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Abstract

Natural radiation is the major source of human exposure to ionising radiation,
and its largest contributing component to effective dose arises from inhalation
of 22?Rn and its radioactive progeny. However, despite extensive knowledge
of radiation risks gained through epidemiologic investigations and mechanistic
considerations, the health effects of chronic low-level radiation exposure are
still poorly understood. The present paper reviews the possible contribution of
studies of populations living in high natural background radiation (HNBR) areas
(Guarapari, Brazil; Kerala, India; Ramsar, Iran; Yangjiang, China), including
radon-prone areas, to low dose risk estimation.

Much of the direct information about risk related to HNBR comes from
case—control studies of radon and lung cancer, which provide convincing
evidence of an association between long-term protracted radiation exposures
in the general population and disease incidence. The success of these studies
is mainly due to the careful organ dose reconstruction (with relatively high
doses to the lung), and to the fact that large-scale collaborative studies have
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been conducted to maximise the statistical power and to ensure the systematic
collection of information on potential confounding factors. In contrast, studies
in other (non-radon) HNBR areas have provided little information, relying
mainly on ecological designs and very rough effective dose categorisations.
Recent steps taken in China and India to establish cohorts for follow-up and
to conduct nested case—control studies may provide useful information about
risks in the future, provided that careful organ dose reconstruction is possible
and information is collected on potential confounding factors.

1. Introduction

Understanding the health impacts of low-level chronic public exposure is critical to providing
a rational basis for regulating radiation exposure in today’s society. There are several scenarios
of such exposures, from nuclear activities, e.g. Techa riverside residents in the 1950s, nuclear
accidents, e.g. post Chernobyl, and radioactive contamination in buildings, e.g. in Taiwan. The
question continues to be asked whether there is evidence of risk or expectation of detriment
based on projections from other sources of evidence. There are few opportunities to conduct
relevant studies that can successfully quantify such risks directly.

Studies of the health of populations living in areas of high levels of natural radiation are a
potential source of information on the effects of chronic low dose-rate exposures. This paper
aims to discuss populations which, if studied, may provide important information, to review
existing studies, and to discuss criteria for future studies so that they are informative.

2. Sources of high natural background radiation

Natural background radiation that originates from the terrestrial environment varies
tremendously worldwide, and usually within countries as well. The primary radioactive
elements in the Earth’s crust that lead to human exposure are potassium, uranium, thorium,
and their radioactive decay products (e.g., radium, radon, etc). There are many reviews of
natural radioactivity; see e.g. [1].

A high natural background radiation (HNBR) area is defined as an area or a complex
of dwellings where the sum of cosmic radiation and natural radioactivity in soil, indoor and
outdoor air, water, food, etc leads to chronic exposure situations from external and internal
exposures that result in an annual effective dose to the public above a defined level. The annual
effective dose rate has been classified into four levels: low, meaning = 5 mSvy~' (or about
twice the global average of 2.4 mSv y~! reported by UNSCEAR); medium (5-20 mSv y!);
high (20-50 mSv y~!); and very high (=50 mSv y~') [2, 3]. This classification system also
considered the dose limits of ICRP 60 [4] and the International Basic Safety Standards [5].
Other major reports have also classified dose levels, but in terms of total doses; for example,
the BEIR VII [6] report defined low doses as those in the range of near O up to about 100 mGy
(cumulative doses) of low-linear-energy-transfer radiation, while medium-level and high-level
doses were considered beyond the ranges of interest in environmental studies. The French
Academy of Sciences report quantified low total doses as <100 mSv and very low doses
as <10 mSv [7]. Regarding the definition of a high radon area, there has been no standard
definition given in the literature, though some existing or proposed criteria were reviewed by
Sohrabi [2]. In that context, the definition of an HNBR area, of above 20 mSv y~! (the same as
the occupational dose limit recommended by ICRP), also covers a potentially high radon area.

