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Both from the point of view of contracted dose
and radiosensitivity, the human lung is the most
critical organ for late somatic health effects from
exposure to ionizing radiation in our environment.
Since the total radiation dose is dominated by the
exposure of the lung to natural airborne decay
products of the uranium and thorium decay chains
in the indoor environment, the tracheobronchial
region of the respiratory system generally receives
radiation doses which are at least an order of
magnitude above those of any other organ. The
high-LET radiation of the predominant alpha-
particles produces highly localized lung exposures
which are qualitatively different from the beta- and
gamma-irradiation dominating in the rest of the
body.

‘Radon, thoron and decay products

The noble gases radon (?2%radon), thoron (**°ra-
don) and their short-lived decay products are
members of the natural 2*%uranium and 2*2thor-

ium series. In the long decay chains from the ac-
tinides to stable lead, only gaseous radon is vola-
tile and hence able to enter the indoor environ-
ment or the atmosphere in large quantities to be-
come, through its decay products, a major contrib-
utor to the collective dose to mankind!. Figure 1
gives the half-lives and decay energies for the most
important natural series starting with **%uranium
and ending with the stable lead isotope 2°°Pb.
Radon mainly acts as a carrier of potential alpha-
decay energy from the ground to the biosphere.
Upon its decay in the air, the short-lived radon
daughters 2%:2!*polonium, 2'*lead, and 2"*bis-
muth will become attached to aerosol particles.
Inhalation and deposition of these particles lead
to a highly localized irradiation of the linings of the
respiratory tract. The direct source of radon and
its decay products is the 2*®radium present ubi-
quitously in soil, water, building materials and
natural gas. The half-life of 3.8 days allows the
noble gas 2??radon to diffuse or to be carried by
air or water over considerable distances.
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Fig. 1. Decay scheme from 2*®uranium to stable 2°®lead with half-lives, decay modes and energies (modified from Seelmann et al.

(1981)).
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220radon and ?!°radon (actinon) and their decay
products, formed in the ?*?thorium and ?33uran-
ium series, are of lesser importance because of
their short half-lives of 55.6 and 3.9 seconds, re-
spectively. The short average life prevents a large
fraction of these radon atoms from leaving the
matrix before further decay to nuclides of heavy
metal occurs.

Radiation exposures from radon and its decay
products provide the most important fraction of
the exposure to the general public from ionizing
radiation. In Switzerland the estimated average
annual lung dose is about 16 mSv, leading to
2 mSv H, per year.

Estimates of lung cancer risk from exposure to
radon daughters

Studies of uranium miners, which have sufficient
statistical power to allow an analysis of the shape of
the dose/effect relationship between exposure to
radon daughters and attributable excess lung can-
cer risk, point to or are compatible with a linear
relationship, without threshold, in the dose range
from zero to about 4 Sv H,. At higher cumulative
doses, the curve is often slightly downward con-
cave, i.e. predicts a lower relative or absolute excess
risk per unit dose®3. Cumulative doses above
4SvH, were accumulated in uncontrolled expo-
sures such as the ones prevailing in early uranium
mining. However, an assessment of the radiogenic
lung cancer risk in the controlled workplace or in
dwellings is restricted to much lower doses for
which a linear dose/effect relationship is the best
estimate*. The assumption of a proportional in-
crease of risk with dose still leaves several ques-
tions unanswered. Beside smoking and the two
different risk concepts treated separately in this
chapter, age at exposure, sex, and confounding
factors such as diesel fumes in mines, have to be
considered.

Epidemiological data for lung exposure to alpha-
radiation is mainly based on male populations.
Earlier findings of the Life Span Study in Hiro-
shima and Nagasaki on low-LET irradiation sug-
gested a similar absolute excess risk of lung cancer
for males and females>. Since the non-radiogenic
lung cancer incidence in females is lower, this
would translate into a much greater relative excess
risk from low-LET radiation for females. In view
of a new assessment of the data®, yielding no sig-
nificant differences in the risk factors for the two
sexes, the same relative risk for lung cancer is sug-
gested by ICRP?,

