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ABSTRACT
On 26 April 1986 an accident occurred in the Chernobyl nuclear power plant resulting in the
release of large amount of radionuclides. Almost five percent of the total released caesium137 was deposited in Sweden. The incidence of malignancies in the most affected counties in
Sweden was investigated in three epidemiological studies.

In the first study the incidence of malignancies in children and adolescents was studied for the
period 1978-1992. The parishes and their inhabitants were classified according to the ground
deposition of caesium-137 on an analogue map provided be the Swedish Radiological Protection Authority. A continuous increase of brain tumour incidence observed during the time of
the study had no clear relationship to the Chernobyl fallout. A somewhat decreased relative
risk of ALL was observed in areas with increased deposition. Other malignancies showed no
changes in incidence over time or with regard to the exposure of caesium-137. In study II and
III we enlarged the study base by including adults. We improved the methodology by defining
a cohort of subjects who lived in the same parish from 31 December 1985 to 31 December
1987. The inhabitants from seven counties were included. Parishes were classified the same
way as in study I. Due to the large number of individuals six exposure categories could be
created; <3, 3–29, 30–39, 40–59, 60–79, and 80–120 kBq caesium-137/m2. The inhabitants of
the 117 non-affected parishes (<3 kBq/m2) served as reference. During the 1988-1996 followup, 22,409 malignancies were recorded. The MH-IRR in the fully adjusted model was 1.00
(reference), 1.05, 1.03, 1.08, 1.10 and 1.21, respectively. ERR was 0.11 per 100 kBq/m2 (95%
CL 0.03;0.20). A more advanced method was used in Study III by ignoring the exposure classification for parishes, and instead matching the dwelling coordinate to a digital map of deposition of casesium-137. In spite of a more valid exposure classification the risk estimates were
similar in study II and III. Also, the ERR during the longer follow-up of 1988-1999 was almost identical, 0.10 per 100 kBq/m2 (95% CL 0.00;0.23). The strongest dose-response relationship was seen in the first four years (1988-1991). No obvious excess for leukaemia or
thyroid cancer was recognised in either study II or III. The estimated number of exposure related cases was calculated to 849 in study II and 1,278 in study III. Our interpretation is that
we have shown an increased incidence of total malignancies with dose-response relationship
for caesium-137, only a few years after the Chernobyl accident. In study IV we compared the
two different ways of classifying the exposure in study II and III. Out of the 450 parishes 111
got a different classification. The similar risk estimates in study II and III could probably be
explained by relatively homogenous exposure in the parishes making the intra-parish difference less influential, especially when included in categories. In study V we examined the uri-

nary excretion of 8-OHdG in Belarussian children from areas with high and low fallout of
caesium-137, respectively. We found significantly lower urinary 8-OHdG levels in children
from rural contaminated areas compared to urban uncontaminated areas, suggesting an urban,
rather than a radiation related, risk factor.

Using the Hill criteria for causality there is support for a causal inference between the fallout
of caesium-137 from the Chernobyl accident and the increased incidence in total malignancies
in Northern Sweden.

LIST OF PUBLICATIONS
This thesis is based on the following papers, which will be referred to in the text by Roman
numerals:

I.

Tondel M, Carlsson G, Hardell L, Eriksson M, Jakobsson S, Flodin U, Skoldestig A,
Axelson O. Incidence of neoplasms in ages 0-19 y in parts of Sweden with high 137Cs
fallout after the Chernobyl accident. Health Phys 1996; 71: 947-950.

II.

Tondel M, Hjalmarsson P, Hardell L, Carlsson G, Axelson O. Increase of regional total
cancer incidence in North Sweden due to the Chernobyl accident? J Epidemiol Community Health 2004; 58: 1011-1016.

III.

Tondel M, Lindgren P, Hjalmarsson P, Hardell L, Persson B. Increased incidence of
malignancies in Sweden after the Chernobyl accident – a promoting effect? Am J Ind
Med 2006; 49: 159–168.

IV.

Tondel M, Lindgren P, Garvin P, Persson B. Parish classification or dwelling
coordinate for exposure assessment in environmental epidemiology – a comparative
study using Geographical Information System. Submitted.

V.

Tondel M, Arynchyn P, Jonsson P, Persson B, Tagesson C. Urinary 8-hydroxydeoxyguanosine in Belarussian children relates to urban living rather than radiation dose after
the Chernobyl accident: A pilot study. Arch Environ Contam Toxicol 2005; 48, 515–
519.

