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214 LUNDIN, ARCHER, AND WAGONER ! MOn 
was not possible. It was known that the lower cumulative exposure mode 
groups were not follow:d as long as the higher exposure groups, expe 

partly because many miners accumulated sufficient additional exposures ¥ 

to move them into higher groups and partly because of the downward offe 
t temporal trend in mine radiation levels. Additional reasons for ,. Mex | 
} devising improved netr;hre to obtain estimates of lung cancer to'e 
i risk which did not change with calendar time as had those using poss 

the previous method (7), to more adequately study and control for mine 
the effects of age and to evaluate the possibility of an exposure- T 

i rate effect. exam 
s In this paper several hypotheses concerning the relation between one ° 
i radon daughter exposure and excess lung cancer risk are formulated date 
t and tested. term 
i 1 The excess risk foe a mincr over that expected for his age is i heca 

'l proportional to a function of his past radiation exposure (absolute — *i than 
F risk hypothesis). foll 

2 The excess risk for a miner is proportional to the product of his mine 
expected risk times a function of his past radiation exposure Admi® 
(relative risk hypothesis). c 
3 The latent period between induction of and death from lung cancer died 
is 5, 10, or 15 years. accor 

The test criteria for these hypotheses are whether they predict the and 
actual temporal distributions of lung cancer deaths by age, calendar 1 
time and years after start of underground uranium mining. The mine 
hypotheses which Mefld are then used in a computational . 

e 
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aode!l Lo evaluate the nature of the relation botween ricshs from 
- 

expostire to (iqarwf’..m-:n and airborne radiation, 

Methods, from 198Q through 1960 medical exaninations were 
- 

offered periodically to uranium miners in Arizona, Colorado, New 

Mexico and Utah (four state area). B8efore 1954 no attempt was made 

to exaning all mir . bul starting with 1954 as many miners as 

prssihle were exottned In 195 1 1960 approximately 90¢ of uranium 

ML dorking i Ve ea5 surveyoed were examined. 

The present vt ncerns the 3,366 while men who had been 

examined at Jeast md who mivod uranium undeorground o 3t least 

rne rth betore Juwmary 1, 1964, Follow-up was carried out trom the 

it theie £ e craination theough September 30, 1963, the - 

t Lion Jdat TM anaiysis, Non<white miners wore not studied - 

{ e at that ¢ they had too fow respiratory cancer wthe, Less 

tha t 10 ub vation, faiy techn jaes of 

1 ' [} v wel beang o Inual coensu of uraniun 

. ) ngd recor f the 1al Security 

tratic 
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i mses ol death. 
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| 216 LUNDIN, ARCIHER, AND WAGONER ' 
i 

) 

employment historics were obtained at the time of the survey 5 
examinations. annual uranium miner censuses, and from mail question- 

) 

naires. Details of the coding procedures and assessment of the quality H Ul 
o 

of the histories have been recorded elsewhere (2). Radiation levels 

wore quantified by-vedicing nearly 43,000 radiation measurements t0. . _ugtt® ¥ 
annual averages or G€%hmates of radon progeny levels for each of tne""'\ » 

j nearly 2,500 uranium mines in the study. These annual estimates were - 
i expressed in working ievels (WL) which are defined as 1.3 x 105 MEV of ' $ 
E potential alpha energy per liter of air from any mixture of radon 
b progeny. The cumulative amount of radiation exposure was calculated b 

for each miner starting with the date of iis first underground uranium A 
mining and ending with his last month at risk of dying in this study. 5 

] This estimate of radiation exposure was expressed as cumulative working = 

E’_ level months (WLM) which is defined as that exposure received by a 9 
E worker «epoted to on atwesphere of 1 WL for 173 hours, WM estimates : w 

are the product of underground exposure during specific “working . 0 
monthe ,* or fractions thereof, and the concentration of radon progeny - 

in working levels specitic for mine and year. - 
Smok ing historics obtained at the last survey examination for each te 

miner wore used to Jefine cohorts by level of cigarette smoking as 

follows: a) non-cigarette smoker; b) former cigarette smoker; c) light % 

smoker (one pack or less daily); and d) heavy smoker (more than one : of 
pack of cigarettes daily). : - 