The most studied areas with high levels of terrestrial radiation are in Brazil, China, India,
and Iran, while radon-prone areas have been studied in many countries.
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Brazil. The main areas studied are the Pogos de Caldas, Araxa, and Tapira, comprising the zone
of volcanic alkaline intrusive in the Minas Gerais State, as well as Guarapari, located in the
Espirito Santo State on the Atlantic Coast [8]. Six thousand persons reside in the HBNR area
in Pocos de Caldas, 1300 in Araxa, and 12000 in Guarapari. The level of exposure received
since the years of the earliest publications has changed significantly due to urbanisation and
movement of the population away from the high background area. The annual effective doses
from external and internal exposures are now less than about 7 mSv. Recent assessments have
been performed at Pogos de Caldas [9] and Guarapari [10]. There it was found that the radiation
level in Guarapari can be considered as normal (near average global levels) except at hot spots
on the beaches and in the fishing village of Meaipe [10]. Also, at Pocos de Caldas, it was
reported that only rural areas could be considered as HNBR areas, and the radiation level in
urban areas can be considered as normal [11].

China. The HNBR area of Yangjiang County (Guangdong province) in the south of China
consists of two regions (Dong-anling and Tongyou) separated by a short distance. The HNBR
area covers a total area of about 540 km? [12]. More than 125 000 people, primarily farmers,
live in the two regions. Residents whose families have lived in those areas for six or more
generations comprise 90% of the population. In this region, fine particles of monazite are
washed down the mountains by rain to the surrounding basin regions, giving rise to the HNBR
areas. The level of natural radiation is high due to radionuclides such as 23*Th and 2**U in the
surface soil and in the building materials of houses [13]. The average annual effective dose was
reported to be 6.4 mSv, with an external dose of 1-3 mSv (average 2.1 mSv) and an internal
dose of 4.3 mSv, about three times higher than that of control areas.

India. Kerala is a densely populated, monazite-bearing coastal region in southwest India.
Radiation exposure in these areas is mainly due to the presence of thorium and its decay
products in the surface soil. Its 360 000 inhabitants, who generally have low migration rates,
receive annually, on average, external whole-body doses of about 4.5 mGy from gamma-rays
plus an internal dose of 2.4 mSv (effective dose) from exposure to radon. The typical high
end of the dose range is about 10 mGy from gamma-rays plus 6 mSv from radon, though a
considerable range of 1 to about 45 mSv y~! has also been reported [1, 14, 15].

Iran. Ramsar is a northern coastal city in Iran with over 50 sulfurous hot springs that contain
enhanced ??°Ra concentrations. This water has >*’Ra concentrations of up to 146 kBq m~> and
it flows into the surrounding areas, adding more radioactive residues to the existing radioactivity
in the environment. Ramsar has a population of 60-70 000, though only about 1000 people
reside in the HNBR areas. The annual effective doses received by the inhabitants from external
exposures (indoors and outdoors) range between 0.7 and 131 mSv with a mean of 6 mSv [16],
and the internal dose due to *’Rn ranges from about 2.5 to 72 mSv [17].

Radon-prone areas. Measurement programmes of indoor radon concentrations have been
conducted in many countries [18-20]. According to ICRP [21], one year of breathing air with
a concentration of 300 Bq m™> corresponds to an effective dose of 5 mSv. In Europe, the
percentage of houses above 400 Bqm ™ (i.e. above about 7 mSv effective dose) varies from 0
to more than 10% depending on the country [20].

3. Methodological considerations for studies of health effects associated with
HNBR areas

In order for studies of populations exposed to HNBR to provide information on the effects
of chronic low dose-rate exposures to ionising radiation, they must meet a number of
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important methodological requirements, including appropriate study design and sufficient
statistical power, and they must have available individual estimates of doses to specific organs
from internal and external exposures, and individual information on known and possible
risk factors for the diseases of interest. For most studies of HNBR to date, with the
exception of studies of lung cancer in relation to radon, these requirements have not been
met.

A requirement that is often underestimated is the population size. The approximate size
of the population required to detect differences in excess cancers with 80% statistical power
can be calculated. These data can be roughly interpreted to estimate sample size requirements
for a study of HNBR areas using particular annual doses. For example, if a mean internal
plus external effective dose of 6 mSv y~! is assumed, as might be received in the HNBR areas
of China or Iran, and it is agreed to study the population having reached 10 years of age (or
having received 60 mSv), lifetime surveillance of about 56 000 persons would be required to
reliably observe about 45 excess cancer cases (assuming an incidence according to the linear-
no-threshold (LNT) model) among nearly 17000 cancers likely to occur in a similar non-
exposed population. While identifying a sample of 56 000 persons is achievable, the difficulty
in conducting the follow-up of that many people during the remaining 60 years or more of life
would be great.

