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1. Introduction

Maintaining a constant body temperature – homeother-
my ‒ is one of the necessary and complex functions of the 
body, which possesses complex mechanism and involves 
the interaction of different body systems [1]. Tempera-
ture, as a diagnostic indicator, is used in almost any 
medical procedure. A rise in temperature of body surface 
is a signal of the development or presence of pathological 
processes in the body. Deep temperature is an integral 
indicator of the level of bioenergetic processes and it can 
serve as an indicator of the morphofunctional state of 
separate organs. The reasons of increasing of the local 
temperature may be [2]: inflammation of any genesis, 
malignant neoplasms [3]; disorders of venous outflow and 
venous congestion; increase in the metabolic rate of vari-
ous organs. Of particular importance is the measurement 
of deep temperatures for the diagnosis of cancer.

In some cases, a local decrease in the deep temperatures 
is observed. The reasons of such decrease [2] can be:

– disturbances of arterial blood supply and a decrease in 
blood microcirculation;

– decrease in the metabolism rate of various organs of an 
age or pathological nature;

– degenerative processes with the replacement of func-
tionally active tissue with a connective tissue.

Existing invasive methods for measuring deep tem-
peratures are based on the introduction of various types 
of sensors, which traumatizes tissues and does not allow 
determining anomalous regions with a sufficient degree of 
accuracy. Non-invasive measurement of deep temperatures is 
possible with the use of microwave radiometers [4] – devices 
that register their own radiation of biological tissues in the 
radio range. By the power level of this radiation, it is possible 
to estimate the deep temperatures of organs and tissues.

For practical implementation of radiothermometry in 
medical practice, the following conditions are necessary:

– a presence of models of distribution of deep tempera-
tures in human tissues;

– theoretical justification of the requirements to the ra-
diothermometer equipment;

– development of measurement methodology.

2. Literature review and problem statement

Radiothermometry is a promising method of non-inva-
sive diagnosis of diseases accompanied by a disturbance of 
the temperature balance. The most developed methods of di-
agnosis are the methods of diagnosis of malignant mammary 
neoplasms. At the moment, developments are carried out to 
improve the method. In paper [5], additional factors that 
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had not been taken into account in the initial measurement 
model and that affect the detection accuracy of the tumor 
have been identified and investigated.

The development of antennas for the purposes of mam-
mary radiothermometry continues. One of such develop-
ments has been presented in paper [6], the authors have 
developed a wide-band thin-film antenna coordinated with 
the multilayered structure of biological tissue. In article [7], 
authors have presented an antenna at the open end of the 
waveguide that meets the frequency requirements and can be 
used in microwave diagnostics of breast cancer.

The results of clinical studies of a method combining 
infrared thermometry of the skin surface and internal tem-
perature radiothermometry have been presented in paper 
[8]. The method has shown reliability of the diagnosis, com-
parable to the mammographic method, which is considered 
as the reference method. In article [9] results of the study 
of the physiological changes of the mammary gland during 
pregnancy by the methods of infrared and microwave ther-
mography have been presented.

One of the developing areas of research is the combined 
use of radiothermometry with therapeutic actions. Experi-
mental studies of the use of radiothermometry in combination 
with microwave hyperthermia have been given in the pa-
per [10], where a test of a combined apparatus for radiother-
mometry and hyperthermia on a model of a head, electrophys-
ical properties of which are correlated with the real ones, has 
been described. Report [11] has described the application of 
radiothermometry in combination with laser action.

Existing technical means of non-invasive temperature 
measurement make it possible to identify areas of elevated 
temperature without an exact determination of the depth of 
the source of the anomalous temperature. At the same time, 
the authors have set the task of measuring zones of elevated 
temperature, while in the human body zones of local lower 
temperature can also be considerably dangerous. To create 
technical means to determine the depth of anomalous tem-
perature, it is necessary to consider the model of temperature 
fields on the basis of which it is possible to estimate the exist-
ing technical means of radiothermometry.

3. The study objective and tasks

The objective of present work is to model the distribution 
of thermal fields in the human body in the presence of lower 
temperature zones to justify the requirements to the param-
eters of radiothermometers. The results of the modeling en-
able the technical implementation of the radiothermometry 
method to solve medical tasks.

To achieve the objective, the following tasks were set:
– to improve the model of temperature distribution in 

biological tissue and analyze the distribution obtained;
– to evaluate the possibility of determination of the 

characteristics of the temperature anomaly by the method of 
two-frequency radiothermometry;

– to evaluate the accuracy of the method and justify the 
required technical parameters of the radiometer.

