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SYSTEMS ANALYSIS O F  SOME BIO-MEDICAL PROBLEMS 

RELATED TO MEDICAL TREATMENT MANAGEMENT 

A.M. P e t r o v s k y  

M a y  1 9 7 5  

R e s e a r c h  M e m o r a n d a  are i n f o r m a l  p u b l i c a t i o n s  
r e l a t i n g  t o  ongoing or projected areas of re- 
search a t  I I A S A .  T h e  v i e w s  expressed are 
those of t h e  a u t h o r ,  and do n o t  necessar i l y  
re f lec t  those of I I A S A .  





Systems Analysis of Some Bio-Medical Problems 

Related to Medical Treatment Management 

A.M. Petrovsky 

Abstract 

A systems approach to the investigation of bio- 
medical problems related to treatment of certain types 
of diseases is discussed in this article. Problems of 
determining admissible and optimal management with 
criteria designed for both rapidly and slowly develop- 
ing diseases are described here. Examples are given 
of analyzing problems in the management of two typical 
diseases. 

A considerable number of current bio-medical problems are 
both difficult and complicated. Special techniques outside 
"traditional" medicine have been widely used for investigating 
these problems. One approach combines medical, biological, 
and physio-chemical methods of investigating living objects 
with control theory apparatus. Two groups of problems of 
special interest in applying control theory methods are 
1) those in which a living object is considered as a large 
number of interrelated physiological systems with uncertain 
and changeable mutual links, and 2) those where the living 
object is an element of a complex system. The first type of 
problem would include individual medical examination and treat- 
ment of the most widespread diseases such as cardiovascular 
and oncological diseases. An example of the second type of 
problem is the organization of health centers and mass treat- 
ment, both in normal conditions and in emergencies such as 
epidemics. 

The conceptual framework of systems analysis [l] contains 
an approach to studying actual bio-medical problems using the 
entire arsenal of existing techniques aimed at investigating 
living objects and of mathematical methods of control theory. 
Problems of living sub-systems management, specifically with 
the goals of medical treatment, have already been investigated 
by many authors [2,41. However, the problem oi managing the 
state of the living object as a whole, or as a part of a more 
complex system in the process of medical treatment, meets with 
considerable difficulties because of the extreme complexity of 
these objects. 



A new s t a g e  of t h e  r e s e a r c h  on t h i s  problem based on t h e  
systems approach has  now become a r e a l i t y  th rough  t h e  success-  
f u l  a p p l i c a t i o n  of c o n t r o l  t heo ry  methods, mathemat ica l  model- 
l i n g ,  and t h e  u s e  of computers i n  b i o l ogy  and medic ine [ 5 , 7 ] .  
A complex l i v i n g  o b j e c t  i s  t r e a t e d  a s  a  set of i n t e r a c t i n g  
e lements ,  o r  sub-systems;  t h i s  approach p e r m i t s  deeper  i n s i g h t  
i n t o  t h e  s t r u c t u r e ,  t h e  f u n c t i o n i n g  mechanisms, and mutual  
l i n k s  of t h e  sub-systems of l i v i n g  o b j e c t s .  Th i s  i s  t h e  a n t i -  
t h e s i s  of t h e  methods based on t h e  i d e a  of t h e  so -ca l l ed  
"b l ack  box." Though t h e  mathemat ica l  t o o l s  of systems ana ly -  
sis have n o t  a s  y e t  been comple te ly  shaped,  t h e  systems 
approach t o  l i v i n g  o b j e c t s  w i l l  probab ly  u s e  t h e  c o n t r o l  t heo ry  
methods developed t o  work w i t h  incomple te  d a t a  [8,91 and w i t h  
s t a t e  space  [ l o ] .  

The sys tem approach t o  b io-medical  problems ( h e r e a f t e r  
w e  s h a l l  r e f e r  t o  them a s  medica l  t r e a t m e n t  problems) i n v o l v e s  
s e v e r a l  c o n s e c u t i v e  s t a g e s :  

1) d e s c r i p t i o n  of t h e  l i v i n g  o b j e c t  a s  a  "whole" by 
e s t i m a t i n g  o b s e r v a b i l i t y  of p a t h o l o g i c a l  p rocesses  
i n  t h e  o b j e c t  a t  d i f f e r e n t  s t a g e s  of t h e  d i s e a s e ;  