Other health endpoints may be more useful indicators of radiation induced risk than total
cancers. For that reason, the NRC [22] estimated the numbers of exposed persons necessary
to detect an excess mortality from leukaemia and respiratory cancer. Assuming a dose to bone
marrow approximately equivalent to effective dose (a reasonable assumption at ~0.5 MeV, i.e.,
at y-ray energies typical of HNBR areas), estimations of sample sizes required to detect excess
leukaemia can be derived. For example, if a mean external effective dose of 2—-6 mSv y~!
is assumed, as might be received in the HNBR areas of China, Iran, India, or limited areas
in Brazil, and it is agreed to study the population having reached 10 years of age (or having
received 20-60 mGy), lifetime surveillance of 0.13—1.2 million persons could achieve 80%
power. Similar considerations apply for radon and lung cancer. While these figures are only
for illustration, it is clear that the sample size requirements for specific cancer sites are more
stringent than for all cancers together.

The issue of statistical power also applies to studies with biological endpoints other than
cancer, e.g. the power of dicentric yields, often used as a biological indicator of the absorbed
dose [23, 24]. A large collaborative six-laboratory study showed that an acute dose of 20 mGy
in vitro could be detected using 30000 scored cells. The background frequency of dicentrics
is around 1 in 1000 cells, and the induction rate per 10 mGy is about 3 in 10000 cells [23].
When the number of analysed cells is around 1000, the detection limit of radiation exposure
in a healthy individual is about 100 mGy due to the uncertainty in the background frequency
of dicentrics [24]. The average annual effective dose from natural background radiation in the
world is about 2.4 mSv [25] and, hence, about 160 mSyv is accumulated over a 65-year life [26].
Thus, it is possible to detect the effect of an elevated dose level of natural radiation providing
that a reasonably large number (at least 1000) of cells per individual and many individuals [27]
are analysed.

4. Review of health and biological effects

A number of epidemiological studies have been conducted during the last 25 years to evaluate
the health effects of exposure to elevated natural background radiation. These include
descriptive studies in HNBR areas of Brazil, India, Iran, and China, as well as analytical
studies, mainly case—control studies of lung cancer risk associated with indoor radon exposure.
In addition, cytogenetic studies, focusing on chromosomal aberrations in peripheral blood
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lymphocytes (PBLs), have been performed in HNBR areas. Reported studies are summarised
briefly below.

Brazil. No formal epidemiological study has been conducted in HNBR areas of Brazil. A
recent descriptive study has, however, compared mortality rates over the period 1991-2000 in
the regions of Pocos de Caldas (population 120 000) and Araxa (90 000), with those in the entire
Minas Gerais State. A significantly elevated standardised mortality ratio (SMR) was found for
cancers in Pogos de Caldas and for non-cancer mortality in both regions [11]. No information
is available on mortality rates in the much smaller HBNR areas in these regions.

13242 lymphocytes from 202 persons in Guarapari and 9001 lymphocytes from 147
persons in control areas were analysed for the presence of chromosomal aberrations. However,
the culture period of lymphocytes in this study was too long (72 h) for analysing aberrations
specific to radiation [28].

China. Tao et al [29] studied cancer mortality between 1979 and 1995 in the HNBR area of
Yangjiang. They followed over 100 000 subjects for 19 years and observed 557 cancer deaths.
The average annual effective dose (including internal dose) was reported to be 6.4 mSv. The
population was subdivided into three cumulative dose groups based on annual dose rate in the
area of their residence, and the risk was compared with that for those living in control areas. No
increased cancer mortality risk was found to be associated with living in the HNBR areas when
all cancer deaths were included (without restriction due to questionable diagnoses). Restricting
their analysis to only cancer deaths diagnosed pathologically, the relative risk (RR) increased
from 0.71 (95% confidence interval (CI): 0.51-0.99) to 0.92 (95% CI1 0.79-1.08).

