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Abstract

The method for estimating the rate of propagation of temperature waves in the myocardium during hypothermia and hyper-
thermia of the heart based on noninvasive temperature control on the heart surface in conditions of cardiopulmonary bypass is pro-
posed. The solution of the heat conduction equation for temperature waves in the myocardium is presented, which allows determin-
ing at each point of the medium the temperature change function, as well as the amplitude and phasing velocity of the temperature
wave upon cooling and warming of the heart in conditions of cardiopulmonary bypass. The velocity distribution for the temperature
field on the surface of the myocardium and in the depth of tissues during the hypothermia and hyperthermia of the heart is obtained.

The thermographic images of the heart during controlled hypothermia and hyperthermia of the heart under cardiopulmonary
bypass are obtained. The study of the conditions for spreading the temperature wave in the myocardium is performed, which allows
to improve the means of intraoperative protection of vital organs and tools for controlling its effectiveness. The results of introduc-
tion of methods of non-invasive temperature control in cardiac surgery and the process of intraoperative cardiac protection in the
temperature range from +10 °C to +38 °C are presented.
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1. Introduction

The propagation of temperature waves in the heart during the process of hypothermia and
hyperthermia is a periodic change in the temperature distribution in a homogeneous medium — the
myocardium, which is associated with periodic fluctuations in the density of the heat flows entering
the environment from the contour of cardiopulmonary bypass.

The temperature waves contain information on the properties of the myocardium (heat,
temperature, conductivity, density) and the nature of the processes and phenomena that give rise to
them (blood flow in the contour of artificial blood circulation, oscillatory processes of the tempera-
ture in the operating field, the frequency of rotation of the rollers of the cardiopulmonary bypass).
Thermal conductivity is the main mechanism of transferring heat to tissues that are not directly
exposed to heat, and the temperature is the main physical value that characterizes all thermal inter-
actions in the myocardium with hypothermia and hyperthermia under artificial blood circulation.

The temperature waves in the myocardium are characterized by some features that distin-
guish them from electromagnetic and acoustic waves in biological objects. When distributed in
biological tissues, the temperature waves are strongly suppressed with penetration, they are char-
acterized by a significant variance — the dependence of the rate of propagation on the frequency of
heat sources.

The change in the depth of penetration of the temperature wave depends on the frequency
of thermal defectoscopy depending on the frequency, which allows them to be used to detect mi-
crocavities in the tissues, disturbance of blood supply and zones of ischemia in the myocardium.

2. Analysis of literary data and problem statement
In the conditions of artificial blood flow effects of uneven distribution of temperature in
tissues of the human body appear during controlled cooling and warming of the heart and brain.
Useful and important empirical approaches are presented in several well-developed pub-
lished studies [1-3]. The patterns of heartwarming are based on the method of contrast X-ray
examination of blood vessels and a detailed experimental display of isolated hearts. In the above
studies, the heat transfer in the myocardium is also measured by various experimental methods.
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In a series of studies to obtain images that show the anisotropy of the tissues of the heart
[4—6], the technique of diffusion tensor image was used. Such method of measuring the heat trans-
fer can provide high-quality data that can be used in computer models.

Methods of study of temperature distribution [7], which are based on the empirical ap-
proach, can significantly help to verify the parameters of the models developed by the theoretical
approach. But this requires correct averaging of the data obtained by displaying isolated samples
of the heart. The most important issue of obtaining qualitative information about the coronary
flow was not so easy to solve, since open heart operations for controlling the temperature available
the only visible side of the heart. At the same time, modern devices and information technologies
provide new solutions that can be useful in studies of temperature distribution and distribution of
temperature waves in the myocardium.

3. The purpose and tasks of the study

The purpose of the work is studying the conditions for the propagation of the temperature
wave in the myocardium and development of a method for evaluating the rate of propagation of
temperature waves in the process of controlled hypothermia and hyperthermia on the basis of
non-invasive control of temperature on the surface of the heart.

