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Methods of mathematical modeling of heat-exchange processes in the human body are used 
in various problems in the fields of medicine, physiology, athletics, the garment industry, 
and in the design of survival systems. Mathematical models describing the thermal states 
of the human body as a whole or its separate organs have been worked out in a large number 
of papers, starting from the 1940s. With thedevelopment of modern computational techniques 
and the more detailed physiologlcal information available in recent years, the mathematical 
models have become more refined and more complex. With the help of numerical methods, com- 
plex models taking into account the anatomical structure of the body, different heat-trans- 
port mechanisms, and the effect of the thermoregulatory system can be worked out. In the 
present paper, we review the literature, discuss methods of constructing mathematical mo- 
dels, and present the application of the multistage modeling method in the analysis of the 
temperature field in the human body. 

There are two main approaches in constructing mathem-tical models of the human body; the 
lumped parameter models and the distributed parametermodels [1-3]. 

The lumped parameter models are represented by systems of ordinary d~fferential equa- 
tions for the average temperatures of different regions of the body, which are obtained 
from the heat-balance equations for each region. In distributed parameter models, partial 
differential equations describing the spatial temperature distribution are used. 

It will be convenient to begin the review of the literature wlth a discussion of the 
lumped and distributed parameter models in general. Then using these two approaches, we 
describe the features of other widely used models. 

Lumped Parameter Models. In this approach, the human body is divided into N elements. 
The thermal state of each element will be characterized by the volume-averaged temperatures 
of the tissues Ti, and blood (Tai, Tvi) in arteries and veins. 

We consider the derivation of the equations of the lumped parameter model, emphasizing 
the methods of obtaining the average temperatures, the assumptions made, and the physical 
interpretation of the parameters. Let an element of the system occupy a volume Vi, where 
part of its surface S~ is in contact with other elements, and part S~ borders on the ex- 
ternal medium. Arterial and venous blood flows into elament i from neighboring elements. 
Part of the arterial blood flows through the capillary network of element i and is trans- 
formed into venous blood. 

The change in the tissue enthalpy is given by the sum of the conductive heat fluxes 
Qi" from neighboring elements, the heat flux from the external medium Qml, the fluxes Qai 
an~ Qvi resulting from heat exchange with the arterial and venous blood, the heat flux 
Qki transmitted to the capillary blood, and the heat QMi liberated from exchange processes 
[I, 4-6]. 

C~ dT~ 
= Q~J + Qm + Q.~ +. Ov~ + Q~ + QMi. (1) d~ 

The adequacy of model (i) will be determined by the accuracy of the approximate expres- 
sions coupling the thermal fluxes in (i) with the averaged tissue and blood temperatures 
(Ti, Tai , Tvi) used as the input. 

The conductive heat flux between elements i and j, passing through their common bound- 
ary, is normally given in terms of the thermal conductivity tensor oij [I, 7, 8]: 
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QO = g~i (Tj - -  Ti). (2)  

Note  t h a t  t h e  t h e r m a l  c o n d u c t t v i t y d e f i n e d  i n  (2) depends  on t h e  t e m p e r a t u r e  d i s t r i b u -  
t i o n  in  t h e  body ,  i . e . ,  i t  i s  a sys tem p a r a m e t e r .  Th is  c o m p l i c a t i o n  i s  t a c i t l y  a v o i d e d  i n  
the literature, where ~iJ is calculated from formulas for plane or cylindrical walls without 
taking into account blood flow and internal heat sources. 

In determining the heat transport to the external medium, besides convection and radia- 
tion one must take into account the component of the heat flux Qcl caused by evaporation 
from the surface of the skin and the respiratory tracks; the latter can vary under the action 
of the thermoregulacory system. 

