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Ansrract. The extent to which occupational radiation exposure contributes to cancer
mortality is an influence on future world energy policy. It is also a factor in deciding
the level of expenditure to reduce radiation levels experienced by workers. Here we
discuss some of the difficultics In analysing the situation and present the results of
some calculations which estimate the expected age-speeific radiation mortalities from
all inducibte cancers and also from leuknemin separately. Using o high value for the
average occupational exposure and a conservative estimate of the associated risk, we
find that a survey of mortality among radiation workers must run over many years
before sufficient datn would be accumulated to resolve the effects of radiation-induced
neoplasing from those arising from other causes. We show tho advisability of deter-
mining the cause of death both of persons who remain employed in the industry and all
persons who enter and subscquently leavo the industry, perhaps being einployed in it
for only a short time. Our esthnates nre based on maintenance of un occupationnlly
cxposed dose of one rad per person per year during the period of the survey which mny
extend over several deendes. However, scaling of the estimates to any other exposure
rates is casily performed. :

We also give estimates of the lowest risk cocllicients detectable in a given observa-
tion time. Since for awork force of 3000 these lowest detectuble values nre an owcder of
magnitude lnrger than those expected, it is clear that only a national or international
survey can produce data adequate for even modest objectives.

1. Introduction

The widespread use of rvadioactive isotopes, X-ray cquipment, neutron
generators and the rate of expansion of the nuclear power industry has raised
questions about the carcinogenic effects of radiation at the levels experienced
by opcrational workers. We are not concerned in this paper with exposure
resulting from accidents, neither are we concerned with the mechanisms of
carcinogenesis. Owr prime objectives here arc to assess the prospecets of drawing
any conclusions from a survey of causes of death of radiation workers; to
identify the factors which influence these prospects; to estimale the effects of
lateney of radiation offects on the age-specific death rate; and to provide basic
information from which the relative magnitude of vadiation-induced and
natural cancers can be estimated. All of these factors arc velevant considera-
tions in the setting up of a survey. The ultimate value of a survey will be
determined by the information contained within the collected data. Before
establishing the data base it is prudent to attempt to anticipate the demands
which will be made on 16, This paper reports such an attempt.
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In section 2 we describe the model we have used to represent a work foree of
radiation workers and the way in which we have estimated their chances of
dying from an induced cancer. Section 3 discusses the time necessary to
achieve sufficient data to be able to draw conclusions with some specified level
of confidence. We also consider the magnitude of risk that is detectable in a
given time.

Results of calculations are presented and discussed in section 4 and we make
comments on possible conclusions in the final scetion.

2. The model

There are three aspects to be settled before any caleulations can be carried
out:
(1) the age distribution of the work force and the rate at which workers leave,
(1) the natural incidence of deaths from causcs which may also be induced by
~ radiation, and
(iii) the risk of death due to exposure to radiation and how this risk is dis-
tributed in time.

2.1. The work force

Our caleulations refer to a work force of 100000 distributed in age as shown
in fig. 1. This distribution is based on the actual distribution at an cstablished
nuclear energy site and does not differ greatly from any typical British industry.
We have assumed for stimplicity that the annual percentage leaving radiation
work other than by death or retirement is the same for cvery age group.
Stability of the distribution is maintained by introducing new workers (with no
previous industrial radiation exposure) to replace those leaving any group by
death, resignation or retivement. The total number of ex-radiation workers is
dependent on the leaving rate. Ifrom the vecords of the National Radiclogical
Protection Board (NRPB) and from informal discussions with employvers, we
have arrived ab a figure of between 5 and 10%, for the annual percentage of
workers who ccase radiation work other than by death or retirvement. We have
considered 5 and 10% which, under steady state conditions, lead vespectively to
171000 and 330000 living ex-workers, We have assumcd also that those
leaving radiation work do not return to it within the latent period of risk
following their last exposure.
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Ifig. 1. The age distribution of the work foree used throughout this paper.
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2.2. Natural death rates

Table 1 shows the Registrar General’s figures (for 1972) on which we have
based our non-radiation-induced deaths. We have considered ‘all-cancers’
(ICD 140-239 inclusive) and leukaemias (ICD 204-207 inclusive) in our com-
parisons of natural incidence with radiation-induced incidence. A specific
group of workers would have a standardized mortality ratio (smMRr) to account
for selectiveness of employment (e.g. a requirement to be medically fit) and this
may be accounted for as described in sections 2.3 and 3.1. The smr is simply
the ratio of the death rate (from a given cause) in a specific group to that in the
whole population. )

Table L. The Annual Death Statistics used in this work for comparison purposes
(Registrar General 19732)

% deaths % deaths
Y%, deaths (all cancers) (leukaemias)

Age group (all causes) (ICD 140-239) (ICD 204-207)

16-25 0-092 0-0096 0-0023
26-35 0-096 0-0172 0-0021
36—-45 0-227 0-0502 0-0030
46-55 0-733 0-1899 0-004Y4
56-65 0-6094 0-0121
66-75 1-3624 0-0250
76-85 2:1569 0-0453
86-95 2-4063 0-0691

2.3. The risk of deatl from radialion
Three factors determine the radiation-induced death rate:
(1) the annual exposure,

(i) the total visk per unit exposure, and

(ii1) the latent period of the risk.

