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ABSTRACT 

The main aim of the present study was to establish whether high radon concentrations in 
dwellings in Finland had increased the risk of lung cancer. Previous studies had shown an 
association between the a-active radon daughters and elevated lung cancer risk among 
miners. Convincing evidence of the risk among the general population exposed to radon 
indoors was, however, lacking. 

A descriptive analysis was first conducted in an area in southern Finland with high indoor 
radon exposure. In 18 rural municipalities this analysis yielded no significant correlation 
between the average radon exposure and incidence of male lung cancer. 

A case-control study within a cohort of the same rural population was then designed. The 
data included 238 male cases of lung cancer diagnosed in 1980-85 and 434 controls (390 
smokers and 44 non smokers) from the male population. Radon exposure was measured, 
when possible, in all the dwellings occupied by a case or control in 1950-1975. 
Measurements were available for the total 25-ycar period, or for a proportion of it, for 164 
cases and 334 controls, for the rest only estimates were available. 

In spite of the fact that the controls were mainly selected among smokers, the amount 
smoked still appeared to be the most important lung cancer risk factor in the data, »he risk 
increasing linearly with the quantity of cigarettes smoked in a lifetime. The risk of lung 
cancer was not associated with the radon exposure level when the whole data were studied. 
In heavy smokers, however, a positive though not significant, effect on the risk from radon 
exposure was found. 

In the range of uncertainty the findings do not conflict with most of those observed among 
miners or the general population so far. 
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TIIVISTELMÄ 

Tutkimuksen päätarkoituksena oli selvittää, ovatko asuntoilmasta saadut suurci 
radonaltistukset lisänneet suomalaisten kcuhkosyöpävaaraa. Aikaisemmat tutkimukset 
olivat osoittaneet radonin a-aktiivisten hajoamistuotteiden liittyneen kohonneeseen 
kcuhkosyöpävaaraan kaivosmichillä. Sen sijaan vakuuttava näyttö puuttui huoneilman 
radonille altistuneen väestön riskistä. 

Etelä-Suomessa alueella, jossa huoneilman radonpitoisuudet ovat keskimäärin suuria, 
tehtiin ensin korrclaatiotutkimus, jonka mukaan keskimääräinen radonaltistus ja miesten 
kcuhkosyöpäilmaantuvuus 18 maalaiskunnassa eivätkorrcloincctmcrkitsevästi keskenään. 

Samassa maalaisväcstössä totcutcttiir. kohortinsisäincn tapaus-vcrrokkitutk:mus. Aineis'o 
käsitti 238 keuhkosyöpään vuosina 1980-1985 sairastunutta miestä ja 434 alueen 
micsvästöstä valittua verrokkia, joista 390 oli tupakoivia ja 44 tupakoimattomia. 
Radonaltistus mitattiin mahdollisuuksien mukaan kaikista asunnoista, joissa tapaus tai 
verrokki oli asunut vuosina 1950-1975. 164 tapauksen ja 334 vcrTokin radonaltistus saatiin 
mitatuksi joko koko 25 vuoden ajalta tai osalta sitä. 

Huolimalla siitä että verrokeiksi valittiin suurimmaksi osaksi tupakoivia, tupakoinnin 
määrä oli aineistossa keuhkosyövän tärkein riskitekijä, ja riski kasvoi suorassa suhteessa 
elinikänä poltettujen savukkeiden määrään. Koko aineistossa luikittuna kcuhkosyöpäriski 
ci riippunut radonaltistuksen tasosta, mutta runsaasti tupakoivilla radon näytti lisäävän 
riskiä, tosin ei tilastollisesti merkitsevästi. 

Epävarmuusvälin huomioon ottaen tutkimustulos ci ole ristiriidassa useimpien 
tähänastisten kaivosmichistä eikä muusta väestöstä tehtyjen havaintojen kanssa. 
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1 INTRODUCTION 

1.1 History of the study hypothesis 

The association between radon exposure and lung cancer was first noted among 
underground miners. As early as the 15th century, cari :cr of the lung occurred widely in a 
group of miners in Central Europe (Harting and Hesse 1879). Later, the risk factor was 
found to be radon gas, particularly its a-active daughter nuclides. The relationship between 
radon exposure and an increased risk of lung cancer among miners has been confirmed in 
a number of epidemiological studies (Archer ct al. 1973, Scvc et al. 1976, Muller et al. 
1985). 

Increased radon exposure in inuoor air aroused general concern in the early 1980s, when 
measurements made in dwellings in the Nordic countries (Castron ctal. 1984, Swedjemark 
and Mjöncs 1984, Strandcn 1986a) and elsewhere (George et al. 1984, Lctourneau el al. 
1984, Wrixon ctal. 1984, Nero ctal. 19S5) revealed high concentrations. The main source 
proved to be soil gas radon; other, less important, sources were tap water and building 
materials. The indoor concentrations varied greatly from one area to another. In Finland 
the highest radon levels were found in houses in a zone in the southern part of the country 
(Castren ctal. 1984). 

Using the knowledge obtained from studies of miners, the Finnish Centre for Radiation and 
Nuclear Safety has estimated that indoor radon exposure may be responsible for 200-600 
cases of lung cancer a year (10-30%) in Finland (STUK 1986). To reduce exposure in 
Finland, the Centre has recommended that the indoor radon concentration should not exceed 
200 Bq/m3' in new houses being built and 800 Bq/m3 in old ones. The concentrations are 
far above these limits in many houses. 

There is no convincing evidence available on the lung cancer risks incurred by smokers and 
nonsmokcrs as a result of indoor radon exposure. The risk estimates derived from studies 
of underground miners may not be applicable to domestic environments. Also, direct 
epidemiological studies of the general population arc still few, and have yielded conflicting 
results: some studies (Edling ct al. 1984, Strandcn 1986b, Svensson et al. 1987) suggest an 
increased risk from indoor radon, while some others (Casirdn ct al. 1985, Dambcr and 
Larsson 1987a, Lees ct al. 1987, Blot ct al. 1990) do not. 

The feasibility of conducting an epidemiological study in Finland seemed good. First, there 
was a well-defined area with highly elevated radon levels in southern Finland, where, if 

1 Hq/in is bccqucrcls (= disingraliuns per second) per cubic mclrc of air. 
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anywhere, any increase in the risk of lung cancer should have been observed. Secondly, 
the data of the nationwide population-based Finnish Cancer Registry were available, and 
it was possible to use the Finnish Ccnirc for Radiation and Nuclear Safety's sophisticated 
system for measuring indoor radon concentration. 
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2 REVIEW OF THE LITERATURE 

2.1 Lung cancer 

2.1.1 Variation in incidence 

Lung cancer is nowadays the most frequent form of cancer in most developed countries. 
However, up to the beginning cf the 20th century it was a relatively rare disease. Since 
then, recorded mortality has increased substantially. In the United Kingdom, for instance, 
the age-standardized male death rate increased in 60 years from 2 to 100 per 100,000 
person-years (Doll and Peto 1976). The increase was only partly explained by 
improvements in diagnostics, changes in age structure of the population and reduction in 
mortality from competing causes of death. Lung cancer incidence has undergone such a 
change that researchers speak of an epidemic. 

Lung cancer rates also vary geographically. The peak incidence rates, exceeding 100 per 
10s, were first reported among the male population in the United Kingdom, the United 
States (blacks) and Finland, but the rates in other developed countries do not lag far behind 
(Muir ct al. 1987). However, incidence rates are relatively low, i.e. below 25 per 105, in 
China, India and in many countries in Africa and Latin America, but even there lung cancer 
is one of the most common cancers among males (Fraumcni and Blot 1982, Muir ct al. 
1987). Because the occurrence of lung cancer is undoubtedly under-reported in many 
counirics, rates arc not always comparable. 

The rise in mortality attributed to lung cancer began some 30 years later for women than 
for men (Doll 1982). For women the rates arc still increasing in most countries, while for 
men the increase has already levelled off or the rate has even decreased in recent decades 
in a few developed countries (Smith and Troop 1983), e.g. in Finland (Fig. 1), Up to now 
the reported incidence rales among females used to be below 25 per 105, the male-female 
ratio ranging from four to six (Fraumcni and Blot 1982). In Finland, the lung cancer rale 
among females is even lower than that in many other western countries (Fig, 1), the 
malc-fcmalc ratio being about ten in 1983 (Finnish Cancer Registry 1989). 

Regional variation in lung cancer incidence within Finland is also different for the two 
sexes. The incidence for males is highest in the northern and northeastern, less developed 
rural parts of the country. The incidence of lung cancer among females is higher in urban 
areas. The only exception is rural Lapland, where lung cancer is relatively common among 
women (Pukkala et al. I987, pp. 30-31). 
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Figure I. Mean annual lung cancer incidence rates in six consecutive five-year periods 
among mates and females in Finland (based on the figures ofPukkala el al. 1987, pp. 28 
and 30). 

2.1.2 Etiology 

Both the geographical and temporal variation and the malc-fcmalc difference in lung cancer 
incidence can be mainly attributed to differences in smoking patterns. Especially in 
sparsely populated areas, like Finland, such factors as air pollution and occupational 
exposures seem to have I ittle independent effect on the variation. Nor has high indoor radon 
exposure been shown to have any effect on the regional variation in the risk (Castron cl al 
1985). In particular population groups, however, risk factors other than smoking may be 
important. 

Snicking 

Lung cancer has been shown to be strongly related to smoking. Epidemiological evidence 
was first obtained in case-control studies in the 1950s (Wyndcr and Graham 1950, Doll and 
Hill 1952). These early finr'ings were already convergent, showing that cases were more 
often smokers or had smoked more heavily and for longer periods than controls. Conclusive 
proof was obtained as a result of large cohort studies. The largest of these studies was the 
American Cancer Society's (ACS) six-year follow-up involving a million people 
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(Hammond 1972); the study with the longest follow-up (20 years) was the one on mortality 
among 34,000 British physicians (Doll and Peto 1976). The results of these studies were 
similar. The risk of dying from lung cancer was about ten times greater for male cigarette 
smokers than for nonsmokcrs. Absolute annual death rates for male cigarette smokers were 
111 per 105 in the ACS cohort and 140 per 105 in the cohort of British doctors, as against 
12 per 105 and 10 per 105 for nonsmokers, respectively. 

The risk rose linearly with the increasing amount of tobacco smoked. Thus the risk of those 
who smoked two or more packs a any was about 20 times higher than that of nonsmokcrs 
(Hammond 1972, Doll and Pcto 1976, Rogot and Murray 1980). However, the risk was 
related only to prolonged smoking, and the incidence of lung cancer depended directly on 
the duration of smoking. The investigators also showed that by giving up smoking, 
long-term smokers could avoid most of the subsequent lifelong risk of tobacco-induced 
lung cancer (IARC 1985, p. 243). 

The association between pipe and cigar smoking and the risk of lung cancer seemed to be 
weaker, the relative risks varying from two to P e compared with nonsmokcrs. Doll and 
Pcto (1981) concluded that the alkalinity and consequent irritation caused by cigar and pipe 
smoke make it less likely to be inhaled deeply. Also the type of cigarette is alleged to be 
connected with the i isk, although conclusive evidence is lacking (IARC 1985, p. 243-244). 
In the United Kingdom, for instance, the decrease in cigarette smoking may account for 
only a smal I proportion of the decrease in lung cancer among males that has been observed 
since 1978. The remainder may be explained by the reduction in 'tar' level pcrcigarctte in 
the U.K. that began around 1960. 

In most countries women took up smoking at least 20 years later than men, and they still 
smoke less. Female lung cancer rates have not generally reached the corresponding rates 
for men. Women appear to run a somewhat lower risk at any level of daily cigarcltc smoking 
(Smith and Trwp 1983). Instead of maintaining that women arc less susceptible, Doll 
(1982) attributed the difference to a lower tendency to inhale, the later age at which women 
start to smoke and the lower tar content of more recent cigarette brands. 

The effect of age al exposure is difficult to distinguish from the cumulative effect of the 
duration of the smoking habit. Some investigators (Kahn 1966, Hammond 1972) have 
observed an independent relalion between starting smoking at an early age and an increased 
risk of lung cancer. 

In mosl epidemiological studies lung cancer is considered as a single entity, even if the cell 
lypcs occuring in lung cancer differ somewhat in their etiology. However, smoking can 
explain most of the cases of all lypcs (Shimizu cl al. 1982), although ihc relative risk of 
smokers compared to nonsmokcrs is lower for adenocarcinoma lhan epidermoid and small 
cell carcinomas (IARC 1985, p. 242). It is estimated thai where prolonged cigarcltc 
smoking is widespread ihc habit generally accounts for more than 80 per cent of all cases 
(Hammond and Scidman 1980), 
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Passive smoking 

Il would be unreasonable to assume thai the ambient smoke of a cigarette is harmless while 
smoking results in a high risk of lung cancer. The magnitude of the risk from passive 
smoking has, however, been difficult to study epidemiological^ because of problems in 
determining exposure. Most epidemiologists have approached the issue by investigating 
the lung cancer risk among nonsmokers in relation to their spouses' or parents' smoking 
habits (Garfinkcl 198l,Hirayama 1981 and 1984, Chan and Fung 1982,Corrcactal. 19H, 
Trichopoulos ct al. 1983, Kabat and Wyndcr 1984, Koo ct al. 1984). Such information 
might b? biased because the smoking habits of family members tend to correlate, e.g. a 
'nonsmoking' wife of a smoker may have occasionally smok d a cigarette or two and 
thereby increased her risk of lung cancer. Such bias might result in overly high observations 
of the relative risks among passive smokers compared to nonsmokers. 

In his cohort study Hirayama (1981,1984) observed a significantly elevated risk of Iunr 

cancer among nonsmoking men and women related to the smoking habits of their spouses. 
For women, the risk increased consistently with the number of cigarettes their husbands 
smoked daily, the relative risks being 1.0,1.4, and 1.4,1.6 or 1.9 when the husbands were 
nonsrnokcrs, cx-smokcrs ar.d daily smokers of 1-14, 15-19 or 120 cigarettes per day, 
respectively. In contrasi, an American cohort study failed to show a significant 
dosc-respor.se ror the risk of lung cancer among women married to moderate arid heavy 
smokers (Garfinkcl 1981). 

The case-control studies also suggested cither an elevated (Corrca ct al. 1983, Trichopoulos 
ct al, 1983) or a non-elevated (Chan and Fung 1982, Kabat and Wyndcr 1984, Koo ct al. 
1984) risk of lung cancer if the spouse had smoked cigarettes. One of diesc studies, which 
showed a negative result of exposure to tobacco smoke in the home (Chan and Kung 1982) 
found, instead, a clear effect of frequent passive smoking at work. 

Even if the epidemiological evidence is con.licting, the Committee on Passive Smoking 
(1986, pp. 245-246) concluded that long-term exposure to ambient tobacco smok at home 
ii.jy increase the risk of lung cancer in a nonsmokcr by approximately 30 per cent. 

Urbanization and air pollution 

Virtually everywhere in the world, lung cancer tends to be more common in urban than in 
rural areas (Fiaumcni and Biot 1982). Most of the difference, but not all, can be explained 
by the fact that smoking is more common in cities. Air pollution has not been shown 
cpidcmiologically to contribute to the remaining difference observed. Thus the etiological 
explanation for the urban-rural difference has not been fully established. 

Some studies (Report of the Surgeon Genera) 1979) have shown that the urban-rural 
difference in lung cancer risk may be greater among smokers, a finding complicated by the 
tendency towards heavier smoking and beginning at an earlier age in urban communities 
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(Smith and Troop 1983). In a follow-up of about 4,500 Finnish men conducted in 
1964-1979, Tenkanen et ai. (1985) observed an urban excess of lung cancer that was more 
prominent among smokers. Moreover, the risk was mainly concentrated among recent 
migrants to urban areas. It was suggested that this reflected both sauna bathing habits and 
occupational risk factors, but also the lack of protective nutritional factors associated with 
the low socio-economic status of in-migrating urban populations. 

The urban-rural difference in the incidence of lung cancer has decreased among Finnish 
males in recent years (Pukkala ct al. 1987, p. 28). The great urban excess rests with women, 
probably because in Finland women in towns smoke much more often than women in the 
country, apart from the women of rural Lapland. The risk of lung cancer is relatively high 
among the Lapp women. 

Occupation 

Mortality from lung cancer among men is associated with socio-economic status, the rate 
being higher among the lowest socioeconomic classes, a phenomenon mainly attributed to 
smoking habits (Capcll 1978), though occupational exposures also play their role. Several 
occupational risk factors of lung cancer have been identified, e.g. asbestos, fossil fuels, 
mineral ores with high radioactivity and a number of less important substances (Fraumcni 
and Blot 1982). Exposure to dust at work is also related to the risk of lung cancer (Tenkanen 
ctal. 1985). 

The greatest carcinogenic hazard at the workplace is asbestos (Fraumeni and Blot 1982). 
Its rather specific mal ignant consequence is mesothelioma, although lung cancer is the most 
common asbestos-related malignant disease. A substantially increased risk of lung cancer 
has been observed among industrial workers handling asbestos, such as asbestos miners 
and millers, and textile, insulation, shipyard and cement workers (Lcmcn ct al. 1980). The 
risk depends greatly on the intensity and duration of exposure. Asbestos-associated lung 
cancer is also characterized by a synergistic relationship with cigarette smoking: in a study 
of 276 deaths among insulation workers due to lung cancer, Hammond ct al. (1979) found 
a 5-fold risk following asbcsios exposure alone, 10-fold following cigarette smoking alone, 
and a 50-foid risk following exposure to both of these combined, compared with 
noncxposcd workers. 

A relationship has also been observed between the processing of fossil fuels and excess 
mortality from lung cancer (Kawai ctal. 1967, Doll ctal. 1972). The same carcinogenic 
agcr.s, polycyclic aromatic hydrocarbons (PAH), arc probably rcspons;blc for the excess 
risk among roof-layers exposed to asphalt and pitch (Hammond el al. 1976) and workers 
exposed to tars in the aluminum smelting industry (Gibbs and Horowitz 1979). 

Radioactive ores have been shown to cause lung cancer among underground miners (Archer 
el al. 1973, Scvc el al. 1976, Muller ct al. 1985). In poorly ventilated, enclosed areas the 
concentrations of released airborne radon and its radioactive daughter products may reach 
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very high levels. As the main subject of this study, the epidemiology of radon and lung 
cancer is discussed in detail separately. 

Several other occupational exposures arc reported to be related to increased mortality from 
lung cancer. Such agents include mustard gas, chloromethyl ethers, chromium, inorganic 
arsenic and the nickel in refining processes (Fraumeni and Blot 1982). In the linkage made 
in the Finnish Cancer Registry, 38 high-risk occupational groups together had the average 
standardized incidence ratio (SIR) of 144, compared to that expected among all employed 
men (Sankila ct al. 1990). Nevertheless, smoking causes an overwhelmingly greater part 
of the etiological fraction of lung cancer than any direct occupational hazard so far 
identified. 

Diet 

Dietary antioxidants, such as certain vitamins and selenium have been supposed to have 
antineoplastic properties (Committee on Diet, Nutrition and Cancer 1982). Of these, 
vitamin A and its precursor [3-carotcnc have attracted attention as possible inhibitors of 
human lung cancer. Some epidemiological studies have reported an inverse association 
between the scrum levels of vitamin A and the risk of lung cancer (Wald ct al. 1980, Kark 
ct al. 1981, Salonen ct al. 19S5); other studies, however, have not shown the same inverse 
association (Haines et al. 1982, Menkes et al. 1986). There is more consistent evidence 
suggesting that the scrum level of the precursor, p-carotcne, is inversely associated with 
the incidence of lung cancer (Menkes el al. 1986, Knekt et al. 1990). 

Other factors 

Sauna bathing, a common practice in Finland, may increase the risk of lung cancer because 
the air inside the sauna bath contains considerable concer.Lrations of polycyclic aromatic 
hydrocarbons (PAH) (Hasanen ct al. 1983). However, only males show a high risk of lung 
cancer in Finland although both sexes use the sauna. Consequently, the sauna may only be 
an important risk factor in combination with tobacco smoking, as suggested by Tenkanen 
claUI9H5). 

In addition, according to many epidemiological studies, ioni/ing radiation from different 

non-occupational sources has increased the risk of lung cancer. 

i 
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2.2 Exposure to radiation 

2.2,1 All sources 

All living organisms arc continuously exposed to radiation of natural origin, which normally 
contributes most of the effective dose equivalent1 people receive. The main source of 
artificial, i.e., man-made radiation is medical diagnostics and treatment. People are exposed 
to both natural and artificial radiation in varying quantities, depending on where they live 
and work and their state of health. Exposure to X-rays in medical diagnostics in Finland 
accounts for an annual average effective dose of 0.7 mSv per person (Rannikko et al. 1987), 
and exposure to isotopes in medical diagnostics and treatment about 0.1 mSv per person 
(Asikainen et al. 1984). The Finnish population was exposed most to radioactive fallout 
caused by nuclear tests in the early 1960s. In nuclear reactor accidents, fallout may also 
spread over large areas. The Chernobyl accident in 1986 caused fallout in Finland which 
increased the average effective dose per person by 0.5 mSv the following year (Finnish 
Centre for Radiation and Nuclear Safety 1987). In normal circumstances, however, nuclear 
plants release very little radioactive discharge into the environment. In Finland, people 
living near nuclear plants have been estimated to receive only one thousandth of their total 
arufical exposure from the plant, i.e. approximately 1 p.Sv per year (Hänninen et al. 1988). 

