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1. OBJECTIVES OF THE ESPERT3'II?NT 

f .  01 In  51310 the objectiue of Experiment 1 .1 .1 .9  were laid down 

as follows :- 

1. To determine whether the effect of stoppirig painting is otic of 

the following possibilities:- 

(a) an immediate reduction of the incidence rzte for  the treated 

animals to a rate equal to that for  the untreated animals. 

(b) a n  immediate reduction of the incidence rate for  the treated 

animals but the reduction is not a s  great as i n  1 (a) . 
(c) no change of the incidence rzte  from the point where painting 

. was stopped. 

(d) an increase in incidence rate but not as  great as would hare 

1.02 

occurred if painting had continced. 

(e) no effect of stopping, i .e.  the incidence ra te  cont.inues to r i se  

exactly as  if painting had continued. 

(0 any, of the effects a to d but delayed by a latent period of 

magnitude to be determined. 

2. To provide data to examine the hypdhesis put forward i n  91058 

for a multi-stage mechanism fo r  mouse sk in  carcinogenesis. 

A further unstated objective was to try to determine the relationship 

. .  

between malignancy and tumour size and tumour growth rate.  

. .  . _  
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2.01 The experimental structure was as follows: 

Dose per  Duration Number 
Treatment week of painting of mice 

S.W.S. 180 mg 0-10 weeks 75 

(stale whole smoke 180 mg 0-20 weeks 75 

condensate from 180 mg 0-30 weeks 75 

normal flue cured 180 mg 0-40 weeks 75 

cigzrette T57) 180 mg 0-50 weeks 75 

180 mg Painted for life 75 

G T57 600 mg 0-10 weeks 75 

(Fraction G 600 mg 0-20 weeks 75 

from T57) 600 mg 0-30 weeks 75 

606 rig 0-40 \V&CS 75 

600 mg 0-50 \ITeefis 75 

600 mg Painted for life 75 

BP 
(3enzo (a)pyrene) 

0-15 weeks 75 

0 -25 we cks 75 

0-35 weeks 75 

Painted fo r  life 75 

0-15 weeks 75 

0-25 weeks 75 

0-35 weeks 75 

Painted for life 75 

G T57 600 mg 10-50 weeks 75 

600 mg 20-60 weeks 75 (Ageing groups) 

600 mg 30-70weeks 75 

- 102 Untreated - 

Solvent Painted for  102 
We 

The animals were aged 1 0  weeh  at  the s t a r t  of the experiment (week 0) 



2.02 The mice were painted three times a week, on Monday, Wed!iesday, 

and Friday. 

2.03 The solvent used atone and with S.W.S. and G was iso-propyl 

alcohol (I, I?. A .  ) , 

2.04 The f i rs t  four sets  of groups were designed to measure the change 

i n  tumour rate with increasing duration of painting. 

2.05 The fifth s e t  of groups was designed to test how the tumour rate 

due to 40 weeks painting of Fraction G depended on the age a t  which 

treatment was started.  F o r  this purpose the G 0-40 weeks group 

. from the second se t  can be used as an additional grocp i n  this se t .  

2.05 The experimental grcjups used 1929 mice, all kept i n  one room 
I 

(the same room as  for  1 ~ I, 3.29)  with three mice i n  a cage, and 

the cages randomizcd over the batteries. The experiment ran until 

the las t  mouse died. (week 112). 

. .  .. . ' 



3 ,  TUMOUR INFORI'lATIOS RECORDED -. -- 

Y 

3.01 I n  all previous experiments carried out i n  I-Iarrogate the 

information recorded relevant to znalysis of tumour rates has  basicaIly 

consiskd of oiily four figxres per  mouse. 

1. The time of appearance of the f i rs t  tumour. 

. 2. The number of tumours. 

3.02 

3.03  

3 .'04 

3.  The tumour classification of the r:iost malignant of the tumours - 

papilloma, carcinoma, infiltrating carcinoma o r  sarcoma.  

4. Whether complete regression occurred. 

Analysis normally ignored 2. and 4. 

In this experirncn't a f a r  more detziled recording systcni was used. 

There were four tumour sizes measured by calipers as follows:- 

A .  Tumour of at least 2 mrn. 

B. Tumour of at least 6 mm. 

C. Tumour of 1 0  mm. 

D. Tumour grea te r  than 1 0  mm. 

For each tumour on each mouse measurements were made weekly 

and the date a t  which each successive s ize  was reached was recorded 

on the card.  

If a tumour reached a given s ize  but la ter  regressed the date a t  

I 

which i t  no longer satisfied the cri teria for that s ize  w25 noted. 

3.05 If two o r  more  tumours became indistinguishable this was also 

. 
noted and the combined tumour was considered to be one tumour subsequently. 
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4.1.1 Tables 1 to 4 give, for each treatment group by 16 week intervals, 

unstandardised and standardised percentages of tumour and infiltrating 

4.1.2 

carcinoma bearing animals. 

The standardised percentages a r e  not used in  any subsequent 

analysis and a r e  presented solely to enable easy comparison to be 

made with previous Final Analyses I 

? 4.1.3 The Classification 'Tumour bearing animals" was based on those 
. ,  

animals which ever  had a recorded tumour grea te r  than 2 min. and is 

approximately comparable with the old standard classification. 

4.1.4 The classification "infiltrating carcinoma bearing animals is 

identical to that always used in the past and is independent of tumour 

size. 
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4.2.1 One coi1ceptuallr simple approach to the problem of assessing 

the effect G f  stopping painting is as follows. 

Firstly,  f i t  a distribution of time to tumour to the continuously 

painted time periods. Second!y , compare the incidence rates  observed 

after stopping wiJh those espccted if the fitted distribution were cxlra- 

polated according to the various hypo theses between 157hich one is trying 

to discriminate. Although this method of analys’js is not fully efficient, 

it was carr ied out a s  a f i rs t  step as i t  is reasonably simple to compute. 