A more recent analysis for the Yangjiang area was performed based on an extended follow-
up of the cohort over 20 years [30]. Mortality rates from cancer were not observed to differ
between HNBR areas and control areas in China over 20 years. There was also no association
observed between cancer mortality and external radiation dose, though the dose-response
analyses were based on three relatively similar low dose groups (<1.98, 1.98-2.24, >2.24—
3.1 mSv y~!) that do not discriminate between subjects with doses of very different magnitude.
A significant effect was seen, however, between HNBR areas and control areas with respect to
non-cancer mortality, including cerebro-vascular diseases, tuberculosis, viral infections, and
diseases of the digestive system (in particular chronic liver disease) [30]. In these studies,
information on other risk factors for these diseases (including smoking, hepatitis B virus
infection, alcohol consumption, consumption of some food stuffs) was not taken into account,
and therefore no inferences on radiation effects other than cancer can be drawn. The study of
Zhou et al [30] relied on the follow-up of the mortality of populations in time, and is clearly of
cohort design. Nevertheless, it is emphasised that the analysis consists only in a comparison of
rates between the HNBR and the control areas, which is closer to an ecological design.

The rate of hereditary and congenital diseases has also been studied in China, in a
population of 13 000 children less than 12 years old who were born in the HNBR areas. A total
of 31 different diseases were considered. Overall, no difference in rates was observed between
those born in HNBR and control areas. Considering Down’s syndrome, a higher frequency
was observed in the HNBR area compared to the control area, but this result was based on
a very low number of cases [31]. The observation could be due to a particularly low rate of
Down’s syndrome in the control area, because the rate in the HNBR area was not higher than
the UNSCEAR estimate of the spontaneous rate of occurrence. Another explanation could be
some confounding by mothers’ ages, a very important determinant of Down’s syndrome risk,
which were not controlled for.

More recently, a nested case—control study was launched to study lung cancer risk in
the HNBR area in China. The study is relatively small, with 63 cases and 126 controls.
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Information about smoking was collected for each individual. Indoor radon concentration was
measured using passive detectors. A significant effect of smoking was found, but no significant
association could be demonstrated with external dose or with radon exposure [29].
Chromosomal aberrations in the PBLs of people living in the region of Yangjiang in South
China have been analysed. Unstable-type aberrations (dicentrics and rings) were analysed in
the PBLs of 22 people of different ages with accumulated lifetime doses in the range 30—
360 mGy [32]. The group of controls included 17 subjects of a similar age distribution who
received lifetime doses of 6-60 mGy. Mean frequencies of 1.45 and 0.76 aberrations were
observed in the PBLs of inhabitants of an HNBR area and a control area, respectively. The
difference in the frequencies of dicentrics in adults was statistically significant, but not for those
in children. Stable-type chromosomal aberrations were analysed by chromosome painting in
another group of subjects: 30 from HNBR and 27 from control areas [33, 34]. In subjects
from both areas, the frequencies of translocations were much higher than those of dicentrics.
However, no statistically significant difference was observed between the results in HNBR and
control areas. The contribution of increased exposure to natural radiation on the induction
rate of translocations did not have a significant effect compared to the contribution of other
mutagenic factors such as chemicals and/or metabolic factors [35]. It was found that the HNBR
played a less significant part than smoking in increasing the induction rate of translocations.

India. In the 1970s, a study concluded there was an elevated frequency of Down’s syndrome in
Kerala [36]. That study, however, was based only on a crude assessment of prevalence data (i.e.,
the number of cases in a given population). An incidence study of congenital malformations
among 42 000 births in Kerala between 1995 and 1999 has been conducted. Several potential
confounding factors were considered, including the bias introduced by twins, consanguinity,
mother’s age, and gender. In these later studies, no association between Down’s syndrome and
radiation dose was observed, but the finding relied on only 25 observed cases [37].

Since 1990, a cancer registry has been implemented in the Kerala region. Previous
ecological studies indicated geographical variations of cancer incidence within Karunagappally,
but with no relation with the geographic distribution of exposures [38]. A more ecological
analysis, based on more than 3600 cancers recorded over the period 1990-2001, showed no
association between cancer incidence and mean external radiation dose level [39]. Although a
large cohort of over 380000 people has been identified and information collected on external
dose and lifestyle factors, no analytical study has been published to date.

