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THE DISCRETE MODEL FOR THE SYSTEM
OF THE MYOCARDIUM AND CORONARY VESSELS™

Background. The numerical heat transfer model for a system of myocardium coronary vessels is considered.

Objective. The goal is to develop a discrete model for the physical system of myocardium and coronary vessels that
would make it possible to explore the process of hypo- and hyperthermia with cardiopulmonary bypass.

Methods. To solve the differential equation of heat conduction in the MSC Sinda thermal system the network
method (TNM — Thermal Network Method) is used, in which system of heat equations is presented in the form of
cellular-centered nodes and resistances between the nodes using the finite difference method. In constructing the
model of myocardial in the MSC Sinda system the thermal contact between three-dimensional bodies is implemented —
the myocardium, coronary arteries, a liquid cooling of heart.

Results. Implementation of the model of heat exchange in the MSC Sinda system for infarction cooling process gives
on the final process step in establishing the heat balance the temperature difference at the boundary between the
myocardium and coronary vessels not more than 0,5 °C. However, in the areas of the myocardium that are removed
from the coronary vessels the temperature difference exceeds 1,0 °C. The use of additional cooling for hearts allows
for the cooling of myocardium with using of ice surface, that provides the unevenness reduction of the heart tem-
perature during its cooling with cardiopulmonary bypass. This result allows exploring the dynamics of the process of
hypo- and hyperthermia with cardiopulmonary bypass.

Conclusions. The discrete 3D-model of heat transfer in the layer structure of the myocardium and coronary vessels
allows us to investigate the process of hypo- and hyperthermia with cardiopulmonary bypass. The simulation results
also make it possible to perform the analysis of the temperature distribution on the surface of the myocardium pro-

vided free convection of heat between the layers.
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Introduction

The heart is a complex of pump-muscular
system, the functions of which depend on the con-
tractile properties of the myocardium material. The
myocardium has a large functional reserve (espe-
cially the left ventricle), or the ability to maintain a
stable pumping function and a high ability to adapt
to stress. The most important question of qualita-
tive information regarding coronary flow was not
so easy to solve from the only visible side of the
heart in open chest conditions of surgery. In the
same time, modern devices and information tech-
nologies are giving new solutions, which can be
useful during extracorporeal cardiopulmonary by-
pass (CPB). The existing methods of comparative
analysis for thermograms of myocardium allows to
obtain the thermal picture for open heart in ranges
from +4 °C up to +37 °C in conditions of CPB in
ranges +28—+37 °C.

The aim was the expansion of available infor-
mation about protection of the myocardium and the
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state of its vascular bed using heat transfer model
based on the pericardial temperature propagation in
circumstances of CPB. The heat transfer during ex-
tracorporeal cardiopulmonary bypass (CPB) is due
to the heat exchange between the blood and the
water in the heat exchanger device of cardiopul-
monary bypass (DCB) and to the heat exchange
between the blood and the body of the patient's in
the circulatory system. The physical model system
of myocardium-coronary vessels consists of 2D-
layer infarction and 3D-structures of the coronary
vessels, which are located within the bulk layer.
The numerical model of heat transfer allows
estimating the parameters of temperature propaga-
tion and temperature gradients at the surface of the
myocardium at the time of registration of thermal
images of the heart. To solve the differential equa-
tion of heat conduction in the MSC Sinda thermal
system the network method (TNM — Thermal
Network Method) is used. It allows to estimating
the parameters of temperature propagation and
temperature gradients at the surface of the myo-
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cardium at the time of registration of thermal im-
ages of the heart.

Problem statement

The purpose is to create the discrete model
for the physical system of myocardium and coro-
nary vessels which is realized on the basis of RC-
thermal network in the MSC Sinda system for the
heat transfer model to 2D-layer myocardium and
3D-structure of the coronary vessels.

The physical model for the system of the myo-
cardium and coronary vessels

The physical model system of myocardium-
coronary vessels consists of 2D-layer infarction and
3D-structures of the coronary vessels, which are
located within the bulk layer. In general, differen-
tial equation of the heat transfer, that includes
transient processes, respectively, convection, dif-
fuse and source terms, has the form [1]:
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If the value of thermal conduction coefficient
is constant, the heat transfer in the myocardium is

defined as
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where x, y, z — the space coordinates.
Simultaneously with the heat transfer in the
myocardium during the hypo- and hyperthermia of
heart heat dissipation is also involved, which de-
fines the heat exchange between the myocardium
and the environment layer in contact with it — the
structure of the coronary vessels. The heat irradia-
tion in accordance with the law of Newton-
Richman is proportional to the temperature gradi-
ent between the myocardium and coronary vessels:

div(g g) = T hea — Tliq)9

where o — the heat transfer coefficient, —
m--K

T'care — the surface temperature of the myocardium,
K; T4 — the coolant temperature (perfusion fluid),
which is introduced into coronary vessels, K.

