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SUMMARY
The aim of the present study was to estimate cancer risk from small doses of
ionizing radiation from various sources, including both external and internal
exposure. The types of radiation included alpha, gamma, and neutron radiation.
A nationwide follow-up study covering the years up to 1992 revealed no significant
association between fallout from the Chernobyl accident and incidence of childhood
leukemia. An excess of eight cases or more per year could be excluded. However,
some indication of an increase was evident in the most heavily affected areas.
Furthermore, the risk estimates were in accordance with those reported from
Hiroshima and Nagasaki, although the confidence intervals were wide.
A nested case-control study within a segment of the population with very stable
residency resulted in an excess relative risk estimate of 1% per 100 Bq m'3 for lung
cancer from indoor radon, which was not statistically significant. The risk estimate
was lower than in some previous studies on residential radon and studies of
underground miners with considerably higher levels of exposure. An etiologic
fraction representing the proportion of all lung cancers in Finland attributable to
indoor radon, of 10% or more could be excluded.
A cohort study showed an increased risk of breast cancer among Finnair cabin
attendants. The overall cancer risk was not elevated, but some evidence for an
increased risk of bone cancer was also obtained. Increased risk of breast cancer was
associated with years since first employment, suggesting a role for occupational
factors. The radiation dose from exposure to cosmic radiation is small. It appears
unlikely that cosmic radiation alone could account for the observed excess risk,
given that the present risk estimates are relatively accurate and the exposure
estimates valid.
A cohort study of almost 5,000 Estonian Chernobyl cleanup workers with a mean
dose of 110 mSv did not indicate an increase in incidence of cancer in the seven
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years following the accident. No cases of leukemia were observed, and a threefold
or greater increase could be excluded.
A cohort study of Finnish nuclear reactor workers indicated that even though their
lifestyle may differ from the general population, no evidence was present for a
confounding effect in relation to the radiation risk coefficient. Similarly,
adjustment for education or type of employment had no effect on the risk estimates.
Our study revealed no excess risks of cancer among nuclear reactor workers.
However, the power of the study was very limited. This limitation will be largely
overcome by a pooled analysis of approximately 500,000 nuclear power plant
workers from 14 countries.
In these five studies, a significant excess of cancer was found only among flight
attendants. The contribution of radiation exposure in this finding is still open.
Overall, the results support the view that low doses of radiation do not materially
increase the risk of cancer. Optimally, cancer risk from low doses of radiation could
be studied in a large population exposed to a wide range of exposures. Low-dose
studies cannot in general exclude a smaller risk than predicted from high-dose
studies, but provide the opportunity to exclude a major increase in cancer risk. This
limitation, which may be exaggerated by publication bias, should be considered
when interpreting results from studies of small radiation doses. The problems
encountered in low-dose studies with very small expected effects include
confounding and measurement error, which is often proportionally larger at low
dose levels. An option for obtaining more accurate risk estimates is the pooling of
several smaller studies. Another justification is the assessment of public health
importance in concrete terms.
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YHTEENVETO
Väitöskirjatyössä selvitettiin eri lähteistä saatuihin pieniin säteilyaltistuksiin
liittyvää syöpävaaraa.
Tsemobylin laskeuma aiheutti suomalaislapsille kahtena ensimmäisenä
onnettomuuden jälkeisenä vuonna yhteensä keskimäärin 0.4 mSv säteilyaltistuksen
eli neljänneksen lisäyksen muista lähteistä saatuun gammasäteilyannokseen. Koko
maan kattavassa analyysissä ei havaittu muutosta lasten leukemiailmaantuvuudessa
vuosina 1989-1992. Eniten laskeumaa saaneilla alueilla oli vähäinen
ilmaantuvuuden lisäys, joka saattoi johtua sattumasta. Tutkimuksen perusteella
pystyttiin sulkemaan pois lasten leukemian ilmaantuvuuden suurentuminen
kahdeksalla tapauksella tai enemmän.
Huoneilman radonpitoisuuteen liittyvää keuhkosyöpävaaraa tutkittiin vähintään 19
vuotta samassa omakotitalossa asuneiden suomalaisten joukossa tehdyllä tapausverrokkitutkimuksella. Keskimääräinen radonpitoisuus oli noin 100 Bq/m3. Kun
muiden tekijöiden vaikutus oli vakioitu, huoneilman radoniin ei liittynyt
tilastollisesti merkitsevää keuhkosyövän lisäriskiä. Keuhkosyöpävaaran suhteellisen
riskin lisäys arvioitiin 1 %:ksi 100 Bq/m3 kohti. Tuloksia koko maahan yleistäen
kyettiin sulkemaan pois huoneilman radonin aiheuttamien keuhkosyöpätapausten
osuus 10 % tai enemmän.
Kosmisesta säteilystä noin 2 mSv säteilyannoksen vuodessa saavalla
lentohenkilöstöllä syövän kokonaisilmaantuvuus ei poikennut koko väestön tasosta.
Sen sijaan rintasyöpäUmaantuvuus oli lähes kaksi kertaa odotettua suurempaa.
Synnytysten lukumäärä ja ensisynnytysikä selittivät tuloksen osittain, mutta eivät
kokonaan. Säteilyaltistuksen osuus havaitun lisäriskin aiheuttajana on epäselvä.
Eestistä Tsemobylin ydinvoimalaonnettomuuden puhdistustöihin lähetettyjen miltei
5000
miehen
syöpävaaraa
selvitettiin
kohorttitutkimuksella.
Puhdistustyöntekijöiden keskimääräinen säteilyannos oli 110 mSv. Seitsemän
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vuoden seurannassa syöpäilmaantuvuus puhdistustyöntekijöiden joukossa ei
poikennut muusta väestöstä. Leukemiatapauksia ei havaittu yhtään.
Syöpäilmaantuvuus suomalaisten ydinvoimalatyöntekijöiden joukossa ei poikennut
muusta väestöstä. Keskimääräinen altistuskertymä oli 4 mSv. Tupakointi ja
alkoholinkäyttö oli muuta väestöä vähäisempää, mutta ydinvoimalatyöntekijöiden
keskuudessa ei havaittu selviä eroja elintavoissa ammatillisen säteilyaltistuksen tai
työsuhdetyypin mukaan. Työsuhteen alkuvuosina kuolleisuus oli muuta väestöä
pienempää, mutta ero tasoittui jatkoseurannassa. Säteilyaltistuksen ja syöpävaaran
välisessä annosvasteanalyysissä rajoittavana tekijänä oli aineiston pieni koko.
Tulosten perusteella pystyttiin sulkemaan pois syöpävaaran kaksinkertaistuminen
10 mSv kohti. Tutkimus on osa 14 maata kattavaa kansainvälistä yhteisprojektia ja
aineistojen yhteisanalyysistä on odotettavissa huomattavasti tarkempi riskiarvio.
Nykyiset arviot pienten säteilyannosten aiheuttamasta syöpävaasrasta perustuvat
pääosin atomipommien eloonjääneitä ja sädehoitoa saaneita potilaita koskeviin
tutkimuksiin eli suurille säteilyannoksille altistuneiden syöpävaaraa koskeviin
havaintoihin. Väestön saamasta säteilyaltistuksesta pääosa on kuitenkin
luonnollisesta
taustasäteilystä,
lääketieteellisestä
sädediagnostükasta
ja
ammatialtistuksista saatuja pieniä annoksia. Pieniin säteilyannoksiin liittyvää
syöpävaaraa selvittävien tutkimusten keskeisiä ongelmia ovat vähäinen tilastollinen
voima ja julkaisuharha. Lisäksi altistusarvioihin liittyvä epävarmuus ja
mahdollisten sekoittavien tekijöiden vaikutus on huomattava suhteessa odotettavissa
olevaan vaikutukseen. Yksi tapa vähentää näitä ongelmia on useiden tutkimusten
yhteisanalyysi. Kolme tähän väitöskirjatyöhön liittyvistä tutkimuksista osallistuukin
kansainvälisiin yhteisanalyyseihin.
Pienten säteilyannosten aiheuttamaa syöpävaaraa voitaisiin ideaalitilanteessa tutkia
väestössä, jossa on laaja annosjakauma ja tarkat alustustiedot. Tällöin voitaisiin
verrata suoraan suurten ja pienten annosten vaikutuksia samassa väestössä.
Käytännössä tällaisia mahdollisuuksia on erittäin harvoin. Lähimmäksi tätä
tilannetta on päästy atomipommien eloonjääneitä koskevissa tutkimuksissa.
Ideaalitilanteessakin annosvasteen muotoa ja riskin suhdetta muihin tekijöihin
koskevat tilastolliset mallit ovat välttämättömiä hypoteesien testaamiselle.
Keskeiset tulokset Hiroshimasta ja Nagasakista viittaavat siihen, että
säteilyaltistuksen aiheuttamaa syöpävaaraan liittyvää annosvastetta kuvaa
parheaiten
lineaarinen malli muille syöville kuin leukemialle ja
lineaariskvadraattinen leukemialle (lineaarisen mallin ennustama alhaisempi
syöpävaara korkeilla annoksilla). Kun tarkastellaan pieniä säteilyannoksia
(esimerkiksi alle 200 mSv), kvadraattisen komponentin merkitys on kuitenkin
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ilmeisesti hyvin vähäinen. Suhteellisen riskin malli kuvaa muiden syöpien kuin
leukemian vaaraa paremmin kuin absoluuttisen riskin malli. Leukemian kohdalla
tilanne on vastakkainen.
Tärkeitä tuloksia pienten säteilyannosten annosten vaikutuksista on saatu myös
sairauden takia toistuville röntgentutkimuksille altistuneita ja ammatissaan
jatkuvasti altistuneita säteilytyöntekijöitä koskeneista tutkimuksista. Niiden
perusteella ei pystytä täysin seivästi päättelemään kuvaako pieniin toistuviin
säteilyaltistuksiin
liittyvää
syöpävaaraa
paremmin
lineaarinen
vai
lineaariskvadraattinen annosvastemalli. Kuitenkin ero suuriin annoksiin ja
annosnopeuksiin verrattuna vaikuttaa olevan pienempi kuin eläinkokeissa on
arvioitu.
Säteilyaltistuksen ja sitä seuraavan syöpävaaran välinen suhde saattaa olla hyvin
monimutkainen eli siihen voivat vaikuttaa säteilyannoksen, annosnopeuden,
säteirytyypin, altistusiän, kohde-elimen lisäksi muutkin seikat. Pääosa tietämyksestä
koskee ulkoista gammasäteilyä. Muiden säteilylajien kuten neutronisäteilyn ja
useimpien sisäisten altistusten vaikutuksesta syöpävaaraan ihmisellä ei tiedetä
paljoa. Säteilyn ja muiden altistusten yhteisvaikutuksesta tiedetään toistaiseksi
hyvin vähän.
Pienten säteilyaltistusten vaikutuksien tutkiminen on usein perusteltua, koska siten
voidaan sulkea pois arvioitua huomattavasti suuremman syöpävaara lisääntymisen.
Tuloksia tulkittaessa yksittäinen tutkimus pitäisi aina suhteuttaa muuhun
olemassaolevaan tietämykseen. Se että aiemmin arvioitua pienempää riskiä ei voida
käytännössä koskaan sulkea pois johtaa helposti siihen, että ne tutkimukset, joissa
havaitaan
tilastollisesti
merkitsevästi
suurentunut
riski
julkaistaan
todennäköisemmin kuin ne, joissa lisäriskiä ei havaita, johtaa helposti
vääristyneeseen käsitykseen pieniin säteilyannoksiin liittyvästä säteilyvaarasta.
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INTRODUCTION

1.1. Units and measurement of radiation exposure
Radiation is the transfer of energy through space. Ionizing radiation is characterized
by its ability to produce ionization by exciting electrons from ions. Ionizing
radiation can be classified according to its composition: gamma radiation and xrays consist of photons whereas paniculate radiation includes alpha (helium nuclei),
beta (electrons), neutron and other forms of radiation. In the present work, the term
'radiation' is used to refer to ionizing radiation.
The basic physical quantity in measurement of exposure to ionizing radiation is an
absorbed dose that is based on energy deposition within the body or target organ.
The unit of absorbed dose is the gray (Gy), which is defined as 1 J/kg.
Linear energy transfer (LET) is a physical concept that indicates the energy
deposited in matter, i.e. the frequency of ionizations. In general, the larger the mass
or charge of the particle or amplitude of electromagnetic radiation, the greater the
LET.
The relative biological effectiveness (RBE) describes the ability of a given type of
radiation to induce biological outcomes such as DNA or chromosomal damage, cell
death, malignant transformation or cancer. RBE may vary by end-point, e.g. cell
killing, gene mutations, chromosomal aberrations (for instance chromosome breaks
or rearrangements), and cancer risk. RBE is also often different for an acute, single
exposure and for protracted or fractionated exposures.
To account for the variability in effects of different types of radiation (e.g. in
probability of developing a cancer), the concept of effective dose has been
introduced (ICRP 60, 1991). The unit of effective dose is sievert (Sv). It has been
agreed that a radiation weighting factor of 1 is used for photons, but for alpha
particles a factor of 20 has been assigned, and factors between 5 and 20 are used
for neutrons depending on the energy level. This means that to convert an absorbed
dose from alpha particles into an effective dose, the absorbed dose should be
multiplied by 20.
Tissues and organs also differ in regard to probability of harmful consequences
following radiation exposure. To accommodate these differences, the International
Commission on Radiological Protection (ICRP) has developed the concept of
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equivalent dose (ICRP 60, 1991). A tissue weighting factor (reflecting probability
of harmful stochastic effect) has been estimated for a number of organs and tissues.
The unit for equivalent dose is also the sievert. For instance, a nominal detriment
coefficient of 0.12 has been obtained for the bone marrow.
It should be noted that the current system has been developed for radiation
protection purposes and is not always the best approach for estimating risk in
epidemiologic studies. Many of the concepts do not have strict physical
counterparts. The weighting factors are estimates obtained as expert opinion based
on incomplete data. Furthermore, the weighting factors for radiations and tissues
may vary by end-points (conceivably even by cell type within an organ). The
estimates are mainly based on results obtained from high dose studies, and a dose
and dose rate reduction factor (DDKEF, the ratio of coefficients for dose and dose
squared) of two has been applied with the intention of making the estimates
applicable to lower dose range. The tissue weighting factors have been obtained
based on cancer mortality in five countries, but they may also vary by age at
exposure.
A number of uncertainties remain about doses from inhaled radon progeny.
Therefore, radon exposures are usually quantified as activity concentrations and the
cumulative exposure as concentration-years. Radioactivity is measured as rate of
decay; the unit is the Becquerel, Bq, and 1 Bq equals 1 disintegration per second.
Activity concentration is the radioactivity per air volume (Bq m'3). In the miner
studies, the cumulative exposure is estimated as working level months (WLM). One
WLM is equivalent to 170 h of exposure to approximately 7400 Bq m"3 or
residence for one year in a house with a radon concentration of 200 Bq m'3.
The definition of low-dose radiation is necessarily arbitrary. Expert committees
have chosen to define low doses as those with an order of magnitude of £200 mGy
or, alternatively, dose rates £0.1 Gy h 1 (UNSCEAR 1988, ICRP 60 1991). As a
rule, doses below 500 mGy are considered within the scope of this work, but the
emphasis is on protracted exposure to lower doses. Therefore, studies of high dose
radiation, such as those on radiotherapy for benign and malignant disease, are dealt
with only for those parts that pertain to low doses of radiation.

1.2.

Sources of radiation exposure

Both natural and man-made sources of radiation have important contributions to the
radiation exposure received by the general population. The most important natural
sources of radiation include indoor radon, cosmic radiation, background radiation
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from naturally occurring radioisotopes in the environment, and naturally occurring
radioisotopes within the body. Of the man-made sources, medical use of radiation is
the most important with an annual dose equivalent of approximately 1 mSv in most
industrialized countries (UNSCEAR 1994). Even though much higher doses for the
individual are delivered in radiotherapy, its significance at the population level is
considerably smaller. Other man-made sources of radiation include production of
nuclear power and nuclear power plant accidents, most notably the one in
Chernobyl, Ukraine in 1986.
Special groups also occur within the general population with clearly different
patterns of radiation exposure. In addition to patients subject to radiotherapy or
repeated diagnostic examinations involving radiation exposure, there are several
occupational groups with at least potential radiation exposure. In general, the
occupational groups with a possibly considerable annual dose equivalent (5 mSv or
more) include mainly nuclear power plant workers, personnel in radiology and
radiotherapy units, as well as industrial radiographers. Exposures to doses at a
lower level occur, e.g. in air traffic and underground mining.

1.3.

Biological effects of radiation

The health effects of radiation are primarily based on DNA damage and can be
divided into stochastic and deterministic effects (BEIR V, 1990). Deterministic
effects are based on extensive cell death, and their occurrence has a threshold, i.e.
they only occur at doses above a certain level (approximately 1 Gy for most
sensitive cells). Sensitivity of various cell types is dependent on the mitotic rate.
Both the time of occurrence and severity of adverse effects are dependent on the
level of exposure due to the primarily affected tissue, type of cell killing
(intermitotic versus mitotic), and fraction of the surviving cell population. After
whole-body exposure, the deterministic effects include hematologic,
gastrointestinal, and central nervous system syndromes. Following partial or wholebody exposures, the critical target organs also include the lung, heart, liver, skin,
kidney, eye and gonads. Effect of radiation exposure on the developing brain may
also be considered deterministic. Deterministic effects rarely occur today, except as
a result of radiotherapy. Stochastic effects include cancer risk and hereditary
genetic hazards, are based on DNA damage and occur after a long latency period
following radiation exposure. Although not demonstrable with certainty in
epidemiologic studies, it can be theoretically deduced that stochastic effects
probably have no threshold. The probability, but not severity, of stochastic effects
is dose-dependent.
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Radiation carcinogenesis, as the neoplastic process in general, is a multistage
process including several other factors in addition to radiation (BEIR V, 1990).
From an initial event, it may require years, even decades, for a clinically manifest
cancer to develop. It is not entirely clear, what the differences are between
development of a cancer involving radiation exposure and one unrelated to
radiation. Therefore, it is not possible at present to determine whether or not an
individual cancer case is related to radiation. Due to the multifactorial nature of
carcinogenesis, epidemiology as a discipline is particularly suitable for studying the
determinants of cancer risk in human populations.
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2

REVBW OF THE LITERATURE

2.1.

Historical background

Ionizing radiation was first discovered by Roentgen in 1895 and discovery of
radioactivity by Becquerel followed in 1896. Adverse biological effects on skin
were reported within a year. The first cancer cases associated with the newly
discovered rays were observed only some years later (Miller 1995). The first cases
of leukemia attributed to radiation were reported during the early 1900s (Doll
1995). On the population level, the first observations were reports of an increased
incidence of leukemia among US radiologists (Henshaw and Hawkins 1944, March
1944, Ulrich 1946). During the 1950s, the first reports appeared indicating an
increase in leukemia among atomic bomb survivors from Hiroshima and Nagasaki
(Folley et al. 1952). During the late 1950s, radiation-induced risk of cancer was
observed among patients with radiotherapy for ankylosing spondylitis (Court
Brown and Doll 1957) or an enlarged thymus (Simpson et al. 1955), and among
children exposed to diagnostic x-rays in utero (Stewart et al. 1956). All these early
studies dealt with leukemia only.

2.2.

Cancer risk from exposure to natural radiation

2.2.1.

Cancer risk from terrestrial background radiation

A number of ecologicalal studies have been undertaken to assess the possible effect
of terrestrial background radiation on cancer risk in both areas of normal and
exceptionally high levels of terrestrial background radiation. Areas occur in the
world, e.g. in Brazil, India, and China, with increased terrestrial radiation due to
high concentrations of radioactive isotopes (primarily thorium) in the soil. In these
areas, the effective dose from natural background radiation is up to 6 mSv per year,
whereas in most parts of the world it is around 1 mSv per year (UNSCEAR 1993).
In a Swedish study, a correlation between the background radiation and mortality
from several cancer types was found at the county level (Edling et al. 1982).
However, the effects of other factors were not considered. Notably, those counties
with the highest background radiation rates were also the most highly urbanized.
No association between the overall cancer mortality and the natural background
radiation was found in a correlation study of district electoral divisions within eight
Irish counties (AUwright et al. 1983).
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The relationship between terrestrial background radiation and cancer incidence
during 1935-1974 was studied in Connecticut (Walter et al. 1986). Population
density and socioeconomic status were analyzed as covariates. In areas with the
highest dose rates, the doses were about of 2 mSv per year. A statistically
significant negative association was found between background radiation and
overall cancer incidence only for women during 1945-1954, and of specific primary
sites a positive association for bladder cancer among women.
No excess of childhood cancer incidence was observed in Denver with a natural
background radiation dose twice the US average (1.4 versus 0.7 mSv per year)
from both terrestrial and cosmic radiation (Savitz and Zuckerman 1987).
Adjustment for age, sex, and race was used, and the reference rate was taken from
the Surveillance, Epidemiology, and End Results program.
In the Chinese county of Yangjiang, exposure from the background gamma
radiation is approximately 2 mGy per year. For an epidemic-logic study, the control
population was chosen from neighboring counties with normal levels of background
radiation, approximately 1 mGy per year (Wei et al. 1990). Cancer mortality was
assessed between the two areas, both of which had a population of approximately
450,000. No clear differences in cigarette smoking, alcohol consumption, exposure
to medical x-rays, or various occupational exposures were observed. Mortality
from ten types of cancer was studied and a higher rate in Yangjiang was observed
only for cancer of the uterine cervix. However, radiation is not the major etiologic
factor for this cancer. For leukemia, the mortality rate was slightly below the
control area among both males and females. A case-control study of liver and
stomach cancer was also undertaken; the results were not presented in detail, but
the conclusion was that no evidence was present for a role of background radiation
in the induction of these cancers.
In the USA, an inverse association between background radiation and mortality
from cancers of the respiratory organs and buccal cavity has been reported (Hickey
et al. 1981). No clear correlation with leukemia mortality was observed. The study
was an ecologicalal analysis using 43 urban areas as study units, in which 13
chemical air pollutants and water hardness were analyzed as potential confounding
factors. The weaknesses of the study included inappropriate selection of covariates
(e.g. lack of any smoking or socioeconomic measures) as well as potential
ecological fallacy.
A case-control study conducted in Sweden assessed Hie effect of background
radiation (both terrestrial and from building materials) on the risk of acute myeloid
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leukemia (Flodin et al. 1990). Eighty-six cases were identified from hospitals and
for them, 122 population-controls were chosen; only half the eligible cases were
enrolled. Exposure information was based on reported time spent in concrete
buildings, and no actual measurements were performed. The highest exposure
category was assumed to have 10-20 mSv greater exposure during a 20-year period
than the low exposure group. An association of borderline significance was found
between time spent in concrete buildings and risk of leukemia with an odds ratio
(OR) 2.2 and 95% confidence interval (CI) 1.0-4.0 for the highest group versus the
lowest, but it is unclear if this finding represents the effects of background
radiation. The findings were unexpectedly clear, given the small sample size and
low level of exposures.
An ecologicalal analysis of indoor and outdoor gamma radiation dose rate and
incidence of childhood leukemia by district in Britain during 1969-1983 has been
published with no evidence for a positive association between background radiation
and childhood leukemia (Richardson et al. 1995).
Ecologicalal fallacy is the main concern in interpretation of the results. This was
nicely illustrated by Muirhead et al. (1991), who reported a negative correlation
between background radiation and leukemia rates at the county level, and a positive
correlation at the district level. The effects of shielding, migration, and contribution
of building materials have usually not been taken into account. Cigarette smoking is
also a potential confounding factor. Some case-control studies are ongoing and will
be more informative than studies at the aggregate level, but due to both low levels
of exposure and moderate exposure contrasts the power of such studies may be
limited.

2.2.2. Cancer risk from indoor radon
Studies of underground miners exposed to very high radon concentrations have
demonstrated that radon can cause lung cancer (Lubin et al. 1994a). Risk appears
to increase in a linear fashion with an excess relative risk (ERR) of 0.5% per WLM
(95% CI 0.2-1.0). A rather complex relationship between the cumulative exposure
and the exposure rate, i.e. radon concentration, was observed (Lubin et al. 1995).
An inverse dose rate effect was observed at high cumulative exposures, which
diminished or disappeared in cumulative exposures below 50 WLM (Lubin et al.
1995). The relative risk (RR) per unit exposure was three times higher for
nonsmokers compared with smokers, even though based on a small number of
cases. The extrapolation to radon exposures from indoor air is not straightforward,
because the mean concentrations in mines were 100 times higher than those
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commonly encountered in homes. A potential confounding effect is present from
other carcinogens occurring in mines, such as arsenic, diesel exhaust fumes, silica
etc. In the Chinese tin miner cohort study, the unadjusted risk estimates for radon
were larger (0.6% per WLM, 95% CI 0.4-0.8) than those adjusted for arsenic
exposure (0.2% per WLM, 95% CI 0.1-0.2; Xuan et al. 1993). This result was
later confirmed in a case-control study, in which the adjusted risk estimates were
one third of the unadjusted estimates (Yao et al. 1994). Similarly, a positive
confounding effect by silicosis has been suggested (Finkelstein 1995). Furthermore,
the miners are almost exclusively smoking men in working ages. Studies on the
effect of indoor radon on lung cancer risk have yielded less consistent results.
The BEIR IV report (1988) included analyses of four large underground miner
studies and estimated ERR of lung cancer as 1.0-3.0% per WLM (exposures 5-15
with full weight and cumulative exposure >15 years before with a weight of 0.5)
with a modifying effect of age (ERR 3.0 for ages <55 y, 2.5 for ages 55-64 y and
1.0 for ages 65 or over). The joint effect of radon and smoking on relative risk was
assumed to be multiplicative.
The etiologic fraction of lung cancer due to radon was estimated using the BEIR IV
risk estimates (Lubin and Boice 1989). The mean indoor radon concentration was
55 Bq m'3 and median 32 Bq m"3. The proportion of smokers was 4 1 % of men and
33% of women. A similar risk coefficient was applied to both smokers and
nonsmokers. The risk model predicted that 10% of all lung cancer deaths (or
13,300 deaths per year) in the US may be due to indoor radon exposure.
A number of ecologicalal studies have been conducted but are of little value due to
ecologicalal bias and confounding from smoking. The possibility of an ecological
fallacy is especially notable, because first, indoor radon levels vary considerably
even within small areas, and second, radon represents only a small etiologic fraction
whereas smoking is the dominant cause.
Lubin and Steindorf (1995) estimated the etiologic fraction of lung cancer due to
indoor radon in the US, using the risk estimate from pooled analyses of eleven
underground miner studies (Lubin et al 1995) and a submultiplicative interaction
between smoking and radon. They estimated that indoor radon accounts for
approximately 13% of lung cancer deaths among residents of single-family homes
in the US. The etiologic fraction was more than 30% for nonsmokers and 9% for
smokers. An almost identical estimate (12%) was obtained when a similar risk
model was applied for smokers and nonsmokers. A similar exercise has been
conducted in Germany with a mean radon concentration of 49 Bq m"3 and
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proportion men who had ever smoked was 0.58 and women 0.26 (Steindorf et al.
1995). It was estimated that 7% of all lung cancer deaths in the western part of
Germany could be due to residential radon.
A case-control study was conducted in Shenyang, China with 308 women
diagnosed with lung cancer during 1985-1987 as cases and 356 age-matched
controls chosen from files of neighborhood committees (Blot et al. 1990). Radon
measurements were performed with two alpha-track detectors placed for 12 months
in the current residences of the subjects. A similar measurement was also performed
in the previous dwelling if the woman had lived in the current dwelling for less than
five years, and the previous dwelling was in Shenyang and she had lived there for at
least five years. The radon measurements were completed for 78% of the eligible
cases and 91% of controls. The median radon concentration was 104 Bq m'3 for
cases and 107 Bq m"3 for controls. Information on smoking and other factors was
obtained through an interview. A decreasing trend in risk of lung cancer with
increasing radon concentration was observed with adjustment for age, smoking,
education, and air pollution. In the stratified analyses, a suggestion of association
for small cell carcinoma and indoor radon was reported. No statistically significant
interaction between radon and smoking was observed.
In the study by Schoenberg and co-workers, 433 female cases of lung cancer
diagnosed in New Jersey in 1982 to 1984 were identified from the State Health
Department with 402 controls with frequency-matching for age and race
(Schoenberg et al. 1990). For cases alive the controls were chosen from the state's
driver's licence files or from health care administration files. For deceased cases, a
death certificate with no mention of lung disease and a close date of death was
chosen from the state mortality files. Only persons with at least ten years of
residency in a single dwelling in the period 10-30 years prior to the study were
included as subjects. Information on smoking history, occupational exposures and
diet was obtained using a questionnaire. A year-long radon measurement was
conducted in the living area of the subject's residence. No earlier residencies were
traced. The radon measurement was successfully completed for 95% of the cases
and 96% of the controls. Radon exposure was estimated for the remaining subjects
based on measurements at basement or four-day measurements with charcoal
canisters. The radon concentration was below 37 Bq m'3 for 79% of the cases and
80% of the controls. The adjusted risk of lung cancer increased with the radon
concentration and was 4.2 for the highest exposure category (radon concentration
148 Bq m'3 or above). Although none of the category-specific risk estimates were
statistically significant, a one-sided trend test was 0.04. The trend was no longer
significant when the analysis was restricted to subjects with a one-year
measurement in the living area. For cumulative radon exposure, no such trend was
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observed. An increasing trend in risk of lung cancer by radon concentration (using
only three exposure categories) was observed for light smokers, but not for other
groups.
All 291 cases of lung cancer among males diagnosed in 1980-1985 in 19 rural
municipalities in Southern Finland were identified from the Finnish Cancer Registry
for a case-control study (Ruosteenoja 1990). As controls, 495 men with frequency
matching by age and smoking were chosen from an original roster of 1,500 subjects
identified from the Population Registry. Two-month long measurements of radon
concentrations were successfully performed in 50% (696/1393) of the residences
occupied by the subjects for at least one year between 1950 and 1975. The mean
radon concentration was approximately 215 Bq m'3 for both cases and controls.
Information on smoking was obtained by an interview of the subjects or next of kin.
No statistically significant association was observed between indoor radon and the
risk of lung cancer. Using a linear model, the excess relative risk was estimated as
0.3% (95% CI -0.3, +1.0%) per Bq m"3 per year. Stratification by smoking or
histologic type did not change the results.
In a Swedish study, the cases were 210 women diagnosed with lung cancer in
Stockholm in 1983-1986, with 191 hospital controls and 209 age-matched
population controls (Pershagen et al 1992). Radon measurements were sought in
all dwelling where the subjects had resided or at least two years since 1945. Oneyear measurements of radon concentration were completed in 2,118 residences,
which corresponds to 63% of those identified and additional 234 (11%) residences
were measured with a thermoluminescence detector during a two-week period. The
success rates were not reported separately for cases and controls. The arithmetic
mean of radon concentration was 128 Bq m'3 (geometric mean 96 Bq m'3).
Information on smoking, diet and occupation was obtained with an interview. An
increasing trend in the risk of lung cancer with radon concentration was observed,
with an odds ratio of 1.7 (95% CI 1.0-2.9) for those with a time-weighted mean
radon concentration >150 Bq m*3 (adjusted for age, smoking and municipality of
residence). When stratified by bistological type of cancer, the clearest increase was
observed in the small-cell type of lung cancer (OR 2.4, 95% CI 0.9-6.3 for the
group with radon concentration above 150 Bq m"3). A statistically significant
increase in the lung cancer risk with cumulative radon exposure was reported for
the age-group 0-54 years and for never-smokers. The association between radon
exposure and lung cancer risk, however, disappeared after adjustment for
occupancy (daily hours spent indoors in the residency) or weighting of different
time periods according to BEIR IV recommendations (a weight 1 for 5-15 years
and 0.5 for 16+ years prior to the end of the observation period). A reanalysis of

22

STUK-A142

FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY

the data using a Monte Carlo model to adjust for random error in the exposure
estimates resulted in 50-100% higher risk estimates on the assumption that error is
proportional to radon concentration and similar across subgroups with varying risk
of lung cancer, e.g. from smoking.
The largest study on indoor radon and risk of lung cancer published thus far
included 1,360 lung cancer cases diagnosed between 1980 and 1984 identified from
the Swedish Cancer Registry with 2,847 controls identified from the Population
Registry (Pershagen et al. 1994). A control group was chosen matched for vital
status and another group unmatched. Radon concentration was measured in the
dwellings the subjects had been residing in for at least two years since 1947. An
average of three residencies per subject were inhabited by each subject. The
measurement was based on a passive alpha-track detector installed in the dwelling
for a period of three months during winter. A successful measurement was
performed in 73% of the dwellings for both cases and controls and covered a period
of 23 years for both groups. The arithmetic mean of radon concentration was 107
Bq m"3 (geometric mean 61 Bq m"3). Information on smoking was collected using a
questionnaire. A statistically significant association between indoor radon
concentration and risk of lung cancer was observed, with an excess relative risk of
0.10/100 Bq m"3 (adjusted for age, sex, smoking, occupation and urban status). In
the histology-specific analyses, a statistically significant association was observed
for adenocarcinoma only (ERR 0.17/100 Bq m'3, 95% CI 0.01-0.42). When
stratified by smoking status, no statistically significant increase in lung cancer risk
by radon exposure was detected in any of the subgroups. The largest risk estimates
were reported for current smokers.
In a case-control study conducted in Missouri, USA, 538 white nonsmoking women
with lung cancer diagnosed during 1986-1991 identified from the Missouri Cancer
Registry were used as cases (Alavanja et al. 1994). A total of 1,183 controls with
frequency-matching by age were enrolled from state driver's license files and healthcare financing administration. Radon measurements were performed in the kitchens
and the living rooms of the dwellings inhabited by the subjects 5-30 years prior to
diagnosis of the case. The measurements were based on passive alpha-track
detectors and covered a period of 12 months. A mean of two residencies were
measured per subject among both cases and controls. The measurements covered
77% of the target period for the cases and 79% of that for the controls. Information
on lifestyle factors such as former smoking was obtained by telephone interview of
the subjects or next of kin with a response rate of 95% for cases and 92% for
controls. The mean and median time-weighted average radon concentrations were
identical for cases and controls (67 Bq m"3 and 52 Bq m'3, respectively). The radon
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levels were above 148 Bq m"3 for 6.5% of the cases and 6.8% of the controls. In the
multivariable analysis, no statistically significant association between lung cancer
risk and time-weighted radon concentration was detected. In the age-adjusted
analysis of radon exposure classified as quintiles, the odds ratio for the highest
quintile was 1.2 (95% CI 0.9-1.7). When deciles instead of quintiles were used, no
clear increase in lung cancer risk with radon exposure emerged. Stratification by
age or smoking (never versus ex-smoker) did not change the results, nor did further
adjustment for active or passive smoking, dietary saturated fat, or education. When
only adenocarcinomas were included in the analysis, a suggestive increase in risk
was observed in the highest exposure quintile. Based on the same material, it was
estimated that the etiologic fraction of lung cancer due to indoor radon among
nonsmoking women in Missouri is approximately 1% (95% CI -2%, 4.8%;
Alavanjaefar/1 1995).
In a Canadian study, 738 subjects with lung cancer diagnosed during 1983-1990 in
Winnipeg were identified from the local cancer registry (Letoumeau et al. 1994). A
similar number of controls matched for age and sex were chosen from the telephone
catalog. Radon measurements were performed in each dwelling in which the subject
had resided for at least a year within the Winnipeg metropolitan area. Passive
alpha-track detectors were installed in the living area (bedroom) and in the
basement for two consecutive six-month periods. Of the 7,318 eligible dwellings, a
measurement was performed in 61% (the response rate was not reported separately
for cases and controls). Information on lifestyle factors such as smoking was
obtained by interview of the subject or next of kin. The mean radon concentration in
the living area was slightly lower for cases than controls in both current and all
residences (129 versus 145 Bq m*3 and 116 versus 126 Bq m'3, respectively). In the
multivariable analysis with adjustment for smoking and education, no increase in
lung cancer risk with radon exposure was observed. This was not changed by
restriction of the subjects to those for whom at least 75% of the target residential
period (5-30 years prior to enrollment in the study) was measured (227 cases and
controls). No relative risk estimate per unit exposure was given. In the analysis
stratified by histologic type, no statistically significant increase in lung cancer risk
by radon exposure was observed in any subgroup.
A pooled analysis of the three case-control studies conducted in Stockholm, New
Jersey and Shenyang and including 966 cases and 1,158 controls has been
published (Lubin et al. 1994b). The overall excess relative risk per 100 Bq m"3 was
0.00 (95% CI-0.14,+0.19).
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Overall, the studies of indoor radon and lung cancer risk tend to exclude neither
lack of any effect nor risk estimates projected from the miner studies. This is due to
the fact that the risk projected from miner studies is small, estimation of past
exposures difficult and the potential confounding effect of smoking. It appears
likely that there is some risk, but reducing the uncertainty in risk estimates from
indoor radon studies remains a challenge.
Various levels of correlation between indoor radon and childhood leukemia as well
as a number of other cancers has been reported in ecological studies (Henshaw et
al. 1990, Alexander et al. 1990b, Richardson et al. 1995). They must be regarded
as tentative due to variation in the quality of both exposure and outcome data by
region as well as ecologicalal fallacy. In a collaborative analysis of 11 underground
miner studies, no association between cumulative radon exposure and leukemia was
found (Darby et al. 1995). Of the 25 cancer sites studied, pancreatic cancer was the
only primary site that was positively associated with radon exposure. This finding
was interpreted as probably spurious.
2.23. Cancer risk from exposure to cosmic radiation
2.23.1. Cancer risk in populations Irving in high altitudes
Populations living at high altitudes receive a radiation dose from cosmic radiation
consisting of gamma and neutron components that reaches 2 mSv per year at 4,000
m (e.g. La Paz, Columbia). A slightly lower incidence rate for leukemia has been
reported from La Paz compared with other South American cancer registries (RiosDalenz et al. 1981). This could be due to differences in completeness of registration
or other population characteristics.
In an ecological analysis of 80 cities in the United States, a positive correlation was
observed between cosmic neutron radiation and leukemia mortality (Weinberg et al.
1987). A positive correlation was also noted with arteriosclerotic heart disease,
breast cancer, and intestinal cancer. Furthermore, a negative correlation between
leukemia mortality and altitude was also reported, and no correlation was present
with the total background radiation. Similar issues are relevant for interpretation of
ecologicalal studies on the effects of cosmic radiation as for those on terrestrial
background radiation.
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2,2.3.2. Cancer risk from occupational exposure to cosmic radiation
Aircraft personnel in commercial airlines experience exposure to cosmic radiation,
which consists of galactic and solar radiation. Primary cosmic radiation consists
mainly of charged particles, mainly protons, but also of helium and other, heavier
nuclei. In the atmosphere, mostly secondary and tertiary cosmic radiation is present,
which results from particle collisions and has gamma and neutron radiation as the
main components. The dose equivalent rate from cosmic radiation is primarily
dependent on the altitude. At sealevel, the dose rate is less than 0.1 mSv per hour
and it doubles with every 1,500 m of altitude (Paretzke and Heinrich 1993). At
common cruising altitudes around 12,000 m, the dose equivalent rate is five to nine
mSv per hour (O'Brien et al. 1992). Another modifying factor is latitude; due to
geomagnetic shielding, cosmic radiation is weakest in the equatorial areas and
increases toward the polar regions. Temporal variation als occurs in the intensity of
cosmic radiation due to solar activity (O'Brien et al. 1992). The mean dose
equivalent rate during intercontinental flights has been estimated as 1.3 mSv per
hour (Montagne et al. 1993) and the annual radiation exposure to the crew (based
on 550 flight-hours) as 2 mSv, with a range of 0.1-4.5 mSv (O'Brien et al. 1992,
Montagne et al. 1993). Some exists uncertainty in the estimates based on variation
in the estimated energy distribution of neutrons (Michalik et al. 1994).
In a Canadian cohort study, 2,740 male Air Canada pilots were followed up for
cancer incidence and mortality between 1950 and 1992 (Band et al. 1996). The
subjects employed for at least one year were identified from company employee
records and had a work-history of a mean of 21 active working-years. Cancer
incidence information was available from Canadian cancer registries, and cause and
date of death were obtained from the Canadian Mortality Database. Follow-up was
obtained for 98% of the cohort members with approximately 62,000 person-years
for both mortality and cancer incidence follow-up. The reference rate for the
standardized incidence (SIR) and mortality ratios (SMR) was based on the general
male population. The mean annual radiation dose from occupational exposures was
estimated as 5.6 mSv. Of the 219 deaths in the cohort, 56 were from cancer. No
statistically significant increases in cancer mortality were observed. A total of 125
incident cancer cases were diagnosed, with nine leukemias. The SMR for all
leukemias excluding chronic lymphocytic leukemia (CLL) was 1.9 (95% CI 0.83.5). An increased risk of prostate cancer and decreased risks of rectal, lung, and
bladder cancers were also observed.
In an earlier Canadian cohort study, 913 male Canadian Airlines pilots were
followed up for cancer incidence and mortality from 1950 through 19S8 using
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methods similar to those above (Band et al. 1990). A total of 71 deaths occurred,
16 from cancer, and 57 incident cancer cases were observed. Increased incidence
and mortality from brain cancer were observed based on four cases. Some
indication of an increase in other cancers (rectal cancer, nonmelanoma skin cancer,
and lymphoma) was also observed, but the findings did not attain statistical
significance (based on two-sided tests).
A Japanese cohort study of 2,327 male cockpit crew members identified from
Japanese Airlines employment files was based on mortality between 1952 and 1988
(Kaji et al. 1993). The mean number of active work-years was 14 and the causes
and dates of death were obtained based on active follow-up. Complete follow-up
was achieved. The reference rates were based on the general population. Of the 59
deaths, 20 were attributed to cancer, while the expected number of cancer deaths
was 23. No SMRs were presented for specific cancer sites, but no deaths from
leukemia were observed.

