
A derivatioa of 

dose response 

the '\l'eibulJ. distribution and its relevance to 

relationships, initiation' arid bromoticil and 

stopping experiments 

Assume that for a cell to s ta r t  a tumour it must trndergo a 

certain number of cellular changes. 

that the r i s k  of any cell being transformed at  any instant is 

.extremely small  we will show that the probability g(t) of an animal 

Under the further assumption 

getting cancer by t,ime. t is given by the Weibull distribution 

(1) 
k g(t) = 1 - exp(-b(tYw) ) 

where w and lc'are constants and b depends on the dose applied. 

. Firs t ly  consider a two stage process where event 1 has 
. .  

probability alclt("1-l)dt of occurring in the period (t, t+dt) and 

event 2 has  a similar probability a2c2t('2-l'dt. These probabilities 

are commonly known as 'incidence rates. . Assume that excnt 1 must  

occur before event 2 and that the C'S aie  so small that we can neglect 

any power of these above the second, W e  wish to find th: probability 

h.(T) that t h e  cell will not have succumbed to both stages by t ime T, 

.. It is well known that the probability of survival f rom event 1 

. alone to  time T is given by exp(-clTal) and therefore using the fact 

that the probability of survival f rom both is equal to the chance it 

survived 1 throughout plus the sum of the chances tha t  it got 1 at 

t ime t a d  survived 2 f rom t to T we get: . 

. . h(t) = 1 - (' a i  ) Ta1+$2 , --- 1 2  
a l+cx 



- 2 -  

hence the incidence r a t e  f r o m  both events a t  t ime t i i s  given by 
. -  

& 2 1 2  t(a;+a2-1) o r  rewri t ing it (ilta2)ia c c 2) ' (a l+a2-l)  

which is of the s a m e  fo rm as  the original incidence ra tes .  

resu l t  Theorem 1. 

Cal l  th i s  

Suppose the incidence r a t e  for  the ith stage is 2 constant bi. 

We will show that the incidence r a t e  fo r  k successive s tages  is 

given by 
k- 1 

bk b l b  2............. 
(k-1) ! 

Assume  the resu l t  is t rue  for  k=r  and consider  the probabili ty 

of survivai  f r o m  event 1 (the f i r s t  r s tages]  and event 2 (the ( r t l )  th 

stage).  Nowin the notation s f  Theorem 1 

a l = k  'i -1 c1= blb 2.... bk c2= b 2- k t l  
ki 

Hence f rom Theorem 1 we s e e  that the incidence r a t e  f u r  ( r t l )  

s tages  is given by 

........ blb2..  b r t  1 tr 
r: 

Since this  is known to be t i d e  for  r= l  the resu l t  (2)  follows a t  once. 

Hence the probability of a cell  survivhg the k s tages  to t ime t 

is given by 

S 

(Note: if we a s sume  the changes can occur  in any o r d e r  the effect is 

simply to remove the k, 1 f r o m  the denominator.) 



/ 

Now assume  there  a r e  N ce l l s  a t  risk. The chance of a n  

animal  surviving to t ime t is therefore  

Se t  b =  Nblb2.. . . . bk 

and a s s u m e  that it takes  a constant t ime iy f rom succumbing to the 

kth s tage to producing a detectable tumour we can wri te  

which is r e su l t  (1 ) .  

By maximum likelihood methods we can f r o m  the recorded  
I 

weeks of death o r  f i r s t  tumour f o r  a group of animals  es t imate  

values of the p a r a m e t e r s  0, w and k. 

Dose response  relationship s 

Consider the expression (3 ) .  F o r  1 ntreated controls  we have a 

small value of b as  some tumours  J.0 occur  so this  implies  that  each 

of the bi have non-zero values. 

When we apply a carcinogen it is reasonable to a s s u m e  that 

some of the s tages  a r e  affected and that this ex t ra  probabilj ty will 

be proportional to dose for  each stage. 

affected 2 of 3 stages  and dose leve ls  d, 2d, 4d, 8d.. . . were  applied 

we would expect (in suitable units)  

Thus if the carcinogen 

b(untreated controls) = 1 x 1 x 1 

b(leve1 1) 

b(leve1 2) 

= ( l t a l d ) ( l t a 2 d )  x 1 

= ( l t 2 a l d ) ( l t 2 a 2 d )  x 1 

s etc 



- 4 -  

If the dose were high enough so that a d a id  a d were  fair11 

l a r g e  compared with 1, then c lear ly  doubling the dose level  would 

ve ry  near ly  multiply the b ' s  by a factor  of 4. 