A modified 1ife table technique (5) was used to obtain person- : pe 
50 

years at risk offlw cigarette smoking cohorts, or other ir 

An Exposure-Time-Response Model for Lung Cancer Mortality in Uranium Miners
ACL Doc 25453 · Page 4 of 22

Published by AsbestosClaims.Law

asbestosclaims.law/library/25453/4

https://asbestosclaims.law/library/25453/4


NER SHOEH L RO LN N R ALy IN TIRASTEIN ANINT Y '3 i | 
N 

subgroups of interest, cross-classified by single calendar year, by 

; five yew age flflt. by five year intervals of time after start of J 
= 

- 

ity undoer ground uramgglb;'"'mvx‘ and by estimated WM group, Kecwso.‘..\ 

smoking <pecific rates were not available for men under 35, only person Is 
[ 

yoars for ol i1 vere wsed an the smoking analysis. In addition, 
) 

.G averag flective K1Y oweiqghted exposure index to be described in the [ 

| : 
‘ next { VoW ilded 1o T peraon-ygear sy al vaisk an ecach 

e 

‘ ) \ ntm ' 

| of . 

th wneral population of white males wore made 

| 
| by not oo t! o L numbor of Tung cancer doaths among the miners in 

| 

relat t n e ' ber, Ihis expected number vy ilculated in 

L nothis o In the tirst part age and year pecific — 

. v Cancépayaty nternat ional it nunbers 160-1043) for thess 
ST 

Je | pulation of white males living in the four-stat Irea were 

2 [ : In the v prart United States white mate luna canzer rates 

nt nal 1. re 162-163) specific for age, calondar year 

‘ ette-cazing clegory wen ised, In both parts the specific 
Ny 

? ' itipliod by the appropriate r of perwon-years at risk 
| 

" t the cvpected numbers., k| 
\ 

| 

be Model, Measures of excess lung cancer risk are dependent v \ 

ht upun rson=years at risk of dyang, Thus the problaa 15 viewed as one | 
iht 

of oot Wing 1 . iion exposurey whieh s effective in the ( 

production f ' csponsible Tor) the cececs rvisk daring 3 . | 

( 

L i) €A voears ee., an appropriate crposun it 1s being 

e viaht cxposure index estimateos effective WM under 

.:q~_-'v,“w RPN Y 

e 

An Exposure-Time-Response Model for Lung Cancer Mortality in Uranium Miners
ACL Doc 25453 · Page 5 of 22

Published by AsbestosClaims.Law

asbestosclaims.law/library/25453/5

https://asbestosclaims.law/library/25453/5


T T o o Y. S T VR TM g 

240 LUNDIN, ARCHER, AND WAGONER M 

calendar year of radiation cxposure and cach calendar year at risk of Cu 

| 
t 

l 

certain assumptions. It takes into account the time belween each ‘! wh 

death as well as the level of WLM exposure in each preceding calendar ' ye 
year. (The concept is related to the “equivalent dose" in the report 

i on radiation-induced Meukemia among patients with ankylosing spondgfl.l-‘J . 
tis (9).) To estWaimpffective WLM it is assumed that the ‘OM ye 
period (i.e. time between induction and death) for lung cancer et 
mortality had the same-shape and dispersion, but not necessarily the st 
same mean as that for leukemia following single exposure to radiation ¥ 
and as the incubation period of infectious diseases. Specifically y it 
assumed are: 1) a log novmal distribution of time of lung cancer death a 
following a single exposure with a standard deviation of 0.17609 in log ¢ 
t units, where t = years after exposure; and 2) that the increased risk ! h: 
from subsequent exposures can be added to the risk from earlier expo- b 
sures. The Tatler assumption is consistent with the one-hit model R | 

of cancer induction. To the extent which the data permit, the effect¥ =TSN u 
of exposure rate, cumilalive exposure, and age at first exposure i 

are evaluated by making certain assumptions and then compar ing how i c 
well the predicted distributions of deaths fit the observed. l ¢ 

These acsumptions motivated the definition of Effective WLM(K) in | t 
year k as o 

Effective WLM(Kk) = § w(k-j§) WLM(j) o< jck | 

— — . 
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LUNDIN, ARCHER, AND WACGONFER 

to the average ef fective WMy in the stratum, where average 

effective WLM, is averaged over all person-years in the stratum: 

ne = ap (average effective WLMy). 

