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Abstract  
The goal of this study was to conduct the computing experiments on the use of the spatial 

temperature distribution and heat flow in biological tissues obtained on the basis of microwave 
radiometry, and to develop the predictive algorithm of their specific properties and conditions.  

In the first stage, the data about the surface and deep temperature in different parts of the 
mammary glands of healthy women were used to build the model of heat flow in this body, proved 
that there is a lateral heat transfer from one part to another. Accounting for this phenomenon in 
the analysis of the spatial distribution of temperature in the breast with verified malignant tumours 
with installed localization made it possible to prove a several decision rules with a potentially high 
diagnostic efficiency.  

Based on the assumption about spatial variation of the dielectric constant and electrical 
conductivity in biological tissue at the installation site and subsequent remodeling of tissue-
engineered constructs to develop in similar patterns, and to be capable of the same impact on 
brightness temperature of the tissues under the antenna of a microwave radiometer, we conducted 
simulation in the second phase of the study. The crucial equations, being able to differentiate 
different states of adaptation (remodeling) of tissue-engineered constructs were offered, that can 
be used in tissue engineering as creating data structures, also for monitoring postimplantation 
period. 

Keywords: microwave thermography, spatial temperature distribution, thermal transfer, 
brightness temperature, mammary glands, breast cancer, tissue engineering constructs, 
mathematical modeling, thermal simulation.  

 
1. Introduction 
New approaches to the reconstruction of  organs and tissues, which were lost or irreversibly 

damaged as a result of illness, based on the use of tissue-engineered constructs (TEC) and cellular 
technologies, described in aggregate as TERM (tissue engineering and regenerative medicine) 
technologies. Biomimetic and biocompatible properties are fundamental for these products. 
Their presence provides complete or partial replacement of implant material by proper own tissue 
without any inflammatory reactions within the projected time (Wang et al., 2014; Maitz, 2015). 
In other cases, as a result, only a dense integration between the implant and surrounding tissues 
seems to be a general task of implantation (Jang et al., 2011; Albertini et al., 2015). 
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The undoubted purpose of the innovation in the field of manufacturing a variety of TEC is to 
make a more accurate reproduction of the structural and functional characteristics for prosthetic 
tissue. However, most studies usually focus on the structural biomimetics, which implied the 
restoration of the required functional characteristics after remodeling TEC in native host tissue 
(O'Brien, 2011; Park et al., 2016). This explains the comparative scarcity of works devoted to the 
analysis of the recovery of the functional status of an implantation region in the dynamics (Lu et 
al., 2013; Hwang et al., 2015). Typically, this analysis is carried out using specially designed 
options, which were not directly determined by real biochemical and physiological processes in the 
place of TEC installation (Guliak et al., 2014). 

Research of heat transfer in system ‘TEC – the surrounding tissue’ due to remodeling is 
strongly important to explain these processes from the standpoint of the biochemistry and 
physiology of regeneration. First, the TEC remodeling is the phase process, which key points 
established as cell seeding, growth of blood vessels, resorption of the scaffold matter, and the 
synthesis of new extracellular matrix (Fitzpatrick, 2015; Mao, 2015). All of these components are 
differently connected to the heat input in the system and to own heat production in it. Second, the 
change of physico-chemical properties of the scaffold matter, as its transition in the host 
extracellular matrix, affects the characteristics of thermal conductivity, which is complicated by the 
spatial heterogeneity of tissues. 

In this paper we analyze the possibility to simulate three-dimensional heat transfer, 
determine the spatial distribution of temperatures in the system ‘TEC – the surrounding tissue’, 
and build predictive algorithms for tissues, containing TEC at different stages of remodeling in host 
one. This approach is constructed by analogy with the cases for tissues with volume pathological 
focuses based on spatial heterogeneity of thermal distribution in tissues (Khopеrskov et al., 2014; 
Losev et al., 2015). 

