<

o
A s &

£

o

LBL-14772

¢ >~

Lawrence Berkeley Laboratory

UNIVERSITY OF CALIFORNIA

LAWRENCE

R’ECE[VE@

r TR
POCUMENTS secrioy
Presented as Invited Faculty, Health Physics Society
Summer School, Las Vegas, NV, June 21-25, 1982
CARCINOGENESIS AND LOW-LEVEL IONIZING RADIATION
WITH SPECIAL REFERENCE TO LUNG CANCER AND EXPOSURE
TO RADON DAUGHTERS i ~
Jacob I. Fabrikant TWO-WEEK LOAN COPY
April 1982 This is a Library Circulating Copy.
' P which may be borrowed for two weeks.
L - For a personal retention copy, call
‘ ————— Tech. Info. Division, Ext. 6782. '

Vaboratony

Bioloqu &
f medi?e. _

3

- Division

Prebared for the U.S. Department of Energy under Contract DE-AC03-76SF00098

~ 2
v/ ! bHlI— 191



DISCLAIMER

This document was prepared as an account of work sponsored by the United States '
Government. While this document is believed to contain correct information, neither the
United States Government nor any agency thereof, nor the Regents of the University of
California, nor any of their employees, makes any warranty, express or implied, or
assumes any legal responsibility for the accuracy, completeness, or usefulness of any
information, apparatus, product, or process disclosed, or represents that its use would not
infringe privately owned rights. Reference herein to any specific commercial product,
process, or service by its trade name, trademark, manufacturer, or otherwise, does not
necessarily constitute or imply its endorsement, recommendation, or favoring by the
United States Government or any agency thereof, or the Regents of the University of
California. The views and opinions of authors expressed herein do not necessarily state or
reflect those of the United States Government or any agency thereof or the Regents of the
University of California. ‘




@

iyt

Fabrikant 1

CARCINOGENESIS AND LOW-LEVEL IONIZING RADIATION
WITH SPECIAL REFERENCE TO LUNG CANCER AND
EXPOSURE TO RADON DAUGHTERS!»2

Jacob I. Fabrikant MD, Ph.D.,>*%

: -Lawrence Berkeley Laboratory
" Donner Laboratory and Graduate Biophysics
University of California
Berkeley, California

and
Department of Radiology

University of California School of Medicine -
San Francisco, California

Presented as Invited Faculty, Health Phys1cs Soc1ety Summer Schoo] Las

Vegas, Nevada, June 21-25, 1982.

Research supported by the 0ff1ce Of'Health and Environmental Research of

the U.S. Department of Energy under contract No. DE-ACO3-76$F00098

Professor of Rad1ology, Un1vers1ty of California School of Med1c1ne .San
Francisco, California, and Graduate B1ophys1cs, University of Cal1forn1a,
Berkeley. - . v

Mailing Address: Donner Labdratory, University of Ca]ifornia, Berkeley,
California 94720. : ' . 4



Fabrikant 2

~ INTRODUCT ION

There are a number of important health effectsvof'ionizing radiation, such
as induction of cataracts in the lens of the eye or ihpairment of fertility,
but the fhree impbrtant late éffects - carcinogenesis, teratogenesis and
mutagenesis - sfand ouf as those of greatest concern. This is because a
considerable amount of scientific information is known from epidemio]ogﬁca]
studies of exposed human populations and from laboratory animal experiments.
Furthermore, we believe that any exposure to radiation, even at low levels of
dose, carries some risk of such deleterious effects. And as the dose of
radiation inéreasés above'very_low'1evels, the risk of these deleterious
health effects increases in'e*bosed human pbpuiétipns. It is these latter
observations that have been céntral to pub]ic‘concern about the potential

health effects of low-level radiation, and to the task of estimating risks and

of establishing standards for pfbtection of the health of exposed populations

(Fa80; Fa8la).

Cancer-induction is considered to be the moét important late somatic
effect of Tow-dose ionizing radiation (BEIR80). So)id cancers arising in the
various organs and tissues bf the body, such as the female breast and the
thyroid gland, rather than leukemia, are the principal late effects in
individuals exposed to radiation. The different tissues appear to vary
greaf]y in their relative susceptibi1ity to cancer-induction by radiation..
The most frequent]y occurring radiation-induced cancers in man include, in
decreasing order of susceptibility: the female breast, thé thyroid gland,
especially in'young>chi]dren and females, the blood-forming tissues, the lung,
certain organs of the gastrointestinal tract, and the bones. There are a
“number of biological and physical factors affecting the cancer‘risk, such as
age af the time of irradiation, and at the‘time of éxpression of the disease,

sex, life-style, and radiation factors and types - LET and RBE.

o’
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At'the,present time, two issues compel public po]ity decision-mak ing with
regard to the risk of health effects in human populations‘ exposed to low-level -
radiation. First, while much has been learned about the health effects of high
doses of radiation exposure, scientists are still uncertain about how ionizing
radiation causes detrimental’healfh effects, gnd particularly cancer, and how
to predict the effécts of exposure to low doses. Second, with increasing use
of materials and processes that produte ionizing radiations, it has become
increasingly important to answer these questions. Despite the"uncertéinty
‘about 1ow#1eve] radiation risks, federa] and international regulatory and
advisory bodies must set standards for radiation exposure, andffndividuals
‘need information to be able to make informed judgments for themselves. -
| From the point of view of the policy maker, the ovér-riding concern for
regulatory standards is the fact that small doses of radiation received by
individUa]s'in‘a population can cause that group of people to have more
cancers than would otherwise be.expécted.( The key point is that while concern
for all radiation health effects exists, our human experience is limited almost
entirely to cancer-induction in exposed Human populations. Furthermore, while
scientific researchers recognize the important implications about the sequénce
| of events which leads to a particular biological effect, notably mutagenesis
or carcinogenesis; public policy makers are compelled to deal with current
practical issues. Fbr example, while the total number or the incidence .of ill-
health a particular mutagen may cause in a population and for all subsequent
generations is important, an equally important practical issue for pub]ic;_
policy is the loss of life expectancy, that is, the additional years the

average person -would have lived if not exposed to carcinogens.
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For these reasons, our discussion this afternoon is: limited to cancer risk

estimation and dec1s1on-mak1ng in re]at1on to the hea]th effects on populat1ons

”“ of exposure to Tow levels of 1on121ng rad1at10n Here, low-level rad1at1on

exposure is a relative term that is d1ff1cu]t to define preciSE1yl"There fs
no scientific consensus on a precise definition. ~Whether a part1cu1ar dose or
dose-rate of rad1at1on is. cons1dered 1ow depends on circumstances and

factors---the source and type of rad1at1on the part of the body 1rrad1ated

and even the scientific or political questlon In view of our ass1gnment the

term “1ow-1eve1" radiation will refer to year]y who]e-body doses up to 5. rems
or 0.05 Sv or to cumulative doses up to 50 rems or 0.5 Sv from Tow-LET

radiation and from h1gh LET radlat10n._

| WHAT IS THE FORM OF THE DOSE-RESPONSE RELATIONSHIP AT LOW-DOSE LEVELS7

At low. and moderate radiation doses, the carc1nogen1c risk of 1on1z1ng
redtat1on is an increasing function of the’ennunt rece1ved.‘.However, the
preCfse functional form of the ‘dose-response relationship remains controver
| sioT, and 1t»is this issue, more\than any other, thet‘remains central to the
problem‘of estimating the carcinogenic risk of low-level radiation (Fo80;
FéSla) Such risk estimates for practical radiation protection in the 1ow-dose
.reg1on usually are derived from extrapo]at1on from data about populations
.exposed to high-dose 1evels.' The method of extrapolation ultimately rests on
the form assumed mathematically for the dose-response curve.

