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Abstract—The instantaneous local temperature T throughout the left ventricle (LV) wall is obtained by
solving the energy balance equation, accounting for the instantaneous spatial heat generation within muscle
wall. The distributed oxygen demand as well as time dependent local coronary perfusion, which are based on a
previously described mechanical model of the LV, are used as input parameters to the heat equation.
Approximations of the local time averaged and the time-dependent temperatures are computed for two types
of experimental boundary conditions simulating (a) closed chest heart (given epicardial T) and (b) an open
chest heart (exposed to air with free convection). The effects of the heart rate and the local blood perfusion rate
on T are investigated. The local temperature is found to be practically unchanged throughout a cycle, with
changes which are typically smaller than 0.005°C during a cycle. However, the temperature varies with the
location within the myocardium and attains its maximum value at the mid-layers. For a closed chest heart, an
approximation of the instantaneous temperature based on the ‘average’ solution is found. In case of an open
chest heart, it is shown how T in the epicardium can define the temperature distribution throughout the entire

muscle wall. The calculated results are found to be in fair agreement with experimental studies in dogs.

1. INTRODUCTION

APART FROM the inherent basic curiosity to elucidate
the secrets of nature, the search for a comprehensive
solution of the spatial and temporal temperature
distribution within the myocardium, the muscle that
makes up the wall of the heart, may lead to a better and
more complete understanding of the complex
interactions between the myocardial mechanics,
metabolism and the blood perfusion that continuously
nourishes this muscle in a cyclic rhythm. Furthermore,
since slight changes in the temperature, may yield
significant changes in the depolarization patterns [1],
throughout the muscle, a better understanding of the
temperature distribution in the cardiac wall may helpin
understanding the highly complex phenomenon of a
different electrical activity in different regions of the
myocardium.

Obviously, the solution of this complicated problem
depends upon the availability of well defined
quantitative theoretical and/or experimental data
about the local instantaneous blood perfusion and
oxygen consumption within the myocardium.
Concentrating on the left ventricle (LV) of the heart,
numerous models have been proposed to describe the
mechanics of contraction [2-4]. Concurrently, meta-
bolic models [5-7] and coronary flow models [8,9]
were also studied. However, these models were not,
until recently, appropriately combined to account for
the distributed nature of the transmural energy
balance. A normal pattern which involves higher
endocardial values of perfusion and oxygen consump-
tion are well documented by Feigl [10].

Hernandez et al. [11] solved the inverse problem in
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heat generation and conduction. The blood perfusion
and oxygen consumption, assumed evenly distributed
and constant with time, were computed based on the
assumption that the temperature distribution is given
from measurements. Ten Velden et al. [12] used an
analytical method to calculate the local temperature in
the myocardium by neglecting the time dependent
variation in the perfusion, oxygen consumption and
temperature. Smaill et al. [13] used constant and
steady-state blood perfusion and oxygen consumption
values for solving the heat balance equationin the three
dimensional LV wall by a finite element method. To the
best of our knowledge, the above models are the only
ones that provide a method to calculate the
temperature distribution throughout the myocardium,
and as such are limited by their inherent steady-state
assumptions and the omission of the distributed nature
of the blood perfusion and oxygen consumption.
Several experimental measurements of the tempera-
ture in the myocardium were reported ; Ten Velden et
al. [12] measured the local in vivo temperature in the
canine LV myocardium. Hernandez et al. [11]
measured the temperature in three layers of the canine
myocardium. Reynolds et al. [1] measured the
temperature in closed chest canine myocardium as well
as the temperature in the human right and left
ventricles. This was accomplished by pulling a fine
thermocouple through a previously punctured path-
way through the LV, right ventricle and lungs. It is
interesting that the latter, but earlier, experiments
indicate that the temperature in the epicardium is
higher than that in the endocardium, in contradiction
to the more recent data. This also contradicts the recent
observations by Eberhart [14] which indicate higher
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h free heat convection constant
[W m- 2 °C 1 ]

k heat conduction constant
[Wem™1°C™ ]

mfr, t) blood perfusion in the left ventricular

wall [mls™ 1 g™ 1]
the average blood volume that

flows between r; and r;, ; [em?¥]

heat due to metabolic energy

[Jem™3s71]

r the radial distance measured from
the centre of the ventricle to a point
at the wall [cm]

mir, rii,]