The heat fluxes transmitted by arterial and venous blood are given by the expressions 
[i, 2, 9]: 

Qai = ffai (Tai - -  Ti), Tvz = gv~ (Tv~ - -  Ti). (3) 

The b a s i c  difficulty in d e s c r i b i n g  h e a t - e x c h a n g e  p r o c e s s e s  w i t h  t h e  a r t e r i a l  and venous  
b lood  i s  t he  d e t e r m i n a t i o n  o f  t he  t h e r m a l  c o n d u c t i v i t i e s  Oai and ~ v i .  In  o r d e r  t o  d e t e r m i n e  
t h e s e  p a r a m e t e r s  q u a n t i t a t i v e l y ,  one  u se s  a model  r e p r e s e n t a t i o n  of  t h e  v a s c u l a r  sys t em of  
t he  p o r t i o n  o f  t h e  body unde r  c o n s i d e r a t i o n ,  and c o n s i d e r s  t h e  h e a t - e x c h a n g e  p rob lem f o r  
t h i s  model  sy s t em.  Because  t h e  v o l u m e - a v e r a g e d  t e m p e r a t u r e  T i o f  t h e  t i s s u e  a p p e a r s  i n  ( 3 ) ,  
and n o t  t h e  t e m p e r a t u r e  a v e r a g e d  o v e r  t h e  w a l l s  o f  t h e  b lo o d  v e s s e l s ,  i t  i s  n e c e s s a r y  i n  t h e  
c a l c u l a t i o n  o f  t h e  h e a t  c o n d u c t i v i t i e s  t o  t a k e  i n t o  a c c o u n t  boundary  l a y e r  d rag  i n  the  b lood  
v e s s e l s ,  as  w e l l  a s  d r ag  e f f e c t s  o f  t h e  t i s s u e  be tween  d i f f e r e n t  b l o o d  v e s s e l s .  

A t h e o r e t i c a l  a n a l y s i s  of  t he  h e a t  t r a n s p o r t  i n  b lo o d  v e s s e l s  was g i v e n  i n  [10] i n  which  
t h e  v e l o c i t y  and t e m p e r a t u r e  d i s t r i b u t i o n s  were  c a l c u l a t e d  f o r  d i f f e r e n t  boundary  c o n d i t i o n s  
on t he  b lood  v e s s e l  w a l l s  and t h e  l o c a l  N u s s e l t  number dependence  was o b t a i n e d .  In  [11] t h e  
h e a t  exchange  be tween  b l o o d  v e s s e l s  and t h e  a d j a c e n t  t i s s u e  was c o n s i d e r e d  f o r  t h r e e  c a s e s :  
a s i n g l e  b lood  v e s s e l ,  two p a r a l l e l  b l o o d v e s s e l s  w i t h  o p p o s i t e  f l o w s ,  and a s i n g l e  v e s s e l  
n e a r  t h e  s k i n .  However,  t h e s e  r e s u l t s  s t i l l  do n o t  p e r m i t  a c o r r e c t  t h e o r e t i c a l  d e t e r m i n a -  
t i o n  o f  t h e  c o n d u c t i v i t i e s  Uai and ~vi"  

~In w r i t i n g  an e x p r e s s i o n  f o r  t h e  h e a t  f l u x  Qki t r a n s m i t t e d  i n  t h e  c a p i l l a r y  sy s t em [ 1 - 9 ] ,  
t h e  a s s u m p t i o n  i s  made t h a t  h e a t  exchange  i n  t h e  c a p i l l a r y  sys tem i s  i d e a l .  I t  i s  t h e n  
assumed Chat t h e  b lood  e n t e r i n g  t h e  c a p i l l a r y  has  t e m p e r a t u r e  Ta i  , and a f t e r  p a s s i n g  t h r o u g h  
t h e  c a p i l l a r y  t a k e s  on t e m p e r a t u r e  T i  o f  t h e  t i s s u e .  The r e s u l t i n g  e x p r e s s i o n  f o r  Qki i s  

QRi = GRi~b (Ta~ - -  Ti). (4) 

Substituting the above expressions for the heat fluxes Into the heat-balance equation (i), 
we obtain 

C~ dTi = ~ crij (Tj - -  Ti) "-k, aei (T~ - -  Ti) + Qe~ + gai (Tai - -  Ti) -k ~ i  (Tv~ - -  T~) q- O.~Ckb (Tai - -  T~) --}- Qua. (5) 

The heat-balance equation for arterial blood in the i-th element can be written in the 

form [1-5, 9] 