It is convenient to work with an cxposure to cach worker of 1 rad/ycar and
to apply a scaling factor to find the cflects due to other average exposure levels
(scc below).

The choice of data for factors (il) and (iil) has required judgement based on
an assessment of other studies of populations expesed to radiation. ‘These
studies indicate that the rate of radiation-induced cancer death varies con-
siderably with time after exposure. The largest group of people studied over a
long period are the 23979 Japanesc survivors with exposurcs above 10 rad
who are included in the lifc-span study of the Atomic Bomb Casualty Com-
mission (Jablon and IKato 1971). In this group the cxcess leukaemia rate has
decreased slowly with time since the mid 1950°s and it may be predicted that
all the radiation-induced leukacmias will have occurred by the mid 1970's
(Goss 1974). This leads to a risk coefficient of 30 per 10% manrad for radiation-
induced leukacmia death. Ixcess mortality from all other cancers (cxcluding
lenkacmia) follows a different time pattern. After a very low rate during the
5-ycar period 1955-60, the mortality rose in the next two 5-year periods. 1from
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these data it is not possible to predict the eventual shape of the time distribu-
tion of the cancer rate. To estimate the absolute risk of radiation-induced
cancer death, Goss doubled the number of excess cancers which had occurred
up to 1970. This leads to a risk cocfficient of 70 per 10° manrads and hence to a
total of 100 per 108 manyads for all cancers (including leukaemia). These figures
apply to gamma radiation.

Risk coefficients obtained from the study of other irradiated groups are not
casily related to the conditions of whole body exposure experienced by the
occupationally exposed workers of intevest to us. IFor example, radiotherapy
patients such as ankylosing spondylitics (Court Brown and Doll 1965) and those
treated for metropathia haemorrhagica (Smith and Doll 1976) receive high and
localized exposures which ave very dissimilar to those of our group and hence
may have a quite different excess cancer pattern. Also, those exposed are a
special group who may cxhibit abnormal medical response to the exposure
whereas we are concerned with a predominantly healthy group. Studies of the
radiologists in the USA (Matanoski, Seltser, Sartwell, Diamond and Elliott
1975) are probably the most comparably exposed group to the classified
workers in our study, bhub untortunately their doses ave not recorded and so risk
cocflicients cannot be deduced, neither is it possible to extract the time pattern
of their excess cancers.

Foxr the purposes of the present paper it is proposcd to use a figure of 100
cancer deaths per 10% manrads (1074 per rad), based on the Japanese survivor
data corrected for gamma-ray exposwe only. With the same justification
we use o risk coefficient of 30 per 10° manrads (3 107% per rvad) for excess
leukaemias. These figures may be vegavded as conservabive cstimates when
applicd to the low doses received at low dose rates by rvadiation workers,
Biological repair mechanisims will act to reduce radiation damage to tissue to
below that expected from high dose rate observations. This may be taken into
account by a protraction factor but owr knowledge of low dosc rate effects is
inadequate to establish a value for this fuctor so it will be assumed that the risk
is lincarly related to the dose for the range of doses accumulated by radiation
workers. So for example, 1rad accumulated by cach of 10% persons will lead
to the same number of cancer deaths as 100 rad to cach of 101 persons.

The time variation of the number of cxecess cancer mortalities {ollowing
exposure is not clear from the currently available evidence and so we have
made an arbitrary choice for owr calculations. We have assumed that the risk
occurs over a limited period rather than remaining at a high value tor all times
atter exposure. The Japanese data indicate an increased lewkacmia risk lasting
about 30 years and a simple assumption is that the visk remains constant over
the period 5-30 years after exposure. For all cancers the risk appears to exist
{or a longer time and it is assumed constant from 5 to 50 years. Tivorder to test
the sensitivity of owr results to the assumed form of the risk with time, we have
considered three forms of risk-in-time following exposure:

A, a rectangular distvibution,

B, a Gaussian distribution, and

-G, asharply peaked distribution—all the risk during the 11th year.
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Tig. 2 displays these time distributions. Caleulations have been performed
with A and B spread over 50 years as well as 30 years as in the figure and these
arve distinguished as Ay, Ay, ete. This permits some cstimate of the diffevence
between leukacmia deaths—all of which may be expected to have occured
within 30 yecars—and other cancer deaths where the risk may spread over a
longer period following exposure.
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Tig. 2. The three risk-timo relations Ay, By and C;;. Wo also consider Ay, and By,
(i.c. the same form as A,y and I3y, but spread over 50 years).