2.3.

Cancer risk from environmental exposure to man-made
radiation

23.1. Cancer risk from atmospheric atomic bomb testing
A series of above-ground atomic weapons explosions at the Nevada test site during
1951-1962 led to doses of 1-10 mSv to populations living downwind from the test
site (Beck and Krey 1983). In the first published study, the Utah counties were
divided into those with above and below average fallout levels (Lyon et al. 1979).
An exposed cohort was formed as a population aged 0-14 years between 1951 and
1958. The reference rates were base on mortality prior to 1951 and on the
population born after 1958. Within the counties with above average levels, the
exposed cohort had a mortality rate from childhood leukemia more than twice that
of the unexposed cohorts (SMR 2.44, 95% Cl 1.18-5.03 versus 1.28, 95% CI 0.971.69). The mortality in the exposed cohort was, however, comparable to the
national average whereas the unexposed cohort had exceptionally low rates. It was
later shown that the exposure classification was invalid, and the exposed population
may in feet have had lower doses than those classified as unexposed (Beck and
Krey 1983). The statistical methods of the original analysis have also been
questioned, including the statistical significance of the original findings (Land et al.
1984).
A retrospective cohort study compared the self-reported cancer incidence among
Mormon families in southwestern Utah to those among Mormons throughout Utah
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(Johnson 1984). Increased incidence of several types of cancer (288 cases observed,
179 expected), including excesses of leukemia, thyroid, breast, and bone cancer was
reported. Furthermore, an even higher cancer incidence was observed for the group
of subjects reporting acute effects of radiation; however, information bias very
likely contributed to the findings as the issue was of great concern among the
population, and the diagnoses were not confirmed medically. An imbalance in the
sex distribution supports the possibility of information bias. To evaluate these
findings, an ecologicalal study comparing cancer mortality rates for three counties
in southwestern Utah during 1955-1980 was conducted (Machado et al. 1987). An
increase in leukemia was observed (RR 1.5, 90% CI 1.2-1.8), most clearly in
children compared with the rest of Utah (RR 2.8, 90% CI 1.7-4.9). This finding
was balanced, however, by the fact that a deficit in risk of both overall cancer and
the three specific sites was found. The differences indicated the weaknesses of the
earlier work.
A large case-control study has been conducted of 1,177 subjects dying from
leukemia in Utah and 5,330 controls dying from other diseases (Stevens et al.
1990). The cases were identified from the Utah Registry of Vital Statistics and the
Utah Cancer Registry as deaths from leukemia between 1952 and 1981 among
subjects residing in Utah and born prior to 1958. All eligible cases were linked to
the file of deceased members of the Church of Jesus Christ of Latter-day Saints
(Mormons), which resulted in inclusion of 65% of the original roster. The controls
matched for age, sex and year of death were also identified from church files and
they had to fill the same criteria, except that deaths were from other diseases.
Radiation exposure from fallout was estimated for each subject, using deposition
patterns and subject residence locations obtained from church files. The median
bone marrow dose was 3 mGy. Overall, no statistically significant association
between the radiation dose and risk of leukemia was found (OR 1.7, 95% CI 0.93.1), but risk estimates above unity were reported for the highest exposure category
(6-30 mGy) for both CLL (OR 1.7, 95% CI 1.0-2.8, six cases) and non-CLL
leukemia (OR 1.7, 0.9-3.1, 17 cases). A statistically significant increasing trend
across three exposure categories, however, was found for three subgroups within
the high-exposure group: acute leukemia (OR 2.1, 95% CI 1.0-4.4), deaths during
1952-1957 (OR 3.1, 95% CI 0.8-13), and deaths prior to 20 years of age (OR 5.8,
96% CI 1.6-22). No excess risk was found for exposures in utero. The risks
observed appear fairly large, given that the doses received were similar to those
from natural background levels. If true, they would suggest risks at least 20 times
higher per sievert compared with the atomic bomb survivors. Sources of
uncertainty, however, include possible differences in leukemia mortality among the
areas prior to fallout, and radiation exposure from other sources, mainly medical
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uses of radiation. An equally large risk of CLL as of other leukemia types also
suggests a possibility of bias, e.g. selection bias related to differences in child
mortality among areas. A small, nonsignificant increase in thyroid cancer has also
been reported, based on thyroid screening; however, recall and selection bias may
have affected the results (Kerber et al. 1993).
An atmospheric nuclear bomb test on the Bikini Atoll in 19S4 (code named
BRAVO) led to whole-body radiation doses of up to 1 Gy and thyroid doses of
several grays for the local population (Conard 1984). Seven cases of thyroid cancer
were later diagnosed among 250 exposed subjects, corresponding to a sevenfold
rate compared with an unexposed group. It was probable, however, that even many
of the subjects formerly regarded as unexposed had received considerable thyroid
doses (Hamilton et al. 1987). An increase in benign thyroid nodules has also been
reported, which is associated with distance from the test site.
A comparison of leukemia mortality rates among US states with varying levels of
fallout from atmospheric nuclear weapons testing suggested an effect of fallout
(Archer 1987). Hie findings of the study were, however, not convincing, since a
mortality peak occurred during the 1960s in all exposure levels, and the relative
risks between areas hardly changed over time. The geographical units were large
and the exposure classification crude.
An analysis of time trends in the Scandinavian countries failed to detect an
association between childhood leukemia incidence and fallout from atmospheric
atomic bomb testing (Darby et al. 1992). The mean dose to fetal bone marrow from
the fallout was estimated as 0.1 mSv during the high-level fallout period and a
further dose of 1.5 mSv was accrued after birth. No clear increase was
demonstrated for the period (1962-1965) nor the birth cohort with the highest
exposures, even though vie point estimates were slightly higher for the most highly
exposed children.
Cancer mortality has been studied among 28,000 residents along the Techa river in
Russia who were exposed to environmental releases of radioisotopes from the
nearby Chelyabinsk plant, mainly during the 1950's (Kossenko 1996). The
exposures were from both external and internal exposures (including strontium-90
and cesium-137). The mean bone marrow dose has been estimated as 0.5 Sv.
Exposed populations were classified according to distance from the site of release
and duration of residency. An unexposed control population in the same region was
identified. Information on the causes of death was collected in a registry for the
period 1953-1990, but twelve percent of the subjects were lost to follow-up. A
mean dose up to 1.4 Sv was estimated for 13,000 people with the highest
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exposures, but no individual dose estimates were available. A significant dosedependent increase was reported in leukemia (ERR 3.2 per Gy, 95% CI 0.5-6.0 and
absolute risk 0.85 per 10,000 person-years per Gy, 95% CI 0.24-1.85). Linearity
described the dose-response, and introduction of a quadratic term did not improve
the fit. Neither linear nor linear-quadratic models adequately fitted the data for solid
cancers. The point estimate for excess relative risk of solid cancers was 0.65 per
Gy (95% CI 0.27-1.03). This is a potentially valuable source of information, and
the preliminary results suggest lower risk estimates than those among the atomic
bomb survivors. However, death certificates were obtained for only two thirds of
the deaths. The details of the dose calculation or identification of control groups
were not reported, and no information was available on potential confounding
factors such as lifestyle or other exposures.
Reindeer-breeding Lapps were exposed to high levels of fallout from atmospheric
atomic bomb testing. The cancer incidence among 2,000 Swedish Lapps during
1961-1984 was studied (Wiklund et al. 1990). No increase in incidence of cancer at
any primary site was observed compared with national rates or those of northern
Sweden. In contrast, they showed a lower incidence of colon, prostate, and kidney
cancer as well as lymphoma than either of the reference populations. This was
obviously related to their traditional lifestyle including diet and physical activity.
A cohort study of cancer mortality has been conducted among 8,554 US Navy
veterans exposed to radiation in an atmospheric nuclear test in the Pacific in 1958
(Watanabe et al. 1995). The control group consisted of veterans not exposed to the
test. The mean length of follow-up was 32 years and the median dose was estimated
as 3.9 mSv based on personal film badge dosimeters. Vital status was ascertained
with a completeness of 90% from the Department of Veteran Affairs and cause of
death was available for 92% of the deceased. A total of 264 cancer deaths were
observed in the exposed group; the overall cancer mortality was slightly higher
among exposed than unexposed veterans (RR 1.14, 95% CI 0.98-1.33), while
mortality from leukemia was lower among the exposed (RR 0.69, 95% CI 0.271.78). Among those with a radiation dose of 10 mSv or more, statistically
significant increases in mortality from all cancers and from liver cancer were noted.
Adjustment for military rank did not change the results. Given the small doses, the
study did not have much statistical power. Based on BEIR V estimates, it was
estimated that a total of six cancers might be attributable radiation exposure within
this cohort. No information on potential confounders such as smoking or alcohol
consumption was available.
Mortality and cancer incidence were studied among approximately 3,000
participants of a US military nuclear test (Smoky) conducted in 1957 (Caldwell et
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al. 1983). Completeness of follow-up was 95% and national rates were used as
reference. The mean dose was 5 mSv. No excess in overall mortality (SMR 0.88,
95% CI 0.78-0.98) nor cancer mortality (SMR 1.00 95% CI 0.75-1.25) was
observed, but an excess was found in bom mortality (SMR 2.58, 95% CI 1.115.09) and incidence of leukemia (SIR 2.50, 95% CI 1.20-4.60). No statistically
significant increases were reported for other cancer sites. The mean gamma
radiation dose among leukemia cases was slightly higher man among other
participants (10 mSv versus 5 mSv). The excess of leukemia was unexpected given
the low doses. The main source of potential bias is comparison with the general
population. Persons recruited in the armed forces may differ from the rest of the
population with respect to other risk factors.
Approximately 40,000 US Navy personnel participated in a nuclear test series
referred to as Operation Crossroads in the Bikini Atoll in 1946 (Johnson et al.
1996). Their mortality experience was assessed and compared with Navy personnel
elsewhere at the same time. A control group of similar size was matched in terms of
age, pay grade and period of service. The mean dose was estimated as 6 mSv,
based on group dosimeters. Follow-up was conducted through the Veterans
Administration databases with completeness of 88% for both groups. Overall
mortality was slightly higher among test participants (RR 1.05,95% CI 1.02-1.07),
while no clear increase was detected in mortality from cancer (RR 1.01, 95% CI
0.96-1.07). No excess of leukemia or other specific cancer types was observed.
Men who boarded the target ships soon after detonation and those with an
engineering and hull occupational specialty were thought to be the most highly
exposed, but mortality among them did not differ from other participants.
A study of more than 20,000 participants of the UK atmospheric nuclear test
program compared their cancer incidence and mortality with an equally large
control cohort of military personnel (Darby et al. 1993). The estimated mean dose
was below 1 mSv. Mortality from leukemia was higher among participants than
nonparticipants (RR 3.4, 90% CI 1.5-8.25), but no excess was observed among
those most likely to have received radiation exposure, and therefore other factors
are probably accounted for the increased risk. An increase in mortality from
bladder cancer as well as a decrease in oropharyngeal and lung cancer was also
observed.
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23.2.

Cancer risk from radiation from exposures from nuclear power
plant

2.3.2.1.

Cancer risk from the Three Mile Island nuclear power plant accident

Following an accident in 1979, radioactivity primarily in the form of radioactive
noble gases was released from the Three Mile Island nuclear power plant, leading
to doses below 0.5 mSv to the population nearby. A cohort study was undertaken to
assess the effects on cancer incidence (Hatch et al. 1990). The population sizes
were estimated for four different exposure zones based on distance and direction
from the plant. Radiation exposure was quantified in relative terms using an
arbitrary scaling parameter; thus, the population in the highest exposure group was
assigned a value of 500 relative to the reference category. Even distribution of
population size, age, and sex had to be assumed across place and time. Adjustment
for area-based indicators for population density and socioeconomic status was used.
Information on incident cancer cases was collected from nearby hospitals. Based on
six childhood and 72 adult leuketnias, no association between accidental emissions
and leukemia was detected; however, an increase in the incidence of non-Hodgkin's
lymphoma (based on 34 cases) in the area with the highest exposures was detected
in the period five to six years after the accident, which was mainly due to a decrease
in risk in the second lowest exposure category. This finding is probably spurious,
because radiation has not been established as a risk factor for non-Hodgkin's
lymphoma. The methodology was also not entirely sound, and the exposures were
very small. Also, an association of routine emissions (<0.01 mSv per year) with
non-Hodgkin's lymphoma and lung cancer was reported.
2.3.2.2.

Cancer risk from the Chernobyl nuclear power plant accident

The accident at Reactor 4 of the Chernobyl nuclear power plant on April 16, 1986
led to release of large amounts of radioactive isotopes into the atmosphere
(UNSCEAR 1988). Thyroid doses to children up to several grays have been
estimated for the areas adjacent to the plant. Low intake of iodine in the diet and
lack of prophylactic iodine increased the thyroid doses. A striking increase in
childhood thyroid cancer has occurred in Ukraine and Belarus beginning in 199091. An increase was reported in the number of thyroid cancer cases diagnosed
among children in Belarus from less than one per year to more than 50 cases
annually by 1991 with a steady increase through 1994 (Demidchik et al. 1996). By
late 1994, the total number of thyroid cancers in Belarus was more than 300. The
cancers were almost exclusively of the papillary type and children 0-5 years of age
at exposure exhibited the greatest increase in risk. The highest incidence rates in
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Belarus have been reported in the most heavily affected regions, but a clear increase
has also been reported in areas with low thyroid doses (Buglova et al. 1996).
In the most heavily affected areas in Ukraine, a median thyroid dose above 1 Gy
and a more than 100-fold increase in incidence has been reported (Tronko et al.
1996). At die national level, the incidence is five to ten times the preaccident level.
More than 200 cases had been detected by the late 1996. In the most heavily
contaminated areas, the increase has been even more pronounced. As in Belarus,
the cancers have been predominantly of the papillary type and the increase has been
greatest in children 0-4 years of age at the time of the accident. An excess relative
risk estimate of 3.8 (95% CI 2.7-4.9) has been calculated (Sobolev et al 1996). An
increase has also been reported in the Bryansk and Kaluga regions in the
southwestern Russia (Tsybef al. 1996).
Concern about possible overdiagnosis due to intense screening efforts has been
expressed (Beral and Reeves 1992, Ron et al. 1992). Analysis of mortality could be
used to resolve the question, but deaths caused by childhood thyroid cancer are
rare. Even though approximately half the cases have been detected at an
asymptomatic stage, most have been invasive and only a small proportion of the
cases have been small enough to be regarded as indolent (Nikiforov and Gnepp
1994). Most of the increase has also occurred in the heavily contaminated regions
and is confined to children born prior to the accident. Currently it appears that even
though the increase is unexpectedly early and large, the epidemic of childhood
thyroid cancer is related to exposure to radioactive iodines.
Risk estimates for childhood thyroid cancer are difficult to construct due to lack of
detailed exposure information. Above all, not much is currently known about
exposure to short-lived iodine isotopes and internal exposure to radioiodine. The
risk appears higher than that observed among children and adolescents given
radioiodine for medical purposes (Hall et al. 1996). It resembles, however, the risk
estimates reported among children from external radiation from Hiroshima and
Nagasaki (UNSCEAR 1994) and studies of children with radiotherapy.
No clear increase in leukemia incidence has been observed in Belarus following the
Chernobyl accident (Prisyazbiuk et al. 1995). A slow steady increase appears to
have continued since early 1980s through 1993. No clear increase was observed
among children, but some indication of an increase was reported in the oldest agegroups. This may be a chance finding, because the rates are similar to other Eastern
European countries. The rates in the most contaminated regions did not differ from
those of other parts of the country. The difficulties in dosimetry and lack of existing
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cancer and population registries limit the possibilities for research in Belarus and
Ukraine. With further follow-up, case-control studies may provide more
information for risk estimation purposes.
In the European Childhood Leukemia Incidence Study, no correlation between the
Chernobyl and childhood leukemia has been observed in 23 European countries;
however, the doses are very low and exposure measures crude (Parkin et al. 1996).
The incidence of childhood leukemia in relation to Chernobyl fallout was evaluated
in a study conducted in central Sweden (Hjalmars et al. 1994). Exposure
assessment was based on an airborne survey of gamma radiation dose rates. No
increase in the most heavily affected areas (with cesium-134 contamination >10
kBq per m2 ) was observed compared with the period piror to the accident (RR 0.9,
95% CI 0.6-1.4) or with the less exposed areas after the Chernobyl accident (OR
0.9, 95% CI 0.7-1.3). No positive trend was associated with level of fallout; the
only indication of possible effect was in the subgroup analysis of acute
lymphoblastic leukemia among children 0-5 years of age (OR 1.5, 95% CI 0.8-2.6)
when comparing risk in the exposed area before and after the accident. This finding
was based on cases occurring during 1986-1988, i.e. shortly after the accident. No
increase in childhood acute lymphatic leukemia or brain cancer related to the
Chernobyl fallout was found in a study comparing incidence rates before and after
Chernobyl in three areas with various levels of exposure in central Sweden (Tondel
etal. 1996).
No association between Chernobyl fallout and incidence of childhood leukemia was
reported in a Greek study (Petridou et al. 1994). The country was divided into 17
areas based on measurement of cesium-137 activity in 1,200 surface soil samples
with the highest levels reaching 3000 Bq per kg. Background radiation was also
taken into account. Incidence data were obtained by review of hospital discharges.
No clear effect of fallout was observed between July 1988 and June 1991 (absolute
risk estimate 0.2/1000 Bq kg"1 per 100,000 person-years, 95% CI -30, +32). The
validity of the hospital discharge data was not evaluated, but incidence varied by a
factor of five across regions and time.
In a recent study from Greece, a doubling of the infant leukemia incidence
(diagnosed during the first year of life) was reported for the cohort of children born
following the Chernobyl accident (Petridou et al. 1996). Greece was divided into
three areas by fallout level. No excess was observed for areas with fallout below
100 Bq kg'1 soil, but a statistically significant increase was observed in more
heavily contaminated areas. Excess risk disappeared after the age of one year. The
finding was based on eight extra cases in a cohort of more than 160,000 children.
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More complete registration could account for some of the excess. The mean dose
was estimated as 2 mSv, i.e. extremely small to account for a doubling of risk.
Applying this risk estimate to the general population suggests that radiation
exposure from natural sources could account for up to 80% of infant leukemias.
The temporal pattern of risk is also unexpected: in most studies, excess risk of
leukemia appears two to four years after the exposure and persists for 10-15 years.
A number of unpublished, almost exclusively negative studies on the effects of
Chernobyl fallout on risk of leukemia and thyroid cancer from a number of
European countries were presented in a recent review (Sali et al. 1996). So far, the
only clear indication of an increase in cancer related to the Chernobyl accident has
been an increase in childhood thyroid cancer in the areas close to the accident site.
If the future studies on childhood leukemia in these areas turn out negative, thyroid
cancer will probably remain the only confirmed effect.

233.

Cancer risk among the atomic bomb survivors

In 1945, during the final stages of World War II, atomic bombs were detonated
above the Japanese cities of Hiroshima and Nagasaki in 1945. An extensive survey
of the survivors has been ongoing since 1950. Based on the current dosimetry
system (referred to as DS86) doses above 5 mSv have been assigned to roughly
50,000 persons with a mean of 200 mSv (Pierce et al. 1996). In Nagasaki, the
radiation exposure was almost exclusively gamma radiation, whereas there was a
significant neutron component in Hiroshima. Among those exposed, more than
38,000 subjects have had doses 5-200 mSv, while the reference group consists of
more than 35,000 subjects with doses below 5 mSv. The exposure was mainly to
high energy gamma rays with a neutron component in Hiroshima. In the latest
follow-up through 1990, approximately 8,500 deaths from cancer have occured and
half of the study population is still alive.
Exposure at young ages is associated with a larger excess risk, but the risk has
declined with time especially in leukemia, but also in solid cancers. For solid
cancers, exposure in adulthood resulted in excess relative risk that has persisted for
solid cancers throughout the 40 years of follow-up since 1950. For all ages
combined, the excess risk of leukemia first appeared one to three years after
exposure with a peak in the years 5-10 followed by gradual decline. The ERR per
Sv was twice as high for females than for males in all solid cancers, while the ERR
per Sv for leukemia, was approximately 30% higher for males.
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For all solid cancers, there was a tendency toward higher ERR per sievert in the
low dose categories (Table I). This was more pronounced in mortality analysis and
it has been suggested that it could be an artefact due to bias in death certificates,
which are not as well ascertained as incident cases reported to the cancer registry.
Exponential models corresponding to lower risk per Sv in higher doses (concave
from below or supralinear) were less compatible with the data than linear above the
dose level of 1 Gy.
The lowest dose range in which a statistically significant dose response was
observed was 0-50 mSv. This is of course no evidence for the presence of a
threshold, and the observed value may be dependent mainly on the sample size and
measurement error. For leukemia, clear evidence was obtained for nonlinearity even
in the dose range 0-3 Sv and a linear-quadratic model fits the data better than a
simple linear model. The ERR at 1 Sv compared with 0.1 Sv was approximately
three times higher than that predicted by a linear model.
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Table I. Excess relative risk per sievert all cancers except leukemia in the incidence
and mortality analyses of The atomic bomb survivors (from Pierce et at 1996).
Dose category (Sv)

ERRperSv(s.e.),
mortality

ERRperSv(s.e.),
incidence

0.005-0.02

2.6(2.1)

0.81 (1.7)

0.02-0.05

1.6(0.90)

0.62(0.67)

0.05-0.10

0.60 (0.4)

0.33 (1.39)

0.10-0.20

0.43 (0.25)

not published

0.20-0.50

0.38 (0.13)

not published

Total (0-3)

0.37

not published

A dose-dependent increase in risk has been established in mortality analyses for
leukemia (including all the major subtypes except CLL) and multiple myeloma, as
well as cancers of the esophagus, stomach, liver, colon, lung, breast, ovary, and
urinary bladder. The ERR per Sv (weighted organ dose) was 4.6 for leukemia and
0.4 for all other cancers combined without significant variation by site. The
attributable risk was estimated as 50% for leukemia and 7% for all other cancers.
The lifetime excess risk of death from solid cancer, was estimated as 10-18% per
sievert for males and 13-26% for females for exposures in childhood; for leukemia,
the corresponding figures were 1.4% and 0.9%.
Incidence analysis with a total of 8,613 solid cancers and 261 leukemias has given
results similar to mortality studies (Thompson et al. 1994, Preston et al. 1994),
except that an excess risk of thyroid and nonmelanotic skin cancer was only
observed in incidence analysis, due to low mortality. The estimated ERR was 0.63
per sievert (95% CI 0.52-0.74) for solid cancers in total, with the highest risk
estimates for breast (1.6, 95% CI 1.1-2.2), thyroid (1.2, 95% CI 0.5-2.1), and
urinary system cancers (1.2, 95% CI 0.6-2.1). For leukemia, a linear-quadratic
absolute risk model fitted the data well with modification by sex and age at
exposure (or, alternatively, time since exposure). The time-averaged ERR for
leukemia was estimated as 3.9 at 1 Sv and the excess absolute risk as 2.7 cases per
10,000 person-years per sievert (confidence limits not given).
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Of the studies exploring the modifying effects of other risk factors, a multiplicative
interaction model described the relationship between radiation and reproductive risk
factors of breast cancer (Land etal 1994).
Studies of the atomic bomb survivors are by far the most important source of
information in radiation epidemiology. The study has a large population with a wide
range of doses, reasonably good individual dose estimates, prospective follow^ip of 40
years and high-quality ascertainment of outcomes. The number of subjects with low
doses is fairly large and allows assessing different dose-response models with adequate
statistical power.

23.4. Cancer near nuclear installations
If the vast majority of research in radiation epidemiology has been conducted on
populations with high doses of radiation, the studies of cancer in the vicinity of nuclear
facilities represent the other extreme: the major dispute deals with the question if there is
any chance of a negligible radiation exposure leading to a detectable effect.
The issue of possible effects of radiation on people residing near nuclear faculties was
first raised by a television broadcast in 1983 on the occurrence of childhood leukemia
and lymphoma in the village of Seascale, 10 km from the Sellafield reprocessing plant
The claims made in the TV program were confirmed in two studies (Urquhart et al.
1984, Gardner and Winter 1984). A total of seven cases had been diagnosed during 30
years, corresponding to a mortality rate ten times the national average. Later on, it was
recognized mat the excess was confined to children born in Seascale and was no increase
was observed among children moving to the area (Gardner et al. 1987a, b). The excess
has continued in later follow-up (Draper et al 1993). However, less than 10% of
children born to workers of Sellafield plant were to workers of the plant were bom in
Seascale (Parker et al 1993). No increase in thyroid cancer has been reported (Bowk
and Tq>lady 1989).
The radiation doses to the public from the Sellafield plant (even though larger man
releases from more modem establishments) are extremely small, perhaps 1% of the
annual radiation dose from other sources (Cooper 1992). No evidence of an increase in
radiation exposure has been obtained in analysis of foodstuffs (Mondon and Walters
1993) nor in cytogenetic studies (Holdsworm et al 1990). The accident mat took place
in 1957 did not contribute to exposures for later years.
Similar studies were conducted in the vicinity of other nuclear installations in the Great
Britain. A temporary increase in incidence of childhood leukemia was reported for the
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years 1979-1984 in Caithness, Scotland near the Dounreay nuclear site with a reactor
and a reprocessing plant (Heasman et al 1986). There were five cases versus less than
one observed in area within 12.S km from the nuclear she. However, the finding was
sensitive to definition of geographical area and no excess was observed for other periods.
An excess of childhood leukemia based on 41 cases versus 29 expected was reported
around Aldeimaston and Burghfield with a research reactor and a nuclear weapons
factory (Roman et al. 1987). The finding was confined to children aged 0-4 years
residing within 10 km from the facility. This finding was inconsistent with the earlier
Office of Population Censuses and Surveys study, possibly due inclusion of the town of
Reading with little or no discharges.
A number of pooled analyses have been conducted involving all the nuclear facilities in
England and Wales (Baron 1984, Forman et al. 1987, Bhhell et al. 1994). All of them
have yielded essentially negative results.
A very elegant approach was utilized by Cook-Mozaflari et al. (1989), who studied the
incidence of childhood leukemia near planned, but unbuilt nuclear facilities. They also
studied cancer in the vicinity of nuclear sites prior to construction of the plants. They
reported a statistically significant increase in settings with no possibility of radiation
exposure.
A number of investigations have been published from other countries, none of which has
confirmed the Sellafield finding (Crump et al. 1987, Hill and Laplanche 1990, Jablon et
al. 1991,Michaelis<tfd/ 1992,McLaughline/<ar/ 1993b, Videtal. 1993). However, a
recent study suggested an increased risk of childhood leukemia associated with time
spent on the local beach and consumption of local seafood in the vicinity of a nuclear
reprocessing plant (Pobel and Viel 1997). The findings were based on small numbers of
cases and the reported risks were so large that they could only be expected if the doses
were of the order of magnitude of one gray.
Altogether, it appears that the external gamma radiation doses were too low to account
for the observed excess of cancer (Darby and Doll 1987). Therefore, alternative
explanations have been suggested. A plausible explanation is the natural tendency of
childhood leukemia to occur in clusters (Alexander et at 1990a, Knox and Gilman
1992).
Another radiation-related explanation was provided by Gardner and co-workers (1990).
They reported a twofold risk for childhood leukemia associated with paternal
employment at the Sellafield plant. Even clearer correlation of leukemia risk was
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observed with the paternal radiation dose before conception. The risk was more than
sevenfold for a dose of 10 mSv or more in die six months before conception. This
finding has, however, not been confirmed in other studies of cancer in the offspring of
nuclear woikers (Urquhart et al. 1991, Kinlen et al. 1993, Mclaughlin et al. 1993a,
Roman et al. 1993). Nor has mere been a similar excess of cancer among offspring of
the atomic bomb survivors (Yoshimoto era/. 1990).
Overall, it seems very unlikely that the Sellafield findings represent a phenomenon
related to radiation exposure to woikers of nuclear installations or to public living
nearby. There may be some other factors mat have produced a cluster that has puzzled
researchers for the past decade.

2.4.

Cancer risk from exposure to medical irradiation

2.4.1.

Cancer risk from diagnostic medical irradiation

2.4.1.1. Effects of prenatal exposures to diagnostic irradiation
For pelvimetry, the dose to the fetus was 5-20 mGy per film (on average two films per
examination) in the 1940's, and lower for the later periods (down to 2 mGy by 1960's)
(Mole 1990). For abdominal examinations the doses were slightly lower (Rodvall et al.
1990).
The issue of the effects of prenatal diagnostic irradiation on cancer risk was raised by
the findings of the Oxford Survey of Childhood Cancers. In the survey, a database of
cancer deaths among children was collected. As controls, children matched by age, sex
and residency were identified. Records of prenatal irradiation were based on an interview
of the mother, with validation from clinical records. An odds ratio of 1.9 (95% CI 1.13.3) for abdominal x-rays was reported in the preliminary report (Stewart et al. 1956).
la the later reports, the material has been extended and exclusions made to deal with
some of the uncertainties. Lower, although still statistically significant, risk estimates
were reported based on 8,513 case-control pairs (Bithell and Stiller 1975). Equally
large risks of leukemia (OR 1.5,95% CI 1.3-1.7) and other childhood malignancies (OR
1.5, 95% CI 1.3-1.8) were associated with abdominal x-ray examinations during
pregnancy. A dose-response relationship with the number of films taken was shown. The
largest risk was associated with exposure during the first trimester of pregnancy. The
risk per film hfts (fcyrgftsftd with time, prnhahly wi<h the diminishing <fr>se per film eygn

