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A ma thema t i ca l  model  is p roposed  for  the dis t r ibut ion of t e m p e r a t u r e  in the human body 
under genera l  deep hype r t he rm i a .  

One of the m o s t  p r o m i s i n g  methods  for  the t r e a t m e n t  of ce r t a in  f o r m s  of mal ignant  t umor s  is h y p e r -  
o x i d a t i o n - h y p e r t h e r m i a  which was  f i r s t  introduced into cl inical  p rac t i ce  in the USSR at  the Scientific R e -  
s e a r c h  Inst i tute  for  Oncology and Medial  Radiology of the Min i s t ry  Of Publ ic  Health,  Be lo rus s i an  Still. One 
of  the bas ic  p a r t s  of this  method is h y p e r t h e r m i a ,  i .e . ,  heat ing the body to high t e m p e r a t u r e s  (40-41 ~ and 
main ta in ing  these  t e m p e r a t u r e s  fDr s eve ra l  hours  [1, 2]. 

To c a r r y  out this  p rocedure  safe ly ,  it is n e c e s s a r y  that the b ra in  t e m p e r a t u r e  be 1.-1.5 ~ lower  than 
that  of the " co re "  of the body. This  is achieved by supp lemen ta ry  cooling of the head.  

We have a t t empted  to study the dynamics  of t e m p e r a t u r e  va r ia t ion  in the body for  su r face  heat ing of 
the t runk and cooling of the head.  

The t e m p e r a t u r e  dis t r ibut ion in a uni form physical  body is given by the solut ion of the equation of 
t h e r m a l  conductivity under va r ious  boundary conditions. In the genera l  ca se ,  the equation of t he rma l  con-  
ductivity has  the following fo rm [4], 

0 t  
c7 -~-T =: div [~ grad t] + w 

(w is the specif ic  intensi ty  of in ternal  hea t  sou rce s ,  W / m 3 ;  y is the densi ty  of the body, k g / m 3 ;  a = ; ~ / e y  

is  the coeff icient  of  t he rm a l  diffusivi ty,  m s / see) .  

However ,  the use  of this equation for  a solution of our p rob lem is imposs ib le  because  of the p r o -  
nounced nonnniformity of the va r ious  t i s s ue s ,  i .e . ,  c = c(x, y, z), Y = y(x ,  y, z}, a = a(x, y, z), w = w(x, 
y,  z), the exis tence  of effect ive the rmoregu la t ion ,  i .e . ,  a = a(t),  w = w(t), and the complex  geomet r i c  
shape.  

F o r  solution of the p rob lem formula ted ,  we the re fo re  a r b i t r a r i l y  divide the body into l a y e r s  (zones) 
and set  up the equat ion of t h e r m a l  balance for each l aye r  (zone) a s suming  that  within the boundar ies  of a 
l aye r  ( zone )c ,  7 ,  a, and w a re  independent of the coord ina tes ,  and e, 7 ,  and a a r e  a lso  independent of 
t e m p e r a t u r e .  The choice of the num ber  of zones  and the subdivis ion of the body into zones  a r e  de te rmined  
by the specif ic  conditions of the p rob lem to be solved and by the p e r m i s s i b l e  e r r o r  of the solution. Fo r  our  
p u r p o s e s ,  i t  is suff icient  to define four zones:  the skin,  " co re"  of the body, the b ra in ,  and the b ra in  c o v e r -  
ing. We also make  a few other  a s sumpt ions .  We a s s u m e  the ma in  m e c h a n i s m  for heat  t r a n s f e r  in the 
body is  a convectional  m e c h a n i s m  as soc ia t ed  with movemen t  of the blood; the volume r a t e  of blood flow 
depends l inea r ly  on t e m p e r a t u r e ;  the blood ins tantaneously  takes  on the t e m p e r a t u r e  of the zone in which 
it  i s ;  w is a known function of t e m p e r a t u r e  within the boundar ies  of a zone. 

The model  we have p roposed  is ske tched  in Fig.  1 in genera l  fo rm.  