4. Model of distribution of deep temperatures

In the existing models of the distribution of temperature 
fields in biological objects, a source of increased heat release 

(local inflammation, cancer neoplasm [12]) is assumed. The 
temperature fields in the region of lower temperature have 
not been studied sufficiently. This is possible if there is a 
region with disturbed blood circulation and slow metabolic 
processes, not accompanied by inflammation, in the deep 
layers of tissues.

To construct the temperature distribution model in the 
presence of a source with a lower temperature, we make the 
following assumptions [13]:

– affected area is a homogeneous sphere of radius r0, lo-
cated at a distance a>r0 from the surface of the skin; 

– heat release in the sphere is negligibly small in com-
parison with the heat release of surrounding healthy tissues;

– thermal conductivity inside the sphere is less than the 
thermal conductivity of the surrounding tissues due to a 
decrease in blood flow in the affected area.

An exact solution to the problem of heat transport and 
distribution in the area can be obtained by using the meth-
ods of mathematical physics. In this case, the solution of the 
thermal conductivity equation reduces to solution of the 
Cauchy problem and allows us to determine the heat distri-
bution function in the area with a high degree of accuracy. 
In the case of biological tissue, this is extremely difficult for 
several reasons. First, the area is not homogeneous, in terms 
of thermal properties. Second, the source function cannot be 
uniquely determined. In addition, the process of formation of 
a source of elevated temperature (cancer neoplasm) is of an 
individual character.

For approximate estimates of the thermal fields there is 
no need in accurate calculations. Therefore, we consider the 
problem using the example of electrostatic field distribution, 
using the analogy between electrostatic (potential) and 
thermal fields. When modeling thermal processes by electro-
static ones, the dielectric permeability ε corresponds to the 
coefficient of thermal conductivity κ, and the charge density 
ρ – to the specific heat release ρт. The electrostatic model is 
a dielectric sphere of radius r0 and a dielectric constant ε1 in 
area with a dielectric constant ε2.

The specific heat release in the sphere, as indicated 
above, is negligible comparing to the specific heat release of 
the surrounding tissue. Accordingly, within the framework 
of the electrostatic model, the region under consideration 
will be the region with zero charge in area with a positive 
charge density ρ. By the principle of superposition of the 
electric field, the electric field potential N of the sources is 
equal to the sum of the field potentials of each source:

.
N

i
i

ϕ = ϕ∑     (1)

Conditionally, we place a fictitious negative charge with 
density ρ in each point of biological tissue. Using the principle 
of superposition of the electric field and calculating the total 
charge at each point, we obtain a model. This model has been 
brought to the following form: a charged dielectric sphere with 
a distributed negative charge with a density ρ in an uncharged 
dielectric area. Since heat release of intact tissue is taken as zero 
level, the solution of this problem will be not the absolute value 
of temperature, but the temperature change relative to the nor-
mal temperature of healthy tissue ΔT, caused by the anomaly.

The total charge of the sphere is:

3
0

4
.

3
q V r= ρ = πρ   (2)
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By solving the problem of electrostatics for a charged 
sphere in a homogeneous space, we obtain the potential φ at 
a point at a distance r from the center of the sphere:

( ) ( )
2

2 20
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2 13 6
r

r r r
ρ ρ

ϕ = + ⋅ −
ε ε

 for 00 ,r r£ £  (3)
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ε
 for 0.r r≥   (4)

In the case when the temperature anomaly is located 
near the surface of the body at a distance a comparable to 
the radius of the anomaly, the temperature distribution is 
affected by the thermophysical parameters of the skin. The 
temperature anomaly is located inside a biological tissue 
with a high thermal conductivity near the plane interface 
with air, which has a low thermal conductivity. In the elec-
trostatic model, we set the problem of the distribution of the 
charge field located near the plane interface of two areas 
with a dielectric permeability ε2 and ε3<ε2 respectively. The 
charge is uniformly distributed inside the dielectric sphere 
with dielectric permeability ε1 and radius r0.

The potential at a random point P of the space depends 
on the distance between the point P and the center of the 
charged sphere and the distance from the point P to the 
plane interface of the areas. The effect of the plane interface 
is taken into account using the image method [14]. We place 
the charge Q Q=′  symmetrically to the center of the charge 
with respect to the plane interface, that is, to the point 
(–a; 0; 0) (Fig. 1).