Having cstablished the three factors (1), (i) and (i) we may now calculate
the expected age-specific radiation-induced deaths in owr work force. The
nunbers of workers in cach 10-ycar age group are shown in column I3 of tables 2
andl 3 and the corresponding ‘non-radiation’ deaths in cohunns C, D and Is.
Columns ' and G are caleulated by summing a man’s visk of dying in any
particular year arising {rom each year of exposure up to that time. Hence we
caleulate the number of deaths in a group of the same age and cxposure.
This is repeated for all age and exposure groups and the results summarized in
columns I and G, Both columns It and G (A, and A, respectively) have been
evaluated with a visk cocflicient of 104 per rad so to find the expected mumber
of radiation-induced leukaemin deaths we must scale column I8 appropriately
{sce can 1).

While the age-specific nunbers of radiation-induced deaths shown in tables 2
and 3 ave applicable to o population of 100000 workers cach exposed to 1 rad/
year with an associoted risk of 107! per rad, we can deduce the corresponding
numbers for any other parameters from

U—mxp‘v X 1 D =ml, RDJ10 (1)
SO TR TIEr S

wheve s the number of deaths shown in the table, £, is the working popula-
tion, & is the risk per rad and D is the average annual dose per worker. This
simple scaling is possible because of the negligible cffect of radintion-induced
deaths on the population distribution.

The caleulations deseribed are for the steady state and it would take 50 ycars
for the exposurce distribution to be rcached. Since this is Jonger than the
nuclear power industry has been in existence, it is of interest to consider the
approach to the steady sbate situation. We have maintained the same work



Table 2. Summary of annual deaths—359, leaving rate. The age-specific death rates in our steady state population of
radiation workers and ex-workers. Columns C, D and E show the numbers of deaths expected among non-radiation
workers on the basis of table 1. Columns I and G show the predicted numbers of radiation induced deaths on the basis of
£ =10"*rad* and D = 1 rad/year for visk typc A over 30 years (IF) and 50 years (G). Note: to find the expected number
of radiation-induced leukaemia deaths, column TF should be scaled by eqn (1) with an appropriate & (e.g. 3 x 107%) .

A B ] D E r G
All ICD nos. ICD (204-207) ICD (140-239) Radiation-induced cancers
Population size (all causes) (leukaemias) (all cancers) Ay Agg
IN EX X EX I EX N BX 1 EX N EX
Age Total Total Total Total Total Total
16-25 13 000 2000 12 2 0 - 0 1 0 0-02 0-01 0-01 0-01
15 000 14 0 1 0-03 0-02
26-33 25000 12 000 24 11 1 0 4 2 0-30 0-19 017 0-11
37 000 35 1 6 0-50 0-28
36-45 28 000 25 000 63 56 1 1 14 12 075 0-69 0-41 0-38
53 000 119 2 26 1-44 0-80
46-55 21 000 36000 156 264 1 2 40 68 1-00 1:23 057 076
57 000 420 3 109 2-23 1-33
5665 13 000 39 000 274 819 2 5 30 240 0-85 1-21 0-54 1-02
52 000 1093 6 320 2:06 1-56
6675 38000 2069 10 520 1-16 1-19
76-85 16 000 2033 7 354 0-27 041
36-93 3000 701 2 68 0-02 0-04
16-63 100 000 114 000 529 1153 4 8 140 323 2-93 3-33 1-71 2-28
214 000 16382 12 463 6:20 3-99
16-93 100 000 171 000 529 5938 4 26 140 1266 2:93 b 477 1-71 3-92
271 000 G 4387 31 1400 770 562
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Table 3. Sumumary of annual deaths—109%, leaving rate

A B C D : E F G
All ICD nos. ICD (204-207) ICD (140-239) Radiation-induced cancers
Population size (all causes) (leukaemias) (all cancers) Ag Aso
™ EX N EX IN X IN EX N EX N BX
Age Total Total Total Total Total Total
16-23 13 000 4 000 12 4 0 0 1 0 0-01 0-02 0-01 0-01
17 000 16 0 2 0-03 0-02
26-35 25000 23000 24 23 1 0 4 4 019 0-31 0-10 0-17
48 000 47 1 8 0-50 0-28
36-45 23000 50000 63 113 1 1 14 25 040 1:04 022 0-38
78 000 175 2 39 1-44 0-80
46-53 21 000 72 000 156 528 1 4 40 137 0-49 1-74 0-27 1-06
93 000 685 5 177 2-23 1-33
56-65 13 000 79000 274 163s 2 10 S0 480 0-38 1-68 0-22 1-34
92 000 1912 11 560 2:06 1-56
66-75 68 000 3679 17 924 1-10 1-19
76-83 29 000 3018 13 630 0-27 041
$6-95 5000 1245 3 122 0-02 0-04
16-65 100000 228 000 529 2305 4 15 140 646 1-47 479 0-83 3-16
328000 2834 19 786 6-26 3-99
16-95 100000 . 330000 329 10 848 4 49 140 2322 1-47 6-23  0-83 4-80
430000 11377 53 24062 770 5-62

SN0 A wonympniy fuown Sy LUV

606



0910 J. 2. Reissland et al.

force but with no initial exposure and no ex-workers with radiation exposure.
The steady state exposure pattern and ex-worker distribution is built up by
caleulating the annual number of radiation deaths for cach year up to 50 years.
The results are summarized in fig. 3 and table 4.
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Mg, 3. T'he growth to steady state. Curve I represents the growth of the number of
ex-workers with radiation exposure. Curve II is the growth of the expected
number of radiation-induced cancer deaths among in-service workers and curve I11
among ex-workers. N(£) is the number in year ¢ and N (o) the number in the steady
stale as in tablo 2, coluimn A.