"n in in G ~ T ~ dTa~ (Ti Tai)'-}-Ciav(Tvi--Ta~) "Z-Ckb [Gtai Ta~ --G.~Ta~--(Gai - ~i/ a~ 1, (6) 
Ckbrna~ d~: = ~ - -  ' 

and t he  c o r r e s p o n d i n g  e q u a t i o n  f o r  t h e  venous  b l o o d  i s  s i m i l a r ,  where  we u se  t h e  f a c t  t h a t  
the venous blood leaving t h e  i-th element is a combination of the venous blood entering the 
ocher elements, along with the blood passing through the capillary system with temperature 

Ti: 
dTvi in  in 

~vi ]" (7) cwn~ d ~  = Crv~(r~ - -  Tvi) + ,~,,(T~ --  ~ ) +  % [%, T~ + O~T~ - -  (o~n.+ 0~) _out 

in Tin) The mean flow rate temperatures of the incoming arterial and venous flows (Tal, vi 

are calculated by averaging the temperatures of the flows from the j-th element to the 

i-th: 
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: --,q-n- i~ O n i j T n i  , = 

Gni i i 

In order to close the system of equations (5)-(8) it is necessary to add a relation be- 
in and ~out This can be done by introducing a variation tween the blood temperatures Tni , Tnl , *ni" 

factor for the blood flows 

"n out "n 

The quantities Yal and Tvi are determined by adopting a model for the vascular system 
of element i and calculating the change in blood temperature for motion along ~he blood ves- 
sels. However, this is a separate (and complicated) problem. In the literature the non- 
uniformity of the blood temperature field is not considered. Instead, it is assumed in [1-9] 
that T~ t ffi Tni, n ffi a, v (the ideal mixing model). 

The system of equations (5)-(8) represents a generalized model of a biological system 
with lumped parameters. A program for this model was developed in [12] for a system where 
the number of elements, heat couplings, and fluxes can be chosen arbitrarily. The structure 
of the specific system is taken as input information, given in extremely compact form. There- 
fore, the program makes it possible to calculate results rising different lumped parameter 
models. 

Distributed Parameter Models. The human body is represented as a complex nonuniform 
system, consisting of different types of tissue permeated by a network of blood vessels of 
different diameters and distributed in space in a complicated way. In the calculation of 
the spatial temperature field in biological systems, a quaslhomogeneous model of the body 
is used in which the thermal state is described with the help of locally uniform temperature 
fields for the tissues and blood. The locally averaged temperature T(x) at the point x is 
understood to mean an average over a volume AV around point x which is small in comparison 
to the size of the system, and yet is larger than the size of the nonunlformltles. 

The mathematlcal model of a quaslhomogeneous body ~rlll consist of a system of differen- 
tial equations which are derived assuming that the beat exchange between tissue and blood 
occurs at every point of the volume and can be characterized by a density of heat sources 
(slnks). The heat sources are specified with the help of the introduction of local volu- 
metric coefficients of heat transport to the arterial a a and venous a v blood. For the heat 
exchange with blood passing through the capillaries, it is assumed that each point of the 
arterial blood passing through the capillaries (with mass flow rate per unit volume G) takes 
the local tissue temperature T(x). Then the differentlal equation describing heat transport 
in the tissues can be written in the form [I-3, 9, 13-16]: 

OT �9 
CP Ox = V (~,V T) - -  GCkb (T - -  Ta) - -  O~a (T - -  Ta) - -  ~v  ( T  - -  Tv)  + qM. ( 9 )  

In addition to (9), a mathematical model of the distributed parameter system must in- 
clude equations describing heat transport by arterial and venous blood. However, we have not 
seen any treatments in the literature which consider spatial temperature distributions for 
the blood Ta(X) and Tv(x). Instead, volume-averaged blood temperatures Tal and T . are used 
in (9). These temperatures are determined by considering balance equations of thVltype (6) 
or (7) in which the heat flux from the tissues to the blood is given by [I, 9, 16] : 