Gunlr)

v the distance of the jth point in the
radial net from the centre for
t = n0.01 s [cm]

R{,R, the radial distance of the

endocardium and the epicardium
respectively from the centre of the
ventricle [em]

NOMENCLATURE
A" the matrix in the matrix form of the t time [s]
numerical scheme for the heat T(r,1) instantaneous local temperature in
equation the myocardium [°C]
b the constants vector in the matrix Ta epicardial temperature [°C]
form of the numerical scheme for the T, blood temperature [°C]
heat equation T, air temperature {°C]
¢ heat capacity constant of the ulr, t} instantaneous local difference
myocardium [J g~ °C™ 1] between the temperature of the
<y heat capacity constant of the blood myocardium and the blood [°C]
g t°eCc™] @r) ‘average’ local temperature in the
¢,{r, 1), co{r)  coefficients in the heat balance myocardium [°C]
equation [em "2, °C cm ™~ 2] #0,7)  approximate local temperature in the

myocardium [°C]
uj the numerical value of u(r = r},
t = n0.01 s) [°C]

V[rsrix(] the average volume of the muscle
layer that extends from r; to
risg [em®]
o« the thermal diffusivity [cm? s~ 1]
A{AT) the eigenvalues of the matrix A"
Art the radial grid spacing between the

points rj_, and 7} in the numerical
scheme [em]

At the time grid spacing in the
numerical scheme [s]

ATy, veno-arterioral temperature difference
[°CJ

p the myocardial density [g cm ™)

Py the blood density [g cm ™3]

T the duration of one heart cycle [s].

endocardial than epicardial temperatures. Related
measurements of the veno-arterioral temperature
difference were reported by Neill et al. [15], and these
are used below as another indication of the validity of
our results.

In this paper we use the recently integrated LV model
of Beyar and Sideman [16-18] which combined the
mechanical parameters of contraction, based on a
spheroidal nested shell geometry, with the time-
dependent distributed coronary perfusion (Fig. 1} and
the time-averaged distribution of oxygen consumption
(Fig. 2). The energy balance includes the principal
mechanisms which are involved in heat transfer and
heat generation, assuming aerobic metabolism. An
axial symmetry assumption simplifies the formulation
of the problem and a numerical solution is obtained for
closed and open chest hearts. The so-called average
local temperature and the instantaneous local
temperature are computed using the shooting method
[197 and explicit difference scheme, respectively.

2. THE MATHEMATICAL FORMULATION

2.1. The heat balance equation

The mechanisms that control heat generation and
transfer in the LV muscle are the generation of heat by
chemical processes involved in basic metabolism and
by the mechanical activity of the heart, the convection
of heat by the perfusion of blood and conduction of heat
through the LV wall.

The temperature distribution is computed by solving
the heat balance equation which is formulated for the
transverse section through the equator of a spheroid
(Fig. 3), consistent with the solutions obtained for the
oxygen consumption [17] and coronary perfusion
[16].

Itis assumed that the thermal diffusivity of the muscle
o = k/pc is uniform through the muscle. In addition, it
is assumed that the epicardium and the endocardium
have uniform temperatures. This defines the symmetry
of the problem, and thus the temperature gradient has



Temperature distribution within the left ventricular wall of the heart

Endocardiol
view

m (r,t) (ml/sec gr)

005

molr,t} {mi/sec gr)
)
o
O
o

[*)

Endocard.

Fi1G. 1. Distribution of time-dependent coronary perfusion in
human during one cardiac cycle. Typical rest conditions.

{a)
Endocardial view
=
o
i
@
NS 0.005
S
E ®
~
g
N}
o0 o o
AS
Epicard. ~ N
x&
L)
o™

Endocard.
’/\60 Ve

0.0C5

VO, {mL 7/ sec gr)

|

Epicard.

Endocard,

F16G. 2. Distribution of time-averaged oxygen consumption as
a function of the heart rate.