Table 4. Showing the accumulated number of radiation-induced deaths in 5-year

intervals following time zero when radiation exposure began.  Also shown is the

number of people involved for our standard 100000 workers exposed to 1 rad/
year cach and for 3000 workers exposed to § radfycar cach

Time {years)

10 15 20 25 30
Working population 100 000
(1 rad/ycar)
Tolal workers 150 861 175 749 197 542 216279 231 9035
IN X
Accumulated na 4 17 38 67 103
deaths Ay,
Working population 3000
(& rad/ycunr)
Tatal workers 4 526 5272 5926 G488 6 957
IN 1N
Accumulated rr 0-06 0-25 0-57 1-0 15

deaths Ay,

3. Obscrvalion time
3.1 Tme required for « survey

We are interested in an estimate of the number of years over which cancer
deaths among radiation workers must be observed to show a significant
difference between them and a corvresponding group of non-radiation workers.
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We will assuane that we can find an appropriate control population and that
it is identical to the radiation work force exeept that it is not occupationally
exposed to radiation. In practice it will probably be nccessary to draw the
control group from among those radiation workers with the lowest exposures.
In this way we can be sure that the control and the exposed populations have
been subjected to the same selection procedures.

We must consider the confidence that we will be able to place on the rejection
of the null hypothesis (that there is no risk involved in exposure to radiation
and conscquently that the mean numbers of cancer deaths will be equal in the
control and exposed groups). This is normally assessed as a significance level
«, defined such that « is the probability that we will reject the null hypothesis
when it is true. The corresponding confidence limit is expressed as a percentage
and is (1 —«) x 100. '

We must also consider the power of the test we apply to the acceptance or
rejection of the null hypothesis. The power (I —pB) of a test is defined such that
8 is the probability that we will «ccept the null hypothesis when it is false.

TFormulating the significance level and the power of the test as in Armitage
(1971), we find that the obscrved mean number of excess cancer deaths (8%) is
significant at the P%, level (P = 100«) if

88> Uy (2m) (2)

where U, is the standardized normal deviate exceeded in the positive direction
with probability «, o is the standard deviation of the population mean (taken
to be the same in exposed and control groups) and n is the number of observa-
tions which, in our case, is the number of years, since there is one ‘observation’
per year. A difference in the number of cancer deaths between the two groups
will be detected with a probability 1— 8 if the true mean difterence (8p) satisfics

B> (U A Ui a(2in). (3)

If we now put dp = e, the frue number of radiation-induced cancers, and
rearrange cqn {3) we have an expression fov the time required for a survey to
have probability 1 —8 of rejecting the null hypothesis at the « significance level:

1> 22U+ U, g)? o2 fm?. (4)

In these expressions o (the variance) has been talken to be equal to the mean
nwuber of non-radiation-induced cancer deaths; that Is, we have assumed a
Poisson distribution.

Table 5 has been compiled to show values of » for « = 0:05 and 0-2, B = 0-5
and m as given in table 2, cohumn If; that is, the times necessary to have a 509,
chance of showing a positive radiation risk at the 59, and 209%, significance
levels. I'he values in this table may be interpreted another way. Rearranging
can (2) with o on the left hand side, we sce that, i after # years the obscrved
mean excess cancer deaths are as in table 2, column I8, the survey shows
positive radiation risk at the 5% (or 20%,) level. This is an appropriate inter-
pretation once the survey is running since we will then have an observed mean
difference and will ask what is its significance.



Table 5. The number of years needed to demonstrate ab the 5 and 209, significance levels that there is a positive risk from
occupational radiation exposure if the observed mean number of excess cancers are actually at the level we calculate.
(Blanks signify > 10000 vears.) These numbers may be scaled to other situations using eqn (3)

Ag B, Cn
Significance 209% 5%, 209, 5% 209, 5%
level
™~ EX N EX ™ EX ™ EX IN EX N EX
Age groups All All All All All All
16-25 3545 — — — 886 — 3381 — — — — —
13575 6011 567 2164 — —
26-35 63 79 241 300 33 49 135 188 10 © 10 37 40
34 130 20 77 3 20
36-45 35 36 135 136 21 24 Sl 90 9 18 35 68
18 63 11 42 6 23
46-35 37 G+ 216 243 40 64 153 243 23 87 88 334
31 119 26 101 23 86
56-63 157 232 599 887 123 292 470 1113 92 621 351 2372
107 408 109 416 133 506
16-63 23 41 §8 158 16 39 GO 149 8 42 31 161
17 64 13 51 10 37
16-93 23 79 88 301 16 82 60 314 8§ - 74 31 284
34 128 29 112 24 92
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The number of years (V) recquired to show a positive contribution of radiation
exposure to cancer death rates for a specific population, risk level and dose rate
may be found by scaling the appropriate » in table 5 using eqn (5) (which
includes the syk value so that the effect of known variations in natural death
rates on N may be estimated).