 
2. Material and Methods 
2.1. The measuring the spatial temperature distribution of in biological tissues  
As a dataset, in the first phase of the study we used the results of measurements of surface 

and deep temperatures in different breast areas by microwave radiometry (MWR) is combined 
with surface infrared thermometry. This method is an important tool for breast cancer diagnosis, 
although it has a low enough nosological specificity (Leroy et al., 1998; Wurst et al., 2006; Kelly et 
al., 2011). Both most dangerous fast-growing tumors, and cases of marked proliferation, 
mastopathy, or inflammatory processes in mammary gland may be included in ‘red group’ after 
cohort survey (Kelly et al. 2012). To increase the sensitivity and specificity of this method, the 
spatial heterogeneity of the temperature distribution, their variances, or mirror asymmetry may be 
realized in several automated algorithms (Bardati, 2008; Vesnin et al., 2008; Shin et al., 2013). 

We choose application MWR-method (Filatov et al., 2013), which allowed a direct contact 
between antenna and human body during the measurement. The technique was realized using 
radiometer RTM-01-RES Imaging system (RES Ltd., Russia). At frequencies of 1.1–1.6 GHz MWR 
demonstrated sufficient sensitivity to distinguish clinically significant temperature changes in 
tissues up to 4 cm depth in biological tissue (Umadevi et al., 2011). Modeling the thermal and 
electromagnetic processes in kidneys and brain showed a good agreement with the experimental 
MWR results (Gouzouasis et al., 2010; Stauffer et al., 2014). The use of this method for early 
diagnosis of vascular diseases such as atherosclerosis and varicose veins of the lower extremities, 
have received encouraging professional responses (Toutouzas et al., 2012; Stavrov et al., 2013). 

The control sample included the results of measurements in healthy women 20-48 years 
without any breast pathology on clinical examination. The following exclusion criteria were 
established: any information about breast pathology in anamnesis (1), pregnancy (2), lactation (3), 
inner genital pathology (4), hormonal disorders (5), chronic infectious diseases or acute infections 
of less than 1 month before the survey (6), insufficiency of blood circulation (7). In the end, the 
sample included the results of an examination of 31 women. All calculations were carried out 
separately for the right and left mammary glands, given the presence of a physiological bilateral 
asymmetry (Vesnin et al., 2008). 

The main sample included MWR data of the 78 women of the same age range, which had 
clinically proven breast cancer in the form of three-dimensional focus of accurate localization. 
Primary-dissociated, neglected, and doubtful cases were excluded from this sample. 
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Quantitative data were processed using Statistica 8.0 (StatSoft Inc., USA). Results were 
shown as Median [1st quartile ÷ 3rd quartile]. To prove the validity of differences for multiple groups 
the non-parametric ANOVA criterion was used; P values < 0.05 were considered statistically 
significant.  

2.2. Modeling the heat transfer  
Numerical simulation of electromagnetic radiation of tissues, including tumors, was based on 

the equations of heat conduction and Maxwell in the stationary approximation (Vesnin et al., 
2010): 

 

 (1) 

 (2) 

 
where k is the thermal conductivity coefficient; T – temperature; Qbl – heat input with blood flow 
(determined by the balance of the arterial Qa and venous Qv heat  transfer); Qmet is the heat source 

connected to metabolic processes in tissues (Fig. 1);  – vector of the electric field; ε – dielectric 
permittivity;  is the nabla operator, and ω0 is the radiation frequency. 

 
Heat transfer from biological tissue to air at the interface, specified unit normal to the surface 

vector, defined by the condition:  
 

 
(3) 

 
Complex geometries and multi-component structure by using the methods of finite-

difference approximations of the differential equations requires special numerical unstructured 
grids (Ng, 2004; Lin et al., 2009) and tasks of the boundary conditions (3) on a complex surface. 
The use of tetrahedra as elements of the grid is convenient for the simulation of radiation 
propagation in biotissue (Seteikin et al., 2010). 

Fig. 1 shows the scheme of heat exchange between the biological tissues and the environment 
with the temperature Tair. It significantly depends on the heat transfer coefficient hair, which can be 
taken equal to hair ≈ 13.5 W/(m∙°C) for our case. A strong spatial heterogeneity of physical 
parameters is the distinctive feature of these biological tissues (Losev et al., 2015).  

 

 
 

Fig. 1. The heat input Qbl, own heat generation Qmet, heat exchange with air, and the internal 
heterogeneity of the structure are the fundamental processes characterizing the spatial features of 
heat transfer in the volume of breast tissue V0. Explanations are following in the text. 

 
Coefficient of thermal conductivity of tissues varies in the range of 0.15–0.7 W/(m∙°C). 