It is of consdderable importance that the‘dose-response patterns in humans
are based on epidemiological surveys, on laboratory animal experiments, on
biophysical and mathematical theory, and on statistical methods. Because of
the difficulties of obtaining and interpreting low-dose data on exposed human

populations, it has become necessary to determine how the health effects at

'J«
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low doses are related to thdsevdt high doseé.‘ Using these hfgh4dose data
obtained from reliable epidemiological surveys, radiation scientists attempt |
to estimate the extent and-number of ca5cers caused by low-dose radiation in

an exposed population. 'Toféxtrapolafe to low-dose effects from such high-dose
data, it is now acceptedvfhat the Use offapprbpriate mathematical equations or
models may be used. However, it is recognized that such procedures are fraught
with numerous uncertainties (BEIRBO).

If it is assuméd that at the biophysical Tevel of the cell gé?m']ine and
somatic cells share Cdmmon“events of }édiation-indUCed lesions in DNA, then a
general from of'a'dbse—ﬁesponse ré1ation§hip emerges which ‘explains the nature,
site, and magnitude of the radiation injury---cell lethality, mutétion;-or
transformation (Figure l).v | o

The 1inear-no threshold model assumes ‘that any’radiétion expdsurE‘cafriéS'
some risk. It further assumes that éaﬁéér incidencé is proportional to
absorbed radiation dose. In other words, if the'radiation dose doubles, then .
the number of cancers induced by radiation in the exposedfpopUIation doubles.
There is some sﬁppoft for ‘this form in certain epidemiological studies, e.g.,
breast cancer (Bo79). The 1972 BEIR Committee (BEIR72) used the linear model
to estimate the risk of cancer induction from 10Q—dose, Tow-LET radiation.
This model is also the basis of radiation protection standards (ICRP77) since
it fs considered conservative. | |

There is evidence that a quadfatic-dose-response re]ationship occurs in
certainfradiation;induced'cancers; and fhis is particularly the case for higher
dose levels. In this’mode],.there is a four<fold increase in cancers as the
radiation dose doubles. "t follows that the quadratic dpse-responée model
suggests that in the low-dose region, progressively 1dwer.doses of radiation

are much less harmful than predicted by the linear model.
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‘Many epidemological studies_and laboratory animal experiments suggest a
dose-response relationship which tékes the form of the linear model at very
low doses, and the quadratic form;ét higher doses;-this is the linear—quadratic
model. The 1980 BEIR Committee (BEIR8O) considered thjs.model'most;ffequently
for estimation‘of cancer risk for low-dose, Tow-LET who]efbody radiation,
because this re]étioﬁship appears to be consistent with epidemiological (human)
and radiobiological (animal) déta, in pkefefence to more extreme dose-response
models, such as the Tinear and the pure quadratic (BEIR80).

When comparison of the three dose response models is made, then
extrapolation from existing_high-ddse data to the low-dose region where data
are not available can lead to inaccurate or incorrect estimation of risk. The
importance of this observation in the estimation of radiation risk impacts
considerably on the assessment of radiation risk.. The 1980 BEfR Commfttee .
(BEIR80) noted the probability that the linear model 1ea95 to overestimates of
the risk of most cancers from 1bw-LET radiation..vHowevef,.thé Committee
pointed out that for exposure to highQLET rédiatibn linear rfsk estimates for
low doses are less likely to overestiméte_risk, and may, in fact,'underestimate
risk (BEIRSO). | |

" There has been some argﬁment'thdt models exist which dembnstrate‘a much
higher risk per unit dose at low-dose levels than'at high-dose levels. 1In
other words, such models pfedict that lower doses of radiation are much mbre
harmful than predicted by the linear model. Ohe mathematical model.of this
kind has a "supralinear" dose-response relationship at the lower dose levels A
(NRCP80). One form is the "square root of dose model" (GAO81) which predicts
a 40 percent increase in éadiationzinduced cancer of the radiation dose
doubles. The results of a few recent studies which claim a much larger risk

per unit dose at low doses than at high doses also claim to support this
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model. A form of this model may obtain for high-LET radiations or for

genetically susceptible subpopulations, but this is not known. Those

~epidemiological studies that have been cited to support the form of the square

root of dose model1 have been seriously criticized on methodological grounds

(NRCP80) ..

HONIVALID ARE THESE DOSE-RESPONSE CURVES FOR EXTRAPOLATION INTO THE
- LOW-DOSE REGION? |

The chief sources of epidemiological data currently considered for risk
estimation of radiation-induced cancer in man are the Japanese atomic-bomb
survivors exposed td whole-body irrédiation at H;roshjma and'ngasaki’(Be77),
the Eng]iﬁh ﬁatients-with ankylosing spondylitis (Co65) and otﬁer patients‘who
were exposed'to partial body irradiation therapeutica1iy (Sh77); or to
diagnostic~medica]5radiation (Bo77) and various occupational]&-expoﬁed worker
populations (Ar76; Ro78) such as uranium miners and radium watch dial
painters. All authors of these surveys assume that a person exposed to a
radiation dose, D, will, after some minimal latency time, sustain an annual

)

probability, P(D), for contracting and succumbing to a particular malignant

neoplasm (Figure 1). Thus, one simple family of doSe-response relationships

which have been repeatedly observed in human studies and in laboratory animal

experiments takes the form P(D) = +,BDk. a is the risk caused by background

and medical radiation and nonradiation causes. When k = 1, the simple dose-
response model is linear; when k = 2, quadratic; when k = 5; Squarevroot.
Slightly more elaborate models include those of the form P(D) = a + 810k1

+ BZDkZ.' When ki =1 and k2 = 2, the dose-response: model is.linear-

quadratic. Another functional form is P(D) = (a+sDk)e'7D. The exponential

damping factor implies that at a certain dose level, additional radiation
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reduces the cancér risk. There are few epidemiological studies in which this
damping factor ispencountered; the modé] has been valuable in the study of the
radium dial-painters (Ro78).