To achieve this purpose, the following tasks were set:

1. To solve heat conduction equation taking into account the influence of heat sources in
the myocardium, which cause the occurrence of temperature waves.

2. To determine a temperature function in the layer of the myocardium, as well as
the amplitude and phase velocity of the temperature wave during cooling and warming of
the heart.

3. To get a dependence of the rate of distribution of the heat flow in the myocardium from
the temperature in the layer of myocardium in the process of hypothermia and hyperthermia.

4. Materials and methods of research

The method of evaluation the rate of propagation the temperature waves in the myocar-
dium in the process of hypothermia and hyperthermia of the heart is realized on the basis of
non-invasive control of temperature on the surface of the heart under artificial blood circulation.
For realization the method of noncontact control of temperature and digital processing of video
data thermograms in conditions of artificial blood circulation, the FLIR i7 thermocouple with
a spectral range of 7,5-13 microns is used on the basis of non-cooling digital matrix elements
320%240 size, minimum focal length 0,6 m and temperature sensitivity <l °C. The FLIR i7 ther-
mograph allows to obtain a sequence of infrared heart images at a frequency of 9 Hz, presented
in the form of a sequence of frames. The obtained temperature distribution is the input data for
solving the heat equation for temperature waves. The analysis of thermograms allows to determi-
nate the function of distribution of temperature and rate of distribution of heat flux on the surface
of the myocardium and at the depth of tissues in the process of hypothermia and hyperthermia of
the heart under artificial blood circulation.

5. Temperature waves in the theory of thermal conductivity

For different degrees of temperature field heterogeneity, the flow velocity vector must satis-
fy the law of conservation of the mass of heat transferred, or the equation of continuity, which has
the form [8]:

ap

= Hdiven =0, (1)

where 1 — vector of the heat flux rate, m/s, p — the density of the myocardium, kg/m?, t — the time
of distribution of heat flow, s.

Thus, the generalized differential equation of heat conduction taking into account the con-
vection flow in the myocardium takes the form [9]:
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oC a—T+diV(pﬁa—T) = —div(q, )~ div(dy ),
® ot ot @

aa—‘t’+ div(pii) = 0,

where Cp — the specific heat of the myocardium, J/(kgxK), q. — the heat flux density due to heat
transfer, q, — the density of the heat flow due to heat transfer, W/m>.

In the general one-dimensional case, the properties of the myocardium and the parameters
characterizing the heat flux can vary in the same direction in which the flow occurs — in parallel
with the axis X (Fig. 1). In addition, the heat flux can change over time. Therefore, the density of
the flow of heat q(x, t) should be regarded as a function of coordinate x and time t.

int ext
T T,
— I [
q(x) g(x+dx)
X x+dx X

Fig. 1. The direction of the heat flow in the myocardium

To determine the thermal interaction at the boundary of two media, it is necessary to ob-
serve the condition equality of temperature and heat flows on both sides of the boundary of the
section. The density of the heat flux q is a vector that coincides in the direction with the direction
of heat propagation and is numerically equal to the amount of heat passing for one second through
the area of the myocardium. To obtain the heat conduction equation for an infinitesimal area of
the myocardium, one can consider a section of the surface in the form of a cylinder with forming,
which is parallel to the axis X with a length dx. The amount of heat Q,  entering the cylinder due to
the area of the cross section S in time dt, and the amount of heat Q_, coming out at the same time
through the cylinder’s base, is:

Qi — Q. = (q(x) —q(x +dx))-S-dt = mC dT, 3)

where m — mass of the cylinder (areas of the myocardium), dT — temperature change in myo-
cardium.