though accurate dose estimates were lacking. Based on estimates of historical exposures,
an excess relative risk of 0.1 per mGy has been calculated. This has, however, been later
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revised downward. The Oxford Survey is still the largest study on the subject and one of
its major contributions has been assessment of possible biases.
In an early case-control study, an increase in the risk of childhood leukemia was
associated with maternal abdominal x-ray examinations when ISO cases were compared
with bom sibling (OR=2.4, 95% CI 1.1-6.0) and playmate controls (OR 1.3, 95% CI
0.7-2.5) (Kaplan 1958). The risk was even larger for two or more films. A slightly, but
not statistically significantly increased risk was reported in a study with 251 childhood
leukemia cases and a similar number of hospital controls (Polhemus and Koch 1959). A
smaller study with 78 cases of leukemia, 74 cases of other cancers and 306 controls
dying from other causes indicated a slight excess risk of bom leukemia (OR 1.6, 95%
CI 0.9-2.9) and other cancers (OR 1.8, 95% CI 1.0-3.2) from abdominal or pelvic xrays (Ford et al. 1959). Similar results (OR 1.5, 95% CI 0.2-9.4) were obtained in a
study of 65 cases of childhood leukemia and 240 deceased controls by Murray and
coworkers (1959). However, no excess risk was seen when sibling controls were used
(OR 0.7, 95% CI 0.2-2.9). All of these early studies relied on questionnaires or
interviews in assessment of x-ray examinations.
An English cohort study identified women with x-ray examinations during pregnancy
from hospital records avoiding thus recall bias (Court Brown et al 1960). More than
40,000 pregnancies with fetal exposure to x-ray were identified. There were nine deaths
from childhood leukemia versus 10.5 expected from rates for England and Wales (SIR
0.9, 95% CI 0.4-1.6). No clear increase in mortality from childhood leukemia was
observed by trimester of exposure nor by number of examinations. Despite the large size
of the cohort, the results do not exclude modest increases in risk.
The material in one of the largest studies on the subject consisted of 556 single-bom
children who had died of cancer (including 304 deaths from leukemia) and a sample
of 7,242 children without cancer (MacMahon 1962). The study population was
based on all births in 37 large maternity hospitals during 1947-1954. The cases
were identified from death certificates, and as a control population a 1% random
sample of all births was identified. Hospital records were reviewed to assess
intrauterine x-ray exposure. The prevalence of maternal abdominal or pelvic x-ray
examinations was 15% among cases and 11% among controls. A statistically
significant excess risk of childhood cancer associated with intrauterine x-ray
exposure was reported for both leukemia (OR 1.5, 95% CI 1.1-2.1) and all cancers
(OR 1.5, 95% CI 1.2-1.9). The risk was highest for exposures during the first
trimester. In addition to the size, further strengths of the study include a welldefined base population and exposure assessment from hospital records to exclude
recall bias; however, the analyses were not quite up to modern standards.
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The study was later extended and re-analyzed (Monson and MacMahon 1984). The
case series consisted of 1,342 singletons who died of cancer during 1947-1967
before the age of 20; the controls were the same as in the initial study. The
proportion of exposed subjects had declined from earlier years (12% for cases and
9% for controls). The odds ratio of leukemia associated with prenatal x-ray
exposure was 1.5 (95% CI 1.2-2.0), while for solid tumors, no statistically
significant excess risk was observed (OR 1.3, 95% CI 0.95-1.7). The risk of
leukemia was most pronounced for exposures during the third trimester and was
apparent only for children born during 1947-1957, but not for later years. No clear
association with the mean number of x-ray films taken was reported (using the type
of examination as a proxy for the number of films).
In a study conducted in New Zealand, 102 cases of childhood leukemia were
compared with 89 hospital controls (Gunz and Atkinson 1964). Information on
prenatal x-ray exposure was obtained by interview. The prevalence of maternal
abdominal x-ray exposure during pregnancy was 14% among cases and 12%
among controls. No statistically significant association between prenatal x-ray
exposure and childhood leukemia was observed (OR 1.1, 95% CI 0.5-2.6), but the
statistical power of the study was low.
A case-control study conducted in Minnesota included 112 children who died of
leukemia at 0-4 years of ages during 1953-1957 as cases; both sibling and
neighborhood controls were enrolled (Ager et al. 1965). Exposure information was
obtained from the mother and only exposures verified from clinical data were used.
No statistically significant difference was observed in die maternal exposure to
abdominal or pelvic x-ray examinations during pregnancy (18% of cases and 15%
of controls exposed, OR=1.3, 95% CI 0.7-2.4). No dose-response was evident with
the number of films; however, the results are still compatible with those observed in
the Oxford Survey.
In the so-called tristate study in the USA, 319 incident cases of childhood leukemia
during 1959-1962 and 884 population controls were used (Graham et al. 1966).
Information on exposure was obtained by interview and reported history of x-ray
exposure was confirmed from hospital records. An increased risk of leukemia was
associated with pelvimetry (9% of cases and 6% of controls exposed, OR 2.0, 95%
CI 1.0-4.0), but not with other types of abdominal x-rays. No clear differences were
observed for exposure during different trimesters. Unexpectedly, an increased risk
was also observed for diagnostic irradiation for the mother prior to conception (OR
1.9, 95% CI 1.4-2.4).
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A cohort study with approximately 20,000 singletons exposed to intrauterine x-rays
during 1961-1967 and 35,000 unexposed children was conducted in Baltimore
(Diamond et al. 1973). The subjects were followed up actively and death
certificates were obtained. The completeness of follow-up was approximately 95%
for both exposed and unexposed subjects. A total of six deaths from leukemia
occurred among exposed and seven among unexposed. The overall rate ratio of
leukemia was 1.6 (95% CI 0.5-4.6). The excess risk of leukemia appeared to be
confined to Caucasian children. Adjustment for socioeconomic status decreased the
risk estimate slightly; exposures during different trimesters had comparable effects.
No differences in mortality from other cancers were reported.
A Finnish study of childhood cancer included almost 1,000 case-control pairs
identified from a cancer registry (Salonen 1976). The controls were chosen from the
same maternity health-care centers as cases. One third of the eligible subjects were
excluded, mainly because sufficient information was not available. Information on
radiological examinations was collected from the maternity health-care centers.
Pelvic radiography had been performed on approximately 5% of the subjects. A
slightly increased risk of leukemia (373 cases and controls) was associated with
pelvic radiography (OR 1.4, 95% CI 0.7-2.8), but not with chest x-rays (OR 1.0,
95% CI 0.8-1.4). The association between radiologic examinations and other
cancers was not as clear (OR 1.1, 95 % CI 0.6-2.1).
A case-control study of 40 children with various types of cancer found no
association between cancer risk and radiologic examinations during pregnancy
(Shiono et al. 1980). Information x-ray examinations during pregnancy was
extracted from hospital records. For any exposure the odds ratio was 1.1 (95% CI
0.5-2.4). The statistical power of the study was very limited; a separate estimate for
leukemia was not reported as there were only eight cases.
A nested case-control study of childhood cancer among twins was conducted in
Connecticut (Harvey et al. 1985). All incident cases of cancer among 32,000 twins
were identified from the Connecticut Cancer Registry. Four twin controls were
chosen for each of the 31 cancer cases. Information bias was avoided by obtaining
information on x-ray exposure from medical records blindly, i.e. unaware of the
case or control status of the subject. Since the frequency of intrauterine x-ray
exposure is higher in twins than in singletons, the power of the study was sufficient
regardless of small sample size. Documented prenatal x-ray exposure was found for
39% of cases and 26% of controls. A statistically increased risk of childhood
cancer was observed (OR 2.4, 95% CI 1.0-5.9). A higher risk was reported for
other cancers (OR 3.2) than for leukemia (OR1.6).
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A large case-control study with 245 children with leukemia or lymphoma, 310
children with solid tumors and twice the number of controls revealed an excess risk
of infant leukemia (prior to two years of age) with fetal exposure to x-rays (OR S.6,
95% CI 1.7-18; Hopton et al. 1985). The overall risk of leukemia and lymphoma
was not statistically significantly elevated (OR 1.3, 95% CI 0.9-2.1), nor was the
risk of solid cancers (OR 1.1, 95% CI 0.7-1.8). The controls were chosen from
general practitioner and hospital admission lists and the exposure information was
derived from medical records. This study is one of the most informative on the
subject.
A Chinese study with 309 cases of childhood leukemia and 618 population controls
reported a nonsignificant excess risk (OR 1.5, 95% CI 0.5-4.1) associated with
maternal abdominal x-ray examinations during pregnancy (Shu et at. 1988).
Exposure assessment was, however, reliant on interview data and a similar
association was reported for maternal chest x-rays with a negligible dose to the
fetus.
A nested case-control study on the effect of prenatal x-ray exposure on cancer risk
was conducted in Sweden (Rodvall et al. 1990). It was nested within a cohort of
83,000 twins at the Swedish Twin Registry. All 95 incident cases of childhood
cancer within the cohort were identified from the Swedish cancer registry and 190
matched controls were identified from the same cohort. Information on x-ray
exposure was obtained from clinical records. The prevalence of maternal abdominal
x-rays was 26% among cases and 2 1 % among controls. A nonsignificant increase
in the risk of both leukemia (OR 1.7, 95% CI 0.7-4.1) and central nervous system
tumors (OR 1.5, 95% CI 0.5-4.2) was associated with maternal abdominal x-rays
during pregnancy. The main strength of the study was the availability of exposure
information from external sources.
In another Swedish study with 305 cases of childhood cancer (including 56
leukemias) and 340 children with diabetes as controls exposure history was
obtained using a questionnaire (Stjernfeldt et al. 1992). An increased risk of
leukemia associated with any diagnostic x-rays was reported (OR 1.8, 95% CI 1.13.1); a separate risk estimate for pelvic or abdominal x-rays was not given. For
solid tumors, no excess risk from x-ray exposure was observed (risk estimate not
reported).
The most recent study was conducted in China (Shu et al. 1994). A total of 166
leukemia and 476 other childhood cancer cases were identified from the Shanghai
Cancer Register. A similar number of controls were chosen from household groups.
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Information on exposure to diagnostic x-rays was obtained by interview. A nonsignificant association with prenatal x-rays was observed for both leukemia (OR
2.4, 95% CI 0.5-10.6) and all cancers (OR 1.8, 95% CI 0.9-3.6). A statistically
significant association with the number of postnatal x-rays was also reported for all
cancers (OR 1.8, 95% CI 1.2-2.9 for three or more examinations). For leukemia,
the finding approached statistical significance (OR 2.0, 95% CI 0.8-5.0 for the
same exposure group). Recall bias cannot, however, be excluded as a possible
explanation for these findings.
A slight increase in risk of cancer (one leukemia and two sarcomas) has been
reported among offspring of 751 women given iron-59 (a beta-emitting
radioisotope) during pregnancy and followed up for 18 years (Hagstrom et al
1969). No cancers were detected in the control group identified from the same
hospital. The completeness of follow-up was 90% for both groups, and the dose to
the fetus was estimated to be between 50 and 150 mSv.
In summary, the results of the studies on leukemia risk from prenatal exposure to
diagnostic irradiation are quite consistent. Some experimental data are also
available that support the findings (Benjamin et al 1986). The magnitude of effect
has not changed from the early studies relying on exposures reported by the mothers
compared with more recent studies with information from clinical records only. The
risk estimates from cohort studies, although quite imprecise, have tended to be
lower than those obtained from case-control studies. Overall, the results from both
types of study are fairly compatible. Confounding by indication has also been one
of the issues, because the subjects were selected for the examination; however, the
main indications for pelvimetry were measurement of the bony pelvis to assess the
feasibility of delivery (disproportion) as well as suspected breech, placenta previa
or twinning. Twinning does not appear to be associated with an increased risk of
leukemia. Little or no evidence exists that other indications for x-rays could in
themselves affect the risk of childhood leukemia. It is, however, difficult to
establish whether or not they are associated with other possible risk factors.
Controlling for maternal illness and medication did not change the results in the
Oxford Survey or in the Swedish twin study (Muirhead and Kneale 1989, Rodvall
et al 1990). Reports of increased risk associated with x-rays prior to conception or
with x-ray examinations without substantial exposure to the fetus warrant
cautiousness in interpreting the findings. The consistency of these findings with the
atomic bomb survivor data has been debated; however, the most recent update of
the 807 subjects exposed in utero in Hiroshima and Nagasaki with a mean dose of
0.2 Gy revealed a significant excess of cancer with a risk estimate similar to
children exposed prior to five years of age (ERR 2.1, 90% CI 0.2-6.0;
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Delongchamps et al. 1997). Follow-up also did not cover the first five years
following the exposure, thus there may be early leukemia deaths that were missed.
Yet another source of concern has been the wide range of cancers with almost
identical risk estimates for leukemia, which is different from what has been
observed regarding the effects of exposures later in life. This could, however, be
also due to biological differences in sensitivity at early stages of development. Not
as much evidence is available pertaining to increased risk of solid cancers as to
leukemia.
2A.I.2.

Cancer risk from postnatal exposures to diagnostic irradiation

The studies on women with repeated fluoroscopies conducted in Massachusetts and
in Canada are among 'die most informative regarding cancer risk from diagnostic
irradiation, due to their large size, long follow-up, and fairly accurate dosimetry.
Effects of postnatal exposures to diagnostic irradiation on breast cancer risk
In the Canadian cohort study, almost 32,000 women who had been treated for
pulmonary tuberculosis between 1930 and 1952 were followed for cancer mortality
(Miller et al. 1989). One fourth of the women had received repeated chest
fluoroscopies while undergoing pneumothorax treatment for tuberculosis. The
radiation dose to the breast was estimated as 9 mGy per examination using
phantom experiments. The mean cumulative breast dose was 800 mGy. The date
and cause of death for the cohort members were obtained from the Canadian
Mortality Database. The mean length of follow-up was nine years. The SMR of
breast cancer for women with multiple fluoroscopies was 1.60 based on 163
observed deaths, and for the unexposed women (with a cumulative breast dose
below 0.1 Gy) 1.14 based on 319 observed cases. The rate ratio among exposed
versus unexposed was 1.4 (95% CI 1.1-1.7). The risk of breast cancer increased in
a linear manner with the radiation dose (ERR 0.5 per Gy excluding Nova Scotia),
hi Nova Scotia, the patients were usually facing the x-ray device whereas in other
provinces they were facing away from the source. This led to higher doses and dose
rates. A larger risk estimate was observed for Nova Scotia (ERR 1.8 per Gy),
possibly due to the higher dose rate or differences in dosimetry or ascertainment.
The smallest exposure with statistically significantly increased breast cancer risk
was 0.70-0.99 Gy. The greatest risk was observed for women exposed at the ages
between 10 and 14 years (RR 4.5 per Gy) and smallest for those above 35 years of
age (RR 1.1 per Gy). The breast cancer risk was fairly constant over time, with the
smallest risk in follow-up 35 years after exposure. A lifetime risk of breast cancer
death was estimated as 0.9% per Gy for exposure at 20 years of age. No increase
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in lung cancer mortality was observed in this population despite radiation doses of
1 Gy to the lung (Howe 1995). This very important study included an internal
comparison group and individual dosimetry. Overall, these findings based on
fractionated exposures are well in accordance with those reported from Hiroshima
and Nagasaki.
In a US cohort study, cancer incidence was determined among 4,940 women treated
for tuberculosis in Massachusetts during 1924-1954 (Boice et al. 1991b). Half the
women had received multiple chest fluoroscopies (mean number 88) during lung
collapse therapy. The mean cumulative breast dose was 0.79 Gy and the mean age
at first fluoroscopy was 26 years. Women treated with other methods served as a
control group. The mean length of follow-up was 30 years, with a completeness of
91%. Overall, the SIR of breast cancer among women with fluoroscopies was 1.3
(95% CI 1.1-1.5). No excess was observed among women treated by other means
(SIR 0.86, 95% CI 0.70-1.06). The risk of breast cancer increased linearly with
radiation exposure to the breast. The excess relative risk was estimated as 0.6 per
Gy (95% CI 0.3-1.0) assuming a ten-year latency, i.e. lower than among the atomic
bomb survivors. Adding a squared dose term did not improve the fit. Risks were
larger for women exposed at young age (among women below 15 years of age RR
2.8, among those 40 years or older 1.06). After the initial ten years, the risk
remained fairly constant up to 50 years of follow-up. The dose assessment for the
study was fairly accurate. The cumulative dose from an average of 88 fluoroscopies
was relatively high, although the exposure from a single procedure was less than 10
mGy. The design efficiently eliminated confounding by indication. The risk estimate
is fairly large, comparable with that observed following single, high dose rate
exposures and not indicating any decrease due to fractionated exposure (Land et al.
1980).
Breast cancer incidence was studied among 1,030 women with repeated diagnostic
x-rays for scoliosis between 1935 and 1965 (Hoffman et al. 1989). Following the
diagnosis of scoliosis at the mean age of 12 years, an average of 42 x-rays were
taken within a period of usually less than ten years. The mean breast dose was
estimated as 130 mGy. The completeness of active follow-up for cancer incidence
was 89% (78% for the deceased). During follow-up for a mean of 26 years, 11
breast cancer cases were observed versus six expected (SIR 1.82, 90% CI 1.0-3.0).
The risk increased with the number of x-rays and with the length of follow-up.
Excess relative risk was estimated as 6.4 per gray (90% CI 0.9-15). No apparent
effect of age at first exposure was observed. Stratification by parity did not change
the results. -Part of the relatively high ERR estimate probably reflects the effect of
reproductive risk factors rather than radiation exposure.
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In a case-control study with 227 male breast cancer cases and 300 controls, an
association with radiographic examinations was observed (Thomas et al. 1994).
The finding was mainly based on frequency of chest x-rays, which had a doseresponse of borderline statistical significance. For the total number of all
radiographic examinations, little excess risk was observed. The largest risk was
associated with radiographic examination prior to 1963 and was mainly apparent
for 20-35 years since the first examination.
Effects of postnatal exposures to diagnostic irradiation on leukemia risk
In the Oxford Survey, some indication of an increased risk of childhood leukemia
with postnatal diagnostic x-rays was reported (Stewart et al. 1958). The odds ratio
for two or more examinations was 1.3 (95% CI 0.8-2.0).
In another early study, 1022 adult leukemia cases and 974 population-based
controls were interviewed about diagnostic x-rays (Stewart et al. 1962). Even
though the proportion of subjects with diagnostic trunk x-rays during the previous
five years was not higher among cases with myelocytic leukemia than among
controls, the mean number of x-ray examinations per subject was 45% higher. No
clear effect was observed for other periods, peripheral x-rays, or lymphatic
leukemias. These results could also be due to either recall bias or susceptibility to
infections during the preleukemic phase of the disease.
In a case-control study, 590 cases of leukemia, 122 of myeloma and 712 hospital
controls were enrolled (Gunz and Atkinson 1964). Information on exposure to
diagnostic x-rays was obtained by interview. The proportion of subjects with
diagnostic radiation during the 10 years prior to diagnosis was 56% among both
leukemia and myeloma cases, and 60% among controls. No increased risk was
observed among exposed children and no risk related to the skin dose or the total
dose was present. Of the subtypes of leukemia, only chronic granulocytic leukemia
showed any association with diagnostic x-rays.
In the case-control study of childhood leukemia by Ager et al. (1965), postnatal
exposures were assessed in addition to prenatal. Information on x-ray examinations
was obtained from the mothers and confirmed from hospital records. No clear
association with x-ray examinations was observed (20% of cases and 17% of
controls with exposure, OR 1.2).
In a case-control study with 138 cases of leukemia and 276 hospital-based controls,
no clear association with x-ray examinations with any type of leukemia was
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observed (Linos et al. 1980). The hospital-based controls were, however, likely to
have received a larger number of diagnostic examinations than the general
population, which may have caused a bias towards the null hypothesis.
In a large case-control study, the radiation exposures of 1414 cases of adult
leukemia and 1370 population controls were assessed (Gibson et al. 1972).
Exposure assessment was based on interviews and reported irradiation was
confirmed from patient records. A tendency was observed towards increasing risks
with the number of x-ray films, especially among men and with examinations of the
trunk in major types of leukemia. The reporting was somewhat incomplete and the
methods would not be regarded as appropriate in modern standards. It can be
estimated, however, that risk increased in by roughly 10% for ten or more x-ray
films.
In a case-control study of 136 patients with chronic myeloid or monocytic leukemia
and a similar number of neighborhood controls, the cases had a higher frequency of
x-ray examinations with a non-negligible bone marrow dose, i.e. back,
gastrointestinal tract, and kidney examinations (Preston-Martin et al. 1989a).
Furthermore, a dose-response relationship with the estimated radiation dose from
radiological examinations was observed. The etiologic fraction of chronic
myelocytic leukemia from diagnostic radiography was estimated as 23%. The
exposures reported by the subjects were not validated from other sources, which
decreases the value of the study.
No increase in mortality from leukemia (RR 0.9, 95% CI 0.5-1.8 based on 17
cases) was observed among Massachusetts tuberculosis patients with multiple
fluoroscopies compared with patients without fluoroscopies (Davis et al. 1989).
The estimated mean dose to the active bone marrow was 90 mGy. The statistical
power of the study was relatively low and the confidence interval also covers risk
estimates twice those observed in Hiroshima and Nagasaki.
A small case-control study with 86 cases of acute myeloid leukemia conducted in
Sweden suggested an association with diagnostic x-ray examinations (Flodin et al.
1990). A history of three to six x-ray examinations 5-25 years prior to diagnosis
was associated with an OR 3.4 (95% CI 1.3-8.7). An association was also found
with radiation exposure from concrete used as building material; however, the
exposure was estimated on the basis of questionnaire data on housing
characteristics only, and the study involved no actual radiation measurements. Only
50% of the eligible cases were enrolled. The exposure assessment relied on
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questionnaire data, which is liable to recall bias pertaining to the history of x-ray
exposure.
A case-control study of hematologic cancers included a total of 1,091 cases of
leukemia, non-Hodgkin's lymphoma and multiple myeloma with 1,390 controls
chosen among subjects covered by the same health-care plans (Boice et al. 1991a).
Exposure from x-ray procedures was assessed from medical records. Some
indication of a slight risk of multiple myeloma associated with diagnostic x-rays
was observed: the difference in total number of x-ray procedures was not
statistically significantly higher among cases (16 vs. 12, OR for any vs. none 1.3,
95% CI 0.6-3.0), but an increasing trend was observed with the number of x-ray
procedures using two-year lagging. Lagging with five years led to a more shallow
slope that was no longer significant. No effect of exposure from radiologic
examinations on CLL or non-CLL leukemia, or non-Hodgkin's lymphoma was
found.
Almost 500 cases of leukemia identified from a cancer register were included in a
case-control study conducted in China (Zheng et al. 1993). A similar number of
controls was chosen from the population register. Information on medical x-ray
examinations was obtained by interview. No association between the number of xray examinations and the risk of acute leukemia was observed. For chronic
myelocytic leukemia, a weak association was found (OR 1.4, 95% CI 0.7-2.7 for
ten or more examinations).
Some evidence for an increased risk of childhood cancer from postnatal x-ray
examinations was obtained in a case-control study conducted in China (Shu et al.
1994). A total of 642 cases of childhood cancer including 166 leukemias were
identified from the Shanghai Cancer Register and a similar number of controls was
chosen from the population register. Information on diagnostic x-ray examinations
was obtained from the parents. A slightly increased risk of all cancers (OR 1.3,
95% CI 1.0-1.7) and leukemia (OR 1.6, 95% CI 1.0-2.6) was reported for any xrays versus none. Furthermore, some indication was present of a dose-response
relationship with the number of examinations both for all cancers and for leukemia.
An earlier Chinese study included 309 cases of childhood leukemia and 618
population controls (Shu et al. 1988). No increase in risk associated with ever
undergoing x-ray examinations was reported (OR 1.1, 95% CI), however, some
indication of excess risk related to a larger number of x-ray examinations was noted
(OR 2.4, 95% CI 0.6-9.2 for five or more x-rays). Recall bias was a potential
problem also in this study.
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In a Swedish cohort study, the incidence of leukemia was not increased among
47,000 subjects following exposure to iodine-131 for therapeutic or diagnostic
purposes (Hall et al. 1992b). The mean bone marrow dose was estimated as 14
mGy. During 1he mean follow-up time of 21 years (after a two-year lag from
treatment), 130 cases of non-CLL leukemia were diagnosed (SIR 1.09, 95% CI
0.91-1.29). Similar results were obtained for CLL. No dose-response was observed,
and the results were similar for various ages at exposure and follow-up periods.
A previous study of leukemia among patients receiving diagnostic radioiodine with
lower doses (below 10 mGy) reported a slight increase in leukemia (Holm et al.
1989). Among 35,000 patients followed up for an average of 20 years, 119 cases of
leukemia were observed (SIR 1.34, 95% CI 1.11-1.60). Excesses of lymphoma
(SIR 1.24, 95% CI 1.03-1.48) and nervous system cancers (SIR 1.19, 95% CI
1.00-1.41) were also reported, as well as a deficit of female genital cancers (SIR
0.86, 95% CI 0.78-0.94).
Effects of postnatal exposures to diagnostic irradiation on thyroid cancer risk
No clear association between the risk of thyroid cancer and radiation exposure from
either medical diagnostics or occupational exposures was found in a case-control
study with 159 cases and 285 controls (Ron et al. 1987). The cases were identified
from a cancer registry, and controls by random digit dialing and from Medicare
rosters. Information on exposures was obtained by interview from 80% of eligible
subjects. The risk estimates were below unity for head and neck x-rays, dental xrays, and occupational radiation exposures, but modest increases could not be
excluded.
A Swedish study examined the association between diagnostic x-rays and thyroid
cancer (Inskip et al. 1995). A total of 484 cases were identified from the cancer
registry and a similar number of controls from the population registry, with
matching for age, sex and county of residence. Histoiy of radiological examinations
was abstracted from hospital records in a bunded fashion. The subjects had a
history of a median of eight x-ray examinations, corresponding to an estimated
mean thyroid dose of six mGy. A nonsignificant trend in risk of thyroid cancer was
observed with the number of examinations of the head neck and upper spine, but no
clear trend was seen by estimated thyroid dose. This finding persisted even when
only exposures occurring prior to 1960 or those in infancy or adolescence were
considered. The study was conducted using solid design and recall bias was avoided
by obtaining the exposure history from medical records instead of questionnaire or
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interview. No data on potential confounding factors such as benign thyroid disease
or reproductive factors were available.
The risk of thyroid cancer following administration of radioiodine for diagnostic
purposes was evaluated in a cohort of 35,000 persons in Sweden (Holm et al
1988). The mean radiation dose to the thyroid was 0.5 Gy. Follow-up was
conducted through computerized registries and the mean length of follow-up was 15
years. Lagging by five years was used. A total of 50 thyroid cancers were observed
and the incidence of thyroid cancer was slightly above the national level (SIR 1.3,
95% CI 0.9-1.7). Excess risk, however, was confined to years five through nine of
the follow-up (SIR 2.2) and was reduced after exclusion of patients examined for a
suspicion of thyroid cancer (SIR 1.2). No clear dose-response relationship was
established. Little excess risk was reported among those examined before 20 years
of age (SIR 1.8 based on two cases).
The most recent report of the Swedish cohort study covered an average of 24 years
of follow-up and suggested an increase in thyroid cancer incidence among patients
referred to examination because of suspicion of a thyroid tumor (SIR 2.9, 95% CI
2.1-3.9), but without dose-response, and no excess risk was observed among
patients with other indications (SIR 0.8, 95% CI 0.5-1.1; Hall et al 1996). The
mean thyroid dose was approximately 1 Gy. Those exposed before 20 years of age
showed a slightly higher risk estimate than others, but the excess was not
statistically significant (SIR 1.4, 95% CI 0.2-5.0 based on two cases).
Effects of postnatal exposures to diagnostic irradiation on brain tumor risk
A case-control study of 185 meningioma cases among women and a similar number
of neighborhood controls found an increased risk associated with self-reported
exposure to dental x-ray (Preston-Martin et al. 1980). Controls were individually
matched to cases for age, race, and socioeconomic status; 87% of eligible cases and
76% of controls were successfully enrolled. The risk of meningioma was increased
among subjects with first full-mouth dental x-ray series prior to 1945 (OR 2.1, P
0.03) or before the age of 20 (OR 4.0, P < 0.001). Furthermore, the risk among
subjects with tentorial or subtentorial tumors with ten or more dental x-ray series
was 4.9 (confidence interval not reported) compared with cases with supratentorial
tumors, and a positive trend was shown with increasing number of examinations.
However, a similar comparison with controls was not reported. The results are
unexpected given that the dose to the brain from dental x-ray examinations with
current techniques is minuscule ( £0.01 mGy).

52

STUK-A142

FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY

A similar study was later conducted among men, with 105 cases of meningioma and
a similar number of neighborhood controls (Preston-Martin et al 1983). The
participation rate was 76% among cases and 67% among controls. Exposure
assessment was based on interviews conducted an average of three to four years
after diagnosis. Eight cases reported five or more full dental x-rays before 1945
with some indication of associated risk (OR 2.7, one-sided P 0.11).
Yet another study with 202 glioma and 70 meningioma cases among men reported
an increased risk associated with self-reported frequency of dental x-rays after the
age of 25 (with annual examinations OR 3.0, 95% CI 0.6-14.9, p , ^ 0.04)
compared with neighborhood controls (Preston-Martin et al. 1989b). No significant
trend was observed for frequency of examinations before the age of 25, or for
meningiomas.
In a Canadian case-control study 74 cases of childhood brain tumors and 138
population controls were identified (Howe et al. 1989). The subjects' parents were
interviewed to obtain information on lifetime exposures to a variety of agents.
Subjects with one or more skull x-rays six or more years prior to diagnosis of the
case had an increased risk of brain cancer (OR 8.4, 95% CI 2.1-33 based on 11
exposed cases); the risk increased with the number of skull x-rays (OR 2.7 per film,
95% CI 1.4-5.2). The association was attributed more probably to early symptoms
of cancer than true radiation effect. No effect of abdominal x-rays during
pregnancy was observed.
In an Australian case-control study of brain tumors, 110 cases of glioma and 60
cases of meningioma were identified from neurosurgery clinics and cancer registries
(Ryan et al. 1992). A total of 419 controls matched for age, sex and residential area
were identified from electoral ward lists. Any exposure to diagnostic x-rays of the
head and neck within 10 years of diagnosis was associated with a statistically
significantly increased risk of meningioma (OR 2.5, 95% CI 1.0-6.0), but not
glioma. A risk estimate for meningioma of similar size, but not statistically
significant was reported for x-ray exposures within 15 and 20 years of diagnosis
(including earlier years). The association could be due to early symptoms of the
tumor; a clear possibility of recall bias was also present as the researchers relied on
self-reported exposures. Furthermore, selection bias could have affected the results
as the response rate was clearly lower for controls (63%) compared with cases
(91%).
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Effects of postnatal exposures to diagnostic irradiation on risk of other cancers
No excess risk of multiple myeloma was reported for diagnostic x-rays in a casecontrol study of 327 cases and a similar number of controls identified from the
same health-care plan (Friedman 1986). Similarly, a case-control study of 399
patients with multiple myeloma and an equal number of controls from hospital and
general practitioner lists detected no association with occupational radiation
exposures or diagnostic x-rays and the risk of myeloma (Cuzick and De Stavola
1988).
No increase in lung cancer was reported among Massachusetts tuberculosis patients
exposed to multiple chest fluoroscopies with the mean lung dose of 0.8 Gy (Davis
et al. 1989). A 20% deficit in lung cancer mortality compared with the general
population was observed among exposed (SMR 0.8, 95% CI 0.6-1.0), whereas an
increase was reported among unexposed patients (SMR 1.3, 95% CI 1.1-1.6). The
difference in lung cancer risk between the two patient groups was probably due to
differences in smoking cessation and volume of residual lung tissue (after
destruction by the disease and surgical removal). In the same study, an excess of
esophageal cancer compared with the general population was reported among both
exposed (SMR 2.3, 95% CI 1.4-3.8) and unexposed patients (SMR 2.1, 95% CI
1.3-3.3). No clear dose-response relationship was observed. No increase in multiple
myeloma nor non-Hodgkin's lymphoma was evident among those exposed relative
to unexposed patients.
No increase in overall cancer incidence (SIR 1.01, 95% CI 0.98-1.04) was reported
for a Swedish cohort of 35,000 patients who had undergone diagnostic
examinations with radioiodine (Holm et al. 1989). The mean organ doses were
below 10 mGy. No clear dose-response was observed beyond nine years of followup. Increased risk of nervous system cancers (SIR 1.2,95% CI 1.0-1.4), endocrine
system cancers excluding the thyroid (SIR 1.9, 95% CI 1.6-2.3), and lymphomas
(SIR 1.2, 95% CI 1.0-1.5) were reported, as well as a decreased risk of female
genital cancers (SIR 0.9, 95% CI 0.8-0.9).
In a case-control study of parotid tumors, the radiation exposures from medical and
dental x-rays were assessed among 408 cases with parotid gland tumors (269
benign and 139 malignant) and a similar number of neighborhood controls
(Preston-Martin et al. 1988). A dose-related increase in risk of malignant tumors
was observed for cumulative exposures of 500 mGy or more (RR 3.4, 95% CI 1.012). Prior radiotherapy was also associated with the risk of malignant tumours,
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while benign tumors showed a weaker positive association with radiation
exposures.
Thorotrast, a colloidal solution of thorium-232 dioxide, was widely used as an
intravascular contrast medium in radiology during the 1930's and 1940's in several
countries (UNSCEAR 1994). Thorotrast is contained within the body mainly in the
liver, spleen and bone marrow with a biological half-life of 500 years. Persons who
have received a typical amount (25 ml) of Thorotrast receive continuous alpha
irradiation from Thorotrast and its decay products with doses approximately 0.25
Gy to the liver and 0.09 Gy to the bone marrow per year. Cohorts of subjects
exposed to Thorotrast have been studied in several countries, most extensively in
Denmark.
For the Danish cohort, 999 subjects who had undergone cerebral angiography with
Thorotrast were identified as well as a comparison group of 1480 subjects with
similar investigation using a non-radioactive contrast medium (Andersson et al.
1995). The subjects were followed up for cancer incidence through the Danish
Cancer Registry with a median length of follow-up of 21 years. The mean
cumulative dose to the liver was estimated as approximately 6 Gy (with a ten-year
lag) and the bone marrow dose 1.3 Gy (Andersson et al. 1993, 1994). The overall
risk of cancer was three times that in either the general population or control group
(SIR 3.2, 95% CI 2.9-3.6). Eighty-four cases of liver cancer occurred among
subjects exposed to Thorotrast, with a marked excess of cholangiocarcinomas and
hemangiosarcomas, while no liver cancers were detected among unexposed
subjects. The liver cancer risk was more than 100-fold higher compared to the
general population (SIR 121, 95% CI 97-150) and the risk increased as a function
of the cumulative liver dose. A more than tenfold risk of gallbladder cancer was
also evident. For non-CLL leukemia, the risk among exposed was 15-fold compared
to the population rates and 20 times that seen in the control group including a clear
excess of erythroleukemia. In an analysis of acute myelogenous leukemia and
myelodysplastic syndrome, the incidence was best described by a model including
both the cumulative dose and the cell-killing effect (Andersson et al 1993). The
risk of brain cancer was also increased, which was probably due to confounding by
indication rather than Thorotrast. The relative risk of liver cancer per gray was
much larger than in Hiroshima and Nagasaki, suggesting a higher relative
biological effectiveness for alpha particles. For leukemia, however, the relative risk
per gray was not greater than among the atomic bomb survivors. No effect of
injected volume on cancer risk has been found, indicating a lack of dose-rate effect.
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In the German study (van Kaick et al. 1995), a cohort of more than 2,000 patients
who had received Thorotrast for cerebral or limb arteriography and a slightly
smaller number of control subjects from the same hospitals (but without
arteriography) was followed up for mortality. The mean injected Thorotrast volume
was 21 ml. A total of 440 cases of liver cancer have been reported among exposed
and two among unexposed subjects; the corresponding numbers for leukemia are 40
and five. The risk of liver cancer increased with cumulative dose, but was
independent of injected volume. An increased risk of pancreatic and esophageal
cancer was also suggested, but no increase in brain cancer was observed. Only less
than half of the exposed subjects were traced and the statistical analyses were far
less refined than those in the Danish studies.
In the Portuguese study, more than 2,000 patients with the mean volume of
Thorotrast of 33 ml, and an almost equally large control group with other
radiological examinations were followed up for mortality through 1977 (dos Santos
Silva et al. 1995). Eighty-seven deaths from liver cancer occurred among subjects
exposed to Thorotrast and one in the control group. A third of the cases were
histologically confirmed with half classified as hemangioendotheliomas and a third
as cholangiocarcinomas.
The exposure from diagnostic radiography has been estimated to account for 1% of
all leukemias and a smaller proportion of breast cancers (Evans et al. 1986). A
review based on the BEIR V estimates, however, suggested that up to 12% of all
leukemias in the United States could be attributable to diagnostic x-rays (Thomas
and Preston-Martin 1992). This result is probably an overestimation, because it is
based on the assumption that the annual dose from radiological examinations is
constant throughout an individual's lifetime, whereas in reality the number of xrays usually is much smaller at early ages when the risk per unit exposure is
highest.
In summary, studies of exposure to diagnostic x-rays are among the most important
that directly assess the effects of low-level radiation They also provide evidence
that the cancer risk from radiation doses accumulated from fractionated exposures
is not materially lower than that from single doses. In addition to recall bias, the
sources of uncertainty include the possibility that a preclinical phase of cancer is
associated with conditions such as infections, that are indications for diagnostic xrays. This should, however, not be a problem for longer periods prior to diagnosis.
Another possibility is confounding by indication, i.e. the possibility that the diseases
that are indications for radiologic examinations, rather than the radiation exposure
itself, are associated with cancer risk, although no evidence exists to support this.
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Furthermore, inaccuracy of dosimetry due to varying practices and equipment is a
problem for quantifying the risk, if not for qualitative inference. In the future, little
further information can be expected from studies of diagnostic exposures, because
the doses in modern diagnostic radiology are very low, and therefore the statistical
power of any realistically sized study would be low.