0-8 1 10° 7% xSMR

N =71XSI\IRX—J€2—X‘Z—5§X']TY'ZWX 10-3 years. (5)
3.2. sk coefficients delectable 1 ¢ given lime -
Rearranging eqn (5) we see that
7 SMR x 107\ 4
R= {22 1 6
’ <N DD, ) (©)

Thus, using the values of n from table 5 and putting NV ycars as the observa-
tion time, the lowest detectable risk coefficients may be found and some
cxamples of these are shown in table 6.

There is a one to one correspondence between the true number of cxcess
cancer deaths and the radiation risk cocfficient. However, since the observed
excess cancers arc the difference of two statistically fluctuating variables the
corresponding risk cocfficient can only be established to lie within a range of
values. Lo give some indication of the magnitude involved in trying to establish
risk coeflicients we have shown, in the four right hand columns of table 6, the
95%, confidence interval of the risl coefficients which corresponds to observed
radiation cancer deaths equal to those predicted in table 3. We should empha-
size that columng 2-5 in table 6 arc independent of our calculated number of
radiation-induced cancer deaths while columns 6-9 are based on our predicted
values.

3.3. Other tnfluences

The risk values detectable and the times requived for a survey to yield a
positive identification of radiation risk as presented in this paper arc subject to
variations not covered by our statistical analysis. Systematic differences
between the control and the exposed group or from one year to another can be
incorporated in the sMR (sce section 2.2) bub it is unlikely that these are known.
The effect is an additional spread on the natural cancer deaths and hence an
mcrease in the required observation time. Another factor is the classification
of a cancer death as in-service or cx-service (for example, if the cancer has’
influenced retirement). This suggests the desirability of not diseriminating and
supports the argument for full follow-up studies.

The cffects of cxposure to radiation for medical diagnostics or therapy must
be omitted from the study because of the practical difficultics involved. Dose
measurements of exposurc to radiation for medical purposes are not made
routinely and if they were they would be treated as sensitive confidential
information. ltven if a satisfactory asscssment of doses were available, because



Table 6. The minimum risks (at the 59, significance level) of death due to radiation-induced lenkaemia (ICD 204-207) or

from any form of cancer (ICD 140-239) by a survey covering 214 272 in-service and ex-workers in the age range 16-65 years.

Scale using eqn (6). Also showing the 95%, confidence interval (one-sided) on the value of the risk if the observed difference

between the control and the exposed are as in columns I of tables 2 and 3. Where the observation time is less than shown

necessary in table 5, the lower limit is negative but for physical reasons it is put to zero. Column 6 and 8§ show the residual
probability that the risk is not positive finite

Minimum detectable risk

{per 10® man rads) 959%, confidence values of risk (per 10¢ man rads)
Leukaemia All cancers All cancers
Leaving rate 59 109, 59% 109, 59, 109,
Observation Probability Probability
time (years) of R=0 Risk of R=10 Risk
1 129 162 800 1042 109, 0-900 449/ 0-1 142
10 41 31 253 329 269, 0-353 319, - 0-429
25 206 32 160 208 159, 0-260 219%, 0-308
50 18 23 113 147

7-39, 0-213 139, 0-247
100 13 16 S0 104 209, 20-180 579, 0-204
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they are localized it would be difficult to relate them to the uniform whole body
doses experienced occupationally. Furthermore, individuals would be reluctant
to cooperate in a survey which collected information which could prejudice their
-employment prospects. Medical exposures have to be considered as background
and we must presume some cancellation since they are cqually probable in
exposed and control groups. Over a very long survey time, the presumed cancel-
lation of all background cffects becomes more acceptable.

4, Results and discussion -

In table 2 we have shown the number of radiation-induced cancer deaths that
would occur in the population (columns A and B) if the risk was 10~ per rad
distributed in time as A,y (column If) or Ay, (column G). The longer latent
period permits a greater influence of the novrmal death rate and results in a
smaller number of radiation-attributed deaths. Since there is no striking dis-
tinction to be drawn between the effects of using A,y B3, or Ci; we have not
veproduced the details here. Corresponding to the 7-7 total radiation-induced
cancer deaths in column IP for A,,, we calculated 823 for By, and 9-11 for C;,.
The increase through Ay,, By and Cy is due to the concentration of the risk into
a shorter period hence allowing radiation-induced death instead of ‘natural’
death slightly morc often.