HMT 28:3-J

665

FiG. 3. Spheroidal representation of the LV.

only a radial component. Thus, the heat balance in the
range R, €r < R,,0< T'< 1is given by
1éu &*u 1 du

; 5{* = e + ; a +ey{r, u+cy(r), )

where
u=T-T, @
cl(n l) = . M%:ME, (3)
e = 20 @

7 is the duration of one heart cycle and r is the radial
distance measured from the centre to a point at the wall
between R, and R,, the endocardium and the
epicardium, respectively. Subscript bdenotes the blood
while variables with no subscript refer to the muscle.
mfr,t) is the blood perfusion rate per unit mass of
muscle, g,.(r)is the total metabolic heat production rate
per unit muscle mass; §,(r} is evaluated by relating to
75%; of the calculated local oxygen consumption. This is
consistent with the fact that only 20-30% of the
metabolic energy is used for the mechanical pumping
work [20] and the rest is converted to heat. The energy
equivalent of the oxygen consumption is taken here as
4.7 cal em™3® O, corresponding to a respiratory
quotient (RQ), defined as the molar ratio of CO,
produced per O, metabolized, of 0.7, [21]. Thus,

Gulr) = 4T X0.75) p* Vyy, = 3525+ p Vy,  (5)

where V,,, is the oxygen demand rate per unit mass of
muscle. Other values might be used as well (according
to the metabolic pathways which are active) as given by
Neill et al. [21]

2.2. The boundary conditions

The muscle temperature at the endocardium is
assumed equal to the bulk temperature of blood, T, in
the LV cavity. This is reasonable in view of the
conditions of direct contact of the wall with a relatively
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large amount of blood [13]. Thus,
ut,R)=0 0<t< {6)

Depending on the experimental set up, two different
boundary conditions can be used for the epicardium.
For the closed chest case we use an a prioriknown value
for the temperature at the epicardium which is taken to
be approximately constant with time [13]. Thus,

ut, R,) =u, 0<t<r N

When the heart is exposed to air {open chest), there is a
free convection on the epicardium, expressed by

&
—kSH Ry = Mt R)—u.] 0<i<t (@

where u,, = T—T,,; T, is the air temperature and h is
the free convection heat transfer coefficient (assumed
constant). Thus, different values are obtained for the
epicardial temperature for different flow rates and
different oxygen consumption rates.

Finally, the periodicity boundary condition is given
by

uw(0,r) = w(t,r) R, <r<R, 9)

3. APPROXIMATE TIME-INDEPENDENT
SOLUTIONS

An approximate solution for the temperature
distribution within the wall can be obtained by
formulating equation (1) as a time-independent
problem. Obviously, this approach can be used to yield
the initial temperature distribution required to solve
equation (1). A successful estimation of the initial
conditions will shorten the convergence time and save
computer time.

A reasonable approximation of the initial tempera-
ture distribution is obtained by integrating equation (1)
over the whole cycle yielding

1 162 10 T
0=- .?dt+ w—lidt—r cyrudt [Hey(r).
| Jo OF ol Or 0

(10)

Using the assumptions that u{f,r) > u{r), ie. the
temperature does not change with time;
du(t,r)y  oulr)
o or

and
2ult,ry  &*ur)
ot T ot

i.e. the derivatives of the temperature with respect to
location are independent of time, yields

d%i

i oda 171 -
>t —{ - | ~dfj4+af{~- dt J+c¢;. (11
0 dr2 +dr (Tfor )—{—H(TfOCi ) e ( )

The shooting method, described by Keller [19]
(IMSL Library) is used in solving equation {11} for the
boundary conditions given by equations (6)-{8)
yielding the ‘average’ time independent temperature
profile within the wall.

The more ‘natural’ procedure for the approximation
of the initial temperature based on the omission of the
left side of equation (1) and using only the initial values
of the perfusion and LV geometry, gives rather poor
results. The heat balance equation in this case is

d*u  1du
=g7 g Talhutew)

0
dr

(12)
and boundary conditions, equations (6)-(8) remain
unchanged. The solution of the temperature distri-
bution in this time-independent formulation{12)can be
found by using the same shooting method.

Note that different temperature distributions will
evolve when this approximation is utilized with
coronary flow data which corresponds to different
times during the cycle. This indicates that equation (12)
is an illegitimate approximation. The reason for this is
quite clear : Even if the temperature at a point changes
very slowly with time (so that du/0t is very small), the
thermal diffusivity «, which is very small for the muscle
tissue gives the whole left term a non-negligible
significance.