The solution of the problem is the distribution of poten-
tials only in the half-space x>0. The potential at a random 
point of this half-space is equal to the sum of the potentials of 
the charged sphere φ1 and the fictitious symmetric charge 1 :ϕ′:

1 1.ϕ = ϕ + ϕ′  (5)

 

Fig.	1.	Electric	field	at	point	P	created	by		
two	charges	located	at	(a;	0;	0)	and	(–a;	0;	0)		

(x,	y,	z	–	are	the	spatial	values)

The potential φ1 is calculated from formulas (3), (4). The 
distance from the center of the sphere r is:

( )2 2 2 .r x a y z= − + +   (6)

The potential 1ϕ′  is:

1
2
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Q
r

λ
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   (7)

where 
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proceeding from the conditions for the continuity of the 
electric field at the plane interface [14]. The distance from 
the center of the fictitious charge r ′  is:

( )2 2 2 .r x a y z= + + +′   (8)

We substitute (3), (4), (7) in (5) and obtain the distribu-
tion of potentials:
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Switching from electrostatic to thermophysical parame-
ters, we obtain the following temperature distribution:
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(10)

The distribution obtained is shown in Fig. 2. The results 
obtained correspond to the results of the study of tempera-
ture fields using IR thermal imagers for the case of a two- 
dimensional model [15, 16].

 

Fig.	2.	Distribution	of	the	temperature	deviation	ΔT		
inside	the	biological	tissue	at	a=2.5	cm	(x	is	the	axis	

directed	perpendicular	to	the	skin,	y	is	the	axis		
directed	along	the	skin)

As can be seen, the biological plane interface contributes 
to the formation of the temperature field, and a thermal spot 
appears on the surface of the skin. At small depths of the 
location of the temperature anomaly, the temperature spot is 
clearly discernable (Fig. 3) and can be investigated by infra-
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red thermometry. Modeling of the temperature spot on the 
skin surface with different sizes and depths of the tempera-
ture anomaly allows us to determine the boundary depth of 
the location of the temperature anomaly.

This condition is met when the temperature anomaly is 
located at a depth of 2–3 cm, depending on the parameters 
of the biological area and the parameters of the temperature 
anomaly, which determines the choice of operating frequen-
cies of the radiometer.

 

Fig.	3.	Temperature	spot	on	the	surface	of	the	skin		
(y, z	are	the	spatial	values	on	the	skin	surface)	for a=2	cm

If a depth of occurrence is greater (Fig. 4, 5), the tem-
perature spot becomes less discernible with the IR thermal 
imager [16]. Therefore, with an increase in the depth of the 
source of the temperature anomaly, the main method of in-
vestigation is microwave radio thermometry.

 

Fig.	4.	Temperature	spot	on	the	surface	of	the	skin	(y, z	are	
the	spatial	values	on	the	surface	of	the	skin)	for	a=5	cm

 
Fig.	5.	Distribution	of	temperature	deviation	ΔT	by	depth	x	in	
a	plane	perpendicular	to	the	surface	of	the	skin	and	passing	
through	the	center	of	the	temperature	anomaly	at	different	

depths	of	the	anomaly

It can be seen how the effect of the temperature anomaly 
on the temperature of the skin surface (x=0) varies with the 
depth change on Fig. 5. Expectedly maximum influence on 
the surface temperature is provided by not to deep disposed 
regions of anomalous temperature.

5. Determination of the depth and size of  
the temperature anomaly

The power of electromagnetic radiation of any point of 
matter having a nonzero temperature located at depth x 
is proportional to temperature. Spreading inside a layer of 
tissue of x thickness, the radiation decays exponentially [17] 
and the radiation power at the surface is equal to:

( ) 0 ,
x
lP x P e

−
=      (11)

where l is the thickness of the tissue layer, in which the radi-
ation power decreases by e times.

The power allocated in an element of dx length is equal to:

0

1
d .

x
ldP P e x

l

−
= − ⋅   (12)

The radiation power conditioned by the temperature of 
the biological tissue is directly proportional to temperature. 
Therefore, the radiation power is uniquely determined by 
the noise temperature Tn. Integrating (12), we obtain an ex-
pression for the general case of the temperature distribution 
inside the object:

( )n
0

1
d .

x
lT T x e x

l

∞ −
= ⋅ ∫

  (13)

Existing solutions of the problem of determination of 
the deep temperatures [12, 17–19] use different models of 
temperature distribution T(x) corresponding to the real dis-
tribution with the required degree of accuracy.