Natural radiation originates from space (cosmic radiation) or from natural radioactive 
nuclides, the most important of which arc potassium-40 and nuclides of the uranium and 
thorium scries. Potassium-40 in the body and cosmic radiation together account for roughly 
the same effective doses for people all over the world, the approximate annual effective 
dose per person being 0.35 mSv (UNSCEAR 1988, p. 54) and 0.18 mSv (UNSCEAR 1988, 
p. 62), respectively. The Finnish bedrock is mainly composed of granitoid rock (Simonen 
1980) containing high concentrations of uranium (Rogers and Adams 1978). The 
radionuclides of the uranium and thorium scries give Finns an annual effective dose of 
approximately 0.5 mSv (50 per cent higher than the global average) through external 
y-radiation and 0.2 mSv through ingestion (Castren and Annanmäki 1988). These 
radionuclides contribute their highest effective doses, however, through people inhalaling 
the gaseous intermediates radon-222 and radon-220, which emanate from the soil into the 
atmosphere and tend to accumulate indoors. 

1 Dose equivalent is the absorbed dose multiplied by a quality factor that represents the biological 
effectiveness of different radiation types, the value of the factor being, e.g., I for and G-radiation and 20 
for »radiation . Effective dose equivalent is the weighted sum of the organ-specific dose equivalents, 
i.e., the dose of the whole body. In the present context, effective dose stands for the effective dose 
equivalent. 
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It is suggested that the average radon concentration in Finnish homes is 100 Bq/m (Castron 
i987). However, exposure to radon is very uneven among the population. As far as 
Ot-radiation is concern, the effective dose calculations arc complicated. The coefficients 
used to estimate the effective dose, suggested by different authors differ by a factor of three. 
In the present paper the coefficient used, 0.05 mSv per year per Bq/m3, is in the middle of 
this range, so that life-time exposure to 100 Bq/m3 is reckoned to cause an annual effective 
dose of 5 mSv per person (Castren and Annanmäki I988). In temperate regions of the 
world, average radon concentration is estimated at 30 Bq/m3 (15 Bq/m'' EER1) (ICRP1987, 
pp. 46-47), resulting in an annual effective dose of 1.5 mSv, i.e. one-third of die level in 
Finland. 

According to current estimate, the total effective dose received by the Finnish population 
from both natural and artificial radiation sources is approximately 7 mSv per person. More 
than half (5 mSv) of this effective dose is auributed to indoor radon exposure. Many people 
in Finland are exposed to effective doses higher than 50 mSv annually in their homes 
(Castren and Annanmäki 1988), which is the upper limit recommended by the ICRP for 
radiation workers (ICKP 1977, p. 21). 

2 2.2 Radon 

Properties of radon 

Radon is an odorless and colorless noble gas. It hos several isotopic forms, of which only 
two occur in significant concentrations in the general environment: radon-222 and 
radon-22') (called thoron). Of these, radon-222 has a longer half-life and accounts for most 
of the human exposure (ICRP 1987, p. 7). Radon-222 is a member of the radioactive decay 
chain, which begins with unnium-238 and ends with stable lead (Fig. 2). 

Radon gas (meaning here radon-222 only) is thus continuously produced by the uranium 
decay chain; uranium, in turn, exists more or less in all minerals in soil. With the exception 
of radon, all decay products of the uranium series arc solid matter and therefore move little 
from thci* place of origin. Gaseous radon can move more freely into the pores of the soil 
and further into the atmosphere. 

The half-*' ; of radon-22? is 3.K days. It decays into the short-lived daughter nuclides, 
polonium-,;18, lcad-214, bismuth-214 and polonium-214, listed in order of decay scries. 
The half-lives of these short-lived daughters range from 164 msec to 26.8 min. Two of the 
daughter products, polonium-218 and polonium-214 emit a-radiaiion during decay. The 

I The alpha energy concentration of a radon daughter mixture in air can he expressed in terms of the 
equilibrium-equivalent radon concentration (HHR), which is the radon concentration multiplied by an 
equilibrium factor F thai is usually assumed to be 0.5 in residential buildings. 
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radiation exposure received by ihc lungs, and hence the radon-associated cancer risk, is 
mainly caused by when these radionuclides are inhaled (ICRP 1987, p. 1). 

Tht non-gaseous daughter nuclides commonly attach themselves to fine particles in the air, 
and these aerosol panicles gradually adhere to all surfaces (indoors to walls, floors, etc.). 
The radon daughters will disappear from the indoor air when the rooms arc ventilated. 
Consequently, the concentration of radon daughters in the air is never as high as the radon 
itself. 

The SI unit of a radionuclide's activity is the becquerel (Bq), which is equal to one 
disintegration per second. Concentrations arc commonly given in bccqucrels per cubic 
metre of air (Bq/m3). As stated above, the average indoor radon gas concentration in 
Finland is approximately 100 Bq/m (Castren 1987). The corresponding concentration of 
short-lived radon daughters depends on many factors. The real a-cncrgy concentration of 
a certain daughter mixture in air can be expressed in terms of the equilibrium-equivalent 
radon concentration (EER), which is the radon concentration multiplied by the equilibrium 
factor F. For residential buildings, values for the equilibrium factor vary greatly, within 
the range 0.2-0.7 (Swcdjcmark et ai. 1987). F is often assumed to be 0.5, in which case a 
radon gas concentration of 100 Bq/m3 corresponds to an equilibrium-equivalent radon 
concentration of 50 Bq/in3. Note that in some instances 'e.g. in Finland) indoor radon levels 
are given in radon gas concentrations while in others (e.g. in Sweden) in the unit of EER, 
usually assuming that F=0.5. 

Sources of indoor radon 

The main source of indoor ration is the ground undcrncadi and around a house (ICRP 1987, 
p. 5, BE1R 19SK, p. 25). For this reason high indoor levels have nearly always been 
measured in one-family houses or on the ground floor level of multistory buildings. 
Building materials may have contributed significantly to indoor radon levels in some cases, 
e.g. when alum shale was used in Sweden (Swedjemark et ai. I9S7) and uranium waste in 
Canada (Lees cl al. 1987). Usually, however, the source is of secondary importance. 
Tap-water, another potential source of indoor radon, is also of minor importance (ICRP 
1987, p. 4). 

Indoor radon concentrations vary greatly from one area to another, depending on the 
uranium concentration in the local rock. However, there arc also marked differences 
between neighboring houses caused by differences in the air permeability of the subjacent 
soil and in the substructure and ventilation of die house. 

There is usually a negative pressure indoors compared with outdoors because of warm air 
rising. The greater the difference between the temperature indoors and outdoors, the bigger 
the suction force is. Therefore the highest indoor radon levels arc commonly measured in 
winter. Radon concentrations in the pores of the soil arc generally a thousand times higher 
than indoor concentrations (Castren and Annanmaki 1988). In a permeable soil, such as 
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that found on eskcrs, radon gas can migrate long distances, and because of the sucking effect 
the gas may diffuse into a house from a large area. The radon concentration in houses in 
such areas may therefore reach levels considerably higher than those in houses buiH on clay 
or intact rock. 

The leakage of radon into houses depends on the lightness of the house substructures, which 
generally contain numerous holes and cracks through which radon can enter. The type and 
rate of ventilation, in turn, influence the removal rate of radon and its daughters from the 
indoor air. In a well insulated house the ventilation rate may be low. Therefore 
energy-saving building methods introduced in 'he eariy 1970s are thought to have raised 
indoor radon levels, especially in the Nordic countries (Mäkeläinen ctal. 1987, Swcdjcmark 
et al. 1987). Modem air conditioning may further raise the radon levels if it lowers the 
indoor air pressure. 

Radon in Finnish houses 

In Finland, as in Sweden and Norway, indoor radon concentrations arc considerably higher 
than the average level in the rest of the world (ICRP 1987, p. 9). Radon exposure is not 
distributed equally throughout the whole population, but is concentrated in certain areas 
(Fig. 3). 

The map in Fig. 3, which is based on measurements of 14,000, unfortunately not randomly 
selected, houses in 284 municipalities, has been compiled by the Finnish Centre for 
Radiation and Nuclear Safety since 1981 (CastnSn 1987). In this extensive survey (which 
is still going on) the houses have been measured inlcgrati vcly with solid-stale nuclear track 
detectors. The detectors have been placed in living rooms or bedrooms for 1-2 months. 
Annual average concentrations have been determined cither by measuring the 
concentrations several times a year or by reducing the winter values according to a specific 
empirical model (Winqvist 1984, Arvela and Winqvist 1986), 

The measured concentrations arc distributed log-normally (Castrdn 1987). Hence in most 
houses the level is lower ihan the average concentration, and the levels above average arc 
sometimes extremely high. The survey has revealed houses with annual average 
concentrations in excess of 10,000 Bq/m3 and with transient concentrations ten times 
higher. 

The geographical distribution observed can be attributed to differences in uranium 
concentrations in rock and soil as well as to differences in !hc permeability of the soil. In 
Finland, glaciation produced ground structures an .1 formed cskcrs that store large amounts 
of underground air. The effect of cskcrs shows up clearly in the radon survey (Castren 
1987). 

In Finland the ground ir, the only significant source of radon indoors, so that high 
concentrations arc found in ground floor dwellings. Otherwise house type, and ventilation 
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Figure 3. The municipal geometric averages of seasci-corrected indoor radon 
concentrations measured by the Finnish Institute for Radiation and Nuclear Safety 
(Castrdn 1987). The map is based on measuremenis made in 14,000 houses located in 
284 municipalities. 
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systems, have been found to have little effect on indoor concentrations, possibly because 
Finnish houses arc quite similar in type (Castren 1987, Mäkeläinen et ai. 1987). The year 
the house was built is somewhat associated with the radon concentration, the highest levels 
being in new houses and the lowest in houses built in the late 1960s (Mäkeläinen et al. 
1987). This suggests a contribution attributable to energy-saving building methods. 
However, in renovated houses the radon concentrations do not seem to be higher than in 
other old houses (Mäkeläinen et al. 1987). 

2.3 Radiation and lung cancer 

2.3.1 Radon dosimetric considerations 

The relationship between exposure to airborne radon daughters and radiation dosage 
reaching target cells in the respiratory tract is extremely complex and depends on both 
biological and nonbiological factors. 

In the lungs, die bronchial epithelium gets higher radiation doses than die lower respiratory 
tract and alveoli (Hofmann 1984). Therefore the inhalation of radon daughters might 
increase die risk, if any, of carcinoma of die bronchus. 

Deposition of inhaled radon daughter atoms on the surface of the respiratory tract depends 
on die aerosol inhaled. Most of the daughter atoms arc attached to aerosols in the air, the 
fraction depending on the quantities of particles in die air. The unattached daughter nuclides 
inhaled arc largely deposited in the bronchial cpidiclium (the nasopharyngeal region being 
another important deposition area) (ICRP 50 1987, pp. 14-16). Deposition of the attached 
daughters is less frequent and depends on the size distribution of the aerosol particle.;. 

The quantities of radon daughters inhaled vary directly according to inspiration per minute. 
Tidal volume and breathing frequency also affect the radiation do.sagc reaching the target 
cells via flow rates. More radon daughters arc deposited in the upper airways through nasal 
breathing than through oral breathing. Brcadiing patterns and other characteristics of the 
lung, and thus the radiaiion dose received from radon daughters, differ between children 
and adults and between males and females. 

It is nol possible to calculate exactly the actual effective dose received from a-cmiltcrs by 
lung tissue, and me coefficients suggested by different authors vary by a factor of Uircc, 
0.05 rnSv per year per Bq/m being in die middle of the range. Therefore effective doses 
arc not commonly used in studies of radon exposure. Instead, the product of two known 
variables is used: die airborne concentration of radon daughters and the length of exposure 
lo that concentration, the Si-unit being Bqh/m3 (Bq/m3 limes hours exposed), and the unit 
mosl used being WLM (working level month). One working level month is received by a 
worker breathing air al one working level (=7,400 Bq/m3 or 3,700 Bq/m3 EER) radon 
concentration for 170 hours (work month); I WLM is 6.3 • 10 Bqh/m for radon daughters. 
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For comparison, a person who lives in a house with a radon concentration of 200 Bq/m 
(100 Bq/m3 EER), spending 75 per cent of his time indoors, receives an annual exposure 
of 1 WLM. 

2.3.2 Empirical studies on high exposures 

There is a great deal of empirical evidence asserting that exposure to radiation increases 
the risk of lung cancer. Exposure to radioactive radon daughters has produced a greater 
risk among miners, but other types of radiation have also increased the risk of lung cancer 
among, e.g. survivors of nuclear explosions and people who have received radiation therapy 
in the thoracic region. On the other hand, observations among the general population of 
the effect of exposure to low levels of radon daughters are still preliminary in nature. 
Experimental studies on animals have provided information to supplement the 
epidemiological results by demonstrating a real cause-effect relationship. 

2.3.2.1 Experimental studies 

Lung cancer has been induced by exposing dogs and rodents to inhaled radon and its 
daughters. Sensitivity to radiation varies from one species to another, as do the 
histopathology and location of the radiation-induced lung cancers. In rats, for instance, 
radiation docs not seem to induce the small cell carcinomas, common in man (BEIR 1988, 
p. 433). In contrast to human tumors, those in rats (BEIR 1988, p. 438) and dogs (Cross ct 
al. 1982) often occur in the peripheric bronchioloalvcolar region of the lungs (and 
sometimes in the nasal epithelium). This reflects the difference in the distribution of inhaled 
radon in the airways of animals and man. In any event, the results of animal experiments 
suggest that inhaled radon may have a carcinogenic effect on human lungs, loo. 

Researchers at two laboratories, the Laboraloirc de Pathologic Pulmonairc Experimental 
(Compagnie Generate des Maticrcs Nuclcaircs, COGEMA) in France and the Pacific 
Northwest Laboratory (PNL) in the USA, observed the progress of hundreds of lung cancers 
in rats exposed to various cumulative exposures of radon and its daughters. The exposures 
were usually high, in studies of the COGEMA usually more than 100 WLM, and 
accumulated in a short time, 1-10 months, with high concentrations, some ten million 
Bq/m3. The rats developed malignant lung tumors with a frequency related to cumulative 
exposures of radon daughters (Chamcaud el al. 1976,1982, Cross ct al. 1984), e.g. in one 
US study tumors occurred in 16 per cent of the rats in a group exposed to 640 WLM and 
in 40 per cent in a group that received 2,600 WLM (Cross cl al. 1984). 

Chamcaud ct al, (1984) studied the effert of very low exposures of radon daughters using 
1,600 rats. Malignant lung tumors were produced in 0.8 per cent of the rats in a control 
group, in 2.2 per cent in a group exposed to 20 WLM and in 3.8 per cent in a group exposed 
to 40 WLM. The increasing risk with increasing exposure was highly significant. In dogs, 
on the contrary, very high cumulative exposures, more than 600 WLM, were necessary to 
induce lung tumors (Cross ct al. 1982), 
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Animal experiments have also provided information on the modifying effect of both 
physical characteristics of inhaled radon and other factors. In early studies rats were 
exposed simultaneously lo uranium ore r*usl, which appeared lo have little effect of its own 
on tumorigenic processes. Neither did the radon gas itself contribute significantly to the 
risk: the effect of the radon daughters remained unchanged as the equilibrium ratio of radon 
and its daughters was changed (Chamcaud ct al. 1974). A radon daughter mixture with a 
big unattachment fraction increased the risk of lung tumors more than one with a small 
unatiachmcnt fraction (Cross ct al. 1984). 

Experimental studies have, however, proved less useful to the study of the interaction of 
radon daughters and cigarette smoking, because of the difficulty in replicating human 
smoking patterns in animals (BE1R 1988, p. 29). 

2.3.2.2 Epidemiological studies 

Radon-exposed underground miners 

As early as the 15th century underground miners in Central Europe often died of a lung 
disease later recognized as cancer (Härting and Hesse 1879). This was long before smoking 
was a widespread habit, resulting, as it did, in the spread of lung cancer among the general 
public. The m.ncs where the disease was first observed were exploited for various minerals 
including, before long, uranium, the source of the main etiological factor, radioactive radon 
and its decay products. Lung cancer was, in fact, the first known radiogenic cancer. 

Knowledge of the risk of lung cancer from radon exposure is still largely based on 
observations of underground miners. Mortality among uranium miners has been 
investigated in large epidemiological studies in the USA. (Archer ct al. 1973), 
Czechoslovakia (Scvcctal. 1976),Canada (Mulleretal. 1985, Howcctal. 1986)and France 
(Tirmarchc el al. 1985); a considerably increased risk of lung car.ccr has been observed in 
all these studies. The lung cancer risk was also incrcarscd among non-uranium underground 
miners who were exposed to somewhat lower radon levels, r .g. fluorspar miners in Canada 
(Morrison 1985) and iron ore miners in Sweden (Radford and Renard 1984), 

These cohort studies resulted in somewhat conflicting estimates of the risks of lung cancer. 
The studies differed from each other in matters such as follow-up time, age at exposure and 
smoking habits of the workers, and radon level in the mines. It is difficult to assess how 
these differences affected the results. Moreover, previous radiation exposure received by 
the miners was calculated using old information on radon concentrations and working 
situations several decades earlier. The information was usually crude, of uneven quality, 
and sometimes inadequate in cases where the circumstances could only be surmised. 

Underground mining did not in itself necessarily lead to an increased risk of lung cancer. 
For example, workers in potash mines, where radon concentrations were low, did nol 
contract lung cancer more often than working men in general (Waxwcilcr ct al. 1973). 
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Neither did nickel-copper, iron and other hard-rock miners, in contrast to gold and uranium 
miners, suffer from any excess mortality from lung cancer in Canada (Mullcr et ai. 198S). 

One of the best and the most thorough studies of uranium miners followed up 3,366 white 
US Colorado Plateau uranium miners who had worked underground for an average of nine 
years between the years 1925-1964 (Lundin et al. 1971, Archer et al. 1973, Whittcmorc 
and McMillan 1983, Hornung and Mcinhardt 1987). Radon concentrations in Colorado 
mines were at that time extremely high, reaching as much as hundreds of thousands Bq/m3. 
Accumulated exposures were thus higher than in other studies. Recently Hornung and 
Mcinhardt (1987) updated the data to the end of 1982 and rc-analyzcd it using the Cox 
proportional hazards model, which enables control of lime factors and tobacco 
consumption. They found that the risk of death from lung cancer doubled after 30-years' 
exposure to 4 WLM per year. The risk was modified by age. rate-effect and other time 
factors, and by the synergistic effect of cigarette smoking. 

In the C/cchosIovakian cohort (Scvc ct al. 1976, 1988), accumulated exposures to radon 
daughters were much lower, on average only one-fifth of those in the Colorado Plateau 
miners. However, neither the validity of the dosimetry, neither the selection criteria nor 
the number of persons lost during follow-up were properly reported. The results of the 
Czech study can therefore only he considered tentative. The risk of lung cancer increased 
significantly with increasing radon exposure among a group exposed for ten years or more, 
but not among groups that had worked in mines less than ten years. 

Two follow-up studies have been carried out among miners in Canada, one in Ontario 
(Mullcr ct al. 1985) and one at Eldorado Bcavcrlodge (Howe ct aJ. 1986) mines. The 
Ontario cohort was very large, consisting of some 16,000 men who had worked in many 
uranium mines in the area. The radon daughter exposures had accumulated in a very short 
time, and the average duration of service in the mines was only 1.5 years. Exposures 
therefore remained low, although the average radon level in the mines was as high as 
30,000 Bq/m3. In spite of the short exposure lime, an added risk of lung cancer was 
observed, the standardized mortality ratio (SMR) being 181 among uranium miners 
compared to the age and period matched male population in Ontario, and the increasing 
trend in risk with increasing radon exposure was highly significant. 

The Eldorado study (Howe ct al, 1986) included an internal control group consisting of the 
surface workers employed al the uranium mine. In this group the observed lung cancer rate 
was actually very similar to what was expected according to national rates. Among 
undcrgound workers there was an elevated risk of lung cancer which increased linearly with 
increasing radon exposure, the highest exposure group (mean exposure 290 WLM) having 
a relative risk of 14 compared with the general population. 

Relatively high radon conccniralions, about 3,000 Bq/m', have also been measured in 
Swedish iron ore mines al Malmbcrgctand Koskullc (Radford and Renard 1984), although 
the values were not as high as in the uranium mines. The study cohort consisted of only 
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1,415 workers. The follow-up time, however, was long compared with the other studies, 
covering the whole lifetime of many of the men (40%). It was therefore possible to 
investigate the latency period between underground mining and the occurrence of lung 
cancer. The minors were found to run about four times the risk normally encountered 
(50/12.8), average exposure being 81 WLM. The mean latency period from starling mining 
to diagnosis of lung cancer was 40 years. 

The investigators assumed that water flowing in the mines was ihe major source of radon. 
This assumption was later criticized by Swcnt and Chambers (BEIR 1988, p. 472), who 
stated that Radford and Rernard (1984) probably underestimated the exposures, since radon 
is also derived directly from the rock and soil. Thus, the high risk per unit of exposure 
observed may have exaggerated the actual risk. Similarly, the study in Eldorado, Canada 
(Howe et al. 1986), has been accused of underestimating exposures and hence 
overestimating the risks (BEIR 1988, p 464). 