For adults, the relative lung cancer risk per unit
dose seems to be independent of the age at expo-
sure. However, data on exposed children from the
Life Span Study of the atomic bomb survivors sug-
gest a relative risk which is at least twice as large
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as that for adults in the same study’. On the other
end of the age scale, a recent paper by Hornung and
Meinhardt? shows a statistically significant effect
of age at initial exposure for U.S. uranium miners.
This contradicts the notion, based in part on the
findings from Hiroshima and Nagasaki, that the
risk coefficients in a relative model tend to decrease
with increasing age at exposure. Specifically, a
miner with the same radon daughter exposure and
smoking history, who was initially exposed 10 years
later in age than the control miner, would have a
32 percent higher risk of Iung cancer.
Confounding chemical and physical factors other
than smoking seem to be of surprisingly small im-
portance for the induction of lung cancer in miners.
Ore dust serves as an example. Its concentration
is more elevated near crushers above the ground
than in the mine proper, but this was shown to
have no influence on the lung cancer risk of the
personnel 8.

Beside the inference of risk from the epidemiolo-
gical investigation of exposed populations, lung
cancer risks associated with the exposure to
222radon and its decay products can also be char-
acterized via the radiation dose to the target cells.
This dosimetric approach which is used by many
investigators and committees (for an overview see
Nuclear Energy Agency ?; ICRP?), is based on the
quantification of dose to the stem cells of the
tracheo-bronchial tree. Unfortunately, the quanti-
tative information needed to derive a risk coeffi-
cient solely from these dosimetric models is clearly
not sufficient. Although aerosol characteristics, de-
position probabilities, and morphometric data of
the lung may be available for specific exposure
situations, much of the additional information
needed is based on assumptions which can not
be directly verified. Type, number, location, and
transformation probabilities of the target cells for
cancer induction are important but inadequately
characterized model parameters. Therefore, the
U.S. National Research Council, in its BEIRIV
report on the health risk of radon and other inter-
nally deposited alpha-emitters 1%, chose a purely
epidemiological approach for estimating lung can-
cer risks. Even so, it was accepted that dosimetric
models play an important role in the scaling and’
extrapolating of data from adult, physically work-
ing male populations, which dominate the epide-
miological studies on radon risks, to the general
public exposed to 22%radon and its decay products
in the indoor environment.

Relative risk models

A concise treatment of the relative risk projection
model for radon-induced lung cancer can be found
in ICRP Report 503, In the scope of this treatise,
dealing mainly with environmental exposures to
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Fig. 2. Cumulative probability distribution of the time averaged indoor ***radon concentrations during the winters of 1981/82 and
1982/83 in a sample of 152 single family dwellings in the Molasse Basin (Mittelland) of Switzerland (Crameri et al., 1989).

radon daughter radioactivity, two simplifying as-
sumptions can be made. If the exposure rate and
the relative excess cancer risk coefficient are con-
stants, i.e. not changing with time or age, the fol-
lowing equation for the total age-specific lung can-
cer rate emerges:

() =0p(t) x[1 +r xE x (t—7v)]

d(t): age-specific lung cancer mortality rate

8o (t): spontaneous lung cancer mortality rate in

-

= o

the unexposed individual

age

relative risk coefficient (assumed constant
over age)

annual exposure to radon daughters
latency period (time between exposure and
onset of elevated risk) (assumed to be con-
stant)
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The proportional hazard model can also be applied

‘to smokers. This would imply a multiplicative or
synergistic influence of tobacco smoke on the lung
cancer mortality rate. Such a relationship is often
suggested by epidemiological studies with a short
to moderate follow-up period. However, an up-
date of the lung cancer risk assessment of the U.S.
uranium miners suggests the presence of a consider-
able additive component for the extended follow-
up of populations at risk 2. Assuming the following
equation for smokers not exposed to iomnizing
radiation:

00,5 () = 0, ns (1) X [1 + S;(1)]
0.5 (1), 09, ns(t): age-specific lung cancer mortality
rate for smokers and non-smok-
ers, respectively

smoking factor characterizing the
synergistic influence of smoking

S, (1):

the total age-specific lung cancer mortality rate for
smokers in a relative risk model is given by:

05(t) = 9o, () x (1 +S,(O) x [T +r x Ex (t—y)]
spontaneous smoking radon

ka4 (33

The three terms “spontaneous”, “smoking” and
“radon” denote the corresponding contributions
to the total, age-specific lung cancer mortality rate.

of 20 years and continue smoking at the same rate
until the end of their life, the smoking factor S
amounts to about 0.7 per cigarette/day *" 2. For
non-smokers the second term is one or near to one
if possible detrimental health effects from passive
smoking are taken into account here.