If the value of myocardial density is constant

over the three spatial directions, the convective
term of the heat equation has the form:
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To determine the temperature field in the
MSC Sinda system the differential equation of
thermal conductivity obtained using the generalized
heat equation is used:

oT o
pC,,E = —div(¢g) +¢,,
where §=g,+q¢z — the rate of temperature
change per unit myocardial volume; ¢, — the dis-

tribution density of the structures of the coronary
vessels in the myocardium.

In a particular case, for areas of the myocar-
dium which is depleted of the coronary vessels, the
internal heat sources in the myocardium may not
be available, that means g, = 0. At the same time,
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for different degrees of non-uniformity of the tem- o ) ‘ Cliq " Miiq
perature field, flow velocity vector must satisfy the iriction for the viscous flow; Pr= 2

P

law of conservation of mass of transferred heat, or
the continuity equation, which has the form:
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Thus, in general the differential equation con-
sidering heat conductivity of the convective flow in
the myocardium takes on form [2]:
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In tensor form in a Cartesian coordinate sys-
tem, the equation will be written as
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As a result of the convective heat transfer be-
tween the moving blood in the coronary vessels
and the myocardium surface the heat transfer is
performed with an intensity which is characterized
by the heat transfer coefficient:

a = 2 Nu,
/
where A, — the coefficient of the myocardial

thermal conductivity, iK; [ — the thickness of
m.

the myocardial wall, m; Nu — Nusselt number,
which characterizes the similarity of the processes
of heat transfer at the boundary between the myo-
cardium and coronary vessels.

For laminar blood flow in the system of artifi-
cial circulatory the Nusselt number can be ex-
pressed as the equation:

0,5
Pr |~
Nu =0,15Re*? . Pr®®.Gr™ .| —| . E,
Pry
Vliq - p liq
Hiig
which characterizes the ratio of inertial forces and

where Re = Reynolds number,

Prandtl number that characterizes the physical and
chemical properties of the coolant — blood;
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the blood density, ciiq — the specific heat
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expansion coefficient of the coolant, K; Vig —

the blood flow velocity, %
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E, — the tabular fac-
tor, which depends on the value of the Reynolds

. . m
number Re; g — the acceleration of gravity, -
S

AT = Tyear— Thiq — the temperature difference be-

tween the wall of the myocardium and blood in the
coronary vessels, K.

The discrete form of the heat equation of myo-
cardial

To solve the differential equation of heat con-
duction in the MSC Sinda thermal system the
network method (TNM — Thermal Network
Method) is used, in which system of heat equa-
tions is presented in the form of cellular-centered
nodes and resistances between the nodes using the
finite difference method (Fig. 1).

Application of the TNM to the heat equation
yields the following discrete form of equation [3, 4]:
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where (mC,); — the junction capacitance at node

i; N — the total number of diffuse network nodes;
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Fig. 1. The discrete model of the RC-thermal network: a — the cellular elements of RC-thermal network; b — the structure of the
RC-thermal network

R;; — the thermal radiation from the resistance

between the nodes i and j; C,; — the capacity of

i,j
linear conductor between nodes i and j; g; — the
distributed of heat sources in the myocardium.

In the model the heat radiation from the re-
sistance between the nodes i and j is a member
R; ; which defines a heat transfer from the mate-

rial — blood and coronary vessels. Discrete formula
has the form:
Rl,j = GS’n .ﬁ

2J?

where ¢ — Stefan—Boltzmann constant; S/ — the
radiant heat irradiation area; f;; — the heat factor

of the heat radiation, which can be considered the
same for constant surgical field with cardiopul-
monary bypass.

In the model the linear conductor capacitance
between nodes / and j represents a member C, ;

that defines the heat transfers to the material — the

myocardium and blood. Its discrete formula has
the form:

o St

ij
where %, ; — the effective thermal conductivity be-

tween nodes / and j; S — the area of heat con-
duction between nodes i and j; h; ; — the distance

between the nodes i and j.