The most important factor is the specific water content due to the strong dependence of tissue 
density, heat capacity and thermal conductivity from the value of this indicator (Table 1). 
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The presence of a malignant tumor to the greatest extent modifies the distribution of the specific 
heat generation Qmet ≈ 250-70000 W/m3 and flow parameters. 

 
Table 1. The main physical characteristics of biological tissues, necessary to calculate the 
volumetric heat transfer in the body, generally at (Herman I.P., 2007; Afrin et al., 2011; Li et al., 
2014) 

 
Human  
tissues 

Density, g/sm3 Heat capacity, J/(g·°С) 
Termal conductivity, 

W/(m·°С) 
Skin 1.10 – 1.50 2.93 – 3.45 0.45 – 0.50 

Blood 1.05 – 1.06 3.60 – 3.90 0.53 – 0.55 
Adipose tissue 0.85 – 0.92 2.25 – 2.30 0.20 

Connective tissue and 
muscles 

1.04 – 1.10  3.30 – 3.36 0.50 

Human body  
in common 

1.04 3.35 0.48 

 
Features of use of these general formulas and its approximation to specific calculations in the 

case of heat transfer in the tissues with the pathological focus or the TEC, following if result 
statement. 

 
3. Results 
3.1. Spatial temperature distribution in mammary glands 
Table 2 shows the sample characteristics for control group of healthy women. Since the 

distribution in the samples is not parameterized, the median characteristics in quartiles 1 – 3 were 
presented.  

The dispersion of inside temperatures at the measuring points 0 – 8 are in the range from 
0.14 (point 0) to 0.37 (point 2). One way ANOVA shows that the sample with 95% probability does 
not differ. However, sampling of measurement results in point 9 (axillary region) has significant 
differences from the results in the breast. 

In the case of surface temperature differences are brighter. The dispersion values are from 
0.39 (measuring point 1) to 0.95 (point 0), which was probably due to differences in external 
conditions in examination procedure. U-test (Mann-Whitney) for the measurement data in pairs of 
adjacent points revealed no differences, although the ANOVA test showed that the alternative 
hypothesis was true. In a similar way the difference of external and internal temperatures 
manifested themselves. 
 
Table 2. Spatial distribution and gradient of temperature in intact mammary glands of practically 
healthy women (Me [Q1 ÷ Q3]) 
 

Points 
Surface  

temperature ˚C 
Inner 

temperature ˚C 
Temperature 

gradients 

Left breast 

0 (Mamilla) 32.8 [32.6 ÷ 33.7] 34.5 [34.3 ÷ 34.8] 1.5 [1.0 ÷ 2.1] 

1 32.9 [32.7 ÷ 33.3] 34.6 [34.1 ÷ 35.0] 1.6 [1.2 ÷ 2.1] 

2 33.2 [32.7 ÷ 33.7] 34.6 [34.2 ÷ 34.9] 1.5 [1.0 ÷ 1.9] 

3 33.4 [32.6 ÷ 33.8] 34.7 [34.3 ÷ 34.9] 1.2 [0.8 ÷ 2.1] 

4 33.2 [32.7 ÷ 33.5] 34.4 [34.2 ÷ 34.8] 1.3 [1.0 ÷ 1.7] 

5 32.9 [32.1 ÷ 33.3] 34.4 [34.1 ÷ 34.7] 1.7 [1.1 ÷ 2.3] 

6 32.5 [31.9 ÷ 33.1] 34.3 [33.9 ÷ 34.7] 2.0 [1.5 ÷ 2.4]  

7 32.5 [32.2 ÷ 33.0] 34.4 [34.0 ÷ 34.8] 1.9 [1.5 ÷ 2.3]  
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8 33.0 [32.4 ÷ 33.4] 34.5 [34.2 ÷ 35.0] 1.7 [1.2 ÷ 2.1] 

9 (Axillary) 33.1 [32.7 ÷ 33.5] 34.9 [34.4 ÷ 35.3] 1.8 [1.4 ÷ 2.2] 

Right breast 

0 (Mamilla) 32.7 [32.2 ÷ 33.2] 34.5 [34.1 ÷ 35.0] 1.6 [1.2 ÷ 2.4] 

1 33.1 [32.8 ÷ 33.6] 34.6 [34.1 ÷ 35.0] 1.3 [0.8 ÷ 2.1] 