A few small studies have also been carried out in Sweden. Jorgcnscn (1984) followed 1,023 
underground iron ore miners in Kiruna retrospectively and found almost seven times the 
risk of lung cancer among miners compared to that among the male population in Kiruna. 
A case-control study conducted in the three northernmost counties of Sweden demonstrated 
a 2.5-fold risk among miners (Dambcr and Larsson 1982). The data indicated a 
multiplicative interaction between smoking and mining. This conflicted with another small 
case-control study in Sweden, in which nonsmokers seemed more apt to develop lung 
cancer induced by mining than smokers (Axclson and Sundell 1978). 

Kxposure to radiation other than radon 

The alomic bombs dropped in 1945 exposed a large proportion of the populations of 
Hiroshima and Nagasaki toyand neutron-radiation. A cohort of the alomic bomb survivors 
has been followcd-un right lo the present day for risk of cancer. Yamamoio et al. (1987) 
analyzed the risk of lung cancer among survivors during the period 1950-1980. Among the 
79,940 survivors whose radiation doses could be calculated, 1,057 cases of lung cancer 
were identified. The relative risk increased significantly (p<0.0001) with the radiation 
dose. Smoking habits were not included in the analysis. 

The association between cigarette smoking and radiation exposure was investigated in a 
separate case-control study by Prentice ct al. (1983) on the basis of 281 lung cancer cases 
from the Japanese cohort. The result indicated a slight preference for an additive rather 
than a multiplicative interaction. The relative risks in radiation dose categories - less than 
0.1 Gy1, from 0.1 to 0.99 Gy, I Gy or more - were 1.0,1.1 and 2.3 among nonsmokcrs, and 
2.4,2,4 and 3.6 among smokers, respectively. 

1 Gray (Gy), SI -unit of absorbed radiation dose. Ifly = I J/kg. 
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X-rays, too, arc known to increase the risk of lung cancer. Smith and Doll (1982) sudied 
mortality among 14,111 patients with ankylosing spondylitis who were given X-ray 
treatment during 1935-1954. Malignant diseases, including lung cancer were 
over-represented as causes of death. By 1970 (after a three-year lag period), 111 deaths 
from lung cancer had been reported, of which 79.7 had been expected, the relative risk being 
1.4(p<0.001). 

2.3.2.3 Exposure-risk relationship 

The cxposurc-risk relationship between radiation and lung cancer proved to be somewhat 
different for people exposed to cc-radiauon (miners) and other radiation. The results for 
miners also varied, partly because of the known differences in miner populations, exposure 
levels and follow-up times, but pai tly for unknown reasons. A number of investigators and 
expert groups have summarized the epidemiological findings and estimated the most 
probable risk. Such recent evaluations were published by the International Commission on 
Radiation Protection (1CRP) in 1987, and by the Committee on the Biological Effects of 
Ionizing Radiations (BEIR) in 1988 (pp. 24-158). Moreover, the latter compiled its own 
regression analysis of good available data on miners, including the studies conducted in 
Eldorado Bcavcrlodgc (Canada), Ontario (Canada), Malmbcrgct (Sweden) and Colorado 
Plateau (USA). 

Risk model 

The risk of lung cancer increases with age. The excess risk due to radiation exposure 
approximately correlates with the age-dependent baseline appearance rate of lung cancer. 
Therefore most authors prefer die relative risk model to the absolute one (Mullcret al. 1985, 
Hornung and Mcinhardt 1987, ICRP 1987, p. 51, BEIR 1988, p. 85). For instance, both 
absolute and rclati vc risk models showal a gcxxl fit with the data on Ontario miners (Mullcr 
ct al. 1985), but the slope for the absolute risk motlcl was age-dept ndcnt, upper age groups 
having a greater absolute risk than the lower ones (Fig. 4). The relative risks in the two age 
group-» examined did not differ significantly from each other. 

Moreover, the absolute attributable risk varied more than the relative one in the diffcrct 
studies (Table I), and was therefore probably more sensitive to other characteristics (e.g. 
smoking habits) of the target population Thus the relative risk coefficient should be easier 
to apply to different populations. 

The relationship between total cumulative radiation dose and the risk of lung cancer was 
linear or nearly linear in most studies. For instance, the data on the uranium miners in 
Eldorado, Canada (Howe ct al. 1986) and in Malmbcrgct, Scdcn (Radford and Renard 
1984), suggested a clearly significant linear relationship between exposure to radon 
daughters and the risk of lung cancer. Also the excess risk from die atomic bomb-derived 
rcliation dose in Japan is bcstcxplaincd by the linear model (Yamamotor'al. 1987). Among 
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Figure 4. The association between cumulative radon exposure and the absolute (A) or 
relative (B) risk of lung cancer among two age groups of miners in Ontario (Muller et 
al. 1985). 
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the Czech (Sevc et ai. 1988) and the Colorado Plateau miners (Hornung and Mcinhardt 
1987), however, the risk per unit of exposure appeared to be somewhat higher at low 
exposure levels (Fig. 5). A similar but much deeper convexity was observed in the 
dose-response curve in experimental studies exposing rats to very high exposures of radon 
daughters (Lafuma 1978). 

In the BEIR (1988, p. 36) re-analysis of the four cohorts combined, the relative risk appeared 
to increase linearly with cumulative exposure, apart from exposures above 2,000 WLM; 
data for this high-exposure category was available only in the study on the Colorado 
uranium miners. The ICRP 50 task group (1987, p. 43) also concluded that linearity could 
be presumed except at very high exposure levels, where the risk tended to level off. This 
phenomenon might be explained by the possible cell-killing effect of very high radiation 
doses (UNSCEAR 1986, pp. 188-189). 
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Figure 5. The dose-response relationship between cumulative radon exposure and the 
relative risk of lung cancer among miners in Colorado Plateau (Hornung and Meinhardt 
1987). 
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Table I.The excess risk of lung cancer from cumulative radon exposure among 
underground miners in different cohort studies. Both absolute and relative risk 
coefficients are given. 

Cohort of miners 

Colorado Plateau, USA 
Homung and Meinhardt (1987) 
ICRP50(1987,p.23) 
BElRIV(1988,p.40) 

Czechoslovakia 
Sevcctal.(1988) 
ICRP50(I987,p.23) 

Ontario, Canada 
Mullcrctal.(1985) 
ICRP 50(1987, p. 23) 
BEIRlV(1988,p.40) 

Eldorado, Canada 
Howe etal. (1986) 
BEIRIV(1988,p.40) 

Malmberget, Sweden 
Radford and Renard (1984) 
BEIRIV(l988,p.40) 

Summary of all cohorts 
BEJRHJ(1980,p,326) 
ICRP 32 (1981, p. 3) 
ICRP 50 (1987, p. 23) 
BEIRIV(1988,p.40) 

a dose depente 
b agedepcnl 

Absolute excess 
risk 
<cases/10*/WLM) 

2-8 

20 
10-25 

2-7 
3-7 

21 

19 

18b 

10 
10 
1.3 

(range 5-15) 
(5-15) 
(0.8-2.3) 

Excess relative 
risk, (RR-iyWLM 
(%) 

0.9-1.4* 
0.3-1.0 

0.6 

1.0-2.0 

0.5-1.3 
0.5-1.3 

1.4 

3.3 
2.6 

3.6 
1.4 

1.0 (0.5-1.5) 

Some studies suggested that factors such as the duration and rate of radiation exposure and 
cessation of exposure might affect the dose-response relationship. In animal experiments 
the exposure rate had a significant (Chamcaud ct al. 1976) or nearly significant (Cross et 
al, 1984) effect: when exposure was accumulated over longer periods at a lower rate the 
risk per unit of exposure increased. A similar negative exposure-rate effect was found 
among the Colorado Plateau miners (Hornung and Mcinhardt 1987). Thusmincrs receiving 
a given amount of cumulative exposure through working in places with moderate 
conccniralions for longer periods were at greater risk than those with the same cumulative 

29 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A99 

Amount 

Figure 6. The absolute risk of lung cancer as a function of cumulative radon exposure 
among groups with different lengths of exposure periods, as observed in a 
Czechoslovakian cohort of miners (Sevc el al. 1988). 

exposure from shorter working periods in places with high concentrations of radon 
daughters. Also among Czech miners (Sevc et al. 1988) the lung cancer risk was highest 
if radiation exposure had accumulated over a long period (Fig. 6). 

The fact that the risk was strongly related to the time worked in a mine suggests the existence 
of other carcinogens in a mine environment, but significant agents besides the radon 
daughters have not been identified (Sevc el al. 1988). However, all studies on miners did 
not report a negative rate-effect. Neither did the combined analysis of the BEIRIV (1988, 
p. 36) reveal any significant influence due to duration of exposure, after adjusting for 
cumulative exposure. 

Among atomic bomb survivors in Hiroshima and Nagasaki, the relative lung cancer risk 
has shown no decline during the 37 years since radiation exposure (Preston ct al. 1987). 
Recent reports on miners showed, however, that the relative risk of lung cancer decreased 
as the time since the last exposure increased (Hornung and Meinhardt 1987, Scvc et al. 
1988). The authors concluded that radon daughters might primarily have had a late-stage 
or promolional cartinogcnic effect - usually radiation is considered to be an initiator 
(UNSCEAR 1986, p. 178). The combined analysis of the BEIR IV (1988, p. 37-38) also 
showed a significant decrease in the relative risk after 15 years since exposure. The authors 
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discussed the possibility that the decline in the relative risk was attributable to stopping 
smoking simultaneously widi retiring from mining, but did not consider it an important 
factor (BEIR 1988, p. 46). In contest to the BEIRIV, the ICRP 50 working group (1987, 
p. 26) concluded that within a 95 per cent confidence interval the relative risk attributable 
to a or other radiation was rather constant up to about 40 years after exposure. 

Risk coefficients 

Table I lists the risk coefficients of the most important cohort studies derived from both 
original papcrsand from rc-e valuations of the ICRP 50 (1987,p. 23) and the BEIR IV (1988, 
p. 40). Two types of risk coefficient arc given, those for absolute excess risk and those for 
relative excess risk. Particularly die coefficients for absolute risk lay widiin a wide range, 
from 2 to 30 excess cases per 106 person-years per WLM. Apart from the studies on miners 
in Eldorado, Canada (Howe ct al. 1986) and Malmbcrgcl, Sweden (Radford and Renard 
1984), the relative risk coefficients were more or less constant being around 1.0% per 
WLM. 

The combined analysis of die four cohorts by the BEIRIV (1988, p. 40) revealed an excess 
relative risk of 1.3% per WLM widi 95% confidence interval of 0.8-2.3%. I ne confidence 
interval represented only the basic sampling variation. The real uncertainty was much 
greater because of errors in assessing exposure and in confirming the diagnosis of lung 
cancer. The ICRP 50 working group (1987, p. 23) achieved a reasonably equal estimate of 
the relative excess risk of lung cancer from radon daughter exposure among miners, namely 
1.0% per WLM with a probable range of 0.5-1.5% per WLM. 

For the corresponding absolute risk coefficient the ICRP (ICRP 1981, p. 3 and ICRP 1987, 
p. 23) gave an estimate of ten (probable range of 5-15) excess cases per 106 person-years 
per WLM. The BEiR III (1980, p. 326-327) had assessed the average absolute risk as more 
than 18 extra cases per 106 per WLM, strongly dependent on age al diagnosis (Table II). 

Table II.The increase with age at diagnosis in absolute radon induced lung cancer 
excess (BEIR III 1980, p. 325). 

Age at 

<35 

35-49 

50-64 

>65 

diagnosis Excess no. of cases/10*/WLM 

0 

10 

20 

50 
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However, because of its great dependence on the target population, the risk is no longer 
expressed as an absolute coefficient; relative risks are generally used instead. 

Threshold 

Radiobiological findings give no reason to believe that there is any threshold dose below 
which ionizing radiation will not induce cancer. When affecting a DNA molecule in a cell 
nucleus, the ionizing process is always mutagenic. With a decreasing dose, only the 
probability of hit decreases; the probability is zero only with a zero dose. Thus, experts are 
widely agreed that there is no threshold dose in radiation carcinogenesis (UNSCEAR 1986, 
p. 179). 

The empirical evidence is insufficient, however, because of the scarcity of epidemiological 
data on the effects of low doses of ionizing radiation. The results concerning the 
radon-induced lung cancer risk among underground miners were not confirmative at very 
low exposure levels. 

For instance, in the cohort of Colorado Plateau uranium miners, only ten deaths from lung 
cancer were observed among 709 miners subjected to exposures of less than 120 WLM, 
and no significant excess was observed (Hornung and Meinhardt 1987). Among the 
nonsmokcrs in the same cohort, no increases in lung cancer were reported at exposures 
below 300 WLM (Saccomanno ct al. 1986). In other studies on miners, the lowest 
exposures at which significant excess risks were detected varied from 100 to 40 WLM, but 
were never below that level (Mullcr et al. 1985, Howe et al. 1986, Scvc ct al 1988). 

Experimental studies suggested that exposures as low as 20 WLM could increase the risk 
of lung cancer (Chamcaud el al. 1984). However, this observation was made only for rats: 
other animal species needed much higher exposures before there was any demonstrable 
excess risk of lung cancer (Cross ct al. 1981,1982). 

Latency period 

The latency period is the time between the beginning of exposure and occurrence of the 
disease. It may vary depending on age and other carcinogens present. As staled previously, 
the increase in the risk of lung cancer due to radiation exposure follows quite well the 
relative risk model, i.e. the excess risk is proportional to the age-specific background rate. 
This means that exposure al an early age results in a longer latency period than at higher 
ages. 

The epidemiological data on radiation and lung cancer arc insufficient for assessing the 
average latency period because of ihc restricted follow-up times, and thus the pattern of 
risk in later years is simply not known. Only the Swedish study of Radford and Renard 
(1984) provided a life-time follow-up for a substantial proportion of the cohort. The latency 
period did not depend on smoking habits. The average time between initial exposure and 
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death was 41 years for eight luhg cancer cases who never smoked. 40 years for 10 long-terrr. 
ex-smokers and 39 years for 32 smokers. However, even this follow-up was not complete, 
and further cases are still expected. 

Although it is not possible to calculate the average latency from studies with follow-up 
times of less than 40 years, the temporal expression of risk up to the cut-off time provides 
some information. The minimum latency period between radon daughter exposure and lung 
cancer was four to six years according to recent reports on the cohorts in the USA (Hornung 
and Mcinhardt 1987) and Czechoslovakia (Scvc ct al. 1988). Similarly, a significant excess 
risk was observed among underground uranium miners at Bcavcrlodge in the second 
five-year period after the onset of exposure (Howe ct al. 1986). 

Dependence on age 

There are two kinds of age parameters to be evaluated: age at exposure and age at which 
the risk is observed (age at risk). These two variables correlate with each other when a 
life-lime follow-up is not complete. Furthermore, other lime variables, e.g. latency period, 
calendar period and time since exposure, arc corrcfatcd with age. Only the introduction of 
modern regression methods have made it possible toconirol these variables simultaneously. 

In all large cohort studies of miners, the increase in the risk of lung cancer with age at risk 
was proportional to ihe background age-specific risk; thus the relative risk appeared to be 
rather constant over the ages at risk (Radford and Renard 1984, Mullcr ct al. 1985, Howe 
ct al. 1986, Hornung and Meinhardt 1987, Scvc et al. 1988). Lung cancer was extremely 
rare before the age of 40. 

In the combined analysis of (he four cohorts of miners at Colorado Plateau, Ontario, 
Eldorado Bcaverlodge and Malmbergci, ihe BEIRIV found that the relative risk was not 
quite constant but decreased somewhat with the age at risk. When adjusted for other time 
factors, relative to ihc risk in the middle-age group of 55-64 years the relative risk was 1.2 
limes greater al lower ages and only 0.4-fold at ages over 64 years. The same phenomenon 
was also observed, though nonsignificantly, when filling the relative risk model to the data 
of the Ontario cohort only (Fig 4b). 

The other recent evaluation, the ICRP 50 (1987, p, 27), preferred a constant relative risk 
mode) as a summary of findings for underground miners. This model was supported by the 
data on the atomic bomb survivors, among whom the relative risk did not vary 
systematically with increasing age at risk (Yamamoto el al. 1987). 

Age al exposure also modified the exposure-risk relationship. Among the atomic bomb 
survivors those who were exposed in their youth, later ran a significantly higher relative 
risk of lung cancer than those exposed at a higher age (Yamamoto ct al, 1987). In the lowest 
age category, 10-19 years, the relative risk of lung cancer was 2.1, whereas in higher age 
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groups it was only 1.3. As only adult groups wore concerned, the relative risk of lung cancer 
seemed rather independent of age at exposure. The total pattern, however, is not known, 
since the follow-up among the youngest part of the cohort was incomplete. 

The other cpidemiogical data on radiation and lung cancer concerned only subjects exposed 
as adults. Consistent with the findings for adult atomic bomb survivors, the age at which 
mining was started did not affect the later relative risk (Radford and Renard 1984, Scvc ct 
al. 1988). The follow-up was life-long for the majority of the cohort members in the latter 
study, so that the correlation with the age a« risk should not have been confounding. Recent 
analysis of the Colorado data, however, showed a significant increase in the risk with 
increasing age at initial exposure, all else (e.g. age at which the risk was observed) being 
equal (Hornung and Mcinhardt 1987). 

Re-analysis of the miner data by the BE1R IV committee (1988, p. 36) revealed, after 
adjustment for cumulative exposure, that age at first exposure had no significant effect The 
ICRP 50 experts (1987, pp. 27-28) came to the same conclusion concerning the adult 
groups, but assumed, on the basis of the Japanese finding, that people exposed in their youth 
run a two to five times higher excess risk than those exposed as adults. 

Dependence on sex 

Because the studies on underground miners concerned only males and daw on the 
relationship between radiation and lung cancer for the general population arc very limited, 
there is practically no epidemiological information available concerning radon-induced 
lung cancer among females. Thus epidemiological studies on the effects of other radiation, 
together with dosimetric models, provide the only source of information. 

Among atomic bomb survivors, women experienced an absolute excess risk of radiogenic 
lung cancer simitar to that of men. Because of substantially lower background rates, women 
had a higher relative risk, the radiation-related excess relative risk per dose in Hiroshima 
being nearly twice as great for women as for men (Yamamoto ct al. 1987). 

The background difference between the sexes was most probably largely attributable to 
differences in smoking habits. Therefore the risk pattern suggested an additive interaction 
of smoking and radiation exposure in lung cancer induction. On the other hand, among 
underground miners smoking and radiation have been reported to act nearly multiplicalivcly 
(sec below). Thus the difference between sexes in the Hiroshima cohort must still be ircaled 
with caution when estimating die female lung cancer risk due to long-term exposure to 
radon daughters. 

Both the ICRP 50 (1987, p. 29) and the BEIR IV (1988, p. 48) assumed lhai the relative 
risk from radon daughters was the same for males and females. However, the BEIR 
committee also calculated an alternative risk coefficient for females, corresponding lo ihc 
result for atomic bomb survivors, by adding the radon-daughter associated absolute excess 
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observed in males to the background rate for females. If this alternative model is correct, 
the potential relative risk will be substantially higher in females than in males. The low 
lung cancer rate among women in Finland (Pukkala et al. 1987, pp. 30-31), where indoor 
radon concentrations are high, is likely to rule out the alternative model. 

Modifying effect of smoking 

Cigarette smoking is undoubtedly the main risk factor in lung cancer. It is known to act 
syncrgistically with some other exposures, for instance with asbestos (Hammond et al. 
1979). Information about its interaction with radiation is still limited and somewhat 
contradictory. Many epidemiological studies either gathered no individual information on 
smoking at all (Muller et al. 1985, Howe ct al. 1986) or only from a part of the cohort (Sevc 
et al. 1988). The Colorado Plateau uranium miners and the Swedish metal miners are the 
best source of data for investigating both smoking and mining. In addition, studicsof atomic 
bomb survivors provided information about radiation and smoking. The number of 
nonsmoking cases is usually small, causing uncertainties in the risk estimations of the 
combined effect. 

A very high proportion of the Colorado Plateau miners were cigarette smokers. Only 30 
per cent of the cohort and less than 10 per cent of the cases was included in the lowest 
smoking category, 0-10 pack-years'. Up to 1977 the data gave substantial support to the 
multiplicative synergistic interaction of smoking and mining on the risk of lung cancer 
(Whittcmorc and McMillan 1983). However, the lung cancer mortality pattern between 
1977 and 1982 suggested that the joint relationship was gradually shifting from 
multiplicative towards additive (Hornung and Mcinhardt 1987). The data still supported a 
synergistic relationship, i.e. the effect exceeded the sum of the two relative risks. According 
to the re-analysis of the BEIRIV committee (1988, p. 532), the multiplicative relative-risk 
model fitted the data quite well (p= 0.48), and the purely additive excess-rclativc-risk mode! 
was rejected (p=0.005). The best-fitting model was submultiplicative. 

In the follow-up study conducted in Malmbcrgct (Sweden) Radford and Renard (1984) 
observed 32 deaths from lung cancer in a group of smoking miners, against 11 expected 
deaths based on a previous survey on the risk among smoking Swedish men (Ccdcrlöf et 
al. 1975). Thus the relative risk was 2.9. The number of cases observed in nonsmokers 
(including 10 long-term cx-smokcrs) was 18,1.8 being expected; the relative risk was thus 
10. Even though the relative risk in the group of nonsmokers and cx-smokcrs was clearly 
higher than that of smokers, the absolute risk was somewhat lower. This suggested only a 
little more than an additive joint effect of radon-daughter exposure and smoking - in 
contrast to the findings in the US data. However, the Swedish authors based their 
calculation of the expected number of lung cancer deaths in the 'nonsmoking and 

1 Number of years a person smoked limes number of packs he consumpted a day. 
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ex-smoking' group on previous risk estimations among nonsmokers, which may have 
underestimated the t ;jk of long-term ex-smokers, resulting in an excessively high relative 
risk in the group. 

