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A s y s t e m  of equations is der ived  for  the t e m p e r a t u r e  d is t r ibut ion  in the human body for  
gene ra l  and deep h y p e r t h e r m i a .  How this d is t r ibut ion  is affected by the r e g i m e s  in which 
the h y p e r t h e r m i a  is induced is analyzed.  

In cu r ren t  oncological  p r ac t i c e  t he r e  is  hope that  ce r t a in  fo rms  of mal ignant  neoplasms  can be 
cured  through a complex  the rapy  involving a control led a r t i f i c ia l  h y p e r t h e r m i a  and overac id i ty .  One of 
the ba s i c  p a r t s  of this method is hype r t he rmia ,  i . e . ,  the heating of the human body to a t e m p e r a t u r e  on 
the  o r d e r  of 40-42~ and maintaining this t e m p e r a t u r e  for a long t ime  (150-300 min). For  r easons  of 
safe ty ,  the b r a i n  t e m p e r a t u r e  should r e m a i n  1-1.5 ~ lower  than the t e m p e r a t u r e  of the "core"  of the body; 
th is  is  a r r a n g e d  by a s upp l em en t a ry  cooling of the head [1, 2]. 

Successful  use  of h y p e r t h e r m i a  r e q u i r e s  knowledge of the t e m p e r a t u r e  d is t r ibut ion in the body as the 
t o r s o  is w a r m e d  and the head is s imul taneous ly  cooled, and it r equ i r e s  knowledge of how this d is t r ibut ion 
is affected by the h y p e r t h e r m i a  r e g i m e .  

To  solve the p r o b l e m  of the t e m p e r a t u r e  d is t r ibut ion  in the human body we adopt the following model :  
we a r b i t r a r i l y  divide the body into l aye r s  (zones) and wr i te  a hea t -ba l ance  equation for  each l aye r .  The 
number  of such l a y e r s  (or zones) depends on the p a r t i c u l a r  conditions of the p rob l em and the n e c e s s a r y  
solut ion a c c u r a c y .  In our  case  it is suff icient  to use  a model  of four  zones (the skin, the "core , "  the 
b ra in ,  and the "she l l  of the head" ). We a l so  use  the following a s sumpt ions :  

1) The  bas i c  h e a t - t r a n s f e r  m e c h a n i s m  is  convection, a s soc i a t ed  with blood flow [3]. 

2) The blood ins tantaneously  acqu i res  the t e m p e r a t u r e  of the zone it is  in. 

3) The volume flow r a t e  of the blood is a l inear  function of the t e m p e r a t u r e .  

On the bas i s  of these  a s sumpt ions  we can wr i te  the s y s t e m  of hea t -ba lance  equations descr ib ing  the 
t e m p e r a t u r e  d is t r ibut ion  in the human body as 

}i = ~ {~,$1 (ts--tO+Gzc~ (t~--t ,)--S,[4/3 (t3--t*)fi3 ~. 1/3(t,--33)]}, 
}nlC 1 

is = ~ {B~ [1 +[3~ (t~--t*)l--a,c; ( t r q )  + (ao--a,--a,) c, (7--t~)}. 
tn~c~ 

13 1 {B 3 [ 1 ~ - [ 3  s ( 1 3 - t * ) ]  ' - kS3 "t t'*, . . . .  ~. G,cT( q - -  t,) - -  - - i - -  t .  - -  ~JJ 
m3c:~ 

= ~ {B, + a,c, (7,-- t,) + ~ ( t , - -  q) - -  =,S, (t, - -  t,)}. i, 
m4c 4 
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Fig. 1. Tempera tu re  distr ibution in the human body for 
various t empera tu res  of the hot water ,  a) In the skinl b) in 
the "core"  of the body; c) in the brain;  d) in the "shell of the 
head." 1) t5 = 42~ 2) 41; 3) 40. 

4 

i = 1  

i - -  t,~ 
t I = t - -  At, where At -- G3 @ Ga ~sS~. 

The initial conditions a re  t i = t~ at T = 0, where i = 1, 2 . . . . .  6. In deriving sys tem (1) we assumed 

G i = G ~ [ 1 - ~ d i ( t ~ - - t * ) ] ,  i = 0 ,  3, 

G~.=G~[l+dj(/ j--33)] ,  / =  ], 4. (2) 

The coefficients d i, d], and fii a re  determined f rom 

{ 
~i , if I i < ~* 

di={d~,  if t i ~ t *  i = 0 ,  3, (3) 
d~, if t~<t* 

dg={d)', if l j > 3 3  ]---- 1, 4. 

di, if tg ~ 33 

Equations (1) were solved on a Minsk-22 computer  for concrete  values of the coefficients in them. 
Compar ison of the resul ts  with experimental  data shows that the model gives a sa t i s fac tory  descr ip t ion 
of the t empera tu re  distr ibution in the human body. 

Let us examine how the t empera tu re  distr ibution is affected by the conditions under which the hyper -  
thermia  is induced. 