In recent publications, relative risk models are
clearly favoured over absolute models for radia-
tion-induced carcinogenesis in man. Although they
tend to be in better agreement with the epidemio-
logical data, the large influence of age makes them
more prone to large errors for time intervals not
covered by the epidemiological follow-up. Under
the assumption of a fixed age-independent rela-
tive risk coefficient for the life span remaining
after the onset of expression of the cancer risk
(age at exposure plus latency period), many fatal-
ities will occur late in life in a period not yet cov-
ered in epidemiological studies. Figures 3 and 4
illustrate this point graphically for an acute and
a chronic life-time exposure, respectively. In both
situations, a constant relative risk coefficient and
an infinite expression period is assumed. The ini-
tial steeper increase of the RR in the bottom
graph of Figure 4 is a reflection of the three times
higher risk coefficient for ages below 20 assumed
by ICRP?3.

Absolute risk models

An absolute excess risk model assumes that the
radiogenic and other pathways leading to the
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appearance of lung cancer act independently.
Therefore no temporal correlation with the spon-
taneous or tobacco-dependent lung cancer rates,
which are both highly age-dependent, increasing
over a considerable part of the human life span
with the 4.5 and 5 power of age, respectively, is
sought. Although the prevalence of such models in
the past was mainly a matter of the methods in use
at that time, a biological basis could also be given.
A cancer induction mechanism with only one rate-
limiting step, such as a mutational event in a single
oncogene, may well serve as the basic theory for the
independence of radiogenic cancer induction in
man from other chemical or endogenous path-
ways.

For a single, acute exposure to ionizing radiation,
an absolute excess risk model will predict that, after
a latency period of several years, a constant excess
rate of lung cancer will be discernible in the popula-
tion for the remaining lifetime or for a fixed expres-
sion period. For a linear dose/effect relationship,
the model can be described by the following equa-
tion:

O0.(t, ) =a(t)xE(t,) for t>t,
and t>t, +7
0.: annual radiogenic excess lung cancer rate
t.,t: age at exposure, age at risk, respectively

a: absolute risk coefficient

E: Exposure at time t,

7:  latency period

to: 40 years (accounts for the fact that lung

cancer below the age of 40 is very rare)

For a chronic exposure situation such as the ex-
posure to radon daughters in the indoor environ-
ment, the annual excess lung cancer rate is given
by integrating exposures multiplied with age-
specific absolute risk coefficients. Assuming an
age-averaged risk factor (a,) and stable exposure
conditions, the excess radiogenic lung cancer rate
is given by:

0.(t) =a, xE, x (t—1)

a,: age-averaged absolute risk coefficient
E,: annual exposure in chronic exposure situations

for t> 40 years

For 2?2radon in the indoor environment, ICRP
gives an age-averaged risk coefficient (a,) of
1.1 x 10" year~!- (Bg/m3-h)~ 13,

From the models adopted by major committees
in the eighties, only the NCRP78 model'?® is
based on absolute risk, i.e. an additive rather than
multiplicative relationship between excess and
baseline risk. The radiation-induced excess risk is
assumed to be independent of smoking and sex.
The risk at a given age is only determined by ex-
posure level and time since exposure. There is a
latent period of 5 years with no excess risk; later
the lung cancer risk from radon exponentially de-
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Fig. 3. Age dependency of excess lung cancer mortality in the relative risk model after a single acute exposure of the lung leading
to a RR of 1.15. The curve for the “non-radiogenic” rate is based on the Swiss mortality for 1984 to 1985 (both sexes, smokers and

non-smokers; Schiiler, personal communication, 1987).

creases. In addition it is assumed that there is no
excess lung cancer risk before the age of 40. The
NCRP 78 model results in the following equa-
tion:

O (t., 1, E,S) = 9o (t,S) + 1077 x a()f(t —t.) x E
a(ty=1 if t>40
=0 if t<40

and
f(t—t,)=e 0Tt X@20 4f ¢t >3
=0 if t—t, <35

O, annual radiogenic incidence lung cancer
rate

3o (t,S): baseline rate for persons of age t with
smoking history S

te, L age at exposure, age, respectively
a: absolute risk coefficient
E: Exposure at time t,