2 )  f o rmu la t i on  of t h e  management g o a l s  r e s u l t i n g  i n  an 
e f f i c i e n t  a p p l i c a t i o n  of  c o n t r o l  t h e o r y  methods; 

3 )  d e t e r m i n a t i o n  of f e a s i b l e  management c l a s s e s  which 
a l s o  i n c l u d e  op t ima l  management and e s t i m a t i o n  of 
i t s  e f f e c t i v e n e s s .  Such management w i l l  be  r e f e r r e d  
t o  a s  " t a c t i c s  of t r ea tmen t "  and c o n s i s t  of  systems 
o f  r u l e s  a )  f o r  t e s t i n g  t h e  s t a t e  of t h e  o b j e c t  ( t h e  
schedu le  of examinat ions  and t h e  deg ree  of d e t a i l s ) ,  
and b )  f o r  app l y i ng  s p e c i f i c  t r e a t m e n t s ;  and 

4 )  c l a s s i f i c a t i o n  and e v a l u a t i o n  of  t h e  v a r i o u s  s t a g e s  
of d i s e a s e s  and t h e  p o s s i b i l i t i e s  of i n f l u e n c i n g  
t h e  p a t h o l o g i c a l  p rocesses  a t  t h e s e  s t a g e s ,  w i t h  
r ega rd  t o  t h e i r  l i m i t e d  o b s e r v a b i l i t y .  

I n  most c a s e s  t h e  d i f f i c u l t i e s  of o b t a i n i n g  a  s u f f i c i e n t  
amount of i n f o rma t i on  abou t  t h e  l i v i n g  o b j e c t s  make t h e  prob- 
l e m  of medica l  t r e a t m e n t  s t o c h a s t i c ,  i . e .  a l l  p rev ious  s t a g e s  
must be i n  t e r m s  of s t o c h a s t i c  concep ts .  The f o l l ow ing  char -  
a c t e r i s t i c s  of t r e a t m e n t  g i ven  may be  s u f f i c i e n t  t o  p rov ide  
such i n fo rma t i on  : 

1) p r o b a b i l i t y  P of ach iev ing  g o a l s  r e l a t e d  t o  t -he  
t r e a t m e n t  of one p a t i e n t  a s  w e l l  a s  of a  c o n t i n g e n t  
of  p a t i e n t s ;  and 

2 )  average  e x p e n d i t u r e s  Z connected w i t h  t rea tmen. t .  



Depending on t h e  d i s e a s e ,  t h e  g o a l s  of  t r e a t m e n t  can  be 
fo rmula ted on t h e  b a s i s  of  g i ven  c h a r a c t e r i s t i c s  fo l l ow ing  
c o n d i t i o n a l  f u n c t i o n a l s :  

max P  s u b j e c t  t o  Z < - Z* (1 

min Z s u b j e c t  t o  P  - < P* . ( 2  

Maximizat ion o r  m in im iza t ion  of  P o r  Z i s  c a r r i e d  o u t  on a  
set  of f e a s i b l e  t a c t i c s  of t r e a t m e n t .  S e n s i t i v i t y  of  f u n c t i o n -  
a l s  (1) and ( 2 1  t o  t h e  v a r i a t i o n s  of  t a c t i c s  i s  impor tan t .  
The i r  p r a c t i c a l  a p p l i c a t i o n  t o  t h e  c o n c r e t e  t a s k s  r e q u i r e s  
p r e l i m i n a r y  c l a s s i f i c a t i o n  of  d i s e a s e s .  T h i s  can  be  done 
d i f f e r e n t l y ,  however, us i ng  c o n t r o l  t h e o r y  methods f a v o r i n g  
c l a s s i f i c a t i o n  based on t h e  r a t e  of  d i s e a s e  p rog ress ion .  

L e t  u s  d i v i d e  d i s e a s e s  i n t o  two c l a s s e s :  r a p i d l y  deve l -  
op ing  d i s e a s e s  (RDD) and s low ly  deve lop ing  d i s e a s e s  (SDD). 
The most c h a r a c t e r i s t i c  f e a t u r e  of t h e  RDD i s  la te  d i a g n o s i s ,  
i . e .  d i a g n o s i s  w h i l e  t h e  d i s e a s e  i s  i n  f u l l  p r o g r e s s  and most 
o f  t h e  o rgans  have p a t h o l o g i c a l  v a r i a t i o n s  [ 4 ] .  I n  t h e  SDD, 
i n  c o n t r a s t ,  d i a g n o s i s  i s  e a r l y .  