Comparing columns & and I¥ we see that the 7-7 radiation cancer deaths are
against a background of 1406 other cancer deaths and this is a clear indication
of the detection difficelties to be faced. A 30-year latent period is appropriate
for leukaemia while death from all other forms of cancer may occur up to
50 years following exposure. Thus to find the number of radiation-induced
leukacmia deaths expected we should scale the figures in column I using
I (leukacmia) = 3-0 x 107 (sce secbion 2.3). FFor example, how many deaths
from leukaemias comparcd to all-cancers would we expect in a particular
industry employing 3000 radiation workers each receiving an average dose of
05 radfycar? Using eqn (1) and table 2, we predict that the number of
leukacmia deaths per year is 0-034 (distributed among 3000 workers and 5149
ex-workers) compared with 0-93 cxpected naturally; correspondingly there
would be 0-08 cancer deaths compared with 42 natweally. Thus in o period of
25 years we would expect in the industry 24 leukaemia deaths (3 in-service) of
which 0-8 (0-3 in-serviee) would be radiation-induced; in the same- time period
we would expect 1056 (105 in-service) cancer deaths of which 2 (0-6 in-service)
would be radiation-induced.

Probably the most significant feature of table 2 is the balance of deaths
between in-service and ex-workers. Any long time effeels will be lost unless
adequate provision for follow-up exists. For Ay risk 629 of all radiation-
induced deaths will be among ex-workers.

“Table 3 shows all the quantitics deseribed in table 2 but for o leaving rate of
109, instead of 59, Comparison of the corresponding columns in tables 2 and
3 show the same number of age-specific radiation-induced deaths but dis-
tributed more heavily towards the ex-workers in the 10% case; for Ay, 819%
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of all radiation-induced deaths will be among ex-workers. More significantly,
we see that in table 3 we have a background of all-cancers of 2462 which
seriously reduces the chance of detecting the cffect of radiation on the death
rate. In onr estimates of the time necessary for the survey, we optimistically
work with table 2, that is assuming a 59, leaving rate. In the nuclear power
industry atb least, this is a realistic figuve. :

Since the nuclear power industry is only 25 ycars old—i.e. less than the
latent period-—wve are not yet in the steady state situation. Iig. 3 shows the
growth period of the effect of radiation, the number of induced deaths reaching
the steady state value after 30 years because of the use of Ay, The ex-worker
numbers require 80 years to reach steady state. In table 4 we see the accumu-
lated number of radiation-induced deaths at 3-year intervals following the
start of radiation work. We have included in this the corresponding figures for
a working population of 3000 and also the total number (¥ and 1x) of workers
at that time. So we see that in the first 25 years we would expect considerably
less than the 2 radiation-induced cancer deaths predicted in a 3000 work force—
table 4 shows L death but that is for Aj;—taking a 50-year latent period (Ag)
we would expect 0-6 deaths duc to radiation in the first 25 years. Since we arc
intevested in conservative cstimates we shall restrict further discussion to the
steady state situation.

Table 5 shows how many years arc necessary before a survey on our work
force has a 509, chance of confirming a positive risk from raciation exposure
to the 5 and 209, significance levels. 1t is clear from tables 2 and 3 that follow-
up studies are essential and while table 5 gives emphasis to this it also clarifics
the relative merits of looking at specific groups. I'he most obvious deduction
from table 5 s that the analysis of the survey data should be restricted to those
workers and ex-workers below retivement age. The large background of
natural cancer deaths above the age of 65 serves only to spoil the resolution.
The optimum on these figures is an analysis of 16-55 for which the time regauired
is 11 years (209%, significance) and 44 yeavs (5%, significance); however, the
influence of the assumed latent period becomes important and 16-065 is probably
safer.

Comparing A,y and By, in table 5 we sce only marginal differences overall
and although G, requires significantly shorter survey times for the lower age
groups it is not a realistic form for the risk-time relation.

In table 6 we show the magnitude that the risk cocfficient must be before it
can be detected as positive against statistical fluctuations. The sccond part of
table 6 shows the range of risk cocfficients compatible with the observed mean
annual number of radiation-induced deaths being those predicted in column I
of table 2. Until the observation time is greater than that in table 5, a negative
risk is compatible with the obscrvation and since we do not permit this pos-
sibility, we show the residual probability that the rvisk is not positive (expressed
as a percentage).

Tables 5 and 6 taken together demonstrate the difficultics to be faced in
analysing the results of a survey of the causes of death of occupationally
exposed radiation workers.
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5. Conclusions

The proportions of induced cancer deaths shown by tables 2 and 3 show
clearly the necd for follow-up studies of the causes of death of ex-radiation
workers to supplement the records of actual workers. Moreover, we consider
the proportions shown in these tables to bo a lower limit as systematic factors

“will tend to bias towards ex-workers deaths through a greater concentration of
ill-health among those leaving. Since these factors are unquantifiable it seems
wise to concentrate on the total (age-specific) deaths in any analysis. We see
also (particularly from table 5) that the exclusion of the over 65’s enhances the
possibility of drawing conclusions. So we suggest that the analysis should
concentrate on all radiation workers and cx-radiation workers between 16 and
65 although all included in the survey would be followed until death.