The decrease in absolute risk coefficient with time
since exposure is based on a biological model
which assumes that stem cells in the bronchial
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Fig. 4. Age dependency of excess lung cancer mortality in the
relative risk mode! for a chronic exposure to 222radon and its
decay products. The lower graph shows the accumulation of
dose and the increase of the relative risk with time under the
assumption of a ten year latency period. The steeper increase of
the RR at the beginning is due to the higher excess risk coeffi-
cient below the age of 20.

epithelium, which are transformed by the radon
daughter exposure, have themselves a half-life for
survival or proliferation competence, i.e. are
cleared from the lung with time. The maximal
excess lung cancer risk occurs 5 years after cessa-
tion of exposure. From then on the radiogenic
risk decreases with age, which is in marked con-
trast to the non-radiogenic risk, which increases
dramatically with age until age 70. In the last few
years, the poor fit of the model with epidemiolo-
gical data from extended follow-up of miners and
the absence of a risk modifier for smoking led to
the demise of the NCRP approach.

Fitting the data, the BEIR IV model

Both the relative and the absolute excess risk mod-
els for a-radiation-induced lung cancer can be
fitted to available epidemiological data. However,
prediction of risk for age groups poorly repre-
sented in the human populations studied for ra-
diogenic lung cancer may vary considerably be-
tween the different models. Since recent develop-
ments indicate that the long-term excess risk is
somewhere between the projections from relative
and absolute models®>1° a pure relative risk
model with a life-long expression period may sub-
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stantially overestimate the lung cancer mortality
risk from ionizing radiation for age segments with
high spontaneous lung cancer mortality, i.e. older
age groups. The resulting misperception is further
increased because of the decreasing individual and
societal detriment with increasing age at diagnosis
of the lung cancer. In many recent approaches, a
cancer occurring in old age is weighted less than
a fatal cancer early in life. This is done by nor-
malizing the impact of the health detriment on an
index of harm, e.g. on a scale of loss of life expec-
tancy !, The first problem can be alleviated by
introducing correcting elements into the models.
To get a better fit of the relative excess model for
the Hiroshima/Nagasaki data, the relative excess
risk coefficient for exposure below the age of 20
is taken to be 3 times larger than for adults, thus
correcting the very low risk prediction of this
model for younger age groups®. This finding
from low-LET radiation has a very low statistical
power. To use it on exposures to a-irradiation
early in life is prone to large uncertainties. A
limitation of the expression period or a decrease
of the relative excess risk coefficient after a cer-
tain time since exposure for radiogenic lung can-
cer mortality could also be envisaged in view of
the latest findings® 1%, In the absolute model,
which tends to overestimate risk at lower ages
and to underestimate at higher ages, the validity
of the model may be restricted to people above
the age of 40, and a longer latency period may be
assumed 13,
The BEIR IV '° report contains a careful and so-
phisticated approach to fit a model to epidemio-
logical data from miner populations. In its analy-
ses, the committee focused on the following po-
tential risk factors:
— cumulative exposure
duration of exposure
~ age at which risk is being evaluated
— age at first exposure
— time since cessation of exposure
— time since different parts of exposure
— effects of smoking (only in the Colorado Plateau
uranium miner cohort)

The BEIR IV committee used a relative risk mod-
el, i.e. the ratio of the excess risk to the back-
ground age-specific risk, to examine how the age-
specific risk depends on the above variables. The
report states that this was done by making a
cross-classification of numbers of lung-cancer
deaths and person-years at risk, by categories of
these variables, and then fitting models to the
rates given by the ratio of deaths to person-years
in such a tabular cross-classification. The regres-
sion models were fitted with a Poisson probabil-
ity model for the number of deaths in each cell of
the table, where the expected value was taken as
the product of the person-years at risk for the
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Fig. 5. Excess incidence rates for lung cancer induced by expo-
sure to 1 WLM (about 7 mSv H,) by sex and two exposure ages
in non-smokers as predicted by the NCRP 78, ICRP 50, and
BEIR IV models (Land, 1989, based on U.S. life tables and
non-radiogenic incidence rates). I: NCRP 78; II: ICRP 50; III:
BEIRIV; E: Exposure a,b: Changes in the BEIRIV risk es-
timate due to “age at risk”’-dependent reduction steps (a) and
due to “time since exposure”-dependent reduction steps (b).

cell and a cancer rate given by the parametric
model. This work is described in depth in Annex
2A of the BEIR IV report *°. The starting point of
the analysis was the following general mathemati-
cal form of the relative risk:

6(a)=23o@[1 + {f xy@) x W}]

6(a): lung-cancer mortality rate for a given age
and calender period

d,(a): background or baseline risk of the lung-
cancer mortality in the population
W:  cumulative exposure in WLM at 5 years

before age a.