?) Relative risk hypothesis: predicted excess number ny is 

proportional te the product of the expected number Ex of cancers” / 
in the straotiiTMmes average effective WLM,: “‘\ 

ay = o £y (average effective WLMy). 

The constants ap and op were estimated by equating the total 

predicted and observed number of lung cancer deaths. Here "total 

deaths" refer to deaths cumul ated over all strata x. 

Predicted excess number of lung cancer deaths was added to the 

expected number to obtain the total predicted number of lung cancer 

deaths for a particular level of the temporal variables a, b and c. Age 

and smoking adjustments were made by using age or smoking category 

specific prnport.inna.lit‘v constants « to calculate the predicted nunbg!:_;‘:‘.. . 
of excess deaths according to the variable of interest. These 

predicted numbers were then added over all ages or smoking categories. 

Findings with Regard to Temporal Variables. Figure 1 shows that for 

each of the three median latent neriods the absolute risk hypothesis 

predicted far too many deaths among miners under 45 years of aqe, The 

relative risk hypothesis gave results much closer to those observed. 

It may be seen that the 10 year median latent period assumption is 

consistent with observed data with ! exception of an excess observed 

in the 45-49 year age group balanced by a deficit observed in the 60-64 
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252 LUNDIN, ARCHER, AND WACGONER M 

gave the best overall fit to the temporal variables. The data available 

for this analysis werce those through September 1967 (1). ef 

we 

ONSEAVED AND PREDICTED ex 

DISTRIBUTION OF LUNG CANCER DEATHS BY CALENDAR TIME 

— ce 
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Figure 2 Lt 

Ll 

The effect of age at start of exposure on lung cancer mortality L 

was also evaluated woing this model, AfLor adjustment for age at de 

rick there was good fit indicating no effect of age at initial exposure 

over and ahove that rclated to age at death, The effect of calendar 

time period of first exposure was also explained by the model in 

that predictions fit the observed distributions (2). 
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254 LUNDIN, ARCHER, AND WAGONER | M 

TAME 1 Expes l--l.. oheeryed and predicted dictributions of lwg cancer deaths ; 
and averape eftect lve working level months by years after start of 
anderground aranto= mining, Octoher 1960 through September 1968 sul 

Years after Persmeyears| __Wistribut fon of Tung -g:n'v;r‘-;_v:g;_.l.([n‘_-_:f’"_‘ Average ha 
start of at vk Vapected®| Ovagrved | Fredicted | eftective 
undergroumd Not adjusted | Ad winte 
wranium mining Lo smoving | for cmoktngl ! co 
Less than % 1,212 0N 1 0.8% 0.84 1614 : 

-9 5.5m ,oh 10 10.86 10.58 26,178 be 
10-14 s 5.87 2 25.42 24,68 T E—— 

: 1517 2.0 15 10.71 11.25 AL 798 
024 . 6 458 5,49 77.400 '* ca 

25 A over 7 9.5 9.0 64,012 ' 

* Based on Indirect standardization for age, calendar year, and smoking categpory. in 

00 by fuetive WIM averags ! over Individuals In the stratus welghted by thelr 
peraem vear sl By el s e e ated WIM erposare in weanlum mines only, e 