4.2.2 Analysis was restricted to tumour sizes A and D as if: 1x7::s felt  that 

littIe extrz S V G U L ~  be gaiaec? by a sepzrate consideraticn cf the i~:tcr:l-,cdiaf,c 

sizes . 
4 . 2 . 3  Thus,  for  each of these tumour s izes ,  a Weibull distribution was 

fitted assuming that groups which had the same treatment but stopped 

at different times could be described by the same distribution a s  !oug 

as painting was coiitinued. Three distributions were therefore fitted per 

tumour size,  one to the 6 S.W.S. groups, one to the 6 G groups and 

one to the 8 BP groups. F o r  the last  distributionk and IV but uot b was 

assumed to be the same for  the two dose levels. k.was taken as 3 for  

S. W. S. and G,  and as 4 f o r  BP, since analysis i n  which k was unrestricted 

proved not to be any better f i t  to the data. 

4.2.4.  Three hypotheses were tested to describe the distribution of time to 

tumour after stopping painting, They were as foIlows: 

4.2.5 1) No effect of stopping i.e. the distribution fitted to the continuowly 

painted tiinc periodwas assumed tu hold for the whole experiment. 



4 . 2 . 6  

L 

4.2.7 

4.2.8 

4.2.9 

It i s  i n  fact clear from the retatioii lxtv~\ leen tolal percentage of tumozr 

bcaring animals and total length OC time painted that stopping pxinting 

reduces the yield of tumours. Howevei-, this hypothesis was tested 

here  to quantify the effect of stopping. 

2) The tumour rate reniains constant w weeks af ler  stopping. This is 

an amended version of the Doll hypothesis. One interpretation of the 

fact that a Weibull distribution with 1.3rarneter w fits is that tumours 

appearing at  time t really represent an effect a t  time t - w. If this 

were so  then clearly no effect would be seen unlil a t  least  IV weeks 

after stopping. 

3) The tumour rate reniains constant a t  the t.ime of stwi$&nJjLz This ------ . 

is the pure Doll hypothesis. From the fact that the groups painted 

for only 1 0  weeks had zero tumour rate a t  10  weeks and yet had an over- 

all  tumour yield far in  excess of the untreated controls, this hypothesis 

is clearly not true.  However, agaiii, i t  serves as a baseiine for  

comparison. 

Tables 5 to 1 2  give details of the number of tumours observed in  the 

periods after stopping by 1G week intervals and those expected under the 

three hypotheses, Esp. 1, Exp. 2 and Exp, 3 .  Tables '5 to 8, which a r e  

f o r  tumour s ize  A, relate to S.W.S., G. , BF 3 6 h g .  and BP 60pg. 

respectively. Tables 9 to 1 2  a r e  s imilar ,  f o r  tumour s ize  D.  Details 

of the methods of calculations of the expected numbers of tumours a r e  

given in the St.atistical Appendix (section 7(a)). 

From an inspection of these Tables i t  i s  quite c lear  that none of these 

hypot!aeses fit the data a t  all adequately. However, a comparison of the 

observeds and expecteds affords a weful  quantitative assessment  of the 



cffect of stopping pxinting. 

. 

4.2,10 

4.2,lI 

' For  tumours of size A the effe'ct of stopping differs between the 

smoke-derived treatments and benzo(a)pyrene. 

F o r  S. W. S. and G there is  a marked drop off i n  response evident 

in the f i r s t  10  weelis after stopping. In this period in both treatments 

taken together, 2 1  new animals with tumours were observed as  against 

59.4 expected if the rate had continued to rise a3 expected and 39 .9  

if it had stayed constant after stopping. Thus there is evidence of an 

immediate reduction i n  rate on stopping treatment. 

Later,  the response, although always vastly less than i t  would have 

been had treatment not stopped, does in  fact rjke and t ~ ~ 2 r d s  the end 

Df the experiment significantly exceeds that expected u n c k r  hypothcscs 

2 o r  3 .  
L 

Graphically the picture can be represented approximately a s  fo1lows: 

log 
incidence 
rate 

S.W.S .  a n d G  

Stopping 
point . 0 

s t opp i n g 

4.2.12 For EP, on the other hand, the rate continues tc rise for the first 

10 weeks much as if  painting had been continued (Obs. = 74 Exp. = 86.6). 

On!y then is the effect of stopping seen. Although the rate continues to 

rise steadily it bccomes of the order  of a hundred times less than i t  

would have been had painting becn continucd. Here the picture looks some- 



thing like 
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.. 

I / S t0ppin.g .- ,. r i Rate coiistant at stopping 
r 

poillt , e'<.-- - ... -... . . . .-  .. . . . . . ! 

I 

1% Hypothesis 3 incidence 

L_ 1 I_--_-.-.-..-------_. ~ ._.I________~~I--_...___---__..-._.~- ~ _-.. 

Iog time 

. : >  4.2.1'3 The pattern f o r  tu-mcur s ize  D is not s o  clear,  especially f o r  S.W. S. 

and G where hunibers a re  small ,  but seems slightly different. 

4.2.14 For S. W. S. there is no evidence of atiy drop off i n  rate af ter  20 

weeks. (Period S- t l l  to S4-20 Obs. = 5 Exp. = 5.9). For G s n  the, o ther  

hand there niay be i? slightly ear l ie r  drop off (011s. = 7, Esp. = 1-1.7) 

although this is of dubious significance. After that, rates drop off 

rr.arkedly and incidence is very spame.  

4.2.15 . For  BP the pattern is fairly much the same a s  for. tumour s ize  A . 
There is however some evidence of a drop off i n  the f i r s t  1 0  weeks after 

stopping for  6 0 b g .  (Ohs. = 1 Exp. = 8.8), though none for 36~4g .  (Obs. = 24 

Exp. = 25.8). After that, as for tumour s ize  A ,  rates r i se  but f a r  less 

than for continuous painting. 
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4.3.1. It can be sho.i\~n thst the Weibull clislribution f o r  a continuous 

pa.int.ing cxperimcnl: can !le derived uwlcr t!ie fol!oniing assumI:tio!is : 

1) That there a re  a coiletatit number of cells, IT, at r isk.  

2) That, for a tumour to appear, a cell niust undergo 1; successive 

transformations. 