In underground uranium miners in Czechoslovakia, a part-cohort preliminary analysis 
showed a higher relative risk for nonsmokers, suggesting, as in the Malmberget study, only 
slightly more than an additive joint effect (Sevc ct al. 1988). 

A case-control study of mining and smoking in the three northernmost counties of Sweden 
arrived at a different conclusion (Dambcr and Larsson 1982). Of the cases, 92 per cent 
were smokers; the figure was 63 per cent for the controls. The exposed cases (underground 
miners) included the same proponion of smokers as the unexposed cases but a larger 
proportion of low tobacco consumers, and the average tobacco consumption was 
considerably lower in the exposed group than in the unexposed one. Because ex-smokers 
were classified as low tobacco consumers, the relative risk among surface workers was 2.2 
for low and 10 for heavy tobacco consumers, compared with nonsmokers. 
Correspondingly, among underground workers the relative risk in different smoking 
categories (nonsmokers, low and heavy tobacco consumers), compared with nonsmoking 
and non-mining groups, was 7,0,6.3 and 48.7, respectively. Although the numbers were 
low, the result suggested a multiplicative effect of underground mining and smoking. 

In complete contrast to the findings of other studies, Axclson and Sundell (1978) found, in 
a small set of Swedish case-control data, that underground mining resulted in a higher 
absolute excess of lung cancer among nonsmokers than among smokers, although this 
difference was not significant. The authors offered the hypothesis diat smoking thickened 
the bronchial mucus layer and hence reduced the radiation-induced risk of lung cancer. 

In a case-control study (Blot et al. 1985) conducted in Hiroshima and Nagasaki, the 
interaction between smoking and high dose radiation (greater than 1 Gy) appeared to be 
approximately additive. 

The results of experimental studies, such as those of epidemiological studies, are 
conflicting. Cigarette smoke promoted radon daughter-induced carcinogenesis in the lungs 
of rats (Chameaud ct al. 1982) but mitigated that in dogs (Cross ct al. 1982). The positive 
effect was seen in rats only if ihcy were first exposed to radon daughters and then to cigarette 
smoke. The study on dogs used a concomitant, and possibly less effective, exposure to the 
two risk factors. When administered after radiation, promoters other than cigarette smoke, 
such as benzpyrcne or even saline, also enhanced the carcinogenic action of a-radialion in 
hamsters (Little ctal. 1978). 

In conclusion, the issue of the combined effect of smoking and radiation on lung cancer 
risk is still controversial. However, both the BEIR IV (1988, pp. 559-560) and the 1CRP 
50 (1987, p. 29) considered that, on the basis of epidemiological evidence, the interaction 
between long-term a-radialion and smoking was synergistic and of multiplicative or nearly 
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multiplicative type. However, a single exposure to low-LET1 radiation, as occurred in 
Japan (Prentice et al. 1983, Blot et a!. 1985), seemed to result in a weaker interaction with 
smoking than chronic exposure to high-LET radiation from radon daughters. 

2.3.2.4 Histological findings 

The earliest findings on lung cancer among uranium miners suggested that radon daughters 
induced small cell carcinomas in particular (Pirchan and Sikl 1932, Sikl 1959). This has 
not been supported by recent reports (Saccomanno 1982, Butler el al. 1986). Small cell 
carcinoma seemed to account for only 22 per cent of die lung neoplasms diagnosed among 
Colorado Plateau uranium miners in the late 1970s (Saccomanno 1982), while the 
percentage in the 1960s was 76 (Saccomanno et al. 1964). Although the difference may be 
partly attributed to different diagnostic criteria, it seems that radiation-induced small cell 
carcinoma developed earlier than the other types. Also among uranium miners in Ontario 
(Chovil andChir 1981) and Czechoslovakia (Horaceketal. 1977) only a somewhat higher 
risk per unit of exposure of small cell than epidermoid carcinoma was found. In Finland, 
miners - whose radon exposure was not known - had a considerably higher relative risk of 
small celt carcinoma compared to other histologic types, die relative risk being 3.87 (95% 
CI 2.59-5.77), which did not alone explain their high overall risk of lung cancer, however 
(Sankilaeial.1990). 

Small cell carcinoma was substantially more common among nonsmoking miners man 
among nonsmokers in general. Among US uranium miners, 57 per cent of white 
nonsmoking cases had small cell carcinoma (Saccomanno 1982), whereas usually only 5 
per cent of nonsmoking cases were of that type (Stayner and Wegman 1983). For American 
Indian miners, who rarely smoke, the percentage of small cell type was 33 per cent (Butler 
ct al. 1986). Likewise, in a Swedish case-control study in which the ovcrrcprcscntaUon of 
small cell carcinoma was observed among cases who were exposed to underground mining, 
the proportion of light smokers was higher in those cases (6 out of 11) than in the cases with 
epidermoid carcinoma (2 out of 11) (Dambcr and Larsson 1982). As in Colorado, the 
latency period appeared to be shorter in small cell than in epidermoid carcinoma. 

Among the atomic bomb survivors in Japan, small cell carcinoma seemed to be somewhat 
more closely associated with radiation than adenocarcinoma or epidermoid carcinoma. 
However, the variation between the histology-specific relative risks was not statistically 
significant (Yamamolo et al. 1987). 

I Linear energy transfer, I,ET, is the capacity of ionizing particles lo transfer energy into medium per a 
distance proceeded linearly, a -Radiation is high-LET radiation whereas 0 and y-radtalion arc low-LET 
radiation. 
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Exposure to radon daughters (or other radiation) thus increases the frequency of all types 
of lung cancer. The relative increase of small cell carcinoma, however, is somewhat higher 
than that of other cell types and appears to have a shorter induction time. Other factors such 
as smoking may also influence the histological distribution of radon daughter-induced lung 
cancer. 

2,33 Risk from exposure to domestic radon 

2.3J.1 Estimates based on studies of miners 

The general population is continuously exposed to radon and its daughters, which are 
always present to some extent in indoor air. There has been some concern about exposure 
in homes, where people spend most of their time. Thus far, however, epidemiological 
studies of the cancer risk from domestic radon exposure are few and preliminary. 

The risk estimates for miners arc extremely difficult to transfer to the risk run by the general 
population submitted to low exposures. Moreover, the observed lung cancer risks among 
miners are directly applicable only to mates of certain ages, most of whom smoke. In 
addition, the exposure conditions in undergroud mines are totally different from those in 
homes. 

The modifying effects of factors such as sex, age and smoking on the risk of lung cancer 
from radon (or other radiation) were discussed in previous chapters. Therefore only factors 
related to the exposure conditions arc considered here. 

The excess risk of lung cancer among miners may be the result not only of radioactive decay 
products from radon but also of other carcingcns, whether radioactive or non-radioac'ive, 
present in underground mines. This is suggested by the finding that long-term mining has 
resulted in a higher risk of lung cancer than shorter periods of exposure to the same 
cumulative radiation exposure (Homung and Mcinhardt 1987, Scvc et al. 1988). 

Miners arc exposed to radiation from other sources besides inhaled radon daughters, i.e. 
from external y-radiation and the inhalation of long-living radioactive aerosols such as 
uranium ore dust. Harley and Fiscnnc (1985) estimated that the bronchial dose from inhaled 
dusts might be one-tenth lower than that from radon daughters. The dose from y-radiauon 
was likewise considered relatively small (ICRP1987, p. 34). 

Non-radioactive agents in mines might also contribute to lung cancer risk. Yet, there has 
not generally been an excessive occurrence of lung cancer among surface workers handling 
uranium (Howe ct al. 1986) or among workers mining in nonradioactive environments 
underground (Muller el al. 1985), i.e. among people exposed to risk factors other than 
airbrmc radioactive agents in mines. Hence the only noteworthy lung cancer risk factor 
found, e.g. in the Canadian uranium mines, were the radon daughters (Chambers and 
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Marchant 1985). The exposure situation, however, was not well known some decades ago. 

The dose to the lungs from a given concentration of radon daughters may differ in mines 
and homes. The physical state of radon daughters in mine air is different from that in home 
air, e.g. the fraction of unattached daughter products is smaller and that of the carrier 
aerosols bigger. Both of those properties reduce the lung radiation dose of miners (see p. 
21). On the other hand, men working in mines in the past breathed more heavily than people 
in the home, thereby increasing their dosage. 

The ICRP 50 working group (1987, p. 34) estimated the tentative impact of various factors 
on the radon daughter-induced lung cancer risk in order to apply the results obtained for 
miners to the general population. AH carcinogens apart from radon daughters, long-living 
radioactive dusts in particular, were considered to account for some 20 per cent of the lung 
cancer excess among miners. It was estimated that the differences in breathing patterns and 
the physical differences in the inhaled air compensated one another's effects on doses to a 
large extent and together reduced the doses received indoors by a further 20 per cent 
compared to those received by miners. Thus the ICRP 50 (1987, p. 34-35) came to the 
conclusion that a certain exposure to radon daughters in the home would have only a 
0.64-fold (= 0.8 • 0.8) potency to cause lung cancer compared to a similar exposure among 
miners. 

The differences in the populations resulted in a need for few corrections. On the basis of 
findings in Hiroshima and Nagasaki, people exposed at the age of 20 or younger run 
approximately a three limes greater risk than those exposed as adults (Yamamolo el al. 
1987). Apart from this, the effects of factors such as age al risk and cigarctlc smoking habits 
arc taken into account if the relative risk model is used. 

As miners were observed to have experienced an excess relative risk of 1.0% per WLM 
radon daughters, the ICRP 50 (1987, pp. 23,35) calculated that exposure to 1 WLM indoors 
increased the risk of lung cancer by 0.64 per cent in adults (= 0.64 1.0%) and by 1.9 per 
cent (= 3 • 0.64 • 1.0 %) at agcr under 20. 

The ICRP 50 (1987, p. 51) working group also estimated ihc relative contribution of chronic 
domestic radon exposure to the life-lime risk of lung cancer. The population was regarded 
as having an average life expectation of 70 - 80 years. Wilh this assumption, the ICRP 50 
applied 0.5 per WLM a year (conslant exposure lo 200 Bq/m ) as the relative attributable 
life-lime risk from inhaled radon daughters. This meant a doubling of the normal lung 
cancer risk among people exposed throughout their life-time to an average radon level of 
400 Bq/m3 in the home. 

Unlike the ICRP 50 (1987, p. 51), the other authoritative committee, BEIRIV (1988, p. 52, 
55), calculated that within a range of uncertainty, exposure to 1 WLM al home and in an 
underground mine had an equivalent potency to cause lung cancer. Even so, the conclusions 
reached by the BEIR committee were very similar lo those reached by the lCRPconccming 
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the life-time radon-induced risk among the general population, because in the BE1R model 
the relative risk decreased somewhat with age at risk. Moreover, the possible higher risk 
among people exposed at ages under 20 was not taken into account. Thus, the radon 
exposure rate doubling the lung cancer risk was 2.0 WLM per year (continuous indoor 
exposure of 400 Bq/m3) for males and 1.8 WLM per year (360 Bq/m3) for females. The 
doubling exposure was smaller and the relative life-time risk higher for females than for 
males because of the longer life expectancy of females. 

Applied to the US population, whose average indoor exposure to radon is estimated to be 
40 Bq/m3 (0,2 WLM per year, NCRP 1984, p. 165), these risk estimates would mean that 
approximately 10 percent of lrng cancers were attributed to radon daughters (mainly jointly 
with tobacco smoke). In Finland, where he average indoor radon concentration is estimated 
to be 100 Bq/m3 (0.5 WLM per year) (Castrdn 1987), approximately 25 per cent of lung 
cancer cases might thus be caused by radon exposure. 

Also the US Environmental Protection Agency (EPA) has estimated the risk of lung cancer 
due to domestic radon exposure (EPA 1986, p. 10). According to its estimate, life-time 
exposure to 1 WLM per year causes about 18-70 excess lung cancer deaths per 1,000 
people. As, on average, about 40 of 1,000 die of lung cancer in the USA from all etiological 
causes combined (EPA 1986, p. 8) - including exposure to indoor radon at the average level 
of 0.2 WLM per year - the EPA estimate indicates diat increasing the life-time exposure 
by 0.8 WLM per year (160 Bq/m3) would approximately double the risk of lung cancer. 
Thus the EPA estimated a risk nearly three Limes higher than that of the BEIR committee 
and the ICRP working group, 

2.3.3,2 Estimates based on studies of the general population 

To date, the lung cancer risk attributable to indoor radon exposure has been investigated in 
only a few small studies. Some of these were descriptive correlation studies, which 
compared the risks between populations living in areas with different assumed radon 
exposures. A more analytical approach has been taken in case-control studies, chiefly in 
Sweden. 

Correlation studies 

In Canada Lclourncau ct al. (1984) used random sampling to survey indoor radon 
concentrations in 18 cities located in different parts the country. There was no association 
between the average concentration ranging from 5 to 60 Bq/m3, and mortality due to lung 
cancer. 

In China, the lung cancer risks in two areas with different radon exposures were compared 
(Hofmann ct al. 1986), The average radon daughter exposure was estimated lo be about 
50 Bq/m3 in the high-background area and about 30 Bq/m3 in the control area. The 
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corresponding age-adjusted lung cancer mortality rates were 2.7 and 2.9 per IO5 

person-years, i.e. no excess risk due to radon exposure was discovered. 

These two correlation surveys were carried out in areas with relatively low indoor radon 
exposures compared with those reported in the Nordic countries or in some parts of the 
USA. The exposure distribution was investigated in the 16 counties of Maine, USA, by 
taking water samples from more than 2,000 public and private wells (Hess et al. 1983). 
Airborne radon was measured in 88 houses, yielding values of 2 to 8,000 Bq/m3. The water 
and airborne concentrations appeared to correlate moderately well (r=O,50). Average radon 
levels in domestic water supplies in the 16 counties were positively correlated with rates of 
all cancers combined and with rates of lung cancer. However, the correlations were 
significant only among females (p < 0.05 for all cancers, p < 0.01 for lung cancer). No 
possible confounders were investigated. 

In the counties in Sweden Edling et al. (1982) found a significant correlation between 
background y-radiation exposure and risk of lung cancer (males, r=0.46; females, r=0.55) 
and pancreatic cancer. The background y-radiation level was considered to correlate with 
radon concentration in the soil and hence in houses. Nevertheless, according to the authors, 
it also correlates with urbanization and therefore with smoking and air pollution. 
Background radiation might therefore have been spurious to confounding. 

In Norway, Strandcn (1986b) analyzed the correlation between radon exposure in dwellings 
and lung cancer incidence at the municipal level. Altogether 1,500 houses were 
investigated in 75 municipalities. The smoking-adjustcd lung cancer incidence in 
1966-1985 rose with increasing radon concentration for both sexes, the excess relative risk 
being 0.001-Ö.003 per Bq/m3. The result suggests that 10 - 30 per cent of lung cancers in 
Norway, where the mean indoor radon concentration was ca, 100 Bq/m3, might be caused 
by indoor radon daughters. The author emphasized, however, that the sampling of the 
houses was not truly random. 

In Finland, the national indoor radon survey revealed a high-background area in the south 
of the country (Castrdn et al. 1985). On the basis of 754 indoor radon measurements the 
average exposure was estimated to be 370 Bq/m3 in that area against 90 Bq/m3 in Finnish 
homes in general. In the period 1955-1974, lung cancer incidence, adjusted for age to the 
man population of Finland (not to the world standard population as in the incidences given 
in other contexts in this work), in the high-exposure population was 72.4 per 100,000 
person-years for males and 5.6 for females. The corresponding rales among the whole 
Finnish population were 82.0 and 5.2 per 100,000 person-years. Thus, no excess lung 
cancer could be observed in high-exposure areas. However, the houses were not selected 
by proper randomization, and smoking habits were not taken into account. 

41 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A99 

Case-control studies 

Axclson ct al. (1979) published a case-control study of 37 lung cancer cases and 178 
matched deceased controls from rural areas in southern Sweden. Exposure to indoor radon 
was crudely assessed. Houses were divided into dirce categories: wooden houses without 
a basement; 'mixed houses*; and stone houses widi a basement. Stone houses were assumed 
to contain higher radon concentrations because of central heating and leakage from wall 
materials. The existence of a basement level increased leakage from die ground through 
the walls. 

Those who had lived in stone or 'mixed' houses ran nearly double the risk of lung cancer 
compared with those who had lived in wooden houses (point estimate 1.8, 90% CI 
0.99-3.2). In stone houses with a basement, the odds ratio was as high as 5.8 (90% CI 
1.5-19). The results were not controlled for tobacco smoking, which might have been an 
important confoundcr. Another possible confoundcr might have been occupation. In 
Sweden, farmers run a lower relative lung cancer risk than white-collar workers- even after 
adjustment for smoking (Dambcr and Larsson 1987b), and they usually live in wooden 
houses. Control matching was not maintained in me analysis. 

There is a uranium-rich alum shale zone in the west of the island of 01:. id. This area is 
more built-up than die rest of die island, and, furthermore, a higher incidence of lung cancer 
has been reported there than in the east. Edling et al. (1984) therefore investigated die 
influence of indoor radon exposure on the lung cancer risk in öland. For this study, 23 
cases of lung cancer and 202 deceased non-cancer controls were selected, all of whom had 
lived outside towns in the saiuc house for 30 years or more. To assess radon exposures the 
houses were divided into three categories according to house type and the type of ground 
the house was built on (normal or alum shale ground). The radon concentrations were also 
measured in 86 per cent of the houses. Information about smoking habits was acquired 
from next-of-kin. 

The odds ratio of lung cancer in die highest exposure category compared with the lowest 
was 3.5 (90% CI 1.3-9.2), adjusted for smoking (smoker or nonsmokcr). The average radon 
concentrations were 340 Bq/m (170 Bq/m EER) in die highest exposure category and 
84 Bq/m3 (42 Bq/m3 EER) in the lowest. Thus the result corresponds to an excess relative 
risk per exposure rale: (3.5-1 )/(340~84 Bq/m3) = 1.0 per 100 Bq/m3, which means that 
continuous exposure to an indoor radon level of 100 Bq/m3 would double the risk of lung 
cancer compared with zero exposure. The risk calculated is four times higher dian die 
estimate given by the ICRP 50 (1987, p. 51). 

When the houses were classified only according to measured radon concentrations die 
smoking-adjustcd relative risks were 1.0 (baseline, < 100 Bq/m3), 2.3 (100-300 Bq/m3) and 
5.1 (>300 Bq/m3,90% CI 1.4-18.5). 
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Smokers lived in high-exposure houses more often than nonsmokcrs, i.e. the smoking habit 
was a slight positive confoundcr. The risk ratio for smokers versus nonsmokcrs was 2.8 
with 90 per cent confidence interval from 0.9 to 5.S. The very low relative risk in smokers 
may have resulted from using controls who were deceased (McLaughlin ct al. 1985). The 
two exposures, smoking and radon, were observed to interact syncrgistically as lung cancer 
inducers. 

The study did not take into account a couple of other confoundcrs, e.g. the amount of 
smoking, which might have been higher among smokers on the more built-up western coast 
than in the cast, and would have explained, rather than the radon exposure, the higher risk 
of lung cancer in the west. Moreover, the lower lung cancer risk among farmers compared 
with white-collar workers, referred to previously (Dambcr and Larsson 1987b), might also 
have acted as a confoundcr, since farmers tend to live on die rural eastern coast, 

A similar study was recently conducted in central Sweden, where die soil contains alum 
shale rich in radon (Axclson ct al. 1988). The data comprised 177 cascsof lung cancer and 
677 deceased controls, all of whom lived at least 30 years in the same house. The houses 
were divided into three exposure categories, as in the Öland study. The indoor radon 
concentrations were also measured in die homes of 142 cases and 264 controls. A weak, 
nonsignificant increase in the odds ratio for the rural population was observed mlh 
increasing radon exposure. At radon concentrations of <100 Bq/m3 (50 Bq/m EER), 
100-300 Bq/m3 (50-150 Bq/m3 EER) and >300 Bq/m3 (>150 Bq/m3 EER) the odds ratios 
were 1.0,0.97 and 1.4, respectively. For the urban population the trend was reversed, being 
1.0,0.6 and 0.8. 

In Stockholm a case-control study was carried out on a set of 92 female cases of small cell 
lung carcinoma and 584 matched population controls (Svensson ct al. 1987). The homes 
of the cases and the controls were divided into 'radon risk' or 'no radon risk' categories 
depending on whether they were built on high radon emanating ground or not. Matched 
case-control analysis revealed a relative risk of small cell Jung carcinoma of 2,2 (95% CI 
1.2-4.0) for those living in die 'radon risk' area. Radon concentrations were measured in 
a sample of the dwellings, revealing that the average exposure among the 'exposed' cases 
was 110 Bq/m3 (55 Bq/m3 EER) and among the 'unexposed' cases 50 Bq/m3 (25 Bq/m3 

EER). Thus die excess relative risk according to the results of this particular study would 
be: (2.2~1)/((110-50)/100Bq/m3) = 2.0pcr 100 Bq/m3, i.e. the risk doubled when the radon 
exposure rate increased by 50 Bq/m3. This is nearly eight limes higher Uian die estimate 
made by the ICRP 50 (1987, p. 51) of the life-time risk (doubling with 400 Bq/m3). Smoking 
habits were not elicited. It is possible that smoking women lived more often in certain 
geographical areas, smoking thus confounding with radon exposure. 