Studies attempting to apply these various forms of dose-responsevmodels-to
~ the Bfitish ankylosing spondylitis patients (Co65), the U.S. uranium miners
v(Ar76), the‘U.S. radium dial paintersv(Ro78), and the Japanese atomic-bomb
survivors (Be77) resulted in a number of'impbrtant observations and conclusions
on the validity of these dose-response models applied to the humanvdata
(Figure 2). |

First, the precise functional form of the dq;e-response curve for
Céncer-induction by radiation is in dispute,-and remains so. This appears fo'
be the case, because the data available are unable to select a particular -
dose-response curve from Among the various forms that can be tested reliably.
In all individual data sets, more than one dose-response Curve give an
acceptale fit. Dose-response curves derived from various forms of the

k model, whether linear, 1inear-quadratic, quadratic, or

P(D) = a + 8D
square root, at low levels of dose all gave acceptable fits for at least one -
data set. If a dose-response curve gives an acceptable fit to the data, it
does not necessarily mean that the curve is the correct one. In general,.
.stqtistica1vtests on radiation epidemiological data can show that some -
'dose-response»curves are wrong, but they cannot show which one is-correcf. By
‘and large the epidemiological data of a particular population can fit a number
of functional forms of dbse~response relationships, and do not necessarily
discriminate in favor of any one form (BEIRS0).

One must conclude that it is very unlikely that the best or most

appropriate functional form of dose-response curves for cancer induction in

humans exposéd to lTow-level radiation will be resolved using statistical

T2
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me thods onIy} - Studies of human populations exposed to IeW-dose radiation

cannot be expected to determ1ne the relat1onsh1p between Iow-IeveI 1on1z1ng
radiation exposure in man. It wouId appear that what is needed 1s a better
understand1ng of the fundamental mechanisms by which cancers are induced by

rad1at1on (Up77)

WHAT IS THE SIGNIFICANCE OF THE LATENCY PERIOD IN ESTIMATING
'CANCER RISK OF LOW- LEVEL RADIATION7

From the t1me of induction of the rad1at1on 1es1on in DNA to the time of
appearance of a neop]asm in a human being, something caused cancer. Because a
complex cha1n of events occurred, or d1d not occur, a part1cu1ar cancer may
have many causes, and interfering w1th any one of them may or may not have
‘prevented the cancer from occurr1ng. ) |

Cancer-induction is considered to be a cemplex multistage process. Thus
far, a coherent picture of the nature and mechanisms of cancer induction by
radiation has.faiIedlto emerge. A major factor Involves the comnTeXIty of the
phenomena---there‘ane many kinds of cancer; there is an uncertain re]atienshtp
between the human response to radiation and the responses seen in a Variety of
: an1ma1 and cell experiments; carc1nogen1c effects occur onIy after a latency
period of variable length; and there are effects of b1olog1ca1 repair o
mechanisms, immunological systems,-and viruses that can affect the observed
phenomena in unknown ways. Perhaps.most important, the-nature of the |
experimental effort has precIuded an understanding of mechanisms of ionizing
radiations and carcinogenesis-—-we place great etfort into analysis of
experimental data but we have'placed less effort into the synthesis of the
accumulated data, and thus there have been few attempts to develop theoretical

models of rad1at10n response (GA081)
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One model of carcinogenésis involves damage to DNA by ionizing radiation--—-
single strénd breaks,.&ouble strand breaké, and'base damage, and there can be
 different types of daﬁage around the site of a §trand break. After_cel]s haQé
been éxpoéed to ionithg radiation, repair to DNA occurs. However; it is not
known exactly what is repaired or how it is repaired, and whether répaif
mechanisms are error-free or error-prone. DNA damage caused by radiation céﬁ
lead to the appearance of mutation, and cancer might be a type of mutation,

If cancer can be‘caused by DNA mufation, then erkor-free DNA repair processes
might 1éssen the carcinogenic potential of radiatiqn by correctly repairing |
DNA damage. However, error-brone répair mechanisms‘might increase the
probability of a cancer arising (FREIR81), _‘ '

But the events at'thé biophysicaT level 6f the cell fepresehf thé initial
mechanisms of something causing cancef; the critica] evenfs'in Cancer-induction"
hapben at different times. The time between‘the cause of the cancer‘and its.
appearance in a clinically-definedlform which can be diagnosed medfca11y is the
latency period. However; sincé_there js no sihgle.cause of cancer-induqtion,j
there is nd defined time fbr the cause to océur. Furthermore;»there is‘no way -
to distinguish between a cancer which ha§ had radiation and one which‘has not.'
But given these constraints, wé can draw sdme valid con;lds%onsvabout the
relationship in time befween the causation of cahcer and cancer incidence
expressed in human populations (Figure 3). First, éancers 6ccurvspontaneously,
but also cancers occur.which woﬁ]d not have occurred if the population had not
been exposed to the carcinogen. Second, these latter cancers do not usually
occur immediate]y after éxposure, but rather after a minimal latent period,
implying thaf‘no cance?~of wﬁich radiation is a Eause has dccurred during this
time. Third, there seems to'be an average delay of several years. There may

be, in some instances, a maximum latecny period, or a time after which there
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ceases to be an annual excess of. cancer. Fourth, latency period is measurable
only in a statitfcal sense, as a characteristic of a large number of cancer
cases in a populatidn; Andllast, latency period may depend-on the type of
cancer; the characteristics of the people exposed, including age, sex, and
1ife-s£y1es;Athe characteristics of the radiation, such as type, dose and
dose-rate; and a host of other factors. -

CRISK PROJECTiON MODELS: ARE THEY VALIb FOR PREDICTING CANCER PATTERNS?

The concept of. a latency period is important to scientific understanding.
of the séquence of events which leads to cancer. But it also is of importance
for public policy makers who must depend on valid prbjections on- cancer
incidence in the population in the future-—-fhat is, in‘the estimation of
riék, or loss of life expectancy, to persons exposed to the carcinogen. There
afe a number of risk projection models which may be used---two reaéonab]e ones
are the relative and the absolute risk models for cancer-induced by kadiatiqn
(Figure-3).

The 1972 and the 1980 BEIR Committees (BEIR72; BEIR80) used both models.
Both models use the concepts of probability, radiation.dose, latency period
and age. ‘- Under the relative risk model, the age at which radiation-induced
cancer appears is fairly insensitive to the age atgwhich it is induced. The
key feature of the abso]ute risk model ié its assumption that, after a defined
minimum latency period, a cancer caused by radiation is equally likely to show
up at all ages.

It is not surprising that, in estimating the long-term effects of a given
exposure to radiation, the 1980 BEIR Committee (BEIR80) got very different
numbers from their gbso]ute andfre1ative risk models. These differences arise

from the models' differing assumptions about when a hadiation—induééd cancer
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will appear. Absolute risk predictions of radiation-induced cancers are stated
in terms of the number added to the natural cancer incidence. Relative risk
predictions are stated in terms of a multiple of the natural incidence. Thus,
under the relative risk model, a higher number of radiation-induced cancers

are predicted at high natural cancer rjsk (GAO81). When testing the absolute
and relative risk projection‘mode]s using the largest body of epidemiological
déta avai1ab1e-—-that is, the Japanese atomic-bomb survivor data---it became
apparent that both models are inadequate to explain cancer patterns that.have
emerged over the past 35 years after the bombings (GAO81). The data are
inadequate to determine which of the two risk models is correct. This |

suggests that for some .cancers, both might be wrong.