Q,, = ~z,~[T(x)--T~ddV, n = a, v. (I0) 
Vi 

In most papers it is assmned that the heat exchange in arteries and veins can be ignored 
in comparison to the capillary heat exchange [2-8, 14, 15]. Untll entering the capillary, 
the arterial blood at any point of the body is assumed to have the temperature of blood leav- 
ing the heart. After passing through the capillarles the blood does not participate in heat 
exchange as it moves along the veins, therefore the temperature of blood feeding into a small 
circulation loop is equal to the mean flow rate temperature of blood leaving the capillary. 
With these assumptions, the mathematical model simplifies and we have 

aT 
cp a-'--~-- = V (~,V T) - -  GCkb (T - -  Ya) + qa~, (ii) 
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Fig.  1. Schematic diagram of the  thermo- 
r egu l a to ry  system: 1) i n t e g r a t o r ;  2) hea t  
p roduc t ion ,  3) evapora t ion ;  4) blood f low, 
5) body; 6) hea t  r e c e p t o r s ;  7) e x t e r n a l  
medium; 8) work; 9) s e t  po in t .  

The temperature T a is determined from the heat-balance equation for the heart--lung system 
[2-7, 14, 15] with account of the heat loss due to respiration (flux Qr): 

i vf 

Here the s,-mation goes over all elements V i in which (ii) is to be solved. 

Thus, we see that tbe distributed parameter models used in the literature include the 
heat-conductlon equation for the tissue (9) or (ii) and integral forms of the heat-balance 
equations (6), (7), (i0), or (12) for the blood. In treatments where heat exchange is con- 
sidered in separate parts of the body without an analysis of the entire systems, the blood 
temperature T a is given a priori. 

Therm0regulatory Models. Modern computational techniques have been developed to the 
point where we can consider in principle numerical solutions of quite complicated heat-ex- 
change models in humans. However, the basic dlfflculty is the modeling of the thermoregula- 
tory system, which can change the parameters effectlng the thermal state of the body (blood 
flow rate, magnitude of heat liberated, rate of evaporation of moisture). Therefore, in 
recent papers there has been continued interest in modeling the thermoregulatory reaction 
of the human system under various conditions, and in the adequate description of feedback 
in the thermoregulatory system [2-7, 14-23]. 

A schematic diagram of a posslble model [15] of the thermoregulatory system in the 
human body is shown in Fig. 1. The body is subjecting to stimulation from the outside 
environment and release of heat from physical activity. The stimulation causes changes in 
the controlled quantities such as the temperatures and heat fluxes of different parts of the 
body which are picked up by the thermoreceptors. The observed quantities are compared with 
the reference values (the concept of set point) and the magnitude of the discrepancies de- 
termine the action on the system, which is directed to decreasing the discrepancies. Exam- 
ples are changes in heat production (shivering), the intensity of diaphoresis and vasomotor 
reactions (constriction and expansion of veins). 

In the literature there has been no unified treatment of the role of the thermorecep- 
tots in the hypothalmus, skin, and other parts of the body in thermoregulatlon [17-21]. It 
is probable that this situation is due to the extremely large number of different empirical 
results describing feedback in the system. Feedback equations describe the coupling be- 
tween the devlatlons of certain characteristic temperatures of the body from their reference 
values and the magnitude of the thermoregulatory action on the system. Many papers have 
considered the modeling of the thermal system in man under changing external conditions, 
and the development of adequate feedback equations by comparing the calculated results with 
experiment [6, 7, 14, 19, 20, 22]. In most papers, controlled parameters are taken to be 
the temperature of the brain and the weighted mean temperatures of different parts of the 
surface of the body. The most detailed look at the equations of thermoregulation with nu- 
merlcal data necessary for calculatlons is given in [22]. 
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Some Models and Their Application. An historical review of the development of heat- 
exchange models in man is given in [I, 2]. Extensive bibliographies are also given in [3, 
6, 14, 16]. 

Among the lumped parameter models, the most well known is that of StolwiJk [4, 5]. The 
initial model included the following elements: head (brain and scalp), trunk (bones, muscle, 
skin), extremities (muscle, skin), and the heart--lung system in which displacement of blood 
flow occurs. Further detailwas added by using separate elements to model the arms, hands, 
legs, feet, and their internal structure (core region, muscle, fat, skin). This model was 
used to study the thermoregulatory system behavior in hypothermla under conditions of heavy 
physical work and e]ectromagnetlc radiation [5, 6, 22]. The model accounts for heat trans- 
port by conduction between adjacent layers; the separate parts of the body are coupled toge- 
ther by the blood flows and only capillary heat exchange is taken into account. 