WLM (working level month): cumulative
exposure, equivalent to the exposure to
one working level (WL, 3700Bq-m~3 of
222Rn in equilibrium with its short-lived
daughters) for a working month (170
hours); 1 WLM corresponds to a dose of
8.5mSv H, (occupational) and 5.5mSvH,
(non-occupational), respectively

B: basic slope of the dose-response relation

7 (v):

modifying effects of variables (v) other than
cumulative exposure
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Fig. 6. As figure 5, but for smokers. I. NCRP 78; II: ICRP 50;
III: BEIR IV.

This general form assumes that exposures have no
substantial effect on risk of lung-cancer mortality
for the first 5 years, and that risk increases linear-
ly with cumulative dose. The analyses were made
both by comparison with external population rates
and by internal comparisons (e.g. low to high ex-
posures). For external comparisons, population
rates were standardized to make them consistent
with the experience of the cohort(s) at zero (sur-
face workers) and low exposures. Thus, external
rates were used only to incorporate knowledge of
lung-cancer mortality trends in age and calendar
time. No significant effects on relative risk due to
age at first exposure or duration of exposure (dose
rate) were found when the model was applied to
the four cohorts studied. However, risk per unit
exposure decreased at very high cumulative doses
above 2,000 WLM. Consistent and significant ef-
fects of age a, at which risk is evaluated (age at
risk), and of time since cessation of exposure were
seen. The excess relative risk per unit exposure
decreased substantially with an increase in each of
these two variables.

The BEIR IV committee felt that for prolonged
exposures, early exposures may contribute less to
the risk later in life, and tried to fit a time since
exposure (TSE) model, which contained three
time intervals prior to a specified age at risk. The
3 intervals were first the 5™ to the 9" year (5-10),
the 10™ to the 14™ year (10—15), and 15 and more
years. Correspondingly, the equation was modi-
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fied to contain weighting factors for the different
exposure periods:

o) =6p@)[1+ LW, + 60, W, +0,W,)]

B: estimated parameter set arbitrarily to
give 6, =1

W;, W,, W;: dose in WLM received in three time
periods prior to a specified age at
risk.

0,,05: weighting factors; effect of exposures

relative to those in the time-interval
window 5-10 years ago.

Analyses of the separate cohorts with this model
showed consistent effects of time since exposure.
It was further determined by the committee that
effects of age at risk on the relative risk coefficient
had to be taken into account. In addition, more
precise estimations of parameters were possible by
pooling the data from the different cohorts. These
last steps in the formulation of the equation
yielded:

o(@)=3do@[1+ By (a) (W, +0, W, + 0, W,)]

f:  estimated parameter set arbitrarily to give
0, = 1 for each cohort

y(a): effect of age at risk

The four analyses of different cohorts showed
quite consistent results with a decline in excess re-
lative risk with both age at risk evaluation and
time since exposure. The differences between the
cohorts, albeit quite large, were as close to one
another as could be expected from statistical va-
riation, even if all the exposures had been esti-
mated perfectly or with the same bias. No con-
sistent effects from age at first exposure or rate of
exposure on the excess relative risk in the com-
bined data from the four cohorts were found.
Since the risk due to the exposures in the first
two intervals (5-10 and 10-15 years) showed no
significant differences, the two time periods were
pooled. To account for the decrease of relative
risk dependent of age at risk, three age categories
of less than 55, 55-64, and 65 years of age or
more were formed. The BEIRIV committee fi-
nally arrived at the following numerical values
for the general equation:

0(a) =d5(@)[1 +0.025y(a) (W, +0.5W,)]
do(a): age-specific background lung-cancer mor-

tality rate

1.2 for age a less than 55 years

1.0 for age a between 55-64 years

0.4 for age a being 65 years or more

W;: dose in WLM incurred between 5 and 15
years before risk evaluation

dose in WLM incurred 15 years or more
before risk evaluation.