If heat is not supplied through the lateral surface of the cylinder, then the total amount
of heat entering the time dt through the examined part of the myocardium is determined by the
formula:

dq(x,1)

(q(x)—q(x+dx))-S-dt = _(
X

)-s dxdt. @)

Equating both expressions and making reductions, we obtain the equation of heat conductiv-
ity for an infinitely small part of the myocardium in the one-dimensional case:

dT _ dq(x,t) )
Poe e = ax

A heat flux occurs only when the temperature of the medium varies from one place to anoth-

er. The simplest is the case of an infinite homogeneous medium — the thickness of the myocardium

3. If on one border of the myocardium (int) temperature is maintained as T , but on the other (ext) —

temperature is T,, and T>T, then the heat flux is proportional to the temperature AT. For infinite-
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ly thin layer and the axis X is directed towards the lowering of temperature, then 8=dx, T=T(x),
T =T(x+dx), and the flow of heat in the myocardium is determined by the expression:

T -T aT
qs = _Yp % = _Yp a_X, (6)

where AT=T ~T, — temperature gradient in the myocardium in the direction of distribution of heat
flow, °C, Y- coefficient of thermal conductivity of the myocardium, W/(mxK), which depends only
on the physical properties of the myocardium.

The obtained formula is also valid in the case of an inhomogeneous medium with an arbi-
trary temperature distribution for all three spatial coordinates X, y, z, if consider the infinitely thin
layer of the myocardium perpendicular to the direction of the heat flow. Such layer of myocardium
can be considered homogeneous, and its thermal conductivity y, will be the function of all three
spatial coordinates X, y, z. In one-dimensional case, the thermal conductivity will depend only on
one spatial coordinate x: yp=y(x).

When the medium is homogeneous and the heat conductivity Y, does not depend on tem-
perature, let’s obtain the solution of the heat conduction problem for an infinite small and homoge-
neous portion of the myocardium from one spatial coordinate:

oT o'T oT o'T
P ™ T M T Y M

where OL:Yp/pCp — temperature conductivity of the medium (myocardium).
If the sources of heat present in the myocardium, which is characteristic for the process of
starting the heart, then the equation of heat conductivity for a homogeneous site has the form:

oT  o°T
PCPE=—7+%(X), ®)

where q;- the amount of heat released by sources in the volume of the myocardium.
The heat can be released, for example, as a result of perfusion or passing of an electric cur-
rent through a myocardium.

6. The solution of the heat equation for temperature waves

The temperature waves in the myocardium are periodic changes in the distribution of tem-
perature in the environment, associated with periodic fluctuations in the density of heat flowing
from the cooling and warming of the heart. If in a myocardium the temperature periodically chang-
es in time, it leads to periodic changes of temperature in all other parts of the heart. The validity of
this statement is due to the fact that the variables x i t in the heat conduction equation, as well as the
coefficient of thermal conductivity o are values of substance.

Let’s accept the hypothesis that the temperature on the surface of the heart varies over
time in a sinusoidal or cosine- law, fluctuating around some average value that is characteristic
for convection of heat on the surface of the heart under artificial blood circulation. In the simplest
case, when the myocardium is a homogeneous medium and fills the space limited by the plane
x=0, and the direction of heat transfer is the axis X directed inside the medium and perpendicular
to its boundary, the average value of the temperature fluctuation around a certain set value can be
assumed to be zero if agree to deduct from it the temperature.

Then the complex function of changing the temperature in the myocardium has the form:

T(x,t) =T, [cos(ot —kx)+i-sin(ot —kx)] = T,e" ™, )

where k — constant value, ® — frequency change of direction of heat flow.
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The differentiation of the temperature change function T(x, t) gives the following ex-
pressions:

T : ’T .
aa—t =ioT,e "™ =ioT, g - =-k’Te ™ = —k’T. (10)
X

Substituting these expressions into the heat conduction equation, we obtain the dependence
of the temperature conductivity of the medium (myocardium) on the frequency of temperature
fluctuations ® when heat convection on the heart surface:

iro=-a-k’. 11
Execution of this condition means that the complex function of temperature change T(x, t)

will be the solution of the heat equation for any value continuously T If the value is ® is real and
positive, then constant k will be a complex value, and may have two meanings:

k = -0/ =+ /0/20.(1-1). (12)

Since the temperature fluctuations begin to be excited on the surface of the myocardium and
transmitted to the environment, then these oscillations should creep as far away from the surface
of the heart. Therefore, physical meaning has only an expression for the function of change in the
myocardium temperature of the following type:

T(x)=T, exp(—\/%x)expi(wt—\/gx} (13)

From the complex solution for the function of change in the myocardium temperature it is
possible to go to the substance form using the Euler formula:

® ()

T, exp| — /=X |[cos (Dt—«/—x ,
20 20
® . ®

T exp| — /—x sin (x)t—‘}—x .
20 20

If fix the coordinate x, then at each point of space the function of temperature T(x, t) rep-
resents harmonic vibrations in time with the period T=2m/®m and the phase of these oscillations,
which varies from one part of the medium to another. Perturbations, which describe at each point
of space a function of temperature change T(x, t), represent a temperature wave propagating in a
myocardium with a phase velocity v. Length of the temperature wave A is defined as the distance
that passes through the wave for a periodt:

T(x) = (14)

A = V1T =21/ TOT. (15)

The amplitude of the temperature wave decreases in the medium y e- times for each plot
length 1=1/0=A/27 in the direction of wave propagation:

T(x) = Texp(—-Q-x), Q=+w/20 =21/, (16)
where Q — coefficient of attenuation of the temperature wave.

Limit and initial conditions that satisfy the solution for the temperature change function
T(x, t), can be obtained if set the initial values x=0 and time t=0:
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T_, =T, exp[—, f%x}cos4 /%x, T, , =T, cosmt. 17)

The heat equation retains the properties of linearity and homogeneity only in a given tem-
perature range, in which the temperature conductivity Y, myocardium is a constant value.

7. Temperature field in conditions of artificial blood circulation

The distribution of the temperature field in the myocardium describes the temperature val-
ues for all points of space at a given time. Since in the real conditions of artificial blood circulation
the initial distribution of temperature can be arbitrary, the problem setting for finding the boundary
conditions may be as follows:

— on the myocardium surface at a time t=0 harmonious fluctuations of temperature are ex-
cited, and then they are maintained indefinitely for a long time;

—no additional sources of heat other than blood coming from the contour of artificial blood
circulation, inside the myocardium,;

— at the end of a long period of time, all fluctuations of temperature in the environment are
extinguished, except for forced oscillations;

— the forced oscillations will have the same periodicity in time as the temperature fluctua-
tions on the surface of the myocardium.

The differential heat equation, which takes into account the rate of distribution of the heat flux
in the medium for an infinitesimal area v of the myocardium in the one-dimensional case, has the form:

pC, (aa—f +VVT(x, t)) = -Vq(x, 1), (18)

where v — the rate of distribution of the heat flow in the myocardium.

If the heat flow occurs at one boundary of the medium (int) with surface temperature T,
extends along the axis X and is supported to the other boundary of the environment (ext) with
temperature T <T, then at any point of a homogeneous layer of myocardium it can be described by
the following expression:

T
—ypa—x:hi-(T—Te), h, = C dT, (19)
where h, — heat transfer coefficient for the i — point in the myocardium. Substituting this expression
into the formula for the equation of heat conductivity, we obtain the solution of the problem in time
in one spatial coordinate — the axis X.

Substituting this expression into the formula for the equation of heat conductivity, let’s ob-
tain the solution of the problem in time in one spatial coordinate — the axis X:

0 JT d JoT
_ Pl =—|—v —4+ph.v | 20
0x (Y" ox )x_; 8x( Te 0x P 'D') @0

For a small part of the myocardium, which is an infinitely thin layer 6=dx along the axis X,
the change in the temperature field will be expressed in terms of expression:

0(x) = T-T = exp(pcpDi ]—1 exp(pCpUiSJ—l , 21)
T, —T, Yo Yo

where v, — the rate of distribution of heat flow for i — points of the environment.
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Substituting this expression into the formula for the heat flow, let’s obtain the heat transfer
coefficient in the myocardium h, for the i — point of the medium:

pC,Y;
h, =pC,v, /| exp Yi”S -1 (22)
P

Provided if in the selected temperature interval dT=T -T, given temperature of myocardium
Y, and the coefficient of heat transfer in the myocardium h, is a constant, the differential equation
of heat conductivity has the properties of linearity and homogeneity. This allows to solve the heat
conduction equation with respect to the rate of distribution of the heat flow in the myocardium:

D(X,T):_Lﬂw[_exp[_gﬁx]ﬂ], )
pC, T-T v, T-T.

where W(x, t) is Lambert’s function.