In [24] the Stolwijk model was used to calculate the thermal state of a human body in 
heated clothing. 

Lumped parameter models of slmilar structure were used in a series of papers by Ermakova 
[7, 19, 20] to study thermoregulatory mechanisms. 

In papers by Korobko [25, 26], lumped parameter models were used to describe the dyna- 
mics of the temperature field in artificial hyperthermia (radiation therapy in cancer treat- 
ment) with the goal of obtaining the optimal heating reglme. From the specific heat-exchange 
conditions (immersion of the body in water) the following elements of the model were separated 
out: brain, scalp, neck, core region of body, skin, and heart--lung system. 

In [8] the dynamical indentlfication of the lumped parameter model quantities (thermal 
conductivltles, blood flow rates) was attempted by organized experimental research. 

A large number of distributed parameter models have been proposedby Wissler [I, 9, 16]. 
The most complete model consists of 15 cylinders. The one-dlmenslonal (radial) nonstationary 
temperature distribution is calculated in the cyllnders and the cylinders are coupled by the 
blood flows. The system of one-dimenslonal equations (9) and the balance equations for the 
blood (6), (7), (I0) are solved. The heat exchange between arteries and veins is taken into 
account by introducing counterflow heat exchangers between separate parts of the body. In 
[16] this model was supplemented by the equations of gas exchange and was used to study the 
thermal systems of deep r~vers. 

The most detal]ed description of the temperature field in the human body results from the 
use of the model of [15]. Kuznetz models the body by 10 cylinders (head, trunk, legs, feet, 
arms, hands) with separate layers representing the bones, muscle, fat, and skin. In each 
cylinder the two-dlmensional form of (ii) is considered (depending on the radius r and angle 
~). In the description of heat exchange with the blood, only capillary heat exchange is 
taken into account, so that the temperature of the arterial blood is taken to be the same 
everywhere and is determined from (12). The problem is numerically solved and has been 
applied to the study of the thermal states of cosmonauts (astronauts) working outside the 
space capsule in a space unit. The results were compared with experiment, and condlt~ons 
where the two-dimensional treatment is necessary were pointed out. 

Distributed parameter models are wldely used in the mathematical modeling of cancer 
therapy, where the thermal states of separate regions of the body change. In [27-33] the 
temperature fields were calculated under absorption of electromagnetic radiation by the 
tissues; (II) was considered together with the electromagnetlc field equations. In [34-36] 
the problem of calculating the states of freezing tissue was examined with the goal of 
choosing optimal methods of doing cryosurgical operations. Uslng the model (Ii) methods of 
regulating the amount of blood flow in different parts of the body according to their 
temperatures have been worked out [37, 38], and methods of calculating the process of restora- 
tion of skin temperature after local cooling [39, 40]. Equation (ii) is the basis of many 
methods of measuring the thermophysical properties of living tissue [41-43] and also has been 
used to solve some methodological problems in temperature measurements in the body [44]. 
We note that in the above so]utlons, only heat-exchange processes in a limited part of the 
body were considered, and the temperature of the incoming blood and the boundary conditions 
were supplied from experimental data. 

We now discuss multistage modeling methods. In the works cited so far, the thermal 
state of the entire organism was described using models without a great deal of detail; 
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F i g .  2. F i r s t  s tage  model. 1) Head; 2) thorac ic  cav i ty ;  3) p e r i t o n e a l  
cav i ty ;  4) hands; 5) arms; 6 ) l e g s ;  7) f ee t ;  8-12) membranes. I)  the r -  
mal l i nks ;  I I )  a r t e r i a l  blood flow; I I I )  venous blood flow. 