A study of lung cancer risk has been conducted, based on a case—control design. The
study included 205 cases and 615 controls. Information about smoking was collected for each
individual. The external dose was derived from measured dose rates at the place of residence.
No significant association was observed in relationship to the external dose, although an odds
ratio of 2.3 (95%CI = 0.9-5.7) was observed for the small number of subjects living at a
location where the external dose was greater than 10 mGy y~' [40]. No information is available
on the levels of internal dose to the lung and to other organs in studies in India. As the dose
to the lung is likely to be much higher than the dose from external exposures, it is difficult to
interpret the results of studies to date.

Between 1986 and 2000, chromosomal aberrations were analysed in the PBLs of 14217
newborns in the Kerala region whose mothers were exposed to annual whole-body absorbed
doses of 1.5 mGy or more and in the PBLs of 5719 newborns whose mothers were exposed
to annual doses less than 1.5 mGy [41, 15]. The analysis included numerical and structural
(i.e. stable and unstable) aberrations. A total of nearly 1 million metaphases was scored.
No correlation was found between the background radiation dose and the frequency of
chromosomal abnormalities. The reason for the null results could be that the time of exposure
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of the newborns (<1 y) was not long enough to increase the dicentric yields to a detectable
level. Cheriyan et al [41] also examined 32 700 cells from 185 Kerala residents exposed to 2.8—
6.3 mGy y~! and in 20385 cells from 125 persons living in an area with an exposure level of
about 0.90 mGy y~!. Furthermore, 11468 cells were examined from 62 workers in a monazite
processing plant who had been exposed to doses from 1.0 to >20 mGy. The pooled frequencies
of dicentrics and rings per 1000 cells were 1.3 &= 0.2 in the HNBR residents, 0.7 &= 0.2 in the
control area residents, and 2.2 4= 0.4 in the workers, and hence significantly different values for
the three groups.

A finding of note is that family pedigrees living in the HNBR area were found to have an
increased level of germ-line point mutations between mothers and their offspring [42]. This
implied that the radioactive conditions accelerated the mutations that have been evolutionary
hotspots for more than 60 000 years.

Iran. Mortality rates among residents in the HNBR area (about 3000 persons in the highest
dose level areas, 7000 in the lower dose level area) were compared with national rates over the
period 1998-2001. The SMR for cancer was increased (1.3 and 1.2 respectively in high and
low radiation areas, statistical significance not quoted), but only in women [43]. Due to the
small size of the population living in the area and to the very short study period (4 years), these
results rely on very few cancers deaths (41 in total among men and women). Only one death
from cancer was in men in the high dose level areas, compared with six in women, suggesting a
possible under-ascertainment of deaths [43]. Considerable investment in a local cancer registry
would be needed to draw any conclusions.

In preliminary studies, no significant differences were found between aberrations in
lymphocytes of 21 subjects from the HNBR and 14 subjects from normal background areas
in Iran [44, 45]. In a later more detailed study, chromosomal aberrations were analysed in
the lymphocytes of 50 long-term inhabitants of Ramsar (with annual effective doses between
1.6 and 42 mSv) [46]. The frequencies of both unstable and stable chromosomal aberrations
were compared with those observed in the lymphocytes from 30 age-matched inhabitants of a
nearby control area where the mean annual effective dose was 2.3 &= 0.1 mSv. In that analysis,
significantly increased frequencies of both aberration types were observed in the lymphocytes
of Ramsar inhabitants as compared to control areas. The unstable aberrations were mostly
breaks but the authors found no dicentrics in 18200 cells.

Indoor radon. Both ecological studies and case—control studies have been conducted to analyse
the risk of lung cancer in relation to indoor radon exposure. About 20 ecological studies have
been published around the world since the 1980s; see e.g. [47-50]. Results from these studies
were inconsistent, and these inconsistencies are considered to be due mainly to the difficulty
in adequately adjusting for the confounding effects of smoking on a geographic level, as well
as to the large variation of radon concentration inside geographical units [51]. The BEIR VI
committee concluded that ecologic studies of indoor radon exposure and lung cancer were
‘essentially non-informative and shed little light on the association of indoor radon-progeny
exposure and lung cancer’ [50].