If limit the values x>—1/e and believe that W(x,t)>—1, then Lambert’s function is defined as
an unambiguous function.

The solution to the problem of thermal conductivity shows that in the surface layer of the
myocardium, temperature fluctuations can be established with a period T=2n®, which corre-
sponds to the period of thermal waves of heat sources. Temperature fluctuations in the surface
layer of the myocardium occur with a phase shift [10], so the depth of penetration of heat into
the surface of the myocardium depends on the period of temperature fluctuations on the heart
surface. The amplitude of the temperature wave in the surface layer is proportional to the depth:

T(x)=T, -exp(—mx/a- X), (24)

where 7y is time delay of maxima and minima of the temperature in the myocardium.

Taking into account the process of penetration of temperature waves into the depth of the
surface layer of the myocardium let’s obtain an expression for changing the temperature field,
which depends on the frequency of temperature variations :

T(x)-T
%: exp[—\/gx]—l. (25)

The ratio shows that the longer the period of temperature fluctuations, the less depth of pen-
etration of temperature waves in the depth of the myocardium [11]. A solution for the heat conduc-
tion problem taking into account the temperature waves in one spatial coordinate relative to the rate
of distribution of the heat flow in the myocardium v will be described by expression of the form:

1)()(,0),T):—L L exp —,fﬁx —1|x
pC,0(x) T—T, 200

XW| —exp —iTe_Tsx +1]. (26)
Y, T-T,

Provided that the differential equation of heat conductivity has the properties of linearity
and homogeneity, the expression for the rate of propagation of the heat flux has the form:

h T -T,
XW| —exp| ———————=x [+1]. 27
Y, T-T,
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8. Results of studies on the distribution of temperature in the myocardium

During controlled cooling and warming, the uneven distribution of temperature in tissues
is manifested. In inflammatory processes in the myocardium, temperature zones are defined, in
which the temperature difference with the surrounding tissues is recorded. With a chronic inflam-
mation, the temperature difference is 0,71 °C, with acute illnessl—1,5 °C, and when the destruc-
tive process reaches 1,5-2 °C [12, 13]. The propagation of the temperature wave on the myocardi-
um surface can be observed in the process of hypothermia (Fig. 2) and hyperthermia (Fig. 3) of the
heart, consistently recorded in conditions of artificial blood circulation [14].

Fig. 2. Thermographic representation of temperature wave propagation on the surface of the
myocardium for isolated heart in the process of controlled hypothermia

In the process of hypothermia and hyperthermia of the heart using a thermal imager, the
temperature on the surface of the myocardium was not invasively recorded [15]. The temperature
data on the surface of the myocardium (Fig. 2, 3) show the presence of a temperature difference in
the coronary channel 2-3 °C, which indicates the heterogeneity of the temperature distribution on
the myocardium surface under artificial blood circulation.

Fig. 3. Thermographic representation of the temperature wave propagation on the myocardium
surface for the isolated heart in the process of controlled hyperthermia

As for the distribution of the temperature field, the initial temperature of the myocardium,
recorded at the beginning of the process of cooling the isolated heart, was not less 21-22 °C and
no more 25-26 °C at the beginning of warming up the heart. The temperature gradient between
the tissues of the myocardium and the coronary solution is from 6 °C and more (to 10 °C). When
warming the heart, the coronary bed in the myocardium stands out at a temperature gradient from
9 °C and more (to 12 °C).