2 32.9 [32.2 ÷ 33.6] 34.5 [34.2 ÷ 34.8] 1.6 [1.1 ÷ 2.2] 

3 32.7 [32.1 ÷ 33.3] 34.3 [34.1 ÷ 34.7] 1.6 [1.0 ÷ 2.2] 

4 33.1 [32.4 ÷ 33.7] 34.5 [34.1 ÷ 34.7] 1.4 [0.9 ÷ 2.0] 

5 33.0 [32.4 ÷ 33.4] 34.3 [34.1 ÷ 34.6] 1.5 [1.1 ÷ 1.9] 

6 32.4 [31.8 ÷ 33.1] 34.2 [33.8 ÷ 34.6] 1.8 [1.4 ÷ 2.4] 

7 32.7 [32.2 ÷ 33.0] 34.4 [34.1 ÷ 34.6] 1.7 [1.5 ÷ 2.1] 

8 32.8 [32.6 ÷ 33.2] 34.5 [34.0 ÷ 35.0] 1.5 [1.2 ÷ 2.0] 

9 (Axillary) 33.1 [32.6 ÷ 33.6] 35.0 [35.3 ÷ 35.3] 1.7 [1.3 ÷ 2.1] 

 
Statistically insignificant differences of inner temperatures in healthy women related to the 

fact that the heat input to the breast came from the evenly heated chest muscles and also the blood 
close to the temperature, while the foci of abnormally high metabolic activity of cells (with a 
corresponding increase in temperature) do not exist in its tissue.  

Fig. 2 shows that a relatively uniform distribution of inner temperatures, at the surface we 
can see a fairly large range of temperatures, which corresponded to the fluctuations of the vertical 
temperature gradient from 1.2 to 2.0 °C. 

 

 
 

Fig. 2. The spatial distribution of temperatures (°C) inside the right and left breasts of healthy 
women based on the MWR results. Numbers ‘0-9’ represent the point of withdrawal of surface and 
inner temperatures according to the methodology of the breast survey (Vesnin et al., 2008). 
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One of important feature of method used to measure the internal temperatures, is that the 
average temperature of the tissues inside the cylinders with a depth of 5-7 cm and a diameter equal 
to the diameter of the applicator antenna became an index for measurement. The surface 
temperature measured by contact method using combined sensor – that is, the measurements were 
carried out exactly on the axis of the cylinder. With this approach, increased spread of surface 
temperatures in the breast can be explained only by redistribution (lateral transfer) of heat inside 
the body, between the cylinders of the measurement. 

3.2. The calculation of the lateral thermal transfer in normal mammary glands 
Thermal radiation of biotissue consists of heat introduced with the blood flow, and also of 

metabolic energy. The value of the latter in breast is ten times smaller in absolute value, and the 
difference between arterial and venous temperature is almost exclusively a reflection of the 
magnitude of heat transfer from the surface of the body (Rodrigues et al., 2013). In this regard, the 
contributions of the metabolic processes (Qmet) to the spatial distribution of heat transfer in 
unchanged mammary gland, are comparable to the measurement error, and therefore they will 
continue to be excluded from consideration. 

Thus, breast without the pathological focus primarily receives heat from the blood flow, and 
lose it through heat output to the environment. Since the quantity of blood in the tissue under 
physiological conditions, is equal to the quantity leaving the body all the difference in stored 
thermal energy to be dissipated into the environment through the skin. From these positions, the 
points of the breast with the greatest difference of deep and surface temperatures correspond to the 
zones with the most intensive heat transfer to the environment. 

The radiometer measures the average temperature in the cylinder with a diameter of about 
5 cm and depth of 5-7 cm. This corresponds to a volume of tissue greater than 450 cm3. In this 
connection within the space, measured in the projection of any point MWR, quite correct to 
highlight in the breast the conditional cylinder from the pectoral muscle to the skin a mass of 
100 g. Totality of these nine volumes was adopted for building the spatial model. 

To calculate the volume of the spatial heat transfer in the mammary gland, we use the fact 
that, according to adopted minimize the Qmet contribution and approximate process to stationary 
state in time that is commensurate with the measurement period, all surplus energy from the inner 
core of the body is equal to the energy transfer to the skin. It, in turn, is equal to the amount of heat 
transfer into the surrounding tissue.  