3) That the instantaneous probability, b r  of a cell which has uudergcne 

r-l transformations undergoing the rth transformation is small  atid 

cons tailt a 

4 )  That the time cf appearmce iif the turncur is v? weelrs after the I::h 

transEonnatioti of the'ceil 

4.3.2 , 
The incidence rate,  I,  a t  'Lime t wi:I then be given by the fonnu!a 

ic-i I = b k ( t - ~ )  

where b = ha b .. . b  k 
1 2  

k! 

4 . 3 . 3 .  I n  untreated control animals tumours do occur s o  i t  is reasonable 

to assume thal the parameters b are small  and posilive i n  the ahscnce 

of treatment, and that the effect of treatment is to a l te r  one o r  mDre . 

of these parameters ,  Thus in  the context of a stopping painting experiment 

r 

. 4.3.4 

. . . . . c  during the treatment and 1' c2 k the parameters  can be takcn as c 

b , h 

a particular stage, r, of carcinogenesis is whether the ratio f = c /h r I- r 

. . . . . b after stopping. The test  of whether a treatment affects 1 2  k 

is significantly grcater than utlity. 

An expression for the incidence Fate after stopping has been derived 



derivation is given i n  the Stat.is tical Appeiidj;,: (sectioii 7(b)).  

4 . 3 . 5  A n  attempt was mncle Lo fi t  this forriuuln (n the data for tumours 

estimates of b and the f's to be calculated f o r  a given treatment given 

'linown valuest' of li and IV with each of thc f's bciilg constmined, if 

required, to' unity , 

4 . 3 . 7  Lack.of machine size and. difficulties of programming made it  

4.3.5 To do this i: preliE:inary analysis was carried out I n  vh i ch ,  fo r  i! 

number of selected values of the parameter  f ,  the log likelihood of the 

data was calculated for each combination of k = 2, 3 and 4 alid VJ = 0, 

5, 1 0  and 15. It proved possible by this inethod to select  one o r  two 

k, w pairs  for  use  as  "kncnvn" values in  the computer program. 

4.3.9 Tables 13(A), 14(A), 15(A) and 1G(A) give for  SWS, G,  B P  36,u.g. 

and BP 60pg. respectively details of the relative likelihood of a 

number of models fitted of this type. ' In  some cases ,  when the parameter  

f for..'tivo successive stages was allowed to vary i n  the program, a 

degenerate maximum was obtained in which one f was very large and one 

very sma!l. IIowever, it was in general tru-e that where this occurred 

a solution with all f ' s  less than 3. (as is physiczlly sensible) fitted 

. virtually as well. 



details of llir goodness of €it of a sclcctcd modcl from the Tsbles (A) .  

a belter fiL to the ( Ink .  A s  wx also ~I:LIC f o r  c* cntl '13P !< = 2 p v t ?  a far 

worse fit to the data ~l1atevcr w wzs choscn. From a c o r n p r i s o n  

of likelihdods for a number of k, ~7 pairs ,  it was clear that the w values 

presented i n  Table 13(;1) a r c  near to the best available values for  

their respcctive k's. 

4.3.12 It was clear that at least two of the f's had to be allowed to vaily to 

get 8 sensible fit to the dat.a. For k = 3 w = 15 the i.hi.ee models A5 ,  A6 atid 

A y  where only one f varied nrere 2t least 6.6 worse i n  log :ikelihood 

4.3.13 

From t.he fact t.hat A 4  fit.ted fa r  worse than A 1  it WRR c lear  t!iat the last 

stage was definitely affected but a s  A 2  w2s not sigcificantly v,:orse thaii 

A 3  it was not clear ivhellier the f i r s t  or  S e C G i l d  stage w a s  affecied. 

Thus for  S.W.S. 180 mg. we can postulate the best approximation 

to the data on a multistage hypothesis as ''a three stage process in  which 

the f i r s t  stage transiLion probability is strongly affected (by a factor  

estimated as 11.9) and the third s tage transition probability i s  less 

strongly, but also sigpificantly, affected (by 3.6) If. 

4.3.14 The goodness of fit of this model i s  only fair, as  can be seen from 

Tal~le 13(B). The misfit lies in the assumpt.ion that the rate  r ises  

continuously until week 15 when in faci i t  drops in t!ic first 13 weclrs. 

(SCC sectioil 4.2.11).  JTovmier, the gcneral fit is €2;. better than any 

of the s impler  hypollicscs considered In section 4.2. 



proved not to be a good fit to thc cinta. Xcstrictiiig w to 0 gave li  = 4: 

as a bcttcr €it Lhau k = 3 .  

Table 14 (A) presents, therefore, only nioctcts fittcd witS 1; = 4 4.3.16 

and w = 0. It was possible to show khat a t  least  two of the four  stap;es 

must be affected hy Fraction G .  B'lodel 133 in  which the first., Lhixl and 

likelilio~d 1 . 7 3  worse thar, XIodeI € 3 .  XS there js  somc cvideiicc !hat 

this gave a signifjcant deteriorat.ion in  fit (x = 3.56 on I d . f ,  p2:C. 06) 
2 

Model 6 3  was taken as tile best available. 

4.3.17 Thus €or  G GO9 mg. we can say thal.the best approxjiiiaiioti to tile 

data on a multistage hypothesis is ':a four  stage process i n  which tlie 

first stage transition probability is strongly affected (by 15.6), and the 

third and fourth stages a r e  less strongly affected (by 2.4 ancl by 3 .2  respcct- 

ively) I'. 
. .  

. 4.3.18 Th&. goodness of fit to Model B3 is presented i n  Table 14(B). There 

is some indication of a misfit. During the f i rs t  20 weeks after stopping 

the ModeI mdcr cstiinntes the response (Ghs. rz 26 Exp. = 20.3) and in the 

next 20 weelts it ovcresljinatcs j t  (Obs. = 14 Exp. = 2 3 . ? ) .  The fit to 

the overall nu:nbcr of tumour Ilcarii:g snimals in etch group is a s  good 

as can be  expected, taking into accouut the fact that the ohservcd ratc 



4.3.19 

4.3..2G 

k = 4 \v = 1 0  ancl also with k = 3 w = 15. The results with the Iattcr kw 

pa i r  a r e  p r s e n t e d  to show m e r e  clea~!:; the effect af the hypothcscs on 

the number of stages affected. 