Fig.  3. Second s tage model ( thorac ic  c a v i t y ) .  1 ) A o r t a ;  2 ) v e n a  cava 
i n f e r i o r ;  3) diaphragm; 4) l i v e r ;  5) stomach; 6) ga l lb ladder ;  7) pan- 
c ress ;  8, 9) r i gh t  and l e f t  kidneys;  10) i n t e s t i n e s ;  11)membranes; I)  
thermal l inks ;  I I )  a r t e r i a l  blood low; I l I )  venous blood flow; IV) por-  
t a l  ve in  blood. 

lumped parameter models using averaged temperatures of d i f f e r e n t  pa r t s  of the body, or one- 
dimensional d i s t r i b u t e d  parameter models. A more de t a i l ed  de sc r i p t i on  was considered in [15] 
where Cwo-dimensi0nal temperature d i s t r i b u t i o n s  were ca l cu la t ed  fo r  a se t  of cy l inde r s .  Mo- 
de ls  descr ib ing  the thermal s t a t e  of the organism as a whole along ~ t h  the thermoregulatory 
system are  used in the study of the human body under extreme c l imat ic  condi t ions ,  high phys i -  
ca l  s t r e s s ,  or in the design of su rv iva l  systems. 

In t he  study of problems involving s p a t i a l  temperature d i s t r i b u t i o n s  in separa te  pa r t s  
of the body or organs, d i s t r i b u t e d  parameter models are  used having more d e t a i l ,  but  cons ider -  
ing only a par t  of the body i s o l a t e d  from the whole organism. This approach has been used 
to solve problems in cryosurgery [34-36],  l oca l  hyperthermia [27-33],  and hypothermia [39, 
40], and thermographic d iagnos t i cs  [45, 46]. 

There are problems requi r ing  both a high degree of d e t a i l  in the d e s c r i p t i o n  of the 
thermal s t a t e s  of separa te  organs and the treatment of t he  thermal s t a t e  of the organism 
as a whole, including thermoregulacory processes .  This type of problem a r i s e s  in the study 
of thermographic d iagnos t i cs  of the pathology of the i n t e rna l  organs. The problem cons i s t s  
of e s t ab l i sh ing  connect ions  between the d~sturbance of phys io log ica l  processes  in the i n t e rn -  
a l  organs (changes in heat  product ion or blood flow) and changes in  the temperature f i e l d  
on the sur face  of the skin oppos i te  to the corresponding organ. With the help of mathematical 
modeling, i t  i s  p o s s i b l e  to examine hypotheses on the causes of changes in  the temperature 
f i e l d  fo r  a p a r t i c u l a r  pathology and thus to e s t a b l i s h  an o b j e c t i v e  c r i t e r i a  fo r  thermograpl~c 
d iagnos t i c s .  

The problem requ i re s  a d e t a i l e d  d e sc r i p t i on  of h e a t - t r a n s p o r t  processes  in the su r face  
t i s s u e s  in  order  to model the temperature f i e l d  os the sk in ,  and a lso  the c a l c u l a t i o n  of heat  
exchange in the i n t e r n a l  organs fo r  the temperature changes that  occur fo r  the pathology un- 
der study.  In the ana lys i s  of the temperature f i e l d  in a separated region os the body, the 
temperatures or heat  f luxes  from the surrounding pa r t s  must be given,  as wel l  as the tempera- 
cure of the incoming blood f lows.  This information can only be obtained by prel iminary ca l -  
cu l a t i on  of heat-exchange processes  in the e n t i r e  body. In add i t ion ,  the c a l c u l a t i o n  of the 
temperature f i e l d s  i s  complicated by the a c t i v e  chermoregulatory p rocesses .  The blood flow 
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rates, t h e  magnitudes of internal heat sources, the loss by evaporation are all determined 
by the state of the thermoregulatory system. In the feedback equations for the thermoregu- 
latory system, the deviations of the temperatures of separate parts of the body from their 
reference values appear. Therefore, unlike the case of a passive system~ without a prelimi- 
nary analysis of the thermal state of the human body as a whole,:it is impossible to specify 
the effect of other parts of the body on the part understudy, as well as internal effects. 

A mathematical model combining a detailed analysis of the temperature distribution and 
a description of the thermal state of the entire organism can be constructed using multi- 
stage methods [47]. The temperature field is calculated in several stages, where in each 
successive stage, the number of elements of the system being considered is decreased and 
the degree of detail is increased. The results at a particular stage are used to give the 
boundary conditions for the next stage; thus the interaction of the elements is taken into 
account. 