As is c l e a r  f r o m  the f igure ,  the p r o c e s s  of hea t  t r a n s f e r  takes  place in the following manne r .  The 
hea t  flux incident on the skin heats  the blood c i rcu la t ing  in it to the t e m p e r a t u r e  t s. The blood flowing 
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Fig.  1. Schematic diagram of superheat ing of the body: 1) skin; 
2) " co re"  of the body; 3) hea r t ;  4) neck;  5) brain;  6) bra in  c o v e r -  
i n g .  

through the "co re"  of the body takes on the t empera tu re  tc ,  r e leas ing  or  acquiring a cer ta in  amount of heat 
in this instance.  Then blood at  the t empera tu re  tc en te r s  a heat exchanger ,  the ro le  of which is played by 
the hear t - - luag  sys tem,  where  it mixes  with blood flowing f rom the head at a t empera tu re  th which is the 
r e su l t  of mixing of blood f rom the bra in  at  a t empera tu re  tbr  and blood f rom the brain cover ing at a t e m -  
pe r a tu r e  tbc. Blood at  the stable t empe ra tu r e  tm emerging  f rom the heat  exchanger  divides into two flows. 
One port ion en ters  the head where  it once again divides into two flows, one of which en te r s  the brain and 
the other  en te rs  the bra in  cover ing (note that this por t ion of the blood can be subjected to additional cooling 
while pass ing through the neck). Thc second port ion of the blood re tu rns  to the body where  it once again 
divides into two flows; one of them en te r s  the "co re"  of the body and the o ther ,  passing through the "co re , "  
en te rs  the skin. 

We a s sume  that the p r ime  purpose of the the rmoregu la to ry  sys tem is maintenance of a constant t e m -  
pe ra tu re  in the "core  r of the body. This  is achieved both by redis t r ibut ion  of the intensity of blood flow 
between zones (blood flow through the skin is significantly intensified) [3] and by the initiation of cer ta in  
h e a t - t r a n s f e r  mechanisms  ( increased sweating in people,  panting in dogs and cer ta in  other  animals) .  It  
was shown [5, 6] that these hea t - t r ans f e r  mechanisms a re  Rayleigh functions of t ime,  i .e . ,  they a re  small  
if ~ < ~ t  and la rge  if te > tSc t .  

Taking all this into account,  the sys tem of equations descr ib ing this model appears  to be. 

ms c s t~ = ql  - -  qcs-- Fev , 

m c c d '  ~ = B~ - -  q ~  - -  q~, 

rnbr cbr tin= Bbr+ q 3 -  qbr.bc 

nibeCbetbe = Bbc - -  q~ - - q 6  -{- qbr.bc 

t~ - -  f ,  (~), t.; : :  f., ( '0, 

where  

q~ = ~S s (q -- ts:): 

q2 = (Vb~ -- Vb1.0 (tin -- t~) %~%1: 

q, = Vbl.b, :Vm% (qm - -  tb~); 

q~ = ~ S b c ( t b e  -- t.); 

qcs = Vm*Vbl%l (t~ - -  q);  

qbnbe-- -k,/~. (tm~ fix); 

B~ = Boo [1 + [~ (t~ - -  t*)l; 

Bbr= Bbr.o[l -1- [~s(tbr-- t*)l; 

Mbl : Vbl?bt; 
Vbl = VbL o [1 + I~ ( r e -  t*)l; 

Vbl.br= Vbl.bno[1 -F [~4 (tbr-- t*)l; 

Vbl., = Vb~.,~, [l + 13~ (q - -  33)1, 

Mbp h :  A'l'bl.br + Mbl.bc; 
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Dynamics of body tempera ture  during general  
deep hyper thermia  [a) patient I; b) patient S]: I) hot-  
water  t empera tures ;  2) skin tempera ture ;  4) t empera-  
ture  of body "core" ;  6) brain  tempera ture ;  tempera ture  
var ia t ion at  these same points'  [3) skin; 5) "core" ;  7) 
brain] calculated f rom the proposed model; 8) cold- 
water  tempera ture ,  t ,  ~ 1-, min. 

T 

4, 

0 

M b l = ~ M b l . i  , i=s ,  c, br, bc; 
i 

1 
tm - -  ire (Mb} --  Mbl.h) 4- tbrMbl .br--I- SbcMbl.bc]; 

Mbt 

t m = tin--At, where At: t m --  t8 Snas.. 
Mbl~Cbl 

The subscripts  s,  e, br ,  bc, bI, and n indicate assignment  of the corresponding paramete r  to the 
skin, the "core ,"  the brain,  the brain  covering, the blood, and the neck respect ively.  

