Saidov, S.K.; Gudkov, A.G.; Agasieva, S.V.; Gorlacheva, E.N.; Vesnin, S.G. Therapeutic Hypothermia Systems. Biomed. Eng. 2021, 54, 397–401. [Google Scholar] [CrossRef]

	



Sedankin, M.K.; Nelin, I.V.; Leushin, V.Y.; Skuratov, V.A.; Mershin, L.Y.; Vesnin, S.G. System of Rational Parameters of Antennas for Designing a Multi-channel Multi-frequency Medical Radiometer. In Proceedings of the 2020 International Conference on Actual Problems of Electron Devices Engineering (APEDE), Saratov, Russia, 24–25 September 2020; pp. 154–159. [Google Scholar]

	



Jang, J.; Tschabrunn, C.M.; Barkagan, M.; Anter, E.; Menze, B.; Nezafat, R. Three-dimensional holographic visualization of high-resolution myocardial scar on HoloLens. PLoS ONE 2018, 13, e0205188. [Google Scholar] [CrossRef]

	



Rubin, K.A.; Schelwald, R.; Barmpakos, D.; Segkos, A.; Tsamis, C.; Kaltsas, G. 3D Optical Interferometry with True Color Visualization Advances Understanding of Flexible Electronics. Laser Focus World. 15 September 2020. Available online: https://www.laserfocusworld.com/test-measurement/article/14181936/3d-optical-interferometry-with-true-color-visualization-advances-understanding-of-flexible-electronics (accessed on 24 April 2021).

	



Rojas, G.M.; Gã¡lvez, M.; Potler, N.V.; Craddock, C.; Margulies, D.; Castellanos, F.; Milham, M.P. Stereoscopic three-dimensional visualization applied to multimodal brain images: Clinical applications and a functional connectivity atlas. Front. Neurosci. 2014, 8, 328. [Google Scholar] [CrossRef]





Short Biography of Authors




	 [image: Sensors 21 04005 i001]
	Igor A. Sidorov (M’20) was born in Moscow, USSR, in 1963. He received Eng. Degree from Moscow Physical Technical Institute in 1986. PhD Eng. degree he received in 2000 in Vega Corp., in the field of Microwave radiometry. From 2004 he is the Head of the Laboratory of Passive Microwave Radar Systems and from 2012 the Chief of the Active and Passive Radar Systems Department at the “VEGA” Radio-Engineering corp. From 2012 Chief Designer of Microwave Radiometric Systems for remote sensing and medical applications. Additionally, he is Associate Professor at Bauman Moscow State Technical University. He is the author of more than 85 articles, 12 patents and 8 books. He is honor radio engineer of Russian Federation. His interests include microwave radiometry, remote sensing and medical radiothermography.



	 [image: Sensors 21 04005 i002]
	Alexander G. Gudkov was born in v. Bolshoe Korovinskoe Ryazan region of USSR in 1951. He graduated the faculty of instrument making of Bauman Moscow State Technical University (BMSTU) in 1974. He received PhD in engineering science in the field of microwave technology in 1984, and in 2006 he received PhD in engineering science in the field of instrumentation technologies in BMSTU. He worked for a long time at the Moscow research institute of instrument engineering. He founded Hyperion ltd. in 1991, which is developing and producing medical equipment for blood service, for diagnostics of hearing, vision. Additionally, he is a professor at BMSTU. He is an author of more than 400 articles, more than 60 patents and several books. His area of scientific interests includes: microelectronics, microwave equipment (including filters, amplifiers), medical devices, radiometry.



	 [image: Sensors 21 04005 i003]
	Vitaly Yu. Leushin was born in Moscow, Russia in 1951. In 1974 he received an engineering degree from the Moscow Institute of electronic engineering, majoring in designer and technologist of radio-electronic equipment. In 1989 he received a PhD in technical Sciences. From 1974 to 2016, he was an Engineer, Leading Researcher and Head of the laboratory of the Moscow Research Institute of instrument engineering, since 2016 Assistant Professor and researcher of Bauman Technical University, Moscow. His research interest includes the development of receiving devices for radar systems and medical devices based on new physical principles. He is the author of six books, more than 150 articles, more than 60 invention. Dr. Leushin awarded 27 gold, silver and bronze medals of international salons of inventions and innovations. His is a Knight, Officer and Commander of the Order of Chamber of Belgian Invertors.



	 [image: Sensors 21 04005 i004]
	Evgeniya N. Gorlacheva was born in Rostov Region, USSR, in 1979. She received her Economic Degree from Rostov State Economic University in 2004. PhD Econ. degree she received in 2010 in Bauman Moscow State Technical University in the field of the Economy of Industrial Enterprises. From 2010 she is an associate professor of the Industrial Logiostic Department, Bauman Moscow State Technical University. In 2020 she received her Doctor Degree in Bauman Moscow State Technical University in the field of the Economy of Industrial Enterprises. She is the author of more than 150 articles, 1 patent and 6 books. Her interests include industrial economy, industrial marketing and cognitive economy.



	 [image: Sensors 21 04005 i005]
	Evgenii P. Novichikhin was born in the Voronezh region, USSR, in 1948. Graduated from Moscow State University in 1972 with a degree in mathematics. From 1972 to the present, he has been working at the Institute of Radio Engineering and Electronics named after V.A. Kotelnikov RAS. He received his Ph.D. from Moscow University in 1985. From 2000 to 2018, he headed the laboratory for remote sensing informatization methods. He is the author or co-author of over 100 articles and 5 books. His interests include mathematical modeling, data processing.



	 [image: Sensors 21 04005 i006]
	Svetlana V. Agasieva was born in Moscow region, Russia in 1982. She graduated with honors the faculty of Radio electronics and laser technology of Bauman Moscow State Technical University (BMSTU) in 2005. She received PhD in engineering science in the field of instrument-making technologies in 2009. From 2004 to 2009, she was an Engineer in scientific research institute of Radio electronics and laser BMSTU. From 2009 to 2017, she was an Assistant Professor of Bauman Technical University, Moscow. Since 2017 she is an Assistant Professor of RUDN University, Moscow. Her area of scientific interests includes: microelectronics, heterostructure devices, microwave equipment, medical devices, radiometry. She is the author of 3 books and more than 100 articles.










[image: Sensors 21 04005 g001 550] 





Figure 1. Calculated values of brightness temperatures at the location of the tumor, depending on the depth of the tumor in cm for the skin layer of 3.5 cm with a thermal contrast of the tumor of 2 degrees. 
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Figure 2. Block diagram of a multichannel radiothermograph. 
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Figure 3. Block diagram of a five-channel radiometer. 
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Figure 4. Waveform of the signal at the output of the power detector. 
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Figure 5. Appearance of a multichannel radiothermograph. 






Figure 5. Appearance of a multichannel radiothermograph.



[image: Sensors 21 04005 g005]







[image: Sensors 21 04005 g006 550] 





Figure 6. Three-dimensional (3D) structure for determining the temperature values on the slice. 
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Figure 7. Example of function interpolation using two methods: (a) shows a map of the original function; (b) shows the result of inverse distance interpolation; (c) shows the result of the interpolation. 
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Figure 8. (a) The radiothermography results on the screen. (b) The temperature distribution on the middle plane. 
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Figure 9. The result of an experimental research of the human head. At the frequency F1—(a) and F2—(b). 
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Figure 10. The result of experimental research of the human chest. At the frequency F1—(a) and F2—(b). 
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