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204 LUNDIN, ARCHER, AND WAGONER ! MOD
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 B ‘ Mex |
} devising improved meth:hrc to obtain estimates of lung cancer to'e
: risk which did not changg 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
& In this paper several hypotheses concerning the relation between one *
i radon daughter exposure and excess lung cancer risk are formulated date
.'_ and tested. term
i 1 The excess risk foe a mincr over that expected for his age fs
" proportional to a function of his past radiation exposure (absolute
F risk hypothesisj.
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), ¢
3 The latent period between induction of and death from lung cancer died
is 5, 10, or 15 years. acco
The test criteria for these hypotheses are whether they predict the and
actual temporal distributions of lung cancer deaths by age, calendar I

time and years after start of underground uranium mining. The
hypotheses which -chectcd are then used in a computational

e
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-
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and Utah (four state area). Before 1954 no attempt was made
e all mu , but starting with 1954 as many miners as
WOTO 0 wd, In 1957 I 1960 approximately 90¢ of uranium
orking ! eds surveyed were examined.
present i ncerns the 3,366 white men who had been
t Jeast o and who mived uranium undorground for 3t loast
nth betoy b I, 1964, Follow-up was carried out from the ‘
theic f crvination theough September 30, 196 the -
it n Jdat ' anaivsis, ton<white miners wore not studied “‘._ - |
t that ¢ fhey had too few rospiratory cancer wthe, Less |
|
! t 1o abuervation,  Many techm jaes of |
|
) Y cormonest beang an annual censu, of uraniun ‘
|
» ) ! nd records f the 1al Security :
vatior |
' |
2l I de at eriificates wera ettained for individuals who }
The undy Aing couse of death was coded by 2 trained nosologist }
ng Lo the sixlh zision of the internat il listls of diseases |
1505 ul dealh,
rder { 4o ant the amoun® of radiatioe cposure for eich
! tn . which mires and at ohat tumes he worked, as
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employment historics were obtained at the time of the survey
examinations, ammual uranium miner censuses, and from mail question-
naires. Dotails of the coding procedures and assessment of the quality

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

utr

o

were quantified by-redicing nearly 43,000 radiation measurements to —

annual averages o ae%mates of radon progeny levels for each of the"""‘* »
nearly 2,500 uranium mines in the study. These annual estimates were -
expressed in working ievnls (WL) which are defined as 1.3 x 105 MEV of !
potential alpha energy per liter of air from any mixture of radon
progeny. The cumulative amount of radiation exposure was calculated v
for each miner starting with the date of iis first underground uranium ia
mining and ending with his last month at risk of dying in this study. b
This estimate of radiation exposure was expressed as cumulative working e
level months (WLM) which is defined as that exposure received by a 9
worker o eposed to on atmesphere of 1 WL for 173 hours, WLM estimates : w
are the preduct of underground exposure during specific “working . (
monthe " or fractions thercof, and the concentration of radon progeny -
in working levels specitic for mine and year. -
Smok ing Bistories obtained at the 1ast survey examination for each b
miner wore used to Jefine cohorts by level of cigarette smoking as
follows: a) non-cigarette smoker; b) former cigarette smoker; c) light u
smoker (one pack or less daily); and d) heavy smoker (more than one : of
pack of cigarettes daily). : p
A modified 1ife table technique (5) was used to obtain person- | pe
years at risk of_wor cigarette smoking cohorts, or other ir .
e TR A - ) R . e

nse Model for Lung Cancer Mortality in Uranium Miners
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= five yewr age gt”‘.' by five year intervals of time after atart of J
—

ity under ground uran“g:b;nmm i, and by estimated WM group, Because..

smoking <pecific rates were not available for men under 15, only person

lg '
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‘ N average offective WY (o weighted exposare index to be described in the
‘ S next { oW il tird e P person=yean s al vtk in each b
‘ f sul \ i ' ¥
(
‘ : ] with 1) wneral population of white males were made
|
e Dy net o t! ober ool nmbor of  Tyng cancer dealhs oty the miners in
|
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L n this @ In the first part age and yen pecific - )
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A
-
pieral pulation of white males living in the four-state area were
use In the <ocond rart United States white male lung canzer rates :
il nal 1§t rs 162-163) specific for aye, calondar year i
. vette-taling clegqary w™ i50d, In both part Lthe specific f
y
' 4
rate e mgltiplied by the appropriate number of person-years at risk ‘
|
b ! ain the cwpected runbers, E |
W
bee Model,  "easures of excess lung cancer risk are dependent - .
v 3 ‘
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: \
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24n LUNDIN, ARCHER, AND WACONER l M
certain assumptions. It takes into account the time belween each i wh
calendar year of radiation cxposure and each calendar year at risk of " cu
death as well as the level of WLM exposure in each preceding calendar l ye