2.4.2. Cancer risk from therapeutic medical irradiation
Radiotherapy results in very high doses to target tissues. Here, only risk from
smaller doses to distant sites is dealt with.
A cohort of 15,000 patients with ankylosing spondylitis, more than 90% of whom
had received radiotherapy has been followed up for more than 35 years (Weiss et
al. 1994). The mean total body dose was 2.6 Gy. Of the few organs with doses
below one gray, no increase has been reported in female breast cancer (RR 1.1,
95% CI 0.8-1.5). Among nonirradiated patients, cancer mortality was below the
national rates (SMR 0.S) and the mortality from diseases associated with
ankylosing spondylitis was lower than among irradiated patients, suggesting a
possibility of selection bias. No information on potential confounders was available.
More than 20,000 patients irradiated for various joint conditions including arthritis
and spondylitis were identified in a Swedish cohort study (Damber et al. 1995). The
mean length of follow-up was 20 years and the mean bone marrow dose was 0.4
Gy. An increased risk of leukemia was observed (SIR 1.3, 95% CI 1.0-1.6). A
dose-response was also observed and the excess relative risk was estimated as 0.5
per Gy, i.e. similar to those observed in other studies of subjects irradiated for
benign disease.
In a large international study on secondary cancers following cervical cancer, 43
subsequent thyroid cancer cases were identified, and 81 controls were chosen from
the same cohort (Boice et al. 1988). Organ doses were assessed using phantom
simulations. The mean thyroid dose was estimated as 0.1 Gy. No significant
increase of thyroid cancer was observed, but the risk estimates were compatible
with those reported from Hiroshima and Nagasaki (ERR of 12 per Gy, 90% CI <076). A separate analysis was conducted with 953 breast cancer cases and 1,806
controls (Boice et al. 1989). The mean dose to the breast was 0.3 Gy. No excess
risk associated with radiotherapy (OR 0.9, 95% CI 0.7-1.2). In contrast, a
decreased risk among women with ovaries treated with radiation was reported (OR
0.65, 95% CI 0.4-1.0), especially among those with an ovarian dose of 6 Gy or
greater. This was probably due to cessation of ovarian function. Among women
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without ovaries, no increased risk of breast cancer was observed (OR 1.1, 95% CI
0.6-2.0), but a suggestion of dose-response was apparent with the breast dose with
an estimated ERR of 0.27 per Gy.
A cohort study of cancer mortality among more than 10,000 Israeli subjects treated
with x-rays for tinea capitis in childhood has been published (Ron et al. 1988). The
comparison groups included population controls for all exposed subjects and sibling
control for the approximately 5,000 for whom they were available. Eighty-eight
percent were followed up successfully with the mean length of 26 years. No
individual dose estimates were available, but the mean thyroid dose was estimated
as 0.1 Gy and 0.3 Gy for the bone marrow dose. An increased risk of leukemia was
reported (RR 2.3, 95% CI 1.0-5.6 based on 14 cases) with the greatest excess
among subjects born in Morocco or Yemen. This corresponds to an ERR of four
per Gy, higher than in most radiotherapy studies, but similar to that observed in
Hiroshima and Nagasaki. Also, an excess risk of head and neck cancers (RR 3.3,
mainly from nervous system tumors) as well as bone and connective tissue
sarcomas (RR 9.0, 95% CI 1.3-208) was observed. The results obtained using the
two reference groups were comparable, hi an incidence study, an increased risk of
thyroid cancer was detected (RR 4.0, 95% CI 2.3-7.9 based on 43 exposed cases)
corresponding to an ERR of 30 per Gy (Ron et al. 1989). The relative risk was
greatest for exposures prior to five years of age and for subjects born outside Israel.
The risk was constant over follow-up time, and no sex differences were observed.
Cancer incidence was studied in a cohort of 10,000 subjects with x-ray treatment
for tinea capitis in childhood (Modan et al. 1989). A breast dose of 16 mGy and a
thyroid dose of 90 mGy were estimated using a phantom. Both sibling and
population controls were used. An increased risk of thyroid cancer (RR 4.1, 90%
CI 2.7-6.4), other head and neck cancers (RR 2.6, 90% CI 1.7-3.9) as well as
leukemia (RR 2.3,90% CI 1.2-4.6) was found. In the latest five-year period (19821986), an increased risk of breast cancer was also reported (RR 2.1, 90% CI 1.14.2). This would suggest much higher risk estimates than those derived from atomic
bomb survivors of the same age at exposure. It is possible, however, that the latter
finding is mainly due to a decreased risk in the reference group. No information was
available on potential confounding factors.
Thyroid cancer incidence among more than 14,000 subjects irradiated for skin
hemangioma in infancy was explored in a cohort study with the mean length of
follow-up of 39 years (Lundeil et al. 1994). Most patients were treated with radium
and the mean thyroid dose was estimated as 0.3 Gy. An increased risk of thyroid
cancer was reported (SIR 2.3, 95% CI 1.3-3.7 based on 17 cases), mainly of the
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papillary type. A linear dose-response relationship was observed (ERR 4.9 per Gy,
95% CI 1.3-10). Breast cancer incidence has also been studied among almost
10,000 women in the cohort (Lundell et al. 1996). The mean dose to the breast
anlage from radium treatment was 0.4 Gy. The SIR of breast cancer was 1.2 (75
cases observed, 95% CI 1.0-1.5) using national rates as reference. The risk of
breast cancer increased in a linear fashion with the dose (ERR 0.4 per Gy, 95% CI
0.09-0.85). A statistically significant, dose-dependent increase in cancers of the
pancreas (mean dose 0.1 Gy, nine cases) and endocrine glands (mean dose 0.2 Gy,
16 cases) has also been reported (Lundell and Holm 1995). The study is fairly
large, but comparison to national rates instead of a more comparable control group
is a weakness.
Another Swedish study of cancer risk following radiotherapy for hemangioma
during infancy included almost 12,000 subjects who were followed up for cancer
incidence for an average of 31 years (Lindberg et al. 1995). All patients were
treated with radium and the mean dose to the thyroid was 120 mGy and to the brain
77 mGy. Increased risks of thyroid (SIR 1.9, 95% CI 1.1-3.1,15 cases) and central
nervous system cancers (SIR 1.9, 95% CI 1.3-2.6, 34 cases) were observed. Some
suggestion was also present of an increased risk of leukemia (SIR 1.5, 95% CI 0.82.6) and skin cancers other than melanoma (SIR 2.6, 95% CI 1.0-5.7). A doseresponse was found for both thyroid (ERR 7.5 per Gy, 95% CI 0.4-18) and central
nervous system cancers (ERR 11 per Gy, 95% CI 3.6-21). The excess risk was
largest 10-19 years after exposure followed by gradual decline, but remained
slightly above the reference rate as long as 50 years after treatment
A cohort of approximately 1,000 children irradiated for enlarged tonsils and a
surgically treated control group of a similar size was followed up for three decades
(Pottera et al. 1990). The mean thyroid dose was estimated as 0.24 Gy with little
variation. Active follow-up revealed ten verified cases of thyroid cancer in the
exposed group and no cases among controls. The risk was greatest for those
exposed at a young age.
Risk of thyroid cancer has been studied among more than 2,600 subjects with x-ray
therapy for tonsil and nasopharvngeal conditions in the childhood (Schneider et al.
1993). Individual doses were estimated based on phantom measurements and the
mean thyroid dose was 0.59 Gy. The subjects were actively followed up for more
than 30 years using telephone interviews with a completeness of approximately two
thirds. An intense screening effort was conducted resulting in diagnosis of thyroid
cancer in 8% of the subjects. There was a linear dose-response relationship (ERR
2.5 per Sv, 95% CI 0.6-26) with modifying effects of age at exposure and period of

59

FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY

STUK-A142

follow-up. The lack of an unexposed control group was a weakness of the study.
The tumors were mostly small (less than 1 cm in diameter) and their clinical
significance is unclear.
Incidence of breast cancer has been analyzed in a cohort of more than 2,500
children treated with x-rays for an enlarged thymus in infancy and followed up
actively for a mean of 36 years (Hildreth et al. 1989). The mean breast dose based
on phantom simulations was estimated as 0.7 Gy. Sisters of the exposed subjects
were used as controls. Of both exposed and unexposed subjects, 85% were
followed up successfully through postal surveys and telephone interviews. No
differences in risk factors for breast cancer were observed. An excess relative risk
of 2.5 per Gy (95% CI 1.1-5.2) was reported, which is lower than that seen among
children in Hiroshima and Nagasaki.
More than 2,500 subjects treated with radiotherapy for enlarged thymus and their
4,800 unexposed siblings were included nin a cohort study (Shore et al. 1993).
Both groups were actively followed up with completeness of roughly 90% and the
mean length of follow-up 37 years. All thyroid cancers reported by th subjects were
reviewed by a pathologist. The risk risk of thyroid cancer increased in a linear
fashion with the thyroid dose (ERR 10 per Gy, 90% CI 5-23). A fivefold risk of
thyroid cancer (RR 5.0, 90% CI 0.9-23 based on two cases) was reported among
subjects with thyroid doses as low as 0.01-0.24 Gy (mean 0.09 Gy).
A cohort of 4,000 women treated with radiotherapy for benign gynecological
disease in Massachusetts and Rhode Island has been followed up for cancer
mortality (Inskip et al. 1990). Compared with the national mortality rates, no clear
increase in cancer risk was apparent in the organs with doses below one gray. For
stomach, liver, and kidney, the mean doses were 0.2 Gy and the mortality was
similar to the general population. This was also the case for breast, esophagus and
thyroid with the mean doses below 0.1 Gy. An increase was observed in central
nervous system tumors and pancreatic cancer without clear dose-response. The
estimated excess relative risk of stomach cancer per gray was lower than the risk
estimates derived from Hiroshima and Nagasaki, but the confidence intervals were
very wide.
Cancer mortality has been followed up in a cohort of 2,000 women treated with
radiotherapy for benign gynecological disease in Scotland (Darby et al. 1994). The
completeness of follow-up was 99% with a mean length of 28 years. Compared
with the general population, mortality from thyroid, esophagus and stomach cancers
was not significantly increased in the sites with low doses (including thyroid,
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esophagus and stomach). There was a deficit in breast cancer (SMR 0.5, 95% CI
0.3-0.8), which was probably due to cessation of ovarian function as the result of
the treatment.
Following a number of case reports, the earliest epidemiological study of leukemia
risk following radioiodine treatment for hyperthyroidism compared the incidence of
leukemia during 1946-1967 among 22,000 patients thus treated with 14,000
patients receiving surgical treatment (Saenger et al. 1968). The patients were
followed up actively with a completeness of 94%. Diagnostic confirmation by an
independent review was feasible for two thirds of the cases. The overall incidence
of leukemia was slightly lower among patients treated with iodine-131 compared
with those treated surgically (13 vs. 16/ 100,000 based on 17 vs. 16 cases). No
excess was observed in acute leukemia (eight vs. seven per 100,000).
A small cohort study found no increase in cancer mortality among women treated
with radioiodine for hyperthyroidism relative to those treated surgically (Hoffman
et al. 1982). The mean length of follow-up was 15 years and completeness 95%.
Cancer mortality was at the same level among patients treated with radioiodine and
those with surgery (RR 0.8, 95% CI 0.5-1.3). No increase was found in any
specific primary site, but the number of cases was small.
A cohort study of 3,000 women treated for hyperthyroidism at the Mayo clinic
reported no increase in breast cancer or leukemia incidence (Hoffman et al. 1983).
The subjects were followed up actively with a completeness of 90%. Confirmation
by pathological review was obtained for 94% of the cancers. The incidence of both
leukemia and breast cancer was lower among patients with radioiodine than with
surgical treatment (RR 0.6, 95% CI 0.2-2.2 and 0.8, 95% CI 0.5-1.4 respectively).
An increased cancer risk was suggested, however, in the heterogeneous group of
organs that concentrate radioiodine (for salivary gland, digestive tract, kidney and
bladder combined RR 1.8, 95% CI 1.1-3.2). Further analysis with adjustment for
potential confounding factors confirmed the results for breast cancer (Hoffman and
McConahey 1983).
A slight increase in overall cancer incidence after ten years of follow-up (SIR 1.10,
95% CI 1.03-1.18) was observed for a Swedish cohort study of more than 10,000
patients treated with radioiodine for hyperthyroidism (Holm et al. 1991). National
rates were used as reference and the mean length of follow-up was 15 years. After
thyroid, the organs with the highest doses were stomach, bladder, and salivary
glands (above 100 mGy). The excess was mainly related to the increased risk of
kidney (37 cases, SIR 1.51, 95% CI 1.10-2.08) and brain cancer (30 cases, SIR
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1.52, 95% CI 1.06-2.17). Similar results were obtained in a mortality analysis
(Halloa/. 1992a).
A small cohort study followed up 1,762 women who had been treated with
radioiodine for hyperthyroidism (Goldman et al. 1988). The subjects were followed
up actively for cancer incidence and the causes of death were obtained from death
certificates. The mean length of follow-up for mortality was 17 years with a
completeness of 92%. Breast cancer mortality among women treated with iodine131 was not increased (SMR 1.2, 95% CI 0.8-3.3 with US national rates as
reference), and neither was breast cancer incidence (SIR 1.0,95% CI 0.6-1.6 based
on Connecticut incidence rates). No significant excess of breast cancer mortality
from radioiodine was reported compared with those patients without radioiodine
treatment, after adjustment for age at treatment and year of treatment (RR 1.5, 95%
CI 0.6-3.7). No excess was reported for sites that concentrate iodine and no
adjustment for potential confounding factors was feasible.
No clear increase in cancer incidence was reported in a Swedish cohort study of
2,000 subjects treated with radioiodine for thyroid cancer compared with those
treated by other means (Hall et al. 1991). Overall, no major differences were
observed in cancer incidence between the two groups of patients. The incidence of
leukemia was above the reference rates in both groups and slightly higher in the
radioiodine group, but the finding was based on four cases only and was not
statistically significant. The incidence of breast cancer was slightly lower in the
radioiodine group. No excess of cancer was reported in the sites with radiation
doses 0.1-0.6 Gy, but an increased risk was suggested for organs with doses above
one gray (bladder, stomach, salivary gland and small intestine; SIR 2.6, 95% CI
1.5-4.1). A statistically significant trend toward increasing risks with increasing
amount of radioiodine administered was also seen, even though administered
activity is not a good indicator of radiation dose.
Low doses from radiotherapy have been associated with an increased risk of
leukemia, thyroid cancer and breast cancer. Risk estimates from large studies of
therapeutic irradiation tend to be lower than those derived from the atomic bomb
survivors, which may be due to dose fractionation. Carcinogenichy of iodine-131
among adults appears to be lower than that of x-rays and little, if any, evidence
exists of an increased risk of leukemia from exposure to radioiodine. Little is known
of the late effects of radioiodine used for therapeutic or diagnostic purposes among
children.
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Cancer risk from occupational exposure to man-made
radiation

According to the recommendations of the ICRP, persons who receive in their
occupation radiation doses above the limits set for the public (1 mSv per year)
should be regarded as occupationally exposed regardless of the source of radiation
(ICRP 60, 1991). Individual monitoring of radiation exposure and control of
radiation exposure is recommended for these workers. The limit for effective dose
from occupational radiation exposure has been defined as 20 mSv per year
averaged over five years, with the provision that the annual dose should not exceed
50 mSv in any single year.
2.5.1.

Cancer among nuclear industry workers

2.5.1.1. Cancer among nuclear industry workers in the United Kingdom
Mortality among 14,000 workers of the Sellafield reprocessing plant during 19471986 was investigated in a cohort study (Douglas et al. 1994). The mean length of
follow-up was 26 years and the completeness of follow-up was 99%. The mean
cumulative dose equivalent was 90 mSv per worker, i.e. the highest of the cohorts
studied. This is largely due to the feet that the facility had been operating through
the early periods of the nuclear industry, when the radiation protection standards
were not at the current level. The overall cancer mortality was comparable to that
of the general population (SMR 0.96, 95% CI 0.90-1.03) and that of the Cumbria
region. Cancer incidence was slightly below the expected level (SIR 0.90, 95% CI
0.83-0.97). Excess mortality from thyroid cancer (SIR 3.3 based on six cases) and
cancer of the pleura (SIR 3.5 based on six cases) was observed. An increase in the
risk of ill-defined and secondary cancers was also reported, but the excesses were
balanced by a significant deficit in mortality from three types of cancer (larynx,
lung and liver). The only cancer site with an increased incidence was cancer of the
esophagus. Twelve deaths occurred from leukemia (excluding CLL) and an ERR
estimate of 14 per Sv was obtained (90% CI 2-71) for non-CLL leukemia and 0.1
(90% CI -0.4, +0.8) for other cancers. The findings from an earlier report (Smith
and Douglas 1986) regarding increased risks for bladder cancer and multiple
myeloma with the radiation dose could not be confirmed.
In one of the largest studies on cancer risk from radiation, a cohort of
approximately 95,000 subjects working with nuclear energy production, nuclear
fuel cycle or production of atomic weapons were identified from the UK National
Registry for Radiation Workers (Kendall et al. 1992). The starting date of follow-
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up for employees of various institutions ranged from 1976 to 19S3, and the closing
date was the end of 1988. The endpoint was mortality from cancer. More than
1,800 deaths from cancer were observed, of which 45 were from non-CLL
leukemia. The mean lifetime radiation dose equivalent was 34 mSv. The highest
mean dose was observed for Sellafield workers (93 mSv) who constituted half of all
the workers with a cumulative dose above 100 mSv. Information was only available
regarding external radiation. The exposure was lagged by two years for the analysis
of leukemia, and a lag often years was used for other cancers. The same number of
follow-up years was also excluded from the analysis. For all cancers, no significant
association with the radiation dose was observed (ERR 0.5 per Sv, 90% CI -0.1 to
+1.2). A statistically significant association was detected for leukemia (excluding
CLL) with ERR 4.38 per Sv (90% CI 0.40-13.58). An elevated risk was also
observed for multiple myeloma, but the finding did not attain statistical significance
(ERR 6.9 per Sv, 90% CI -0.0 to +46). An increased risk of thyroid cancer was
observed among radiation workers (SMR 2.14 unlagged and 3.03 lagged), but it
was not significantly associated with the external radiation dose (ERR 1.05, 90%
CI -1.12 to +12.25). A dose-dependent excess of ill-defined and secondary
neoplasms was also reported. The lifetime risk was estimated as 10% per Sv for all
cancers and 0.76% for leukemia excluding CLL. The ERR estimate for both
leukemia and all cancers was very well in accordance with results of the atomic
bomb survivor studies, even though the error margins were wide. Although the
lifetime risks were approximately twice as large as those reported from Hiroshima
and Nagasaki, the confidence intervals were sufficiently wide to accommodate a
range of values from no excess risk to five times the values given by the atomic
bomb survivor studies.
A cohort study of the nearly 40,000 employees of the UK Atomic Energy Authority
during 1946-1986 assessed cancer mortality (Fraser et al. 1993). The mean length
of follow-up was 22 years and the mean cumulative dose equivalent was 40 mSv.
The completeness of follow-up was 99.7% with a total of 1,506 cancer. The overall
SMR adjusted for socioeconomic status was 0.78 and for all malignant neoplasms
0.80. The SMR for non-CLL leukemia was 1.2 based on 48 cases. A statistically
significant association between the radiation dose (lagged 10 years) and the cancer
risk was observed only for the female lung cancer and uterine cancer. A negative,
non-significant trend was observed for leukemia with an ERR estimate of -4.2 per
Sv (95% CI -5.7, +2.6). Workers monitored for internal contamination showed an
increased risk of uterine as well as ill-defined and secondary cancers compared with
those not monitored. The risk of prostate cancer also increased with the radiation
dose among men monitored for radionuclides; however, the relationship was no
longer statistically significant after lagging of exposure by 10 years.
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A case-control study of prostate cancer among employees of the UK Atomic Energy
Authority included 136 cases and 404 matched controls from the same occupational
cohort (Rooney et al. 1993). Internal contamination by or work in an environment
potentially contaminated by tritium, chromium-51, iron-59, cobalt-60, or zinc-65
was associated with an increased risk of prostate cancer. The odds ratio associated
with actual or potential contamination with any of the five radionuclides was 2.4
(95% CI 1.3-4.4). Of the specific radionuclides, the greatest risk was associated
with exposure to tritium and iron-59. The risk increased with duration of work in a
potentially contaminated environment. Exposure to these radionuclides tended to be
simultaneous and was uncommon. Little is known about their uptake and
radiobiology. External radiation exposure was also associated with an increased
risk of prostate cancer, but not other physical or chemical factors including nonradioactive metals.
A combined study of three UK nuclear industry worker cohorts included 75,000
employees, who had begun work between 1946 and 1988 (Carpenter et al. 1994).
Of these, 40,000 had ever been monitored for radiation exposures, and the rest
formed an unexposed control group. The mean duration of follow-up was 24 years.
A lag of two years for leukemia and ten years for other cancers was used. A total of
1,884 deaths from cancer were observed, including 92 of leukemia. The mean
cumulative dose equivalent was 57 mSv. Information on social class was obtained
and used in adjustment for potential confounding. Mortality from all cancers was
not increased among monitored workers compared with other workers (RR 1.0,
95% CI 0.9-1.0). Of the specific cancer sites, a significantly increased risk among
monitored workers was only observed for cancers of the pleura (RR 7.1, 95% CI
1.6-43) and the uterus (RR 3.0, 95% CI 1.6-5.9). For leukemia, no significant
increase was reported (RR 1.2, 95% CI 0.7-2.0). A statistically significant
association between cumulative dose and leukemia (regardless of exclusion or
inclusion of CLL), skin cancer (including melanoma) as well as ill-defined and
secondary neoplasms. The ERR of leukemia (excluding CLL) was 4.2 per Sv (95%
CI 0.4-13) and the estimate for other cancers was 0.0 (-0.5 to +0.6). The results for
leukemia are predominantly based on the Sellafield cohort, with a negative trend by
cumulative dose for other establishments. The results are very similar to those
reported by Kendall et al. (1992), which is based on the substantially overlapping
material (with the study by Carpenter et al. having slightly smaller study
population, but substantially longer follow-up).
A more recent report of the same cohort applied the risk model for leukemia
(excluding CLL) from BEIR V to the nuclear industry worker study (Carpenter et
al. 1995). The BEIR V model is a relative risk model based on data from
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Hiroshima and Nagasaki as well as from the ankylosing spondylitis study. The
main difference to the previous report was weighting of the radiation doses by age
at exposure and time since exposure, rather than using the observed values of
exposure (in the same fashion as UNSCEAR). In the BEIR V model, the risk per
unit exposure is highest at young age and declines with time after exposure and the
pattern of decline is also dependent on the age at exposure. The risk estimate
obtained was similar to that derived from the atomic bomb survivor data in BEIR V
(the ratio of observed ERR per Sv to the BEIR V estimate 1.3, 90% CI -0.2 to
+4.5). A slightly closer resemblance to the UNSCEAR 1988 estimates and more
narrow confidence intervals were obtained (empirical estimate relative to that
reported in UNSCEAR 1988 1.1, 90% CI 0.2-3.1), when the UNSCEAR approach
was used.
Mortality of employees of the UK Atomic Weapons Establishment was assessed in
a cohort study of 22,500 workers employed since 1951 (Beral et al. 1988). The
subjects were followed up through 1982 with completeness of more than 99%. The
mean length of follow-up was 19 years and the median cumulative whole-body dose
was estimated as 1.4 mSv (mean 7.8 mSv). A significant deficit in both overall
mortality (SMR 0.79) and cancer mortality (SMR 0.84) was observed adjusted for
socioeconomic-economic status. No trend was evident in cancer mortality by
duration of employment or year of recruitment. No excess was reported of any
specific type of cancer, but a decreased risk was observed of stomach, lung, and
brain cancers among radiation workers, and also of rectal and bladder cancers
among all employees. Employees with a cumulative dose of 10 mSv or more
showed an excess of cancer mortality compared with radiation workers with smaller
doses (RR 1.5). A dose-response was reported for all cancers, and for lung cancer,
as well as for respiratory diseases. The estimated ERR per 10 mSv was 7.6% (95%
CI 0.4%-15.3%) for all cancers. No statistically significant excess of any specific
cancer type was reported for 4,742 workers monitored for internal contamination
with any radionuclide compared with the general population or employees
monitored for external radiation, but not for internal contamination. An excess of
prostate cancer (RR 1.7, CI not reported), however, occurred among workers
monitored for uranium exposure and of kidney cancer among those monitored for
polonium exposure. An association was noted between the external and internal
exposures, making it difficult to discriminate between their effects.
2.5.1.2. Cancer among nuclear industry workers in the United States
The latest report of the cohort study of cancer mortality among workers at the
Hanford she extends the follow-up from 1945 through 1986 (Gilbert et al. 1993b).
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The cohort consists of almost 45,000 persons (of whom 37,000 have been
monitored for radiation exposure) with the mean cumulative radiation dose
equivalent of 23 mSv. Data on socioeconomic status was obtained from a census
and used for adjustment. The number of cancer deaths was 2,195, including 80
from leukemia. Completeness of follow-up was estimated to be 97%. A lag of two
years was used for analysis of leukemia mortality and a ten-year lag for other
cancers. The SMR for all cancers was 0.86 for all workers. No statistically
significant increase was observed for monitored workers in any of the 30 cancer
types reported. A positive dose-response pattern was reported for multiple
myeloma, Hodgkin's disease, and pancreatic cancer, which are not usually regarded
as the cancers most readily induced by radiation. The ERE. estimate for leukemia
was -1.1 per Sv (upper 90% confidence limit +1.9 per Sv) and for all cancers
except leukemia 0.0 per Sv (upper confidence limit +1.0 per Sv). When no
adjustment for socioeconomic status was used, the risk estimate for all cancers was
larger (0.4 per Sv), indicating positive confounding. This is one of the largest
studies with data of good quality and sound methodology. The inconclusive and
somewhat puzzling results illustrate the difficulties in studies of low-dose radiation.
A cohort study examined mortality from 1947 through 1990 among more than
15,000 white men employed at the Los Alamos National Laboratory, a nuclear
research and development facility in the US (Wiggs et al. 1994). The mean length
of follow-up was 29 years and completeness of follow-up 94%. A total of 3,196
deaths occurred, of which 732 were from cancer. Radiation exposure was
monitored from film badges and plutonium deposition from urine analysis. The
SMR for the entire cohort was below unity for most cancer sites and no statistically
significant increases were observed. Among workers with a plutonium burden of 74
Bq or more, no statistically significant increases were observed in any cancer type
compared with those with lower exposures. Some indication was evident, however,
of an increase of lung cancer (RR 1.8, 96% CI 0.8-4.0 based on eight cases) and
bone cancer (one exposed case, none among unexposed). In the analysis of external
doses, a statistically significant increasing trend was seen of cancers of the
esophagus (seven cases) and brain (12 cases) as well as Hodgkin's disease (five
cases), which is somewhat unexpected because association with radiation exposure
has rarely been reported for the latter two types of cancer. When persons with a
plutonium deposition of 74 Bq or more were excluded, a significant trend by dose
was also noted in kidney cancer (12 cases) and lymphatic leukemia (four cases).
The study was based on a large material that was appropriately analyzed and
clearly presented. It was one of the few sources of information on the health effects
of plutonium exposure.
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A cohort study of cancer mortality has been conducted among 4,400 male workers
of the Mound Facility in the US producing polonium-210 from 1942 through 1972
(Wiggs et al. 1991). The subjects were followed up until the end of 1993, and the
completeness of follow-up was 96%. SMRs were calculated, using both US
national and Ohio state age, sex, and period-specific mortality rates. Polonium
exposure was monitored from urine samples. The annual kidney doses (as a
surrogate for soft tissue dose) with lagging by two years were estimated using a
model based on ICRP recommendations. Overall, no significant increases of any
type of cancer were reported and no clear dose-response relationship between
polonium dose and mortality from any type of cancer was established.
A small cohort study of mortality among 995 white male workers at a uraniumprocessing factory between 1943 and 1949 has been conducted (Dupree et al.
1987). Radiation exposure was assessed based on air concentrations, surface
contamination and urine analysis. Potential annual lung doses were estimated.
Based on the results, the workers were grouped into three categories (0-9 mSv, 10100 mSv, and >100 mSv). They were followed up until the end of 1979 with the
completeness of follow-up of 94%. Cause of death was obtained from death
certificates, and a total of 429 deaths occured, 74 of which were from cancer.
Overall mortality was slightly higher than in the general population (compared with
national and county-specific reference rates).
A cohort study investigated the mortality of workers at the United Nuclear
Corporation nuclear fuels fabrication plant in Connecticut (Hadjimichael et al.
1983). Vital status was ascertained from both Social Security Administration and
Connecticut mortality records and six percent of the study population were lost to
follow-up. In addition, cancer incidence data were obtained from the Connecticut
Tumor Registry with the mean length of follow-up was 12 years. Most of the
workers (80%) were not monitored for radiation exposure. Both overall mortality
and mortality from all cancers were below the Connecticut state rates (SMRs 0.82
and 0.90 respectively). No statistically significantly increased mortality rates were
observed for any cancer she. Cancer incidence was also comparable to that seen in
Connecticut in general (SIR 0.85). Statistically significant excesses of brain tumors
(SIR 2.7 based on eight cases) and uterine cancer (SIR 3.2 based on five cases)
were observed. Some indication of elevated risk of leukemia was also found (SIR
2.0 based on three cases). The overall cancer incidence and mortality within the
group of workers with measured radiation exposure did not differ from those
without such exposure, but the incidence of brain tumors or uterine cancer among
mis group was not reported.
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Mortality in the Savannah River nuclear fuels production facility workforce during
1952-1980 was assessed in a cohort study (Cragle et al. 1988). A total of 9,860
workers fulfilled the inclusion criteria, and 94% of them were successfully followed
up through the Social Security Administration. The mean length of follow-up was
25 years and death certificates were obtained for 97% of the deceased workers. It
was estimated that 85% of the radiation exposures were from external gamma
radiation and the remainder from internal contamination mainly with tritium,
uranium and transuranics; however, no individual dose records were available for
the study. Mortality from both all causes and all cancers was slightly lower than the
national rates (SMRs 0.75 and 0.74). Mortality from leukemia was slightly above
the expected level (SMR 1.5 based on 18 cases), but the finding was not
statistically significant. Mortality from other types of cancer was similar or below
the national rates.
Mortality among employees at the Oak Ridge National Laboratory, a US
Department of Energy research and development facility, between 1943 and 1972
(N 8,318) was analyzed in a cohort study (Wing et al. 1991). The exposure
assessment was based on personal dosimeters that were used throughout the study
period. The median dose was 1.4 mSv and the mean 17 mSv. The highest annual
mean doses were received prior to 1960. The cumulative dose was 100 mSv or
more for 3.8% of the workers. The follow-up for vital status was based on
employment records and Social Security Administration and covered the years
through 1984 with a completeness of 92%. A total of 1,524 deaths were observed
including 346 deaths from cancer, and death certificates were available for 98% of
them. Overall mortality was below the expected level (SMR 0.74, 95% CI 0.710.78) as was overall cancer mortality (SMR 0.79, 95% CI 0.71-0.88). Of the
specific cancer types, only mortality from leukemia was statistically significantly
increased based on 28 deaths (SMR 1.63, 95% CI 1.08-2.35). Leukemia mortality
was even higher among workers monitored for internal contamination (16 deaths
observed, SMR 2.23,95% CI 1.27-3.62). The ERR estimate for leukemia was 6.88
per Sv (lagged by 10 years and adjusted for age and cohort). In a later paper, the
possible effect of selection bias and confounding was assessed (Wing et al. 1992).
Adjustment for duration of employment in each job category had little effect on the
radiation risk estimates, while adjustment for potential exposure to beryllium, lead
and mercury produced only small changes in the results.
An analysis of 28,000 workers involved in development of the atomic bomb at the
Oak Ridge National Laboratory during World War II has been published (Frome et
al 1990). Workers from several plants (X-10, TEC [also known as Y-12], and K25) were included, but no dose history was available for dose-response analysis. No
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clear increase was observed in mortality from all cancers (SMR l.OS), lung cancer
(SMR 1.27), or leukemia (SMR 1.13 based on 92 observed cases) compared with
the general US population. Workers with radiation exposure had slightly, but not
significantly higher mortality rates from cancer compared with their unexposed
colleagues (RR 1.09, 95% CI 0.99-1.20).
Cancer mortality during 1947-1979 among 6,781 workers at a nuclear materials
production plant Y-12 at the Oak Ridge site was studied (Loomis and Wolf 1996).
The workers were exposed mainly to alpha and gamma radiation from uranium.
The follow-up was successful for 97% of the subjects, although the mean length of
follow-up and the mean radiation dose were not reported, nor the mean radiation
dose. The causes of death were obtained from the National Death Index. The
overall cancer mortality was identical with national rates (SMR 1.0, 95% CI 0.91.1). A statistically significant excess was noted of lung cancer (SMR 1.2, 95% CI
1.0-1.3), but not of leukemia (SMR 0.6, 95% CI 0.3-1.1) or any other cancer. No
dose-response analyses were conducted, but the lung cancer risk was elevated
mainly for those workers first employed during 1947-1954 and was most
pronounced for the follow-up years 10-29 since first employment. No clear
correlation between the risk and the duration of employment or calendar year was
observed. In addition to radiation, some of the workers were also exposed to
beryllium, which may have contributed to the excess of lung cancer.
Cancer mortality was assessed among 18,868 men employed at the Y-12 uranium
processing plant at Oak Ridge during the 1940's (Polednak and Frome 1981).
Death certificates were obtained from the Social Security Administration; those not
found were assumed to be alive. The completeness of this procedure was estimated
as 92-94% and the mean length of follow-up was 26 years. Information on air
concentration of uranium was available; in addition, uranium levels in urine had
been determined from a sample of 1,000 workers. A total of 886 cancer deaths were
observed with the overall cancer mortality slightly below the national rates (SMR
0.9, 95% CI 0.8-0.9). No clear increase was observed for any individual cancer
site, although an increased risk of lung cancer was suggested (SMR 1.09, 95% CI
1.0-1.2). For workers exposed to the highest air uranium concentrations, no clear
increases in cancer risk were observed, but SMRs above unity were noted for
buccal cavity, bone, and skin cancers based on a few cases.
A case-control study of central nervous system cancers was conducted within the
Y-12 and ORNL faculties of Oak Ridge National Laboratory (Carpenter et al.
1987). The cases included 89 employees of these faculties who according to death
certificates had died of CNS cancers. Four controls were selected for each case
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matched for age, sex, race, facility, and beginning of employment. The effect of
external radiation was analyzed among 27 cases and 90 controls monitored with
film badges. None of the cases and six controls showed a cumulative dose above SO
mSv and no clear association was established between external radiation dose and
risk of cancer. The analysis of internal contamination effects was restricted to 47
cases and 120 controls with an estimated lung dose from uranium. The results
revealed no link to cancer risk (OR 0.8 for a cumulative dose of 450 mSv or more).
In a small cohort study of 9,000 workers at the Calvert Cliffs nuclear power plant
during 1969-1988, the average cumulative dose equivalent was 21 mSv, with 12%
of the workers exceeding a cumulative dose of 50 mSv (Jablon and Boice 1993).
Cause of death was obtained for 93% of the deaths; only two deaths from leukemia
occurred versus four expected.
Najarian and Colton (1978) claimed a twofold risk of all cancers and a fivefold risk
of leukemia based on a PMR analysis among nuclear workers at a naval shipyard,
where nuclear submarines are repaired and refueled. Their findings were disputed in
a more thorough SMR analysis utilizing individual dose histories (Rinsky et al.
1981). A nested case-control study with 53 deaths from leukemia detected no clear
association between the radiation exposure and leukemia and found out that only
nine of the cases had had any radiation exposure (Stern et al. 1986).
Almost 44,000 workers were included in a combined analysis of Hanford Nuclear
Site, Oak Ridge National Laboratory, and Rocky Flats nuclear weapons she
(Gilbert et al 1993a). The results were obtained using internal comparisons
between dose levels. The mean length of follow-up was 19 years and the mean dose
was 27 mSv. Almost 2,000 cancer deaths occurred including 67 deaths from nonCLL leukemia. The study gave a negative ERR estimate for leukemia (-1.0 per Sv,
upper 90% confidence limit 2.2). For all cancer si!tes combined, the ERR estimate
was 0.0 per Sv (with an upper 90% confidence limit of 0.8). A statistically
significant excess associated with radiation dose was observed for cancers of the
esophagus and larynx as well as for Hodgkin's disease. These were, however,
interpreted as likely to be due to chance, since an equally large number of cancer
sites showed a negative correlation with the dose. Some indication was evident of
increasing ERR with increasing dose and a statistically significant association was
observed between dose and cancer risk for those 75 years of age or more. The risk
estimate for the Oak Ridge National Laboratory workers was lower than that
reported by Wing and coworkers (1991), mainly due to a larger number of dose
categories. The combined study was based on a large population dominated by the
Hanford data; however, the accuracy of dose history especially in older years may
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not be very good. Despite very small or in feet even negative risk estimates, the
confidence intervals overlap with the estimates based on high-dose studies.
Cancer mortality was studied in a cohort of approximately 3,500 white male
workers at the Pantex weapons facility in US between 1951 and 1978 (Acquavella
1985). The mean length of follow-up was 15 years and completeness of follow-up
96%. Exposure assessment was based on film-badge monitoring, the results of
which were not available for persons whose employment had terminated prior to
1963 and they were excluded from the analyses. The mean cumulative dose was
approximately less than 5 mSv. The reference rate for mortality analyses was the
age and period-specific national rate for white males. A total of 269 deaths were
observed, of which 44 were due to cancer. The SMR for all cancers was below the
national average (0.60, 95% CI 0.44-0.81). No significant increases for the entire
cohort were observed for any specific cancer site, but a deficit was reported of
digestive system cancers and lung cancer. Some indication was obtained for an
increasing trend with duration of employment for lung cancer and lymphopoietic
cancer, but it did not attain statistical significance. Only about 200 workers had
received doses exceeding 10 mSv during the study period. The number of cancer
deaths among them (two cases of lung cancer) was too small to allow meaningful
assessment of radiation exposure.
Cancer mortality during 1952-1979 among more than 5,000 employees at Rocky
Flats nuclear weapons plant was below the national rates (SMB. 0.71, 95% CI
0.59-0.84; Wilkinson etal 1987). The mean length of follow-up was 14 years and
the mean dose 41 mSv. No excess deaths occured at any specific cancer site, but a
deficit in lung cancer was reported. Cancer mortality among workers with external
exposure above 10 mSv was not higher than among those unexposed. No positive
dose-response was observed for any cancer site, but a negative slope was seen for
prostate cancer. Similarly, no increases in cancer were observed among workers
with a plutonium body burden of 2 nCi or more compared with other workers, and
no dose-response was found with the body burden.
A meta-analysis combined seven cohort studies on occupational exposure to
ionizing radiation (Wilkinson and Dreyer 1991). The analyses were restricted to
white males and 81 leukemia deaths were observed in the follow-up with more than
1.4 million person-years. The risk of leukemia was increased among workers with
cumulative radiation dose exceeding 10 mSv compared with workers with smaller
doses (RR 1.8, 95% CI 1.2-2.7). When exposed workers were further divided,
however, into those with a cumulative dose of 10-50 mSv and those with doses
above 50 mSv, the risk was smaller among more heavily exposed workers (RRs 2.1
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and 1.4, respectively). The analysis did not, however, consider the effect of age,
which probably led to overestimation of risks.