Blot el al. (1990) studied the association between indoor radon exposure and the risk of 
lung cancer among Chinese women. A year-round measurement of indoor radon 
concentration was conducted in the homes of 308 cases of lung cancer and 356 controls, 
whose median time of residence in the last home was 24 years. For four categories of radon 
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level, 4-70 Bq/m3,71-140 Bq/m3,150-290 Bq/m3 and >300 Bq/m3, the odds ratios oflung 
cancer (and 95% CI:s) were 1.0,0.9 (0.6-1 J ) , 0.9 (0.5-1.4), and 0.7 (0.4-1.3). respectively. 
Hence no overall increased risk was observed among women living in homes with high 
radon concentrations. Risks were higher for heavy smokers exposed to radon levels greater 
than 70 Bq/m3 than for those exposed to lower levels; the difference was statistically not 
significant. A slight (non-significant) excess risk of smalt celt carcinomas was observed 
among the more heavily exposed residents. 

Effect of radon emanating from building materials 

Using data from a large case-control study of male lung cancer in northern Sweden, Dambcr 
and Larsson (1987a) made a study of the association between type of dwelling and lung 
cancer. The study did not suggest that increased radon concentrations due to building 
materials were an important cause of lung cancer. 

In a small case-control study Pcrshagcn ct al. (1984) estimated exposures from the 
characteristics of houses, neglecting the effect of ground type. 'Radon exposure' appeared 
to be slightly higher among smoking cases than smoking controls, but no difference was 
observed among nonsmokcrs. 

In the town of Port Hope in Ontario, Canada, the building materials of some houses 
contained radioactive waste from a radium plant (Lees ct al. 1987). To assess the risk to 
the residents, a small case-control analysis was conducted on 27 lung cancer cases and 49 
controls. When adjustment was made for smoking, a positive association was observed 
between radon exposure and lung cancer. The authors concluded, however, that analysis 
of this small hotly of data would not provide enough evidence of an identifiable increased 
lung cancer risk from elevated rx-radialion in Port Hope homes. 

Summary of the studies among the general population 

The results of the epidemiological studies of indoor radon and lung cancer that were 
conducted in areas wit*i relatively low indoor radon exposure were usually negative 
(Lclourncau ct al. 1984 Hofmann ct al. 1986). Many of the investigations in the Nordic 
countries, where indoor radon concentrations arc high, suggested the positive association 
between radon exposure and lung cancer (Axclson ctal. 1979,Edling ct al. 1982 and 1984, 
Slrandcn 1986b, Svensson cl al. 1987, Axclson ct al. 1988). Dissenting reports also exist 
(Castren ct a), J985, Dambcr and Larsson 1987a, Blot cl al. 1990). One study suggested a 
positive association only in the rural but not in the urban part of the study area (Axclson ct 
al. 1988). Most of these studies suffered from too few data, uncertain determination of 
radon exposure and insufficient controlling of confounding factors. Thus the best estimates 
available in the literature of the risk of lung cancer to the general population attributable to 
radon exposure arc still based on findings among miners. 
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3 PURPOSE OF THE STUDIES 

Two studies, a correlation study and a case control study, were designed in order to establish 
whether the relatively high radon concentration in homes in southern Finland had an effect 
on the risk of lung cancer. If an excess risk was observed, the intention was also to clarify 
its magnitude per unit of radon exposure. The case-control study was also intended to study 
the effect of confounding factors on the possible association, if any, between radon exposure 
and lung cancer. These factors included smoking, exposure to asbestos and some other 
occupational factors. 
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4 MATERIAL AND METHODS 

4.1 Correlation study 

Radon measurement in Finnish housing, conducted by the Finnish Centre for Radiation and 
Nuclear Safety, had revealed that the highest indoor radon concentrations wen; located in 
a zone in the south of the country (Fig. 3 page 20). Exposures varied, however, from one 
municipality to another within the area. A correlation study was designed to establish 
whether municipal lung cancer rates showed a corresponding variation. 

The lung cancer rates were correlated with average indoor radon exposures in 18 
municipalities - Anjalankoski, Askola, Artjärvi, Elimäki, Iitti, Jaala, Lapinjärvi, Liljendal, 
Myrskylä, Orimattila, Pernaja, Pornainen, Porvoo rural municipality, Pukkila, Pyhtää, 
Ruotsinpyhtää, Valkeala, Vehkalahti - in southern Finland, cither in the eastern pan of 
Uusimaa province or the western part of Kymi province. As a rule the municipalities were 
rural. However, one of these municipalities, Anjalankoski, had recently (1975) been 
granted town status but was nevertheless included because it was still mostly rural in 
character. 

The populations in these municipalities had been reasonably stable in the past decades, both 
immigration and emigration rates having been low (Pukkala 1978). About 120,000 
inhabitants, of whom 59,000 were males, were estimated to have lived in the study area in 
1980. The male populations in the individual municipalities varied between 600 and 
10,000. 

The municipal radon exposure levels were provided by the Finnish Centre for Radiation 
and Nuclear Safety. They were based on indoor radon measurements conducted by the end 
o f 1985. The method used by the Centre for measuring indoor radon concentrations was 
integrative (Mäkeläinen 1984, CastnSn 1987). A passive detector, an a-film box (type 
SSNTD with Macrofol polycarbonate film), was placed in the house for a couple of months, 
after which the film was etched electrochemically and read using a standard calibration. 
The measurement was usually made in a groundfloor room, preferably in winter when the 
indoor radon concentrations were highest. To establish the true exposure, however, the 
measured values were converted into annual average radon concentrations according to a 
method developed by Winqvist (1984) and Arvela and Winqvist (1986). The houses 
measured were not randomly selected. The municipal geometric means of the indoor radon 
concentrations were calculated in the Centre. The geometric mean was considered more 
reliable than the arithmetic average because of the skew variation in values. 

The lung cancer incidence rales (adjusted for age to the world standard population) in the 
municipalities in 1973-1982 were provided by the Finnish Cancer Registry. Only the rates 
for males were used because the number of female cases was low, only 5-6 cases a year in 
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the whole study population, and thus insufficient for statistical analysis. There were about 
SO new cases of lung cancer annually among males. 

The correlation between the age-adjusted incidence rates of lung cancer among males in 
1973-1982 and the geometric means of indoor radon levels in the 18 municipalities was 
assessed by computing the Pearson correlation coefficient, weighted by the number of 
observed cases in each municipality. 

4.2 Case-control study 

4.2.1 Study area 

A case-control study was conducted in the southern Finnish zone with high indoor radon 
exposure (Fig. 3). The area was the same as that in the correlation study with one extra rural 
municipality (Mäntsälä) included. In all, 19 municipalities were selected for the 
case-control study, i.e., Anjalankoski, Askola, Artjärvi, Elimäki, liiti, Jaala, Lapinjärvi, 
Liljendal, Mäntsälä, Myrskylä, Orimattila, Pernaja, Pornainen, Porvoo rural municipality, 
Pukkila, Pyhtää, Ruotsinpyhtää, Valkeala and Vehkalahti (Fig. 7). The male population 
living in these municipalities in 1980 was estimated to be 65,000 (Pukkala 1978). 

Figure 7. The study area in southern Finland; the municipalities included are shaded. 
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4.2.2 Design 

In a retrospective case-control study, previous exposures to indoor radon were compared 
between those who had lung cancer (cases) and those who did not (controls), thus permitting 
the radon-associated risk of the cases to be estimated relative to the controls. The study 
was conducted within a cohort, i.e. it was population-based. All the subjects, both the cases 
of lung cancer and the controls, were derived from the same population, which consisted 
of the male inhabitants of the study municipalities at the beginning of 1980. 

The age distribution of the controls was balanced to correspond to that of the cases. 
Selection of the controls by their smoking habits partially matched the control series with 
the lung cancer case scries. Individual matching was not used. 

4.2.3 Sample size 

An attempt was made to assess the minimum sample si/e (the number of cases and controls) 
needed to detect a certain radon-induced risk of lung cancer. The possible risk was 
determined applying the previous risk estimates for miners to the present study population. 

The epidemiological findings for underground miners were summarized by two evaluation 
committees,BEIR III (1980,p. 326) andICRP32(1981. p. 3)1, which estimated the absolute 
attributable risk of lung cancer from radon daughters among adults to be 18 cases per 10 
person-years per WLM and 10 cases per 106 person-years per WLM, respectively. 

To determine the radon-induced relative risk of lung cancer o( the study population that 
would correspond to these risk estimates, the population was divided into a 'high-exposure' 
anda 'low-exposure* segments, and their exposure was assessed using available knowledge. 
A review of the Finnish measurements suggested that 25 per cent of the houses in the study 
area had an indoor radon concentration which exceeded 400 Bq/m3. The mean 
conccniralion in this 'high-exposure' quartilc was 760 Bq/m3. The mean of the 
concentrations below 400 Bq/m3 was about 100 Bq/m3. The difference in the mean 
concentration between the 'high-exposure' and 'low-exposure' groups of houses was thus 

760- 100 = 660 Bq/m3 

and the difference in exposure to radon daughters (WLM/ year) 

660 Bq/m3 / (200 Bq/m3 / WLM/ycar) = 3.3 WLM/ycar, 

1 The rcccnl risk evaluations of by ihc ICRI' 50 (1987) and the BI-IR IV (19RR), referred to in the 
introduction, had not been available when this study was planned. 
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making 83 WLM in the 25 years intended to be documented in the present study, i.e. from 
1950 to 1975. 

The study population (65,000) included approximately 45,000 adult men (aged 20 or more) 
of whom the 'high-exposure' group, i.e. 25 per cent, consisted of about 11300 men. 
According to the BEIR estimate, indoor radon exposure would result in an excess annual 
number of lung cancer cases in this group: 

(18 cases/106 PY/WLM - 83 WLM) 11,300 P = 17 cases/year. 

The background age-adjusted rate of lung cancer among males in Finland was 700 cases 
per 106 person-years. In the study population of 65,000 men this would amount to about 
46 cases a year. Without any effect of radon exposure (null hypothesis), these cases would 
be divided into two population groups, so that the expected annual numbers of cases would 
be 12 in the 'high-exposure* quartile and 34 in the 'low-exposure' group (75% of the study 
population). 

If radon exposure produced lung cancer according to the BEIR risk estimate, the observed 
annual number of cases would be divided into the 'high-exposure' and the 'low-exposure' 
populations as follows (still using the observed total number of 46 cases): 

0.25 ( 4 6 - 1 7 ) + 1 7 = 24 

and 

4 6 - 2 4 = 22, 

respectively. 

From the 2 • 2 table formed (in which figures for the null hypothesis serve as numbers of 
controls) (Table III) the odds ratio (OR) approximating the relative risk could be calculated, 
being for the 'high-exposure' subjects (life-time exposure to more than 400 Bq/m3) 
compared with the Mow-exposed' ones (life-time exposure to less than 400 Bq/m3): 

ORnEiR = ( 2 4 3 4 ) / ( 1 2 - 2 2 ) = 3.1. 

The correspondingly calculated ORICRP was 1.8, 

The sample needed to detect cither the relative risk 3.1 or the relative risk 1.8 (and still 
excluding unity from the confidence interval), 25 per cent of the population being highly 
exposed, was calculated from the sample size equations for unmatched case-control studies 
by Schlcssclman (1982, p. 145). Error levels of a=0.5 (type I) and 0=0.1 (type II) were 
approved. If the number of controls equalled the number of cases, the sample of cases 
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Table ill.Hypothetical 22 tables formed in order to determine the relative risk to be 
detected and hence the sample size needed, if either the BE1R 111 (A) or the ICRP 32 (B) 
risk estimate is applied to the study population. 

Cases Controls 

High exposure 24 12 

Low exposure 28 34 

A 

Cases Controls 

High exposure IS 12 

Low exposure 28 34 

B 

needed to be 71 when the relative risk of 3,1 had to be delected and 260 when the relative 
risk of 1.8 had to be observed. 

On this basis the data should have included 71 or 260 cases, and the same number oicontrols 
in the analysis, or a corresponding power. The initial number of cases and controls had to 
be well over the final number needed because many subjects were expected to be untracablc 
or excluded for other reasons. In the municipalities of this study a sufficient number of 
male cases of lung cancer had been diagnosed in a six-year period: a total of 318 in 
1980-1985. Extending the case selection further back did not seem reasonable because of 
the increasing difficulty of recalling data from the past, instead, the power was improved 
by enlarging the control series to approximately 500 men. 

4.2.4 Cases 

The cases consisted of all male cases of lung cancer diagnosed in the study mucipalilies in 
1980-1985. As in the correlation analysis, the number of female cases, approximately 30, 
would have been too low for statistical analysis. 
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Tabk JV. Exclusions made from total case group. 

Reason for exclusion 

No cancer registration 
or hospital case record 

No primary lung cancer 

Diagnosed for the first 
time before 1980 

Migrated to the study 
area after January 1,1980 

Institutionalized 

Included 

Total 

Number 

5 

3 

3 

3 

13 

291 

318 

The male cases diagnosed in 1980-1982 were obtained from the Finnish Cancer Registry, 
and the more recent cases from the records of the hospitals diagnosing and treating lung 
cancer in the area. These amounted in all to 318 cases. For the 'hospital' cases the time 
and verification of the diagnosis of lung cancer were checked from case records. For five 
'hospital' cases the records were missing; these cases were excluded (Table IV). For three 
cases the case records revealed that the disease was not a primary lung cancer, and for a 
further three that lung cancer had been diagnosed before 1980. These were also excluded. 

Two other exclusion criteria were used (Table IV). To make the case series comparable 
with the control scries, which was derived from the local population at January 1,1980, 
three cases who had moved to the study area after that date were removed from the case 
series. Moreover, for practical reasons, 13 cases who were institutionalized, i.e. had the 
address of an old-people's home, a mental hospital or some other institution, were excluded. 
After these exclusions, the case scries consisted of 291 men. Survival status was not taken 
into consideration. 
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Table V. Exclusions made from the control sample prior to the smoking survey. 

Reason for exclusion 

Case of lung cancer 

Institutionalized 

Included 

Total 

Number 

36 

14 

1,450 

1,500 

4.2.5 Controls 

At the Population Register Center, 1,500 men were sampled at random from all men living 
in the study municipalities on January 1, 1980, so that their distribution into 5-year age 
groups corresponded to that of the cases. A few exclusion criteria were used (Table V), 36 
men who happened to be lung cancer cases and 14 men who were institutionalized being 
excluded. 

Because smoking is ifle main risk factor in lung cancer and apparently also an important 
contributor in the radon-induced risk of lung cancer, it was considered important to make 
the case and control groups comparable in terms of smoking habits. The survival status of 
the men in the sample was updated and a close relative of the deceased men was sought 
from the Population Register or from a municipal health center. No close relative or other 
contacts were found for 43 deceased men, and these men were excluded (Table VI). The 
remaining 1,407 men were then sent a questionnaire (if the person concerned had died, the 

Table VI. Number of respondents and nonrespondents in the smoking survey and 
reasons for not responding. 

Responded 

No 

Unknown 

Yes 

Total 

Reason 

Dead, no t ;Iosc relative 

Number 

43 

87 

1,320 

1,450 
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Table VH. Responses in the smoking survey and selection of control subjects. 

Smoking status Respondents 
to questionnaire 
No. (%) 

Nonsmoker 516 (39) 

Ex-smoker (stopped before 1979) 409(31) 

Smoker (or recent ex-smoker) 395 (30) 

Total 1,320 (100) 

.... 

Selected 
controls 
No. (%) 

50 (10) 

50 (10) 

395 (80) 

495 (100) 

questionnaire was sent to a close relative). They were asked whether they had ever smoked 
regularly and, if so, had they given up and when. The questionnaire was sent again if no 
reply was received within four weeks. In all, 1320 men, or next of kin, responded, 
amounting to 91 per cent of all the possible controls accepted (1,450). 

Of the respondents, 395 were currently smokers or recent ex-smokcrs (had smoked at least 
until the end of 1978); 409 had given up smoking before 1979; and 516 had never smoked 
(Table VII). All 395 smokers (or recent ex-smokers) and a random sample of 50 men from 
two other groups, i.e. previous smokers and nonsmokers, were then selected for the final 
control series (Table VU). Thus the control series comprised a total of 495 men, 90 per 
cent of whom had at one time smoked regularly, 

4.2.6 Interviews 

The actual cases and controls were interviewed to determine their housing histories and 
other exposures. If the subject himself was deceased, whenever possible the next of kin 
was interviewed. The interviews were conducted personally as far as possible (in 97%); 
otherwise a mailed questionnaire (1%) or telephone interview (2%) was accepted. Three 
qualified nurses conducted the interviews, following a questionnaire. 

To determine exposure to indoor radon, detailed questions were asked about the subjects' 
housing history. All the addresses at which the subjects had lived for a year or more since 
1950 were asked for. Questions were included about the types of dwelling (one-family, 
terraced or muhi family), what story the apartment was on, building material (wood or 
stone), the year the house had been built and the year any renovations were made. 
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The history of smoking was asked to obtain an estimate of life-time cigarette consumption. 
Questions were included asking what vcar the subject started smoking, daily consumption, 
any changes in the habit and the year the subject had given up smoking, if ever. 

The longest and most recent occupations were recorded and also whether the subject had 
worked in polluted air or handled asbestos at work. The level of education, either primary 
school (or lower) or higher education, provided a crude measure of social class. 

Questions about health were also asked. One of the questions attempted to reveal whether 
the subject had ever suffered from lung cancer, so as to confirm that the cases were true 
cases and the controls were not, in fact, cases. 

For the lung cancer cases information was also collected from hospital records. This 
information included the year lung cancer was diagnosed, the »"rification of the diagnosis 
- x-ray only, cytology or histology - and the histological type of the lung cancer if known. 

4.2.7 Measurement and estimation of radon concentrations 

The Finnish Centre for Radiation and Nuclear Safety conducted measurements of indoor 
radon concentrations in all the dwellings occupied by the cases and the controls for a year 
or more since 1950. The measurments were carried out in winter, between November 1, 
1986, and April 30,1987, following the routine method used in the Centre; the a-film boxes 
(type SSNTD with Makrofol polycarbonate film) were delivered to householders by 
•nunicipal health inspectors (or by the interviewers). One box per dwelling was placed in 
a living room or a bedroom (downstairs if a two-story dwelling). After two months the 
householders themselves sent the boxes back to the Centre, where the films were etched 
clectrochcmically and read, and where annual average concentrations were calculated 
(Mäkeläinen 1984, Winqvist 1984, Arvela and Winqvist 1986, Castron 1987). 

Sometimes, however, the radon concentration in a dwelling could not be measured. There 
were many reasons lor this: the address could not be traced, the house in question was 
unoccupied or had been demolished, or the present resident did not allow the measurement 
to be made. For such dwellings the radon concentrations were estimated using information 
aboul the dwelling itself and its location. 

A separate Finnish study (Mäkeläinen et al. 1987) of 2,745 one-family houses in 180 
municipalities had revealed that measurable factors having a significant effect on the indoor 
radon concentration were the municipality or area where the house was located, the type of 
soil at the site, the year the house had been built and the type of foundation. The fifth factor 
that was closely related to the indoor radon level was the story of the apartment when a 
multistory house was concern. 

The rcsidcnlial history of the cases and controls usually included the municipality the 
dwelling was located in, and furthermore, for some of the houses, the address indicated a 
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specific area in the municipality or the type of soil, or both. The story of the apartment and 
the year the house had been built were asked, but not the type of foundations, since this was 
too complicated to be remembered. The information about the different housing varied so 
much that the dwellings were divided into ten groups, according to a combination of known 
factors. Eight of these groups was applied a regression model to estimate radon 
concentrations in individual houses. The extensive data on indoor radon measurements 
compiled by Mäkeläinen et ai. (1987) provided regression coefficients of the different 
factors for the models. For dwellings higher than the ground floor, however, the radon 
concentration was simply estimated to a constant of SO Bq/m , and for dwellings about 
which nothing was known, not even the municipality, the Finnish average indoor radon 
level, approximately 100 Bq/m3, was applied. 

4.2.8 Calculation of radon exposure 

Radon exposure was calculated for each case and each control in two ways. The first was 
based on the whole exposure data regardless of whether the radon concentration was 
measured or estimated, including all dwellings occupied by a person for a year or more 
during the 25-ycar period, 1950-1975. The year 1975 was taken as the end point of the 
period,assuming that the minimum latency period for lung cancer following radoncxposure 
was five years (Howe ct al. 1986, Hornung and Meinhardt 1987, Sevc et al. 1988), while 
the cases were diagnosed in 1980-1985. Of the (measured or estimated) radon 
concentrations the mean 25-year exposure level was calculated by weighting with the 
number of years each dwelling was occupied. The unit of exposure was the same as the 
unit of concentration, Bq/m . 

The other calculation of radon exposure was based only on measured concentrations, even 
if they did not cover the whole 25-year period. The mean measured exposure level was 
calculated by weighting with the number of years each measured dwelling was occupied. 
The difference between subjects in the length of measured exposure was taken into account 
in the regression analysis by using the proportion of years with the exposure measured, of 
the total of 25 years, as a weighting variable (sec the next Chapter). 

4.2.9 Statistical methods 

The data were analyzed with a multiple regression method. The analysis was conducted 
using the Generalized Linear Interactive Models (GLIM) program package, as presented 
by Adcna and Wilson (1982, Chapters 1 and 6) for unmatched case-control studies. 