It has been shown in paper [12] that the use of a rectangu-
lar temperature distribution model makes it possible to con-
nect the presence of an elevated temperature region with the 
results of radiometric measurements. In [19], a model of Gauss 
distribution of temperature has been applied, which makes 
possible to localize the temperature anomaly more accurately.

The temperature Tn measured by the radiometer is a 
function of three variables: the depth of the temperature 
anomaly, its temperature and dimensions (in the case of a 
spherical model ‒ the radius). The radius of the temperature 
anomaly can be brought into dependence on the peak value 
of its temperature, in this case Tn is a function of two inde-
pendent variables. Thus, it is impossible to localize the tem-
perature anomaly and determine its temperature accurately 
with the help of one equation and without the assumption 
of a fixed depth of occurrence, and this is a disadvantage of 
the method. This problem restricts the practical application 
of radiothermometry in diagnosis. Since only a qualitative 
determination of the presence of an anomaly without accu-
rate quantitative characteristics is possible, the method is 
most widely used for the diagnosis of breast cancer [3, 6–8]. 
The mammary gland in terms of electrophysical properties 
is a homogeneous area. Being a pair symmetrical organ, it 
enables the qualitative detection of a temperature anomaly 
by differences in the parameters obtained for the two glands.
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A possible method of determination of two variables 
(the size of the temperature anomaly and the depth of its 
occurrence) is to perform measurements at different fre-
quencies. The measurement at each frequency adds an addi-
tional equation to the system of equations, which allows us 
to calculate the required number of independent variables 
[19]. Let us investigate the possibilities of multifrequency 
radiothermometry for the considered model of temperature 
distribution in the biological area T (x, y, z) with tempera-
ture anomalies (10).

We calculate the noise temperature on the surface of the 
skin according to formula (13) at a point directly above the 
center of the temperature anomaly, that is, we use the formu-
la for T (x, y, z) with y=z=0. In the formula, we assume that 
the depth of occurrence of the temperature anomaly a and its 
radius r0 are unknown variables.

The depth of penetration of radiation in biotissue l is 
approximately equal to the wavelength of radiation in the 
tissue, that is, it depends on the radiation frequency and the 
dielectric constant of the area, which in general also depends 
on the frequency [20]:

( )
( )

.
c

l f
f f

=
⋅ ε

  (14)

We obtain an expression for the noise temperature on the 
surface of the skin, which depends on the depth and the radi-
us of the temperature anomaly, as well as on the frequency at 
which the measurement has been carried out:

( ) ( ) ( ) ( )
n 0 0

0

1
, , , , d .

x
l fT a r f T x a r e x

l f

−∞
= ⋅ ∫  (15)

Thus, in order to find two unknowns a and r0, a system of 
two equations is necessary [21]. To obtain a system of equa-
tions, it is necessary to measure the noise temperature on the 
surface of the skin at two frequencies:

( )
( )

n 0 1 1

n 0 2 2

, , ,

, , .

T a r f T

T a r f T

 =


=
  (16)

In the Mathcad software, area calculations have been 
made for two different frequencies. The choice of frequency 
is justified by the dependence of the penetration depth of 
electromagnetic radiation to biological tissue. Since the tem-
perature anomaly located at a depth of less than 2 cm can be 
studied by infrared thermography, the following condition 
must be fulfilled for a radiothermometer:

( )
2

c

f f
≥

⋅ ε
 cm.   (17)

Having solved inequality (17) for adipose tissue, we find 
that the frequency of the radiometer should satisfy the con-
dition f≤2.8 GHz. For muscle tissue, with increased water 
content and high dielectric permeability, ‒ f≤1.8 GHz. It is 
advisable to choose a frequency even less, without going over 
to boundary cases.

The results of calculations at a noise temperature of 
0.18 K and a frequency of f1=1 GHz and at a noise tempera-
ture of 0.175 K and a frequency of f2=0.8 GHz are shown 
in Fig. 6.

 
Fig.	6.	Results	of	calculations.	The	calculated	depth	is	6.2	cm,	

the	anomaly	radius	is	1.2	cm

Technical implementation of the method of two-frequency 
radiothermometry is a separate task [22–25]. The problem is 
the development of a broadband antenna coordinated with a 
biological object at different frequencies, or the synchroniza-
tion and matching of several antennas used for simultaneous 
measurements at different frequencies.