We consider a possible multistage model for the solution of problems in thermographic 
diagnostics. We consider a model with three stages. 

In the first stage, the thermal state of the entire organism is described with a lumped 
parameter model at the level involving the volume-averaged temperatures of separate parts of 
the body and the mean flow rate temperatures of blood flows coupling these parts together. 
The output parameters used in further calculations are the temperature of the blood going 
into the internal organ and into the peritoneal cavity membrane, and the temperature of the 
diaphragm and muscle bounding the peritoneal cavity. The first stage model also includes a 
mathematical description of the thermoregulatory system. The division of the body into ele- 
ments for the lumped parameter model can be done in different ways. For the multistage 
approach we choose the model shown in Fig. 2. 

In the second stage of the calculation, we determine the average temperatures of the 
separate organs of the peritoneal cavity and the temperatures of the blood flows between 
them. A schematic diagram illustrating the division into elements and the interaction be- 
tween them is shown in Fig. 3. The most difficult feature of this stage of the model is the 
determination of the starting-polnt parameters such as the thermal conductivltles and blood 
flow rates. These dlfficulties arise because the physiological information is not perfectly 
definite and also because of the complicated geometry of the system. In testing the applica- 
bility of the model, it is most important to examine the effect of errors in the starting- 
point data on the results of the calculation. After carrying out the second-stage calcula- 
tion, the temperatures of the internal organs near the membrane are known, and thus we can 
now formulate the boundary conditions for the propagation of heat in the membrane. 

In the third stage the problem of calculating the spatial temperature field inside the 
tissues of the peritoneal cavity membrane is studied. A distributed parameter model is used 
and (ii) is solved inside a bounded sector of a complete cylinder. The problem is solved 
numerically, and thus nonuniformities of the anatomical structure can be taken into account, 
as well as the nonuniform distribution of capillary blood flow in the membrane layers. The 
previous stages of the calculation are used to specify boundary conditions on the inner sur- 
faces of the peritoneal walls, and the temperature and flow rate of blood in different mem- 
brane layers. After solution of the third stage, we obtain the temperature distribution on 
the surface of the body, and this can be compared with the thermographic data. 

The multistage approach allows one to consider models of the temperature field with a 
great deal of detail, but not requiring complicated computer programs of each specific pro- 
blem. The algorithm for the multistage model discussed above consists of a program for the 
generalized lumped parameter model (5)-(8) and a program for the numerical solution of (ii) 
inside a cylinder. 

NOTATION 

Ti, Tal, Tvl, volume-averaged temperatures of tissue, arterial blood, and venous blood 
of the i-th element; T In, Ti~, TO~t, TOU. t, mean flow rate temperature of incoming (in) and 1 al v 
outgoing (out) arteria~ and venous bloo~ flows of the i-th element; QiJ, conductive heat 
flux; Qai, Qvi, Qkl, heat fluxes from blood to tissue transferred in arteries, veins, and 
capillaries; QMi, output of internal heat sources; Qei, heat flux into the external medium 
due to evaporation; alj , thermal conductivity tensor; o~4, ~ u,v, thermal conductivities 
between tissues and a reties, tissues and veins, and arteries and veins; Ci, total heat ca- 
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i n  in  p a c i t y  of  the  i - t h  e lement ;  Ckb , s p e c i f i c  hea t  c a p a c i t y  of  the  blood;  Gai , G~ ~, Gki,  Gai~ , 
G..~j,:, mass flow rates of arteries, veins, and capillaries ente.rlng the i-th ~lement; mas~ 
~ow rates of arteries and veins from the j-th element to i-th, ~, total mass flow rate in 
the blood circulation system; mal , mvl , mass of the arterial and venous blood of the i-th 
element; T(x), temperature field of the tissue in the quaslhomogeneous body model; l, cp, 
effective thermal conductivity and specific heat of the tissue; G, mass flow rate of capil- 
lary blood per unit volume; as, av, volumetric heat-transfer coefficients from tissues to 
arterial and venous blood} qM, specific output of internal heat sources. 
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