7 (a):

W,:

Soz Priventivmed 1991; 36: 255-265

The decreasing values of y(a) with age are a re-
flection of the increase of real risk with age, as
seen in the epidemiological studies, which is
clearly less than predicted from the relative risk
model with constant risk coefficient. The risk for
the miner cohorts studied has both an absolute
and a relative component. Whereas in the BEIR
III report '3, an absolute model was fitted to the
data by introducing absolute risk coefficients in-
creasing with age, the new approach reduces the
relative risk coefficients with age. The abrupt
changes of risk at the boundaries of the age inter-
vals are artefacts of the simple step function. The
actual pattern is thought to be gradual1°.
Applying the BEIR IV model to the US population
living in single-family homes, Lubin and Boice !¢
estimate that about 14% of lung cancer deaths
among such residents (about 13300 deaths per
year) may be due to indoor radon exposure.

Risk in terms of loss of life expectancy

For a risk which is highly skewed over the aver-

" age life-span, the loss of life expectancy is a much

better index of harm than the pooling of deaths
occurring at different stages of life. The influence
of acute or chronic exposure to ionizing radia-
tion on survival probability can be calculated for
both models based on exposures, risk coefficients
and age-dependent lung cancer frequencies for
unexposed populations?’ when using a relative
risk model. If L, is the life expectancy at birth
without any radiation exposure to the lung, the
loss of life expectancy (4y,) is given by:

AerLo“L

L: predicted life expectancy for exposed
individual

ICRP Report 50 uses mean relative excess lung
cancer risk coefficients for 2??radon (EEC) of
3x107% and 1 x 10 8 per Bq - h-m~3 for expo-
sures below and above the age of 20 years, respec-
tively. These values have been used to derive the
following relationship for a reference population
exposed to **?radon and its progeny in the indoor
environment:

4, ~14x10"*x E, (days)

E,: annual indoor exposure in Bq-h-m™3
(activity as EEC)

The mean life expectancy in the absence of any
exposure to radiation (L,) in the reference popu-
lation is taken as 72.5 years and the exposure is
assumed to be constant over the whole life-span.
For a typical average 2??radon indoor concen-
tration of 15Bq-m~3 (EEC) over a lifetime,
the resulting annual exposure of about 1.1 x
10°Bg - h-m~? would lead to a cumulative dose
of 70 mSvH, and to an attributable loss of life



Soz Praventivmed 1991; 36: 255-265

expectancy of about 16 days®. Taking the time-
averaged indoor radon gas concentrations at the
boundary of the upper 10th percentile and 1st
percentile of the dwellings measured in Southeast-
ern Switzerland of 650 and 1,560 Bq-m™?2, and
assuming an equilibrium factor of 0.5'%, the
theoretical attributable loss of life expectancy
amounts to about 340 and 810 days, respectively.
Even such a considerable risk will be difficult to
detect, because few people will live their entire life
in a dwelling in which these indoor radon levels
prevail for decades.

Comparison of the major risk projections

From 1984 to 1988, three committees published
independent assessments of the risks from **?ra-
don and its short-lived daughter products. The
models put forward in these publications by the
U.S. National Council on Radiation Protection
and Measurements, NCRP, in the NCRP report
7813, by ICRP in ICRP report 503, and by a
committee of the U.S. National Research Council
in the BEIR IV report'? are quite different. Since
they are based mainly on the same epidemiologi-
cal base, and for the first two, on similar dosimet-
ric and morphometric data of the lung, the dif-
ferent concepts of risks and numerical risk coeffi-
cients evolving are a vivid remainder of the many
uncertainties involved in quantifying radiation
hazards even at moderate to high doses. These
uncertainties make the interpretation of essential-
ly the same body of data highly dependent on the
choices and philosophies of the expert groups in-
volved. A comparison of the three models may
help in understanding the general problems and
expose the unsettled issues. The following discus-
sion is based mainly on a comparative review of
the models by Land *°,