year. (The concept is related to the equivalent dose" in the report I
; on radiation-induced Teukemia among patients with ankylosing spondyl!J €«
tis (9).) To estWhaigpffective WLM it s assumed that the hm ye
period (i.e. time between induction and death) for lung cancer et
mortality had the same-shape and dispersion, but not necessarily the s
came mean a5 that for leukemia following single exposure to radiation "
and as the incubation period of infectious diseases. specifically . 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 c
t units, where t = years after exposure; and ?) that the increased risk ' h
from subsequent exposures can be added to the risk from earlier expo- '-'
sures, The ‘-atl‘;ru;:sunplion is consistent with the one-hit model PO | !
of cancer induction, To the extent which the data permit, the effect¥==ng L

of exposure rate, cumilalive exposure, and age at first exposure i
are evaluated by making certain assumptions and then comparing how | . L
well the predicted distribtions of deaths fit the observed. | c
These assumptions motivated the definition of Effective WLM(k) in i t
year k as o

Effective WLM(k) = ] w(k-j) WM(j) o0<j <k |
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[' to the average ef fective WLMy in the stratum, where average
| { effective WM, is averaged over all person-years in the stratum:
| ne = ap (average effective WLMy).

?) Relative risk hypothesis: predicted excess number n, is

proportional te the product of the expected number €x of cancers” J
4% in the otraotif™mes average effective WLM: L

A ay = o £y (average effective WLMy).

The constants ap and og were estimated by equating the total
predicted and observed number of lung cancer deaths. Hera "total

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

e T T
R
.

Predicted excess number of lung cancer deaths was added to the

g

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

v
’

and smoking adjustments were made by using age or smoking category

R

t‘m

specific proportionality constants a to calculate the predicted numbg!;_'
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 Trmporal 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 aae. The

relative risk hypothesis gave results much closer to those observed., ye
It may be seen that the 10 year median latent period assumption is pe
consistent with observed data with ' exception of an excess nbserved ar

in the 85-49 year age group ba)onced by a deficit observed in the 60-64 hy
— — "
— e PRIy
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gave the best overall fit to the temporal variables.
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The etfect of age at starl of exposurn on lung cancer mortality

over and ahove that rclated to age at death.

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

was also evaluated w ing this model,
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ONSERAVED AND PREDICTED
DISTRIBUTION OF LUNG CANCER DEATHS BY CALENDAR TIME
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that predictions fit the obszerved distributions (2).

An Exposure-Time-Response Model for Lung Cancer Mortality in Uranium Miners

ACL Doc 25453 - Page 10 of 22

The data available

ef

we

He
th

by

va

fc

re

mi
4]

af

de

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

Published by AsbestosClaims.Law
asbestosclaims.law/library/25453/10


https://asbestosclaims.law/library/25453/10

tality
at
I oexj 1Y

IR

An Exposure-Time-Response Model for Lung Cancer Mortality in Uranium Miners

ACL Doc 25453 - Page 11 of 22

iate whetier or it there an te

ettect, “M" wder ground minces wha wore alive on October [, 196(
! stamatodd 'V"".'-"'I" !IA “!
After adjustaent for h

trpasyre-rg

|

were diviacd e

=,
CApOLSuUre n -“mq momines prio ¢

aoharts on th

DAsts of »

that date,

cateqgory it was ncluded that insofar as these data permitts d, the
ri nol dependent on e wesrate per Y,

\ t by w i ropovts from the nited Stats Publ ¢
callh CrYyl "] 101« ) Pudy of uraniun 1Ny have shown
that 1) the e e lung sortality could not be explained
Ly Cigarette smobing alone (B) and 7) that lung cancer experience
edried systomalicaily with radiation exposure and Lhat