1 2 

We have found fo r  benzpyrene tes ted a t  6, 12, 24 and 48 pg 

this  4:l  relationship of b ' s  between dose leve ls  a lmost  exactly and 

so we would deduce that benzpyrene affects two s tages  of cancer  

strongly which t ies  in with the theory that it is both a s t rong 

init iator and promotor.  

We can s ta te  m o r e  specifically that if a carcinogen affects 

s s tages  of cancer  strongly then multiplying the dose by m will 

muitiply b by m S . But i t  is of cour se  possible that some s tages  

a r e  affected weakly and o thers  strongly. 

one wea:w effect a1 = 0. 5 say and one strong effect a 

we have the following dose response  relationship 

Take for  an  example 

- 20. Then 2 -  

Dose b 

1 31.5 

2 82 

4 ?4 3 

This  relationship will go f r o m  l inear  a t  low doses  to  

' quadrat ic  a t  high doses  and could explain why we find that f o r  smoke 

condensate Over a cer ta in  range doubling the dose multiplies the 

response  b by about 3. 

However i t  is difficult to come to exact conclusions f o r  smoke 

a s  one is never  su re  of the "effective" dose a t  high leve ls  which may  

explain why the dose-response curves  flatten off against  the 

prediction of this  model. 

0 Initiation and Promotion 

Class ica l  experiments  have always put a l a r g e  dose of init iator 

on at the beginning of the experiment  to be followed by continuous 

dosing of promotor .  

In this  c a s e  assuming the init iator affects the f i r s t  s tage we 
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will have af ter  i t  i s  dosed effective1;- a 1.-1 stage p r o c e s s  on a 

1 reduced number of ce l l s  N 

However in this  ca se  the probabili ty of a cell being initizted may 

well not be small at all and changing the dose of init iator a t  constant 

which have passed  this  f i r s t  stage.  

p romotor  would not necessa r i ly  lead  to a response relationship of 

the s a m e  iype as  for  continuous dosing. 

T h e r e  s e e m s  no reason  why init iator and promotor  in sma l l e r  

doses  should not both be painted continuously and th i s  could very  

l ikely s imulate  human conditions bet ter  that  the c lass ica l  method.. 

In th i s  c a s e  if each one atfectcd a different stage s t rongly one would 

expect a l inear  dose response  of b against  dose f o r  each applied 

individually but in combination doubling the dose of each should 

multiply the response b by four ,  
' 

One can s e e  h e r e  a means  of testing oetween ini t ia tors  and 

Suppose one has  a known init iator A and an unknown promotors .  

substance ei ther  init iator o r  promotor  B. 

leve ls  combinati0n.s of A a r d  B. 

an  init iator,  if quadratic then B is a promotor .  

to be  effective dose leve ls  of each mus t  be  high enough fo r  the 

Tes t  a t  var ious dose 

If the response is l i nea r  then B is 

Of cqur se  f o r  this  

expected values of the b i ' s  to be much higher than those of untreated 

controls.  

I fee l  experimerits of this  type would be useful in servjng to  

s t rengthen o r  re fu te  the bas ic  hypotheses m y  derivation is based  on. 

Stopping painting experiments  

If the multi-stage hypothesis as put forward were  t r u e  then 

one could use  stopping painting experiments  to get a much c l e a r e r  

picture .  

F o r  if w weeks af ter  painting ceased  virtually no m o r e  tumours  

were  recorded  this  would suggest that  the last  s tage was affected by 

the carcioogen. 

s eemed  to occur  in Br i t i sh  Doctor 's  stopping smoking the suggestion 

If however the incidence raterenzained constant as 

1 



would sure ly  be that this s tage w a s  not affected by the carcinogen 

a t  all but that previous experience had passed  a number of ce l l s  

through all the s tages  but one and that whether cancer  subsequently 

occurred  was  due to some other constant factor .  

If the incidence r a t e  decreased  continuously a f te r  stopping 

this  would suggest revers ibi l i ty  of one o r  m o r e  of the s tages  and 

could imply that the Weibull derivation is r a the r  too simple.  

Conclusion 

Considerable insight into cancer  mechanisms can be gained by 
I 

investigating dose response curves  for  single carcinogens applied 

continuously. 

experimcnts  with a) combinations Qf carcinogens applied continuously 

and b) carcinogens applied for  a given period and then stopped. 

But m o r e  s t i l l  could be obtained by designing 

P. N. L. 
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