Since most of the heat conductors in a system
of myocardial-blood cannot be considered as ho-
mogeneous, the calculation of their values R, ;
and C;; requires to use in the model of thermal

resistance. In these cases, the conductivity of the

conductor G, ; is calculated as the reciprocal of

the contact resistance between the two layers of
nodes in the model:

To solve the heat equation in the MSC Sinda
system the modified Dyufort—Frenkel scheme is
used. According to this scheme, the heat conduc-
tion equation has the form [5]:

1+ AtGi,] T»Hl
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where N — the total number of diffusion nodes;
i,j — the nodes of thermal RC-network; t—-1 —
the previous time of calculation; t+1 — next (cur-
rent) one time of calculation; g; — the heat source

node i; C;; — the overall conductivity between

nodes i and J.

The myocardium model in the MSC Sinda sys-
tem

In constructing the model of myocardial in
the MSC Sinda system the thermal contact be-
tween three-dimensional bodies is implemented —
the myocardium, coronary arteries, a liquid cooling
of heart. The model of heat exchange for the local
area of the myocardium for two conditions of heat
transfer is built: heat conduction and free convec-
tion for the myocardial area, which is depleted of
the coronary vessels and the myocardial region
with double density distribution of the coronary
vessels in the myocardium, relative to the case of
depleted distribution.
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These three-dimensional objects with embed-
ded in them of thermal RC-network are shown in
Fig. 2, a and 2, b, respectively.

The heat transfer coefficient under free convec-
tion between three-dimensional objects — the myo-
cardium and coronary vessels corresponds to the
natural model of convection laminar flow (model
number ID=701 for Convection Correlation Lib)
across the surface with the characteristic length L:

A hearti
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h=—1 Ny,
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| 1
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where Nu? =0,825+ 0,387Ra = — the
9 |
(O, 492}16
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Nusselt number; Ra = Gr-Pr — the Rayleigh

number (0,1 < Ra < 10'?).

For the laminar flow of blood in the blood
vessels, these values are actually determined by

the product Gr-Pr of the indicator of the de-

n

! } and are in the range
>
1-10° < Gr-Pr<5-102

Implementation of heat transfer model for
myocardium cooling process is executed in the
Sind MSC system. On the final step myocardium
cooling process in establishing the heat balance the
temperature difference at the boundary between
the myocardium and coronary vessels does not ex-
ceed 0,5 °C. However, in the areas of the myocar-
dium that are removed from the coronary vessels
the temperature difference exceeds 1,0 °C.

The use of additional cooling for hearts — the
cooling of myocardium with using of ice surface,
which is at a temperature T, ~ 1 °C provides the

gree n for values {

unevenness reduction of the heart temperature dur-
ing its cooling with cardiopulmonary bypass. The
example of numerical heat transfer model, which
employs the heat convection between ice cube and
the surface of the myocardium, is shown in Fig. 3.

Fig. 2. Model of local fragment of myocardium, coronary vessels and cooling fluid for the heat RC-network in MSC Sinda: a — the
myocardium, which is depleted of the coronary vessels; » — the myocardium with twice the density of the coronary vessels.

18°C 31°C

17-18 °C

17-18 °C

18 °C

Fig. 3. The distribution of temperatures on the surface of the myocardium, which is further cooled with ice at a temperature

leq ~1°C
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From the analysis of the temperature distribu-
tion on the surface of the myocardium can be seen
that a large temperature gradient A7, > AT, at the

surface of the myocardium, which is depleted of
coronary vessels, is caused by insufficient heat ex-
change between the blood and the myocardium. It
is obvious that the lack of heat exchange between
the three-dimensional objects in the model — the
myocardium and coronary vessels is associated
with a decrease in area of the critical section of the
myocardium S,., Which has contact with the

coronary vessels that filled with blood.

Experimental verification of the heat transfer
model

For experimental verification model of heat
transfer that implemented in the MSC Sinda
measurements of thermal fields of open heart were
performed [6]. With the help of thermal imaging
Flir i7 and TermoCAM E300 for 15 patients ther-
mographic images of the myocardium during open
heart surgery with cardiopulmonary bypass were
recorded — for chilled heart at 24—25°C, as well
as prior to and after the hypothermia at tempera-
ture 33—36 °C.