1o We firs t  examine how the t empera tu re  distr ibution is affected by the tempera ture  of the hot 
water .  

We assume that the t empera tu re  of the water cooling the head is t~ = const; the coefficients a l  and 
a4, which a re  re la ted  to the ra tes  at which the cold and hot water a re  supplied to the head and the res t  of 
the body, respect ive ly ,  a re  a lso constant .  We consider  the t empera tu re  distr ibution in the body for va r -  
ious t empera tu res  t5 of the hot water .  

F r o m  the t empera tu re  distr ibutions found (Fig. 1) we can draw the following conclusions:  

1) The higher the t empera tu re  t 5, the higher the t empera tu res  in the var ious  zones of the body. 

2) The higher  t 5, the more  slowly the entire sys t em approaches  a steady state .  
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Fig .  2. T e m p e r a t u r e  d i s t r i bu t i on  in the human body for  v a r -  
ious va lues  of the coeff ic ient  a 1. a) In the skin;  b) in the 
"co re"  of the body; c) in  the b ra in ;  d) in the " she l l  of the 
head."  1) a t = 1.8; 2) 1.2; 3) 0.8. 

3) In the s t eady  s t a te ,  for  any t e m p e r a t u r e  ts, we have the inequa l i t i e s  t 4 < t 3 < t 2 < t t < t~. 

4) The t e m p e r a t u r e  d i f f e rence  be tween  the d i f ferent  zones (at l a r g e  values  of r) is  e x t r e m e l y  insen -  
s i t i ve  to the va lue  of t~. 

Accord ing ly ,  by ad jus t ing  the h o t - w a t e r  t e m p e r a t u r e  t 5 we change only the absolu te  values  of the 
t e m p e r a t u r e s  in the va r ious  zones,  leaving the r e l a t i ons  be tween the t e m p e r a t u r e s  of the va r ious  zones 
e s s e n t i a l l y  unchanged.  

2. Let  us now examine  the t e m p e r a t u r e  d i s t r i bu t i on  in the body for  va r ious  values of the coeff ic ient  

a 1 �9 

We a s s u m e  t 5 = const ,  t~ = eonst ,  and a 4 = consto We cons ide r  how the t e m p e r a t u r e  d i s t r i bu t ion  is 
af fec ted  by the value  of ~I ,  which is  r e l a t e d  to  the r a t e  at  which the hot wa te r  is  suppl ied  to the su r face  of 
the body (Fig.  2). 

We see  f rom Fig.  2 that  as  the value  of a 1 is  r a i s e d  this  model  s y s t e m  approaches  a s teady  s t a t e  
m o r e  r ap id ly ,  and the t e m p e r a t u r e s  of the r e su l t i ng  s teady  s t a t e  become  h igher .  Since the head is  cooled 
only at  t 3 >- 39, the curves  in  F i g s .  2c and 2d shif t  to  the r igh t .  This  is  a comple te ly  unders tandab le  r e -  
sul t ,  s ince  as  the value of a t is  r a i s e d  the t e m p e r a t u r e  i n c r e a s e s  more  r ap id ly  in t hese  zones.  
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Fig .  3. T e m p e r a t u r e  d i s t r i bu t ion  in the human body for  v a r -  
ious t e m p e r a t u r e s  of the  wa te r  cooling the head .  a) In the 
"core"  of the body; b) in t he  b ra in ;  c) in  the "she l l  of the 
head,"  d) in  the e a r d r u m  reg ion .  1) t 6 = 6~ 2) 4; 3) 2; 4) 
0.5. 
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Fig. 4. Tempera tu re  distr ibution in the human body for v a r -  
ious values of the coefficient a t. a) In the "core"  of the body; 
b) in the brain;  c) in the "shell of the head"; d) near  the e a r -  
drum. 1) ~4 = 0.6; 2) 0.8; 3) 1.0; 4) 1,2. 

3. Let us now examine the t empera tu re  distr ibution as a function of the t empera tu re  of the water 
cooling the head. 

We assume t~ = const, and we assume that the coefficients a l  and a4 a re  also constant.  We examine 
the changes in the t empera tu re  distr ibution in the body as a function of the t empera tu re  t~ of the water  
cooling the head (Fig. 3). 

We see f rom Fig. 3 that changes in t G have a lmost  no effect on the dynamics of the t empera tu re  of 
the "core"  (Fig. 3a) and the skin (not shown in this figure).  Fu r the rmore ,  judging from the resul ts  found 
on the basis  of this mathematical  model, changes in t 6 under conditions of general  hyper thermia  have no 
Gos~nergoizdat on the t empera tu re  of the inner par t  of the bra in  (Fig. 3b), affecting p r imar i ly  the t em-  
pe ra tu re  of the more  superf icial  layers  of the bra in  (the "shell  of the head").* These resul ts  are  of p r ac -  
t ical impor tance :  f i rs t ly,  in prac t ice  the bra in  t empera tu re  is infer red  p r imar i ly  f rom the tempera ture  
near  the ea rdrum.  It can be shown that this t empera ture ,  t ,  is the resul tant  t empera tu re  determined by 
the bra in  t empera tu re ,  t 3, and the t empera tu re  t 4 of the "shell  of the head"; i . e . ,  t =n t t  3 + n2t 4 where nt 
<1 ,  n 2 < 1 .  