Values of the coefficients fit, f12, fl~, f14, fls, and Fev are  defined in the following manner:  

[~i=/  1~ i :  1, 2, t e•t*, 
! p:.' , to < t*, 

{P~, tbr> t*, 
~J= [3;, tbr< t * , ] = 3 ,  4, 

[ ~;, t~ >~ 33, 

(if) 
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F~ = { Fev' tc > t*, 
F_~v~, t o < t * .  (~I) 

Keeping the re la t ions  (II) and (HI) in mind, we reduce  the equation sys tem (I) to a somewhat di f ferent  
form:  

1 
t~ = [oq S s _ ( q - -  t.,) + Mbj.s % (to - -  q) - -  F~v 1, 

msZs_. ~ 

t'r --  l {Bco[l + f ~  ( tc_ t , ) l .+ . (Mba_Mbl .h) ( tm_ tc) %l _ Mbl.sCb.l (tc _ ts)} ' 
mete 

l ' - -  ~ {Bb~l +'[~e(tlx--t*)] + Mbl,.brcbi(tan --tb~ --i/Six" (/b!-- t..bO}, (IV) 
�9 blt- -- rob# k ........ . . . . .  -. 

/~c= 1 [Bbc .+. Mbl.beCb c (t,r n _ the)_!_ _ ~  (tlx - lbr +. ~Z,Sbe (tl~ _ L_) ], 
tr~zCbe 

i; = h ~+), t; = f.,. ('0. 

The initial conditions at  v = 0 a re  

t s := tso, tbc =: tbc. o 

t~ = t~o, t I = l , o ,  ( V )  

tbr := tbt o, to :-: t=, . 

The equation sys t em (IV) under  the initial conditions W) was solved on a computer  and the resu l t s  
compared  with exper imenta l  data obtained at the Scientific Resea rch  Institute for Oncology and Medical 
Radiology of the Minis t ry  of Publ ic  Health, Be loruss ian  SSR (Fig. 2). 

Exper imenta l  and theore t ica l  t ime dependences of the skin, "co re , "  and head t empera tu re s  of an in-  
dividual a re  shown in Fig. 2 for  ce r t a in  modes  of hyper thermia .  A compar i son  of theore t ica l  and expe r i -  
mental  data shows that the model sa t i s fac tor i ly  desc r ibes  the distr ibution of t empera tu re  in the body of an 
individual,  pa r t i cu la r ly  for  slow var ia t ions  in the t empera tu re  of the heating o r  cooling medium. For  
abrupt  changes in the t empe ra tu r e  of the heating or  cooling medium, the dif ference between the expe r i -  
mental  and theore t ica l  resu l t s  is intensified (segment ab of curve  7 in Fig. 2a) since the condition requi r ing  
l inear  dependence of volume ra te  of blood flow on t empera tu re  breaks  down. 

The sufficiently sa t i s fac tory  agreement  of theore t ica l  and exper imenta l  curves  makes  it possible to 
plan the hyper the rmla  procedure  depending upon the individual cha rac t e r i s t i c s  of the patient.  

= d t i / d r  ; t 
t* 
m 

c 

Vbl 
O~ I , (X 2 , (X 3 

K 

BO 
Fev 
S 
l 
t,, t2, h 

NOTATION 

is the t empera tu re ,  ~ ; 
is the s tandard t empera tu re ,  ~ 
is the m a s s ;  kg; 
is the specif ic  heat ,  J / k g . d e g ;  
is the bulk veloci ty  of blood, m 3 / s e c ;  
a r e  the heat t r a n s f e r  coeff icients  between skin and hot hea t - t rans fe r  agent,  cold membrane  
of head and cold hea t - t ransfer  agent and between neck-cool ing medium and blood through neck, 
W / m  2- deg; 
is the the rma l  conductivity,  W / m .  deg; 
is the basal  metabol i sm,  W; 
is the ra te  of evaporat ion,  W; 
is the sur face ,  m 2; 
is the thickness of head membrane ,  m;  
a re  the t empera tu re s  of hot water ,  cold wa te r  and neck cooling medium,~ 
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