CAN WE RELIABLY ESTIMATE RISK OF RADIATION-INDUCED CANCER IN
’ * "HUMAN POPULATIONS EXPOSED TO LOW-LEVEL RADIATION ?

DeSpite the uncertainty about Tow-level radiation risks, federal and
international regu]atory and advisory bodies on radiation must set Standards
for radiation exposure to the general population and in the workplace. A major
abproach to assessing the riéks of exposure to low-dose ionizing radiation has
been through epidemiology---statistical analyses of the cancer incidence among
large groups of people who have had some special éxposUre to radiation. We
now know that small doses of radiatioﬁ received by a group of people can cause
that group to have more cancers than would otherwise be expected. However, it
is not possible to tell which cancers resulted fromvradiation exposure which
resulted from other tauses. Thus, the excess cancer incidence in the exposed
population cannot be measured directly; it is measurable only in a statistical

sense, i.e., as a characteristic of a large number of cases.



Fabrikant 13

Epidgmio]ogica] and statistical analyses have demonstrated increaséd cancer
incidence among groups e#posed to occupational and medical radiation and to
radiation from atomic bombs (BEIR80; Fa8lb). Generally, the exposufes’Studied
have involved high doses of radiation receivea.at high dose rates.
Epidemiologists have used estimates of the numbers of cancers induced by these
hiéh-}evel exposures to predict the numbers of cancers that may be induced by
Tower exposures. These predictions can vary wide]y depending on which of the
risk projection models are used and on which of the several mathematicé]
équations for dose—reéponse relationships is used. The choice of the equation
is a subject of considerabie scientific controversy (Fa80; Fa8la). One
conclusion maybe drawn---there is as yet no way to determine precisely the
cancer- risks of low-level ioniZing radiation exposure, and it is unlikely that
this question will be resolved in the near future.

WHAT ARE THE RISK ESTIMATES OF CANCER INDUCED IN EXPOSED HUMAN POPULATIONS?

The most important epidemiologica] surveys of.éxposeq'populations for risk
estimation of cancer-induction are thevJapanese'atomic—bomb survivors (Be77),
the British ankylosing spondylitis patients (Co65), other patients who were
treated with radiation (Sh77) 6r exposed to diagnostic.medica] radiation
(Bo77), and a number of occupationally-exposed populations (Ar76; Ro78). Most
epidemiological surveys do not systematically cover the range of Tow to
moderate radiation doses whfch are available in the Japanese atomic-bomb
'surQiQor data.‘ Analyses invterm§ of‘doée-response,,therefore, necessarily
rely greatly on the Japanese data (Be77). The neutrqn component of dose in
Hiroshima, and its correlation with gamma dose, 1imit the value of the more

numerous Hiroshima data for the estjmation-of cancer risk from low-LET
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~ radiation. The Nagasaki data, for which the neutron component of dose is
vektreme]y-sma]], are less reliable for doses below 100 rads (L081).

| The 1980 BEIR Cémmittee (BEIR80) chose three exposure situations for

illustrative computations of the lifetime cancer riék of low-dose, 1ow-LET _

whole-body radiation: (1) a single exposure of represéntative (life-table)

population to 0.1 Gys; (2) a continuous, lifetime exposure of a representative -

(1ife-table) population to 0.01 Gy/year; and (3) an exposure to 0.01 Gy per
- year ovéf several age intervals approximating conditions of occupafiona]
exposuré. These three exposure situations were not chosen to reflect any
circumstances that would normally occuf,-but to embrace the areas of
concern-——gehéra] poph]ation and occupational exposure, and single and
continuous exposure. The sé]ectéd annual level of chronic exposure of 0.0l Gy
per year, although only one-fifth the maximum permissfblé*dcse for occupational
exposure, is nevertheless consistent with the occupational exposure experience
in the nuclear industry. The 1969-1971 U.S. life-table was used as the basis
for the calculations. The expression time was taken as 25 years for leukemia
and: the remaining years of life for other cancers.

In the absence of any increased radiation exposure, among one million
persons of life-table age and sex composition in the United States, aﬁout
164,000 pérsons would be expected to die from cancer according to bresent
cancer mortality rates. For a situtaion in which these one million persons
are exposed to a sing]e dose increment of 0.1 Gy of lTow-LET radiation, the.
linear-quadratic dose-response model predicts increases of about 0.5 percent
and 1.4 percent over the normal expectation of cancer mortality, according to
the projection model used. For continuous lifetime exposure to 0.01 Gy per
- year, the increase in cancer morta]ity,'accordiﬁg to the linear-quadratic
'model, ranges from 3 percent to 8 percent over the normal expectation,

depending on the risk projection model (Table 1).

<t
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Table 2 compares the cancer risk foI]owing expesnre}to 0.1 Gy, calculated
according to three different dose-response models, viz., the Iinear-quadratic,
the Iineah, end the qnadratic,vend td_two risk projection modeIs,.viz,, the -
absolute and relative risk mbdels. The upper and ]owef limits of these cancer
mortality risk:estimates suggest a very wtde range}or envelope ef vaIuesvwhich
‘may differ by as much as an‘order of magnitude. The uncertainty derives
mainly from the dosefresponse models used,,from.the‘alternative absolute and
relative risk projectfon_mode]s, and from the sampling varietion.in the source
data. The lowest risk estimates - the lower beund of the enveIope - are
obtained}from the‘pure qnadratic model; the highest - the upper bound of the
~envelope ~ from the Iineer mode]'.and the(lineariquadratic model provides
~estimates between these two extremes (BEIR80) -

Table 3 compares the 1980 BEIR III Report (BEIR80) cancer morta11ty risk
estimates with those of the 1972 BEIR-I Report (BEIR?Z) and the 1977 UNSCEAR
Report,(FéSlb).‘jTo do this, it was most conyenient'tq express the values as
cancer deaths perZIO,OOinersons per Gy nf continuous Itfeftime exposure., For
continuous\]ifetime exposure to 0.01 Gy[year, the Iinearfquadretic‘dose—
responsevmodeI:for_10w-LET radiation yields risk estimates considerably below
the cnmparabIe linear-model estimates in the 1972 BEIR Repqrt (BEIR72); the
differences mainly reflect changes in the assumptions‘mede by the two BEIR
Committees (BEIR80; BEIR72) almost a decadeiapart. The 1980 BEIR Committee
(BEIR80) preferred e‘linear—quedratic rather than linear dose-response mode 1
for low-LET radiation, and did not assume a fixed relationship between the
effects of high-LET and Tow-LET radiation (which was based on the Japanese"
atomtc-bomb survivor studies). anthermore; in the 1980 BEIR Report (BEIRSO)F_
.cancer risk est1mates do not, as in the 1972 BEIR Report (BEIR72)‘ carry
through to the end of life the very h1gh reIat1ve—r1sk coefficients obta1ned

with respect to childhood cancers induced in utero by rad1at1on.
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HOW DO THESE OBSERVATIONS APPLY TO HIGH-LET RADIATIONS, .
~ PARTICULARLY EXPOSURE TO RADON DAUGHTERS?