The NCRP model uses an absolute risk concept.
This means that the radiation-induced excess risk
is independent of smoking. The dependence on
age is restricted to the assumption that there is no
excess risk before the age of 40. Excess risk starts
5 years after exposure and decreases subsequently
as a negative exponential. The relative risk models
of ICRP and BEIR IV both assume that the ex-
cess risk from radiation exposure is a multiple of
the baseline rate and therefore depends strongly
upon age, sex, and smoking history. In the ICRP
model, the relative risk coefficient is dependent on
age at exposure, i.e. 3 times higher below the age of
20. In the BEIR IV model, the coefficient is inde-
pendent of age at exposure but dependent upon
attained age. [t decreases by 17 percent (from 1.2
to 1) at age 55 and another 60 percent (from 1
to 0.4) at age 65. Another difference is in the min-
imal latent period which is 5 years for BEIR IV
(and NCRP 78) but 10 years for ICRP 50. In addi-
tion, the excess relative risk of BEIR IV remains
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Tab. 1. Estimated lifetime excess lung cancer risk per 100000
persons exposed to 1 WLM (about 7mSv H,) in a single year,
by model, smoking status (non-smokers vs. present smokers of
1 or more packs per day), exposure age, and sex (Land, 1989).
Based on U.S. lifetables and smoking risks. Lifetables corrected
for greater all-cause mortality among smokers.

Exposure Sex Model
age
NCRP78 ICRP50 BEIRIV

Non-Smokers

15 Female 8.8 9.5 39
Male 8.1 22.9 8.5

35 F 17.5 3.1 4.2
M 16.2 7.5 9.0

55 F 11.9 1.9 34
M 10.1 5.2 8.6

Smokers

15 F 8.3 164.8 69.9
M 7.2 3271 132.3

35 F 16.6 527 774
M 14.4 106.6 143.5

55 F 10.4 30.5 60.1
M 74 65.6 128.9

constant for 15 years, and then drops to 50 per-
cent for the time thereafter. Figures5 and 6
adapted from Land!® show the large differences

“in predicted risk per unit exposure between the

three expert groups. Predictably, the range of
model projections is relatively small for exposures
at ages covered well in the cohorts studied, i.e.
20 to 50 years. For the prediction of risk from
exposures during childhood and from smoking
as a cofactor in 22%radon induced lung cancer,
the range of values becomes very large. The great-
est range in Table 1 is found for smoking males
exposed at age 15. The difference between the
ICRP 50 estimate of 327 excess lung cancers life-
time risk in 100,000 smoking males exposed to
1 WLM at the age 15 versus only 7.2 lung cancer
deaths according to the NCRP 78 model amounts
to a factor of 45°. This disagreement for a scena-
rio not covered by the available observations of
radon exposed cohorts is a result of the higher
relative risk coefficient for younger age groups
(age at exposure less than 20 years) and of the
synergistic (multiplicative) model for the influence
of smoking used by ICRP. In the model of the
NCRP 78 report, smoking has no effect on the
absolute excess cancer risk from radon. The as-
sumption that there is no excess risk before the
age 40 even reduces the lifetime risk from early
exposures (before age 35), because the early part
of the expression period with the highest annual
risk per unit dose no longer causes any lung can-
cer deaths with the NCRP assumption. The effect
on lifetime risk is important since the excess risk
function used in the NCRP model decreases ex-
ponentially with increasing time since exposure.
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Tab. 2. Estimated absolute and relative risk coefficients for lung
cancer mortality resulting from exposure to alpha-radiation
from 22?radon in the working environment (bold numbers
denote original format).

Absolute risk model

cases per 10° person-years Lit.
per WLM per SvH_*
BEIRI 6.5 760 BEIR, 1972
BEIR III BEIR, 1980
under 35° 0 0
35-49 10 1,180
50-65 20 2,350
65+ 50 5,880
ICRP32 5-15 590 - 1,760 ICRP, 1981
ICRP 50 10 1,180 ICRP, 1987
NCRP78 10 1,180 NCRP, 1984

Relative risk model
relative excess risk coefficient

per WLM per SvH,
ICRP 50 0.01 12 ICRP, 1987
BEIRIV (0.0134)° (1.6)° BEIR, 1988

* Occupational conversion factor of 8.5 and 3mSv per WLM
exposure to 2?%radon and %2°radon, respectively (Nuclear
Energy Agency, 1983).

® Age at diagnosis of cancer (years).

¢ Average of all cohorts, modifying effects of variables other
than cumulative exposure not taken into account, constant-
relative-risk model.

Table 2 gives a comparison of risk coefficients for
occupational exposures and adults.