4. THE NUMERICAL SOLUTION

The physical constants used in the model are
summarized in Table 1. The relevant hemodynamic
parameters concerning the heart function are chosen to
correspond to a normal heart working under resting
conditions and are summarized in Table 2. The heart
rate, HR, ranges from 60 to 120 cpm.

The numerical network is the same as before { 16-187,
i.e. a time step of 0.01 s and 10 equal thickness layers of
the wall (R, —R,) taken at the reference, unstressed
configuration of the LV. Thus, a net of 11 points,
nonuniformly distributed, characterizes each step in
time.

Starting from an initial approximate value i, given
by the solution of equation (11), an explicit numerical
scheme, using forward difference for the time derivative
and central differences for the radial derivatives, is
applied,

ntl __ .n

1 u]
o At
AUy + Arfu_ s — (A A )
1AV AP(AR+ AR )

I oufy—ui

e (7] i 13

7 A, taldrern )

At=001s, n=1..(N—-1), N=100

B ]
ri=r_ A
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Table 1. Constants used in the model,

see [11]
Parameter Value
k 00058 Wem ™! °C!
s 1.02gcm ™3
1.07 gem ™3
Cp 3725)J g teC!
c 37251 g t°C™!

where r}is the distance of the jth point from the centre in
the radial net for t = n+0.01 s and u} is the numerical
value of u at point r}. All the computations were run on
an IBM 380.

4.1. Given epicardial temperature (closed chest heart)

Given measurements of epicardial T in closed chest
hearts are available and can be used in the solution of
the problem. In this case equation (11) is applied for
Jj=2,...,10 and the temperature at both ends (j = 1,
11) is known. Following Ten Velden et al. [12] we
assume that the epicardial temperature is lower than
the endocardial temperature by 0.25°C, i.e.

= —025C n=1,...,N. (14)

The consistency of the numerical scheme is quite
clear since the local truncation error, TE, of equation
(13) is

TE = 0{max (At, |Ar} —Arj_ |} = 0(0.01).

The stability is verified (Appendix A), thus proving the
convergence, i.e. stability and consistency, of equation
(13)to thesolution ofequation (1). The solution is found
by computing equation (13) iteratively until the
periodicity condition is satisfied within a maximal error
of 5x10°¢°C.

4.2. Free convection at the epicardium (open chest case)

Considering the difference between the temperature
of the air and the temperature of the wall in the open
chest heart makes it reasonable to analyze this case
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with a free convection boundary condition at the
epicardium, equation (8).

The numerical solution u] for j=2,...,10 is
computed by equation (13). 47, is found by adding an
artificial point, r},, to the net and solving simul-
taneously the two equations

n+1 n
1“11 — Ui

o At

_ Uizt uio—2ul, B h
(ZAV'{O)Z riik

X (U ~ug)+ o (] July +ei(ry)

(15)

Uiz —ulo
—k|——— ) =h},—u n=1,..,N-—1 (16
(mrqo) 41 =) (16)

Obviously, the scheme is consistent. As a matter of
fact, the computations indicate that the scheme does
not diverge. The proof that the solution does not
converge to a wrong value, is given in Appendix A. The
computations are terminated when the accuracy
criterion is met.

5. RESULTS

5.1. General

Some of the calculated results are presented in Figs.
4-11. Note that the temperature profiles in these figures
represent the temperature distribution when ¢ = 0.
However, since the temperature at a point is practically
time-independent (within a slight deviation) these
curves represent the temperature at any time. (The
maximum variation with time of the temperature for
HR = 90cpmis 0.0024°C for a closed chest heart witha
given epicardial temperature and 0.0047°C for an
opened chest heart with the free convection case.) This
insignificant time variation of the local temperatures
explains the relatively small difference between the
approximate ‘average’ temperature and the complete
time-dependent solution in Figs. 4 and 8. The slight
differences between the curves are mainly due to the
assumptions we made in computing 2.