From the Tables i t  is c lear  that i t  i s  necessary to posti-llnic t3.i at 

least two slngcs c;f the cancer pracess are  invo:ved. FOY the Iov.-L=~ dose 

of BP Model 136, which postulates that o ~ l y  stages 2 and 4 arc. itivolaed, 

is quite satisfactory. For the higher dose, i t  is statistically significantly 

worse than Model BI (x = 7.42 on 2d.f, I?( 0.05) but for  simplicity the 

results froin lliis model have been coi2sidered in Table ?G(Bj, as well as 

2 

in Table 15(?3), 

- 4.3.21 Thus for BP we caii 

multistage hypothesis is 

say that a fa i r  approxiina.tioiz to lhe data on a 

% four stage process in which the second 

stage transition probability is very stroiigly affected (36mg. by 190 and 

GOrng. by 460) and in which the fourth stage tracsitioii probability is 

aifectcd far less strongly (36mg. by 1 . 7  and 6Omg. by 3.5)". 

4.3.22 Fronl Tablcs 15(13) and lG(G) i t  c m  be seen thal, i n  general, lhe f i t  

to lhc data is cjuiic satisiactory. Thc main nifsfit is in Table 16(13), ~ G T  

lhe pe-rioci il to 20 wcel;s aftcr stcpping where the fitted t u m o u r  ratc is 



niainly due to the contribution by the p o i q  pzinted f o r  25 weeks. 

4 . 3 . 2 3  A t  

a) 

this point we have shown: 

that a muli;isi,age mccie! fi.ts the dnta yensoi13131y W C I ~  f o r  ca.<::h 

carcinogen. 

that i t  is neccssary, in each case,  t.o pcstukit? that a t  ienst 

one car137 ancl one late stage of the carcinogenic process is 

affected by the treatments, 

that though S.W.S. and G b d h  affect the early stage soine\vhat. 

rrmrr, than the late stage, B P  affects the early stage very ;much 

more than the late stage.  In fact at the cioses applied its af1cc;t 

on t.he late stage u7as no more, probably less, t:iail S.W. S. and 

62, h i t  the toiftl carcinogenic effect of BP was i a r  greatcr. 

4.3.24 We must now consider whellier there is any serious deficicncy . 

ia the model ss defined in 4.3.1. It appears that lhere might be. A s  

has been noled, the response for S, W. S. and especially G drops off in 

the first ten weeks after stopping. Set experience has shown :E in  

continuous painting experiments that i t  is nomialIy necessary io postulate 

a 15’ of at least  1 0  weeks? This suggesk that 4.3.1. 4) is an over- 

simplification. A %eibull distributiou for continuous painting would 

* Footnote - It may be of interest to note here that i n  some recent 1~70rl.z in 

Harrogate, M.C. Bibby painted mice with doses of 33P 10 times higher 

than used here and did not observe tumours until the 11th week of psinting. 

This is strong cvidcnce that there is 2 true w of at  least  1 0  v;eeks and that 

it is not an artefact of statist ics.  



4.3.25 

thc kth transformation there vms 3 nrailiiig lime n r .  a f t e r  each of the k 
1 

trznsformations. In that case tiie IY of the equation n7ouId be tlie s u m  of 

the 1c w. ‘5  
1 

It is possible to derive the cquation i-01- the incidence wte pat tern 

expected u n d e r  thjs alternativc hypothesis and this is given i n  S!xtistical 

This would involve maximizing z complex function of numerous 

variables (13, k,  k f‘s 2nd k w ‘ s )  and would involve considerable computii:g 

time. Whether i t  would acid anything m ~ c h  to tiie interpretation is a 

moot point. Perhaps i t  would be a job suitable fcr a postgraduak 

studclit. 
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4.4.1 

4.4.2 

4..4.3 

4.4.4 No difference significant a t  thc p < 0.05 

the groups fo r  any tumour s ize .  This agrees 

of Lee and Peto (1970) and also with Lliat from D r .  F. J .  C.  Roe's large 

ageing experiment a t  Pollard's  Wood. 



29 

22 

23.2 

22.9 

. 20 - GO " 11 16.6 

>fi .I 70 11 10 19.4 

2 
= 3.43. 011 3 cl. f .  

No 1 s i giii f i c a 11 t 

2 I 0  - 50 " 16 12.5 

20 - 60 " 3 8 . 6  

30 - 70 " 3 5.1 

y." = 6.73, on 3 C1.f. 

P < 0.1 

. Tumour Size C 

0 - 40 weeks 10 8.2 

10  - 50 " 

20 - 60 " 

50 - 70 '' 

Tumour Size D 

0 - 40 weeks 

10 - 50 1' 

20 - G O  '' 

30 - 70 " 

'2 8 7.5 

3 5,2 

3 3 . 0  

= 1.36 on 3 d.f.  

Not significant 

5.3 

4 .8  

3 . 3  

I. 'I 

2 #- = 1.34 on 3 d.f.  

Not sign i f ic a n t 



4.5.2 In ordcr to find ihis cri t ical  s ize  i t  vauld have been hetter to kill 

animals at predeteriiiiiied tuniour s izes  E O  as to directly aiisvv'er the 

this strategy was not foliowcd s o  tha t  tile only cpestiou one can 0 1. 1 0  -e 3' 

is "is a tuinour of size y tnm. o r  p e n t e r  on a dead animal  likely to be 

malignant? ". Although the infol-matio:i that c ~ i ?  be derivcd is not dcsigned 

to answer the most relevant question i t  seens wcrfliwhile to car ry  out a n  

analysis. 

4.5.3 For  each tumour found on each animal for  ~ h i c h  pathology was 

possible classification was made into papiiloma (P), carcinoma (C)  ~ 

infiltrating carcinoma (I) o r  sarcoma (S) in the normal way. 

4.5.4 Table 18 gives the relationship between tumour classiiication and 

maximum tumour s ize .  Sarcomas liave'been omitted from the tab!e as 

there w&e.only 4 (3 tumour size D, 1 B). 