Calculations it is more convenient to start from the transfer of energy inside the breast. 
The total amount of heat given to the conventional cylinder Qi (J) we find by the formula: 

 
Qi  = m · C · ΔT/tcap , (6) 

 
where m is the mass of the conditional cylinder of tissue, g; C – thermal conductivity, J/(g·°С); ΔT 
– the difference of surface and inner temperatures, °С; tcap – average time of capillary blood flow, 
numerically equal to the duration of one cycle of heat transfer, с. 

 
Since the average specific heat of tissue is 3.35 J/(g·°С), and the average time of capillary 

blood flow tcap is approximately 30 seconds, the total quantity of heat given to the conventional 

cylinder weight of 100 g per unit time, will be  , J. 

Fig. 3 demonstrates a vertical flow of heat energy after their calculation in the literal 
expression. It is clearly seen that the system has both areas with very moderate heat transfer from 
the deep tissues to the skin, and a relatively large ones, with fluctuations of values from 14.5 to 
21.2 J. A similar pattern can be partially explained by the spatial heterogeneity of small-scale 
structure of mammary gland, and of course, it influences the interstitial heat transfer processes in 
this organ. 
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Fig. 3. Heat transfer (J) moved every second from the depths to the surface in the conventional 
areas in the right and left breast mass of 100 g in the projection points of the MWR. 

 
Assume that the breast can be divided into nine non-overlapping segments corresponding to 

cylinders with axes perpendicular to the skin surface and passing through the point of 
measurement 0 – 8. Assume also that the mass of the tissues inside these segments is equal to 
100 grams. 

Then, knowing the difference between external and internal temperatures in the cylinders of 
measurement, it is possible to obtain the total amount of heat dissipated into the environment: 

. Since the process is stationary, then the quantity of heat flowing into the breast is also 
equal to Q. 

Let us now consider the heat transfer inside the cylinder. Most of the energy passes along the 
cylinder from the depths to the surface of body. Constantly there is an exchange of energy between 
adjacent cylinders. Since both inner and surface temperatures of the cylinders are different, the 
amount of heat, adopted and diffused by them will also be different. We calculate them as follows: 

 
 или  , 

 

where  is, respectively, inner and surface temperature of the ith cylinder,  

– average temperatures in the cylinders 0 – 8. 
Here is an example of calculated data for right breast of the healthy woman 36 years old 

(Table 3). 
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Table 3. Evaluation data of heat transfer between measurement cylinders for one case (healthy 
woman, 36 years) 

 
 0 1 2 3 4 5 6 7 8 Mean 
Inner 
temperature ˚C 

35.2 34.6 35.2 34.7 34.6 35 34.6 34.5 34.5 34.8 

Surface 
temperature ˚C 

32.9 32.8 33.6 32.7 32.4 33.1 32.3 32.1 32.5 32.7 

Inner temperature gradient 2.3 1.8 1.6 2.0 2.2 1.9 2.3 2.4 2.0 — 
Heat emission of cylinder, 
J/sec 

25.7 20.1 17.9 22.3 24.6 21.2 25.7 26.8 22.3 23.0 

Evaluated cylinder heat 
income, J/sec 

27.8 21.1 27.8 22.2 21.1 25.6 21.1 20.0 20.0 — 

Evaluated cylinder heat 
outcome, J/sec 

25.1 24.0 32.9 22.8 19.5 27.3 18.4 16.1 20.6 — 

Heat 
excess, J/sec 

2.7 -2.9 -5.1 -0.6 1.6 -1.7 2.7 3.8 -0.6 — 

Average cylinder 
temperature, ˚C 

34.1 33.7 34.4 33.7 33.5 34.1 33.5 33.3 33.5 — 

 
Fig. 4 shows the main directions of heat transfer in the breast of this woman. Note that the 

average temperature of the cylinder 2 is the highest. Temperature points {0, 5}, {1, 3}, and {4, 6, 7, 
8} are within the error of the measuring instrument RTM-01-RES. The direction of possible lateral 
heat transfer is oriented from the outer portions of the breast (the cylinders corresponding to 
points 6 and 7 during the MWT) to the upper-medial quadrant (point 2). 