At the images of registered thermograms
maximum gradient of temperatures on the surface
of the myocardium at the beginning of the process
of hypothermia is AT, = 2,0 °C, for cooling the

heart — AT, ~1,5°C, and at the end of the
process of hyperthermia — AT} ... ~3,0 °C. Re-
ducing the temperature gradient between the zones
of uneven cooling for the myocardium to the value
of AT, ~ 1,5 °C is explained by the state of heat

coo
balance for chilled heart, and the heart is excluding
from the circulation blood in the application of
cardiopulmonary bypass.
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Conclusions

Thus, a discrete 3D-model of heat transfer in
the layer structure of the myocardium and coronary
vessels allows us to investigate the process of hypo-
and hyperthermia with cardiopulmonary bypass. The
simulation results also make it possible to perform
the analysis of the temperature distribution on the
surface of the myocardium provided free convection
of heat between the layers.

The 3D numerical heat transfer model in the
myocardium takes into account real specific heat
of human heart, the initial temperature distribution
and free convection mechanism in the myocar-
dium, and also allows calculating the rate of cool-
ing of the myocardium and to determine the pres-
ence of ischemic lesions on the surface of the
myocardium. Comparison of the model with real
patients IRT shows that this method can provide
additional important information regarding tem-
perature and vascular uniformity in time of myo-
cardial cooling and heating.
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OVCKPETHA MOJEJIb CUCTEMU MIOKAPA-KOPOHAPHI CYANHN

MpobnemaTtuka. Po3rnapaeTbes peanisauis YucnoBoi Mogeni TennoobmiHy Ans cCUCTeMU MiokapA—KOPOHAPHi CyAVHW.

MeTa pocnigxeHHsA. Po3pobka auckpeTHoi mopeni di3nyHOi cucTteMu Miokapha Ta KOPOHapHWX CyAuH, sika 6 Jana 3mory
gocnig)KyBaTu npouec rino- Ta rinepTepmii B yMoBax LUTY4YHOrO KpOBOODiry.

MeToauka peanisadii. [lng po3s’a3aHHs AudepeHLianbHOro piBHAHHA TennonposigHocTi B cuctemi MSC Sinda BukopucTtaHo
MeTop Tennosoi mepexi (TNM), y skomy cuctema piBHsIHb TEMMONPOBIAHOCTI NpeACcTaBneHa 3a AOMNOMOrol CKiHYEHHOPI3HULIEBOTO Me-
TOAy Y BUMMSAI KMITMHO-OPIEHTOBaHMX By3riB i onopie Mixx By3namu. [Npu nobygosi mogeni miokapga B cuctemi MSC Sinda peanizoBaHuii
TENSIOBUIA KOHTAKT MiXK TPUBMMIPHUMMU Tinlamy — MioKapAoM, KOPOHaPHUMU apTepisiMu, PiAVHO ANS OXONOMXKEHHS CepLs.

Pe3ynbTatn pocnimxeHHA. Peanisauis mogeni Tennoo6miHy B cuctemi MSC Sinda gnsi npouecy oxoriogXeHHs1 Miokappa aae
Ha KiHLeBIl cTagii npouecy, NpyM BCTAHOBIEHHI TennoBoro 6anaHcy, pisHWLI0 TemnepaTyp Ha Mexi MK MiokapAoM i KOPOHapHUMK Cy-
OvHamu Temnepatyp He Ginbwe 0,5 °C. Mpu ubomy B obractax Miokapaa, siki BigaaneHi Bif KOPOHApPHUX CyAMWH, Pi3HWULSA TeMnepaTyp
nepesuwye 1,0 °C. BukopucTaHHA [OAATKOBOrO OXOMOMKEHHSI ANA cepus nepefbadyae OXONOMKEHHS MiokapAa 3 BUKOPUCTAHHAM
NnoBepXHi nboAdy, WO 3abesnevye 3HWKEHHS HEepiBHOMIPHOCTI po3noiny TemnepaTtypu cepus Mpu MOr0 OXOMOMKEHHI LUTYYHUM
KpoBoobirom. Liev pesynbraT fae amory gocnimxysaTy AvHaMiKy NpoLecy rino- Ta rinepTepMii B yMOBaXx LUTYYHOrO KpoBOObiry.

BucHoBku. [uckpeTtHa 3D-mogenb Tennonepepadi Ans cucTeMu Liap Miokapga—KopoHapHi CyaAWHW Aae 3Mory AOCHiaxyBaTu
npouec rino- Ta rinepTepmii B yMOBax LUTy4HOro KpoBoobiry. Pe3ynbTaT MoaentoBaHHS TakoX Oal0Tb MOXIMBICTb NPOBECTU aHani3
po3noginy TemnepaTypy Ha NOBEPXHi MiokapAa 3a YMOBM BiflbHOI KOHBEKLIT TeMna Mix Lwapamm.