For the constant temperature boundary conditions
(closed chest case) a more accurate time-independent
temperature profileis obtained by applying a minimum

Table 2. Hemodynamic parameters at rest for human and dog data [16-18]

Human Dog
(h) (h)
Parameter 60 90 120 90
Initial short semiaxis (cm) 23 23 23 191
Initial (end diastolic) volume (ml) 101.9 101.9 101.9 520
End systolic volume (ml) 337 28.0 24.0 21.0
Stroke volume (ml) 68 74 78 31
Cardiac output (ml min~*) 4096 6654 9349 2844
Ejection fraction (%) 67 72 76 60
Arterial pressure (mmHg) 131/85 128/85 129/85 126/85
Average oxygen consumption (mls~' g~ !) 0.0013 0.0019 0.0026 0.0017
Average coronary perfusion (mls~ ! g~?) 0.011 0.013 0.018 0.011
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The accuracy of the approximation, i, for a case of
u(t,R,) = 0°C is shown in Fig. 3, indicating that
although equation (17) is based only on computations
with equation {14) as a boundary condition, it might be
helpful when other constant temperature boundary
conditions are applied.

5.2. Given epicardial temperature

The dependence of the temperature distribution on
the heart rate, HR, and the blood perfusion rate ra(r, 1),
are shown in Figs. 6 and 7, respectively. As expected,
increasing HR and/or decreasing mir, ) increases the
temperature throughout the wall. As seen in Figs. 4-7,
the maximum temperature is attained approximately
at the middle of the wall and the temperature gradients
increase toward the boundaries.
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complete time-dependent solution at ¢ =0; IV, d the
temperature according to equation {17).

5.3. Free convection solution

Free convection of air is characterized by heat
transfer coefficients (HTC) from 5to 25 Wm™2°C™ 1,
[22],and h values ranging from 12.5t0 27 Wm ™~ 2°C ™!
were used here. The HTC is not a priori known but,
conceivably, one can measure the epicardial tempera-
ture and then determine the corresponding value of .
Figure 8 compares the solutions obtained by the time-
dependent and approximate time-independent pro-
cedures. Again, the utility of the average solution is
evident.
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F16G. 6. The myocardial temperature distribution at ¢ = 0, T,
=375°C, U, = —025°C. I, HR = 60 cpm; II, HR =90
cpm; I, HR = 120 cpm.
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The dependency of the epicardial temperature on the
heartrate isshownin Fig. 9 for a specific value of h. As s
to be expected, the higher the HR the higher the
temperature at a point. An almost linear relation
between h and the epicardial temperature is
demonstrated in Fig. 10 for the different heart beats.
Clearly, the better the ventilation the higher the HTC
and the lower the epicardial temperature. Figure 11
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F1G. 9. The myocardial temperature distribution for T,

= 37.5°C, free convection at the epicardium with h = 12.56 W

m~2°C~ L. I,HR = 60cpm; I, HR = 90 cpm;III, HR = 120
cpm.

shows the dependence of the epicardial temperature on
the blood perfusion rate. As seen in Fig. 11 there is an
inverse, nonlinear relation between these two
parameters, indicating that the application of the
epicardial temperature for the evaluation of the
myocardial perfusion is not trivial. In this case it is
noted that the solution of equations (1), (6), (8) and (9)
cannot be used with the solution of equation (11) to
define an approximation as we did in equation (17).
However, the ‘average’ solution, of equation (1)1is very
useful as an initial approximation.

6. COMPARISONS WITH EXPERIMENTAL
DATA

A comparison of an actual instantaneous local
myocardial temperature with our solution is difficult
since measurements of instantaneous local perfusion
are not currently available and the instantaneous local
temperature cannot be reliably measured. However, a
rough comparison with Ten Velden er al’s [12]
experimental data is possible. Ten Velden er al. [12]
plotted the myocardial temperature distribution in the
dog’s LV and measured the blood perfusion in three
sublayers of the LV muscle. In order to compare our
analysis with the above measurements, the parameters
of the human model (given in Table 2) were changed to
correspond to the canine heart, and are given in Table 2.
Utilizing a theoretical perfusion distribution which
corresponds to the given experimental values within
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+15%, a comparison between the measured and the
computed temperatures was done and shownin Fig. 12.