Most disturbing are differences in risk projections
from exposures typical of the experience of uran-
ium miners, since data from miner cohorts form
the base of all model validations. Land!® finds
a 10-fold difference between the BEIR IV and
NCRP 78 model predictions for smoking males
exposed at the age of 35 (Table 1). Such differ-
ences between the committees can only be re-
solved by adopting similar stands on the question
of synergism with smoking, on the dependence of
the risk on age at exposure, and on the decrease of
risk with time since exposure. Additional follow-
up may yield additional clues, but the decision

of how much to rely on uranium miner data, and

how much to rely on the information from the
survivors of Hiroshima/Nagasaki, for the estima-
tion of risk from low-level chronic exposure to
222radon in the indoor environment, is a matter of
health physics policy. The adoption of only the
conservative elements from both sets of data, i.e.
synergism with smoking from the miner data,
higher risk from exposure early in life, and a fixed
non-decaying excess relative risk for the remain-
ing life-span from the bomb survivors data, may
overestimate the real risk. This approach is, how-
ever, in line with the philosophy of the ICRP and
the health physics community in general.
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Summary

The considerable radiosensitivity of the human
lung together with the highly localized a-doses in
the bronchial and pulmonary regions from natu-
rally occurring and man-enhanced radon decay
products make the respiratory tract the most crit-
ical organ for cancer from exposure to ionizing
radiation in our environment. From indoor ra-
don, the tracheobronchial region of the lung gen-
erally receives radiation doses which are at least
an order of magnitude above the total dose to any
other organ. Excess lung cancer deaths found in
epidemiological studies on heavily exposed popu-
lations of miners can be fitted reasonably well
to a relative risk model, when declines in relative
risk with both age at risk evaluation, and time
since exposure, are incorporated. Smoking seems
to act synergistically. A comparison of the major
radon risk projections shows considerable dis-
crepancies in the best estimates of risk, indicating
that the uncertainties remain large.

Résumé

Cancer du poumon et rayonnement alpha

La radiosensibilité considérable du poumon com-
binée aux doses « treés localisées dans les régions
bronchiques et pulmonaires, provenant des dérivés
du Radon engendrés de maniere naturelle et par
I’homme, rendent le systéme respiratoire 1'organe
le plus critique pour les cancers diis au rayonne-
ment ionisant de I'environement. Les doses de ra-
diation provenant du Radon des batiments et
regues par la partie trachéobronchique du pou-
mon, correspondent a un ordre de grandeur su-
périeur a la dose totale de tout autre organe.
I’excés de cancers pulmonaires, ressortant d’étu-
des epidémiologiques sur des populations de mi-
neurs fortement exposées, correspond relative-
ment bien au modé¢le de risque, dans la mesure ou
celui-ci tient compte du risque relatif di a I'age
et au temps écoulé depuis I'exposition. Fumer
semble avoir un effet synergique. Une compa-
raison des principales projections de risque liés
au Radon montre une divergence considérable
entre les différents modeéles ¢tudiés. Cela démontre
que Vincertitude dans I'interprétation des résultats
reste grande.

Zusammenfassung

Lungenkrebs und Alpha-Strahlen

Die recht hohe Strahlenempfindlichkeit der Lunge
zusammen mit den sehr lokalen a-Dosen im bron-
chialen und pulmonéren Bereich durch natiirlich
und zivilisatorisch bedingte Radon-Zerfallspro-
dukte machen das Atemorgan zum Kkritischsten
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Organ fiir Krebsinduktion durch ionisierende
Umweltstrahlung. Die Strahlendosen im tracheo-
bronchialen Bereich der Lunge, resultierend vom
Radon in der Innenluft von Gebduden, sind min-
destens eine Grossenordnung héher als die Ge-
samtdosen anderer Organe. Die zusitzlichen
Lungenkrebstoten, die in epidemiologischen Stu-
dien iber stark exponierte Bergwerkarbeiter ge-
funden wurden, werden durch ein relatives Ri-
sikomodell recht gut vorausgesagt, sofern ein Ab-
fall des relativen Risikos sowohl mit Alter bei der
Risikoevaluation als auch mit der Zeitspanne seit
Exposition angenommen wird. Rauchen scheint
synergistisch zu wirken. Ein Vergleich der wich-
tigsten Radon-Risikoprojektionen ergibt bedeu-
tende Diskrepanzen zwischen den verschiedenen
Modellaussagen. Dies zeigt auf, dass die Projek-
tionen weiterhin grosse Unsicherheiten aufweisen.
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