2.5.1.3. Cancer among nuclear industry workers in other countries
A Canadian study assessed the cancer mortality among 13,570 men employed by
Atomic Energy Canada between 1956 and 1985 (Gribbin et al. 1993). The mean
length of follow-up was 17.5 years. Of the workers, 4,260 had ever been exposed to
a radiation dose above the detection threshold. The mean cumulative dose
equivalent was 15 mSv. Both overall mortality and cancer mortality were below the
national average (SMRs 0.77 and 0.87, respectively). No excess mortality from any
type of cancer was observed for the entire cohort. The SMR for non-CLL leukemia
was 0.45 based on four observed cases. To assess the association between radiation
exposure and cancer risk, the workers were grouped into three exposure categories:
those without radiation exposure, workers with a cumulative dose equivalent below
50 mSv, and those with 50 mSv or more. For non-CLL leukemia, an increasing
trend was noted with exposure with SMRs of 0.28, 0.55 and 0.65, respectively
(one-sided Pmnd 0.06). The ERR estimate for non-CLL leukemia was 19 per Sv
with 90% CI 0.1-110 (lagged by two years).
A cohort study of workers in the early years of the Mayak nuclear complex showed
an increase in both overall cancer mortality and leukemia mortality (Koshurnikova
et al. 1996). Almost 9,000 subjects, who were first employed between 1948 and
1958 at the Mayak fuel reprocessing and plutonium manufacturing complex, were
followed up for mortality for a mean of 36 years. The mean cumulative doses were
above one gray. A control group was formed of approximately 10,000 persons
employed during the same period, but whose radiation doses did not exceed the
maximum permissible level. Overall cancer mortality was almost 50% higher
among exposed than unexposed workers (RR 1.4, 95% CI 1.3-1.6 for men), and
they showed twice the risk of leukemia (RR 2.1, 95% CI 1.2-3.7). The ERR of
leukemia was estimated as 1.3 per Gy (CI not reported) and diminished
considerably over the follow-up time. Mortality from lung cancer was also
increased among the entire cohort (RR 1.9, 95% CI 1.5-2.3) and especially among
those with plutonium contamination (RR 3.2, 95% CI 2.2-4.6 for men). The ERR
for lung cancer from plutonium was estimated as 0.22 and 0.36 for accumulated
lung doses below and above 7.5 Sv, respectively. The completeness of follow-up
was not reported. The risks were probably underestimated, because internal
contamination was present in addition to external radiation for a large proportion of
the subjects, and the control group had also been exposed to radiation.
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A case-control study with 162 lung cancer cases diagnosed between 1961 and 1991
explored the effect of occupational radiation exposure on lung cancer among
workers of the Mayak nuclear complex (Tokarskaya et al. 1995). For controls, 338
employees were identified with matching for sex, age, and occupational history
(year of first employment, workplace, and profession). The incorporated amount of
plutonium was estimated from urine samples. The mean lung burden of plutonium
was 1.5 kBq among cases and 0.4 kBq among controls. The absorbed lung dose
was 1.6 Gy for cases and 0.4 Cry among controls. A body burden of plutonium
exceeding 5.55 kBq was associated with a threefold higher risk of lung cancer (OR
3.1, 95% CI 1.8-5.1). The attributable risk from smoking was estimated as 60%
and that from plutonium as 19%. Of the histological types, the attributable risk
from plutonium was greatest for adenocarcinoma (37%) and smallest for small-cell
carcinoma (6%).
A cohort study of lung cancer mortality has been conducted among more than 4,000
workers at the Mayak radiochemical plant during 1970-1989 (Khohriakov and
Romanov 1996). Urine analysis was used to assess the dose to the lung from
plutonium exposures. Basing their analysis on 80 cases, the authors reported a high
risk estimate (ERR 1.9 per Sv, 90% CI 1.6-2.2) with a lag of 24 years; however, no
information on smoking was available and the completeness of follow-up was not
reported. The high risk estimate may also reflect underascertainment of exposure.
A small cohort study of nuclear facility workers in Bombay, India has been
published (Nambi et al. 1991). The cohort consisted of workers (number of
subjects not reported) who were followed up for cancer mortality during 1975-1987
with a completeness of 95%. The overall cancer mortality was lower than that for
the Bombay city population (SMR 0.8, 95% CI 0.6-1.1 based on 40 deaths). Five
deaths occurred from lymphohematological malignancies (SMR 0.9, 95% CI 0.32.2). The lower mortality could have been due to higher socioeconomic status of the
work force and also a healthy worker effect. No data on radiation exposures were
reported.
2.5.1.4. International collaborative studies on cancer among nuclear
industry workers
At the moment, the largest study of occupational radiation exposure is the
combined cohort study of cancer mortality among approximately 95,000 nuclear
industry workers from the UK, USA, and Canada (IARC Study Group 1994,
Cardis et al. 1995). The subjects were employed for at least six months and
monitored for external exposures. In addition to power production, the activities of
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the nuclear facilities included research, weapons production, reprocessing, and
waste management. The mean cumulative dose in the combined analysis was 40
mSv and the study covered more than 2,000,000 person-years with almost 4,000
deaths from cancer (including 119 from leukemia). The risk of leukemia (excluding
CLL) was statistically significantly associated with the cumulative external
radiation dose (one-sided P 0.05). The ERR estimate for non-CLL leukemia was
2.2 per Sv (90% CI 0.1-5.7), i.e. slightly lower than that reported from Hiroshima
and Nagasaki, but the confidence interval covered a range of values from very
small risk to twice that observed among the atomic bomb survivors. No evidence
for the presence of excess risk for all cancer types other than leukemia was
obtained. The ERR estimate was -0.1 per Sv (90% CI -0.4 to +0.3). Of the 31
specific cancer types other than leukemia, only multiple myeloma was statistically
significantly associated with radiation exposure (ERR. 4.2 per Sv, 90% CI 0.314.4). Adjustment for socioeconomic status had little effect on the leukemia risk
estimate, but decreased the risk estimate for other cancers considerably.
la summary, a range of risk estimates has been obtained based on nuclear power
industry worker studies, from negative risk up to several times those reported from
Hiroshima and Nagasaki. Important results from the Mayak nuclear complex are
among those recently published. The most accurate risk estimate was obtained in
the international collaborative study using data from US, UK, and Canada. The
problems encountered in the studies of nuclear industry workers include uncertainty
in dose estimates from below-threshold exposures, partial-body exposures, lack of
information on internal contamination, as well as radiation exposures from other
sources. A recent sensitivity analysis concluded, however, mat these potential
sources of bias do not substantially modify the results (Gilbert and Fix 1995). One
of the results suggested, however, that exclusion of workers with potential exposure
to internal contamination or neutrons led to higher risk estimates. Personal
dosimetry systems were found to estimate the deep dose relatively accurately even
though some overestimation was found compared with organ doses, depending on
the radiation energy and field geometry (Gilbert et al. 1996). Thus far, a clear
picture of the cancer risk from low doses of radiation is unavailable, but it appears
currently that further studies of subjects with occupational exposures to radiation
may provide a fruitful approach to the subject, due to the large size of the
occupational cohorts and availability of fairly detailed exposure histories.
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2.5.2. Cancer risk from occupational exposures in medical use of
radiation
The first reports of increased cancer risk among radiologists date back to the
1940's. No accurate data are available on radiation exposures in early radiology,
but it has been estimated that the cumulative bone marrow doses may have been up
to several grays (Upton 1987). Two reports were published in 1944 based on
obituaries published in the Journal of the American Medical Association (Henshaw
and Hawkins 1944, March 1944). The report by March was more extensive and
covered the years 1929-1943. He reported a tenfold excess of leukemia deaths in a
PMR analysis of radiologists in the United States based on eight cases. These
findings were confirmed in similar later analyses (Ulrich 1946, Peller and Pick
1952). A formally more refined analysis was conducted by Lewis (1963), who
reported an increased risk of leukemia (SMR 3.0, 95% CI 1.5-5.2), multiple
myeloma (SMR 5.0, 95% CI 1.6-11.6) and aplastic anemia (SMR 17.0, 95% CI
4.7-44.5) during 1948-1961; the observed numbers of cases were 12, 5, and 4,
respectively. In the most recent study, follow-up has covered the period until 1969
and a comparison group of other physician specialists has been used (Matanoski et
al. 1975). The risk of leukemia and skin cancer was increased among radiologists
joining a radiological society prior to 1940.
In a study of cancer mortality among British radiologists during 1897-1977,
increased risk of cancers of the skin, lung and pancreas as well as leukemia was
observed for radiologists who joined the Radiological Society prior to 1921 (Smith
and Doll 1981). The risk of leukemia was sixfold and risk of skin cancer more then
sevenfold higher compared twith the mortality rates in social class I, and these
findings are more plausible than those regarding pancreas and lung, for which
smoking is a predominant risk factor, but association with low doses of radiation
was less well established.
In a cohort study of 27,000 radiologists and x-ray technologists in China, cancer
incidence during 1950-1985 was assessed (Wang et al. 1990). A control group
consisting of 25,000 other physicians in the same hospitals was established. The
mean length of follow-up was 16 years. Cancer incidence was assessed by means of
active follow-up and diagnostic confirmation for cases of cancer was obtained from
medical records. Occupational history was obtained by personal interview with the
subjects, but no dose estimates were available. The overall cancer incidence was
20% higher than that expected on the basis of cancer incidence in the comparison
group (RR 1.2, 95% CI 1.1-1.4). The overall risk of leukemia was twice that in the
control group (RR 2.4, 95% CI 1.3-4.6 based on 34 cases). Increased risk was
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observed mainly for those with first employment prior 1970, age less than 25 years
at initial employment and the period 5-14 years since the beginning of employment.
Increased risks of skin, esophagus, and liver cancers were also observed, but for the
latter two this was thought to be related to factors other than radiation, e.g. alcohol.
The findings are similar to those observed among early radiologists elsewhere. The
association of risk with the year of first employment and also duration of work
suggest that the excess of leukemia could be related to occupational radiation
exposures.
The risk of breast cancer was assessed in a nested case-control study among
radiological technologists (Boice et al. 1995). The base cohort consisted of more
than 100,000 women who had been certified as radiological technologists for at
least two years between 1926 and 1982. Of these, approximately 79,000 (79%)
responded to a survey and 528 eligible breast cancer cases were reported. Controls
matched for age, year of certification, and follow-up time were identified from the
same cohort. No association between the risk of breast cancer and years worked as
radiological technologist, or procedures worked with (radiotherapy, fluoroscopy,
radioisotopes) was observed. Information on potential confounders was obtained,
but little data on individual dose histories were available.
In general, the lack of individual dose estimates is the greatest limitation of
historical studies, while present exposures are very low.

2.5.3. Cancer risk among radium dial painters
Approximately 3,500 persons in the US have been employed in the radium dial
industry, 2,000 in Germany, and 1,000 in the UK. They were internally exposed
(mainly through ingestion) to alpha-emitting radionuclides (mainly radium-226 and
radium-228). Radium is deposited mainly in the skeleton, but also in soft tissues.
The radium burden was below 50 mCi for most of the workers measured.
Mortality among 634 women first employed in the radium dial-painting industry
during 1915-1929 was studied (Polednak et al. 1978). The subjects were identified
from employment records, with 84% of them were successfully located and
followed up actively until 1975; the mean length of follow-up was not reported. The
causes of death were obtained from death certificates. Overall mortality was higher
than the national rate (SMR 1.3 with 240 deaths observed). Mortality from all
cancers, colon cancer and bone cancer was above the expected level, while
mortality from leukemia was not statistically significantly increased (SMR 2.1
based on three cases). For bone cancer, 22 deaths were observed versus 0.3
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expected (SMR 82); the risk of bone cancer was greatest for those first exposed in
the early years and those first exposed prior to 20 years of age. The body burden
had been measured for 62% of the subjects, and the measurements had been partly
conducted after death. For those with a body burden of 50 mCi or more, mortality
from bone cancer was 225 times that of the general population. The overall cancer
incidence was also increased among this group, but not among those with less
exposure. In a subsequent analysis an excess of breast cancer was also reported
(SIR 1.6, 95% CI 1.1-2.4; Rowland et al. 1989). This could also be due to factors
other than the radiation exposure (approximately 200 mGy to the breast), because
no information on other risk factors was available.
The incidence of leukemia was assessed in a cohort study of radium dial painters
(Spiers et al. 1983). A total number of 2,940 dial painters employed prior to 1970
were located with a completeness of follow-up of 79%; the mean length of followup was not reported. Cancer incidence was assessed using review of medical
records and death certificates, but no estimate of completeness of this procedure
was given. Radiation doses were estimated for a subgroup of 693 subjects
employed prior to 1930 and presumably with the highest exposures. The mean bone
marrow dose was estimated as 0.25 Gy. No increase in incidence of leukemia was
observed (SIR 1.1, 95% CI 0.6-2.0 with 10 observed cases based on Connecticut
incidence rates). Results were similar for non-CLL leukemia (based on six cases).
No excess of leukemia was seen for workers employed prior to 1930 (SIR 1.0, 95%
CI 0.2-3.9 based on two cases). A doubling of leukemia incidence was anticipated
on the basis of the atomic bomb survivor results and applying a quality factor of 20
for alpha particles. The small number of cases limited the conclusions.
Cancer mortality among 2,470 women working as radium dial painters in the
United States was studied (Stebbings et al. 1984). The cohort was based on
volunteer recruitment. Little external information for verification of employment in
the radium dial industry or assessment of completeness was available. The subjects
were followed up actively. The body burden of radium was measured for 1,254
women, and the intake was estimated based on the measurements. Overall, no
statistically significant increase in mortality from major types of cancer was
observed compared with county-specific mortality rates, although a non-significant
increase was reported in lung cancer (SMR 1.45, 95% CI 0.75-2.54 based on 12
cases). In addition, a dose-response between radium intake and breast cancer risk
was reported among women with a measured body burden.
Non-significant excesses of breast cancer (28 cases observed, SIR 1.4, 95% CI 0.92.0) and osteosarcoma (one case observed, SIR 5.9, 95% CI 1.0-33) have been
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reported among 1,203 UK radium luminizers followed up for almost four decades
(Baverstock and Papworth 1989). No cases of leukemia were observed (1.9
expected). The mean absorbed dose to the breast was 0.4 Gy. The breast cancer
risk was confined to women who began work prior to 30 years of age (SIR 1.5,
95% CI 1.0-2.4), but was equally large among women with doses above or below
0.2 Gy.
Studies of occupational radiation exposure provide a very valuable source of
information of risk from repeated low-level exposures. The main shortcoming has
been incomplete exposure assessment. The results apear to indicate that the risk has
not been seriously underestimated, but it is more difficult to assess possible
overestimation of risk. They have also provided information on cancer risk from
internal exposure to radium and plutonium.

2.6. Reviews of cancer risk from low doses of ionizing
radiation
BEIR V (1990) presented an authoritative review of health effects from low-dose
radiation. The conclusions were reached by analyses of the most informative studies
on radiation-induced risk of cancer. The data used were from studies of cancer
incidence or mortality among the atomic bomb survivors, patients with ankylosing
spondylitis, Canadian and Massachusetts fluoroscopy subjects as well as subjects
irradiated for enlarged thymus in Rochester, New York, for tinea capitis in Israel
and for postpartum mastitis in New York. The total number of person-years was
more than 5 million and the total number of cancer cases exceeded 7,500. Separate
models were developed for four groups of cancers and for all cancers except
leukemia. In die atomic bomb survivor data, persons with a radiation dose below 5
mSv were used as an unexposed reference population. For cancer other than
leukemia, a linear, no-threshold model provided a good fit of die data below 2 Gy
and little evidence was found for a DDREF different from one.
For leukemia, data from studies of the atomic bomb survivors and ankylosing
spondylitis patients were used. The preferred model of the committee was a linearquadratic relative risk model including the effects of the radiation dose, dose
squared, age at exposure and time after exposure. A minimum latency of two years
was assumed. Dose and dose squared had almost equal weights (0.24 and 0.27,
respectively). The risk coefficient was approximately twice as large for the period
immediately after latency (2-15 years for exposures prior to 20 years of age and 225 years for exposures at older ages), compared with later years. For exposures
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prior to 20 years of age, the risk was also almost double compared with exposures
occurring at older ages. The results are consistent with a DDREF of two.
For respiratory cancer, the analyses were based on the atomic bomb survivor and
ankylosing spondylitis studies. A more simple approach was chosen with a model
including terms for the dose, time since exposure, and sex; however, neither the
term for time since exposure nor the term for sex improved the fit of the model
statistically significantly. Nevertheless, since some improvement was obtained in
the fit and the results were consistent with previous results, both terms were
included in the preferred model of the committee. No effect of age at exposure was
observed. A decreasing risk with time since exposure was estimated, and the
relative risk was almost twice as large for women as for men.
For female breast cancer, data from six cohort studies were used. Modifying effects
of age at exposure and time since exposure were studied and the highest risks were
observed for exposure at young ages, prior to 15-20 years of age. The risk
decreased with time since exposure. For digestive cancer, a model based on the
atomic bomb survivors and ankylosing spondylitis patients was developed. The age
at exposure was the most important modifying factor, with a greatly increased risk
for exposures prior to the age of 30. No changes in risk by time since exposure
were evident.
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Table 27. Summary of the main findings of studies on cancer risk from low doses oj
ionizing radiation.
SOURCE OF RADIATION

APPROACH

END-POINT

MAIN RESULTS

Natural background

Ecological

I^sikwtiw

Inconclusive

other cancers
Radon in mines'^

Cohort,
case-control

Lung cancer

Residential radon

Case-control

Lung cancer

Fallout from atomic
atomic bomb testing

Cohort,
case-control

Leukemia

Chernobyl nuclear
power plant

Ecological

Childhood thyroid
cancer
Childhood leukemia

Dramatic increase in
the nearby areas
No clear indication of

Vicinity of nuclear
facilities
Atomic bomb survivors'

Ecological

Childhood leukemia

Cohort,
case-control

All cancers

Prenatal diagnostic x-rays

Case-control

Childhood kvlremifl

Other diagnostic x-rays'

Cohort,
case-control

Breast cancer

No excess except in
Sellafield
Well-established effect with
dose-reponse for many
cancers
Excess risk with some
evidence of dose-response
Some evidence of excess risk
Contrasting results,
uncertainty remains
Well-established effect with

Thyroid cancer
Brain cancer

uose-response
No excess risk
Some indication of risk,

Leukemia

Excess risk from Thorotrast1

WeU-established effect
with dose-response
Small risk, uncertainty
remains
Excess in Utah
No excess in military
test participants

Other cancers
Leukemia

validity Questionable

Other medical examinations

Cohort,
case-control

Trifle mdicfltinn Of excess

Thyroid
Liver cancer
Therapeutic irradiation
organ doses O.5 Gy only)

Cohort,
case-control

Leukemia
Thyroid cancer
Breast cancer

risk from radioiodine
little indication of excess
risk from radioiodine
Very high risk from
Thorotrast1
Excess risk with some
evidence of dose-response
Well-established effect with
Well-established effect with
effect with dose-response
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Table n continues.
SOURCE OF RADIATION

APPROACH

END-POINT

MAIN RESULTS

Nuclear industry workers

Cohort

Leukemia
Lung cancer7

Small risk
Some evidence of excess risk
for plutonium exposures
No clear indication of excess
risk

Other cancers
Radiologists,
x-ray technologists

Cohort

Leukemia

Some indication of risk before
195(ys

'High cumulative dose with low annual dose
A substantial proportion of the subjects with high doses, which may affect the results.

2

It is of interest that only the risk model for leukemia includes a quadratic dose term.
Since no DDREF was introduced, it was one of the reasons for the much larger risk
estimates for low-dose radiation than previous estimates of the committee. Other
factors included a revised dosimetry system, larger data set, and different
approaches to statistical modeling. In addition to relative risk estimates, lifetime
risks were also estimated using the same data sets and US demographic data. It is
notable that although the data were obtained from high-dose settings, the lifetime
risks were calculated for low radiation doses. As acute exposure, a scenario with an
instantaneous dose of 0.1 Sv to all body organs was hypothesized. Two patterns of
protracted exposure to low-dose radiation were used: 1 mSv per year continuously
throughout lifetime and 10 mSv annually between 18 and 65 years of age. The
lifetime risk of all cancers was estimated as 0.8% (attributable risk 4%) for single
exposure of 0.1 Sv; lifetime risk of 1.1% (attributable risk 3%) for lifetime
exposure to 1 mSv per year; and lifetime risk of 3% (attributable risk 14%) for
exposure to 10 mSv at 18-65 years of age.
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AIMS OF THE STUDY
The studies included here were conducted with the specific purposes of:
1

2
3
4
5

estimating the risk of childhood leukemia in Finland from exposure to small
doses of both external and internal radiation exposure resulting from the
Chernobyl accident;
estimating the risk of lung cancer resulting from exposure to indoor radon;
assessing cancer incidence among airline cabin crews occupationally
exposed to low doses of cosmic radiation;
estimating possible excess of leukemia incidence among persons exposed to
low-level radiation as Chernobyl cleanup workers; and
assessing possible confounding by other factors among nuclear industry
workers and contributing to estimation of cancer risk as part of an
international collaborative study

83

FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY

STUK-A142

MATERIAL AND METHODS
An overview of the materials and methods used in the original publications is given
in this chapter. More detailed description can be found in articles I-V.

4.1.

Identification of subjects

The Finnish Population Registry provided the numbers of inhabitants in each
municipality by sex and one-year age-group for each year during 1976-1991 (I).
The data for 1992 were not available and the figures were assumed to be identical
to those of 1991.
The base cohort was constructed as the segment of the Finnish population residing
in the same one-family house between 1967 and 1985 (II). These persons were
identified from the Finnish Population Registry.
The Finnish Cabin Attendants' and Stewardesses' Association provided a list of all
their members, which included practically all persons ever employed by Finnair (or
its predecessors) regardless of their current employment or vital status (III).
Four independent sources were used to identify all Estonians who participated in
the cleanup activities after the Chernobyl nuclear power plant accident: military
records, the Estonian Chernobyl Radiation Registry, the Estonian Ministry of
Social Welfare, and the Estonian Chernobyl Committee (IV).
All Finnish nuclear power plant workers monitored for radiation exposure (i.e. with
entry to the controlled area of the plant) for at least six months were identified from
the registry of persons occupationally exposed to radiation maintained at the
Finnish Centre for Radiation and Nuclear Safety (V).

4.2.

Follow-up for vital status and cancer incidence

The Finnish subjects were followed up for date of death or emigration through the
Finnish Population Registry (I-DI, V). For Estonian subjects, tracing was done
using the Statistical Office of Estonia, Address Bureau of Estonia, and regional
administrative agencies (IV). The beginning of follow-up was birth or January 1,
1976, whichever was later (I), while follow-up for incident cancer cases within the
cohort started in January 1, 1986 and ended March 31, 1992 (U). Follow-up was
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started on the date of first employment (obtained from the employer) or January 1,
1967, whichever was later (M, IV). Follow-up was started at the date of return
from Chernobyl to Estonia (TV). In all studies, the closing date for follow-up was
the date of death or emigration. In addition, a common closing date was December
31,1992 (I); March 31, 1992 (II); December 31, 1992 (HI, V), and December 31,
1993 (IV). The follow-up for vital status was complete (HE). One percent of the
subjects were lost to follow-up (IV) and one percent of the study population had
emigrated (V).
Follow-up for cancer incidence performed using a computerized record-linkage with
the Finnish Cancer Registry, a nationwide, population-based registry established in
19S2 (I-EOL, V). The checkups have indicated that due to the utilization of several
independent sources of information, the Finnish Cancer Registry has almost
complete coverage (Teppo et al. 1994). The personal identification number was
used as the key for the record linkage. Incident cases of cancer were identified by a
record-linkage based on name and date of birth with the nationwide Estonian
Cancer Registry founded in 1978 (Rahu 1992; IV). Notification for both cancer
registries is obligatory, and the sources of information include hospitals,
laboratories, and death certificates.

43.

Exposure assessment

External exposure from the Chernobyl fallout was assessed based on a mobile
survey of environmental radioactivity conducted after the accident (I). A car
equipped with a Geiger-Muller tube and a germanium spectrometer was driven over
a 19,000-km route, covering all the 455 Finnish municipalities with few exceptions.
The dose rate for a municipality was calculated as the mean for the route within it.
The external dose rate was calculated from all radionuclides materially contributing
to it (mainly cesium-137 and cesium-134). The effective dose rate was calculated
from the air kerma rate with a conversion factor of 0.7 Sv per Gy. The delay in
measurement was adjusted for by using backcalculation that allows for both
radioactive decay and washout effects. The shielding effect of buildings was
considered at the municipality level by using adjustment for the proportion of
apartment buildings in each municipality. The contribution from atmospheric
atomic bomb testing was subtracted. From the dose rate, a cumulative two-year
effective dose was calculated as a time integral. For the entire Finnish child
population (0-14 years), a mean effective dose of 0.3 mSv over two years from
external radiation was estimated. The study population was divided into fifths with
roughly similar expected numbers of cases on the basis of effective dose from
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external radiation. The mean effective dose from external radiation ranged from
0.04 mSv for the lowest to 0.82 mSv for the highest fifth.
Internal exposure was assessed using whole body counting measurements
performed on a stratified random sample of children identified from the population
registry (I). A total of 81 measurements was performed between June 1986 and
April 1988, once or twice per subject. The cumulative two-year effective dose
delivered from cesium-134 and cesium-137 was calculated as a time integral of
body contents of these radionuclides. Radioactive iodine isotopes were not
considered, because their contribution to the bone marrow dose was negligible. The
subjects were divided into the above-mentioned exposure fifths based on the
external dose in their municipality of residence; thus, a mean effective dose for each
fifth from internal radiation exposure could be calculated. The two-year effective
dose from internal radiation was 0.07 mSv for the fifth with lowest level of
exposure and 0.15 for the highest fifth.
Indoor radon concentration was performed using a passive alpha track device with
a Makrofol polycarbonate film as the detector (II). The radon dosimeter was mailed
to the current inhabitant of the index dwelling with instructions to place the device
in either the living room or the bedroom of the house, avoiding proximity to
windows and walls. After 12 months, another letter was sent with a prepaid and
addressed return envelope. All the measurements were performed concurrently to
avoid bias from temporal variation in radon concentrations. The film of the
dosimeter was etched using electrochemical methods and read with an automatic
image analyzer. The exclusion criteria for radon measurements included: dosimeter
failure, exposure time less than 150 days, a currently uninhabited house, and major
renovation since 1985. Twenty percent of both cases and controls were excluded for
these reasons. The median radon concentration was 67 Bq m'3 for both cases and
controls.
In addition to radiation exposure, exposure to other factors related to the risk of
lung cancer was assessed (EQ. For this purpose, a postal questionnaire survey was
conducted. The present address of each study subject (or if the subject was
deceased, that of the next of kin) was obtained from the population registry.
Smoking habits were inquired in detail, including intensity, time of beginning and
cessation of cigarette, pipe, and cigar smoking separately. Exposure to
environmental tobacco smoke, asbestos and various other factors (e.g. nickel
smelting, asphalt smelting, spray painting) was also assessed. Furthermore, factors
modifying radon exposure such as number of hours spent daily in the dwelling and
number of residential years in it were recorded.
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No individual measurements of radiation exposure were available for cabin
attendants (HI). Active working years were used as a proxy for occupational
radiation exposure. From previous measurements, it was estimated that the annual
effective dose from cosmic radiation was approximately 2 mSv (O'Brien et al.
1992).
A radiation dose was assigned to 84% of the subjects based on dosimeter readings
(IV). The mean recorded dose was 110 mSv (median 97 mSv). Not all men had
been wearing a dosimeter. In some cases, a group dosimeter had been used, and
other methods of estimating radiation exposure may also have been used. No
information on internal radiation exposure was available.
Radiation exposure was based on personal thermoluminescence dosimeters that
were read monthly (V). The detection threshold for the dosimeter is approximately
0.01 mSv and the recording threshold used was 0.1 mSv (after adjusting for
background radiation). Internal radiation was assessed annually using whole-body
counting measurements among persons with a possibility of internal contamination.
The exposure consisted almost exclusively of midenergy gamma radiation. Very
little exposure from neutron radiation or tritium occurs at Finnish power plants.
The person-year weighted mean dose was 4 mSv.
A questionnaire survey was conducted to assess potential confounding by alcohol
and smoking among nuclear power plant workers. The questionnaire survey
covered subjects currently employed by companies operating the nuclear power
plants. For the survey, 80 subjects with a cumulative dose of 5 mSv or more during
1992-1995 and a random sample of 160 workers with doses below that level were
identified. The questionnaire covered the intensity, time of beginning and cessation
of smoking as well as die current weekly consumption of alcohol. The response rate
was 83% and 80% among the exposed and other workers, respectively (after
exclusion of subjects no longer working at the plants).

4.4.

Statistical methods

The expected number of cancer cases was calculated on the basis of national age
and sex-specific incidence rates and person-years in the respective strata (I, DI-V).
The reference period for cancer incidence was 1976-1985 (I), while incidence rates
for the general population during the study period were used (H-V).
Poisson regression methods were used for the multivariable analysis (I, V). The
effect of dose on the incidence of childhood leukemia was estimated for the period
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1989-1992 as the mean change in the SIR per unit exposure (I). Both additive and
multiplicative models were used and they gave practically identical results.
Both conditional and unconditional logistic regression methods were used to
estimate the odds ratios and their confidence intervals (II). The statistical
significance and confidence intervals were calculated assuming a Poisson
distribution for the observed numbers of cancer cases (EL, IV).
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RESULTS AND DISCUSSION
The results of the original publications are reviewed here selectively, but in some
detail. Furthermore, some previously unpublished data are presented.

5.1.

Chernobyl fallout and incidence of childhood leukemia

No clear increase in childhood leukemia for Finland was observed following the
Chernobyl accident in 1986. In the most heavily contaminated areas, some
indication of an increase in incidence was observed (SIR 0.9, 95% CI 0.7-1.1
during 1976-1985 and SDR. 1.2, 95% CI 0.9-1.6 during 1989-1992). No consistent
dose-response was observed by exposure category during 1989-1992, but the ERR
estimate for childhood leukemia (0.1 per mSv, 95% CI -0.3 to +0.4) was
comparable to that observed in Hiroshima and Nagasaki in similar age-groups
(Shimizu et al. 1990). Our results are consistent with other studies on Chernobyl
fallout and childhood leukemia (Hjalmars et al. 1994, Parkin et al. 1996).
Childhood leukemia is the cancer with the highest ERR estimates from ionizing
radiation. Our findings suggest that little if any observable effect of the Chernobyl
fallout on cancer incidence can be expected in Finland or other countries with
similar or lower levels of exposure.

5.2.

Indoor radon and risk of lung cancer

In the matched analysis, the OR of lung cancer per 100 Bq m*3 was 1.0 (95% CI
0.9-1.1) after adjustment for cigarette smoking status, intensity, duration and age at
start. No clear dose-response pattern was observed, but some indication of an
increase in lung cancer risk was observed for those with radon concentration of 400
Bq m'3 or more based on sixteen exposed cases (OR 1.2, 95% CI 0.7-1.9).
Weighting of radon exposure with occupancy (daily hours spent in the dwelling) did
not alter the results. No clear indication of the effects of radon was observed in the
analyses stratified by age, sex, cigarette smoking status, occupational asbestos
exposure or histological type of lung cancer. When the analyses were restricted to
subjects with the most valid exposure estimates (i.e. subjects still alive, those with
the highest occupancy, or longest residency), the results remained unchanged.
The major strength of the study is the residential stability of the subjects, which
improved the validity of the exposure assessment compared with previous studies.
Decreased exposure misclassification means improved statistical power beyond its
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sample size. The risk estimate obtained was, however, lower than in most previous
studies. Furthermore, the results were very consistent across subgroups. One of the
uncertainties was the feet that infonnation on smoking among cases was obtained
very commonly from proxy respondents; however, risk estimates adjusted for
smoking were almost identical with those unadjusted. Comparison of the risk
estimates obtained from our study with those obtained from miner studies is not
straightforward, due to differences in exposure assessment. Based on the age and
number of residential years covered, however, the cumulative lifetime exposure to
indoor radon can be estimated. In both conditional and unconditional analyses with
varying assumptions about exposure outside the index residency, the upper 95%
confidence limit in all analyses excluded excess risks of 1% per WLM or more;
thus, our results suggest lower risk estimates from indoor radon compared to
underground miner studies with considerably higher radon exposures. The etiologic
fraction of lung cancer due to radon was also estimated. The results based on the
linear risk model suggest that 1% (95% C I 0 - 1 0 % ) of all lung cancers in Finland
could be due to indoor radon.
A recent meta-analysis of eight studies on indoor radon and lung cancer risk
resulted in a combined estimate of ERR of 10% per 100 Bq m'3 (Lubin and Boice
1997). Exclusion of any single study did not materially affect the result, but
heterogeneity was detected among the studies, which was not explained by study
characteristics such as coverage of a relevant time window, length of radon
measurement, mean radon concentration, or number of residences per subject.
Heterogeneity may reflect differences in validity of exposure measurements, bias, or
uncontrolled confounding. The authors recommended cautious interpretation of the
results and suggested miner studies for risk assessment. A pooled analysis of miners
with low cumulative radon exposures (below 100 WLM), comparable to those from
indoor radon, yielded risk estimates (ERR approximately 1% per WLM) similar to
those obtained from studies of miners with high radon exposures supporting a linear
dose-effect relationship (Lubin et al. 1997).

5.3.

Cancer incidence among airline cabin crews

Overall, a slightly increased risk of cancer was observed (SIR 1.23, 95% CI 0.861.71) among Finnish cabin attendants. This was mainly due to excess of breast
cancer based on 20 observed cases (SIR 1.87, 95% CI 1.15-2.23). In addition, an
increased risk of bone cancer was observed, based on two cases (SIR 15.1,95% CI
1.82-54.4). Furthermore, some indication of increased risks of leukemia (SIR 3.57,
95% CI 0.43-12.9) and skin melanoma (SIR 2.11, 95% CI 0.43-6.15) was
observed. Increased risk of breast cancer became evident after 15 years since first
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employment (SIR 3.4, 95% CI 1.5-6.8 in 15-19 years of follow-up). No doseresponse pattern, however, was observed by the years of active employment (SIR
2.0, 95% CI 1.2-3.2 for those with two or more years of active employment and
SIR 2.1, 95% CI 0.9-3.9 for those with ten or more active work years)
Further follow-up has revealed five more cases of breast cancer in the cohort, which
strengthens our findings. A survey showed a similar excess of breast cancer among
Danish cabin attendants (Lynge 1996). A report has also been published that
suggests increased frequency of chromosomal aberrations among cabin crew
members (Heimers et al. 1995). Even though our results are consistent with such a
possibility, it remains unclear if the excess of breast cancer is related to any
occupational factors and radiation exposure in particular. If the radiation doses are
as low as currently thought and if the current risk models are not underestimating
the risk from neutrons, it appears unlikely that small doses of radiation could
account for a large excess risk of breast cancer. Other possibilities include
confounding by other factors, e.g. lifestyle or other occupational exposures. Our
findings warrant further research to elucidate the factors contributing to increased
breast cancer risk among flight attendants and the possible role of exposure to
cosmic radiation.

5.4.

Cancer incidence among Estonian Chernobyl cleanup
workers

No excess of cancer was observed among 4,742 Estonian Chernobyl cleanup
workers. Overall, 25 cases of cancer were observed versus 26.5 expected (SIR
0.94, 95% CI 0.61-1.39), while no leukemia (expected 1.0, 95% CI 0-3.54) or
thyroid cancer (0.2 expected, 95% CI 0-18) cass were detected. No statistically
significant increases were detected in any other cancer site. Seven years after
radiation exposure the incidence of leukemia and thyroid cancer can already be
meaningfully assessed, but not other types of cancer. No cases were observed and
on the basis of the upper 95% confidence limit, a fourfold increase in leukemia risk
could be excluded. This finding suggests that the doses received by the Chernobyl
cleanup workers were not underestimated as a whole by an order of magnitude or
more. This result has been supported by biodosimetry studies (Bigbee et al. 1996,
Granath et al. 1996). The findings are also reassuring for the hundreds of
thousands of cleanup workers in the other former states of the Soviet Union.
No other reports on cancer risk among Chernobyl cleanup workers have been
published in the peer-reviewed literature; however, preliminary results suggested
increased incidence of leukemia (SIR 1.8, 95% CI 1.0-3.0) and thyroid cancer (SIR
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3.0,95% CI 1.6-5.5) among 45,000 Belarussian Chernobyl cleanup workers during
1993-1994 (Okeanov et al. 1996). Overall, no increase was noted in cancer
incidence, in feet the recerse was observed (SIR 0.8, 95% CI 0.7-0.9). Analysis of
dose-response was not feasible, because dose information was available for less
than half the subjects. Incidence of both leukemia and thyroid cancer, however,
were slightly higher for those who had worked at least a month within ihe 30-km
zone around the damaged reactor than among those working further away. The
distribution of radiation doses resembled those reported in the Estonian cohort. The
findings regarding thyroid cancer are in contrast with a screening study of 2,000
Estonian cleanup workers that did not find evidence for an increase in thyroid
nodularity associated with radiation dose or date of entry to the area; only two
cases of thyroid cancer were detected (Inskip et al. 1996). It is possible that the
cleanup workers were subjected to more intense surveillance and organized
screening than the rest of the population, which is also suggested by a higher
prevalence of nonmalignant diseases. Reporting to the cancer registry may also be
more complete.
Among 170,000 Ukrainian cleanup workers, the incidence of leukemia was twice as
high for those who entered the area in 1986 compared with those entering in 1987
(13 versus 7/100,000; Buzunov et al. 1996). For all cancers, incidence was also
higher for the early entrants. An increased incidence of all malignant neoplasms
with a dose-response in a cohort of 140,000 Russian cleanup workers during 19861995 has been reported (Ivanov 1996). An ERR estimate of 2 per Gy (95% CI 0.33.1) has been reported; the results were not given by primary site. This result is
somewhat surprising as within ten years after exposure, the only types of cancer
expected to show effects are leukemia and thyroid cancer, and it is also in contrast
with both the Estonian and Belarussian results. This finding may well be related to
more complete ascertainment of cases among cleanup workers.
Overall, the health consequences of radiation exposure to Chernobyl cleanup
workers remains unclear. The Estonian study found no evidence for an increased
risk of cancer. Its strengths include virtually complete identification of subjects and
ascertainment of incident cancers from a population-based cancer registry with
almost complete coverage. The findings are also comparable to what could be
expected given that the dose estimates are reasonably valid; however, due to Ihe
small numbers of subjects, it does not have the power to exclude an excess in order
of magnitude of that reported from Belarus. The other Baltic countries also have
well-established cancer registration systems and a planned Baltic joint study may
provide a more accurate risk estimate.
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Cancer incidence among nuclear power plant workers