Although the agreement between the computed and
experimental results is fair, the reported animal data is
not sufficient for a reliable comparison, and the results
show only a rough approximation. The differences
between the experimental and theoretical curves may
be attributed to a number of reasons: (a) differences in
the actual (unknown) and calculated values of the
oxygen consumption, as determined by the heart rate,
blood pressure, preloading condition, basal metabo-
lism etc. ; (b) unsteady state and/or unstable conditions
during the experimental measurements; (c) errorsin the
measurements; (d) errors in the parameter estimation
by the model; and {¢) errors induced by the symmetric
simplification of the heat balance problem.

Also included in Fig. 12 is Ten Velden et al’s
analytical curves based on steady state and constant
metabolic parameters. Evidently, thisapproximationis
fair for certain conditions.

In order to get another indication as to the validity of
our model, the veno-arterioral temperature difference
ATy, that was reported by Neill ez al. [ 15] is compared
with the expected calculated difference which is given
by

o [T(r)+ T(ri+1)] .

2
ATyp =

E. Barta, R. BEYAR and S. SiDEMAN
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Fi1G. 11. The epicardial temperature as a function of the blood
perfusion rate for T = 37.5°C, HR = 90 cpm, h = 12.56 W
m~2°C™ L Mir,1) is the normal value of rir, 1) (see Table 2}.

wherem[r;, r;, ,1istheaverage blood volume that flows
between r; and r,, , in one cycle and V[r,r; ] is the
(time averaged) volume of the muscle layer that extends
fromr;tor;,,.

Using equation (18) with T, = 37.5°C, u, = 0.25°C,
60 cpm < HR < 120 cpm, yields 0.003°C < ATy,
< 0.288°C for the human model while Neill et al. [15]
reported 0.14°C <€ ATy, < 0.32°C for dogs. Since the
heart rates in dogs are usually higher {90-150 cpm)
than those for humans, the resemblance is quite good.

7. DISCUSSION AND CONCLUSIONS

The instantaneous local temperature within the
myocardium was evaluated here, based on the
calculated coronary blood flow distribution and the
local oxygen consumption. Two types of boundary
conditions were used, corresponding to the closed chest
heart and the open chest heart. Obviously, the latter
situation allows for some arbitrary manipulation (say,
cooling the epicardium) whereas in the former case the
epicardial temperature is usually uncontrollable.

The main conclusions about the physiological
processes related to the heat balance within the
myocardium are:

1. Theenergy balance within the myocardium must
account for the internal heat conduction, heat con-
vection, and metabolic heat production, see Table 3.

mlryric - Virrid
(18)

i=1

i
Z mir,ri 3 Virs ]

=T
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2. Increasing the heart rate and/or decreasing the
blood perfusion causes a considerable increase in the
myocardial temperature.

3. The myocardial temperature at any given pointin
space does not change, in any significant sense, during
the contraction and relaxation phases of the heart’s
cycle and thus can be approximated reasonably well by
the proposed, simplified, ‘average’ solution.

4. Inthecase of aclosed chest heart, the temperature
usually attains its maximum value at the mid-layer of
the myocardium and the gradients of the temperature
increase toward the internal and external boundaries
(epicardium and endocardium).

5. In normal resting conditions of human heart,
when the epicardial-endocardial temperature dif-
ference equals 0.25°C, the difference between the
maximum and minimum temperatures within the wall
is 0.6°C. For dog heart (working under rest conditions)

the difference between the maximum temperature
observed inthe LV myocardium and the temperature in
the ventricular cavity was found to be about 0.3°C. This
result agrees with the measurements of Reynolds et al.
[1] who found that this difference ranges between 0.06
t0 0.70°C.

6. In the case of an open chest heart, an (almost)
linear relation exists between the value of the free
convection HTC (which reflects the effects of the
environment of the heart} and the -epicardial
temperature.

7. As the epicardial temperature changes inversely
with the perfusion ratio, this temperature may be used
as a rough estimate of the coronary perfusion under
steady state experimental conditions [11, 23]. The
model approach suggested here may help in the
estimation of the coronary perfusion from the
epicardial temperature. Measuring the open chest

Table 3. Heat generation and transfer due to different mechanism in the myocardium.
Data are for: HR = 90 cpm, T, = 37.5°C, U, = 0.25°C

Values of heat due to:

Metabolic Convection
Layer energy (diffusional heat) Conduction
Subendocardium 0.033Fcm™? 001t Jem™? 0023Jcm™3
Subepicardium 0026 Jem™3 000044 J cm ™3 0020Jcm ™3




[~
~l
(8]

epicardial temperature is sufficient for the computation
of the temperature within the entire muscle.