4.5.5 The f i r s t  conclusion that can be made is that there is a clear relation- 
-. 

ship of tuniour s ize  to pathology. Only 5.6% of tumours less  than 6 mm. 

provcd to be infiltrating carcfnamas whereas 86.8% of thosc grea te r  than 

10 mni. were. 



(SI'j7S -t G E, l%, 1'31' 19.1'%), 

4.5.7 It is of iniercst :.is0 l h t  (here was a diifcrence in the pmport iou of 

tumours of less tl iaii  G mm, that were carcinomas o r  infiltrating c::rcit;omas 

this growth can occur .  
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N 

I '  0 0.0 

P 7 1 0 0 . 0  

c 0 0.0 
S\tJS 180 mg 

0 - 20 weeks 

0 0.0 1 33.3 

1 100.0 1 33.3 - 

0 0.0  1 3 3 . 3  

0 0.0 0 0 .0  

100.0 1 1co.c  1 .- 

I 0 0.0 G 0 .0  0 0.0 

P 1 1oo:o 1. 100.0 2 130.0 0 C. 0 

C 0 0.0 0 0 .0  0 0.0 0 0 ., c 
s \m 180 mg 

0 - 30 \\Glts 

I 0 0.0 0 0.0 0 0.0 3 . I O i ) . O  

P 11 91.7 1 100.0 0 0. .o 

C 1 8 . 3  0 0 .  .o 0 0.0 
SM7S 180 mg 

0 - 40 weeks 
_I_ 

I 0 0.0 0 0.0 2 100.0 

P 16 94.1 4 

C 0 0.0 1 
SIVS 180 rng 

0 - 50 weeks 

I 1 5.9 3 
.* -/ . .. .. . ,. 
, p  17 68.0 3 

SWS 180 mg 
Painted for C 6 24.0 2 
,Life 

I 2 8 . 0  3 

50.0 0 0.0 1 12.5 

12.5 1 50.0 0 0.0 

37.5 1 50.0 7 87.5 

37.5 1 3 3 . 3  2 2 5 . 0  

25'0 0 0.0 0 0.0 

37.5 2 66.7 6 75.0 

. P  56 8 4 . 8  9 5 0 . 0  3 3 3 . 3  4 16.0 
s\vs 180 mg 

7 10 .6  3 16 .7  3 33 .3  2 8 . 0  C Total 

I 3 . 4 . 5  6 3 3 . 3  3 3 3 . 3  1 9  7 6 . 0  



c;, ,- 
I< rr K % N s N li' 

P 8 100.0 2 100.0  1 1 0 0 , o  

C 0 0.0 0 0.0 0 0 , o  

I 0 0.0 0 0.0  0 e. 0 

G 600 mt' 

0 - 10 wec1i.s 
e--* 

P 12 100.0 4 66.7 0 0.0 0 0.0 

C 0 0.0 2 3 3 . 3  1. 1 0 0 . 0  0 0.0 

I 0 0.0 0 3.G c 0.0 1 109.9 

' G 6 0 0 m g  

0 - 20 weeks 

1' 1 Q fO0.0 2 56.7 0 0. r! 
G G O 0  mg 

0 - 30 nree!is 
C 0 0.0 1 3 3 . 3  0 e. o - 
I 0 0.0 0 0.0 2 l r30.0 

P 13 100.0 2 50.0 3. 100.0 3 42 .9  

C 0 '0.0 1 25.0 0 0.0 1 14.3 

I 0 0.0 1 25.0 0 0.0 3 42.9 

G R I G  mg 

0 - 40 weeks 

P 22 100.0 5 

C 0 0.0 3 

I 0 0.0 1 

G GO0 mg 

0 - 50 weeks 

P 39 86.7 19 
G GO0 mg 
Painted C 6 1 3 . 3  4 
for  life 

I 0 0.0 6 

P 10'1, 94.5 34 

C 6 . 5.5 11' 
G G O 0  ing . 

Total 

56.6 1 

33 .3  1 

11.1 1. 

65.5 9 

13.8 2 

20.7 6 

64:.2. 12 

20.8 . 4  

3 3 . 3  2 16. ? 

3 3 . 3  0 .o. 0 

3 3 . 3  10  8 3 . 3  

52.9 8 38.1 

l I . 8  2 9.5 

3 5 . 3  11 52 .4  

52.2 13 30.2 

17.4 3 7.0 

I 0 0.0 8 3.5. 5. 7 3 0 . 4  27 6 2 . 8  
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13P 3G.:!g 

0 - 35 wcelts 
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I 

l3P 3G.cig 
1-3 :. i I! t c d 
iilr Life 

P 

' C  

' .I 

BP SGpg 

T o  tal 

N 

20 

2 

1 

31 

2 

2 

* 28 

1 

2 

53 

15 

1 0  

132 

20 

15 

% 

87.0 

8.7 

4.3 

88.6 

5.7 

5.7 

9 0 . 3  

3 . 2  

6.5 

67 .9  

19.2 

12.8 

79.0 

12.0 

9.0 

N 

5 

0 

2 

12 

3 

4 

7 

4 

10 

5 

7 

9 

29 

14 

25 

5; 