ad jus tment

for smoking had vir g little effect on the observed exposure -response.,

1

relationship (6),

Pindings with degard Lo Smoking and Age.  In Table 1 the data
I a freed aoverding to tune after stavt of unde jround uraniu
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TARE 1 s lvtl.. ohreryed and predicted disteibutlons of lwng cancer deaths 4
andd averape ef feet lve working level months by years after start of !
anderpround arantom mining, October 1960 through September 1968 sul
Years after Persom=yoars| }H--_ll‘"ml‘_l.‘ggl‘_}l" l};»; }:a]:]:_r:,‘;_a_(!-i__Q:Tn i;t‘f‘l_;.—_ hat
wtart of at vk Vxpected®] Obmerved | tredicted _ ___ | Fffective
underground Not adjusted | Adjusted WMt i
uranive minlng S fon _u!_l"_l_ﬂL _l_n_r_'-._o_n_b_l_n_g“__ . Tl 3 co
Less than % 1,202 (T 1 0.8% 0.84 1614 -
5.9 9,539 PR 10 10.86 10.58 26,178 be
10-14 134 e .87 0 25.42 24,48 65,876 _’
! 11 Y L. 15 10.71 11.25 AA. 798
| W00 *.; 0.9% L] .58 5.4% 17.400 -,_* cYy
2% A oyer LM [0 ) n 7 9.5%9 9.20 64.112 '
) Total 16, RIA 165.51 62 s2.01 62.00 50.98) ! pr
—n - - v i B s ——————— . ————— 1
* Rased on Indirvect standardization for age, calendar year, and sooking rateRory. in
8 by fctive WIM averaps! over tndividaalsa In the stratus welghted by thelr
perarn vears sl b el an eatinated WIM erponte tn wranbom 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). i
These allocated deaths 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 categories. This adinstment 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 ar
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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population and the component attributed to smoking was obtained
by subtraction of these from the expected number derived from age

and smok ing category specific U.S. lung cancer rates.

TARIF & Mecryed naher o f weor deaths, total rates and estimited

rales log, slog ma-nining, sewbiog and mining eflects by
ipsrette &Ju ation, Detober 1960 through Septesher 1968

irarctte hebir of Fates per 10,000 person-yesrs
» ik ing i Lusg Cancer __Estinited Compoments —
Clas- 100 st tom | e ant r Ao g ved N - wemck fog T Facess over
l -4 . e
: Seo-alnlegt | Sachiag | Expected °°°
™ . - ? 6.8 ‘\ 1.7 [{] LR
Vorm. 1 . 1.9 n.7 9.5
| |
- | |
fatly " | 1.} $.7 }s.0
' '
> Lid | 1.1 26.6 )
|
' " 1 Na | 27.0
= "oy bing rat spei (V¢ for age and calendar year
ey ' ' t 1zat) for age !« dlendar vear ming
ren ok Ing, rates,
Sl 'l wer curected pates st andardd sed
'

-t ratemdar veunr

M

ion-cmokers had lower total and excess rates than smokers. The
total rate for heavy smolers was the highest in the Table. However,
the excecs rate attributed Lo mining or radiation was higher for light
than for heavy smokers, the opposite of what would be expected if
uranium mining and cigarctte smoking acted synergistically,

In Table 5 the data are divided into 2 parts, depending on whether

or not the one part had less and the other had associated cumulative

exposure exceeding Wnl and excess rates are shown near the

e LT e
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2060 LUNDIN, ARCIHER, AN WAGONER ?

Discussion of Cigarette Smoking and Radiation. The effects of C
simultanecus exposures of man to industrial pulmonary carcinogens 1
and tobacco smoke have been variously interpreted in terms of the 5
nature of the interrelationship. Tobacco smoke is a complex mixture ¢

of substances cmtﬂm'ng both initiators and promoters of cancer‘.--‘*‘-/
It might act in'e both of these ways. Determination of R p
the nature of the interrelationships is of more than academic interest.

For instance, if the excessive bronchogenic cancer rates observed

w
’ are mainly synergistic (i.e. greater than the sum of the two separate 1
g effects), then rates could be greatly lowered simply by avoiding s
‘v either one of the interacting agents -- whichever is easier to avoid. P
AR If, however, the excessive rates are mainly the result of additive 5
;: effects of two carcinogens or if either acts as a premoting as well i
A as an initiating agent, then prevention would require avoidance t
" of both agents because even without promotion the cancers would S———
AR —
) ‘- occur later, c
! This report has attempted to attribute the excess lung cancer a
; : risk nocted among uranium mincrs to different etiologic factors so I
! that the interaction could be examined more closely. This was done i
] by concentrating on that lung cancer which is in excess of expectation ¢!
at general population rates. ‘ te
' The two major findings with regard to cigarette smoking are 1) light ’ a
and heavy smokers had approximately the same levels of radiation-
1 induced lung cancer and 2) non-smokers had a much lower level of at
radution-_IMncor. These findings (Table 1), uhend U
— o o et - i L . i
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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 Lo underestimate the excess lung cancer for all

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

their total of m‘é’?’ﬁ deaths (such as smokers of more than u," ‘
daily) mulrl‘m ccted. Correction for this bias uoﬁ_ld-mm
the excess rates for the light and heavy smokers more alike; i.e.,

might reduce the diff-erenrn of 10 per 10,000 per<on-years down to

5 per 10,000 person=-ycars.

Since the data for this study were collected and analyzed, new data
from this and 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 iqngrove"“f“u' o ;
the predictability of the work reperted here. It would appear that
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 recponse curve,

particularly its later part,
Sumnary., /n exposure-Lime-response model for estimation of long-

term r‘ﬁM radiation has been described. Am_n“

L . .t
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