A derivation of the Weibull distribution and its relevance to
dose response relationships, initiation and promoticn and

stopping experirnents

Assume that for a cell to start a tumour it rnust undergo a
certain number of cellular changes. Under the further assumption
that the risk of any ce.ll being transformed at any instant is
.extremely small we will show that the probability g(t) of an animal
getting cancer by time t is given by the Weibull distribution

glt) = 1 - expl-b(t-w)") (1)
where w an'd k-'are constants and b depends on the dose applied.
* Firstly cons;der a two stage process where event 1 has
prc;bak;ility alclt(dl'l)dt of occurring in the period (t, t+dt) and
event 2 has a similar probabilif;y ézczt(aZ'l)dt. These probabilities
are commonly known as ‘incidence rates. - Assume that event 1 must
occur before event 2 and that the ¢'s are so small that we can neglect
any powér of these above the second, We wish to find th: probability
h.(T) that the cell will not have succumberl to both stages by time T,
1t is well known that the probability of survival from event 1
"alone to time T is given by exp(-_-clTal) and‘ therefore using the féct
that the proba-bility of survival from both is equal to the chance it

survived 1 throughout plus the svm of the chances that it got 1 at

time t and survived 2 from t to T we get:

paly, 7T &al' a2 la o far-1)
h(t) = exp(~c)T “S expl-cy RN expuc (T2t 2q o ' ¥1 Vet
o -

afie 1 - c1T°‘1 + clz’I‘zm1 + (T oilclt-(al'l)(l-'-cltal-czT“2+c2t“2)dt

2 ()
- al 2..201 al . 2241 1 2 lo1ta2) ] T
= 1. clT + < T + [clt -c t - clczt T +a1c1c2t I
2 2 . al-l-az
. h{t)=1 .- ay c.c Ta1+az




. . " . \
Bx oexp [~ a2 ClczToc1+oc2\

ayTag

hence the incidence rate from both events at time t}'/is given by
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which is of the same form as the original incidence rates. Call this
result Theorem 1.
Suppose the incidence rate for the ith stage is 2 constant bi.

We will show that the incidence rate for k successive stages is

given by

k-1
~ blbzo---'o.ontoonbk t . -. (2)
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Assume the result is true for k=r and consider the probability
of survival from event 1 (the first r stages) and event 2 (the (r+1) th
stage). Nowin the notation of Theorem 1

a1=k '12=1 cy= ble' ss.D
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Hence from Theorem 1 we see that the incidence rate for (r+l)
stages is given by
ble"""""b
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Since this is known to be true for r=1 the result {2) follows at once.
Hence the probability of a cell survivng the k stages to time t
is given by

exp 'ble‘ ceaaby tk
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(Note: if we assume the changes can occur in any order the effect is

simply to remove the k} from the denominator.)
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Now assume there are N cells at risk, The chance of an
animal surviving to time t is theréfore

- Ok
log = exp 'Nb_le""bk t
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Set b= Nblbz.....bk (3)
K b

and assume that it takes a constant time w from succumbing to the

kth stage to producing a detectable tumour we can write

~

glt) = 1 - exp(-fb(t-w)k) ‘

which is result (1).

By maximum likelihood methods we can froem the recorded

weeks of death or first tumour for a group of animals estimate

" values of the parameters b, w and k.

Dose response relationships

Consider the expression (3). For untreated controls we have a
small value of b as some tumours do occur so this implies that each
of the bi have non-zero values,

When we apply a carcinogen it is reasonable to assume that
some of the stages are affected and that this extra probability will
Be proporfional to dose for each stage. Thus if the carcinogen
affected 2 of 3 stages and dose levels d, 2d, 4d, 8d.... were applied

we would expect (in suitable units)

b{untreated controls) 1x1=x1

b(level 1) (1+a1d)(l+a2d) x 1

b(level 2)

(1+2a1d)(1+2a2d) x 1

> . etc



If the dose were high enough so that dld and dzd were fairly
large compared with 1, then clearly doubling the dose level would
very nearly multiply the b's by a factor of 4.

We have found for benzpyrehe tested at 6, 12, 24 and 48 ‘ug
this 4:1 relationship of b's between dose levels almost exactly and
so we would deduce that benzpyrene affects two stages of cancer
strongly which ties in with the theory that it is both a strong
initiator and promotor.

We can state fnore specifically that if a carcinogen affects
s stages of.cancer strongly then multiplying the dose by m wili
l;nul'tifply b by m®. But it is of course possible that some stages
are affected weakly and others strongly. Take for an exampie
one weak effect dl = 0.5 say and one strong effect 0‘-2. = 20. ‘I‘hen

we have the following dose response relationship

Dose b
1 31.5
2 82

4 o 243
This relationship will go from linear at low doses to
quadratic at high doses and could explain \x;hy we find that for sn-uoke
condensate over a certain range doubling the dose multiplies the
résponse b by about 3.
| However it is difficult to come to exact conclusions for smoke
as one is never sure of the "effective' dose at high levels which rnayi

explain why the dose-response curves flatten off against the

prediction of this model.

Initiation and Promotion o o

Classical experiments have always put a large dose of initiator
on at the beginning of the experiment to be followed by continuous
dosing of promotor.

In this case assuming the initiator affects the first stage we




will have after it is dosed effectively a k-1 stage process on a
reduced number of cells N1 which have passed this first stage.
However in this case the probability of a cell being initiated may
well not be small at all and changing the dose of initiator ét.constant
~ promotor would not necessarily lead to a response relationship of
the same type as for continuous dosing. |

There seems no reason why initiator and promotor in sn';all.er
doses should not both be painted continuously and this could very
likely simulate human conditions better that the classical method.
In this casé if each one affected a different stage strongly one would
expect a linear dose 'résponse of b against dose for each applied
individually but in combination doubling the dose of each should
multiply the response b by four, |

One can see here a means of testing betwéen initiators and
promotors. Supéose one has a known initiator A and an unknown
substance either initiator or promotor B. Test at various dose
‘levels combinations of A ard B. If the response is linear then B is
an initiator, if quadratic then B is a promotor. Of crurse for this
to be effective dose levels of each must be high enough for the
ex;;ected values of the bj's to be much higher than those of untreated
controls. |

I feel experiments of this type would be useful in serving to

strengthen or refute the basic hypotHeses my derivation is based on.

Stopping painting experiments

If the multi-stage hyipothesis as put forward were true then
one could use stopping painting experiments to get a much clearer
picture. .

For if w weeks aftl'er painting ceased virtually no more tumours
. were recorded this would suggest that the last stage was affected by
the carcipogen, If however the incidence rateremained constant as

seemed to occur in British Doctor's stopping smoking the suggestion



would surel.y be that this stage was not affected by the carcinogen
at all but that previéus experience _had passed a number of cells
through all the stages but one and that whether cancer subsequently
occurred was due to sorme other constant factor.

If the incidence rate decreased continuously after stopping
this would suggest reversibility of one or more of the stages and

could imply that the Weibull derivati‘on is rather too simple.

‘Conclusion

Considerable insight into cancer mechanisms can be gained by
investigating dose response curves for single carcinogens applied
continuously. But more still could be obtained by designing
experiments with a) combinations of carcinogens applied con.tinuousl‘y

and b} carcinogens applied for a given period and then stopped;,

P.N. L.

14,1.71