! In the fourth column the pedicted distribution of the 62 lung 

E cancer deaths is based on the 10 year median relative risk hypothesis. 
B The 45.5 excess deaths (that is total observed minus total expected) 

were ailocated in direct proportion to the product of average effective 

exposure (last column) times the expected number (second column). | 
These allocate«"dfl.nhs' “were then added to the expected number to ‘__4 - 

obtain the unadjusted predicted number. Adjustment for smoking s 

was made by distributing the crcess number of lung cancer deaths 

within each of the four smoking classes, adding them to the expected 
number and adding the resultant predicted numbers over the four 

smoking cateqories. This adiustment didn't change the predicted 

numbers very much. Note the close fit of observed and predicted 

numbers. We conclude that this model, by taking account of latency are 

and amount of radiation, was a good predictor of the time of occurrence tin 
of the lung cancer deaths. he: 

the 
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LUNDIN, ARCIER. AND WAGONER 

i1 the component attributed to smoking was obtained 

| by subtraction of these from the expected number derived from age 

and smoking ca itegory specific U.S. lung cancer rates. 

- 

TA® Mcryed mambher o1 Ty wer deathn, total rates and estimited 
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et ratendar vomr 

rs had lower total and excess rates than smokers. The 

heavy smokers was the highest in the Table. However, 

Miributed Lo mining or radiation was higher for light 

smokers, the opposite of what would be expected if 

and cigar«tte smoking acted synergistically. 
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2060 LUNDIN, ARCHER, AND WAGONER 

Discussion of Cigarette Smoking and Radiation. The effects of 

simultanecus exposures of man to industrial pulmonary carcinogens 

and tobacco smoke have been variously interpreted in terms of the 

nature of the interrelationship. Tobacco smoke is a complex mixture 

of substances cowhlnfi; both initiators and promoters of cuncevw-*-l 
It might act h;m both of these ways. Determination of “ 
the nature of the interrelationships is of more than academic interest. 

For instance, if the o-xcessive bronchogenic cancer rates observed 
are mainly synergistic (i.e. greater than the sum of the two separate 

effects), then rates could be greatly lowered simply by avoiding 

either one of the interacting agents -- whichever is easier to avoid. 

If, however, the excessive rates are mainly the result of additive 

effects of two carcinogens or if either acts as a premoting as well 

as an initiating agent, then prevention would require avoidance 
- —— 

. 
of both agents because even without promotion the cancers would 

occur later, 

This report has attempted to attribute the excess lung cancer 

risk noted among uranium mincrs to different etiologic factors so 

that the interaction could be examined more closely. This was done 

by concentrating on that lung cancer which is in excess of expectation 

at general population rates. 

The two major findings with regard to cigarette smoking are 1) light ‘ 
and heavy smokers had approximately the same levels of radiation- 

induced lung cancer and 2) non-smokers had a much lower level of 

ndhuon-_'Mnc«. These findings (Table 3), umd 
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are thought to be too high because the Standardized Mortality Ratio 

(SMR) for the four-state arca was only 76 (5). The effect of this 

presumed bias would be to underestimate the excess lung cancer for all 

groups; however, groups which have a large expectation relative to 

their total of Gfifim deaths (such as smokers of more than un’.’ y 
daily) would emo¥ee ccted. Correction for this bias would mave T et 
the excess rates for the lTight and heavy smokers more alike; i.e., 

might reduce the diff-ev'cm‘n of 10 per 10,000 person-years down to 

5 per 10,000 person-years. 

Since the data for this study were collected and analyzed, new data 

from this .nd other studies of miners have been reported, One of the 

authors (ViA) interprets this more recent literature as indicating 

that a number of factors such as exposure rate, age at exposure and 

age at death do influence lung cancer risk from airborne radiation 

and should be incorporated into an absolute risk model to improve ——— 
the predictability of the work reperied here. It would appear t:hat 
a longer median latent period will be required to fit the data for ¢ 

non-smokers. The extent to which these and other factors influence : ¥ 

the distritution of lung cancer risk attributable to airborne ra- 

diation can only be determined by further modelling of observed data. 

Similarly, longer term follow-up will be required to establish or \ ( 
refute the validity of the shape of the assumed model response curve, ! 

particularly its later part, 

Summary. /n exposure-tLime-response model for estimation of long- 

term rtflM radiation has been described. RSS_M 
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