Knio4yoBi cnoBa: Tepmorpama; Mmiokapa,; po3nogin Temnepatyp; CyanHHa NnaTonorisi.

B.B. MakcumeHko, B.A. [laHunosa, B.B. LUnbikoB

OVNCKPETHAA MOOEb CUCTEMblI MMOKAPA-KOPOHAPHBLIE COCYbI

Mpo6nemaTtuka. PaccmaTprBaeTcst peanv3aums YUCNEHHOW Mogenu TennoobmeHa Ans CMcTeMbl MUMOKapA—KOPOHAPHbIE COCYAbI.

Llenb nccnepoBaHun. PaspaboTka anckpeTHoW Moaeny gomanyecko CMcTeMbl MMOKapAa M KOPOHapHbIX COCYyA0B, KOTopasi no-
3Bonuna 6bl nccneaoBaTh NPOLECC MMMO- U TMNEPTEPMUUN B YCIIOBUSIX MCKYCCTBEHHOTO KpOBOOBpaLLeHust.

MeToauka peanusaumm. [ina pewerHuns auddepeHumansHoro ypaBHeHys TennonposoaHocTy B cucteme MSC Sinda ucnonbso-
BaH meTop Tennoson cetn (TNM), B KOTOPOM cucTEMa ypaBHEHWI TENMONPOBOAHOCTU NPeACTaBreHa C NOMOLLbIO KOHEYHOPa3HOCTHOIO
MeToAa B BUAE KNETOYHO-OPUEHTUPOBAHHBIX Y3MOB U COMPOTUBREHU Mexay y3namu. [pyu nocTpoeHun Mofenu muokapaa B cucteme
MSC Sinda peanusoBaH TeNnoBOW KOHTaAKT MeXAy TPEXMEPHbIMU TeNamn — MUOKapAOM, KOPOHAPHBIMY apTepPUsMU, KUAKOCTbIO ANs
oxnaxaeHuns cepaua.

Pe3ynbTaTbl uccnegoBanus. Peanusauus mogenu tennoobmeHa B cucteme MSC Sinda ons npouecca oxnaxaeHus mmokapga
[aeT Ha KOHEYHOWN CTaguu npolecca, NPy YCTaHOBIEHUM TENNoBOro 6anaHca, pa3HoCTb TemnepaTyp Ha rpaHuiLe Mexay MUOKapAaoM u
KOpPOHapHbIMK cocyaamu Temnepatyp He 6onee 0,5 °C. Mpu aToM B obnacTax Muokapaa, KoTopble yaaneHbl OT KOPOHapHbIX COCYAOB,
pasHocTb Temnepatyp npesbiwaeT 1,0 °C. Mcnonb3oBaHne AONOMHUTENBHOrO OXNaXAeHWs ANs cepaua npeaycMaTpuBaeT oxnaxae-
HVe MmnoKapAa C UCMOoMNb30BaHMEM NMOBEPXHOCTM NbAa, YTO obecneyrBaeT CHKEHNE HEPaBHOMEPHOCTY pacnpeneneHns TeMneparypsbl
cepaua Npu ero oxXnaxaeHuy UCKyCCTBEHHbIM KpoBoObpaLLeHneM. OTOT pesynbTaT No3BonseT uccneaoBaTe AMHAMUKY npouecca rvno-
1 TMNepTepMmMm B YCIIOBUSIX MCKYCCTBEHHOTO KpoBoobpalLLeHus!.

BbiBoabl. [luckpeTHasa 3D-mogens Tennonepegayn Ans CUCTEMbI CIION MUOKapAa-KopoHapHbIe COCyAbl MO3BONSET UccneaoBaTh
npoLecc rvno- 1 rmnepTepmMmn B YCroBusiX MCKYCCTBEHHOTO KPOBOOOpaLleHus. Pe3dynbTaTbl MOAENMPOBaHUSA Takke AaloT BO3MOXHOCTb
NpoBeCTM aHanu3 pacnpegeneHus TemnepaTypbl Ha NOBEPXHOCTN MUOKapAa Npu CBOOGOAHON KOHBEKLMM Tenna Mexay Crosimu.

KntoueBble cnoBa: Tepmorpamma; MMokapA; pacnpefeneHue TemnepaTyp; CoOCyamcTas naTtonorus.
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