For each variable in the model (e.g. radon exposure), a parameter estimate (P) and a standard 
error in the estimate (s.c.) were obtained from the GLIM, Hierarchical models were 
compared using the differences in deviance and in degrees of freedom. The difference in 
the deviance with iLs defined degrees of freedom expressed how significantly, using the 
chi-square distribution, a newly fitted variable explained the outcome, the risk of lung 
cancer. Odds ratios (OR=exp(P)) representing the relative risks and the asymptotic 

55 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A99 

confidence intervals for them (antiIog(P ± 1.96 - s.c.) were calculated from the parameter 
estimates ($) and their standard errors (s.c.). 

Factors other than radon exposure were first fitted to the model. These confounding factors 
were the year of birth, education, smoking habits, and occupational exposures (e.g. asbestos 
and other inhaled pollution). Radon exposure was then added to the best of these models. 
For comparison, results for radon were also obtained from models in which confounding 
variables had been omitted. Moreover, the results stratified by confounding variables were 
used to detect any interaction between the confoundcrand the radon exposure. 

Whenever the value of a variable under investigation was missing, that observation was 
omitted when fitting models. 

As mentioned previously, the average radon exposure was determined in two ways: by 
including only the exposure measured and by accepting the whole exposure data, 
independent of wheth they were based on measurements or estimations. The effect of 
both variables was analyzed separately. When fitting the exposure measured to the model 
each observation was always weighted by the proportion of the period the exposure was 
measured, using the method of McCullagh and Neldcr (1989, p. 127). 

The possible effect that insulating houses may have on indoor radon levels was taken into 
account in one of the models. Insulating houses to save fuel was assumed to lead to 
decreased ventilation thereby increasing indoor radon concentrations. To correct the 
exposure measured the model was fitted based on a hypothetical estimation that the radon 
concentration in 1950 would have been one third of that measured in 1986, and that it would 
have increased linearly ever since towards its present value. 

The radon-induced risk by histological type of lung cancer was studied separately. The risk 
was also investigated in a group including only cases where the tumors were histologically 
or cytologically confirmed. 

All radon exposure variables were first fitted as continuous variables to detect a linear 
exposure-response effect, and then as categorical variables in order to determine the actual 
pattern of the effect. The lowest class was always selected as a reference category in 
calculating the odds ratios. Because neither the exposure-effect relationships nor ihcshold 
exposures were known, classes equal in size were simply selected; thcclasscswcrequiniilcs 
with cut-off points determined from the exposure distribution of die control scries. 

An etiological fraction, the proportion of lung cancer caused by exposure to indoor radon, 
was calculated for the whole Finnish population using the results of the present case-control 
study. Therefore, the Finnish population was divided into the same exposure categories as 
the study group, using the indoor radon measurements made in one-family houses by the 
Finnish Centre for Radiation and Nuclear Safety and the proportion of the Finnish people 
living on the ground floor. 
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The etiological fraction (E) was then calculated using a modification of the equation (13) 
by Miettinen (1974): 

E =X i (FiRi/LFjRi) • (Ri_iyRi, 

where Fi is the proportion of the popu'ation and R* the odds ratio observed for each exposure 
category. Because there are no unexposed people, the lowest category was taken as 'zero 
exposure*. A calculation was also made to determine the etiological fraction that can be 
prevented by reducing all the indoor radon concentrations to below the lower recommended 
level, 200 Bq/m3, set by the Finnish authorities at the Finnish Centre for Radiation and 
Nuclear Safety (STUK 1986). 
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5 RESULTS 

5.1 Correlation study 

The correlation between the geometric mean of indoor radon concentrations and the lung 
cancer incidence rate for males was evaluated in 18 municipalities. An average of 30 male 
cases of lung cancer per municipality were diagnosed in 1973-1982, resulting in 
age-adjusted incidence rates of 35-120 cases per 10* person-years. The average rate was 
66 per 10s person-years, being somewhat lower than the overall average, 75 per 10s, among 
Finnish men hi 1972-1982. The municipal geometric means of radon concentrations were 
based on the average of 120 measurements in a municipality. The geometric means varied 
from 140 Bo/m3 to 590 Bq/m3, the average being 260 Bq/m3. No significant correlation 
between the two variables was found (Fig. 8). The Pearson correlation coefficient, 
weighted by the number of cases in each municipality, was 0.36 (p=0.14). 

However, because most of the differences in lung cancer rates are attributed to differences 
in smoking habits, the possible effect of radon exposure may have been masked. Therefore, 
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Figure 8. The relationship between average indoor radon concentration and the 
age-adjusted lung cancer incidence rate among males in the 18 municipalities of the 
study area. 
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the records on smoking habits compiled during the smoking survey (conducted to select 
controls for the case-control data) were used to estimate area-specific prevalences of 
smokers. The association between both the prevalence of smokers and the geometric mean 
of indoor radon concentration and the relative risk of lung cancer was analyzed in 18 
municipalities using the regression method (GLIM). The percentage of smokers (including 
recent ex-smokers) was not associated with the incidence of lung cancer (Fig. 9). No 
significant increase in the municipal risk of lung cancer in relation to average radon 

Figure 9. The relative risk of lung cancer as a function of the municipal percentage of 
smokers (including recent ex-smokers). The risk in municipalities with less than 30% 
smokers was defined as unity. The bars represent the 95% confidence intervals. 
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exposure was found in regression analysis: the relative risk was 1.08 when adjusted for 
smoking (95% CI 0.92-1.27) and 1.04 without adjustment (95% CI 0.90-1.20). 

5.2 Case-control study 

5.2.1 Description of data 

5.2.1.1 Respondents and nonrespondents 

Cases 

After making the exclusions memioned earlier, the case series consisted of 291 cases of 
lung cancer. Of these, 53 (18%) deceased cases were lost during data collection when no 
close relative could be interviewed (Table VIII), either because none was found (2 cases) 
or none was reached (46 cases), or because the relative refused to give an interview (5 cases). 
In all, 238 cases or their relatives were interviewed and included in the analysis. Of these 
cases, 12 per cent were alive at the lime of the interview in 1986-1987, the survival status 
distribution being nearly the same as that of the original case group in the autumn of 1986 
(Table IX). 

The age distribution among the respondents differed only slightly from that in the original 
case series (Table X), a small shift from the oldest age groups, bom before 1910, towards 
age groups bom in 1911-1920, being observed. The respondents also corresponded 

Table VIII. Numbers of interviewed and noninterviewed cases and reasons for missing 
interviews. 

Interviewed 

No 

Yes 

Total 

Reason 

No close relative 

Not reached 

Refused 

Number 

2 

46 

5 

238 

291 
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Tttbk IX. Survival status in the whole case group and in the respondent group. 

Survival status All(%) Respondents (%) 

Alive 29 (10) 29 (12) 

Dead 262 (90) 209 (88) 

Total 291 (100) 238 (100) 

Table X. Birth-year cohort distribution of the whole case group and the respondent 
group. ^ 

Year of birth 

1891-1895 

1896-1900 

1901-1905 

1906-1910 

1911-1915 

1916-1920 

1921-1925 

1926-1930 

1931-1935 

1936-1940 

1941-

Total 
(No.) 

All 

% 

0.7 

2.7 

8.2 

22.7 

23.0 

17.5 

11.7 

8.6 

2.7 

1.0 

1.0 

100 
(291) 

Respondents 

% 

0.0 

2.5 

7.6 

20.6 

24.4 

19.3 

13.0 

8.8 

2.1 

0.8 

0.8 

100 
(238) 

Difference 
(respondents 
minus total) 
% 

-0.7 

-0.2 

-«.6 

-2.1 

+1,4 

+1.8 

+1.3 

+0.2 

-0.6 

-0.2 

-0.2 

0 
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Table XL Distribution of the whole case group and the respondent group by 
municipality. 

Municipality 

Anjalankoski 
Artjärvi 
Askola 
Elimäki 
Iitti 
Jaala 
Lapinjärvi 
Liljendal 
Mäntsälä 
Myrskylä 
Orimattila 
Pernaja 
Pornainen 
Porvoo rural 
municipality 
Pukkila 
Pyhtää 
Ruotsinpyhtää 
Valkeala 
Vehkalahti 

Total 
(No.) 

AH 

% 

13.7 
1.7 
4.8 
4,1 
4.1 
1.7 
4.1 
1.7 
6.5 
1.4 

11.0 
3.4 
3.1 

12.7 
3.4 
2.7 
4.1 
6.9 
8.6 

100 
(291) 

Respondents 

% 

15.5 
1.7 
5.0 
5.0 
5.0 
2.1 
5.0 
1.3 
5.6 
1.3 
7.6 
3.8 
1.7 

12.6 
4.2 
2.9 
4.6 
6.7 
8.8 

100 
(238) 

Difference 
(respondents 
minus all) 
% 

1.8 
0.0 
0.2 
0.9 
0.9 
0.4 
0.9 

-0.4 
-0.9 
-O.l 
-3.4 
0.4 

-1.4 

-0.1 
0.8 
0.2 
0.5 

-0.2 
0.2 

0 

relatively well with the original series as regards distribution between the municipalities of 
residence at the beginning of 1980 (Table XI). 

Controls 

The control series was first questioned about their smoking habits after which selected 
controls were interviewed. During the inquiry phase, 130 (9%) of the ],4S0 controls 
originally selected were lost (Table VI, page 52). Of the 1,320 respondents, 495 were 
selected for the final control series, including all smokers and a random sample from the 
groups of previous smokers and nonsmokers (Table VII, page 53), 
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Table XII. Numbers of interviewed and noninterviewed controls and reasons for missing 
interviews. 

Interviewed 

No 

Yes 

Total 

Reason 

Lung cancer case 

Refusal 

Not reached 

Number 

2 

1 

58 

434 

495 

During the interview phase losses were as follows: 58 subjects or their close relatives could 
not be contacted for an interview, one refused to give an interview, and according to the 
interview, two had lung cancer (Table XII). Thus, 434 controls were included in the final 
scries. 

The group of 434 respondents was compared with the initial sample, i.e. the sample 
consisting of 1,450 putative controls. As with the case scries, a greater number of deceased 
than living subjects was lost (Table XIII). When age distributions were compared (Table 
XIV), a clearer shift from older to younger age groups was observed among the controls 
than among the cases (Table X). Distribution into municipalities of residence at the 

Table XIII. Survival status of the members of the initial control sample and the 
respondent controls. 

Survival status 

Alive 

Dead 

Total 

All 
No. 

1,066 

384 

1,450 

(%) 

(74) 

(26) 

(100) 

Respondents 
No. (%) 

342 (79) 

92 (21) 

434 (100) 
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Table XIV. Birth-cohort distribution of the initial sample and the respondent control 
group. 

Year of birth 

1891-1895 

1896-1900 

1901-1905 

1906-1910 

1911-1915 

1916-1920 

1921-1925 

1926-1930 

1931-1935 

1936-1940 

1941-

Total 
(No.) 

All 

% 

0.9 

2.8 

9.7 

19.1 

23.7 

18.3 

12.4 

7.2 

4.6 

1.1 

0.3 

100 
(1,450) 

Respondents 

% 

0.2 

1.6 

6.0 

14.1 

22.6 

22.6 

18.0 

7.8 

5.1 

1.4 

0.7 

100 
(434) 

Difference 
(respondents 
minus all) 

% 

-fl.7 

-1.2 

-3.7 

-5.0 

-1.1 

+4.3 

+5.6 

+0.6 

+0.5 

+0.3 

+0.4 

0 
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Tabk XV. Distribution of the initial sample and the respondent control group by 
municipality. 

Municipality 

Anjalankoski 
Artjärvi 
Askola 
Elimäki 
Iitti 
Jaala 
Lapinjärvi 
Liljendal 
Mäntsälä 
Myrskylä 
Orimattila 
Pemaja 
Pornainen 
Porvoo rural 
municipality 
Pukkila 
Pyhtää 
Ruotsinpyhtää 
Valkeala 
Vehkalahti 

Total 
(No.) 

AH 

% 

3.4 
2.1 
3.3 
6.3 
7.4 
2.5 
3.9 
1.4 
8.8 
2.6 

11.5 
3.9 
2.1 

12.8 
1.5 
4.1 
3.5 
8.4 

10.3 

100 
(1,450) 

Respondents 

% 

2.5 
2.5 
2.8 
5.3 
8.8 
3.5 
2.1 
1.2 
8.5 
2.3 

10.4 
3.7 
2.1 

14.9 
1.6 
5.1 
3.7 
8.3 

10.8 

100 
(434) 

Difference 
(respondents 
minus all) 

% 

-0.9 
+0.4 
-0.5 
-1.0 
+1.4 
+1.0 
-1.8 
-0.2 
-0.3 
-0.3 
-1.1 
-0.2 

0.0 

+2.1 
+0.1 
+ 1.0 
+0.2 
-0.1 
+0.5 

0 

beginning of 1980 showed virtually no difference between the initial and the final control 
groups (Table XV). 
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5.2.1.2 Comparison of the final case and the final control series 

The age distributions finally turned out to be somewhat different in the case and the control 
groups (Table XVI), even though the initial distributions into 5-year age groups were equal. 
The cases were somewhat older, 55 per cent of them being born before 1915 while only 45 
per cent of the controls were bom before that year. On average, the cases were 1.8 years 
older than the controls. 

Table XVI. Birth-cohort distribution of the groups of respondent cases and respondent 
controls. 

Year of birth 

1891-1895 

1896-1900 

1901-1905 

1906-1910 

1911-1915 

1916-1920 

1921-1925 

1926-1930 

1931-1935 

1936-1940 

1941-

Total 
(No.) 

Cases 

% 

0.0 

2.5 

7.6 

20.6 

24.4 

19.3 

13.0 

8.8 

2.1 

0.8 

0.8 

100 
(238) 

Controls 

% 

0.2 

1.6 

6.0 

14.1 

22.6 

22.6 

18.0 

7.8 

5.1 

1.4 

0.7 

100 
(434) 

Difference 
(controls 
minus cases) 
% 

+0.2 

-0.9 

-1.6 

-6.5 

-1.8 

+3.3 

+5.0 

-1.0 

+3.0 

+0.6 

-0.1 

0 
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There was little difference between the cases and the controls in the distribution of the 
municipalities of residence in 1980 (Table XVII). The only clear exception was 
Anjalankoski, a big municipality, where 15.5 per cent of the cases lived but only 2.5 per 
cent of the controls; the reason was a sampling error. To establish whether this 
disproportion could bias the results concerning the effect of radon exposure, the average 
indoor radon concentration in Anjalankoski, calculated from measurements in the houses 
of the cases and the controls, was compared with the average for the rest of the 
municipalities. The average was 245 Bq/m3 in Anjalankoski and 246 Bo/m3 for all other 
municipalities in the study area, i.e. no difference that would produce bias was observed. 

Table XVII. Distribution of the groups of respondent cases and respondent controls by 
municipality. 

Municipality 

Anjalankoski 
Artjärvi 
Askola 
Elimäki 
Iitti 
Jaala 
Lapinjärvi 
Liljendal 
Mäntsälä 
Myrskylä 
Orimattila 
Pernaja 
Pornainen 
Porvoo rural 
municipality 
Pukkila 
Pyhtää 
Ruotsinpyhtää 
Valkeala 
Vehkalahti 

Total 
(No.) 

Cases 

% 

15.5 
1.7 
5.0 
5.0 
5.0 
2.1 
5.0 
1.3 
5.0 
1.3 
7.6 
3.8 
1.7 

12.6 
4.2 
2.9 
4.6 
6.7 
8.8 

100 
(238) 

Controls 

% 

2.5 
2.5 
2.8 
5.3 
8.8 
3.5 
2.1 
1.2 
8.5 
2.3 

10.4 
3.7 
2.1 

14.9 
1.6 
5.1 
3.7 
8.3 

10.8 

100 
(434) 

Iii 

% 

-13 
0.8 

-2.2 
0.3 
3.3 
1.4 

-2.9 
-0.1 
3.5 
1.0 
2.8 

-0.1 
0.4 

2.3 
-2.6 
2.2 

-0.9 
1.6 
2.0 

0 
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The cases and controls were included in the study irrespective of whether they were alive 
or deceased. At the time of data collection, in winter 1986-1987,12 per cent of the cases 
and 79 per cent of the controls were alive. 

Because most of the cases and some of the controls were dead, other informants, usually 
the subjects' closest relatives, were interviewed. A few cases were so ill that their relative 
had to be approached. In most cases the relative was the wife of the subject. For the cases 
distribution of the informants was as follows: in 11 per cent the subject himself was 
interviewed, in 66 per cent his wife, in 15 per cent his offspring, in 4 per cent his sibling 
and in 4 per cent somebody else. Most of the controls could be interviewed directly (79%). 
For the dead controls the distribution of informants was similar to that for dead cases. 

5.2.13 Measured and estimated radon concentrations 

The 238 cases and 434 controls had on the whole lived in 1,393 dwellings in 1950-1975. 
The indoor radon concentrations were actually measured in about one-half, 696, of these 
dwellings. Of the 25-ycar residence period (1950-1975), the average time of measured 
exposure covered 15 years. Slightly fewer measurements were made in the homes of the 
cases than in those of the controls: measured exposure covered an average of 14 years for 
the cases and 16 years for the controls (standard deviations being around 10 years). The 
radon concentration could be measured in at least one dwelling of 171 cases (72%) and of 
342 controls (79%). In this subgroup the measured exposure covered 20 years, on average, 
both for the cases and controls. 

In addition, radon concentrations in all the dwellings were estimated using the method 
described above. The average of the estimated concentrations was higher than that of the 
measured concentrations. To avoid bias, all the estimated values were reduced by dividing 
them with the quotient: average of estimated values/average of measured values. Thereby 
the averages of the measured and the estimated values were made equal, i.e. 220 Bq/m , 
the standard deviations, however, being quite different (for the measured average 
531 Bq/m3 and for the estimated one 63 Bq/m3). The estimated values, or to be precise, 
their logarithms, correlated only weakly with Uiose measured for the same houses, die 
Pearson coefficient being 0.23. Thus the estimates may not express the true concentrations 
reliably. Hence, little emphasis was given to the estimated concentrations in the subsequent 
analyses, and the association between the measured exposure and risk of lung cancer was 
considered the main result of the present study. 

5.2.1.4 Cell type of lung cancer among the cases 

Cell type distribution of lung cancer was different among smoking cases from among 
nonsmoking cases. Most of the 234 smoking cases had epidermoid carcinoma (39%) or 
small cell carcinoma (26%), but none of the nonsmoking cases were known to have these 
types (Tabic XVIII). 
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Table XVIII. Histological type distribution of the cases. 

Histological type 

Epidermoid carcinoma 

Small cell carcinoma 

Adenocarcinoma 

Large cell carcinoma 

Other carcinoma 

Other than carcinoma 

Unknown 

Total 

Nonsmoker 
Number (%) 

0 

0 

1 

I 

1 

0 

1 

4 

(0) 

(0) 

(25) 

(25) 

(25) 

(0) 

(25) 

(100) 

Smoker 
Number (%) 

91 

61 

18 

2 

29 

3 

30 

234 

(39) 

(26) 

(8) 

(1) 

(12) 

(1) 

(13) 

(100) 

5.2.2 Risk of lung cancer 

5.2.2.1 Completeness of balancing for smoking and age 

Although the control scries was selected to include an overrcprcscntation of smokers 
(compared to the general population), there still was a significantly higher proportion of 
smokers among the case series. Only four of the cases (2%) had never smoked while 10 
per cent of the controls were selected to be life-time nonsmokcrs. The smokers had a nearly 
seven times higher probability of being a lung cancer case compared with nonsmokcrs. 
This means that the balancing for the proportion of smokers was not complete. 

Information on life-time cigarette consumption was available for 600 smokers, 222 of 
whom were cases and 378 controls. Smokers had smoked an average of 31 pack-years of 
cigarettes. The average was higher among cases, 39 pack-years (see footnote 1, page 35), 
than among controls, 27 pack-years. The risk of lung cancer increased fairly linearly with 
the increasing number of cigarettes smoked, the odds ratio for an increase of ten pack-years 
being 1.47 (95% CI 1.34-1.61). Note that this effect had been weakened by the partial 
matching for the proportion of smokers. 

Even though the initial sample of controls was balanced with the initial case series regarding 
age distribution, die respondent cases were on average 1.8 years older than the respondent 
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controls, and age was a confoundcr in studying the risk of lung cancer anyway. However, 
when adjusted for smoking (life-time cigarette consumption) the effect of age decreased. 
The odds ratio of being a case for the oldest of three cohorts, born in 1891 -1915, compared 
to the youngest, bon 1926-1945, decreased from 1.47 to 1.16. 

Because the effect of life-time cigarette smoking seemed to include most of the effect of 
age, life-time cigarette smoking was used alone as the main confounding variable in the 
models. Furthermore, also the effect of adjustment according to age (and other confounding 
variables) were evaluated (chapter 5.2.2.4). 

5.2.2.2 Effect of other confounders 

Compared with higher levels the lowest educational level, primary school or less, was 
associated with a 1.10-fold lung cancer risk (Table IXX). Adjusted for life-time cigarette 
smoking, the slight excess risk disappeared. 

As an occupation, farming appeared to have a negative association with the odds ratio for 
lung cancer (Table XX). This effect was partly attributed to the lower frequency of smoking 
among farmers and the lower consumption of cigarettes among smoking farmers than 
among smokers in other occupational groups. Adjusted for these variables, the odds ratio 
was somewhat closer to unity than the crude one. The odds ratio of farmers versus others, 
adjusted for life-time cigarette smoking, was 0.81 (95% CI 0.57-1.17). 