In the past decades, several well-conducted epidemiologic studies have investigated the
risk of lung cancer in relation to indoor radon exposure via case—control studies where details of
individual residential histories and smoking habits have been gathered. Radon concentrations
in indoor air were evaluated by various methods, but in all the more recent studies, radon
concentrations were assessed in the subjects’ homes by long-term (6 months or 1 year)
measurements with alpha track detectors. Such measurements allow for the calculation of a
time-weighted average concentration that accounts for seasonal and other short-term variations
which can be misleading. Some of the studies suggested that residential radon is a risk factor
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for lung cancer, with risk estimates consistent with those derived from studies of miners. In
other studies, no clear effect was observed. In reviewing the findings from indoor case—control
studies, the studies with more complete and accurate radon measurement data have indicated
a statistically significant association between indoor radon exposure and lung cancer. The
inability of some studies to detect an association is likely to be due to poor assessment of past
radon exposure [52, 53]. Despite the uncertainties that affect the results of the case—control
studies, the estimated risks appear consistent as a group.

Recently, the results of coordinated research programmes in Europe and in North America
have been published [54-56]. In Europe, a collaborative approach gathered individual
information from 13 case—control studies conducted in nine different countries. A total
of more than 7000 cases and 14000 controls were included in the analysis, providing
sufficient statistical power. In addition, the European collaboration also provided the basis
for standardising data collection efforts in the different studies through the discussion of study
design, the development of common questionnaires, and campaigns of comparison of indoor
radon measurements [57]. A joint analysis led to an RR of 1.08 per 100 Bq m— (95% CI:
1.03-1.16) [58]. In parallel, a North American project gathered data from seven case—control
studies in Canada and in the USA [55]. That joint analysis included more than 3600 cases and
about 5000 controls. The estimated RR per 100 Bqm— was 1.11 (95% CI: 1.00-1.28).

Detailed dosimetric calculations of inhalation of radon progeny show that organs other
than lung received some, albeit much lower, radiation dose [59]. Nevertheless, at present, no
effect other than lung cancer can be ascribed to radon exposure [5S0]. For leukaemia, numerous
studies have been performed, but a positive association suggested by ecological studies has not
been confirmed by studies based on individual data [60, 61].

The effect of domestic radon on the level of chromosomal aberrations in PBLs has been
analysed by several investigators, even though effects are not expected to be seen because the
dose is delivered primarily to lung tissue. The results have been contradictory, as might be
anticipated. For example, enhanced frequencies of unstable aberrations were observed in the
PBLs of children in a school with indoor radon concentration up to 7000 Bq m—3 [62] and in the
PBLs of cave tour guides [63]. Oestreicher et al [64] analysed unstable-type and stable-type
aberrations in the PBLs of 61 people from China living in houses with radon concentrations
between 80 and 13 000 Bq m 3. Enhanced frequencies of both aberration types were observed.
Bauchinger et al [65] also studied unstable-type and stable-type aberrations in the PBLs of 25
individuals from Bavaria who lived in nine houses with radon concentrations between 210 and
3000 Bq m—3. Compared to 32 controls, statistically elevated frequencies of dicentrics were
detected, and the frequencies of translocations tended to be higher. The authors contended that
the negative result was due to a relatively high level of background translocations in the PBLs
of the control individuals that masked the effect of radon exposure. A very thorough study
with precisely matched donors was performed by Lindholm et al [66], who analysed the PBLs
of 28 Finnish donors from each of three exposure groups: homes with radon concentrations
(1) below 100 Bq m~3, (2) between 200 and 400 (mean 293) Bq m~3, and (3) over 800 (mean
1737) Bqm™3. Only donors who lived in the houses for at least 10 years were chosen for
analysis. The same frequencies of unstable-type and stable-type aberrations were observed in
the PBLs of donors from all groups. No influence of domestic radon on the frequencies of
chromosomal aberrations was observed in two other studies [67, 68].