I f  w e  c o n v e n t i o n a l l y  l i m i t  o u r s e l v e s  w i t h  a  one-s tep  
scheme o f  making a  d i a g n o s i s  and s e l e c t i n g  a  t a c t i c  o f  t r e a t -  
ment,  and assume t h a t  P = 0 when t h e  d i a g n o s i s  i s  wrong, t hen  

where r ( t )  i s  t h e  p r o b a b i l i t y  o f  making a c o r r e c t  d i a g n o s i s  

by t h e  t i m e  t ,  and q i ( t )  i s  a c o n d i t i o n a l  p r o b a b i l i t y  of  c u r i n g  
t h e  p a t i e n t  w i t h  t h e  r i g h t  d i a g n o s i s  us i ng  t h e  i - t r e a t m e n t  
tac t ic  from t h e  moment t; r ( t )  i s  a lmos t  a lways an i n c r e a s i n g  
f u n c t i o n  of t i m e  t which i s  counted from t h e  v e r y  beg inn ing o f  

i a  d i s e a s e .  The t r i v i a l  r e l a t i v i t y  r (0) = 0, q  ( t )  + 0 w i t h  

t - m, r ( t )  5 1, qi (t) < t l e a d s  t o  t h e  conc lus i on  t h a t  pi (t) 
has  a maximum w i t h  respect t o  t (see F ig .  1).  

The index  * r e f e r s  t o  f e a s i b l e  v a l u e s  o f  r e s p e c t i v e  v a r i -  
a b l e s .  



SDD RDD ' 

Figure 1. The probability of the correct 
i diagnosis q (t), and the conditional 

probability of successful patient 
cure r(t) if the diagnosis is correct. 
(Solid lines correspond to RDD's, the 
dotted lines to SDD's. The dots on 
the t axis roughly represent the 
moments of making the diagnosis.) 

The average expenditure Z has two components--the diagnos- 
i 

tic expenditures ZD(t) and the treatment expenditures Z (t). 1 

where t is the moment of fixing a diagnosis. For the RDD, 

qi(t) < - 1 for all i because of the late diagnosis. For the 
i same reason P (t) < 1, and the problem of choosing the most 

"economic" treatment.tactic after diagnosis practically van- 
ishes. It is reasonable to assume that ZRDD = ZD(tl + C, 
where C is a constant and Z (t) is a decreasing function of D 
t (the later the diagnosis is made, the "easier" it can be 
done). The criterion for estimating the performance of treat- 
ment in cases of RDD can be given by (I), ise. it can be rep- 

i 
resented as max P (t) . 

The chronic diseases which are usually recognized early 
but continue over a long period of time (sometimes an entire 
lifetime) are examples of SDD and represent a great interest 
for systems analysis. Successful treatment of SDD means 
making the patient as comfortable as possible [ 5 ] .  In this 



- 
c a s e  w e  can assume t h a t  r ( t )  - 1, t h a t  t h e r e  e x i s t  t r ea tmen t  

i .., 
t a c t i c s  i n  which q ( t)  ' 1, and hence p i ( t )  - 1. Where t h e r e  

i 
a r e  s e v e r a l  such t a c t i c s ,  t h e  sma l l  d i f f e r e n c e s  i n  P ( t )  canno t  
s e r v e  a s  t h e  b a s i s  of choosing t h e  c o n c r e t e  s t r a t e g y ,  which 

makes s u f f i c i e n t l y  a c c u r a t e  de te rm ina t i on  of p i ( t )  r a t h e r  d i f -  
f i c u l t .  Average expenses f o r  SDD t r e a t m e n t  a r e  less dependent  

i on t h e  expense of  making a  d i a g n o s i s ,  i .e .  ZSDD ( t )  Z l  ( t ) .  

I n  t h i s  c a s e  c r i t e r i o n  ( 2 )  seems a p p r o p r i a t e :  

min Z l ( t )  . 
i 

L e t  u s  c o n s i d e r  two i l l u s t r a t i v e  examples. 