Table IXX. Odds ratio and 95% confidence interval of lung cancer among the tow 
education level group compared with others, with and without adjustment for age or 
smoking habits. 

Adjustment 

-

Age 

Life-lime 
smoking 

Odds 
ratio 

1.10 

1.09 

1.00 

95% Confidence 
interval 

0.71-1.70 

0.70-1.69 

0.63-1.61 
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Table XX. The lung cancer odds ratio (with 95% confidence interval) among farmers 
compared with others, with and without adjustment for age or smoking habits. 

Adjustment 

-

Age 

Smoking 
(yes or no) 

Life-time 
smoking 

Odds 
ratio 

0.73 

0.71 

0.75 

0.81 

95% confidence 
interval 

0.52-1.02 

0.51-0.99 

0.54-1.05 

0.57-1.17 

No major association was found between known contact with asbestos at work and the risk 
of lung cancer (OR = 0.90,95% CI 0.57-1.40, Table XXI). The pattern appeared to remain 
unchanged when adjusted for cigarette smoking. 

Table XXL Lung cancer odds ratio among persons exposed to asbestos at work, with or 
without adjustment for smoking habits. 

Adjustment Odds 95% confidence 
ratio interval 

0.90 0.57-1.40 

Life-time 
smoking 0.87 0.54-1.40 
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Table XXII. The association of exposure to inhaled pollution at work with the lung 
cancer odds ratio, with and without adjustment for smoking habits or farming as an 
occupation. 

I 
Adjustment Odds 95% confidence 

ratio interval 

0.68 0.49-0.94 

Life-time 
smoking 0.73 0.54-1.03 

Farming (yes or no) 0.69 0.50-0.97 

A history of polluted air at the workplace showed a negative association with the probability 
of a subject developing lung cancer (OR = 0.68, Tabl XXII). Adjustment for smoking 
reduced the effect to some extent (OR = 0.73) and the statistical significance disappeared. 
Farming as an occupation did not confound the polluted air at work. 

5.2.2.3 Effect of radon exposure 

The average exposure of the cases and the controls 

The average indoor radon exposure in dwellings occupied in 1950-1975 was nearly equal 
for the cases and controls. When the whole exposure data (measured and estimated) were 
used, avc; age radon concentration was 216 Bq/m3 in dwcilingsoccupicd by the lung cancer 
cases and 210 Bq/m in those of the controls. Including only measured exposure, average 
exposure, weighted by the number of years the measurements covered, was 217 Bq/m3 for 
the cases and 212 Bq/m3 for the controls. 

Evidence for linear association 

Indoor radon exposure (mean concentration of dwellings occupied during 1950-1975) was 
not significantly associated with the risk of lung cancer when studied as a continuous 
variable and assumed the association to be linear. This was true both when all dwellings, 
measured or estimated, and when only the measured dwellings were included in the analysis 
(Table XXIII). On average, an increase of 100 Bq/m3 in the measured radon exposure was 
associated with the increased risk of lung cancer of 0.3 per cent (95% CI -0.3% 1 %). 

Separate analyses of measured exposure were made with different restrictions - using a lag 
pcri( d of 15 instead of 5 years; including only cases with cancers of a known cell type; or 
including only cases with small cell or epidermoid carcinoma. The effect of the corrected 
radon exposure, assuming that present radon concentrations arc higher than in the past 
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because of improved house insulation, was also analyzed. None of these analyses supported 
a linear association between the radon exposure and the risk of lung cancer. 

Table XXIII. Effect of radon exposure on the lung cancer odds ratio, including different 
restrictions and corrections of the data. Deviance difference andp-value between the 
model for a given variable and the null-model are given. Observations for which the 
value of the variable is unknown are omitted when fitting the model. All effects were 
adjusted for the life-time cigarette smoking. 

Variable Observations 
omitted 

Total exposure 
continuous 
quintiles 

Measured exposure 
continuous 
quintiles 

Measured, lag of IS years 
continuous 
quintiles 

24 
24 

174 
174 

228 
228 

Measured, 'insulation corrected' 
continuous 174 
quintilcs 174 

Measured, cell type known 
continuous 
quintiles 

Measured, small-cell 
continuous 
quintiles 

Measured, epidermoid 
continuous 
quintiles 

191 
191 

289 
289 

226 
226 

Degrees 
of freedom 

I 
4 

1 
4 

1 
4 

1 
4 

1 
4 

1 
4 

1 
4 

Deviance 
difference 

0.1 
11.0 

0.0 
6.0 

0.4 
4.7 

0.0 
3.3 

0.1 
6.5 

0.3 
1.3 

0.0 
4.2 

Signi
ficance 

N.S. 
<0.05 

N.S. 
N.S. 

N.S. 
N.S. 

N.S, 
N.S. 

N.S. 

N.S. 
N.S. 

N.S. 
N.S. 
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AU these results on the linearity of the radon exposure-lung cancer risk relationship were 
adjusted for life-time cigarette smoking. The crude effects were also evaluated and the 
results were quite close to the adjusted ones. 

Odds ratios by quintiles 

To obtain the real exposure-risk relationship the odds ratios for lung cancer were computed 
in the five indoor radon exposure quintiles, always using the lowest quintile as the baseline 
reference. 

The radon exposure which included the whole data including exposure both measured and 
estimated and classified into quintiles, was significantly associated with the risk of lung 
cancer (Table XXIII). However, the risk did not increase consistently with increasing 
exposure level, the cigarette-consumption adjusted odds ratios (with their 95% CIs) for 
quintiles being 1.00 (baseline), 0.80 (0.44-1.47), 1.71 (0.99-2.96), 1.75 (1.0-3.03) and 1.23 
(0.71-2.13) (Fig. 10). The crude pattern was similar to the smoking-adjusted one, although 
the odds ratios were somewhat lower. The crude results were based on the total number of 
238 cases and 434 controls, and the smoking-adjusted results on 222 cases and 379 controls. 

The radon exposure including only measured dwellings also explained the risk better when 
exposure was divided into quintiles than when analyzed as a continuous variable 
(Table XXIII). Adjusted for life-time cigarette smoking, the odds ratios (with their 95% 
CIs) in the exposure quintiles were 1.00 (baseline), 1.12 (0.56-2.21), 1.73 (0.87-3.44), 1.85 
(0.96-3.58) and 1.13 (0.57-2.22) (Fig. 11). Thus, the relative risk increased up to the 
exposure class 174-273 Bq/m3, but was close to the baseline risk in the highest exposure 
class. The unadjusted odds ratios showed a similar pattern, although at a lower level. To 
evaluate more exactly the shape ot ihe exposure-response curve, the odds ratios were plotted 
against the average radon exposure in each class (Fig. 12). The crude results were based 
on 171 cases and 342 controls. Both measured radon exposure and smoking history were 
avaihble for 164 cases and 334 controls, which comprised the data for the smoking-adjusted 
results. 

The results presented above included radon exposures in dwellings occupied by the subjects 
up to 1975. Thus the minimum latency (or lag) period for the lung cancer cases diagnosed 
in 1980-1985 was from five to ten years. Assuming that the true lag may be longer, a model 
was tested which included exposures up to 1965 only, thus lengthening the minimum lag 
period to 15-20 years. The exclusion of exposures after 1965 lowered the mean radon 
exposure (and reduced the cut-off poirts of the quintilcs); this was probabaly due to the loss 
of newly built houses, in which radon concentrations are higher (Mäkeläinen et ai. 1987). 
Lengthening the lag period did not change the dose-response effect compared with the 
corresponding result obtained with a shorter lag (Fig. 13). 
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Figure 10. The odds ratio of lung cancer as a function of average indoor radon 
exposure including the whole exposure data, whether measured or estimated, with and 
without adjustment for cigarette smoking. Classes A,B,C,D and E represent quintiles 
exposed to <109,109-150,151-196,197-264 and>265 Bqlm3, respectively. The risk in 
exposure group A was defined as unity. The vertical bars represent the 95% confidence 
intervals. 
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Figure II. The lung cancer odds ratio as a function of average measured indoor radon 
exposure, with and without adjustment for cigarette smoking. Classes A, B, C, D and E 
represent quintiles exposed to <80,80-126,127-173,174-274 and >275 Bqlm3, 
respectively. The risk in exposure group A was defined as unity. The vertical bars 
represent the 95% confidence intervals. 

76 



STUK-A99 AND NUCLEAR SAFEH 

Figure 12. The lung cancer odds ratio (adjustedfor cigarette smoking) as a function of 
the class average of measured indoor radon exposure. The risk in the lowest exposure 
group was defined as unity. 
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Figure IS. The lung cancer odds ratio (adjustedfor cigarette smoking) as a function of 
the measured radon exposure after a lag oftIS years. For comparison, the 
dose-response with the usual lag of>5 years is given. Classes Aj.Bi, Ci, Di and Ei 
represent quintiles exposed to <80,80-127,128-172,173-269 and>270 Bqlm3, 
respectively. Classes A, B, C, D and E represent quintiles exposed to <80,80-126, 
127-173,174-274 and >275 Bqlm . respectively. The risk in exposure groups A i and A 
was defined as unity. The vertical bars represent the 95% confidence intervals. 
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The corrected exposure estimates in which earlier exposures were corrected downwards 
compared to the recent ones, to take the better insulation into account, did not associate 
with the risk of lung cancer any better than the uncorrected radon exposures. The 
dose-response pattern (Fig. 14) showed an increase up lo the fourth quintile followed by a 
decrease in the fifth. The decrease was not, however, as marked as in the uncorrected model; 
the odds ratio in the fifth quintile was 1.3 compared with 1.1 in the uncorrected exposure 
analysis. 

The relationship of radon exposure and cell type of lung cancer was evaluated. There was 
no increase at all in the odds ratio of small cell carcinoma attributable to increased measured 
radon exposure (Fig. 15). The analysis was based only on 49 small cell carcinoma cases 
(and 334 controls), however. Analysis for epidermoid carcinomas, based on 63 cases and 
334 controls, yielded more elevated odds ratios (Fig. 15). 

The scries, including all cases of lung cancer confirmed by either histological or cytological 
diagnosis was also analyzed. It was tentatively assumed that the remainder of the group, 
with unconfirmed cell type, might have contained mci;»shiic lung tumours. Irrespective 
whether including the confirmed cases only or all cases the exposure-risk pattern appeared 
to be quite similar (Fig. 15). 

79 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A99 

Figure 14. f he lung cancer odds ratio (adjusted for cigarette smoking) as a function of 
measured radon exposure corrected assuming that the present radon concentrations are 
higher than the earlier ones, due to insulating of houses. Classes Aj, Bz, Ci. Di and Ei 
represent quintiles exposed to <45,45-73, 74-99,100-158 and >159 Bqlm , 
respectively. Classes A,B,C.D and E represent quintiles exposed to <80,80-126, 
127-173,174-274 and>275 Bqlm , respectively. The risk in exposure groups ki and A 
was defined as unity. The vertical bars represent the 95% confidence intervals. 
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Figure 15. The lung cancer odds ratio (adjustedfor cigarette smoking) for different 
histological types, and including all cases with histological or cytological confirmation 
of the diagnosis, and including all cases, as a function of the measured radon exposure. 
Classes A, B, C.D and E represent groups exposed to <80,80-126,127-173,174-274 
and >275 Bqlnf, respectively. The risk in exposure group A was defined as unity. The 
vertical bars represent the 95% confidence intervals. 

5.2.2.4 Confounder-stratified risk from radon exposure 

The relationship between indoor radon exposure and lung cancer risk was also studied after 
stratification by confounding variables. These variables were age, education, smoking 
habits and a few occupational factors such as farming, as well as exposure to polluted air 
or asbestos at work. As already noted only smoking habits had a strong influence on the 
risk of lung cancer. 

Separate analyses of the variables age at exposure and age at diagnosis (i.e. age at risk) were 
not possible in the present data set, because the variables were interdependent. This was 
because the period of radon exposure was (he same, 1950 to 1975, for all subjects, and the 
period of case inclusion short, from 1980 to 1985. 

However, radon exposure in lung cancer induction was studied separately in two birth-year 
cohorts. The younger group was born after 1915 and the older group in 1915 or before. 
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When subjects with measured exposure and known cigarette consumption only were 
included, the younger group consisted of 77 cases and 198 controls. In this group the radon 
exposure-risk relationship (adjusted for cigarette smoking) appeared to be rather similar to 
that for the whole triatrial, though the odds ratio decreased even more sharply at the highest 
exposure quinules, down to 0.57 (Fig. 16). 

In the older age group (87 cases, 136 controls) the risk was constantly higher in the higher 
exposure categories than in the two lowest categories, although the increase was not 
significant: the chi-square test for trend was 1.40 (p>0.1) using Mantel's model 
(Schlessclman 1982, pp. 201-202) (Fig. 16). This suggests, however, that the older men 
in the study group ran a higher risk of lung cancer from indoor radon exposure than the 
younger ones. 

ODDS RATIO 
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Figure 16. The lung cancer odds ratio (adjusted for cigarette smoking) as a function of 
measured radon exposure in two birth cohorts and in the whole group (adjusted for 
age). Classes A,B,C,D and E represent groups exposed to <80,80-126,127-173, 
174-274 and >275 Bqltn .respectively. The riskin exposure group A was defined as 
unity. The vertical bars represent the 95% confidence intervals. 
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Adjustment for age did not change the radon exposure-risk relationship (Fig. 16) compared 
widi the risk adjusted for life-time cigarette smoking alone (Fig. 11). Age did not confound 
radon exposure, t.e age distribution in the different radon exposure classes did not vary 
systematically. 

The risk from radon exposure was studied separately among those with primary school or 
lower education and those with education higher than primary school (Fig. 17). The relative 
risk (cigarette smoking-adjusicd) seemed somewhat higher in the group with primary school 
education than in the higher education group. There were only 24 cases and 53 controls, 
however, in the latter group. The radon-induccd risk pattern for lung cancer appeared to 
be independent of adjustment for educational level (sec Fig. 1 /compared with Fig. 11) after 
adjustment for cigarette smoking. 
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Figure 17. The lung cancer odds ratio (adjusted for cigarette smoking) as a function of 
measured radon exposure, by education received. For comparison, the results for the 
whole group adjusted according to education level is given. Classes A,B,C,D and E 
represent groups exposed to <80,80-126,127-173,174-274 and >275 Bqirr?, 
respectively. The risk in exposure group A was defined as unity. The vertical bars 
represent the 95% confidence intervals. 
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Figure 18. The lung cancer odds ratio (adjusted for cigarette smoking) as a function of 
(measured) radon exposure in farmers and others, as well the whole group adjusted for 
farming as occupation. Classes A,B,C,D and E represent groups exposed to <80, 
80-126,127-173,174-274 and 2275 Bqlm*. respectively. The risk in exposure group A 
was defined as unity. The vertical bars represent the 95% confidence intervals. 

The risk from radon exposure seemed to be lower among farmers than others (Fig. 18). 
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Figure 19. The lung cancer odds raiio (adjusted for cigarette smoking) as a function of 
(measured) radon exposure in the group with reported exposure to asbestos, in all 
others and in the whole group adjusted for asbestos exposure. Classes A, B, C, D and E 
represent groups exposed to <80,80-126,127-173,174-274 and >275 Bqln?, 
respectively. The risk in exposure group A was defined as unity. The vertical bars 
represent the 95% confidence intervals. 

There was no indication that exposure to both radon and asbestos had any synergistic effect 
on the odds ratio of lung cancer (Fig. 19). In fact, among those possibly exposed to asbestos 
the risk of lung cancer appeared to diminish with increasing radon exposure. However, the 
group was small: only 29 cases and 57 controls. The risk pattern for the group not exposed 
to asbestos was similar to that for the whole group. 
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Figure 20. The lung cancer odds ratio (adjusted for cigarette smoking) as a function of 
measured radon exposure in the group with reported exposure to polluted air at work, in 
all others and in the whole group adjusted for exposure to the polluted air at work. 
Classes A, B, C.D and E represent groups exposed to <80,80-126,127-173,174-274 
and>275 Bqlm respectively. The riskin exposure group A was defined as unity. The 
vertical bars represent the 95% confidence intervals. 

Radon exposure in the group with a reported exposure to inhaled pollutants at the workplace 
had no effect at all on the odds ratio of lung cancer (Fig. 20). The group was not particularly 
small, containing 76 cases and 188 controls, and was approximately the same size as the 
non-pollution group, in which the risk pattern was rather sim ilar to that for the whole group. 

Adjustment for these occupational factors did not change the exposure-risk relationship 
between radon and lung cancer compared with the one adjusted for cigarette smoking only 
(Fig. 18-20). 

It was not possible to study the radon-induced risk among nonsmokers directly, since the 
number of persons among the cases who had never smoked was too low, only four. 
However, an attempt was made to study this aspect indirectly by combining light smokers, 
i.e. 20 pack-years or less, with nonsmokers. This combined group consisted of 27 cases 
and 157 controls, when only measured radon exposures were taken into account. No 
systematic variation in the relative risk of lung cancer by increasing radon exposure was 
found in this group (Fig, 21). 
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Figure 21. The lung cancer odds ratio from radon exposure among non- and 
light-smokers (20 pack-years or less), among heavy smokers (more than 20 pack-years) 
and in the whole group (adjustedfor cigarette smoking). Classes A,B,C,D and E 
represent groups exposed to <80,80-126,127-173,174-274 and 2275 Bqim*, 
respectively. The risk in exposure group A was defined as unity. The vertical tars 
represent the 95% confidence intervals. 

For smokers who consumed more than 20 pack-years, the odds ratios were clearly higher 
than for the group of nonsmokers and light smokers; however, no significant trend was 
observed (chi-square for trend 0.36, p>0,1). The result suggests that if there is any excess 
risk due to radon exposure, it is only among smokers that it is increased. 

Smoking was not related to radon exposure: neither smoking status nor life-time cigarette 
consumption varied systematically by radon exposure. 

5,2.2.5 Etiological fraction from indoor radon exposure 

Even though the dose-response curve showed no consistent increase (Fig. 11), suggesting 
no linear relationship between radon exposure and the risk of lung cancer, the tentative 
etiological fraction (E) from indoor radon exposure was calculated on the basis of this result 
for the whole Finnish population. 

87 



FINNISH CENTRE FOR RADIATION 
AND NUCLEAR SAFETY STUK-A99 

The indoor radon exposure level was obtained from the survey conducted by the Finnish 
Centre for Radiation and Nuclear Safety. Because levels are lower in the rest of Finland 
than in the study area, the bulk of the population is confined to the two lowest exposure 
categories. The proportions of the whole population (F) in the five categories (mean 
exposures <i>0,80-126,127-173,174-274, and >275 Bq/m3) were 60,16,9.2,7.2 and 7.9 
per cent, respectively. The corresponding odds ratios (R) produced by the present study 
were 1.00,1.12,1.73,1.85 and 1.13. 

Applying equation on page 57 indoor radon exposures above 80 Bq/m3 appeared to account 
for 13 per cent of all cases of lung cancer in Finland (95% CI 1-24%). The officially 
recommended upper limit for newly built houses is 200 Bq/m3 of radon in indoor air. As 
estimated from the results of the present study, the etiological fraction from exposures 
exceeding this limit was 2 per cent of all cases. 

For comparison, the life-time risk estimate of the ICRP 50 (1987, p. 51) was also applied 
to the Finnish population and the etiological fraction calculated. This calculation indicated 
that the etiological fraction of lung cancer from indoor radon exposure above 80 Bq/m3 was 
17 per cent. If all radon exposure was decreased to 200 Bq/m3 or lower, applying the ICRP 
life-time estimate the proportion of cases which could be prevented (= etiological fraction) 
would be 10percent. 

When all exposures above the outdoor concentration, i.e. above 10 Bq/m3, were included, 
using the ICRP estimate indoor radon explained 21 per cent of all lung cancer cases. Thus 
the low concentrations contributed a proportion of 24 per cent f( 21 % -17%) /17%] to the 
etiological fraction. Assuming the same proportion at the low levels (10-80 Bq/m3), the 
etiological fraction from overall indoor radon exposures (>10 Bq/m3) was assessed 
according to the results of the present case-control study. It was found to be 16 per cent 
(13%+ 0.24 13%). 
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6 DISCUSSION 

6.1 Correlation study 

The age-adjusted incidence of lung cancer among males did not correlate significantly with 
indoor radon exposure in 18 rural municipalities in southern Finland, when the smoking 
habits were not taken into account The regression model which controlled the effect of 
the proportion of smokers in the municipalities revealed only a slight and nonsignificant 
increase in the risk of lung cancer from radon exposure. The point estimate of the relative 
risk, 1.08 per increase of 100 Bq/m3 in indoor radon exposure, was lower than that of the 
ICRP (1987), which estimated the relative risk related to life-time exposure to 100 Bq/m3 

indoors to be 1.25. 

The survey data used in this correlation study was based on a large number of indoor 
measurements, an average of 120 per municipality, and was thus assumed to represent the 
municipal levels quite well. However, the indoor radon measurements were not specifically 
made for this analysis but for mapping the extent of the indoor radon problem. 
Consequently the dwellings selected for measurement were not based on a random sample. 
This is considered the greatest shortcoming of this correlation analysis. 