Our results suggest that nuclear reactor workers may differ from the general
population in terms of lifestyle factors, which is reflected in lower mortality.
Internal comparison, therefore, will yield more valid cancer risk estimates for
radiation exposure than comparison to population rates. Among nuclear reactor
workers, contract workers tend to receive higher doses than employees of the power
companies. We assessed possible confounding based on a lifestyle survey, mortality
analyses, and direct adjustment of the risk estimates. No clear indication of
confounding was obtained using any of these approaches.
The mean length of follow-up was eight years and the person-year weighted mean
dose was four mSv. No overall excess of cancer was observed (SIR 1.0, 95% CI
0.8-1.2 based on 108 cases). No statistically significantly increased risk was seen in
any of the eight primary sites studied. No indication was found of a dose-response
in the cancer incidence analyses (Ptnad 0.66). The ERR for all cancers was
estimated as 10% per 10 mSv (95% CI -43%, +112%). This estimate was
unaffected by adjustment for education or type of employment.
Due to short follow-up and low doses we could not estimate the cancer risk from
occupational radiation exposure with reasonable precision. This cohort is, however,
a part of an international collaborative study with approximately 500,000 workers
from 14 countries. The aim of the joint analyses of these data is to provide a more
accurate risk estimate for cancer risk from protracted exposure to low doses of
radiation.
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CONCLUSIONS
Radiation is one of the most extensively studied causes of cancer. This is due to
several factors: 1) the carcinogenic properties of ionizing radiation were already
recognized early this century, 2) radiation exposure can be quantified relatively
easily in most cases, 3) the ubiquitous nature of radiation from natural sources, and
4) large-scale interest in radiation due to its widespread use in medicine, energy
production, and the armed forces.
The cancer risk caused by ionizing radiation has already been studied extensively
for a century. Progress has been made in that time and a fair amount of knowledge
has been accumulated. At the moment, we have moderately detailed information of
the dose-response, latency, and modifying factors such as dose rate and age at
exposure for many cancer types. This, however, mainly concerns high doses of
external gamma radiation.
The most important sources of radiation exposure include external gamma radiation
from natural and medical sources, as well as internal exposure to alpha radiation
from residential radon. A proportion of the population is also occupationally
exposed to small doses of radiation, mainly in nuclear power production, diagnostic
and therapeutic uses of radiation in medicine, and in industrial radiography.
The most valuable sources of information regarding risk estimates are studies of the
atomic bomb survivors in Hiroshima and Nagasaki, patients with radiotherapy for
benign disease (such as ankylosing spondylitis, enlarged thymus, ringworm of the
scalp, uterine bleeding, benign breast disease) or cancer, patients with diagnostic
medical examinations (fluoroscopies, Thorotrast, radioiodine), and persons
occupationally exposed to radiation (radiologists and x-ray technologists, radium
dial painters, underground miners, and nuclear power plant workers). The
superiority of a linear model over the linear-quadratic for solid cancers has been
demonstarted and vice versa for leukemia, in Hiroshima and Nagasaki. These
important results are based on acute exposures, and it is perfectly plausible mat the
effects of fractionated exposures may not follow the same pattern. The best
estimates for protracted exposures are based on diagnostic x-ray exposures. For
breast cancer, the linear model described the data better than the linear-quadratic or
quadratic models also used in fluoroscopy studies (Miller et al. 19S9, Boice et al.
1991b). The nuclear facility worker studies (Cardis et al. 1995) have not thus far
had the power to differentiate between the linear and linear-quadratic models. As a
whole, epidemiologic studies seem to indicate that a linear model solid cancers and
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linear-quadratic model for leukemia are the best currently available tools for risk
estimation.
The relative risk model has provided a better description of the risk of solid cancers
across follow-up time, age and sexes among the atomic bomb survivors than the
absolute risk model. For leukemia, the absolute risk model has been preferred in
recent publications. The magnitude of risk estimates and perhaps even doseresponse models may differ, however, by type of cancer, type of radiation, dose
level, and fractionation (BEER. V 1990, UNSCEAR 1994). E.g. the dose-rate effect
seen for gamma radiation is absent for high-LET radiation, or may even be
reversed. One of the strongest modifiers has been age at exposure. Some indication
has also been obtained of differential risk by ethnicity, which could be due to either
lifestyle or biological constitution such as prevalence of some genetic features.
Although the risk of cancer resulting from acute exposure to high doses of gamma
rays has been relatively well characterized, controversies still exist about the effects
of low doses of radiation. It has been estimated that ionizing radiation may account
for 1-2% of all cancers in the industrialized countries (Jablon and Bailar 1980, Doll
and Peto 1984). Since more than 90% of the collective dose is from low doses
(UNSCEAR 1993), it appears likely that low dose radiation exposure to a large
number of persons is more important from the public health perspective man the
high doses received by the few. This conclusion would be valid under a linear nothreshold model, even if a fairly strong DDREF is present, i.e. in the range of 2-10.
Nevertheless, even minor deviation from linearity could change the conclusion and,
in general, one should be cautious in using collective dose in risk estimation.
Recently, skepticism of the dose limits used in radiological protection has been
expressed (Abelson 1994). Instead, the assumption of linearity in risk models has
been challenged and the possibility of a threshold or even beneficial effects, i.e.
lower mortality or cancer risk, of small radiation doses has been raised (Dennis
1996, Goldman 1996).
The existence of a threshold at a fairly low level cannot be excluded on the basis of
epidemic-logic studies, which should not be taken as evidence for the presence of a
threshold below which no risk is evident. The results from Hiroshima and Nagasaki
support a linear dose-response down to dose levels of SO mSv (Pierce et al. 1996).
In addition, little epidemic-logic support exists for beneficial health effects of small
radiation doses. The findings cited as evidence for such effect are mainly studies of
high background radiation areas and mortality among workers occupationally
exposed to radiation. The studies do not generally have the power to exclude a
small excess. Furthermore, a beneficial effect can in most cases be ascribed to
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selection, incomplete control of confounding factors or healthy worker effect due to
comparison with the general population instead of internal comparison.
The aims of the present study in radiation epidemiology include quantification of
risk and uncertainty. In statistical terms, the scope of the work ipertains to
estimation of effects. Justification for this approach is the existence of a body of
knowledge on cancer risk from ionizing radiation. These studies may have
contributed to decreasing the uncertainties in risk estimates for radiation exposures
in these specific contexts and estimating a credible upper limit for the low dose end
of radiation effects. Also, they are useful for setting the effects of small radiation
doses in context with other risk factors.
The results reported in this work should be interpreted in context with other studies.
The studies were not intended for testing whether or not ionizing radiation can
cause cancer nor for assessing the existence of a threshold. The lack of statistically
significant findings apart from breast cancer among flight attendants cannot be
regarded as demonstration of lack of any effect of low dose radiation on cancer
risk.
A number of factors should be considered in drawing inference from the results.
First, the power of any single study may be too low to accurately estimate very
small risks. Very large studies would be required to estimate the risk from small
doses with any precision, e.g. extrapolation from the atomic bomb survivors
suggests that a radiation dose of 100 mSv to the bone marrow at 30 years of age
might increase the relative risk of leukemia by approximately 10%. To detect an
effect of this magnitude, follow-up of 1,000,000 people for 20 years (after
excluding the first five years of follow-up) would be required, given an incidence
rate of 4/100,000. Second, measurement error is usually largest (in relative terms)
for small exposures, which may further diminish the chances of detecting an effect.
Third, even a small amount of bias or residual confounding could mask the finding.
Data based on low doses alone may not be sufficient for obtaining precise risk
estimates, but an optimal approach would the study of a large population exposed
to a variety of dose levels ranging from very low to high. Currently the best
opportunity to distinguish between various dose-response models with reasonable
statistical power is the atomic bomb survivor study. A realistic aim for empirical
studies of low radiation doses may not be to provide quantitative risk estimates, but
to assess major incompatibility with the risk estimates extrapolated from high
doses. This has been achieved to some extent for leukemia risk from repeated
exposures to gamma radiation and x-rays.
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A justification for studies of low-dose exposures is to ensure that models based
mainly on high doses and dose rates do not materially underestimate the risk. They
seldom, if ever, have the possibility of excluding a lower risk. Low power is an
important issue in interpreting such studies. A positive finding is often attributable
to chance, and subgroup analyses are justified only in case of well-established prior
knowledge. The importance of publication bias, i.e. the tendency of smaller studies
with negative results to remain unpublished, is illustrated, e.g. by the review on the
effects of Chernobyl fallout (Sali et al. 1996). The results of this work do not
suggest that the risk estimates extrapolated from the major studies would materially
underestimate the cancer risk from low doses of radiation.
Pooling of low-dose studies has been used to overcome some of the limitations.
Articles II and V will be included in international collaborative analyses. Pooling
increases the statistical power to detect small effects; however, comparability of
methods, especially sampling and exposure assessment, is a crucial issue for
combined analyses. Heterogeneity in results may indicate differences in validity of
exposure assessment or control of confounding, which cannot be dealt with simply
by increasing the sample size. Low-dose studies with modest statistical power are
also justified from a public health perspective as long as their results are interpreted
cautiously enough. Even though it can be estimated that the expected risk is low, an
empirical confirmation and quantification even with wide error margins can provide
a more concrete - and often reassuring - description of the scope of the problem.
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Abstract
Objective—To assess effects of fallout from
Chernobyl on incidence of childhood leukaemia
in Finland.
Design—Nationwide cohort study. External
exposure measured for 455 Finnish municipalities
with instruments driven 19000 km throughout the
country. Values specific to municipalities corrected
for shielding due to houses and fallout from A bomb
testing. Internal exposure estimated from whole
body measurements on a random sample of SI
children. Mean effective dose for two years after
incident calculated from these measurements.
Data on childhood leukaemia obtained from Finnish
cancer registry and verified through hospitals treating
childhood cancers.
.Setting—Finland, one of the countries most
heavily contaminated by the Chernobyl accident; the
population was divided into fifths by exposure.
Subjects—Children aged 0-14 years in 1976-92.
Main outcome measures—Standardised incidence
ratio of childhood leukaemia and relative excess risk
of childhood leukaemia per mSv. From incidence
data of Finnish cancer registry for 1976-85, expected
numbers specific to sex and age group (0-4, 5-9, and
10-14 years) were calculated for each municipality
for three periods (1976-85,1986-8, and 1989-92) and
pooled as exposure fifths. Dose response was estimated as regression slope of standardised incidence
ratios on mean doses for fifths for each period.
iterate—Population weighted mean effective
doses for first two years after the accident were
410 p-Sv for the whole country and 970 p.Sv for the
population fifth with the highest dose. In all Finland
the incidence of childhood leukaemia did not increase
1976-92. The relative excess risk 1989-92 was not
significantly different from zero (7% per mSv; 95%
confidence interval -27% to 41%).
Conclusions—An important increase in childhood
leukaemia can be excluded. Any effect is smaller
than eight extra cases per million children per year in
Finland. The results are consistent with the magnitude of effect expected.
Introduction
The accident at the Chernobyl nuclear power plant
on 26 April 1986 resulted in the release of large
amounts of radioactive material (S^IO" Bq) into the
atmosphere and in the radioactive contamination of
large parts of Europe.1 The aim of our study was to
assess the effect of the radioactive fallout on the
incidence of childhood leukaemia in Finland.
Finland provides an exceptional setting for studying
the effects of fallout from Chernobyl for several
reasons. Because of the meteorological conditions at
the time of the accident, Finland was one of the most

heavily contaminated countries outside the former
USSR.1 Moreover, fallout varied throughout the
country, enabling comparison of populations with high
and low exposure levels. Finland's highly developed
infrastructure greatly facilitated the study, as precise
exposure data were available from nationwide surveys
and up to date data from the cancer registry, with
practically complete coverage, were available from one
of the oldest population based cancer registries in the
world.
Methods
Of Finland's population of five million, one million
are children (0-14 years). The incidence of childhood
leukaemia is 4-6/100 000/year. About 45 new cases
were diagnosed annually in 1980-5.2
ASSESSMENT OF EXPOSURE

Radiation exposure was estimated as the cumulative
dose over the first two years after the accident (April
1986-March 1988). The external dose was determined
by measuring dose rates with a germanium spectrometer and a Geiger-Muller tube. The tube was located
above a car and the spectrometer in the car. Continuous
measurements were made while the car was moving;
thus the results for a given route represent the mean
activity in that area of the country.
The car was driven about 19000 km through all
405 Finnish mainland municipalities. Measurements
were started in May 1986; by October, southern and
central Finland had been covered. Measurements for
the sparsely inhabited northern part of the country
were completed in summer 1987.
Dose rate estimates were based on spectrometric
measurements of caesium-137, caesium-134, and all
short lived nuclides materially contributing to the
dose. The effect of delay in measurement was eliminated by using a back calculation technique that
takes into account both radioactive decay and washout
effect. The influence of fallout from atomic bomb
testing was avoided by calculating the calibration
factor on the basis of m Cs deposition. The procedure
has been described in greater detail elsewhere.'
The external dose for the first two years after
the accident was calculated taking into account the
shielding factor based on the proportion of blocks
of flats in each municipality.4 A shielding factor of
0-18 for blocks of flats and 0-47 for low rise residential houses was used'; these factors were calculated
on the assumption that people spent 85% of their
time indoors.8 A conversion factor of 0-7 Sv/Gy was
used in calculating the effective dose equivalent rate
from the air kerma (kinetic energy released in matter)
rate.
The municipalities were then classified into fifths of
exposure according to a predetermined protocol,
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the number of expected cases in 1976-85 being
approximately 90 in each fifth (see table I).
Effective doses from internal radiation were assessed
with whole body counting measurements. Stratified
random sampling was performed to identify the
subjects from the Finnish population registry, with
stratification by province and sex. The subjects were
81 children aged 5-15 years and the whole body
measurements were performed once or twice for each
of them between June 1986 and April 1988—that is,
within two years of the accident. The mean internal
effective doses from 'MCs and IJ'Cs delivered during the
two year period were calculated for each population
fifth on the basis of measurements of children resident
within the geographical area (fig 1).
Because the dose due to iodine is relevant mainly for
the thyroid dose as opposed to the bone marrow dose,
only the dose due to '"Cs and '"Cs was used. Owing to
the composition of fallout in Finland, the internal
doses from other radionuclides (strontium 90,
actinides, etc) were negligible compared with the dose
from '"Cs and '"Cs. Inhaled hot particles were not
detected in the whole body counts after the accident.
The whole body counts were performed with two
different measuring systems. The first was a whole
TABLE i—Radiation doses by exposure fifth among Finnish children
Mean dose
Internal

No of
measurements

Total dose over
two years
(»Sv)

41
76
170
400
820

66
78
100
150
150

n=17
n=17
a-17
n=17
n=13

110
150
270
550
970

300

110

(n=81)

410

External*

Fifth
I (lowest)

II
III

rv
V (highest)
Wholeoumry

POPULATION AND INCIDENCE DATA

Annual data on the child population in each municipality by sex and one year age group were obtained
from the Finnish population registry. The data for
1992 were not available; they were assumed to be equal
to those for 1991.
The numbers of cases of leukaemia (204 in the
seventh edition of the International Classification of

"Population weighted mean.
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body counter installed in an iron room and using
four sodium iodide thallium crystals and a multidetector scanning technique. The subject lay on a bed
in the middle of a circular frame. During the scan
measurement, the frame on which the detectors were
installed was driven horizontally at a constant speed
along the length of the subject. The second measuring
system was a mobile whole body counter with a
modified chair measuring device equipped with a high
purity germanium detector.
The quantitative calibration of the whole body
counters was carried out by using phantoms filled with
appropriate radionuclides of known activity. The
calibration factors as a function of the weight of the
phantom were calculated separately for 'wCs and '"Cs.
The minimum detectable activity for these nuclides
was about 50 Bq."
The internal doses were calculated by using
individual body contents of m Cs and "'Cs expressed
as Bq/kg body weight. The activity time integrals
expressed as Bq year/kg were calculated separately for
both the nuclides, taking into account variation of
body contents over time. The variation of body
contents over time was determined by using data
obtained from a special reference group with frequent
measurements. The dose factors and the details of
the dose calculation method have been published
elsewhere.'
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Diseases) that had occurred in children aged 0-14 years
in 1975-92 were obtained from the Finnish cancer
registry.' Completeness of registration was checked by
comparing the cancer registry files with case lists
obtained from each of the five university hospitals in
Finland that treat all cases of childhood leukaemia. A
total of 40 cases missing from the cancer registry files
were identified from the hospital list. Of the cases
in the study, 82% (630) were defined as acute lymphoblasn'c, 10% (78) as acute myeloblastic, and 2% (22)
as other denned (including two cases of chronic
lymphocytic leukaemia, one in the second and the
other in the fifth quintile, both before 1986); the
remaining 5% (35) were not accurately defined.
The expected numbers of cases were calculated for
each fifth for each year on the basis of incidence by sex
and age group (0-4, 5-9, and 10-14 years) in the whole
country in 1976-85 and the size of the population in
each age and sex stratum. Standardised incidence
ratios were then calculated as the ratios of observed to
expected numbers of cases.
STATISTICAL METHODS

The data were analysed using additive Poisson
regression models with an identity link foe the ratio of
observed to expected numbers of cases.10 For the
analysis, period was stratified into three categories
(pre-Chemobyl, 1976-85; intermediate, 1986-8; and
study period, 1989-92). The mean dose for each fifth
was used as a numerical variable. According to the
regression model, the statistical expectation of the
standardised incidence ratio, E(SIR), was expressed
for each period as a linear function of the dose with a
common intercept, p 0 , at zero dose level:
FIG I—Geographical distribution
ofexposure fifths (mean tvio
year dose equivalent due to
Chernobyl accident) in Finland
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E(SrR)=P0+(Ppeijod-dose)
The coefficient Period t ' l e n expressed, for each period,
the mean change in the standardised incidence ratio
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per unit of radiation exposure. The null hypothesis
thus corresponds to no differences between periods nor
between dose levels in any period. For comparison,
multiplicative models with a log link were also applied.
Results
The population weighted mean effective dose due to
external radiation in the whole country was 300 uSv,
and the mean internal dose in children was 110 u.Sv for
the first two years after the accident (table I).
In the whole country, no clear increase in the
incidence of childhood leukaemia was detected after
the Chernobyl accident (table II). In the area with
the highest dose, the standardised incidence ratio of
childhood leukaemia increased slightly from the period
before the accident (1976-85) to the study period
(1989-92) (table II). The magnitude of the increase was
20% (95% confidence interval - 1 l%to 62%) compared
with the rate for the whole country in 1976-85. This
finding was based on one to two extra cases a year in
1990-2, but not in 1989.
TABLE n—Radiation dose due to Chernobyl accident and childhood
leukaemia in Finland 1976-92, by period
No of cases
~ ~ " ~ — — — — — ^ — Standardised incidence ratio
Observed Expected
(95% confidence interval)

Fifth
I (lowest):
1976-85
1986-8
1989-92

101
28
37

94-4
27-8
37-5

1-07 (0-88 to 1-30)
101 (0-70 to 1-46)
0-99 (0-72 to 1-36)

92
27
31

89-7
27-1
36-3

1-03 (0-84 to 1-26)
100 (0-68 to 1-45)
0-85 (0-60 to 1-21)

92
18
40

86-6
26-3
35-5

106 (0-87 to 1-30)
0-69 (0-43 to 1-08)
113 (0-83 to 1-54)

89
29
31

92-3
26-7
35-3

0-96 (0-78 to 1-19)
1-09 (0-76 to 1-56)
0-88 (0-62to 1-25)

79
26
43

900

26-7
35-8

0-88 (0-70 to 1-09)
0-97 (0-66 to 1-43)
1-20 (0-89 to 1-62)

453
128
182

453-0
134-5
180-3

n:
1976-85
1986-8
1989-92

m:

1976-85
1986-8
1989-92
IV:
1976-85
1986-8
1989-92
V (highest):
1976-85
1986-8
1989-92
Total:
1976-85
1986-8
1989-92

100

0-95 (0-80 to 1-35)
1-01 (0-87 to 1-17)

An additive linear model fitted the data well (Pearson
X2=6-9, df= 11). No period effect was observed (relative
risk 1-01 (0-84 to 1-18) in 1989-92 compared with
1976-85). A relative excess risk of 7% per mSv ( - 2 7 %
to 41%) was estimated in the period 1989-92 (see fig 2).
Addition of a squared dose term did not improve the
fit.
The results remained non-significant when the
standardised incidence ratios in different fifths of
exposure were compared with those in the period
before the accident, instead of comparison with a zero
siope for dose (relative excess risk 18% ( - 1 5 % to 52%)
per mSv). A multiplicative log-linear model fitted the

FIG 2—Standardised mcidence
ratios of childhood leukaemia m
population fifths with different
exposure levels before the accident
(1976-85), immediately after
the accident (1986-8), and in
1989-92. Lines are based on
regression analysis. Soxes and
bars indicate mean values and
95% confidence intervals in study
period (1989-92)
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data equally well (Pearson %' 6-9, df= 11) and yielded
identical results.
Discussion
Serious concern has been expressed about the
possible long term effects on health of the Chernobyl
accident, most particularly about the effect on mortality
from cancer. However, projections based on existing
estimates of the carcinogenicity of low doses of radiation
yield a very low predicted excess in cancer mortality.1
Studies published so far consist of a letter reporting
an increased incidence of thyroid cancer in Belarus,"
background data of a collaborative European study
on the incidence of childhood leukaemia,'2 and a letter
indicating no increase in incidence of childhood
leukaemia in Belarus." An international pane! of
experts, chaired by Sir Richard Doll, has recommended that an epidemiological study of the incidence of
childhood leukaemia conducted in an area with high
exposure and an existing cancer registry and covering
the first five years after the accident would provide the
best way of checking the reliability of predictions."
In several respects, Finland provides an optimal
setting for studying what effects, if any, the Chernobyl
fallout has had on health. It satisfies the requirements
set by the expert committee of the European Commission: a relatively high level of fallout and a pre-existing
cancer registry. Furthermore, it provides a clear
contrast in exposure levels within the country: fallout
was deposited in the densely populated southwestern
part of the country, whereas the northern half was left
almost untouched by the radioactive plumes.
Our study did not reveal any effect on childhood
leukaemia in the whole country. However, some
indication of an increase in the incidence of childhood
leukaemia, one to two extra cases a year, was observed
in the area with the highest exposure. Application of a
linear model yielded an excess relative risk estimate of
7% per mSv; this was not significantly different from
zero. This point estimate is consistent with the risk of
leukaemia observed for children in Hiroshima and
Nagasaki (relative risk 44 per Gy for children aged
0-9 years at exposure followed up until age of 20, which
corresponds roughly to a relative excess risk of 4% per
mSv)," although even a large deviation from it could
not be excluded, including that of no effect.
The effect of radioactive fallout from the Chernobyl
accident is probably so small that it cannot be shown
with certainty in an epidemiological study. In our
study, validity of the external exposure measurements
was improved by use of a municipality specific correction for shielding effect and by elimination of the
influence of fallout due to atmospheric A bomb testing.
Bias in the assessment of internal exposure was avoided
by using a random sample of the total child population.
Thus we were able to reduce the measurement error
of exposure below those available for international
comparisons.' Nevertheless, in a single country the
numbers of cases will remain small. Pooling data from
several countries, as in the European childhood
leukaemia incidence study,'2 will increase the number
of cases. However, use of large geographical units,
such as countries as a whole, may result in reduced
accuracy of the exposure data. Because of lower
validity of exposure measurements, the gain in power
may not be as large as could be anticipated on the basis
of numbers of cases alone.
Because of larger numbers of cases, adult leukaemia
should also be studied. The risk of leukaemia induced
by radiation may, however, be considerably smaller
than among children."
SUMMARY

In summary, the mean two year effective dose
153

Public health implications
• Finland, with a mean effective dose of 0-4 mSv among children over
the two years after the Chernobyl accident, was one of the countries
most heavily affected by the fallout
• For this study, the child population of Finland was divided into fifths on
the basis of the radiation dose due to fallout
• No statistically significant effect of fallout from Chernobyl on incidence
of childhood leukaemia was detected in the country as a whole, nor in
the area with the highest fallout
• Even if there were an effect, its plausible maximum would be within
one order of magnitude of that expeaed on the basis of existing risk estimates
• On the basis of the upper 95% confidence limit of the relative excess
risk, an effect of eight cases or more of childhood leukaemia per year per
million children in Finland (with approximately 45 cases diagnosed annually)
was ruled out
equivalent among Finnish children of radiation from
the Chernobyl accident was 0-4 mSv. Using the risk
estimates from Hiroshima and Nagasaki," the
exposure corresponds to an expected effect of 0-8 extra
cases of childhood leukaemia a year among Finnish
children. Our point estimate (relative excess risk of 7%
per mSv) yields a number of 1 -3 cases per year. On the
basis of the upper 95% confidence limit (41% relative
excess risk per mSv), eight extra cases of childhood
leukaemia a year as the true effect can be excluded. In
other words, a 17% increase in incidence of childhood
leukaemia in Finland was ruled out. We conclude that
even if there were an effect that could not be detected
in our study, it would be of little public health
importance.
We thank Dr Marjatta Lanning at Oulu University
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Hospital, Dr Mikko Perkkio at Kuopio University Hospital,
Dr Ulla Saarinen at Helsinki University Hospital, and
Professor Toivo Salmi at Tuiku University Hospital for
provision of case lists.
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Indoor Radon Exposure and Risk of Lung
Cancer: a Nested Case-Control Study
in Finland
Anssi Auvinen, Ilona Makeldinen, Matti Hakama, Olli Castren,
Eero Pukkala, Heikki Reisbacka, Tapio Rytomaa*

Background: Inhaled radon has been shown to cause lung
cancer among underground miners exposed to very high
radon concentrations, but the results regarding the effects of
residential radon have been conflicting. Purpose: Our aim
was to assess the effect of indoor radon exposure on the risk
of lung cancer. Methods: To investigate this effect, a nested
case-control study was conducted in Finland. The subjects
of the study were the 1973 lung cancer case patients (excluding patients with cancers of the pleura) diagnosed from
January 1, 1986, until March 31, 1992, within a cohort of
Finns residing in the same one-family house from January 1,
1967, or earlier, until the end of 1985 and 2885 control subjects identified from the same cohort and matched by age
and sex. In September 1992, a letter was sent to all study
subjects or proxy respondents explaining the purpose and
methods of the study. After giving informed consent, the
study participants were asked to fill out a questionnaire on
smoking habits, occupational exposures, and other determinants of lung cancer risk and radon exposure. The odds
ratio (OR) of lung cancer was estimated from matched and
unmatched logistic regression analyses relative to indoor
radon concentration assessed by use of a 12-month measurement with a passive alpha track detector. Results: Five
hundred seventeen case-control pairs were used in the
matched analysis, and 1055 case subjects and 1544 control
subjects were used in the unmatched analysis. The OR of
lung cancer for indoor radon exposure obtained from
matched analysis was 1.01 (95% confidence interval [CI] =
0.94-1.08) per 2.7 pCi/L (100 Bq m"3) after adjustment for
the cigarette smoking status, intensity, duration, and age at
commencement of smoking by subjects. For indoor radon
concentrations 1.4-2.6, 2.7-5.3, 5.4-10.7, and 10.8-34.5 pCi/L
(50-99,100-199,200-399, and 400-1277 Bq nT3, respectively),
the matched ORs were 1.03 (95% CI = 0.84-1.26), 1.00 (95%
CI = 0.78-1.29), 0.91 (95% CI = 0.61-1.35), and 1.15 (95% CI
= 0.69-1.93), respectively, relative to the concentration below
1.4 pCi/L (0-49 Bq nT3). The unmatched analysis yielded
similar results with somewhat smaller CIs. In the analyses
stratified by age, sex, smoking status, or histologic type of
lung cancer, no statistically significant indications of increased risk of lung cancer related to indoor radon concentration were observed for any of the subgroups.
Conclusions: Our results do not indicate increased risk of
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lung cancer from indoor radon exposure. Implication: Indoor radon exposure does not appear to be an important
cause of lung cancer. [J Natl Cancer Inst 1996;88:966-72]
Radon and its progeny are naturally occurring radioactive
isotopes that emit mostly a radiation and cause radiation exposure mainly to the lung. Exposure to radon progeny has been
shown to cause lung cancer among workers in uranium and
other mines (1-2)- The greatest potential public health impact of
radon, however, is based on protracted exposures of the general
population to much smaller concentrations occurring in residential dwellings. Epidemiologic studies assessing the lung cancer
risk due to indoor radon exposure have yielded conflicting
results. In the largest study conducted so far, Pershagen et al. (3)
found a statistically significant excess risk of lung cancer per
unit exposure that was comparable to the risk observed in
studies of underground miners (/.2). In a pooled analysis of
three studies conducted in Sweden, China, and the United States
(4), no excess risk was observed. Moreover, no statistically significant association was detected in a Finnish study (5) or in
studies conducted in Canada (6) and the United States (7).
The concentration of radon in indoor air varies greatly, mainly as a result of the uranium concentration and permeability of
the ground, climatic factors, and the construction and ventilation
of the house. Because of these factors, the national mean of
radon concentration in Finland is very high—3.3 pCi/L (123 Bq
nT3)—compared with that in other countries (8).
We conducted a case-control study within a cohort of all
Finns who resided in single-family houses for at least 19 years
(from January 1, 1967, or earlier, until the end of 1985). The
design was chosen to maximize the validity of the estimates of
long-term radon exposure.

*Affiliations of authors: A. Auvinen. [. Makelainen, O. Castren. H. Reisbacka,
T. Rytomaa, Research Department, Finnish Centre for Radiation and Nuclear
Safely, Helsinki. Finland; M. Hakama. University of Tampere, School of Public
Health, Finland; E. Pukkala. Finnish Cancer Registry, Helsinki.
Correspondence to: Anssi Auvinen. M.D.. Research Department. Finnish
Centre for Radiation and Nuclear Safety. P.O. Box 14, F1N-00881 Helsinki. Finland.
See "'Notes" section following "References."
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Subjects and Methods
Study Population
The base population of all persons residing in the same single-family house
(the index dwelling) from January 1, 1967, or earlier, until the end of 1985 was
identified from the Finnish Population Registry. It consisted of 892 943 persons.
Within this cohort, all cases of lung cancer diagnosed from January 1, 1986,
through March 31, 1992, were identified from the Finnish Cancer Registry,
which is a nationwide, population-based registry that was established in 1952
(9). The coverage of the Finnish Cancer Registry is practically complete as a
result of several information sources and the obligatory notification practice (9).
After cancers of the pleura were excluded, there were 1973 cases of lung cancer
(code 162 in the International Classification of Diseases, 9th Revision') diagnosed within the cohort during the study period (Table 1).
One control subject matched by year of birth and sex was identified from the
same cohort for each case subject. Also, the control subject had to be alive at the
time the diagnosis was made in the case subject. When possible, another control
subject was also identified to serve as a substitute in the event that no information was available for the primary control subject; as a result, the total number of
comrcJ-subjects was 2885.

versus never exposed to asbestos. Furthermore, the occupancy, i.e., the daily
number of hours the subject spent inside the dwelling, in the 1960s and 1970s
was assessed. The response rate was 84% for case subjects and 83% for control
subjects (Table 1). The questionnaire was personally filled out by 15% of the
case subjects and 90% of the control subjects.

Radon Measurements

To measure the radon concentration in index dwellings, a letter explaining
the purpose of the study and including instructions for installing a dosimeter
(passive alpha track detector with Makrofol polycarbonate film) was sent to the
current inhabitant of the index dwelling. If the study subject or next of kin was
residing in the index dwelling, the dosimeter and the questionnaire were sent in
the same envelope. The recipient was instructed to place the dosimeter for a
period of 12 months in the bedroom or living room; the dosimeter was to be
positioned at least 30 cm from the nearest wall and away from a window.
Twelve months later, the subjects were sent a return envelope with prepaid
postage with which to return the dosimeter. If they did not respond within 3
weeks, they were sent a reminder. To assess exposure during mailing,
dosimeters were also sent to three addresses in Finland and returned immediately. AH the measurements took place between December 1992/January 1993
and January/February 1994.
Of the completed measurements, those in new houses built in the same place
Questionnaire Survey
as the index dwelling (4.2% of case subjects and 4.8% of control subjects) and
The Finnish Population Registry supplied the names and addresses of all the houses with an uncertain year of construction (7.2% and 7.8%, respectively)
study subjects. If the study subject had died, the name and address of a proxy were regarded as being ineligible for inclusion in the study, as they did not fulfill
respondent (spouse or a next of kin) were obtained. There were 1644 deceased the entrance criteria. Furthermore, we excluded houses with the actual measurecase subjects and 326 deceased control subjects. If the study subject or the proxy ment period of fewer than 150 days (5.6% of case subjects and 5.1 % of control
respondent no longer resided in the index dwelling (431 case subjects and 365 subjects), houses left uninhabited since 1985 (0.7% and 0.3%, respectively),
control subjects), the name of the person currently residing in it was also ob- houses that had undergone extensive renovation (1.8% and 1.3%, respectively),
tained.
and measurements with dosimeter failure (0.7% and 0.4%, respectively). AlIn September 1992, all study subjects or proxy respondents were sera a letter together, 20% of both case subjects and control subjects were excluded for these
explaining the purpose and the methods of the study. They were asked to give an reasons (Table 1). The dosimeter reading was regarded as representative of all
informed consent to participate in the study and, upon giving their consent, to fill measurements taken for at least 150 days; therefore, no correction for seasonal
out a questionnaire on smoking habits, occupational exposures, and other deter- variation was done. The measurement period was fewer than 330 days for 1.5%
minants of lung cancer risk and radon exposure. The median delay between the of case subjects and 0.8% of control subjects and between 330 days and 360
death of a subject and interview of a next of kin was 3 years, and the maximum days for 15% of both case subjects and control subjects.
delay was 6.5 years.
The radon exposure measurements were done at the Finnish Centre for
The smoking information requested included the dates of starting and quitting Radiation and Nuclear Safety, where approximately 100 000 radon measuresmoking and the amount typically smoked in the 1960s and 1970s (separately ments have been done since 1980. The dosimeter consisted of a polycarbonate
for cigarettes, cigars, and pipe). Ex-smokers were defined as persons who had detector foil, which was installed into a conducting ABS-polymer box with a
quit smoking in 1980 or earlier. Both duration and intensity of exposure to pas- diameter of 4.5 cm and a height of 1.7 cm. The box had a Hd with filtered air-insive smoking were also assessed.
lets and a spring to keep the detector in a fixed position. After exposure, the
In addition, those occupational exposures that have been reported to be as- detector foil was electrochemically etched and read with an automatic image
sociated with an elevated risk of lung cancer were assessed. They included work analyzer (10). The dosimeters were calibrated by use of containers with standard
with asbestos, spray painting, chromium plating, and melting of asphalt, copper, radium sources and known radon concentrations. The relative precision of an innickel, or aluminum as well as underground mining. Of these exposures, only as- door radon measurement depends on the counting statistics and a random, conbestos was analyzed separately. All other exposures were grouped into the stant error due to the method (11). For a 1-year radon measurement, the 95%
category "other occupational exposures." All persons reporting ever having been confidence interval (CI) has been estimated as ±20% for concentrations below
occupationally exposed to one or more of these factors were classified as oc- 50 Bq m"3 and ±15% for concentrations above 400 Bq m"5 (//). The accuracy of
cupationally exposed. The exposure to asbestos was defined as ever exposed the method has been checked in intercomparisons by the Commission of

Table 1. Participation rate in radon and questionnaire survey by case-control status

Subjects identified
Addresses available
Radon measurements
Dosimeters read
Valid measurements*
Questionnaire survey
Questionnaires returned
Valid questionnairest
Valid radon measurement
and questionnaire

Case subjects (%)

Control subjects (%)

Pairs (%)

2563
1973 (100)

3354
2885 (100)

2505
1753 (100)

1488 (75)
1092 (55)

2130 (74)
1560 (54)

995 (57)
535(31)

1665 (84)
1659 (84)
1055 (53)

2404(83)
2388 (83)

526(30)
526(30)
517 (29)

1544 (54)

*See "'Subjects and Methods" for definition.
tMinimumrequirement:smoking history available.
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European Communities, and the systematic deviation from the true level is considered to be less than 10%.

Table 2. Number of case subjects and control subjects according to
demographic and residential characteristics (matched analysis)

Statistical Methods
Conditional and unconditional logistic- regression methods were used to
analyze the data {12). Maximum likelihood estimates of odds ratios (ORs) and
95% CIs were calculated by use of the GLIM4 software package (13). Statistical
significance in the regression analysis was assessed by use of a two-sided
likelihood ratio test. The statistical significance for an interaction term for radon
(numerical) and other factors (age, sex, smoking, and histologic type as categorical variables) was assessed by the addition of the interaction term to a model
containing both of the main effect terms. The point estimates for the interaction
term were obtained from a model containing the categorical variable (but not
radon) and the interaction term.

Case subjects
Variable

Male
Female
Age.y
0-54
55-64
65-75

275

Results
Study Participation and Characteristics

Occupancyt

>40

Potential Confounding Factors
Smoking status, intensity, and duration as well as age at commencement of smoking strongly increased the risk of lung cancer (Table 3). Smoking cigars was less clearly associated with
excess risk. The effect of pipe smoking, independent of cigarette
smoking, could not be meaningfully assessed because there
were no case subjects who smoked a pipe only and not cigarettes. Furthermore, no excess risk was observed among passive
968
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%

No.

%

479
38

93
7

479
38

93
7

16
158
242
101

3
31
47
20

16
158
242
101

3
31
47
20

26
131
200
160

5
25
39
31

36
84
188
209

7
16
36
40

230
182
105

44
35
20

223
209
85

43
40
16

Sex

Residency*
0-16
17-29
30-39

Of the 1973 case subjects who were identified for the study,
1659 returned a completed questionnaire, and a valid radon
measurement was available for 1092 of the originally identified
case subjects. Similarly, of the 2885 control subjects on the
original roster, 2388 completed the study questionnaire, and a
valid radon measurement was obtained for 1560 persons. Altogether, results from both radon measurement and questionnaire survey were available for 1055 case subjects and 1544
control subjects. Furthermore, since the study was designed with
1:1 matching, the final study population consisted of 517 casecontrol pairs (Table 1).
The participation rate for the questionnaire survey was 84%
among case subjects and 83% among control subjects (Table 1).
Somewhat lower success rates (55% and 54% after excluding
measurements not considered valid enough; see "Subjects and
Methods" section) were obtained for radon measurements. No
differences in the participation rates of study subjects were observed by sex, age, vital status, or location of residence (i.e.,
urban versus rural).
No clear differences in occupancy (i.e., average number of
hours per day spent indoors in the index dwelling) were observed between the case subjects and the control subjects
(median values = 11.5 hours for case subjects and 11.7 hours for
control subjects), but the case subjects had a slightly longer
residency (i.e., number of years residing in the index dwelling)
than the control subjects (median values = 38 years and 35
years, respectively) (Table 2).
The radon concentrations were similar for subjects with
measured radon concentration for participants and nonparticipants in the questionnaire survey (median values =1.8 pCi/L
for both groups).

Control subjects

No.