1. Systems Ana l ys i s  of Rapid ly  Developing D isease  

The onco log i ca l  d i s e a s e  (OD)  i s  a complex dynamic p rocess  
i nvo l v i ng  most systems of t h e  organism. Cons ide ra t i on  of t h e  
i n t e r a c t i o n s  of t h e  systems du r i ng  t r e a t m e n t  shou ld  t a k e  i n t o  
accoun t  t h e  p r o b a b i l i s t i c  c h a r a c t e r  of  t h e  p rocesses  w i t h i n  
t h o s e  systems and t h e i r  i n t e r r e l a t i o n s h i p s .  I n  t h e  example 
g i ven ,  w e  s h a l l  assume t h a t  t h e  r e a c t i o n s  of t h e  o rgan ism 's  
systems t o  t h e  t r e a t m e n t  a r e  random and t h u s  accoun t  f o r  - a 
p r i o r i  unknown i n d i v i d u a l  d i f f e r e n c e s  among organisms.  

I 

S p e c i f i c  t r e a t m e n t s  r e s t r i c t e d  t o  a  one-t ime chemica l  t he rapy  
us ing  t h e  d rug ,  s a r c o l y z i n ,  of carcinoma t ype  K-755 tumour 
implanted i n t o  an ima ls  w i l l  be cons idered .  The d i a g n o s t i c s  
( i .e .  t h e  t ype  of t h e  r ( t )  f u n c t i o n )  w i l l  n o t  be d e t a i l e d .  
The d i f f e r e n c e s  among t r ea tmen t  t a c t i c s  depend on t h e  dosage 

i g iven  a t  t h e  moment t; max P ( t )  s e r v e s  a s  t h e  c r i t e r i o n .  
Th i s  example main ly  i l l u s t r a t e s  t h e  e x i s t e n c e  of op t ima l  t r e a t -  
ment t a c t i c s  depending on t. The model used i n  t h i s  example 
was des igned by a  j o i n t  g roup of s c i e n t i s t s  from t h e  I n s t i t u t e  
of C o n t r o l  Sc ience  (A.M. Petrovsky ,  E.L. Ork ina,  M.P. Sakharov) 
and from t h e  I n s t i t u t e  of  Exper imenta l  and C l i n i c a l  Ontology 
(Z.P. S o f j i n a ,  M.F. Merkulov);  c a l c u l a t i o n s  w e r e  done by com- 
p u t e r s  . 

A t  p r e s e n t ,  t h e r e  e x i s t  numerous mathemat ica l  models s i m -  
u l a t i n g  p rocesses  of ma l ignan t  tumour growth. Those r e l a t e d  
t o  t h e  c e l l s '  popu la t i on  l e v e l  a r e  of g r e a t  i n t e r e s t  and show 
t h a t ,  i n  s p i t e  of  t h e  d i f f e r e n c e s  among t h e  OD forms, t h e  
development of  t h e  r e s p e c t i v e  p rocesses  of mal ignant  growth 
over  t i m e  may be d e s c r i b e d  i n  t h e  same way [ & I .  

The model used i n  t h e  example imp l i es  t h e  fo l l ow ing  
assumpt ions.  F i r s t ,  t h e  development of t h e  cance r  can  be rep-  
r e s e n t e d  by a  well-known Sk ippe r ' s  model [ill; t h e  s t a t e  of t h e  
organism a s  a  whole, a s  w e l l  a s  t h e  normal ly  deve lop ing  t i s s u e ,  



can be  c o n v e n t i o n a l l y  r ep resen ted  by t h e  amount of l eukocy tes .  
Th i s  v a l u e  a l o n e  w i l l  d e f i n e  t h e  l i m i t i n g  d o s e s  of medic ines.  
The organism i s  supposed t o  have a  s p e c i f i c  an i t - cance r  immunity 
which p r e v e n t s  ma l ignan t  growth and which changes depending 
upon t h e  s t a t e  of t h e  organism i t s e l f  and t h e  s i z e  o f  t h e  
tumour. 

The model a l s o  i m p l i e s  t h a t  t h e  tumour 's  c e l l s  may belong 
t o  t h r e e  d i f f e r e n t  k i nds  of popu la t i ons :  A )  t h e  popu la t i on  
which i n c l u d e s  growth and d i v i s i o n ,  B )  t h e  popu la t i on  which 
i n c l u d e s  t h o s e  c e l l s  s t i l l  capab le  of f u r t h e r  d i v i s i o n ,  b u t  
whose growth h a s  "slowed down," and C )  t h e  popu la t i on  o f  dead 
c e l l s .  