71..4 

0.0  

28.6 

63.2 

15.8 

21.1 

3 3 . 3  

19.0 

47.6 

2 3 . 6  

3 3 . 3  

42.9 

42.6 

20.6 

3 6 . 8  

N 

2 

2 

3 

0 

2 

6 

2 

1 

7 

1 

3 

1 8  

5 

8 

34 

(r 16 K 

28.6 0 

28.6 1 

42 .8  G 

0.0 1 

25.0 4 

75.0 2 1  

20.0 0 

10.0 2 

70.0 3 1  

4.5 0 

13.8 4 

81.8 71  

10.6 1 

1 7 . 0  11 

72 .3  129 

c7 ;o 

0.0 

14.3 

t?5.7 

3 . 9  

15.4 

80.8 

0.0 

6.1 

93.9 

0.0 

5.3 

94.7 

0.7 

7.8 

91.5 



P 39 92.9 5 3s. 5 1 3.6.7 1 5.3 

C ’ 3  7.1 4 ,30 .  s 0 0.0 0 0.0 

I 0 0.0 4 30.8 5’ 83.3  18 94.7 

. BP 60pg 

0 - 15 wc&s 

P 48 81.4 10 30.3 1 .  7.7 2 3.  G 

C G 10.2 10 30.3 1 7.7 2 3.  G 

I 5 8.5 13 39.4 11 84.6 51 92.7 

BP GO/l.Ag 

0 - 25 ~\~\lccliS 

P 41 91.1 17 36.2 0 19.2 3 5.4 

C 2 4.4 16 3 4 . 0  4 15.4 5 8.9 

I 2 4.4 14 30.0  17 6 5 . 4  48 85.7 

c 

7 - ,  - -  
’ I l-.!y.:g 

0 - 35 weeks 

P 44 69.8 32 50.0 5 18.5 3 3.8 

Painted c 12 is. o 8 12.5 5 18.5 4 5.1 
f o r  Life 

I 7 11.1 24 37.5 17 63.0 72 91.1 

BP GO,ug 

P 172 82.3 64 40.8 12 16.7 9 4.3 

C 23 11.0 38 24.2 10 13.9 11 5.3 

I 14 6.7 55 35.0 50 69.4 189. 90.4 

BP GYng 

Total 

P 304 80.9 93 41.3 i7 14.3 10 2.9 

C 43 11.4 52 23.1 18 15.1 22 6.5 

I 29 7.7 80 35.6 84 70.6 318 90.9 

BP 36+69g 

Total 



T re a.tm en t 

G GO0 mg 

10 - 50 v,wArs 

. ,  G GO0 mg 

. 20 - GO weeks 

G GO0 mg 

30 - ?O weeks 

rTntreatecl + 
Sd\7ent 
Controls 

Al l  Groups 

Al l  Continuous 

G roups 

1’ . 0 1 0 0 . 0  4 .  57.1. 2 50 .0  0 0 .0  

C 0 0 . 0  1 14.3 0 0 . 0  0 0.0 

I 0 0 .0  2 2 8 . 6  2 50.0  2 50 .0  

P 1 0  100 .0  0 0 .0  

C 0 0.0 0 0.0 - - 
I 0 0 .0  

I’ 4 100.0  

3 100 .0  

0 0.0 2 1 0 9 . 0  

0 .0  1 100 .0  0 0.0 

I 0 0.0 0 0.0 

- C 0 

P 1 50.0 

C 1 

I 0 

P 487 

C 57 

’.. I. . 32 : i 

P 153 

C 39 

I 19 

- - - 50.0 

0.0 

84.5 140 46.2 34 21.8 29 .6.9 

9.9 67 .22.1 26 16.7 27 6.4 

5.6 96 31.7 96 61.5 367 86.8 

12.5 59 48.4 17 24.3  13 7.1 

18.5 2 1  17.2 10  14.3 10 5.5 

9.0 42 31.4 43 61.4 160 s7.4 



can be c?s tiiiiated ignoring t , l x  age of Ilic aniinat. This pi-csup;;oseo 

of this section is to tcst this hj~pc-'tliesis. 

4 . 6 . 2  

niimber of different ranges of treatment wedis of first appearance 

of tumour size A ,  the average time of gro::lth to s izz  D of those 

tumours that reached that size. 

4 . 6 . 3  The results demciiistrate th;:l Lumcvr growth rates are no! strongly 

dcpccc!cnt on Cigc o r  length of trcatineut. 
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follows. 

surviving a given numb--.r of \vee~<s n.iLliout reaching a tumour of [lie 

larger size i n  t.he absence of death n’as calculatcd. Secoi?.dly, a siiiiilzr 

calculation was made considering only those animals f i r s t  gctting a 

tumour of the smaller  s ize  while treatment. was being cn~t inued .  In t.his 

case, if  lrcntmcut was s t o i ~ l ~ d  before the tumour had xcaciieci :he larger 

s ize  thc:i f o r  the pmToscs of the cc:;str:;ctiou G f  thz !iic--trblc the 

animal was trcated as “dying” at t?ie week of stoppicg. 

4.7.2 Table 20 gives details of the median growth times estimated from 

these life-tables . This is €he f i rs t  n7eeB whec lhe estimated probability 

of survival from the appearance of the tumour of la rger  size dropped 

below 0.5. Also given i n  the Table a r e  the number of animals with 

4 . 7 . 3  

tumours of lhe smaller  s i x ,  and the number of those animaIs WIIO later 

had tumours of the larger  s ize  (ignoring those in the pre-slopping group 

who reached the larger  size post-stopping) . 

From Table 20 two major facts enicrgc. One is that t h e  speed of 

growth is very much faster in the BP trcated groups than in the sniolic 

material l r ~ n l c d  groups. The secmd is that thc lunlour growl11 rate 

is markedly great.er in the groups slill bcing painted than i n  those groups 

no lo;iger bciny; painlccl. ‘ Y l i i s  is most  m ~ ~ ~ l i c d ,  ancl Iiishlp stat is t ical ly  
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c : 

predoniinant pathology a t  dentli. Each aniinnl is assigned to o:ie, 

and only one, of the cause of desth categories. 

,4.8.2 The percent.ages as  presentcd are not clire,ctly compzrabk  bctn*ecn 
. .  

groups partly due to sulvival differences and partly due to the fact th:it, 

e . g .  i n  the B P  GOicg groups, such 3 high proportion of the aniiiials 

died with carcinoma of the painted area due to the treatment, that one 

would expect a lower percentage of other,treatment independent, 

palhologiics in  these groups liian in e .  g. llie unlrealed controls. 
I 

4 . 8 . 3  KO formal analysis has bccn cloiie to validly compare rates of all 

relationship between treatment and derlnatis, skin sepsis and carcinoma 

of the painted area, there is little reason to suspect any effect of 

treatment on other pathologies. The .main effects of sk in  painling are 

restricted to the painted area.  
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ing expcriiiient descrihzd by Lcc and Pelo (19'70), that of 

Dr. F. J. C. Roe (unpublished) and the ageing groups i n  Illis experimeiit 

all indicatejby showing approximate equality 01 ratcs after comparable! 

lengths of treatment in groups stxrtizg at different zgcs ,  that rate 

depends on length of treatment and not age. 