Consequently, a cer ta in  t empera tu re  dec rease  near  the ea rd rum (Fig. 3d) apparently does not imply 
an equal t empera tu re  dec rease  in the brain.  

Secondly, the relat ive insensit ivity of the bra in  t empera tu re  to the t empera tu re  of the water cooling 
the head makes it unnecessa ry  to employ ext reme cooling and the corresponding complicated apparatus.  
Thirdly,  ser ious  attention should be paid to the development of methods permit t ing a higher t empera tu re  
gradient  between the "core"  of the body and the bra in  in the hyper thermia  (e.g.,  cooling of the neck). 

4. We turn  now to the t empera tu re  distr ibution in the body for various values of the coefficient ~4. 

We assume t 5 = const, t e = const, and a l  = const. We consider  the t empera tu re  distr ibution in the 
body as a function of the coefficient a4, which is related to the rate  at which the water cooling the head is 
supplied (Fig. 4). 

We see f rom Fig. 4 that changes in s t have essent ial ly  no effect on the t empera tu re  of the "core"  of 
the body (Fig. 4a) or  of the skin (not shown in this figure).  There  a re  important  changes in the bra in  t em-  
pera ture ,  but even so these changes a re  less than would be inferred  f rom the t empera tu re  changes near  
the ea rd rum.  

*The zones r e f e r r e d  to here  as the "brain" and the "shell of the head" a re  chosen ext remely  a rb i t ra r i ly .  
Accordingly,  these resul ts  requi re  a more  detailed study and experimental  verif icat ion.  

87 



C o m p a r i s o n  of the r e s u l t s  in Secs .  3 and 4 shows that adjus tment  of the coeff icient  a4, i.e~ of the ra te  
a t  which the cold w a t e r  is  supplied to the  s u r f ace  of the head, is a m o r e  effect ive method for  reducing the 
b r a i n  t e m p e r a t u r e  than a d e c r e a s e  in the t e m p e r a t u r e  of the wa te r  cooling the head.  Since the t e m p e r a t u r e  
of the " c o r e "  (for suff ic ient ly  l a rge  values  of the coefficient  a 1) r e m a i n s  essen t i a l ly  constant,  the t e m p e r a -  
tu re  d i f fe rence  At = t 2 --  t~ i n c r e a s e s ;  this  r e su l t  is of cons iderab le  p rac t i ca l  impor t ance .  

Accordingly ,  by adjust ing t 5 we a r e  p r i m a r i l y  se t t ing the height of the s t e a d y - s t a t e  level  of our s y s -  
t e m .  By changing a l ,  we s t rongly  influence the t ime  requ i red  for  the s y s t e m  to r e a c h  this level ,  and by 
changing a4 we se t  the t e m p e r a t u r e  d i f fe rence  between the di f ferent  zones.  

N O T A T I O N  

= d r / d r ,  t is  the t e m p e r a t u r e ,  ~ 
t*  is the r e f e r e n c e  t e m p e r a t u r e ,  ~ 
m is the m a s s ,  kg; 
c is the spec i f i c  heat ,  J / ( k g . d e g ) ;  
G is the m a s s  flow r a t e  of blood, k g / s e c ;  

is the h e a t - t r a n s f e r  coeff icient  for  heat  t r a n s f e r  between the su r face  and the hea t -  
t r a n s f e r  fluid, W / ( m  2"deg); 

k is the t h e r m a l  conductivity,  W / ( m ' d e g ) ;  
B is the bas i c  me tabo l i sm,  W; 
S is the s u r f a c e  a r e a ,  m2; 
l is  the th ickness  of the "shel l  of the head."  

Subscr ip ts  1-9 r e f e r  to  the skin, the "core"  of the body, the bra in ,  the "shel l  of the head," the hot water ,  
the cold wate r ,  the blood, the neck, and the a i r ,  r e spec t ive ly .  

1. 

21 

3. 

L I T E R A T U R E  C I T E D  

N. N. Aleksandrov ,  N. E. Savchenko, and S. Z. Fradkin,  "Cer t a in  a spec t s  of and the outlook for  
the use  of h y p e r t h e r m i a  in the curing of mal ignant  t u m o r s , "  in: Cur ren t  P r o b l e m s  of Oncology and 
Radiological  Medicine [in Russian] ,  Minsk (1970), p. 211. 
N. N. A leksandrov  and S. Z. Fradkin ,  "Use of h y p e r t h e r m i a  to cure  mal ignant  t u m o r s , "  in: 
P r o g r e s s  in Oncology [in Russian] ,  Leningrad (1970), p. 43. 
W. Baye r ,  Biophysics  ~ u s s i a n t r a n s l a t i o n ] ,  Inos t r .  Lit . ,  Moscow (1962). 

88 