This paper shows that if a large survey (100 000) on occupational exposure is
made the first conclusions would not be expected for at least 20 years. How-
ever, if total exposures are much less than 100 000 man rad/year or if the risk
is less than 100 per 10% man rads—the time required to prove a positive cffect
of radiation on the incidence of deaths from cancer becomes very high and with
little prospect of making statistically valid intermediate statements.

Although these prospects seem discouraging a survey has valuable contribu-
tions to make. Tirstly, if the risk levels for low dose exposures are much higher
than those anticipated, this will become evident at a4 much carlier stage than
suggested in table 5. For example, a factor of 3 increase in the risk reduces the
time required by a factor of 9 (see eqn 4) so the cffects of radiation would be
detectable at the 59, significance level in under 10 years (and within 2 years at
the 209% level). Although it is most unlikely that the actual risk is higher than
the expected risk, the establishment of a reliable base of data will provide the
means to refute or ultimately to justify current estimations of levels of risk.
Secondly, a national survey may identify a rvare form of cancer which can be
radiation induccd but which would be insignificant in data relating to small
groups of radiation workers. While such cancers would account for a very
small number of deaths, if they existed it would indicate environments where
the working procedures should be reviewed. Analysis of any cancers which have
low natural incidence would also provide an index against which the significance
of the incidence of the cancer in particular industries may be assessed. Finally,
any overall reduction in life expectancy for radiation workers may be in-
vestigated when suflicient data have been collected.

Risumi

L'obsorvation ot I'analyso des déeds par tumeurs eancéreuses parmi leg techniciens oxposés
aux radiations

La politique énorgétiquo mondialo future dépend dans une cortaine mesuro do offot qu'n sur
la mortalité cancéreuso lo dogré d'irradiation nuquel les techniciens sont oxposés. Do 1d dépond
aussi In décision priso sur los dépenses & prévoir pour réduire les niveaux d'irradiation épronviés
par les techniciens. L'oxposé discuto certaines dillicultés d'analyso do la situation ot il présento
los résultats do calculs ostimant les mortalités par irradiation auxquolles on pout s’attendro pour
chaque groupo d’dges particulier, do toutes les tumeurs cancérouses induitey ainsi quo, séparément,
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de 1a leucémic. 13n utilisant une forte valeur pour Uirradiation professionnclic moyenne, et une
estimation prudente du risque connexe, neus trouvons qu’il fnut ¢tudier pendunt de nombrouses
amnées Jo mortalité parmi les techniciens d'irradiation avant d’accumuler assez de dommées pour
différoncier les effets des néoplasmes induits par les rayonnements de ccux provenant d’autres
causes. Nous montrons qu’il est judicicux do détevminer la couse des déces de personnes restant
employées dans Pindustrio aussi bien quo de toutes celles qui s’y engagent et la quittent par In
suite, aprés wne courte durde éventuelle d’emploi. Nos évaluations sont basées sur lo maintien
d'uno doso d’irradistion professionnello déterminée par personno ¢t par un au cours d'une période
d'étudo pouvant s’¢tondro sur plusicurs décennies. Cependant il est facilo de ramener & uno
échelle commune tout autre taux d'irradiation.

- L’exposé donne aussi des évaluntions des plus faibles coéfficients de visque pouvant é&tro
détectés pendant uno duréo donnée d’observation. Comme, pour un efteetil’ do 3000 ces plus
fnibles valenrs détectables sont d’un plus geand ordre do grandeur que ccux. auxcuels on
s'attendait, il est clair quo seule unce étudo nationale ou internationule peut donner asscz do
renseignements pour atteindre mémeo les plus modestes objectifs.

ZUSAMMENFASSUNG

Beobachtung und Analyse tédlicher Krebsfitllo unter Arbeitern, die berufsmissig
der Strahlengefahr ausgesetzt sind

Das Ausmass, in dem Strahlungsgefohr am Arbeitsplatz zu tédlichen 1{vobsfillen beitriigt,
heeinflusst die kiinftige Weltenergiepolitik. 13s bildet ebenfulls cinen Faktor bei dev Intschiedunyg
uber dio Kosten, die »ur Reduzierung der Strahlenmengo am Arbeitsplatz aufgewandt werden
sollten. Tt diesem Rahmen evdrtern wir einige der Schwicrigkeiten bel der Situationsanalyso und
stellen dio Iirgebnisse von annihernden Bercelinungen iiber dic zu erwartends, altersbedingto
Strahlungssterblichkeit anfgrund aller induzierter Krebsarten bzw. Leukimie. Unter Verwendung
cines hohen Ifaktors fiir die berufsbedingto Jixposition und ciner zuriickhaitenden Binschibzung
des damit verbundenen Risikos kommen wir zu dem Ergebnis, dass sich ¢ine Untersuchung dev
Sterblichkeit voun strahlungsexponierten Arbeitern tiher lango Jubro erstreclken muss, da erst
dann genigend Daten zur Verfligingr stehen, um festzustellen, welehe Neoplasmen durch
Strahlencinwirkung oder undere Ursachen gebitdet werden. Wir belegen die Ratsamkeit, nicht
nur die Todesursache solcher Arbeiter festzustellen, die in der Industrie geblichen sind, sondern
auch derer, dic nur voriibergehend-—wic kurz auch immer—in der Industric beschifligt waren.
Unscro  Bereehnungen basicren nut der Aufrechterhallung der berufsmissig bedinglen
Bestrahlungsdosis pro Person und Juhe {iber den Zeitraum dev Untersuchung, dic sich tber
mchrero Jalirzehnte crstrecken kionnte.  Alerdings lisst sich eme Unmircehnung der eventuell