0-9
10-14
15-24

*Number of residential years in the index dwelling.
t Average hours per day spent indoors in the index dwelling.

smokers. Of the occupational exposures, only exposure to asbestos was associated with a slightly increased risk of lung cancer.
Indoor Radon Exposure
The cumulative frequency distribution of indoor radon concentration is very similar for case subjects and control subjects,
with a slight excess of case subjects in the higher end (Fig. 1).
The mean radon concentrations were 2.8 pCi/L (103 Bq m"3)
among case subjects and 2.6 pCi/L (96 Bq m~3) among control
subjects (median values = 1.8 pCi/L for both groups). The radon
concentrations were quite similar regardless of whether the subject was still residing in the index dwelling (mean values = 2.7
pCi/L for both groups). No clear differences in radon concentration were observed between those dosimeters returned spontaneously (i.e., without prompting) and those returned after
reminders were sent (median values = 1.8 pCi/L for both
groups) or among persons in the matched analysis compared
with those who were excluded because of a missing case subject
or control subject (median values = 1.8 pCi/L for both groups).
Indoor Radon Exposure and Risk of Lung Cancer
The unmatched analysis gave a crude OR of 1.01 (95% CI =
0.98-1.06) per 2.7 pCi/L (100 Bq m"3) and an adjusted OR of
1.02 (95% CI = 0.98-1.06) per 2.7 pCi/L (adjusted for cigarette
smoking status, intensity, and duration as well as age at start of
cigarette smoking). For the group with radon concentrations of
10.8-34.5 pCi/L (400-1277 Bq m"3), the adjusted OR was 1.21
(95% CI = 0.86-1.70) relative to those with radon concentrations
below 1.4 pCi/L. For the other categories, the ORs were below
unity.
In the matched univariate analysis, a crude OR of 1,03 per 2.7
pCi/L (95% CI = 0.96-1.10) was observed (Table 4), After adjustment for the above-mentioned potential confounding factors,
the OR was 1.01 (95% CI = 0.94-1.08) per 2.7 pCi/L. Addition
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Table 3. Number of case subjects and control subjects by risk factors for iung
cancer with crude odds ratios (95% confidence interval) from matched analysis
Case
Risk factor

No. of
case
subjects

No. of
control
subjects

Odds ratio
(95% confidence
interval)

—- Control

99.97c
999*

Cigarette smoking status
Never smokers
Ex-smokers
Current smokers
Intensity of cigarette
smoking, cigarettes per day*
1-10
U-20
>2i
Duration of cigarette
smoking, y*
1-20
21-40
>41
Age at start of
cigarette smoking, y*
1-15
16-20
221
Cigar smoking
Never smokers
Cigarettes only
Cigar only
Cigar and cigarettes
Passive smokingt
Never smokers
Ever smokers
Never smokers with
passive smoking
Ever smokers with
passive smoking
Occupational asbestos exposuret
Never
Ever
Other occupational exposures^
Never
Ever

44
207
266

229
208
80

1.0 (referent)
3.75 (2.65-5.29)
5.74(4.10-8.03)

90%
/

57
148
61

33
39
8

4.69(3.12-7.03)
5.92(4.17-8.42)
6.98 (4.63-10.52)

50%

V

*

/

i
10%

26
10
230

18
5
57

4.51 (2.73-7.43)
4.76 (2.37-9.57)
5.97 (4.25-8.78)

1%

j?63

210

98

30

16

Cases

1*7 159

211

104

34

9

Controls

0.1%
55
135
76

6
47
27

6.94(4.59-10.51)
5.63 (3.94-8.07)
5.36 (3.66-7.85)

43
460
1
13

228
284
1
4

1.0 (referent)
4.79 (3.44-6.69)
3.84 (0.53-28.03)
5.72(3.05-10.71)

27
254
17

148
138
81

1.0 (referent)
4.85(3.24-7.21)
0.90(0.49-1.67)

219

150

4.32 (2.88-6.47)

415
102

447
70

1.0 (referent)
1.48(1.21-1.81)

484
33

498
19

1.0 (referent)
1.29(0.91-1.84)

•Among current smokers, with never smokers as reference.
tThe numbers of subjects in certain groupings of measured characteristics
(i.e., passive smoking and occupational asbestos exposure) are less than the total
of 517 control subjects because of missing information.
+For definition, see "Subjects and Methods" section.

of a squared exposure variable did not improve the fit. Weighting the radon exposure by occupancy did not change the results.
No clear trend was observed when categorical radon exposure
allowing nonlinear dose-response was used. The group with
radon concentrations of 10.8-34.5 pCi/L (400-1277 Bq m' 3 ) had an
adjusted OR of 1.15 (95% CI = 0.69-1.93) relative to those with
radon concentrations below 1.4 pCi/L. Adjustment for occupational asbestos exposure did not affect the results.
Diagnoses were confirmed histologically for 73% of the case
subjects and cytologically for an additional 19%. Of the final
case series, 36% were diagnosed with squamous cell carcinomas, 14% with small-cell carcinomas, 13% with adenocarcinomas (including bronchoalveolar carcinoma), and 9% with
other defined types (mainly carcinomas without further
specification); the remaining 28% had undefined disease.
Journal of the National Cancer Institute, Vol. 88, No. 14, July 17,1996

1.4
0.1

2.7

5.4

1

10.8
10

100

Radon pCi/l

Fig. 1. Cumulative frequency distribution (probit scale) of radon concentration
(log scale) among case subjects (thick line) and control subjects (thin line).
Numbers at the bottom indicate the numbers of case subjects and control subjects in each radon stratum (0-1.3, 1.4-2.6, 2.7-5.3, 5.4-10.7, and 10.8-34.5
pCi/L. i.e., 0-49.50-99, 100-199,200-399, and 400-1277 Bq nTJ, respectively).

No statistically significant risk from indoor radon exposure
was detected in any of the subgroups defined by age, sex, smoking, histologic type of lung cancer, or asbestos exposure (Table
5). A risk estimate below unity was observed for radon exposure
among women. The ORs for radon exposure were somewhat
greater in younger age groups than in older age groups. In the
analysis stratified by smoking status, the largest risk estimates
for radon exposure were obtained among persons who smoked
heavily (>20 cigarettes per day) and among ex-smokers. Of the
histologic types, the highest risk estimate for radon exposure
was observed for the group "other types," which mainly consisted of unspecified carcinomas. Occupational exposure to asbestos did not modify the risk from indoor radon exposure.
The results did not change when the analyses were restricted
to persons with at least 10 hours' occupancy per day (adjusted
OR = 1.01 per 2.7 pCi/L; 95% CI = 0.92-1.12), to persons with
at least 30 years of residency in the index dwelling (OR = 1.00;
95% CI = 0.92-1.09), to study subjects alive and still residing in
the index dwelling (OR = 0.95; 95% CI = 0.75-1.22), or to case
subjects with microscopic confirmation of their disease (OR =
1.02; 95% CI = 0.94-1.10).
The etiologic fraction of lung cancer due to radon exposure,
i.e., the proportion of all lung cancers attributable to radon exposure in Finland with the mean radon concentration of 3.3
pCi/L (S), which is one of the highest in the world, was estimated to be 1% (based on the linear estimate and assuming
similar relative risk due to radon exposure for smokers and nonARTICLES
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Table 4. Crude and adjusted odds ratios (95% confidence intervaJ) of lung
cancer by indoor radon concentration (matched analysis)
Odds ratio (95% confidence interval)
Crude

Adjusted*

1.03(0.96-1.10)
1.05(0.94-1.19)

1.01 (0.94-1.08)
1.02(0.91-1.15)

1.0 (referent)
0.99(0.80-1.21)
0.95(0.74-1.22)
0.91 (0.61-1.34)
1.26(0.76-2.11)

l.O(referera)
1.03(0.84-1.26)
1.00(0.78-1.29)
0.91 (0.61-1.35)
1.15(0.69-1.93)

Variable
Concentrationt
Weighted}.*
Categorical exposure, pCi/L§
0-1.3
1.4-2.6
2.7-5.3
5.4-10.7
10.8-34.5

*Adjusted for cigarette smoking (status, intensity, duration, and age at start).
tPer 2.7 pCi/L (100 Bq m~3).
IWeighted with occupancy (hours per day).
§In Bq nf3,0-49,50-99,100-199,200-399, and 400-1277, respectively.

smokers). On the basis of the upper 95% confidence limit, an
etiologic fraction of 10% or greater was excluded.

Discussion
We did not detect a linear increase in the risk of lung cancer
associated with indoor radon exposure. We could not exclude a

Table 5. Adjusted odds ratios (95% confidence interval) of lung cancer from
indoor exposure to radon per 2.7 pCi/L (100 Bq nT3) of radon by sex, age,
smoking status, histology, and occupational asbestos exposure
(matched analysis)
Variable'

Odds ratio
(95% confidence interval)

Sexf
Male
Female
Age, yt
0-54
55-64
65-74
275
Smoking
Never smoker
Ex-smoker
Current smoker, cigarettes
per day
1-9
10-19
£20
Histologyt
Adenocarcinomat
Squamous cell carcinoma
Small-cell carcinoma
Other defined.
Unknown
Occupational asbestos
exposuret
Never
Ever

P*
.10

1.02(0.96-1.09)
0.72(0.46-1.11)
.62
1.03(0.86-1.24)
1.08(0.95-1.23)
0.99(0.88-1.11)
0.96(0.83-1.12)
.59
0.73 (0.44-1.20)
1.04(0.95-1.15)
0.99(0.81-1.21)
1.00(0.88-1.13)
1.03(0.80-1.31)
.72
1.01 (0.87-1.18)
1.00(0.90-1.12)
1.02(0.81-1.27)
1.17(0.98-1.39)
0.99(0.86-1.14)
.51
'

1.03(0.94-1.12)
0.98(0.87-1.10)

•Significance of the interaction term between radon exposure (continuous)
and subgroup indicator (polychotomous).
t Adjusted for cigarette smoking (status, intensity, duration, and age at start).
$ Including bronchoalveolar carcinoma.
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moderately increased risk (up to a relative risk of 1.9) for concentrations of 10.8-34.5 pCi/L. The proportion of the population
exposed to these concentrations in Finland is 3.6% (8), which
implies a modest etiologic fraction.
If the lung cancer risk estimates for radon exposures obtained
from the underground miner studies (excess relative risk =
0.0049 per working level month [WLM]) (2) would apply for
indoor radon exposure, the expected number of case subjects in
the exposure category of 40 pCi/L or more would be 1.3 in the
matched analysis and 2.6 in the unmatched analysis. This calculation is based on the assumptions that (a) 1 WLM corresponds to an indoor radon concentration of 6.1 pCi/L
accumulated in 1 year (/), (b) the prevalence of radon concentrations above 40 pCi/L in the source population is 0.1% (as among
control subjects), and (c) exposure has been accumulated over a
50-year period. The observed numbers of case subjects in these
strata were zero and one, respectively, suggesting a smaller risk
than observed in the miner studies, even though we did not have
the statistical power to exclude an effect of similar magnitude.
No clear interaction was detected between indoor radon exposure and age, sex, smoking, or asbestos exposure. When
stratified by age, the largest risk estimates were observed for
younger age groups. This finding is similar to that observed in
the Stockholm study (14), but it was in contrast to that reported
from the Swedish nationwide study (15). In the latter study, the
relative risk estimate for radon exposure among women was
below unity.
When the effect of radon was explored by smoking status, the
highest radon risk estimates were obtained for persons who
smoked heavily and for ex-smokers. Previous studies have
reported conflicting results. The highest risk estimates were observed for smokers in the Swedish nationwide study (3) and for
nonsmokers in the Stockholm study (14). In the New Jersey
study (16), an increasing trend with radon concentration was observed only among light smokers. In the Chinese study (17), no
trend was evident within any smoking category. Among miners
(2), the relative risk per unit radon exposure was approximately
three times larger for nonsmokers than for smokers, although
the conclusions were restricted by the small number of nonsmoking miners.
Furthermore, no statistically significant association between
radon exposure and lung cancer was observed in relation to any
of the histologic types of lung cancer. The highest point estimate
was observed for unspecified carcinoma. Contrasting results
have been reported in previous studies. In the Swedish nationwide (3) and Missouri (7) studies, an increasing trend with
radon exposure was observed for adenocarcinoma, but not for
other types of lung cancer. In the Stockholm study (14), a trend
with borderline statistical significance was reported for smallcell carcinoma. None of the histologic types were associated
with radon exposure in the Chinese study (17) or in the earlier
Finnish study (5). Among underground miners, radon exposure
has been associated with a risk of small-cell carcinoma, adenocarcinoma, and squamous cell carcinoma of the lung (18,19).
One of the main goals of our study was to obtain valid estimates of radon exposure in dwellings. This was the rationale
for choosing a base population who had a stable residency. Because of nesting of the study within the segment of the populaJoumal of the National Cancer Institute, Vol. 88, No. 14,July 17,1996

tion with a very stable residency, we were able to estimate the
radon exposure for a continuous period without missing any
residences from that period. Eliminating mobility also minimized exposure measurement error (20). Radon measurements
were performed simultaneously for all subjects to avoid temporal variation in radon concentrations due to weather conditions and other factors. The measurement period was at least
330 days for 98% of the case subjects and for 99% of the control
subjects. The radon measurements were performed only in one
residence per subject, with the mean number of residential years
covered as high as 38 (median value = 37 years), i.e., higher
than in any of the previous studies (21). On average, the residential years in the index dwelling covered 54% of the life years of
the subjects and 73% of the adult years. Some sources of uncertainty also remained, however, in our study; they included historical representativeness of the current measurements and
exposure to radon outside the home (e.g., at the workplace).
We also collected data on occupancy (i.e., time spent inside
the dwelling). Both occupancy and residency were similar for
case subjects and control subjects, which further suggested good
comparability of exposure assessment. In addition, we analyzed
radon concentration weighted by daily hours spent indoors in
the dwelling, which has not been reported in most previous
studies. Weighting the radon concentration with occupancy did
not change the results, which indicates that radon concentration
measurements are valid indicators of exposure.
We used individual matching of case subjects and control
subjects; thus, the results from the matched analysis are considered more valid than those from the unmatched analysis. We
found, however, that the matched and unmatched analyses gave
practically identical results.
We were able to control for the effects of smoking (the most
important potential confounding factor) in a more detailed
fashion than was done in most of the previous studies. The
aspects of smoking included were cigarette smoking status
(never smoker, ex-smoker, or current smoker), intensity, and
duration as well as age at start of cigarette smoking. Moreover,
we assessed occupational asbestos exposure (not only by job
title), which has not been done in previous studies. Thus, we
were able to control for potential confounding factors more effectively than in most other studies.
Inevitably, a much larger proportion of case subjects than
control subjects had died. Therefore, proxy respondents had to
be used more often among case subjects than among control
subjects. This situation indicates a potential for differential
misclassification of confounders (most importantly, smoking).
The fact that the results were similar for case subjects still alive
and those already dead, however, indicates that no bias was introduced. Furthermore, matching by vital status could have
caused selection bias because both radon exposure and risk of
death are associated with, for example, smoking and social
class.
We were able to obtain complete ascertainment of lung cancer cases in the study population through the Finnish Cancer
Registry (9). A histologic confirmation of diagnosis was available for 73% of the case subjects and a cytologic confirmation
for an additional 19% of the case subjects.
Joumal of the National Cancer Institute, Vol. 88, No. 14, July 17, 1996

The participation rate in both the radon exposure and questionnaire surveys was very good. Valid results for both surveys
were obtained for 55% of the case subjects and 54% of the control subjects. The median delay between death of a subject and
the survey was 3 years. As the times of delay were almost identical for the case subjects and the control subjects, bias was not
likely to have been present. Lack of correlation regarding participation within the case-control pairs gave further evidence for
the lack of bias. The fact that the majority of the case subjects
but only a small proportion of the control subjects were dead
should not bias the results according to Pershagen et al. (3), who
observed similar results whether using a set of control subjects
matched or unmatched by vital status. Furthermore, in our
study, we observed no differences in radon concentrations or in
radon risk estimates by vital status. Thus, there is little evidence
for bias or differential measurement error.
Radon concentrations among the subjects were at the same
level as those reported in the Swedish (3) and Canadian (6)
studies and higher than those reported in the U.S. studies (7,16).
There were four subjects with radon concentrations exceeding
27 pCi/L (1000 Bq m"3) in the matched analysis (three case subjects and one control subject) and eight in the unmatched
analysis (five case subjects and three control subjects). Thus, the
power of our study was not limited by a low level of exposure.
Our results differ from those obtained by Pershagen et al. (3),
but they are comparable to those reported in the joint analysis of
the Swedish, Chinese, and U.S. studies (4) as well as to those
obtained by Ruosteenoja (5), Letoumeau et al. (<5), and Alavanja
et al. (7). In the Swedish nationwide study (3) with 1360 case
subjects and 2847 control subjects, a statistically significant
linear excess risk was reported with a point estimate of 1.1 (95%
CI = 1.0-1.2) per 2.7 pCi/L. When stratified by histology, a
linear trend was also observed for adenocarcinoma but not for
other types of lung cancer. No statistically significant excess
risk due to radon exposure was observed within any of the
smoking categories. In contrast, no clear evidence of increased
risk was observed overall or within any smoking or histologic
subgroup in the joint analysis of the three studies among women
(4) or in the Canadian (6) or Missouri (7) study. In the Stockholm study (14), a linear, increasing trend by radon concentration was reported, but it was not observed for time-weighted
radon concentration or for occupancy-adjusted radon exposure.
Few of the previous studies have had a sufficient number of
subjects exposed to radon concentrations as high as 10.8 pCi/L
to assess the risk in this group separately. In the Swedish nationwide study (3), the risk estimate for the group of subjects who
had been exposed to 10.8 pCi/L or higher of radon was 1.8
(95% CI = 1.1-2.9), and the Chinese study (17) gave an OR of
0.7 (95% CI = 0.4-1.3) for the group exposed to 8 pCi/L or
above. The earlier Finnish study (5) suggested a downward curvature for the group with highest radon exposure with an OR of
1.1 (95% CI = 0.6-2.2) for those subjects exposed to 7.4 pCi/L
or above. In contrast, the New Jersey study (16) suggested an
upward curvature with an OR of 4.2 (95% CI = 1.0-17.5) for
those subjects exposed to radon concentrations above 4.0 pCi/L.
Currently, only one study (3) out of eight [(3^-7,14,16,17);
our study], each involving at least 200 case subjects with individual radon measurements, has reported a statistically sigARTICLES
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nificant association between indoor radon exposure and iung
cancer. It seems plausible that, at most, a small segment of the
population is exposed to radon concentrations sufficient to increase considerably the risk of lung cancer. The continuing uncertainty and conflicting results regarding the cancer risk from
indoor radon exposure are probably due to the fact that it is very
difficult to prove or disprove a small risk confined to rarely occurring exposure levels. The excess relative risk from indoor
radon exposure obtained by linear extrapolation from the underground miner studies is below 15% per 100 Bq irf3 or 20% per
4 pCi/L (from 25 years of exposure), which may be impossible
for a single study to detect (21). At the moment, the first pooled
analyses have already been published (4). Careful consideration,
however, is required of which common criteria the studies
should fulfill for a meaningful joint analysis, since the comparability of sampling and exposure assessment is not as
straightforward for case-control studies as it is for randomized
clinical trials. For example, heterogeneity between studies in the
accuracy of radon measurements as well as assessment of confounding factors (above all, smoking) may bias the results of
such exercises (22). Hence, stringent selection criteria for
pooled studies will be crucial for obtaining an accurate risk estimate.
In summary, we estimated the effect of indoor radon exposure
on the risk of lung cancer and followed a rigorous design and
study protocol to eliminate bias and confounding. We observed
a linear risk estimate of 1.01 per 2.7 pCi/L (100 Bq m~3) (95%
CI = 0.94-1.08), which was not statistically significantly different from unity. Our results suggest no important public health
impact for indoor radon exposure.
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Incidence of cancer among Finnish airline cabin attendants, 1967-92
Eero Pukkala, Anssi Auvinen, Gunilla Wahlberg
Abstract
Objective—to
assess whether occupational
exposure among commercial airline cabin attendants are associated with risk of cancer.
Desigrt—Record linkage study.
Setting—Finland.
Subjects—1511 female and 187 male cabin attendants who had worked for the Finnish airline
companies.
Main outcome measure—Standardised incidence
ratio; expected number of cases based on national
cancer incidences.
Results—A significant excess of breast cancer
(standardised incidence ratio 1-87 (95% confidence
interval 1-15 to 2-23)) and bone cancer (1S-10 (1-82 to
54-40)) was found among female workers. The risk of
breast cancer was most prominent 15 years after
recruitment. Risks of leukaemia (3-57 (0-43 to 12-9))
and skin melanoma (2-11 (0-43 to 6-15) were not
significantly raised. Among men, one lymphoma and
one Kaposi's sarcoma were found (expected number
of cases 1-6).
Conclusions—Although
the lifestyle of cabin
attendants is different from that of the reference
population—for example, in terms of social status
and parity—concentration of the excess risks to
primary sites sensitive to radiation suggests that
ionising radiation during Sights may add to the
cancer risk of all flight personnel. Otherwise the
lifestyle of cabin attendants did not seem to affect
their risks of cancer. Estimates of the effect of
reproductive risk factors only partly explained the
increased risk of breast cancer. If present estimates
of health hazards due to radiation are also valid for
cosmic radiation, then the radiation doses of cabin
attendants seem too small to account entirely for the
observed excess risk.
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Introduction
Airline crews are occupationally exposed to cosmic
radiation consisting mainly of neutrons and 7 rays. The
mean annual dose equivalent has been estimated as 1-3
mSv, l ! but it varies according to flight altitude,
latitude, and solar activity. The most important
determinant of the dose rate is altitude, with the dose
doubling every 1500m. ! Some estimates of the
potential health hazard due to radiation exposure have
been published,** but so far no empirical studies on the
risk of cancer among cabin attendants (members of
cabin crews) have been conducted. We aimed at
finding out whether occupational exposure among
cabin attendants is associated with an excess risk of
cancer, paying special attention to cancers related to
radiation.
Subjects and methods
We identified all cabin attendants who had ever
worked for the Finnish flight companies and had not
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died before 1 January 1967 from the files of the Finnair
Flight Company. Recruitment started in the late
1940s, with the sharpest increase in the number of
cabin attendants in the 1970s. The mean age at the start
of employment was 24-0 years and the mean number of
years of work (taking only partly into account the part
time work and excluding maternity leave) was 8-3
years. Of the cohort members, 90% had more than two
years and 34% more than 10 years of exposed work.
We searched the unique personal identification
numbers (given to all residents in Finland since 1
January 1967) for all cabin attendants in the population
register centre of Finland. We obtained the dates of
death and emigration from the same source.
Follow up for cancer through the files of the
population based, countrywide Finnish cancer
registry was done automatically with the personal
identification number as the key. The follow up for
cancer started at the date of recruitment as a cabin crew
worker or on 1 January 1967—whichever was later—
and ended at emigration, death, or on 31 December
1992. No subjects were lost from follow up.
We counted the numbers of observed cases and
person years at risk separately for three calendar
periods (1967-75, 1976-84, and 1985-92) by five year
age groups. We calculated the expected numbers of
cases for cancer overall and for specific cancers by
multiplying the number of person years in each age
group by the corresponding sex specific average
incidence of cancer in the whole Finnish population
during the period of observation. We divided the
subjects further, by time elapsed since recruitment and
by time spent at work. In the latter case, the follow up
started at the date when the person had been working
the required time as a cabin crew member. The specific
cancers selected a priori for the analysis comprised
cancers related to radiation and other common cancers,
to yield the whole picture of cancer among Finnish
cabin attendants.
We calculated the standardised incidence ratio by
dividing the observed number of cases by the expected
number. The significance was tested by the MantelHaenszel x2 test, on the presumption that the number
of observed cases followed a Poisson distribution.
Results
In all, 187 men and 1577 women were followed up.
The numbers of person years were 2500 and 22000
respectively (table I). The mean length of follow up for
a person was thus 13-9 years. More than one third of
the person years were in age groups below 30 years and
few person years were in ages above 60. During the 26
year follow up period two cases of cancer (one nonHodgkin's lymphoma and one Kaposi's sarcoma of the
skin) were found among men (expected number 1-6).
Another Kaposi's sarcoma was diagnosed in 1993,
shortly after the end of the study. In women 35 cancers
were found (expected number 28-4) (table II). The
risks of breast cancer (standardised incidence ratio
649

TABLE i—Number of cabin attendants foUozaed up and number of
pmonyears at risk in 1967-92, by sex and age
Women

Men

Age (years)
<30
30-59
360
Total

Total No*

Person years

176
11
0
187

907
1388
0
2496

Total No* Person years
1437
140
0
1577

7617
14 237
119
21974

*Age at beginning of follow up.
TABLE n—Observed and expected numbers of cases of cancer and
standardised incidence ratios (95% confidence interval) among Finnish
female cabin attendants in 1967-92, by site or type of cancer
Primary site or type
All sites and types
Stomacb
Colon and rectum
Lung (bronchus)
Breast
Cervix
Uterus
Ovary
Urinary organs
Skin (melanoma)
Nervous system
Thyroid gland
Bone
Lymphoma
Leukaemia

Observed

Expected
28-4

35

1
2

1
20
0
0
1
0
3
1
1
2
1
2

1-0
1-5
0-6

10-7
10
1-2
2-1
0-7
1-4
20
1-6
01
1-1
0-6

Standardised
incidence ratio
1-23 (0-86 tol-71)
1-04 (003 to 5-78)
1-32 (016to 4-75)
1-61 (004 to 8-95)
1-87 (1-15 to 2-23)
0(0 to 3-70)
0(0 to 3-00)
0-47(0-01 to 2-61)
0(0 to 7-39)
2-11 (0-43 to 615)
0-51 (0-01 to 2-86)
0-62 (002 to 3-42)
151 (1-82 to 54-4)
0-91 (0-23 to 506)
3-57 (0-43 to 12-9)

1-87 (95% confidence interval 1-15 to 2-23)) and bone
cancer (15-1 (1-82 to 54-4)) were significantly raised.
Non-significant excesses were obtained for leukaemia
(3-57 (0-34 to 12-90)) andskinmelanoma(2-l 1 (0-43 to
6-15)). The combined standardised incidence ratio for
other sites, including the gastrointestinal tract,
genitals, and urinary organs, was 0-5 (0-2 to 1-0).
All cases of breast cancer were diagnosed more than
15 years after the subject was recruited. The standardised incidence ratio was 3-4 (1 -5 to 6-8) in the follow up
category 15-19 years since recruitment and 2-1 (1-1 to
4-0) in the category »20 years. The standardised
incidence ratio increased only slightly, however, with
increasing time in exposed work: those with at
least two years of exposed work had a standardised
incidence ratio of 2-0 (1 -2 to 3-2) and those with at least
10 years a ratio of 2-1 (0-9 to 3-9). All the cases of
melanoma of the skin, bone cancer, and leukaemia
were among subjects with at least two years in exposed
work.
Discussion
Significantly raised risks of breast and bone cancer
were observed among Finnish female cabin attendants.
Breast cancer is one of the cancers most readily induced
by ionising radiation. In studies of the incidence of
cancer among survivors of the atomic bomb, the
highest excess relative risk per unit exposure of all solid
tumours has been observed for breast cancer (1-6 Sv1
(95% confidence interval 1-1 Sv1 to 2-2 Sv1)).' The
number of cases of bone cancer was small; thus,
although significant, the finding may be attributable to
chance. Furthermore, the bone cancers were not
osteosarcomas—which are most commonly associated
with radiation exposure—but one chondrosarcoma
and one malignant chordoma.
Although the cohort consisted of all persons who had
ever worked as members of a cabin crew in Finland,
the size of the cohort was still so small and the age
structure so young that the numbers of cancer cases
were small and the risk estimates subject to large
random variation. Identification of personal identification numbers of the cohort and the follow up for deaths
and emigration were complete for the period of this
650

study. Cancer registration in Finland is virtually
comprehensive7 and the computerised record linkage
procedure precise." Technical incompleteness has
probably not therefore biased the results.
RADIATION EXPOSURE

The mean cumulative dose equivalent of cosmic
radiation among cabin attendants was estimated as 1520 mSv. On the basis of the estimates of the Committee
of the Biological Effects of Ionizing Radiations* this
would correspond to a relative risk of 1 -01 for breast
cancer (taking into account that the mean age at first
exposure in this cohort was 24-0 years and the mean net
duration of employment 8-3 years). The risk of breast
cancer was most apparent after at least 10 years of
work. Even in this category the cumulative radiation
dose remained far below the level estimated to be
required for the risk of breast cancer to double (0-6 Gy,
estimated from Hiroshima and Nagasaki). Cabin
crews, however, have a chronic exposure to neutrons,
whereas the epidemiological risk estimates are based
on studies of populations with acute exposure to
sparsely ionising -v and x ray radiations. At the moment
no epidemiological risk estimates of the cancer risk
associated with exposure to neutron radiation exist. In
experimental studies the relative biological effectiveness of neutrons relative to 7 radiation in inducing
tumours at low doses has been 10-100.'° In addition,
the effect of the dose rate differs from 7 radiation: small
dose rates have been as effective in inducing cancer as
high dose ones—that is, there is no effect of the dose
and dose rate effectiveness factor. Radon, another
source of external radiation from high linear energy
transfer, has an inverse dose rate effect—that is, small
repeated exposures carry a larger risk of cancer than
the same amount of exposure during a short period of
time."
Recently, a comprehensive study of the risk of
cancer due to occupational exposure to radiation
among workers in nuclear power plants was published." The risk estimates for both solid tumours and
leukaemias were compatible with those derived from
studies of survivors from the atomic bomb. A study of
the incidence of and mortality from cancer among
airline pilots found that pilots had an excess risk of
cancers of the brain and rectum." These populations
consist, however, almost exclusively of men, and they
are not relevant for assessing the risk of breast cancer
associated with occupational exposure to radiation.

Bias caused by non-occupational lifestyle factors is
possible. Cabin attendants belong to a high social class,
which in Finland has a higher than average overall
incidence of cancer among females and a lower than
average incidence among males." Breast cancer is one
of the cancers for which variation for social class is
relatively wide: in 1981-5 the incidence of breast cancer
among Finnish women of working age who came from
the highest social class was 30% higher than in the
average population." If the expected numbers of cases
of breast cancer is corrected by the standardised
incidence ratio of Finland's social class 1 (the highest
class) then the standardised incidence ratio is reduced
to 1-4 (95% confidence interval 0-9 to 2-2). In the
follow up group of 2*15 years since recruitment even
the corrected standardised incidence ratio is significant
(1-9 (1-2 to 2-9)).
Reproductive factors are the strongest known
aetiological component of breast cancer and account
for most of the occupational and social class variation in
the incidence of breast cancer in Finland." The
reproductive data for individual cabin attendants were
not available. Through the use of a database of
Statistics Finland, however, some of the reproductive
BMJ VOLUME 311
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variables for cabin attendants and for the total Finnish
female population in 1985 can be compared at group
level. The proportion of nulliparous women aged ^ 3 5
years was about 20% among cabin attendants, compared with 12% in the total female population. The
average age at first birth in these two populations was
28 in the cabin attendants and 25 years in the total
female population. The average number of children
bom to cabin attendants was in all age groups smaller
than in the total population. With nulliparous women
included in the numeratorSj cabin attendants aged
40-49 had on average 1-7 children and women in the
total population had 2-7.
Both a Finnish case-control study" and an international meta-analysis" showed that postponement of
the first birth by five years increases the relative risk of
breast cancer by 20-30% and that having three children
or more decreases the risk by one third compared with
that of women with fewer children." Age at first birth
and parity acted independently as risk factors. Cabin
attendants differ from reference populations mainly in
the average number of children. Only 28% of the cabin
attendants aged 40-49 had three or more children,
whereas the corresponding figure for the total population was about 45%.
By using age at first birth and prevalence of women
with at least three children and the estimated risk
coefficients associated with these factors, the difference in relative risk attributable to reproductive factors
between the cabin attendants and the reference
population was 23%—that is, close to the excess
attributable to belonging to social class I. Hence, even
after the differences in reproductive and other factors
related to social class are taken into account, a
pronounced excess risk of breast cancer remains,
which is significant, however, only 15 years after
recruitment.
Interaction between radiation exposure and reproductive history with regard to the risk of breast cancer
has been reported among survivors of the atomic
bomb: the joint effect of radiation and reproductive
risk factors for breast cancer acted in a multiplicative
fashion—that is, the effect of the two types of risk
factor exceeded the sum of the main effects." With
regard to our results, this would mean that for cabin
attendants, who have a raised risk owing to occupational exposure to radiation, smaller number of births,
and later age at first delivery, the risk of breast cancer
attributable to these factors would exceed that derived
from predictions if the two exposures were considered
separately. With the small magnitude of risks, the
contribution of a multiplicative term to the overall risk
is, after all, negligible.
POSSIBLE CONFOUNDERS

Other risk factors may be associated with lifestyle
that confound our results. Fat intake and alcohol
consumption have been suggested as risk factors for
breast cancer, but the empirical evidence remains
scanty.18 At the moment, we do not have data to assess
the effects of these factors. Cabin attendants may differ
from the general population with respect to alcohol
consumption or diet. We found no indication,
however, of increased incidence of types of cancer
associated with these factors—for example, cancers of
the oesophagus, larynx, and colon.
Skin melanoma is known to be associated with
repeated sunburn, and people with white skin are at
greatest risk. In Finland the fashion for a tan used to be
most popular among people from the high social classes
living in urban areas—most cabin attendants fall into
this category. Two of the three cases of skin melanoma
were diagnosed at the ages of 27 and 29, and the origin
of these cancers was probably in the youth of these
women before they started their cabin crew work.
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Key messages
• Airline cabin crews are occupationally
exposed to cosmic radiation, and their lifestyle
may also differ from that of the average population in other aspects
• The radiation dose of cabin attendants has
been estimated as 2-3 mSv a year
• Female cabin attendants had a significant
1-9-fold incidence of breast cancer and a 15-fold
incidence of bone cancer compared with the
national average
• The excess of breast cancer can be partly
explained by social class and reproductive
factors, but even when these factors are taken
into account a significant, an almost twofold risk
remains in those who have worked for 15 or
more years in their profession
• Observed risk ratios are much higher than
would be expected on the basis of present
estimates of health hazards due to radiation
(based on survivors of the atomic bomb and on
people occupationally exposed to y radiation)

Flying to the south more often than the general
population does not seem to increase cabin attendants'
risk of melanoma.
Social class is not an important risk determinant of
bone cancer or leukaemia, and furthermoie the
aetiology of these cancers is largely unknown.
Radiation and viruses are the only sufficiently
confirmed risk factors for both of these cancers, and
radiation is present in the work environment of cabin
crew. In the systematic calculation of occupationspecific cancer risks in Finland during 1971-85 cabin
attendants were included in a larger category of
stewards and stewardesses working on other forms of
transport (mainly ships, trains, and buses). Their
cancer risk could not therefore be studied separately,
but pilots had the highest risk of leukaemia of all the
occupations (standardised incidence ratio adjusted for
social class 9-8 (95% confidence interval 1-2 to 35))."
Although this observation was also based on only two
cases, it is in line with the hypothesis that all flight
personnel may have an increased risk of leukaemia.
Two of the three cases of cancer in men were
Kaposi's sarcomas, which is a rare cancer in Finland
and is associated with AIDS. The excess risk of
Kaposi's sarcoma is therefore probably not directly
related to occupational exposures.
The concentration of the excess risks among cabin
attendants in primary sites sensitive to radiation
suggests that ionising radiation during flights may add
to the cancer risk of flight personnel. Our findings,
however, are based on small numbers of cases and need
to be confirmed in other populations. On the basis of
current theoretical estimates of risk of cancer that is
induced by radiation, occupational exposure to cosmic
radiation alone is unlikely to account for the excess risk
of cancer, although the radiation exposure among
cabin attendants substantially differs from that of
survivors of the atomic bomb and of medically
irradiated persons, on whom the risk estimates are
based. Studies linking individuals' history of exposure
and exact data on confounders to subsequent risk of
cancer are required.
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Union were sent to the Chernobyl area to decontaminate
the environment, entomb the damaged reactor, construct
new housing, and perform radiation monitoring and other
tasks. Broadly referred to here as "cleanup workers," and
elsewhere as "liquidators" (1), these men typically
A cohort of 4,742 men from Estonia who had participated in remained in the Chernobyl area for several months, during
the cleanup activities in the Chernobyl area sometime between which time they would have experienced protracted expo1986 and 1991 and were followed through 1993 was analyzed sure to low doses of ionizing radiation due to the environwith respect to the incidence of cancer and mortality. Incidence mental contamination. In 1986, workers were officially
and mortality in the cleanup workers were assessed relative to allowed to accumulate up to 25 cGy before being sent home
national rates. No increases were found in all cancers (25 inci- (2), but anecdotal reports indicated that doses may have
dent cases compared to 26.5 expected) or in leukemia (no cases been higher (3). The level of cancer risk attributable to such
observed, 1.0 expected). Incidence did not differ statistically exposures is an issue of current interest in the field of radisignificantly from expectation for any individual cancer site or ation epidemiology. Furthermore, the general mortality
type, though lung cancer and non-Hodgkin's lymphoma both experience of this population is of importance to public
occurred slightly more often than expected. A total of 144 deaths
health given the large number of exposed workers.
were observed [standardized mortality ratio (SMR) = 0.98; 95%
confidence interval (CI) = 0.82-1.14] during an average of 6.5
A cohort of nearly 5,000 cleanup workers from Estonia
years of follow-up. Twenty-eight deaths (19.4%) were suicides was assembled for study. Our companion paper (4)
(SMR = 1.52; 95% CI = 1.01-2.19). Exposure to ionizing radi- addresses the aspects of the study design and results of the
ation while at Chernobyl has not caused a detectable increase in related questionnaire study in detail. The present investigathe incidence of cancer among cleanup workers from Estonia. At tion was undertaken to assess the risk of cancer and causes
least for the short follow-up period, diseases directly attributable
of death that could be related to the radiation exposures
to radiation appear to be of relatively minor importance when
compared with the substantial excess of deaths due to suicide. experienced at Chernobyl.
Rahu, M., Tekkel, M., Veidebaum, T., Pukkala, E., Hakulinen,
T., Auvinen, A., Rytomaa, T., Inskip, P. D. and Boice, J. D., Jr.
The Estonian Study of Chernobyl Cleanup Workers: II. Incidence of Cancer and Mortality. Radiat. Res. 147,653-657 (1997).

© 1997 by Radiation Research Society

MATERIALS AND METHODS
INTRODUCTION
In the aftermath of the reactor accident at the Chernobyl
nuclear power plant in April of 1986, hundreds of thousands of men from all 15 Republics of the former Soviet
'Current address: Department of Veterinary Anatomy and Public
Health, College of Veterinary Medicine, Texas A&M University, College
Station, TX 77843.
'Current address: International Epidemiology Institute, 1550 Research
Blvd., Rockville, MD 20850.