  

 
 

Fig. 4. Probable heat transfer routes in right breast for one case (healthy female, 36 years). 
 

The calculation of the actual values of heat transfer will require, apparently, three-
dimensional models to build which is necessary to make a series of additional measurements. 
Therefore, this aspect remains beyond the scope of this article. 
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3.3. Calculation of heat transfer in the presence of the pathological focus 
Table 3 presents the following statistics on the temperature in the healthy breast and breast 

with the diagnosed cancers: the inner temperature of the hottest point given to internal axillary 
temperature (1); the inner temperature of a point on the opposite side of the body (2); the 
temperature difference between the hottest point and its opposite (3). 

 
Table 4. Spatial distribution and temperature gradients in the mammary glands in the presence of 
malignant tumors of the installed localization (Me [Q1 ÷ Q3]) 
 

 Breast Healthy women Breast cancer 

Left breast 

Most hot point temperature, ˚C 34.9 [34.7 ÷ 35.2] 35.2 [34.6 ÷ 35.9] 

Opposite point temperature, ˚C 34.5 [34.0 ÷ 34.8] 34.5 [33.6 ÷ 35.2] 

Temperature difference between axillary and 
most hot point, ˚C 

–0.1 [–0.4 ÷ 0.1]  0.1 [–0.4 ÷ 0.6] 

Temperature difference between axillary and 
opposite point, ˚C 

0.4 [–0.2 ÷ 0.8] 0.8 [0.4 ÷ 1.4] 

Most hot point and its opposite difference, ˚C 0.4 [0.1 ÷ 1.0] 0.7 [0.4 ÷ 1.1] 

Right breast 

Most hot point temperature, ˚C 35.05 [34.2 ÷ 35.7] 35.1 [34.2 ÷ 35.7] 

Opposite point temperature, ˚C 34.4 [34.0 ÷ 34.9] 34.3 [33.5 ÷ 35.0] 

Temperature difference between axillary and 
most hot point, ˚C 

0.1 [–0.3 ÷ 0.3] 0.2 [–0.2 ÷ 0.5] 

Temperature difference between axillary and 
opposite point, ˚C 

0.4 [0.1 ÷ 0.9] 1.1 [0.5 ÷ 1.4] 

Most hot point and its opposite difference, ˚C 0.6 [0.1 ÷ 0.8] 0.8 [0.4 ÷ 1.2] 

 
Analysis of variance revealed no significant differences between samples. The temperature 

distribution was largely dependent on the individual structure of the body; any regularities 
between the structure of the gland and the area of disease were also not installed. However, it is 
quite obvious that the additional source of heat may change the structure of the heat transfer inside 
the body. 

Here is an example of calculated data for the right breast women 38 years with diagnosed 
cancer focus (Table 5). 
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Table 5. Evaluation data of heat transfer between measurement cylinders for one case (woman 
with breast cancer, 38 years) 

 
 0 1 2 3 4 5 6 7 8 Mean 
Inner temperature ˚C 34.3 34.5 34.8 34.4 34.1 34.7 34.7 35 34.4 34.5 
Surface temperature ˚C 33 32.9 33.2 32.8 32.8 33 32.9 33.8 33 33.0 
Inner temperature gradient 1.3 1.6 1.6 1.6 1.3 1.7 1.8 1.2 1.4 — 
Heat emission of cylinder, 
J/sec 

14.5 17.9 17.9 17.9 14.5 19.0 20.1 13.4 15.6 16.8 

Evaluated cylinder heat 
income, J/sec 

14.0 16.3 19.6 15.1 11.8 18.5 18.5 21.8 15.1 — 

Evaluated cylinder heat 
outcome, J/sec 

16.3 15.1 18.5 14.0 14.0 16.3 15.1 25.2 16.3 — 

Heat excess, J/sec -2.2 1.1 1.1 1.1 -2.2 2.2 3.4 -3.4 -1.1 — 
Average cylinder 
temperature, ˚C 

33.7 33.7 34.0 33.6 33.5 33.9 33.8 34.4 33.7 — 

 
Note that the average temperature of the cylinders 7 and 2 is the highest. Cylinders {0, 1, 5, 6, 

8} are somewhat colder, and the temperature in the MWR points {3, 4} markedly (by about half a 
degree) is below. 