5.2 It could be argued, perhaps, that this result could be explained 

if the elfecl of lhe carcinogen were to :'start" a tumour within the first ,  

1 0  weeks say, i n  all young rats and wilhin the f i rs t ,  5 weeks say, in  all 

old rats and that differences in  observed h i e s  to tumour were pureiy 

a result of an age and treatment independent growth process.  If this 

were so ,  then it would probably not be possible lo observe any differences 

in the relationship between rate and weeks of treatment between young 

and old rats, although i n  one sense the old rats a r e  twice a s  susceplible.. 

I t  was difficult to believe such a theory i n  any case, a s  it would not 

predict dosc-response relationships of the type found by Lee and O'Keill 
- ... . 

(1971), but i t  is now completely refuted by the observation that lcngtli 

of expasurc to the carcinogen is of crucial importance and that the 

growth rate of the visible tumour is treatment dependent. 

5.3 It seems alxmlutely. clcxr that the ma.jor reason these incidence 



weakcr in one sense, but this must be due to the pi*etlious effect of 

carcinogen. 

5.4 Having established that cuinulatire eflect is the important factor,  

how does one measure it; and what happrns if the cnrcinogeii is stoppcd? 

A s  Annitage slid Dol! (1954) poinkd ont, 3 power lax:; 1-elatiouship 

of rate to tiiiie is wliat woutd be expected if, before a tuinour were to 

occur, a cell had to pass through a iiuiiiber of independent stages. This 

iiiodel has been examined mathematically in this document, making 

the assumption thzt there is a background risk of transformation for each 

stage of l!ic process and that the effcct of the carcinogen is to iucrczse 

one o r  more of these risks. I t  has been shown that it: one assumes ihzl; 

- t!ic czrcinogens ptffect one c x t y  znd o x  latz stagc of the procc-ss, (BP 

having relatively more effect on the early stage than SWS o r  G) ,  then a 

. fit to the observed data is obtained that is ,  though by no means perfect, 

good enough to fit,not only Zar better than any other plausible model tried 

so far,but also well enough not to cast serious doubt on any major 

hypothesis. 

5.5. One would have expected the treatments to have 2 marked effect on the 

early stage of the process. If they had not, then one would not have 

observed the apparent lack of association of age per se  with incidence 

* rate. If an early effect had been involved, say the f i rs t  stage 

ia a lour stage process, then incidence rates would rise only slightly 

less fast after cessation of trcattnent than if lreatmcnt had been continued. 

In this case lhe measure of cumulative effect can be calculated by 

assuming that a dose, d,  applied t weclcs ago would contribute dL3 to the 



5.6 

the effect would 1101 have been noticed. 

It is clcar from inspectjou t h t  the treatniciits, especially the siilo!;e 

derived treatments, have an clfect on a later stagc. If  they had :!ot, 

thca oiic would not haw obseri ccl the fa.irly imiiicdisiic relalive (~cbsoIi~:e, 

i n  tliz case of the siiioke derivcd treatments) drop off of rate. 301- 

would the observed growth ratc of tumours have depencied on treatmeut. 

If a last stage effect had !leen sceii then the drop off in rate v:culd 

have been far more dramatic. 

: 5.7 It  has been shown therefore that the effect of treatme!it is quite 

complex and has at least two major  effects. What effect would one expect 

stopping smoking to have on huinan luiis csnccr, assuming that the 

mechanisms relating cigarelte smoking to lung cancer and smoke 

condensate to mouse skin cancer a r e  comparaRle? The results of this 

experimenl suggest that, though an irnmcdiate benefit may be expected 

compared to continuing smoking, there is little reason to suggest a 

complete reversion to non-smoker's lung cancer rates. Cigarette 

smoleng, if the model were correct, would have caused a permanently-. 

increased risk of lung cancer. Stopping snioltiiig could, however; reduce, 

and possibly very substantially, future risk. Accurate qmlitative 
. '. / . .. . 

assessments of the benefits of stopping smoking obviously await hunian 

prospective surveys. It is of intcrest, however, that Richard Peto 

(personal communication) lcl!s me that in the Doll and Ilill  study, the rates 

after stopping smol~ing~show an inilial dccrcase, followcd by a rise much 

as in our  SWS and G groups. 



- -  
c? I 

types of product werc being tested for  carciiiogeiiicity, to use tumours G f  

a gii.cn zize only G S  the incies d rictivily aixl to dispense \yi i i l  micro;col:lc 

obs e rv i?li ons . 

The analyses i n  this .experiment, though pe rhaps  sufficient to niisv;cr 5.9 

the inah  questions of interest, by no nieans cxtract all the possible 

useful iiihrmatioii f r o m  the mass of data available. I would be h ~ p p ~ ;  

to exlracl data relevant to any o t h e r  questions readers may think 

imporla n 1. 

P.N.L.  

30.4.74 
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1. 

drops. soon after stopping paiiiljng but later r ises  tl?ougli to levels 

considerably less than had pniiiting been coiitinucd. 

2. The incidence rate of tuiiiours due to bcnzpyrenc continucs to &e 

after stopping painting but very i i~uc?i less stecp1y than i t  would have 

done had'painting Iieeii continued. 

, 3. A multistage modcl in which the carcinogens zffect at least two 

stage6 of the cancer process, one early and one late, fits :hc 011s~rved 

results qxite well. 

4. Though the estimated relative effccl of all treatments to the ba.cl;gi-omd 

effect is  greater f o r  the early stage than the later stage this is far more  

marked fo r  benzpyrenc lhaii f o r  smoke-derived ma teriat. 

5. There is no apparent effect of age per se on tumour incidence rate 

o r  on tumour growth rate. 

6. The treatments affect the growth rate of the tumours; stopping 

painting reduces the growth rate. 