To the best of our knowledge this is the first time that
the instantaneous local temperature in the myocar-
dium has been computed by using distributed blood
perfusion and oxygen consumption data. Comparison
of the analysis presented here with the few experimental
data that are given in the literature gives a qualitative
confirmation of the modei. More accurate comparisons
require more detailed data. The model’s parameters are
sure to help in establishing the kind of data taken and
reported.
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APPENDIX A: PROOF OF STABILITY
OF EQUATION (13)

1. Closed chest solution

Define
Ur= u;f—u(no.m, fg)+jil Arf,) (A1)
m=1
and express U] as
(i )orl (S a2p] o
k=1 m=1

i—1
where exp I:i(r(‘, + 3 Ar,ﬁ,)ﬁ] is the initial error.

m=1

Then by the Von Neumann method [24] a sufficient condition
for stability is |{,] < 1. Substitution of equation (A2) in
equation (13) yields

Ar?_

o e L Arte IV (AFI+ AT )

YAAR (A +Ar )

o iBAri-s l
i (A3

(Ar;+Ar;_,)<rg+ ¥ Ar;‘,,) j

(o=14aAtlic, +

eifary

“+

m=1

The stability criterion is verified by substitution of Ar}, 1/,
¢, At in (A3).

2. Open chest case
Equation (13) is written in a matrix from as
Un+1 — A"U"+b"

where A" is a tridiagonal 10 x 10 matrix. Stability is assured if
all the eigenvalues of 4™, 1,(4"), satlsfy A{A") < 1. Writing A" as
a sum of two matrices

(Ad)

A" = [+ aAt” (A9)

where [ is the identity n x n matrix, simplifies the proof. One
can show, by evaluating the principal minors of (—7),
that (—Q") is a strictly positive definite matrix. This assures
that the numerical solution actually converges to the analytic
solution.



Temperature distribution within the left ventricular wall of the heart

DISTRIBUTION DE TEMPERATURE DANS LA PAROI DU VENTRICULE GAUCHE DU
COEUR

Résumé—La température instantanée locale T 4 la paroi du ventricule gauche est obtenue en réselvant
I'équation du bilan d’énergie et en tenant compte de la création de chaleur instantanée dans la paroi
musculaire. La demande de distribution d’oxygéne et la perfusion locale coronarienne dépendant du temps,
obtenues par un modéle mécaniste LV précédemment décrit, sont utilisées comme parameétres d’entrée dans
I’équation dela chaleur. Des approximations du temps local moyen et des températures fonction du temps sont
calculées pour deux types de conditions aux limites simulées expérimentalement : (a) coeur enfermé dans la
poitrine et (b) couer dans la poitrine ouverte (exposé & P'air avec convection naturelle). Les effets sur T de la
vitesse du coeur et la perfusion locale sanguine sont étudiés. La température locale est trouvée pratiquement
inchangée pendant uncycle, avec des changements qui sont typiquement inférieurs 1 0,005°C pendant uncycle.
Néanmoins la température varie avec la position dans le myocarde et elle atteint son maximum au milieu des
couches. Pour un coeur dans la poitrine fermée, on trouve une approximation de la température instantanée
basée sur une solution ‘moyenne’. Dans le cas d’un coeur dans une poitrine ouverte, on montre comment T
dans le péricarde peut définir la distribution de température a travers toute la paroi musculaire. Les résultats
calculés sont trouvés en bon agrément avec des études expérimentales sur des chienes.