A cohort study was initiated in Estonia in 1992 to determine the mortality experience and cancer incidence among men from Estonia who
participated in the cleanup and in construction in the Chernobyl area
after the reactor accident (4). The cohort was established using data from
four independent sources of information: the General Staff of Estonian
Defense Forces, the former Estonian Chernobyl Radiation Registry, the
Estonian Chernobyl Committee and the former Ministry of Social Welfare of Estonia. The criterion for registering persons in these sources was
the possession of an official record documenting their Chernobyl service.
The cohort consisted of 4,833 men who were residents of Estonia and
had worked at least 1 day in the Chernobyl area sometime between 1986
and 1991. The vast majority (83%) entered the Chernobyl area during
1986-1987; only two men went after 1989. Thirty-six percent of the workers were between the ages of 20 and 29 years and 47% were between 30
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and 39 at first entry to the area (4). The average age at the time of arrival
at Chernobyl was 32 years.
Each cleanup worker was followed for vital status from the date of
his return to Estonia until his death, emigration or 31 December 1993,
whichever occurred first. The Address Bureau of Estonia (a central population migration and vital statistics registry) was the primary source of
information on vital status; other tracing sources were parish and town
administrations, local agencies of the Ministry of Social Welfare and
death certificates at the Statistical Office of Estonia. If a Chernobyl
worker had died, the death certificate was obtained. The underlying
cause of death for each subject was coded according to the ninth revision of the International Classification of Diseases (ICD-9) (5) by a
qualified nosologist who followed the same coding principles as the Statistical Office of Estonia.
Of the total of 4,833 cleanup workers, 42 (0.9%) could not be traced
and had to be excluded from the analysis. In addition, 49 men were
excluded because of missing year of birth. Thus mortality and cancer incidence analyses were conducted for 4,742 cleanup workers. Among them,
there were 86 persons whose month and/or year of arrival in the Chernobyl area and/or duration of service there were missing. For the purpose
of this analysis, their time of arrival at Chernobyl was assumed to be January 1,1987, and the duration was estimated to be 3 months, which was
the median time spent in the area for the study population as a whole.
All cases of cancer diagnosed between 1986 and 1993 among members of the cohort were identified through the Estonian Cancer Registry.
The cancer registry covers the whole of Estonia (6). In 1988-1992 the
diagnosis of cancer in 81 % of the cases among males was based on histological examination (7).
Calculation of person-years at risk began on the day when the
cleanup worker returned to Estonia. If he had been in the Chernobyl
area more than once, the calculation started at the date of the first return
to Estonia. The cleanup workers contributed person-years of follow-up
until death, loss to follow-up or termination of the study (31 December
1993). The expected numbers of cancers and deaths were calculated by
applying the age-specific cancer incidence and cause-of-death rates for
the male population of Estonia in 1986-1993 to the age-specific personyears at risk contributed by the members in the cohort. The observed
and expected numbers were counted by 5-year age groups and years(s)
of follow-up (<2, 22). The standardized incidence ratio (SIR) and standardized mortality ratio (SMR) were calculated by dividing the observed
numbers of cancers and deaths, respectively, by the corresponding
expected numbers. The SIRs were calculated for major cancers and cancer sites defined a priori as potentially radiation-related (leukemia, thyroid) at the ICD-9 three-digit level, and for combined sites (all cancers,
tobacco-related and alcohol-related cancers). The tobacco-related cancer
group included oral, oropharyngeal and hypopharyngeal (ICD-9 codes
140-146,148), esophageal (150), pancreatic (157), laryngeal (161), lung
(162), bladder (188) and kidney (189) cancers; the alcohol-related cancer
group included oral, oropharyngeal, hypopharyngeal and esophageal
(ICD-9 codes 141-146,148-150), liver (155) and laryngeal (161) cancers.
The SMRs were calculated for all causes combined and for nine specific
main groups of underlying causes of death. The exact 95% confidence
intervals (CI) for the SIRs and SMRs were based on treating the
observed numbers as Poisson variates.

RESULTS

The 4,742 cleanup workers in the cohort contributed
30,643 person-years of follow-up (mean length of follow-up
6.5 years) (Table I). The vast majority (92%) of the personyears occurred under the age of 45. During the follow-up
period, 25 cancers were diagnosed, and 26.5 were expected
(Table II). No statistically significantly increased SIRs were
observed for cancers of specific sites. No cases of leukemia

TABLE I
Number of Persons and Person-Years in the Follow-up
of the Cohort of Chernobyl Cleanup Workers
from Estonia from 1986-1993, by Age
Age (years)

Total number of persons0

Number of person-years

<29
30-44
45-59
2:60
Total

1,896
2,722
121
3
4,742

8,142
19,980
2,480
41
30,643

a

Age at beginning of follow-up.

were observed, but only 1 was expected. There was a nonsignificant excess of non-Hodgkin's lymphoma (SIR = 4.52;
95% CI = 0.93-13.20) based on 3 cases. The SIR was 1.37
(95% CI = 0.75-2.30) for tobacco-related cancers and 1.43
(95% CI = 0.47-3.34) for alcohol-related cancers. The SIR
for total cancer was 1.32 (8 observed cases compared to 6.05
expected) in the first 2 years since the beginning of followup and 0.83 (17 compared to 20.41) for subsequent years.
There were 144 deaths observed compared to 147.6
expected (Table III). Of the deaths observed, 34% were
caused by accidents and poisoning, 20% were due to diseases of the circulatory system, and 19% were due to suicides. There was a statistically significant excess of suicides:
The SMR was 1.52 (95% CI = 1.01-2.19). This ratio was
1.71 (95% CI = 0.78-3.24) for first 2 years of follow-up and
1.44 (95% CI = 0.87-2.25) for subsequent years. None of
the SMRs for other underlying causes of death differed
significantly from unity.
The overall SMR was 0.82 (32 observed compared to
39.10 expected deaths) during the first 2 years of follow-up
and 1.03 (112 compared to 108.48) for subsequent years.
The SMR for all nonviolent causes was 0.80 (13 compared to
16.28) and for all violent cases 0.83 (19 compared to 22.93)
during the first 2 years of follow-up. For subsequent years
the SMR was 0.81 (43 compared to 53.26) for nonviolent
causes and 1.25 (69 compared to 55.23) for violent causes.
DISCUSSION

This paper addresses the mortality experience and cancer
incidence among 4,742 Chernobyl cleanup workers from
Estonia through 1993, 7.5 years after the reactor accident.
The study population is quite young, and only 144 deaths
and 25 cancers were observed. Both mortality due to all
causes and the incidence of cancer of all types combined
occurred at rates close to the expected rates. Data are too
sparse and follow-up too short to support any strong statements about risk with respect to specific types of cancer.
However, the end point of our study was cancer incidence,
and therefore our results are much more informative compared with mortality analysis with similar length of follow-
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TABLE II
Cancer Incidence among Chernobyl Cleanup Workers from Estonia in 1986-1993, by Site or Type
ICD-9 (5)

Site or type

Number of cases observed

140-208
143-145
146,148-149
147
150
151
153-154
155
157
161
162
173
188
193
201
200,202
204-208

All sites and types
Mouth
Pharynx (excluding nasopharynx)
Nasopharynx
Esophagus
Stomach
Colon, rectum
Liver
Pancreas
Larynx
Lung
Skin (non-melanoma)
Bladder
Thyroid gland
Hodgkin's disease
Non-Hodgkin's lymphoma
Leukemia

25
1
1
1
1
2
1
1
1
1
8
1
1
0
2
3
0

up. Also, excess risk of cancers with little associated mortality such as thyroid cancer can be assessed in a more valid
fashion. No cases of leukemia or thyroid cancer were
observed. Lung cancer and smoking- and alcohol-related
cancers in the aggregate did occur more often than expected.
This was expected in view of the high prevalence of cigarette
smoking in this cohort: 69% were current smokers and 13%
were ex-smokers at the time of completion of a study questionnaire (4). These percentages are somewhat higher than
for the Estonian general male population in the same age
range (8). There was an excess of non-Hodgkin's lymphoma,
based on three cases. Radiation has not been established as
a risk factor for non-Hodgkin's lymphoma (9).
There is little information in the literature concerning
cancer incidence in other populations of cleanup workers.
Preliminary findings from a study of cleanup workers from
Belarus were reported to include a significantly low incidence of lung cancer, a significant excess of bladder cancer

Number of cases expected
26.46
0.64
0.83
0.14
0.42
3.49
1.97
0.31
0.75
1.03
4.57
1.90
0.55
0.21
1.14
0.66
1.04

SIR (95% CI)
0.94(0.61-1.39)
1.57 (0.04-8.75)
1.20 (0.03-3.69)
6.95 (0.18-38.71)
2.36(0.06-13.17)
0.57 (0.07-2.07)
0.51 (0.01-2.83)
3.24 (0.08-18.06)
1.33 (0.03-7.40)
0.97 (0.02-5.41)
1.75 (0.76-3.45)
0.53 (0.01-2.93)
1.81 (0.05-10.08)
0.00 (0.00-17.67)
1.76 (0.21-6.36)
4.52 (0.93-13.20)
0.00 (0.00-3.54)

and nonsignificant excesses of leukemia and thyroid cancer
(70). Recently published data from the Russian Federation
(11) suggest that a great deal of effort is required to carry
out a valid, large-scale epidemiological study.
Based on studies of other populations exposed to radiation, radiation-induced leukemia begins to appear about
2 years after (acute) exposure and peaks between 4 and
10 years after exposure, whereas most radiation-induced
solid tumors do not begin to appear until at least 10 years
have passed (12). Thus, while it is still too soon after the
accident to look for evidence of radiation-induced solid
cancers, it is not too early for leukemia.
.i>
Thyroid cancer presents a special case, as the thyroid
gland concentrates iodines, and much of the radioactivity
released from the damaged reactor was in the form of
radioiodines; thus thyroid exposures could have come
from internally deposited radioiodines as well as from
external sources. The thyroid gland might have received a

TABLE III
Mortality among Chernobyl Cleanup Workers from Estonia in 1986-1993, by the Underlying Cause of Death
Cause of death

Number of deaths observed

001-E999
001-139
140-239
390-459
460-519
520-579

AH causes
Infectious and parasitic diseases
Neoplasms
Circulatory diseases
Respiratory diseases
Digestive diseases
Other known nonviolent causes

144
1
15
29
3
2
6

147.59
2.55
15.85
33.95
3.40
4.54
9.24

0.98 (0.82-1.14)
0.39(0.01-2.18)
0.95 (0.53-1.56)
0.85 (0.57-1.22)
0.88 (0.18-2.58)
0.44 (0.05-1.59)
0.65 (0.24-1.41)

E800-E949, E990-E999
E95O-E959
E960-E969
E980-E989

Accidents and poisoning
Suicide
Homicide
Other violence

49
28
8
3

47.44
18.42
10.02
2.17

1.03 (0.76-1.36)
1.52 (1.01-2.19)
0.80 (0.34-1.57)
1.39 (0.29-4.04)

ICD-9 (5)

Number of deaths expected

SMR (95% CI)
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larger dose than other internal organs. A study that examined the thyroid of nearly 2,000 of these workers from
Estonia was conducted in the spring of 1995 (13). Examinations included palpation, ultrasound and, as indicated, fineneedle biopsy. Ultrasound imaging can detect small, subclinical tumors, of the order of several millimeters. Two
thyroid cancers and three benign thyroid tumors were discovered, but the occurrence of nodular thyroid disease did
not appear to be related to different indicators of radiation
exposure at Chernobyl (13).
Although radiation doses to individual workers are not
known with confidence, current indicators suggest that the
mean dose was small. Information about dose was abstracted
from worker records, and the mean was 11 cGy (4). These
data were, ostensibly, based on personal dosimeters or other
measurements. However, they are of uncertain accuracy, as
it is not clear that dosimeters always were worn by workers,
or that correct readings were recorded. For instance, concern has been expressed about possible truncation of doses
at maximum permissible levels. However, we found little
evidence for this. Independent information about exposure
was sought through use of two assays of biological indicators of exposure, namely fluorescence in situ hybridization
for analysis of translations (14,15) and the glycophorin A
somatic cell mutation assay (16,17). In the analyses conducted to date, at an individual level these biomarkers have
shown poor correlations with documented radiation dose,
but do not indicate a higher mean dose (75,18-20, L. G.
Littlefield et al., manuscript in preparation). These results
leave open the possibility that a small subset of workers
received substantially higher doses. If the mean dose truly
was only of the order of 11 cGy, few radiation-induced cancers would be expected in a population of this size, particularly for individuals exposed as adults.
Great reliance was placed on centralized, national
databases for population follow-up and ascertainment of
outcome. Any failures in linking the study population with
these sources of information could have introduced error.
For example, inaccuracies in the spelling of names or other
personal identifiers could have caused cancer cases or
deaths to be missed. However, considerable effort was
directed to obtaining accurate identifying information
about members of the cohort. Similar problems could have
undermined manual linkage procedures at the Address
Bureau of Estonia, with the result that some cleanup workers might have emigrated from Estonia, but records might
still show them as living in Estonia. Again, however, multiple sources of follow-up information were used to minimize
this potential bias. Substantial under-reporting of cancer
cases to the Estonian Cancer Registry seems unlikely, given
the close contacts between the Registry and reporting institutions. The Registry was formed in 1978, and the completeness of cancer registration is believed to be 95-98%
(21). Results of the mortality analysis supported the findings on incidence insofar as total cancer mortality also
occurred at close to the expected rate.

The most striking finding from this study was the high
rate of suicide. An excess occurrence of suicide is consistent
with the view that psychological and emotional distress is
among the leading health effects of the Chernobyl accident
to date (22-26). Potentially stressful circumstances faced by
these cleanup workers included the sudden, forced recruitment for duty, work under loosely organized surroundings
in a contaminated environment, perhaps with inadequate
attention to safety, uncertainty about the radiation dose
received, and poor communication from authorities concerning the magnitude of future health risks due to the radiation exposures. The cleanup workers felt there was insufficient attention given to informing them about the possible
sequelae, which caused considerable anxiety among them.
Notwithstanding the excess of suicide, mortality due to
all causes occurred at slightly less than the rate expected
based on general population comparisons. The excess of
suicide was offset by a 20% deficit of deaths due to all nonviolent cases combined. Men with debilitating conditions
might have not been sent to Chernobyl. Also, although the
majority of cleanup workers were leading civilian lives at
the time they were summoned for duty, the majority were
military reservists and perhaps were more healthy than the
citizenry as a whole (27,28).
At this still-early stage after the reactor accident,
results for a population of cleanup workers from Estonia
do not point to an excess of cancer due to exposure to
radiation. Biological indicators of radiation exposure,
while correlating poorly with dose from worker records,
do not indicate that mean dose was appreciably higher
than the mean documented dose of 11 cGy (13,18, 20,
L. G. Littlefield et al., manuscript in preparation). If the
population mean dose truly was less than 20 cGy, it would
be difficult to detect a radiation effect in a population of
this size. In an expanded study, and after additional time
has passed, subgroups with potential for higher exposure
could be examined in greater detail.
To this point, the primary adverse effects associated
with cleanup duty do not appear to be related directly to
radiation exposure. However, these observations point to
possible needs for intervention to improve the health of
this population.
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ABSTRACT

Incidence of cancer was studied in a cohort of 11,716 Finnish nuclear reactor workers, with the
mean length of follow-up of eight years. The cohort included all nuclear reactor workers with
potential for occupational exposure to ionizing radiation, including contract workers and
monitored workers with zero exposure. Exposure records based on personal thermoluminescence
dosimeters read monthly were obtained from the Finnish Centre for Radiation and Nuclear
Safety. The person-year weighted mean cumulative dose was 4.2 millisievert, mSv. Follow-up
for death or emigration was conducted through the Finnish Population Registry. The subjects
were followed up for cancer incidence through the Finnish Cancer Registry, using computerized
record linkage. Causes of death were obtained from Statistics Finland.
A questionnaire survey was conducted among current workers to assess possible confounding
due to smoking and use of alcohol. No clear differences in smoking habits or alcohol
consumption were observed between subjects with high and low exposures, or between
employees of the nuclear power companies and contract workers.
There was a total of 108 cancers observed versus 109.4 expected on the basis of national
incidence rates in the whole cohort (standardized incidence ratio, SIR 0.99, 95% confidence
interval, CI 0.82-1.19). No statistically significant excess was observed in any of the eight
cancer types studied. There was no trend in cancer incidence by dose category (p,,^ 0.66).
A healthy worker effect on mortality was observed for the first five years of follow-up (SMR
0.78 for overall mortality). Thereafter, mortality from all causes and major diseases was
comparable to the general population. No clear differences in mortality by radiation dose were
observed for any causes of death.
No increased risk of cancer was observed among Finnish nuclear reactor workers. Due to the
small size of the cohort, our study did not have adequate statistical power to give precise risk
estimates per unit exposure. More precise estimates will be available from an international
collaborative study of nuclear industry workers, including our cohort. Due to differences in lifestyle, use of internal comparison seems preferable to general population. There was no
indication of major confounding due to lifestyle factors by cumulative dose within the cohort.
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Radiation effects - Nuclear reactors - Occupational exposure -

ESTTRODUCnON
Ionizing radiation is one of the best known causes of cancer. However, there remains a
considerable amount of uncertainty about the magnitude of effect at low dose levels (1). Most
of the epidemiologic studies are based on populations exposed to high doses. Nuclear reactor
workers provide an opportunity to study the effects of repeated exposures of small radiation
doses. Their radiation exposures are monitored using personal dosimeters with reasonable
accuracy. Worldwide, the number of nuclear industry workers exceeds one million and the
earliest workers have started in the 1950s (2). Therefore, studies of nuclear reactor workers have
the potential to provide direct estimates of low doses of radiation.
We report here the results of a cohort study, conducted as part of the international
collaborative study coordinated by the International Agency for Research on Cancer (3). Our
study was aimed at assessing potential confounding from lifestyle factors across worker
subpopulations with different exposure levels and estimating cancer incidence among Finnish
nuclear reactor workers.

MATERIAL AND METHODS

Subjects
All persons with potential occupational exposure to radiation are registered at the National
Registry of Occupational Radiation Exposure, established in the 1960s. Among nuclear reactor
workers all persons with access to the reactor area are included in the register. In this cohort
study, all subjects who had been monitored for at least six months were included.
There are two nuclear power plants in Finland, both with two reactors. One is located in
Loviisa on the southern coast and owned by half by state, half by private owners. It has two
pressurized water reactors with a net power of 445 MW each. The first reactor was started in
1977 and the second one in 1980. The other nuclear power plant in Olkiluoto is on the western
coast and owned by a private company. It has two boiling water reactors with net power of 710
MW each. The first reactor was started in 1978 and the second one in 1980. Both the power
companies use their own dosimetry service and report the results to the National Registry of
Occupational Radiation Exposure.
There is also a 250 kW research reactor (FIR-1) run by the State Technical Research Center
since 1962, which is used primarily for production of radioisotopes. The number of radiation
workers at the research reactor is small (n=201). In addition, a proportion of the subjects were
employed in Sweden (approximately 1,100).
The subjects were classified according to employment category as employees of the power
companies, contract workers and other (including those with both types of employment as well
as those employed abroad or at the research reactor).
Dosimetry

The most important isotope contributing to the dose was cobalt-60, followed by mangane-54
and iron-55. The radiation exposure was predominantly (more than 90%) mid-energy photons
(100 keV to 3 MeV). Photons with lower energies account for less than 10% of the dose and
photons with higher energies for 1% or less. Because of technical features, neutron exposure to
workers is very rare at the Finnish nuclear reactors (approximately 0.1% of the collective dose).
The dosimeter used since the start of the reactors has been a multielement thermoluminescent
dosimeter (TLD) with two lithium fluoride and two lithium borate detectors with aluminum and
lead-tin filters. The dosimeters are generally worn on the chest or waist. They are read monthly

with a recording threshold of 0.1 mSv and corrected for natural background radiation.
Calibration is performed in air with a cobalt-60 source. An albedo dosimeter was used if there
was potential for neutron exposure (e.g., work in fuel handling, work in the primary circuit
pump room). This occurred only for 1-5 workers per month. Internal contamination was
assessed annually using whole body counting measurements for persons judged to be most prone
to this kind of exposure. The annual number of subjects with detectable contamination is small
(e.g., 12 in 1996) and the doses are small (less than 0.1% of the collective dose).
Also, on-line monitoring with electronic dosimeters during work was performed in case the
TLD dosimeter would be lost or malfunctioning. Less than 0.5% of the TLD readings were not
available, because of malfunction or loss. They were covered from the backup readings of
electronic dosimeters.
Linkage and follow-up

Dates of death and emigration were obtained from the Finnish Population Registry using
computerized record-linkage based on the unique personal identification number issued since
1967 for every person resident in Finland.
Follow-up for cancer was performed through a computerized record-linkage with the Finnish
Cancer Registry using the unique personal identification number. The Finnish Cancer Registry
is a nationwide, population-based registry established in 1952 and its coverage is at least 99%
for solid cancers (4). The start of follow-up for both mortality and cancer incidence from the
date of first employment. The follow-up ended at emigration, death, or on 31 December 1994,
whichever occurred first. A total of 119 subjects had emigrated during the follow-up and their
follow-up ended at emigration. For others, the follow-up was complete.
Information on causes of death and education was obtained from Statistics Finland. The cause
of death was coded using the 8th and 9th revision of the International Classification of Diseases.
Educational attainment was classified on the basis of years of education as lower (eleven years
or less) or higher (twelve or more years).

Statistical methods

For calculation of the standardized mortality ratios (SMRs) and standardized incidence ratios
(SIRs), the expected number was obtained by multiplying the number of person years with the

mortality or incidence rate in the relevant age, sex and period-stratum of the general population.
The confidence intervals for SIRs and SMRs were calculated assuming that the observed
numbers followed a Poisson distribution.
Radiation exposure was classified as cumulative doses of 0,0.1-9.9,10.0-19.9 and >20 mSv.
The radiation exposures were lagged by ten years for the cancer incidence analyses, except by
two years for the analyses of mortality and leukemia incidence. The mean length of follow-up
eight years.
Poisson regression analysis was performed to control for potential confounding and to obtain
risk estimates per unit exposure. In the regression model, a common intercept and a linear
function of dose on SIR and SMR was assumed across the five dose categories. The dose
assigned for the highest exposure category was the person-year weighted mean within that class
(22 mSv) and the midpoint for other classes. Adjustment for education and type of employment
was performed by including them in the regression model as covariates.

Questionnaire survey
In the spring of 1996, a questionnaire regarding smoking and alcohol consumption was
administered by the occupational health and radiation protection departments to currently
employed nuclear reactor workers at both sites. The subjects were chosen to represent a high
dose group (n=80) with 5 mSv or more during the last three years and other workers (n=160)
as a random sample of workers with lower doses. Also, during a revision when there were a
large number of contract workers at one of the plants, a convenience sample of them was asked
to fill in a similar questionnaire (n=103).
Nine persons in the high dose group (11%) and nine among low dose workers (5%) were not
found, because they had left the workforce either permanently or for a long period of time.
Among the eligible participants, the response rate was 83% (59/71) among high dose persons
and 80% (121/151) among other workers. The response rate could not be calculated for the
contract workers, because the number of eligible persons was unknown. Valid information
regarding smoking was available for all participants except one and information on alcohol
consumption for all except seven subjects.
The prevalence of smoking and alcohol consumption as well as years of education were
standardized to the age structure of the nuclear reactor cohort using ten-year age groups. Similar
weights were used for calculating reference rates from the national survey (5).

RESULTS

Questionnaire survey
The mean age for low dose workers was 40 years and for high dose workers 42 years.
Employees were older than contract workers (mean ages 44 and 35 years).
Of all nuclear power plant workers in the sample, 43% were never-smokers and 23% current
smokers (Table 1). The reported mean alcohol consumption was 4.8 drinks per week (median
4.0).
No major differences in age-adjusted prevalence of cigarette smoking were observed by
occupational radiation dose (never-smokers 42% among low dose workers and 45% among
those with high doses; current smokers 24% and 17%, respectively) (Table 1). Smoking was
slightly more common among contract workers than employees (never-smokers 47% among
employees and 46% among contract workers; current smokers 19% and 30%, respectively).
Similarly, the differences in age-adjusted weekly mean alcohol consumption were small
between high and low dose workers (4.9 drinks per week among low dose workers and 4.7
among high dose workers) and between employment groups (4.8 drinks per week among
employees and 5.1 among contract workers). Moderate alcohol consumption was more common
among the high dose workers (Table 1).
Cancer incidence
The workforce was predominantly male contract workers with low doses (Table 2). The
person-year weighted mean dose was 4.2 mSv. Compared to the general population, the nuclear
reactor workers were slightly less educated (60% versus 56% with 11 or less and 12% versus
16% with at least 13 years of education).
There was a total of 108 cancer cases diagnosed versus 109.4 expected, corresponding to an
overall standardized incidence ratio of 0.99 (95% Cl 0.82-1.19) (Table 2). There was no
statistically significant excess of any of the eight primary sites of cancer studied (Table 3).
There was some tendency toward a higher cancer incidence among contract workers than
employees, but the difference was not statistically significant (Table 2). No clear differences
were observed by educational level.
No clear trend was evident in overall cancer risk by dose category (?,„,& 0.66) (Table 4). For
all cancer, an excess relative risk estimate of 10% per 10 mSv (95% CI -43%, +112%) was

obtained. Adjustment for education and type of employment did not change the estimate (8%
per 10 mSv, 95% CI -45% to +110% after adjustment for both education and type of
employment).

Mortality
There was a total of 331 deaths observed during follow-up. Mortality was below the national
rates in the first five years of follow-up (SMR=0.78, 95% CI 0.64-0.93) indicating a healthy
worker effect (Table 5). In further follow-up, the overall mortality was at the same level as for
the general population. A similar pattern was also observed for cancer mortality. During followup after five-years, there were 38 cancer deaths versus 32.5 expected (SMR=1.17, 95% CI
0.83-1.56). After the five initial years, mortality from cardiovascular, pulmonary and alcoholrelated diseases was slightly, although not statistically significantly below the national rates.
No clear trend across exposure categories was observed in overall mortality or any of the
disease groups (Table 6). The excess relative risk estimate for cancer death per 10 mSv was
close to unity with wide confidence limits (-12%, 95% CI -54%, +67%).

DISCUSSION
The largest studies of nuclear industry workers so far have been the analysis of three UK
nuclear facilities and the combined analysis of three US cohorts. The UK study had
approximately 75,000 subjects with a mean cumulative dose of 57 mSv and 1,800 deaths from
cancer (6). The combined US study included almost 44,000 workers, whose mean cumulative
dose was 27 mSv, and 2,000 cancer deaths (7). Neither of them showed an excess risk of all
cancers from radiation exposure. For leukemia, the UK study gave a statistically significant dose
response, whereas the point estimate from the US analysis was negative. A pooled analysis of
the US, Canada and UK cohorts had more than 95,000 subjects, a mean cumulative dose of 40
mSv and 4,000 observed cancer deaths (8). The excess relative risk estimate was 22 per Sv
(95% CI 0.1-5.7), consistent with that observed among male atomic bomb survivors exposed at
adult age (9).
In our study, no association between occupational radiation exposure and overall cancer
incidence nor mortality was observed. We estimated the excess relative risk per unit exposure,
but the confidence intervals were too wide for meaningful comparison with other results. The
data was also too sparse for estimation of cancer risk at individual sites.
The risk estimate adjusted for education and type of employment was almost identical to
unadjusted estimate indicating lack of confounding. There was negative confounding by
socioeconomic status in the international combined analysis (8). The extent of confounding
depends on the association between exposure and the confounding factor. It is possible that there
are less differences in the socioeconomic status of workers across exposure levels than in some
other studies. It is also possible that there is some residual confounding as we used a
dichotomous indicator for education.
A pronounced healthy worker effect in mortality during the first five years of employment
was observed, but after that the overall mortality did not differ from the general population.
After five years, the mortality from respiratory, cardiovascular and alcohol-related disease was
slightly, but not statistically significantly below the national rates. These results suggest less
health-related selection among the Finnish nuclear reactor workers than has been reported from
the United Kingdom (10). This may be due to differences in distribution of the workforce in
terms of socioeconomic status and geographical region between the two cohorts. In the UK
study, there was a larger proportion of workers from the higher social classes than among the
general population and the plants were located in the areas of the country with death rates below
average.

In the general male population, the age-standardized prevalence of nonsmokers in 1995 was
and of current regular smokers 35% (5). The age-adjusted mean alcohol consumption
among males in the survey was 10.0 drinks per week. According to our results, nearly half of
the nuclear reactor workers were never-smokers and had a mean alcohol consumption of five
drinks per week. This suggests that they follow a healthy lifestyle and slightly lower overall
cancer incidence might be expected. It is, however,

also possible that there is more

underreporting in our occupational survey than in the random sample of the general population.
This could be due to differences in the survey approach (our survey was not anonymous unlike
the population survey), or in the formulation of questions (we assessed average consumption,
whereas the population survey concentrated on the previous week), or the issue being more
sensitive as a security concern in the nuclear industry. Also, the population survey was
representative of the whole population, not just those employed, which may bias the results if
there are differences in life-style by employment status. However, the survey was based on
current workers and cannot necessarily be extrapolated to previous periods, on which our results
are based. No information on the past alcohol consumption or lifestyle among ex-workers was
available in our survey. The mean number of years of education was slightly lower among
nuclear reactor workers compared to the general population.
Our results suggest that results based on internal comparisons are probably preferable to use
of external reference rates, because nuclear industry workers lead a healthy lifestyle and their
mortality from several diseases appears slightly lower than that of the general population. The
difference between nuclear reactor workers and the general population was smaller for cancer
incidence than for mortality, mainly reflecting the differences in the lag period.
Radiation exposure among nuclear industry workers is correlated with the task, type of
employment and education. Therefore, there may be lifestyle differences between workers with
different levels of radiation exposure, which could lead to differences in risk factor distribution
between exposure levels and confound the results regarding the cancer risk from occupational
exposure to ionizing radiation. For cancer in general, smoking and alcohol are the most
important risk factors and hence potential confounders. We conducted a survey of smoking and
alcohol consumption among current workers, and assessed mortality differences between
occupational groups defined by employment status and exposure history.
Within the nuclear workers' cohort, there was little indication of differences in life-style or
mortality from other diseases between those with high and low doses nor between employees
and contract workers. Similar results have been obtained in previous studies (11, 12). This
suggests that there should be no substantial confounding of radiation risk estimates by these
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factors. However, confounding should be assessed on a study by study basis and the results may
not be applicable to other studies.
This study is part of an international collaborative study of 14 countries with a total of
approximately 500,000 workers coordinated by the International Agency for Research on Cancer
(3). Alone, it does not the statistical power to provide cancer risk estimates from low doses of
radiation, but is well motivated as part of a large collaborative study and as evaluation of
confounding on the risk estimates.
Our results indicate that there is no increase in cancer incidence among Finnish nuclear
reactor workers, although the power of our study to exclude modest increases was limited.
Internal comparisons among nuclear reactor workers may be more valid than comparison to
general population, because the differences in life-style are probably smaller between high and
low dose workers or employees and contract workers compared to the differences between the
nuclear reactor workers' cohort and general population. No major differences in risk factor
distribution between nuclear reactor workers with different exposure histories was observed,
which supports the validity of risk estimates obtained from studies of nuclear industry workers.
There was no indication of confounding by education or type of employment.
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TABLE 1. Age-adjusted prevalence (%) of cigarette smoking (pack-years) and alcohol consumption
(drinks per week) by exposure category and type of employment among Finnish nuclear plant workers.
Dose

Type of employment

Total

Low

High

Employees

Contract workers

0

46

48

50

48

47

1-10

24

21

20

18

23

>10

31

31

31

33

31

Low

High

Employees

Contract workers

Total

0

54

62

54

53

57

1-4

30

17

26

30

25

5+

17

21

18

18

18

Pack-years

Weekly alcohol
consumption

TABLE 2. Number of subjects and person-years by lagging period, standardized incidence ratio (SIR)
for cancer with 95% confidence interval and standardized mortality ratio (SMR) with 95%
confidence interval by sex, age, type of employment and education.
Subjects

Person-years

SIR1 (95% CI)

SMR2 (95% CI)

11,079

90,845

0.97 (0.80-1.18)

0.93 (0.80-1.06)

637

3,987

1.21 (0.58-2.53)

2.38 (0.65-6.09)

15-29 years

6,071

27,749

1.03 (0.51-2.05)

0.58 (0.31-1.07)

30-44 years

4,493

48,260

0.81 (0.56-1.18)

1.00 (0.81-1.24)

45-59 years

1,125

17,081

0.95 (0.71-1.27)

0.82 (0.65-1.04)

27

1,742

1.35 (0.92-1.96)

1.30 (0.95-1.78)

Males
Females

60+ years
Employees

1,040

9,953

0.75 (0.39-1.44)

0.83 (0.52-1.33)

Contract workers

9,604

75,941

1.02 (0.83-1.25)

0.98 (0.84-1.14)

Others

1,072

8,938

0.99 (0.51-1.90)

0.73 (0.45-1.20)

Lower education

4,498

36,790

1.01 (0.73-1.40)

0.91 (0.72-1.15)

Higher education

4,129

32,874

0.96 (0.65-1.42)

0.52 (0.36-0.75)

Unknown

3,089

25,168

0.98 (0.74-1.31)

1.22 (1.01-1.48)

11,716

94,832

0.99 (0.82-1.19)

0.94 (0.82-1.08)

Total

'Ten-year lag. 2Two-year lag.

TABLE 3. Observed and expected cancer cases with standardized
incidence ratio (SIR) and 95% confidence interval (Cf) by primary site.
Primary site

Observed

Expected

Stomach

6

6.8

0.88 (0.40-1.96)

Colon

7

5.6

1.25 (0.60-2.62)

Lung

20

17.2

1.16 (0.75-1.80)

Breast

1

2.3

0.43 (0.06-2.89)

Thyroid

SIR (95% CI)

2

2.4

0.85 (0.21-3.40)

1

Leukemia

3

3.8

0.80 (0.26-2.46)

Non-CLL

2

2.3

0.88 (0.22-3.50)

Myeloma

1

1.2

0.81 (0.11-5.75)

Total

108

109.4

'Using 2-year lag.

0.99 (0.82-1.19)

TABLE 4. Analysis of cancer incidence among Finnish nuclear power plant workers by cumulative radiation dose (mSv) (10-year lag).
Cumulative radiation dose (mSv)
0
Number1

0.1-9.9

10-19.9

20+

11,716

3,588

349

114

84,394

9,686

537

214

Observed

88

18

1

1

Expected

88.4

19.4

1.2

0.5

Person-years

2

SIR

1.00 (0.80-1.22)

0.93 (0.55-1.46)

0.83 (0.02-4.61)

2.20 (0.06-12.3)

Crude RR

1.00 (reference)

0.98 (0.58-1.60)

0.87 (0.12-6.20)

2.27 (0.32-16.3)

Adjusted RR

1.00 (reference)

0.96 (0.58-1.60)

0.85 (0.12-6.14)

2.28 (0.31-16.5)

'Number of persons contributing person-years to the stratum (i.e. a person in the strata with high dose is also included
in the strata with lower doses, except those within the first ten years of employment),
^en-year lag.

TABLE 5. Observed and expected numbers of death with SMRs and 95% confidence intervals
by cause of death and follow-up period.
Cause of death

Cancer
Cardiovascular
Respiratory
Alcohol-related

Total

Follow-up period
0-4 years

5+ years

Total

9/18.3

37/31.8

46/50.1

0.49 (0.22-0.93)

1.16 (0.82-1.60)

0.91(0.68-1.21)

21/37.1

57/62.5

78/99.6

0.57 (0.35-0.86)

0.91 (0.69-1.18)

0.78(0.62-0.97)

2/3.4

5/6.2

7/9.6

0.59 (0.07-2.14)

0.81 (0.26-1.88)

0.73(0.29-1.50)

7/13.3

19/20.7

26/34.0

0.53 (0.21-1.08)

0.92 (0.55-1.43)

0.76(0.50-1.12)

118/141.6

211/196.0

329/337.6

0.83 (0.69-0.99)

1.08 (0.94-1.22)

0.97(0.87-1.08)

TABLE 6. Mortality by cumulative radiation dose (mSv) and cause of death (two-year lag).
Cause of death

Cumulative radiation dose (mSv)
0

0.1-9.9

10.0-19.9

20+

Total

-1

0.92(0.69-1.23) 0.44

c

trend

Cancer

0.85(0.51-1.41) 0.99(0.68-1.43) 1.16(0.-1.)

Cardiovascular

0.90(0.63-1.28) 0.69(0.50-0.94) 0.96(0.40-2.30) 0.97(0.31-3.02) 0.78 (0.63-.098) 0.91

Respiratory

0.30(0.05-1.94) 0.73(0.27-1.93) 2.08(0.31-14.2) 3.23(0.51-20.6) 0.73(0.35-1.53) 0.10

Alcohol-related

0.60(0.29-1.25) 0.93(0.59-1.48) 0.54(0.08-3.72) - 2

All causes

1.05(0.88-1.25) 0.96(0.82-1.11) 0.95(0.58-1.55) 0.66(0.32-1.38) 0.98(0.88-1.09) 0.19

*No cases observed, 1.6 expected. 2No cases observed, 1.2 expected.

0.77(0.52-1.12) 0.47

TABLE extra Observed and expected cancer cases by primary site and cumulative radiation dose (mSv).
Primary site

Dose
0

0.1-9.9

10.0-19.9

20.0+

TOTAL

SIR (95% Cl)

Stomach

3/5.4

3/1.2

0/0.1

0/0.0

6/6.8

0.88 (0.32-1.91)

Colon

7/4.4

0/1.0

0/0.1

0/0.0

7/5.6

1.25 (0.50-2.57)

Rectum

4/2.9

0/0.7

0/0.0

0/0.0

4/3.8

1.06 (0.29-2.71)

Lung

16/13.1

4/3.5

0/0.2

0/0.1

20/17.2

1.16 (0.71-1.79)

Breast

1/2.32

0.43 (0.01-2.40)

Thyroid

2/2.35

0.85 (0.10-3.07)

Leukemia

1/1.4

1/2.0

1/0.1

0/0.1

3/3.77

0.80 (0.16-2.32)

Non-CLL

1/1.2

1/1.9

-/0.1

-/0.1

2/2.28

0.88 (0.-)

1/1.23

0.81 (0.02-4.53)

Myeloma
Total

88/88.4

18/19.4

1/1.2

1/0.5

108/109.4
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