5. Discussion

Health effects. Large-scale epidemiological studies have been conducted to analyse the
frequency of health effects in HNBR areas, essentially in India and in China. Most of these
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studies were of ecological design. These studies mainly considered the risk of cancer, globally
or for specific cancer sites, on the basis of mortality data or of incidence data. Some studies
also considered the risks of non-cancer diseases or of congenital malformation. Overall, these
studies demonstrated no increased risks in the HNBR areas compared to control/reference
populations. The recent study in Yangjiang, China, showed a significant excess of non-cancer
mortality, including cerebro-vascular diseases, tuberculosis, viral infections, and diseases of
the digestive system, but these results should be considered with caution due to uncontrolled
confounding factors. Another study in China observed a higher frequency of Down’s syndrome
in the HNBR area compared to the control area, but this result was based on a limited number
of cases, and again some major confounding factors were not controlled for.

Regarding radon, the association between radon exposure and lung cancer risks was long
ago demonstrated from miner cohort studies [50]. Nevertheless, the risk of exposure to radon
indoors in the domestic environment has long been questioned. About 20 ecological studies
have been performed since the 1980s, but due to methodological limitations these studies
proved unable to answer the question. Indoor radon case—control studies have been conducted
in many countries since the 1990s. Most of these studies demonstrated no association, due
to low statistical power, insufficient control of confounding factors, or poor assessment of
past radon exposure. Coordinated research programmes launched in Europe and in North
America enabled an increase in the statistical power of these studies and provided the basis for
standardising data collection efforts. These international efforts have confirmed the existence
of a significant risk of lung cancer associated to indoor radon exposure. Furthermore, the order
of magnitude of these estimations agrees well with extrapolations from studies on miners.

Biological effects. Reported frequencies of chromosome aberrations have varied depending on
the specific study and the location. For example, increased frequencies of dicentrics were
detected from residents of HNBR areas in China and India. In Iran, only chromatid-type
aberrations (not specific for radiation) were found to be enhanced. However, the frequencies
of translocations from residents in HNBR areas in China were generally greater than those of
dicentrics and exceeded the expected values estimated from a physical estimate of accumulated
dose. There is a minimal level of HNBR dose rate below which the effect of radiation becomes
undetectable due to the large individual variation of the effect of non-radiation mutagens such
as chemicals and endogenous metabolic factors such as reactive oxygen species [69, 26, 70].

The data on the influence of domestic radon on the level of cytogenetic damage are
conflicting. Interestingly, no enhanced levels of dicentrics or translocations have been observed
in the PBLs of uranium miners who are generally exposed to radon concentrations that
considerably exceed those found in households [71, 72].

Limitations of HNBR studies. Studies of human exposure to HNBR pose many problems, and
several researchers have generally concluded that such studies are unlikely to provide definitive
answers, even under the best of circumstances [73]. The limitations of studies of exposure to
HNBR are several; for example, many countries that contain HNBR areas do not have well-
documented health statistics, in particular, organ-specific cancer rates.

The effects of low-level exposures are likely to be small, according to our present
understanding. It is, therefore, important to consider the attributable risk that might be expected
if current risk estimates derived from A-bomb survivors and other high dose populations are
applicable to chronic exposure. Based on dose distributions, about a 3% increase in all cancer
risk in the HNBR areas in China (i.e., about 25 extra cancer deaths out of 855) and a 1—
1.5% increase in genetic risk in India (where studies of such endpoints are foreseen) would
be expected. The populations living in HNBR areas in Brazil and Iran are much smaller than
those in HNBR areas in China or India; hence, even with dose levels higher in the former areas,
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the number of cases would be small. The small expected increases underscore the difficulties
in making observations that reach statistical significance.

A large part of the difficulty facing new health effects studies of HNBR areas is the absence
of well-documented cancer rates. Finding satisfactory groups that may be considered as low
exposed with respect to those that are high exposed remains a significant challenge. In most
situations the expected difference linked to mean exposure of each group is a ‘weak’ indicator,
because these populations may differ in other carcinogenic exposures or socioeconomic
conditions. There can be many subtle reasons why one population cannot adequately represent
another. The major handicap is that these studies are not designed for elucidating any dose—
response relationship.

While chromosomal injury detected in PBLs remains as a quantitative biodosimetry
tool, there is no conclusive evidence that the exposure received in HNBR areas itself
leads to any form of health detriment. Examples exist from China, Iran, or Brazil where
elevated frequencies of dicentrics and rings were observed but no excess risk of cancer was
detected [29, 43, 11].