7. There is a marked relationship bctween tumour size and pathology. 10 FI;.I 

. tgriiours are very commonly infiltrating carcinornas; 2 mm tumours 

. rarely arc .  This rclntionship does depend, howcver, on lrcatment. 



up to time Q aiid a€tc:r that let it rcinain constant at  the value 

k - 1 I = bk (Q - w) 

F o r  Iiypol?!esis 1 Q can l x  t:i!ce!i as infiaitc 

2 Q = s + w  

3 Q - S -  

where S is the actual time of stopping. 

Consider the time period (t t ) and let 1' 2 
k x (t) = b (t - w) 

Y (t) = blC (Q - wt - 

n = tiic nwnber of animils alive aiid tunourlcss at; tiinc t 
1 1 

n = the number of animals alive aiid tunioui~less a t  time t 
2 2 

nq = the number o€ animals alive and tunlourless at t imc Q 

and all s~unmations be over the tjines 'of tumour or  tumourless dcath in the 

interval. 

The expected number of animals with tumours E is then given by: 

1) If Q 4  w then E = 0 

2) If Q >  'IV then either: (i) t-4 w 



2 ( i v )  t < Q<t 
1 

E = n  Y (t ) + - - -  .r= Y(1) - I1 Y ( t  \ 1 1' 2 2 t? t>t 
2 1  

These formulae a re  derived by iiiaxiiiiising the log likelihood function over 

the interval (t t ) .  3.' 2 

We sha!l consider the threc stage model only in the derivation. 

Generalisation to a multi-stage model presents no new problems. 

Con t i nuou. s E m  e r i me i i  t 

The number of cells in  the second stage, N by time T is given b~7: 
2' 

2 y N b b T  
1 2  
2 

Thus the incidence rate at lime T (which is the product of the 

nuniber of cells at  risk w ~ ~ e l i ~  before, and the third stage transition 

prob:ibility) is  given by: 

2 
. I = Nb b b (T -\v) 1 2 3  

2 



(derived fronl thc facl that I = dG/(l  - G) and that G = 0 n t  timc 'I' = w) 

Stopping 1% i n  t i 11; Xxpe i>iin.cn t --- 

The uuinber of cells ili Lhe second stage a t  time T is given 

-s here by 

2 
N2 = c 

0 

= N [ c c s 2  1 2  

2 

t c b S(T - S) + blb2(T - S) - 1 2  
2 

. .  'F' -_ 

The incidence rate is given by 
.?a 

2 2 
S + C  b b S ( T - S - W )  + b 11 h / T - s - \ y )  - 1 2 3' -_ 1 2 3  

- L z  2 

and the cumulative density function G by 

*-! 

(derived from the fact that I = dG/(1 - G) and that G = 1 - exp 

a t  time T = S + w) 
6 1  

The latter two formulae clearly ~ n l y  apply f o r  T)S + w. If 

T< S + \v the effect of stopping is not yet seen and the formulae f o r  

continuous painting apply. 

Derivation of thc Weibull disli*ihution f o r  continirous and sloy-jinr: p i n t i n z  
cxperinicnts rinder the ~ l l c ~ ~ n a ~ i v e  iiypotlicsis of sectio!i 4 .3 .24  

c) -- 
As in section 7(b) we shall coiisidcr only llie three stage modcl 

and LISC s imilar  iiotalion. The only diffcrence i n  lhc hypothcscs from 

those uscd in section 7(b) is tha t  instead of a single waiting Lime of w 

http://i>iin.cn


Con li n 1-1.0 us Exp e r i 131 c n t s __- 

The numbcr of cells w a d y  fo r  the third traiisfori?iation, :U' by tiiile 
2' 

T is given by 

- 
- 

I - 

thus 

I , =  
2 

Nb,b bQ(T -- w 1 2  - w - w,) 
1 2 3  

2 

stop pi!^ 7 3  i ii t i 11 9; EsI> er im -- en I-s 

Here the change of liypothcsis does affect the foimula. We will 

. consider firstly the incidence rate at  a time T> S + w -:- w -I- w and 1 2 3  

assume that S>w t- w 

assuniptions affect the forniufa. 

Subscquently, we will consider how other 1 2' 

The iiuniber of cells ready €or the third tra~~sfornintion, N by time 
2' 

T ( > S  + w + w 

a)  

is  given by the sum of t!ie following s ix  expressions: 

The number of cells ready for  the thiid transfoimation by time S 

1 2  

2 Nc c (S-w -w2) 
S-W 

\ / I  
d u d v  = 1 2 1 

2 0 



! 

- v-w 

bjs-.’ 1 

2 Nc b w c, dii dv = 1 2 1 
2 I 

f) The number of cells iincler@-q the i i r s t  two transfcji-matioiis after S. 
and ready for the third transformation a t  time T.  

- 

The incidence rate a t  time T is therefore given by 

2 I = Nc c b (S-w ,) - Nc b b w + Nc b b S(T-S-w -w 1 
. 1 2 3  1 1 2 3 1  1 2 3  2 3  

2 2 
r) 
h 

i- Nh 11 b (T-S-w -W -VI ) 
1 2 3  1 2 3  

2 

The cuniutntive density iimction can  also be obtained, but requires 

a Iinowlcdgc of the forniulnc for T< S+w +W +w considered la ter .  
1 2 3  



p 

Firstly,  we consider S 

If Sc w then 
1 Xa(T) = S  (T) = S (T) = @ 

13 C f 1 Sd(T) = N c  b S(T-S-w -w ) 
1 2  1 2  

2 

Xa(T) = 0 

X p )  = Nc c (S-w ) 
2 '  

1 2 , 1  
2 

Xc(T), S,(T), S X) and Y ( T I  a r e  uncker.; 'I e - '1 

If S 3 w  but<w -I-w then 1 1 2  

Secondly, we consider T 

IF T< w + w2 then a1.l X(T) r= 0 1 

If ?-'< s then the coi1tinuom formula applies 

If T>S+w butcS+\v +w then X,T'), Xb(T) and Xc(T) are unchanged 2 1 2  

2 

2 

There are in fact some other possibilities but a s  the equations 

for these are easily derivable from those given we shall not present 

them kcre. Nor  shalt we g i w  the values of the incidence rate o r  

,cumulative density function in  :ill these cases. 
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