The s i z e s  of t h o s e  p o p u l a t i o n s  a r e  r e p r e s e n t e d  i n  t h e  
model by t h e  v a r i a b l e s  Y1, Y 2 ,  and Y 3 ,  r e s p e c t i v e l y ,  connected 

by t h e  f o l l ow ing  equa t i ons :  

A number of c e l l s  of popu la t i on  A ,  which a r e  d i v i d e d  over  
t h e  u n i t  of t i m e ,  a r e  p r o p o r t i o n a l  t o  t h e  magnitude o f  t h e  
popu la t i on  and i n v e r s e l y  p r o p o r t i o n a l  t o  t h e  t i m e  of genera-  
t i o n  TG ( t h e  c y c l e  of t i m e  of n u c l e i c  d i v i s i o n ) .  

The c e l l s  formed a f t e r  d i v i s i o n  can  e i t h e r  r e - e n t e r  pop- 
u l a t i o n  A o r  be t r a n s f e r r e d  t o  popu la t i on  B. The p r o b a b i l i t y  
of  g e t t i n g  t h e  c e l l  i n t o  popu la t i on  A i s  t h e  most impor tan t  
c h a r a c t e r i s t i c  of  t h e  tumour 's  growth r a t e .  I n  t h e  model it 
i s  r e p r e s e n t e d  by t h e  c o e f f i c i e n t  KA. The p r o b a b i l i t y  of t h e  

c e l l  r e - e n t e r i n g  popu la t i on  B i s  I - KAI  r e s p e c t i v e l y .  

The c e l l s  o f  p o p u l a t i o n  3 can  t r a n s f e r  i n t o  popu la t i on  
A a t  t h e  r a t e  KBA. For  a  young tumour of sma l l  s i z e ,  KBA i s  

i n i t i a l l y  r a t h e r  h i gh ,  b u t  d e c r e a s e s  w i t h  t h e  growth of pop- 
u l a t i o n s  A and B. When popu la t i on  A dec reases - - f o r  example, 
th rough s u r g e r y  o r  chemotherapy-- K~~ 

i n c r e a s e s  d r a s t i c a l l y .  

The paramete rs  inc luded  i n  KA and KBA a r e  g i ven  a s  t h e  

i n i t i a l  d a t a  and c h a r a c t e r i z e  t h e  r a t e  of  growth of a  c o n c r e t e  
tumour. They a r e  chosen s o  a s  t o  p rov ide  a n  a c c u r a t e  match 
between t h e  s imu la ted  growth cu rve  and t h e  exper imen ta l  cu rve ,  



as well between simulated and experimental proliferative 
pools (the relative part of the tumour cells being divided). 

The rate of cell transfer from populations A and B into 
population C is represented by the same coefficient KC. The 
dead cells of the organism gradually disseminate with the time 
constant TC. 

The variable I in equations (4) and (5) characterizes 
the value of anti-cancer immunity of the organism, and the 
coefficients Kil and Ki2 represent the degree of its influence 

on the cells of populations A and B. 

The state of the organism as a whole as well as its normal 
tissue are conventionally defined by the amount of leukocytes, 
Y6, and the mass of blood-creating tissue, Y5. The latter 

variables are related as 

The leukocyte generating mechanism used in this model is the 
same as in any cell's regenerating population [12]. After 
division, the blood-creating cell can either join the popula- 
tion of blood-creating cells with the probability a ,  or dif- 
ferentiate and become a leukocyte again with the probability 
B = 1 - u. The number of cells divided over the unit of time 
is directly proportional to the mass of blood-creating tissue, 
and inversely proportional to the time generation T for the N 
cells of a given type. The model implies that the coefficient 
B depends on the mass of blood-creating tissue. If part of 
the blood-creating tissue is destroyed, the probability of 
converting the cell into a leukocyte decreases, and a great 
number of cells, upon division, repeat the same process; the 
result is blood regeneration. The second term of the equation 
(8) represents the dying-off process of the leukocytes; TM is 
a time constant of the process. 

An assumption adopted in the model holds that as the 
tumour grows, the mass of blood-creating tissue in the orga- 
nism decreases. The coefficient KO is initially given and 

represents the degree of tumour influence on the mass of the 
blood-creating tissue. The probability of organism destruc- 
tion caused by the effect on the blood-creating system is 
continuously calculated in the model. This probability takes 
into account the decrement of the leukocyte level, as well as 
the time of this level. 