Results of studies conducted in HNBR areas sometimes have been used to discuss the
validity of the LNT extrapolation of dose—effect relationships in the low dose and low dose-
rate range [74, 7, 75]. Some authors have interpreted the absence of an observed excess of
cancers as support for a protective effect of radiation [76—78]. However, as discussed here, null
findings are generally not informative.

Given the limitations of the HNBR studies conducted up to now, it appears highly desirable
to not over-interpret findings. This review leads to the unavoidable conclusion that, with one
exception, any assertions on studies of detrimental or protective effects from HNBR exposure
appear premature. The only real conclusive evidence is that indoor radon studies indicate an
elevation of lung cancer risk even for levels of exposure as low as 200 Bq m~3 [58].

Finally, it should be noted that above and beyond the unavoidable difficulties associated
with study of exposure to HNBR, the estimation of excess cancer risk per unit dose will be
extremely difficult to accomplish with high precision, due in part to the unknown shape of the
dose response at very low doses.

6. Recommendations

Given the difficulties discussed in achieving adequate statistical power and eliminating biases
and confounding factors as well as the difficulty in obtaining the retrospective dosimetry
of the exposed persons, what types of investigations would likely yield new knowledge
and which of those would be cost-effective to conduct? It seems feasible to focus on the
documentation of environmental dose rates through environmental monitoring activities, and
the establishment of a database of individual dose estimates for local residents. This should
include both internal and external exposure, based on retrospective dosimetry measurements
and calculations supplemented with actual residence histories. Also, the effects of non-
radiation clastogens is an important factor, and data could be collected. As shown in the
chromosome study in China [34], the large individual variations of confounding effects caused
by non-radiation clastogens masked the effect of low dose radiation. That study indicates that
in an epidemiologic study of cancer related to very low dose radiation, increasing the size of
the cohort increases the individual variations and does not necessarily increase the statistical
power.

A dose of 1 mGy produces one persistent DNA double-strand break in a small percentage
of cells, and these breaks can be detected using y-H2AX staining of the broken ends [79].
This is an extremely sensitive technique, and potentially could be used in the future as a
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biomarker of such very low doses of HNBR. Other biological studies could include exploration
of gene expression profiles associated with chronic low-level radiation exposure and the often-
discussed possibility of an adaptive response.

To evaluate the important question whether a health risk is associated with residence in
HNBR areas requires a well-established and very carefully coordinated programme. Despite
the difficulties in conducting defensible epidemiologic investigations, the example of indoor
radon studies shows that it is possible to demonstrate, directly in the general population, the
existence of a risk associated with protracted low levels of natural environmental exposures.
This result has been made possible primarily as a result of carefully designed epidemiologic
studies based on individual data, and an international collaborative effort toward quality and
standardisation of data collection. Also, without an accurate and complete control of smoking
behaviour (the major confounder) this goal never would have been achieved.

If contemplated studies of HNBR were judged to be both feasible and informative, then
following the example of the indoor radon studies, there would be a greater likelihood of
conducting successful studies with directed or coordinated efforts across countries and the
development and use of common protocols including those for individual dosimetry from
external and internal sources. Using organ-specific dose estimates potentially affords the
opportunity to characterise risks to specific organs, though adequate dosimetry is required that
captures information on all sources (internal and external), taking into consideration exposures,
occupancy factors, and movements across study areas with differing levels of contamination.
Furthermore, as the integral dose received is time dependent, and as doses in these HNBR areas
tend to be low, analyses would be more powerful if they used continuous lagged cumulative
doses to specific organs for each subject, rather than groupings. Finally, the use of common
core protocols across countries would allow for more direct comparison of results across studies
and might also allow combined analyses, which would maximise the resultant information.

Since the lifetime risk from exposure in HNBR areas, even over many years of residence,
is likely to be small except perhaps for very few numbers of people, it is critical to identify those
health outcomes that can reasonably be studied in available populations and to use appropriate
and sensitive epidemiological study designs. The conduct of nested case—control studies, with
dose assessment on an individual level and collection of individual information on known as
well as other possible risk factors for the diseases of interest, will be a useful tool for the
evaluation of any potential health risks from low-level chronic radiation exposures.
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