The municipal authorities, who decided which dwellings should be measured, most 
probably selected houses situated on supposedly radon problem areas. An expensive 
modern or recently repaired dwelling may also have been often considered more worthwhile 
measuring than an old house in poor condition. Such factors apparently tended to raise the 
measured mean concentrations; ovcrcslimation of exposure would, in turn, lower the 
observed risk per unit of exposure. Moreover, the norms determining which houses should 
be measured may have varied from one municipality to another, since no exact rules existed 
to guide selection. 

Populations in the rural municipalities included the study were small so that the incident 
cases of lung cancer were few. The male cases of lung cancer from a ten-year period 
(1973-1982) had to be included in the correlation study, and still the number of cases did 
not average more than 30 per municipality. 

Adjustment for smoking may have been poor because the survey of smoking habits was 
relatively limited. The number of respondents per municipality ranged from 18 to 170, so 
that the data were predisposed to the effects of chance. This was supported by the finding 
(hat (he proportion of smokers was related to municipal incidence of lung cancer in an 
unexpected way (Fig. 9) compared with previous knowledge of smoking and lung cancer. 
A proper adjustment for smoking habits would have been of the greatest importance, 
however, since there is good reason to believe that the effect of smoking, the main risk 
factor in lung cancer, may have obscured the small potential excess risk due to indoor radon 
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exposure. Furthermore, the amount of tobacco smoked, not only the smoking status, has 
been shown to bear a strong relationship to the risk of lung cancer, a fact that could not be 
taken into account in the correlation analysts. 

6.2 Case-control study 

6.2.1 Effect of (he study design on the results 

Unlike some other case-control studies on radon and lung cancer, which concerned only 
deceased subjects (Edling et al. 1984, Axelson et al. 1988), the present study included 
subjects, both controls and cases, that were either alive or dead at the time of data collection. 
This was important to the reliability of the risk ratios, since earlier reports (Metanoski et al. 
1983, Mclaughlin et al. 1985) have shown that if the exposure being studied increases the 
risk of death, using only controls already dead in a case-control study yields biased risk 
ratios. 

Some problems arose from including both living and deceased subjects in the study. Living 
subjects answered the questions themselves, but to get information about the exposure 
deceased subjects had encountered, relatives had to be interviewed. This caused 
incongruity, because there was a higher proportion of deceased cases (88%) than deceased 
controls (21%). 

Because relatives were more difficult to contact for interviews, the proportion of deceased 
subjects included in the total material dropped somewhat during the data collection, in the 
cases from 90 per cent to 88 per cent and in controls from 26 per cent to 21 per cent 
However, the tolat loss of cases from the series, 18 per cent, was no higher than that of the 
controls, 9 per cent of whom were lost at the smoking inquiry phase and 12 per cent at the 
interview phase, total loss being about 20 per cent 

The relatives may have given more unreliable information about cases and controls than 
living subjects themselves gave. However, the most important information for the study, 
the place of residence, was usually known to the relatives, and their answers could be 
considered reliable. The relatives also seemed to be well informed about the other important 
issue, smoking habits. Lerchen and Samet (1986) found that a surviving wife gave a correct 
report on aspects of her husband's smoking history, such as status (smoker/nonsmokcr) and 
the number of years he had smoked. When it came to th number of cigarettes smoked per 
day, the wives tended to say 20 (-one pack) even when the number was in fact higher or 
lower. Nevertheless, average figures reported by the husbands themselves and their wives 
were not significantly different (Lerchen and Samet 1986). Thus, the replies about smoking 
habits given by close relatives were considered adequately reliable and unbiased in the 
present study. 
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However, in the study made by Lcrchen and Samel (1986), relatives found the questions 
about occupational exposures difficult to answer. Consequently occupational factors 
should not be given too great emphasis in the present study. For instance, the absence of 
heightened effect on lung cancer risk of asbestos and the "protective" effect of polluted air 
at the workplace, obtained in the analysis, may easily be the results of a recollection bias, 
when the relatives of the cases undcrrcponcd these exposures. 

Individual matching usually protects a study from systematic error. However, in the present 
study individual matching for any variable other than age did not seem necessary. There 
was no need to match for sex because the study was restricted to males, or for year of death 
because living cases and controls were included. Any matching for municipality or area of 
residence would constitute overmatching, as exposure to indoor radon depended on the 
place of residence. Besides, individual matching would have reduced the statistical power 
of the data analysis. Therefore the best solution was to balance the control scries by age 
groups corresponding to the age distribution of the cases. 

Of the cases 98 per cent had smoked regularly at some time. It, was therefore, reasonable 
to have a control scries consisting mainly of people who were or had once been smokers 
(90%). Powerful adjustment for smoking was considered important, because smoking and 
indoor radon exposure could be related, for instance, through socioeconomic class. In 
Finland, the prevalence of smoking among males is higher among the working classes than 
among other classes (Koskela et al. 1982, p. 14). Workers may also more often than others 
have lived in certain districts or in houses in poor condition, factors which arc related to the 
level of indoor radon exposure. Similar correlation may have taken place between radon 
exposure and the amount of tobacco smoked. Contrary to these expectations, no systematic 
correlation was observed between smoking habits and the radon exposure level. 

Many studies on underground miners have suggested thai smoking, in addition to having 
its own separate effect, accentuated the effect of radon (Darnbcr and Larsson 1982, Radford 
and Renard 1984, Hornung and Mcinhardt 1987). According to the expert groups, ICRP 
50 (1987, p. 29) and BEIRIV (1988, p. 559), the absolute lung cancer risk induced by radon 
was much higher among smokers than among nonsmokcrs, whereas the relative risk was 
approximately the same. In this study, restricting the control scries mainly to smokers 
enabled the risk from radon exposure to be studied separately for heavy smokers and others. 
The risk to nonsmokcrs could not be studied separately because of few cases of nonsmokcrs 
in the data. 

The possibility exists that selecting the controls mainly from the smoking population 
modified the control scries in an unknown way, thus making it less comparable with the 
case series. 

When possible, radon concentrations were measured in all dwellings occupied by the cases 
or controls since 1950. Exposures before then would hove been important to reveal the 
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possibility of lung cancer induction, but the 1940s was a period of war and post-war 
migration, making exposures difficult to determine. 

The measurements were made by a method in routine use for several years at the Finnish 
Centre for Radiation and Nuclear Safely, where it had been tested and calibrated 
(Mäkeläinen ct al. 1987), and was therefore considered reliable. All the dwellings were 
examined in winter and annual averages calculated using a model developed from previous 
findings of year-round variation (Winqwist 1984, Winqwist and Arvela 1986). The model 
corresponded to the most common type of seasonal variation in indoor radon levels. 
However, since not all houses followed the same pattern, there were some unknown 
adjuncts to the variation (Arvela, pers. comm). However, an uncertainty factor of this kind 
in exposure determination does not necessarily produce a systematic bias with an unequal 
effect on cases and controls, but rather a random error, and this may have weakened the 
observed effect somewhat. 

Estimating the indoor radon levels in dwellings proved difficult The crude factors taken 
into account in estimating indoor concentrations seemed to predict the concentrations in 
individual dwellings rather poorly. Of dwellings for which there were both estimated and 
measured values, the estimated values showed a rather weak correlation with the measured 
ones. 

The radon concentrations were measured in the mid-1980s, not in 1950-1975 when the 
exposures occurred. Little is known of how concentrations have changed since then. Some 
studies conducted elsewhere, e.g. in the Swiss Alps (Burkartctal. 1984), in the Netherlands 
(Wolfs ct al. 1984) and in the USA (Fleischer and Turner 1984), have suggested that radon 
concentrations in modem energy-saving, air-tight houses arc 50-80 per cent higher than in 
conventional houses. However, all these studies were done in areas where concentrations 
varied at a lower level (between 10 Bq/m3 and 100 Bq/m3) than those in Finland and other 
Nordic countries. These studies also measured strictly selected samples of houses. In a 
more randomized sample of 453 houses in the USA, the properties of the houses did not 
have much impact on radon concentrations, geographical variations being the dominant 
factor (Cohen 1986). 

In Sweden, Swcdjcmark ct al. (1987) found that the average concentration in homes 
measured in 1980-1982 was four times higher than that in homes measured by Hultqvist 
(1956) in 1955-1956. The two groups of homes were not comparable, however, for 
instance, unlik" the 1980-1982 survey, Huliqvist's material included flats in multistory 
houses. Part of the increase in radon concentration observed in Sweden was attributable to 
a radon-emitting alum shale-based building material, which has not been used in Finland. 
Consequently the Swedish finding cannot be directly applied to Finland. 

In Finland, no railon measurements were taken in houses before the late 1970s. The change 
in radon exposure in mc course of lime cannot, therefore, be assessed, Analyzing die 
available measurements, Mäkeläinen ct al. (I987) found that the radon concentrations in 
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new houses built in the late 1970s and 1980s were generally higher than in older houses. 
However, the study did not suggest that there was any difference between old houses that 
had been renovated and those that had not - on the other hand, what the renovation had 
involved was not known. 

It is possible that by reducing ventilation, insulating walls, windows and doors has gradually 
raised indoor radon levels. At the same tisie, the insulation of floors and substructures has 
probably lowered the levels. Because the gradual change of radon concentrations in houses 
has not been established, it is not known how well the present measurements represent 
previous levels in the houses. 

The assumption that insulation had raised indoor radon concentrations was applied to the 
present data by way of trial. The measured radon exposures were corrected by lowering 
earlier exposure values compared to the more recent ones. This 'insulation correction' did 
not change the exposure-risk relationship very much, although it did increase die odds ratio 
somewhat at the highest radon exposure qui n tile. 

The final sample, which included only subjects with measured exposure, consisted of 171 
cases and 342 controls. Using the equations presented by Schlessclman (1982, p. 152-153), 
it was calculated that this set of data was large enough to detect a relative lung cancer risk 
of 1.8 (the confidence interval excluding unity) if the frequency of exposure was 0.20-0.25. 
This calculated power was, however, insufficient, because the radon concentrations 
measured in the dwellings of both the cases and the controls turned out to be considerably 
below those expected on die basis of previous measurements conducted in the area. A 
couple o.r explanations can be given. One is that some of the dwellings measured for die 
case-control data were not on die ground floor, where all the previous measurements had 
been made, and exposures are usually lower in upper floors. Another explanation is that 
because most of the cases and the controls were elderly, compared with the average 
population, they might live in older houses where indoor radon concentrations were lower 
than in new houses (Mäkeläinen et ai. 1987). This latter feature was not observed in this 
case-control data, the elderly men being exposed to as high levels as the middle-aged men. 
The difference between the previous measurements and those obtained in this study is partly 
explained by the nonrandom selection of houses for the previous measurements which 
probably favored buildings with high concentrations. 

The exposure differences may have been diminished because not all the dwellings from die 
intende »-year period, from 1950 to 1975, could be measured. In the 'measured 
exposure group, in which at least one dwelling was measured, die dwellings could be 
measured for an average period of 20 years. 

In the highest quintilc (radon exposure above 275 Bq/m3) the average exposure was 530 
Bq/m\ and in the rest of the data 130 Bq/m3. Thus die difference in die average radon 
exposure level was 530-130 Bq/m3 = 400 Bq/m3 and in the exposure of radon daughters 2 
WLM per year. In 20 years, which was (he average period covered by the measurements, 
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the exposure difference was 20 - 2 WLM per year = 40 WLM. As the lowest detectable 
relative risk with die sample size used was 1.8, die lowest relative excess risk per unit of 
exposure could have been (1.8-1.0) per 40 WLM = 0.02 per WLM, while die best estimate 
for adults given by the ICRP 50 (1987) was as low as 0.0064 per WLM. Conversely, in die 
present data the ICRP estimate would have yielded a rclalivc risk of 1.3 (=1 + 0.0064 per 
WLM • 40 WLM) for the highest quintile relative to the rest of die data, a value diat is far 
below 1.8, which was die lowest delectable risk with these case-control data. These 
calculations indicate that the sample used was too small. 

6.2.2 Radon exposure and risk of lung cancer 

This case-control study did not show any relation between indoor radon exposure and die 
risk of lung cancer among males in southern Finland. The final sample size, however, was 
too small lo detect die risk that was expected from findings among miners. Even in a small 
sample, however, a constantly increasing dosc-rcsponsc relationship would have revealed 
the existence of an enhanced risk. Yet such an increase was not observed. The 
dosc-rcsponse curve, after an initial increase, deviated downwards at the highest exposure 
levels above 275 Bq/m . There is no radiobiological explanation for this kind of 
exposure-risk pattern. Only at much higher radiation doses docs the hypothesized 
cell-killing effect reduce the cancer risk (UNSCEAR 1986, pp. 188-189). The unexpected 
form of the exposure-risk relationship may be due to a random variation, the real risk pattern 
lying somewhere between the confidence limits, but it may be also due to some systematic 
bias. 

As discussed above, there was no guarantee that the radon concentrations measured in 
houses in the 1980s were the same as those in the same houses dozens of years ago. If, for 
instance, the higher or moderate concentrations were less reliable t'.nn die lower ones, or 
vice versa, the dosc-rcsponsc curve might have been affected. This could have happened 
if the high or moderate levels had been produced mainly as the result of insulating houses 
to save energy. However, die shape of the exposure-risk relationship was not influenced 
by excluding houses known to have been renovated in the 1970s or 1980s, and also die 
effect of (he 'insolation correction' was small. Exclusions and corrections of this kind were 
crude; the gradual alterations made to individual houses were not measurable. However, 
in Finland the most decisive factor affecting indoor radon concentration was shown to be 
the location of the house (Mäkeläinen cl al. 1987), and this docs not change widi time. 

To detect any other sources of bias the radon-induced risk was studied by including only 
cases of tumors with known histology, thus excluding, if possible, metastatic lung cancers. 
This did not notably affect die relationship between radon exposure and the risk of lung 
cancer. Nor did the data reveal any radon-induced increase within specific cell types, such 
as the small cell or epidermoid carcinomas. 

The risk pattern was almoust unchanged when studied wiih different confounding factors. 
However, some indicative results were noted. The oldest .igc gu .», 65-95 years at the time 
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of diagnosis, seemed to have experienced a higher risk of tung cancer at higher radon 
exposure categories than at lower ones, the difference being, however, not significant. In 
the younger age group the risk did not increase with exposure. 

The data also suggested, as expected, that the risk from radon might be related to smoking 
habits. The risk increased slightly, though not significantly, per unit of exposure among 
heavy smokers but not in the group of light and nonsmokcrs. Education or occupational 
factors did not seem to have any effect on the relationship between radon exposure and lung 
cancer risk. 

Comparison with previous results 

Two Swedish case-control studies have provided information on the dose-response 
rclationhip between the indoor radon exposure and the risk of lung cancer (Edling ct al. 
1984, Axelson el al. 1988). To compare the present findings with those of the Swedish 
studies, the radon exposures were reclassified, as in those studies, into three classes: less 
than 100 Bq/m3 (50 Bq/m3 EER), 100-299 Bq/m3 (100-149 Bq/m3 EER) and 300 Bq/m3 

or more (150 Bq/m3 EER). 

In the Finnish data, the unadjusted odds ratios of lung cancer in those categories were 1.0, 
1.2 and 1.1 (the adjustment for cigarette consumption did not change the pattern much: 1.0, 
1.4 and 1.0) (Fig, 22). A recent Swedish study (Axelson ct al. 1988) had revealed odds 
ratios for rural people virtually consistent with the Finnish results; for urban people, the 
study showed even lower risk ratios, supporting a protective effect. However, in the study 
conducted in Öland (Edling ct al. 1984) the risk of lung cancer increased substantially with 
increasing radon exposure, the relative risk finally exceeding the upper confidence limit of 
the corresponding Finnish relative risk. 

In Stockholm, Svensson ct al. (1987) studied the risk of small cell lung carcinoma among 
females in relation to radon exposure. The exposures were lower than in the studies referred 
to above, the average indoor radon concentration being approx imatcly 80 Bq/m3 forcxposed 
and 40 Bq/m3 for 'unexposed' cases. Nevertheless, their data suggested a significant odds 
ratio of 2.2. In the Finnish data, the corresponding risk, odds ratio in the third decile 
(average exposure of 90 Bq/m3) compared with the first one (34 Bq/m3), was 1.5, and was 
nonsignificant (95% CI 054-4.0). The risk of radon-induced small cell carcinoma, which 
was the subject of the study in Stockholm, was not elevated at all in the Finnish data. Thus 
the data did not support (he finding of Svensson et al. (1987). However, the Swedish study 
concerned females, not males as the present study. 

In China, the risk of lung cancer was not increased among women exposed to high indoor 
radon levels, apart from a slight and nonsignificant excess risk of small cell carcinoma (Blot 
et al. 1990). For heavy smokers the odds ratios for high radon exposure individuals 
(70 Bq/m3 or more) were higher than for those exposed to lower radon levels (not 
significantly), as was equally observed among Finnish men in the present study. 
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Figure 22. Comparison of the results of the present study in southern Finland with those 
of three Swedish ones on the lung cancer odds ratio and indoor radon exposure, 
obtained in Öland (Edling el al. 1984) and in rural and urban areas of southern Sweden 
(Axelson el al. 1988). Three classes of A, B and C represent groups exposed to less than 
100 Bqlm3 (50 Balm3 EER), 100-299 Bqlm3 (100-149 BqlnfEER) and more than 300 
Bqlm (ISO Bqlm EER), respectively. The risk in exposure group A was defined as 
unity. The vertical bars represent the 95% confidence intervats. 

The elevated risk of lung cancer was usually observed only among miners exposed to 
50-100 WLM (corresponding to a 20-year indoor exposure of 500-1,000 Bq/m3), and the 
bulk of results concerned miners who had received much higher exposures. The exposure 
range of the studies on miners was far above that of the present study on people exposed 
indoors. However, on the basis of the findings among miners, experts have also estimated 
the risks incurred at the lower indoor levels. The results of the present study were compared 
with these risk estimates, taking into account that the duration of known exposure in the 
case-control study was 20 years (not life-time). The slopes of the relative risk coefficients 
given by EPA (1986, p. 8), 1CRP 50 (1987, p. 23) and BEIRIV (1988,p. 40) arc shown in 
Fig. 23 with the exposure-risk curve of the present case-control study, using an exposure 
rale of 51 Bq/m3 (the average exposure at the lowest quintilc) as the reference level. 
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Figure 23. Comparison of the resuus of the present study in southern Finland with 
different lung cancer risk estimates based on findings among miners (EPA 1986, pp. 8 
and 10, ICRP 1987, p. 26, BEIR 1988, p. 40). The average of the lowest radon exposure 
class of the present study (51 Bqlm• ) is used as the reference value. The vertical bars 
represent the 95% confidence intervals. 

In these case-control data the risk of lung cancer did not increase linearly in relation to radon 
exposure as it did in most other studies; in fact, at the highest exposures it even decreased. 
However, including the confidence interval the result of die present case-control study did 
not conflict with the estimates of the IV BEIR committee (1988, p. 40) or the ICRP 50 
(1987, p. 23), but was in conflict with the estimate given by the EPA (1986, p. 10) (Fig. 
23). 

6.2.3 Conclusions 

The present study did not establish the anticipated association between indoor radon 
exposure and the risk of lung cancer in Finland, On the other hand, the dose-response 
pattern, with a decrease after an increase, d'd not refute the hypothesis, either, especially 
because the power of the data proved to be weaker than had been intended. In any case the 
present findings suggest that the risk caused by indoor radon exposure is lower than would 
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be expected on the basis of previous studies among underground miners, though taking into 
account the range of uncertainty the findings do not conflict with most previous estimates. 

According to previous results, radon exposure and smoking acted more or less 
multiplicalivcly in enhancing the risk of lung cancer. In the present data, radon exposure 
seemed to enhance the risk, if at all, only among heavy smokers, not among nonsmokcrs 
and light smokers. This might support multiplicative interaction. 

In spite of the nonlinear dosc-rcsponse curve obtained, the present data were used to 
calculate the etiological fraction of lung cancer from radon exposure in Finland. Exposure 
to indoor radon concentrations of more than 80 Bq/m accounted for 13 per cent of the cases 
of lung cancer (95% CI l%-24%). This means about 300 lung cancer cases a year in 
Finland, as the total number of cases diagnosed every year is currently 2,380 (Finnish 
Cancer Registry 1989). According to the lifetime risk estimate reported by the ICRP 50, 
the corresponding etiological fraction was 17 percent, making 400 cases a year. 

However, it is not possible in practice to bring the indoor radon concentrations down to 
80 Bq/m or tower. The Finnish authorities have recommended that indoor concentrations 
should not exceed 200 Bq/m3 in new houses and 800 Bq/m3 in old houses. The calculations 
of the etiological fractions revealed that if all high radon concentrations in all Finnish 
dwellings were decreased to 200 Bq/m3, approximately two to ten per cent of lung cancer 
cases (50 - 240 cases annually), depending on whether the estimate used was that obtained 
in the present or some other study, could be prevented. 

If the interaction of the two exposures, radon and smoking, really is multiplicative in lung 
cancer induction, the greater part of this risk could be prevented by giving up cigarette 
smoking. Assuming that smokers run a ten limes higher risk of lung cancer than 
nonsmokcrs, and that the imcracticn of radon and smoking is multiplicative, only ten per 
cent of the radon effect, i.e. the etiological fraction up to one per cent of the present lung 
cancer incidence, would be unprevented if people did not smoke. 

Because indoor radon concentrations are distributed log-normally, concentrations in a few 
individual houses are considerably higher than the mean values emerging from the present 
study. Although action to bring down these radon concentrations would not have much 
effect in decreasing the risk of lung cancer at the population level, it may be of value in 
protecting individual people. 
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