Fig. 5 shows that the direction of possible lateral transfer in the same way as in the case with 
a healthy body, directed from the cylinders corresponding to points 5 and 6 at MWR. But now the 
lateral heat transfer occurs in two quadrants – lower-medial (point 2) and the left one, where the 
pathology was focused (point 7). Note that the average temperature of the cylinders 7 and 2 is the 
highest. Cylinders {0, 1, 5, 6, 8} are somewhat colder, and the temperature in the MWR points {3, 
4} is markedly (by about half a degree) below. 

 

 
 

Fig. 5. Probable heat transfer routes in right breast for one case (woman with breast cancer, 
38 years). 

 
3.4. Transformation models for the case with TEC presence  
Let us consider the use of such building for the analysis of heat transfer in tissue containing 

TEC. If the scaffold has a cylindrical shape, covering the soft tissue defects with a fairly uniform 
distribution of properties, only three positions can be vary in its properties: the soft tissues outside 
of the scaffold (point 0), the border ‘soft tissue – scaffold’ (point 1), and its geometric center 
(point 2). 

As the remodeling, the ratio of the individual components (substances scaffold, blood vessels 
and host tissues), in points 1 and 2 will change. To calculate the heat capacity and thermal 
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conductivity of the newly formed tissue, we used the ratio of the components obtained in the 
experimental study, where scaffolds based on natural polymers chitosan and polycaprolactone have 
been successfully installed (Novochadov et al., 2013; Ivanov et al., 2015; Modulevsky et al., 2016); 
the basic design characteristics are given in Table 5. From these data it is clearly seen that as 
scaffold remodeling is accompanied by decrement of heat capacity, while the conductivity 
increased. 

 
Table 5. The design physical characteristics of biological tissue due to scaffold remodeling  

 

 
Surrounding soft 

tissues 
(point 0) 

Time of 
remodeling 

The TEC edge 
(point 1) 

The TEC centre 
(point 2) 

TEC, % 0  
Installation 

4 week 
12 week 

100 
67 
0 

100 
88 
9  

Vessels, % 5  
Installation 

4 week 
12 week 

0 
9 
7 

0 
3 
6  

Soft tissues, % 95  
Installation 

4 week 
12 week 

0 
24 
93  

0 
10 
85  

The estimated heat 
capacity, J/(g·°С) 

3.35 
Installation 

4 week 
12 week 

3.85 
3.72 
3.34 

3.85 
3.83 
3.37 

The estimated termal 
conductivity, W/(m·°С) 

0.50 
Installation 

4 week 
12 week 

0.35 
0.40 
0.50 

0.35 
0.37 
0.46 

 
Fig. 5 shows the calculated values of the relevant thermal transfers, which direction, to the 

extent of scaffold remodeling, have been reversed. 
 

 
 

Fig. 5. The amount of energy (J) that is moved every second of the depths to the surface in the 
field of installation of tissue-engineered cylindrical constructs (diameter 5 cm; height 0.5 cm) as 
replacement of its material by host tissues. Number ‘0’ shows point in the surrounding tissue; 
number ‘1’ is the point at the border of the structure and surrounding tissue; number 2 shows the 
place in the center of the TEC. Arrows indicate the path of lateral heat transfer. 
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The revealed regularities can be considered as in tissue engineering when setting properties 
of the newly developed structures (Gu et al., 2016; Li et al., 2016), and for monitoring 
postimplantation period where it could obtain a non-invasive way information about the most 
likely mechanobiology properties of the implanted object in the dynamics of its remodeling (Giorgi 
et al., 2016). 

 
4. Conclusion 
This study demonstrates the presence of lateral heat transfer from one part of the breast to 

other ones and the ability to determine its most probable vectors in the real bodies of healthy 
women and cases with presence of malignant neoplasms. It was shown the identification and 
calculation of such heat flow vectors had independent diagnostic potential.  

The algorithm of calculations for tissue with pathological focus, with minor modifications, is 
applicable for analyzing heat transfer in tissue containing TEC. Calculations of heat transfer for 
such systems in different periods after the TEC installation demonstrate the presence of a lateral 
heat transfer, and as scaffold remodeling in the host tissue the direction of heat transfer changes 
from a predominantly centrifugal to centripetal. This transition is well marked and can be used for 
non-invasive monitoring of adaptation in the postimplantation period. 
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