6. Estimation of the resolving power of the method

The resolving power ΔT of determination of the tempera-
ture of the anomaly at a fixed accuracy of the radiometer 
depends on the depth of the anomaly: with increasing of the 
depth – ΔT increases and the accuracy decreases. Thus, im-
portant information on the estimation of the accuracy of the 
method is contained in the dependence of the resolvability of 
detection of the temperature anomaly, on the depth at which 
the anomaly is located. Since the value measured directly by 
the radiometer is the noise temperature Tn, we fix the accu-
racy of its measurement at the level ΔTn=0.01 оС, which cor-
responds to the order of accuracy of the existing radiometers.

Let us write the equation connecting the change of the 
depth of occurrence of the temperature anomaly Δx with the 
change of the noise temperature:

( ) ( )n 0 n 0 n, , , , .T x r f T x x r f T− + Δ = Δ   (18)

Assuming the frequency at which the measurements 
are taken to be f=1 GHz and the radius of the temperature 
anomaly to be 15 mm, we obtain the dependence of the mea-
surement error of the spatial value Δx on the depth of the 
temperature anomaly x (Fig. 7).

 

Fig.	7.	Dependence	of	the	measurement	error	by	depth	Δx on	
the	absolute	value	of	depth	x

As a result of the simulation carried out, the possibility 
of using the laws of electrostatics has been demonstrated, 
which greatly simplifies the modeling process and allows 
the simulation of thermal fields. Unlike the existing models 
[12, 17–19], the case of the presence of a zone of lower tem-
perature in the human body has been considered.
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The resolving power of the method of radiother-
mometry has been estimated and the limiting depths of 
detection of zones of anomalous temperature have been 
evaluated. As a result of numerical modeling, it has been 
shown that the resolving power of the method has made up 
to 5 % of the depth at different depths of occurrence of the 
temperature anomaly.

The principal possibility of the method of radiothermome-
try for determination of the depth of occurrence of an anoma-
lous temperature source has been shown. For these purposes, 
it is necessary to use a two-wave radiothermometry.

7. Discussion of results of the study of formation and 
recording of thermal electromagnetic radiation

The developed model covers two stages of investigation 
of the electromagnetic radiation of biological tissue: the 
distribution of the temperature of biological tissue and the 
formation of electromagnetic radiation. Electromagnetic 
radiation is formed by each elementary layer of tissue with 
subsequent absorption of radiation by the overlying layers.

One of the advantages of the temperature distribution 
model is the relationship between temperature and physi-
ological parameters. In contrast to the empirical study of 
temperature distribution, this model allows us not only to 
ascertain the temperature values at the point of space x, y, z, 
but also to predict the temperature values depending on the 
physiological processes in the tissue. In particular, the tem-
perature distribution in the case of necrotic processes has 
been considered when there is a region with reduced heat 
release in the tissue.

In the final system of equations obtained by performing 
measurements at different frequencies, the characteristics of 
the necrotic region of the temperature anomaly are unknown. 
In the case of highly specialized diagnostics, this allows to 
determine the main physiological indicators accurately. In 
the general case, when causes of temperature change are 
unknown, a measurement method that determines the tem-
perature values at different points in the tissue is required. 

This problem has been solved by reducing the temperature 
distribution model to the form where the variable is the peak 
value of the anomaly temperature.

In the present study, a single-layer model of biological 
tissue has been considered. With its help it is possible to 
model the simplest cases of homogeneous tissue, however, 
for most real biological tissues, a multilayer structure is re-
quired. The study of the distribution of temperature in mul-
tilayer biological tissue could become the subject of further 
research in this field.

8. Conclusions

1. The application of the electrostatic model for deter-
mination of the temperature distribution has been sub-
stantiated. The model for the distribution of thermal fields 
within a biological object with the presence of zones with 
a lowered temperature in the biological object has been im-
proved. Unlike existing models, a three-dimensional model 
has been considered, this allows to formulate requirements 
to the equipment more correctly. In addition to areas with 
increased temperature, this model allows to explore zones 
with a lower temperature. The model takes into account the 
physiological processes of formation of temperature fields. It 
is shown that the determination of sources with a lower tem-
perature is impossible by infrared thermography at depths 
greater than 3 cm.

2. The possibility of determination of the depth and size 
of the anomalous temperature zone using two-wave radio-
thermometry has been confirmed by results of numerical 
modeling of the formation of thermal radiation and by the 
solution of the system of equations.

3. The working frequencies of the radiometer are justified 
taking into account the penetrating power of electromagnetic 
waves and the requirements to the accuracy of temperature 
measurement. The error in measuring of the depth of occur-
rence of the temperature anomaly, based on the available ac-
curacy of determination of the noise temperature by modern 
radiometers, is no more than 5 % of the depth.
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