We are now aware that the radioactive gas, radon, is a major source of
vhumén‘exposure. Radon emits alpha paftic]es known to have a high biological
effectiveness for the induction of cancer. Some radon daughters also emit
alpha bartitles. Because all radon daughter products are electrically charged
when formed, they fend to attach themselves to the dust particles in the air,
thus becoming the most important natural source of radiation exposure through
inhalation. Radon and its daughterrproducts are present in undergrbund
mines. Natural gas and coal contain radon. Much of the radon trapped in
buildings and homes is emitted from ordinary building materials---concrete or
granite---or from the ground: ‘And.sealing up buildings to save energy could
substantially increase the amount of radon which remains in the air in the
houses (Ne81). : | |

”_"The scientific basis for our concern with high-LET radiations emerges from
physical, bio1egica1 and epidemiological studies (FREIR81). The linear energy
transfer of radiation depends upon the type of radiation, its energy, its
charge, and the process-by which it interacfs with matter., Passive repair
processes—--both protection and repair mechanisms---within the DNA molecule
are more effective againét 1ow-LET radiation than high-LET radiation. In cell
studies, high-LET radiation is, in general, more lethal than an equal amount
of low-LET radiation. A Tow dese-rate is not as 1etha1 as a high dose-rate
for low-LET radiation; thefe is sometimes only a small variation with high-LET
radiation. Cellular repair of radiation damage can ameliorate the lethal
effects of radiation; damage from low-LET radiation appear to be more easily
repaired than damage from high-LET radiation. The cell inactivation response

of cells to radiation appears to be fundamentally different for high-LET and



Fabrikant 17

low-LET radiations. The effectiveness of high-LET radiations for‘
mutation-inductjon can be twice as.high as that for cell killing, and this has
important implications for risk estimates. The transformation of cultured
cells is be]ievéd to corréspond to the induction of cancer in vivo; high-LET
radiation is more effective in producing in vitro transformations than Tow-LET
radiation. The damage produced in DNA by high-LET radiation generally is more
difficult to repair than the damage produced by low-LET radiation. High-LET
radiation, in genera], appear to have a greater biological effectiveness in
producing cancer in animals and in human populations than does Tow-LET
radiation- (BEIR80;FREIR8L;. Fa8lb). - |

The 1980 BEIR Report (BEIR80) attempted to address'thé question of the
various ranges df dose and dose rates for which different numerical risk
estimates we}e appropriate for both 16w and high-LET radiations. In general,
notwithstanding the limitations of risk estimation'fol1owing exposure to
1ow-1eve13radiatioh, the 1980 BEIR Committee (BEIR80) recognized the need to
estimate the effects in human popu]atiohs exposed to radiation at veryxlow
qpses; In most cases, the linear hypothesis, as the 1972 BEIR Report (BEIR72)
also indicated, probably overestimafes; rather than underestimates, the risk
from 1ow-LET radiation. For high-LET radiation, such as from internally
deposited alpha-emitted radionuclides, the application of thé'iinear
hypothesis is less likely to 1ead to overestimates of risk and may, in fact,
lead to underestimates of risk (BEIR80). It is this latter situation that
deserves our urgent cohsideration, not?only because of our~concerns with the
attendant health risks associated With‘mining;'nuc1ear power and potential
incfeases‘ih ambient radon 1eve1s in our homes, but also with the paucity of
laboratory animal data, the unreliability of the human data, and the special

situation of the health effects of incorporated radionuclides in the human
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body. The problems séf&€_£o*confouﬁd7our attempts to pfovide a_écientifit
basis for risk estimation for guidéncé for radiation protectioﬁ>dffhuman
bopuIations exposed to high-LET radiatidns-in general, anq radbn énd:its
daughters in particular. o . |

.Three ihportant questions conéernfng human eXposuke.to radon.deserve o&?;
attention. First,vwhat‘ake the factoké which determine'thevdistribution of
this internal radiation_emittek-in human.tiésqe, and how are they reiated to
the_bioTogica] effectiveness vSecbnd, how well are these factors understood' g".
in 1aboratoryvanimals for'exffapo]atioh_to the human situatioﬁ Third, td"what: 
extent has the»study'of physiological and metabolic proceéses,that determiné-
the dose;distribution from internal radiation sources pfo?ided some understand+'
ing of mechanismé to aid in éVa]uatingvrisk'. In order to proyide a basis‘forl
responding to these questions,;it would be worthwhile to review the availabe |
information;ph radon and lung Cancer‘in laboratory animal.studiéé, and in
humans exposed undeF’Certain occupational situations, primarily miningsof :
radioactive ores. It is from thesefepidemiologi;a] studies, almost ~ |
exc]usiyely, that we have limited informatidn on the heé]th risks in human
 popu1ati6ns of exposure to 1ow‘1evels of Eadon in ohr environment (BEIR80;

'FREIR81).

- ARE THE LABORATORY ANIMAL STUDiES RELEVANT TO THE HUMAN SITUATION?
Perhaps the most important animal studies relevant to radon toxicity
“health effects are those which concern the experimental production of cancer
of the reépiratory tract. The animal data stress evidence that a relationship
can be;defined that is pertinent to the human experience (BEIRBO). However,
studies of Tung cancer in rodents and dogs sﬁggest that laboratory animal
experiments provide mbdéjs for extrapo]atingfto the human situation rather

than an understanding of underlying mechanisms.
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There has been_some concern about the applicability of the 1aboratory
animal data to the human situation; these relate to thehpathogeoesis of-lung
cancer'under certain circumstances (BEIR80). In expekimental studies of
lung-cancer, the origin of tumors in fodents'and.dogsvihat have inhaled
alpha-emitting elements commonly is found to be bronchoalveolar; they arise in
regious of lung tissue adjacent to the respiratory bronchio]es; In contrast,
- human lung cancers, or more appropriéte]y, bronchial cancers, induced by
ciga}ette smoking.or exPosuke to environmental agents, nearly a]ways arise in
the proximal regions of the bronchia] tree (down to the first few generations
of branching) This d1fference in the site of origin has ralsed important
quest1ons concern1ng the direct relevance of animal stud1es. Neverthe]ess, a
considerable amount of information about radiation dosimetry related to lung
cancer a550c1ated w1th 1nha1at1on of rad1onuc11des has become ava11b1e in the
1ast decade both in an1mals and in humans There arevalso new experimental
and ep1dem1o]og1c data concerning cigarette smoking in relation to radéetion
exposure and 1ung-oancer induCtion, albeit somewhat equivocal, buf at least,
1nsofar as poss1b1e, indicating important trends. _ | .