The evaluation of the rate of propagation of temperature waves in the myocardium can be
made on the basis of the obtained equation for the rate of the heat flux distribution v(x, T) in mo-
ments of time t, which correspond to the completion of the processes of hypothermia and hyper-
thermia. For calculation of the rate of distribution of heat flow in the myocardium v(x, T) the values
of constant coefficients and physical parameters of tissues [16] and the values of the temperature of
the walls of the myocardium were used:

T =23 °C — temperature of the external wall of the myocardium,

T =17 °C — temperature of the internal wall of the myocardium.
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The rate of flow of heat in the myocardium depending on the temperature on the surface of
the myocardium and the cooling depth along the axis X shown in Fig. 4.

The obtained dependences (Fig. 4) for the rate of the heat flow distribution in the myocar-
dium v(x, T) show that the magnitude of the rate of distribution of the heat flow in the absence of
additional sources of heat in the myocardium is practically unchanged with the depth of penetration
of the heat flow in the myocardium. The distribution of heat flux significantly depends substantially
depends on the temperature on the surface of the heart, it increases in exponential law from the
value v=0,1x10"* m/s to size vV=1,5x10" m/s with temperature rise.

x10° ) x107!
v, m/s

Fig. 4. Dependence of the rate of the heat distribution flow v(x, T) in the myocardium from the
temperature 7 in the depths x layer of myocardium.

The source of heat sources in the myocardium may be temperature waves due to uneven
flow of cooled or warmed blood due to rotation of the rollers of the pump of the artificial blood
circulation device. Accelerated the rate of distribution of heat flow in the depth of the myocardium
V(x, o, T) taking into account temperature waves T(x) in the surface layer on one spatial coordi-
nate, depending on the temperature difference between the outer and inner heart of the heart, is
shown in Fig. 5.

ey
—— 0.0

X, m

v, m/s

Fig. 5. Dependence of the rate from distribution of heat flow v(x, AT) in the depths of x layer
in temperature difference AT between the outer and inner walls of the myocardium, taking into
account the temperature waves
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Obtained dependencies (Fig. 5) for the rate of distribution of heat flow in the myocardium
v(x, , T) show that for the frequency ®=250 rpm the amplitude of the temperature waves is maxi-
mal in the surface of the myocardium and significantly decreases in the direction of the propagation
of the heat flux. Moreover, the rate of distribution of the heat flow in the myocardium significantly
decreases from the value V=2,5x103 m/s at gradient AT=16 °C to size v=0,1x10" m/s at gradient
AT=16,5 °C.

If to take into account that during the operation of the apparatus of artificial blood circu-
lation the blood flow may warm up with a temperature gradient 0,2—0,5 °C or cool with a large
gradient 0,5-1,7 °C then, taking into account the temperature waves in the homogeneous layer of
the myocardium, the temperature between the external one T, and inside T, the wall of the myo-
cardium changes the faster, the higher the density of the heat flow q_ through the surface with the
thickness 0.

9. Conclusions

The overall reactivity and course of pathological processes in the myocardium are large-
ly determined by the rate of propagation of temperature waves in the tissue layer. Moreover,
the temperature difference between the blood in the contour and the patient’s body should not
differ by more than 15 °C. The temperature gradient between the blood in the vessels and the
myocardium leads to a temperature difference between the outer and inner layer of the heart
(Fig. 4), which, according to the function of the rate of propagation of the heat flux, changes in
exponential law.

Periodic changes in the temperature in the operating field and in the circulatory circuit lead
to the appearance of temperature waves on the surface and in the depth of the surface layer of the
myocardium.

The estimated values of the rate of propagation of temperature waves in the myocardium
under artificial blood circulation correspond to the density of the flow of heat in the process of
hypothermia and hyperthermia of the heart, the regulation of which ensures the survival of the
myocardium during the operation. Further studies of temperature wave propagation in the heart
under artificial blood circulation should be directed to increasing the effectiveness of non-invasive
methods for controlling temperature in order to determine the extent and location of contours of the
coronary arteries, which will allow reliable and effective determination of the degree of absolute
and relative violations of myocardial blood supply.
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