verdanderten Dosis leicht durchlGiliven.

Wir ticfern dariberhinaus Berechnungen der Minimalrisike-Ioetfizienten, soweil sio sich in
eier vorgegebenen Beobnelitungszeit feststetlen lassen. In Anbetracht der Tatsncbe, dass bei
ciner Arbeiterzaht von 3000 dicse geringsteon, messhnren Werto von ciner Gréssenordnung waren,
dic dio Erwartungen itberteal, ist klar, dass nur cine nationalo oder internationnlo Unlersuchung
dic Daten produzicren kann, dic selbst geringen Anspriichen Gentige tun.

Pestonme

I'[ZlGJ“OlLCHIUI HOAuanms CMCPTCﬁ O paka cpcjut repcoana, ])EIGO'I'Z\IOILLCI‘O B CCKPCTNLIX
yCnoBhsix ¢ l)x’UllliUlllCﬁ

Ta creneinn, 1 XoTOPoii BOIALHCTBHE PAMHAILILG B YC/I08HAX PABOTLI, clocoBCTRyCT CMEPTIIOCTIL
OT PAKA BAIHCT 1A BYLYIICE FNCPIETHUCCKOC PAsBITHE BCero mupa., Ona Takwe sunseres Gartopons,
ONPCACASIOUUIM PACXOALI, HATIPABACHIILIC 1A COKPALILCIIE YPOuHC pajnanmi, KoTopoit nojsep-
racTen nepcoitasl. B oToll cTaTLe MLl PACCMATPHBACM HCKOTOPHIC TPYHOCTH 1 ABANNIE CHTY AL
HOOPCACTABISICA PCIYIILTATE PACHCTOR, AMOUUIX OUCHKY JIPCANTOAATACMOIT CMCPTHOCTH OT BOY-
PRCTACHICUIPIICCKOTT PAJIHAILNL JUBl BCEX CHYHACE BHLIIBAHIOIO PAKQ 1t BCHOKPOBISE OTACALHO.
Bists BLICOKOE 3HAUCHIC CPC/AICTO BOSACHICTHIS PG HL TTCPCOHAS 31 IRUNKCHHYIO OlCHKY
CHABANHOCO PHCKR, MbL ODHApY®iuns, wro st cOOpa HORHLIX NANILIX, ONPCICHHIONHX BO3IHK-
HOBCHIC HEOIUIABM, BLIZLIBACMBIX PAIHALMCIT W APYTHMIE IPHMSTIAMIL, ToTPCOYCTCH MIOTOACTHII
0030p CMEPTHOCTIC epeist pabOTIIIKOB, COM3AIHLIX ¢ paipatucit, Mol HoKa3asi, 4To KEAATCHLIIO
OUPCACHSTH NPHUNNY CMepTH Kak s pabotinkon, npojosaxasinix paGorarti n aroit obnacri,
Tak 1 Jupt paboTHukon, rokuiyniusx 2ty o0iacTe, npopaboran B ncii BOIMOKIO it KOPOTKOC
ppess. Flanme oreHKin oCnoBaibl HA TOUCIRATHIN JIO3L1 DAL B PAJEX 113 OJIIOTO YCHOBCKA B
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FOA B TRHEHIE NEPHOUA HPOBCienns Halioacuil, KOTOPLIT MOKCT NPOJOAKATLCS HCCKOJIBRO
aecatisteTidt, OiHaKo MACITAG 3THX OUCHOK MOMET BLITH ACUKO M3 MeHeH Ut Mmoboit APy Toil 103b1.
Mt takwe onpeaensest KOIGGOUUMCHTLl HAMMCHLIICIO PHCKA, BLIBEACHHBIE 3a4 ONPCACACHNO
spems nabinosennst. [Tockonbky ann nepcotana p 3000 MEHOBEK ITH HAHMCHLIUINC BHIBEACINIBLIC
FHAMCHMSL BO MHOCO PA3 NPEBLILIIOT MPCAOAATACNMLIC, SCHO, MTO TONLKO FOCYHAPCTBCHILIT 13
MERAYHAPOAHBITL 0030D MOKET YCTAHOBHTL JIAHHLIC, AOCTATOMIILIE AAXC AJH CKPOMHBLIX HEHCit.
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