TEMPERATURVERTEILUNG IM INNERN DER LINKEN HERZKAMMERWAND

Zusammenfassung — Die augenblickliche 6rtliche Temperatur T in der gesamten linken Herzkammerwand
erhilt man durch Lasen der Energiebilanzgleichung, die der augenblicklichen rdumlichen Wirmeerzeugung
in der Muskelwand Rechnung trigt. Sowohl der verteilte Sauerstoffbedarfals auch die zeitabhéngige ortliche
Herzkranzdurchblutung, welche auf dem friiher beschriebenen mechanischen Modell derlinken Herzkammer
beruht, werden als Eingabeparameter fir die Wirmebilanz verwendet. Niherungen der &rtlichen
Zeitmittelwerte und die zeitabhiingigen Temperaturen werden fiir zwei Arten von experimentellen
Randbedingungen berechnet : Simulation (a) bei geschlossenem Brustkorb(gegebene epikardiale Temperatur
T} und (b} bei offenem Brustkorb {der Luft bei freier Konvektion ausgesetzt). Die Auswirkungen der
Herzfrequenz und der ortlichen Durchblutungsmenge auf die Temperatur T wurden untersucht. Die 6rtliche
Temperatur war praktisch unverindert wihrend einer Periode, mit Schwankungen, die iiblicherweise kieiner
als 0,005 K wihrend einer Periode sind. Die Temperatur verdndert sich im Inneren des Myokardiums von Ort
zu Ort und erreicht ihren Maximalwert in den mittleren Schichten. Bei geschlossenem Brustkorb wurden
Niherungswerte fiir die augenblickliche Temperatur, basierend auf der ‘Durchschnittslésung’ ermittelt. Im
Falle des gedffneten Brustkorbes wird gezeigt, wie die Temperatur T im Epikardium durchaus die
Temperaturverteilung in der gesamten Muskelwand bestimmen kann. Die berechneten Ergebnisse stimmen
bei ausreichender Genauigkeit mit experimentellen Untersuchungen an Hunden iiberein.

PACTIPEAEJEHWE TEMIIEPATYPBI BHYTPH CTEHKH JIEBOTI'O XEJIYAOUKA CEPALA

Annoragus—Vi3 pelenus ypasHeHHq 0anaHca 3HEPTHH, YYHTHIBAIOLICTO MIHOBEHHOS TETUJIOBBIICICHHUE
BHYTPH MYCKYABLHOH CTEHKM, NOJNYYEHH! 3HAYCHHS Temniepatyp 7 B CTeHKe Jieoro xemyaouka (LV).
HcxoansiMu napaMeTpaMy 3aAauy TEILIONPOBOAHOCTH ABJKIOTCA Kak norpebienue kMCAOpOda, Tak
M 3aBHCSIAS OT BPEMEHH JIOKaJbHAas KOPOHApHas NPOHHUAEMOCTE, OCHOBAHHbIE HA palee ONHCAHHOH
MexaHHueckoil Mozend LV. AnNnpokcHMaulMy OCPEAHEHHBIX 110 BPEMEHH JIOKAJIbHBIX TeMMepaTyp
NOJIy4eHbl /s ABYX THIOB 3KCNEPHMEHTANbHBIX TPAaHHYHbBIX YCJIOBHH, MOJEIUPYIOLIMX (a) cepiie B
3aKPBITOH rPyAHOH KJieTke (3alaHa snukapamansHas 77) u (6) cepaue B OTKpHITOH TpymHOi KJjerke
(moaBepxkeHO AEHCTBHIO BO3AYXa co cBODOMHOM koHBekuuei). Mccnenosano BnMsHME pUTMa cepaua
M CKOPOCTH JIOKaJLHOM NPOHHLAEMOCTH KpoBH Ha Benuuuubl 7. JlokanbHas TemnepaTypa okasanack
IPAKTH4YECKH MOCTOAHHOW B TEUCHWE BCEro LMKJIa—u3MeHeHHAa He nposocxoasT 0,005 C. Oasaxo
TEMIIEPATYPA 3aBUCHT OT MECTa H3IMEPEHHS B MHOKApJAE Y JOCTHIAeT MaKCHMYMa B CPEIHHX CIOAX.
Jns cepiua B 3aKpLITOR TPYOHOH KJETKe NOJyYeHO NpHOIMKEHWE MIHOBEHHOH TeMnepaTypsl,
OCHOBaHHOE Ha ‘ocpeamenun’. B cnyuae (6) mokasawo, xak T B 3UHKapie MOXET ONpeAensTh
pacnpenencH1e TeMnepaTyphl Bo Beell MyckyibHOMH cTerxe. Pe3ynbTaThl pacyeToB XOPOLIC COTACYIOTCS
C JAHHBIMH ONBITOB, NTPOBEJICHHBIX Ha cobakax.
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