“In genera] the results of an1ma1---both rodent and dog———exper1ments lead
to five genera] conclusions. (1) Resp1ratory tract tumors develop in animals
exposed to radiation at sites where the local radiation exposure is greatest.
- (2) Bronchial and nasal sinus tumors- are produced in animals by exposure to
radon and its daughters. (3) The effect of cigarette smoking on fhe
deve]opmentvof bronchial cancers in radoo-inhelation experiments in rodents
and dogs remains equivocal (Mo77). '(4) The sensitivity of the respiratory
tract in animals to cancer-induction by radfation may be increased by irritant
or other pro]iferetjue stimuli given after the radiation exposure (Li75).

(5) The bronchial tissue in the lungs acts as a separate anatomical and
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functional compartment whose uptake and release of inhaled materials may play

an important role in cancér-induction'in the bronchial epithelium (Pa77).

WHICH EPIDEMIOLOGICAL SURVEYS PROVIDE RELIABLE DATA FOR
LUNG-CANCER RISK ESTIMATION?

Several important epidemiological studies contribute to our understanding

of the potentiaj risk of radon exposure———aiT are associated with workers
exposed to rédon daughters while working in underground mines (BEIR80): These
groups of miners who were occupationally exposed to alpha radiation from
short-1ived radon daughters inéiude Czechos}ovakian (Se76), Canadian (Ha76),
~and U.S. uranium miners‘(BEIR80; Ar74), Newfoundland fluorspar miners 7
(BEIR8O), aﬁd Swedish metal miners (BEIR80; Ax78).

There are three imporfant confounding prob]éms in all these surveys which
kéquire considération. First, these are data confinéd almost exclusively to
high-levels of occupational exposure in males, Iimitiné our understanding of‘
risk of'1ow-1eve1 exposure in the génera] population. Second, the studies do
not havé pkecision of doéimetric esfimatidﬁ'of lung tissue exposure ]evels,v
and involve high-LET radiations, makiqg analysis of do§e-response relationships
even at high-dose 19vels difficult to ascertain. Third,'the populations
studied generally are hot ana1yzéd-according to life-style risk factors,
particularly to cigarette—snnking éxperience. Prevalence of smoking among
males and among miners has been cémmonly estimated by comparison with Swedish,
American and Czechoslovakian habits,.and therefore make the effects of such

“complex life-style factors difficult to interpret.

DOSIMETRY
The principal biological effects of radon’daughters in man are cohsidered

to be from the polohium—214 daughter, because its alpha particle has a high

4
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energy, enabling it tq reach the basal-cell layer of the bronchi more readily
than the polonium 218 alpha particle (Figure 4). The dosage to the bronchial
tree and to the lung tissue.is measured in working levels (WL). This is
defined as any combination of radon daughters in one liter or air that will
result in the ultimate emission of 1.3 x 10° Mev of potential alpha energy
(BEIR80). In}pgrms of population exposure; hdwever,.the work ing-level month
(WLM) is used. This is defined as that exposuée resulting frbm inhalation of
air with a concentration of one wdrking level of radon daughters for 170
working hoursv(BEIRSO; Ne8l1). | |

. Conversion of the-working-level month to a lung dose to the basal-ce11‘
layer 6f the bronchial segments from radon daughtersvis a compléx matter. The
RBE for alpha irradiation for inducfion of lung cancer, based on comparisons
with the Japanese‘atomic—bomb survivors and the British ankylosing spondylitis
patients suggests a value of about 10 to 15, with very large uncertainties.
The conversion factors applied for working-level month to Sv are complicated
by sgch,physical‘or biological facfors as the fraction of free ions compared
with tﬁe fraétioﬁ bf inhaled and bound to dust partic]es, breathing patterns,

e.g., ﬁoutthreathing or nose-breafhing, and thickness of upper and 1owér
| respiratory epithelium. Neverthefess, a gross figure can be arrived at, at
the present time---a value of about 0.06 Sv -per workihg-]eve]imonth is not
inapprqpriéte, and given the uncertainties involved, should not be off by more
than a factor of two or three (BEIR80; Ha72; Ja72). \

An important factor in dosimetry in these epidemio]ogicai stddies which

affect risk estimation is that the degrée of equilibrium of lead-214 (RaB) and
bismﬁth—214 (RaC) with polonium-218 may vary conéiderably; thus, the
proportion of po]oniqm—214 anha decays to total alpha decays will vary as

we11. In mines, the extent of this equi]jbrium will depend on relative
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ventilation; in practice, the ratio of polonium-214 to total alpha activity
does not vary greatly. In other atmospheres, such as in homes and in ‘

- buildings, the degree of disequilibrium can be substantia]-(Ne8i).

EPIDEMIOLOGICAL SURVEYS

The Czechoslovakian uranium‘miners survey (Se76) suggests that exposure
levels in the mines were not high. If the underground worker experience was
20 yeaks or more and the average cumulative exposure was about.300'WLM, then
the concentrations of radon daughters would be estimated to be about one WLM.
If the years at risk are 13; tﬁen the total;exces§ risk is found to be 19
excess lung cancer cases per'million persoh-years per WLM (BEIR80).' This
results in an approximate relative risk of 1.8 percent excess 1Qng—cancer
riské ber'WLM. These risk estimates are Subjéét to 1érge statistical
~uncertainties. |

‘The United States uranium miners survey (BEIR80; Ar74), comprises over
4,000 miners in the Colorado Plateau region. These miners h&d ékpbshres to
high concentrations of radon daughters, ranging from 10 to 100 wLM or more.
The average cumulative exposures was 1,180 WLM, or four times that of the
Czechoslovakian miners, and we]]rabove that of most other mining populations
surveyed. The range of cumu]ative'eXpOSUre is from 0 to perhaps 10;000 WLM.
In Figure 5, the absolute risk values range from about 2.7 to 8.0 excess lung
cancer cases per million person-years per WLM. The relative risk values range
from 0.3 percent to 1.2 percent increased risk per WLM. The estimateé of risk "
are heavily weigﬁted by experience associated with high cumulative doses at
relatively high dose rates. The data, when segmented according to cumulative
WLM suggest that except for the lowest dose group, in whom lung-cancer excess

has thus far been observed, the lower exposure groups above a mean of 180 WLM
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have risk estimates some 2 to 3 times greater than those for the higher dose
groups (Figure 5). | '

The Canadian uranium miners survey (Ha76) includes some 15,000 workers,
but many worked undergrqund for only a short period of time. Despite
limitations in the hopu]ation data base, reasonab]y good exposure estimates in
the mines are available. These demonstrate trends of low-dose effects;‘there
is a suggested relative risk of 1.6 percent increase per WLM in the 1 to 30
WLM group. However, for a number of reasons, risk estimates cann&t be'derived
with any confidence. Nevertheless, the Royal commission study (Ha76)
recognized that the lung-cancer data in this m{nér population may have unusual
potential for defin{ng'1ow-dose risks, since'tﬁé pobuTatioh is larger than
that of other mining gréups under study, and the radiation expoéures have
'généra11y been Tow. There has bééﬁ reasonéb]y good dosimefry moni;oring of
the Ontario mines Since they were opened, and evaluation of the effects of
cigarette-smok ing should be possible (BE1R80).

| The'Néwfoundland fluorspar.mihers survey (BEIR80) invo]veé some 2,500 men,
approximately 17,000 person-years of follow-up and estimates of radon-daughter
cbncentrations varying from 0.5 to 8 WLM. In this Qroup, the kisk of lung'
cancer had a Significant corrgiafion with.chmu1ative dose and with age at the
start of undergound mining. The average cumulative exposhre weighted for
person-years at risk was about 200 WLM; the absolute risk was 17.7 excess,lung
cancer deaths pér million person-years per WLM. The relative risk was
8.0 percen% increase per WLM, but this value is strongly biased upward since
these miners we}e.nearly all smokers. This life;étyle factor affects the
relative risk substantially, but would héVe little effect on. the absolute

risk. Fdrthermore, the heavy smoking factor in these miners resulted in the
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observation thaf there was no effect of age on the latent period (Figure 6)
which is in sharp contrast with the Japanese atomic-bomblsurvivors (Is75)
(Figure 7). | ;

-7 The SWedish;metaT”miners'suryey-(BE{R80;‘Ax78) has a relatively small data
base, and all reports thus far are pre]iminary_and'with incompete follow-up.
Appro*imately 2,000 person years at risk are involved, a mean cumulative

exposure of 270 WLM, and an absolute risk estimate of about 30.4 excess lung

cancer deaths per million person-years for WLM.

LUNG CANCER RISK ESTIMATES |
From these 1imited series, five gonclusions can be drawn. (1) The
~absolute risk estimates for 1Ung cancer from exposure fo radon daughtersvrange
from about 5 to 50 excess cases per million person-years per WLM (BEIRS0).
(2) A wide range of risk coefficients is associated with an effect of age at
the beginning of exposure in the mines or at the onset of lung cancer.
(3) The absolute risk est%hates vary considerably; the Swedish metal miners
have high estimates, and the U.S. uraﬁium miners have -low estimates,.well
below thbse of the other groups. '(4) a number of confoundingvproblems arise
in these studies---host factor§.such as age, life-style factors such as
cigarette smoking, and physical factors such as radon<daughter dosimetry
measurements in the mines---can lead to very large uncertainties in numerical
estimation of risk. (5) The most 1likely lung-cancer risk estimates, at |
. exposure to 1 WLM and with characteristic smoking experience, are about 10
excess lung cancer cases per million person- years per WLM for the 35-49 year
age group; about ZO»excess}cases for the 50-65 year age grpup;,and about 50
excess per million person-years per WLM for‘miners over age 65 (Figure 8)

(BEIR80). These values appear consistent with age at the time of lung-cancer

diagnosis and years of follow-up.

e
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wHICH FACTORS INTRODUCE THE MOST IMPORTANT CONFOUNDING BIASES
IN THEiAVAILABLE‘EPIDEMIOLOGICAL SURVEY?

Confoonding is a mixing of effects. ‘In contrast to se]ection'ond
information biases which seriously limit the precision of these
epidemio]ogica]_studies, confounding is ootentiaiiy present in all these
data. Three factors of interegf are the effects of age, the effects of
cigarette smoking, and the effects of doée-estimation. Pernape among the most
important biases in the evaluation of an association between radon daughter
radiation exposure and lung cancer is the confounding resulting from the
existing cigarette-smoking. Cigarette-smoking is a cause of lung cancer-ond
also, many uranium miners‘Shoke»cigarettes. Aroher and his colleagues (Ar73)
examined the relationship betneen uranium mining and lung conoer and found
that the rateiof 1ung cancer‘waé higher in miners than in.non-miners, and tnat
this reiotionship betWeen mining and lung cancer was confounded by cigarette-
smoking. When underground miners'were c]assified according to cigarette-
snnking; the association between mining and development of lung cancer was
present invboth“groups, and the incidence of lung cancen increased with
increasing radiation exposure éo nadon daughters.among miners with similar
smoking habits. Smokers, however; appeared to have a shorter induction—latent
period for ]ung cancer than nonsmoking minersf

With longer periods of follow-up, however, the excess cancer cases among

“nonsmok ing miners may rise proportionate]y mone rapidly because the latent
period for nonsmokers is 1onger. Honever, the effect of cigarette-smoking on
these lung-cancer risk estimates cannot beveva1Uated with the present informa-
tion aVai]abie. ‘NeVertheless, trends ore evident. If snoking risks and
‘radiation risks for lung-cancer inducfion are additive, then the Iung-cancer

risk estimates in miners apply to both smokers and nonsmokers. The Japanese
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atomic~-bomb survivor data suggestvthe lung cancer risks could develop among
nonsmokers at higher ages than presént estimated (Is75). Further information
is requ1red to determine whether exposure of underground miners to radon
daughters adds to the effect of c1garette smok1ng, or whether the effects are
greater than additive when both are present. The ev1dence now indicates that
a purely multiplicative effect on lung-cancer fe]ated to radiation exposure

and cigarette-smoking is highly unlikeTy (BEIR80).

AGE

Age at fnitia] exposure in thé'mines inf]uehcés the reported lung-cancer
risk among un&erground miners (BEIR80) Among the Czechoslovakian miners
there was a marked effect of age at 1n1t1a1 exposure on lung-cancer excess
from radon daughter (Se76). Among the Canad1an fluorspar miners (BEIR80),
there wés an increasing risk of radiation-induced lung cancer with increasing
age af entry into thé mines. While the effects of.smoking and high-LET vs
low-LET radiations afé not c]eafly undekétood, both the data on the Japanese
“atomic-bomb survivbrs (BEIRBb Is75) and on the underground miners (BEIR80)
suggest that 1ung cancer induction by radiation depends marked]y on age of
exposure, with no ev1dence as yet of excess cancer r1$k before the age 35

(Figure 9 and Figure 10).

CAN THE UNDERGROUND MINERéiEXPERIENCE APPLY TO RISK ESTIMATION
FOR THE GENERAL PUBLIC FROM INDOOR RADON DAUGHTER EXPOSURES?
What have we learned from theﬁﬁnderground miners experience? First, the
incidencé of lung cancer among uranium énd certain other underground miners is
considerably highef than that among the generallpopu]ation. Se;ond, this

difference has been attributed to large exposures to high-LET alpha-emitting
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radon daughters accumulated by the miners from working for prolqued periods
in high radon daughter concentrations. Third, the elevated'tncidenee df lung
cancer among these underground miners provides the basis for determining a '
numerical dose-response relationship between radon daughter exposure'andftﬁe
induction of lung cancer. Fourth, based on the estimates in the 1980 BEIR
Report [3], each WLM of radon daughter exposure in miners 1nduces an add1t1ona1
chance of lung cancer of about 200 to 400 in a m1]]1on ‘based on an absolute
risk estimate of about 10 to 20 excess lung cancer cases ‘per million person
years.per WLM. Thus, a miner who received about 10 WLM per year for 30
years---a total of 300 WLM-—-stood about a 10 percent charcé of developing
lung cancer from cumulative radon daughter expoésures (Ne8l). This; of course,
is a most conservatite estimate, but does not take into account the numerous
confoqnding variables involved in estimation efvrisk;” |
Neverthe1es§, even with highly uﬁtertainrconstrains on sucheestimateé;
than an appropriate rahge"of lung-cancer risk in thé general population ean be
calculated. It difficult to assess the reliability of radon-daughter risk
estimates because of the uncertainty associated with the assumption that the
cancer risk is proportional to exbosure, even for 1ow~exposures. However, it
is possible to predict that for indoor randon daughter exposures in the

typical range of 0.04 to 0.8 -WLM per year in our buildings (Ne8l), such levels

of radon-daughter exposures may cause many thousands of radiation-induced lung

cancers per year in the United States population:' Assuming, for exaMp]e,

average annual exposures of 0.2 WLM per year, and averaging these rates for
men and women,vcorrecting for age-distribution differences between miners and
the general population, and assuming linearity with no threshold and simp]e

additivity for cigarette smoking, it would not be unreasonable to estimate a
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risk as high as 10 to 20 radiogenic lung cancers per million persons per year,
~or approximately 2,000 to 4,000 excess cases annually among the U.S.

- population (Nel9).

‘WHAT . .CAN WE CONCLUDE ABOUT LOW-DOSE, HIGH—LET RADIATION-EXPOSURE?
.The quantitative estimation of the carcinogenic risk of 16w—dos¢ high-LET
" radiation in the case of,exposure"to radon daughters and 1ung-cancer'is_
subjeét to numerous uncertainties. vThe greatest of these concerns the shape
of the dose—response curve. -We lack knowledge and an understanding of the
distribution of aggregates of radioactivity that remajnyldca]ized as "hot
spots" in specific regions of the lungs and the ihfluence on greater or
“smaller risk of lung cancer pek average lung dose than uniformly deposited
yradiatfon (NRC76) . We have only a limited understanding'of the-response to
exposure to high-LET rédiations, such as alpha particles, for which linear
risk estimates for low doses are less likely to'overestjmatevthe risk, and
‘may, in fact, underestimates risks (BEIR80).

ther uncertainties include the length of .the fatency period, fhe RBE for
alpha radiation relative to gamma radiation, the period during which the
radiation risk is expressed, the risk projection model used---whether absolute
or relative---for projecting risk beyond the period of’observation, the effect
df dose rate and protraction of dose, and the influence of differences in the
~natural incidence of lung cancer in different populations. In addition,
uncertainties are introduced by the biologica] and life-style risk character-
istics of humans, for example, the effect of sex, the effect of age at the time
of irradiation and at the time of appearance of the cancer, the influence of
length of observation or fb]]ow-up of the study populations, and the influence

of perhaps the most important confounding bias, cigarette-smoking. The
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collective influence of these uncertainties is such as to deny great
credibility to any estimate of human 1upg,cancer risk and other cancer fisk
that can be made for low-dose, high--LET radon daughter radiation exposure.

It is understandable that these many reasons, and more; compel the
conclusion that emphasis should be placed on our_assumbtions, propedures, and
uncertainties involved in the estimation process and ﬁot‘on spec{fi; numerical
estimates derived thereby. Neverfheless, there is 1j£t]e doubt that even the
most crude estimateldf the prbjected 1ung~cancer;jncidence dde td radoh

daughters would appearlsufficiently_high to requiré,carefu] examination of any

measures that could decrease existing human exposures, and of measures that

could increase existing exposures significantly. ‘The scientific question is
now restated: -Knowing:or suspecting,that”radiation from.exposufe to radon
daughters cauées il1-health at some level of exposure, what are its effects on
health at the lowest levels to wﬁich hdmans,are being or may be exposed? What
is required is,a_credib]e estimate of }isk:at actua]_dose,]éve1s likely to be
experienced by exposed human individuals-—-in the,general populatioﬁ and in

the workp]acé, so as to inform the inescapable political judgement.
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FIGURE LEGENDS

Alternative dose-response models, inc1udin§ the linear, pure.

quadratic, linear;quadfhtic,vand general linear-quadratic with a
doéé—modifiér3in the ‘high-dose range.

Dose-incidence data for the British ankylosing spondy]itis patients

- (Teukemia), the‘U.S. uranium miners (lung cancer), the Japanese

~ Figure 3.

Figure 4.

Figure 5.

atomic Bomb'survivor§;(Nagasaki;’lehﬁémia), and the U.S. radium dial

painters (bone cancer).

Schematic of the”§b§6]utei-andvHé]étive-riSk projection models

relating risk estimates to age at the time of and’fo]]ow{ﬁg

radiation (X); a, age at exposure, b, age after minimal latent

pefiodv(LP); c; age at estimated risk coefficient (BEIR80). |
Decay chain of radium-226 to lead-210. The héff;lives and the alpha
and beta decay eneﬁgies (MeV) are indicated. Becéuée‘the ’
pdioniunF214 alpha particle hés Hiéh'energy (7.69’Mev),-it reaches

the basal cell layers of the bronchi more readily than the

polonium-218 alpha particles (6.00 MeV). Therefore, the principle

bio]ogicai effects of radon daughters exposure in man are from the
polonium-214 daughter (Ne8l).

U.S. uranium miners radiation-induced lung-cancer fisk. The
cdmu]aive WLM man exposure is plotted against absolute - (left
ordinate, circles) and relative (right ordinate, crosses) risks,
respectivgly. Except for the .lowest exposure group (range 0-119
cumulative WLM, mean 760 WLM), in whom no lung-cancer excess has
been observed, the lerr exposure groups have risk estimates some

2-3 times those for the higher dose groups (BEIRS0).
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Figure 6.

Figure 7.

Figure 8.

Figure 9.

Figure 10.
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Lung-cancer risk in Newfoundland fluorspar miners (BEIR8O0).

Latency period is plotted as a function of age at the start of
mining. In these workers, there appears to be 1it£1e or not effect
of age on the latent period up to the present. The inf]uence of
cigarette smoking may affect this observation. See text.
Cumu]ative_incidence of céncer of the respiratory tract (trachea,
bronchus, and lung) in Japanese atomic-bénb survivors (1950-1974)
(BEIR80; Ha7e).

Lung-cancer risk estimates in underground ﬁfneré from,eibosure to
radon daughters; influénce 6? cigaretfe smok ing. The}exééss number
of lung cancers, estimated pér million person—yéans pér=HLM, rises
rapidly with age after 35 years (BEIR80).

Age-speéific 1dng cancer risk estimates in underground miners from

exposure to radon daughters. The excess kisk'(cases)g estimated

- per 10,000 pérson—year per Sv, rises rapidly with age after 35
years (BEIR80).

Respiratory-cancer risk in Japanese atomic-bomb survivors.
Age-épecific mortality risks for cancer of the trachea, bronchus
aﬁdllung for the period 1950-1974 for the Hiroshima and Nagasak i

. \
survivors combined (BEIR80; Is75). -
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