CONTENTS
INTRODUCTION

1

AIMS OF THE INVESTIGATION

4

BACKGROUND

5

Chernobyl accident versus Hiroshima

5

Ionising radiation

5

Environmental exposure to ionising radiation

7

Malignancies

10

Cancer epidemiology

12

Geographical Information System

14

METHODOLOGY

15

Epidemiological methodology in general

15

Methodology by studies

18

RESULTS AND COMMENTS

24

Paper I

24

Paper II

24

Paper III

25

Paper IV

26

Paper V

27

GENERAL DISCUSSION

29

Causality

29

Epidemiological considerations

31

Precision or random error

32

Validity or systematic error

32

Other epidemiological considerations

34

Dose-response after Chernobyl accident

36

Total malignancies after Chernobyl accident

38

Latency after Chernobyl accident

39

Challenge of existing paradigms

41

CONCLUSION

42

FUTURE PERSPECTIVES

43

ACKNOWLEDGEMENT

44

REFERENCES

46

ABBREVIATIONS
8-OHdG: 8-hydroxydeoxyguanosine
ALL: Acute Lymphatic Leukaemia
Bq: Becquerel
CL: Confidence Limits
CML: Chronic Myelogenous Leukaemia
EAR: Excess Absolute Risk
DNA: DeoxyriboNucleic Acid
ERR: Excess Relative Risk
GIS: Geographical Information System
Gy: Gray
H-regions: Homogeneity-regions
IARC: International Agency for Research on Cancer
ICD: International Classification of Diseases
ICRP: International Commission on Radiological Protection
mGy/y: milliGray per year
MH-IRR: Mantel Haenszel Incidence Rate Ratio
mSv/y: milliSievert per year
nGy/h: nanoGray per hour
PBq: PetaBecquerel (1015 Bq)
SIRD: Standardized Incidence Rate Difference per 100 000 person-years
SMR: Standardised Mortality Ratio
SRR: Standardised Rate Ratio
TGR: Terrestrial Gamma-Radiation
UNSCEAR: United Nations Scientific Committee on the Effects of Atomic Radiation
USSR: Union of Soviet Socialist Republics
WHO: World Health Organization

INTRODUCTION
On 26 April, 1986 an accident occurred at the Chernobyl nuclear power plant and a large
amount of radioactive material was released with the highest ground deposition of caesium137 in Belarus, Russia and Ukraine32. Almost five percent of the total released caesium-137
from the reactor was deposited in Sweden and unequally distributed in the eastern coastal
regions from Stockholm in the south to Umeå in the north78. There was a public concern, especially in the regions with the highest fallout, and also awareness among authorities, that the
accident might have a health impact.

The first public worldwide report of the accident was in a Swedish local radio station (Radio
Uppland) at 12.05 on Monday, April, 28 after increased radioactivity had been measured in
the Forsmark nuclear power plant at 7.00 o’clock that morning. After analyzing radiological
measurements at the other nuclear power plants in Sweden together with weather information
it was absolutely clear to the Swedish Radiological Protection Authority at 13.30 o’clock that
the origin of the measured radioactivity was from a reactor accident in the Ukraine, rather
than an accident in the reactor of Forsmark, or due to a nuclear weapons test. However, the
first admission by the Russian authorities, of an accident in Chernobyl, was made the same
evening on television during the news program Vremja at 21.00 Moscow time117.

During the afternoon and evening of April, 28 it rained heavily in Västernorrland and Gävleborg counties. Two medical doctors in these counties Göran Carlsson, Department of Health
Policy, Härnösand and Sören Jakobsson, Department of Public Health Medicine, Gävle were
concerned about the potential health consequences, on the very day that the news about the
accident was broadcasted. The weeks following the accident were intense as their counties
were the most affected in Sweden by the fallout. Meetings with local authorities and information to the public stressed the importance to follow-up the health consequences. Therefore,
contacts were taken with professor Olav Axelson, Division of Occupational and Environmental Medicine at Linköping University and with oncologist Lennart Hardell, Department of
Oncology, University Hospital in Umeå. On 8 April, 1987 a planning meeting took place in
Linköping with these four physicians to discuss the possibilities and design of an epidemiological study. Martin Eriksson from Gävle and Ulf Flodin from Linköping had also joined the
team of scientists in the inaugural meeting in Linköping. The radioactive fallout was extremely unequally distributed in Sweden and therefore suitable for such a study. After discussions on latency period, it was agreed to study leukaemia in children, supposed to have a very
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short latency. Martin Tondel joined the group late January, 1993. The members of this group
together with the statistician Åsa Sköldestig were the authors of study I. It was obvious from
the very beginning that it would be a challenge to study the low dose exposure to the Swedish
population, and therefore the emphasis was on selecting the appropriate study methods (p.
19). The purpose of the study on the impact of the fallout on malignancies was twofold: to be
able to respond to the exposed persons whether there was an effect or not, and also take a scientific contribution to epidemiological studies on low dose ionising radiation.

The follow-up of malignancies among Japanese survivors after the atomic bomb attack over
Japan in 1945 has been fundamental for our understanding of the carcinogenic potential of
ionising radiation, and in fact, has become a template for later studies. Historically, the impact
has been paramount on radiological protection worldwide. For more than a half a century a lot
of effort was spent on quantifying the risks of ionising radiation with numerous dose-response
models. However, there are some important differences with the exposure from the Chernobyl
accident, outlined in table 1, which is yet another justification for our studies. Due to the
much larger exposed population after the Chernobyl accident, the follow-up studies may have
as large impact on future radiological protection than the Hiroshima-Nagasaki catastrophe.

The literature on ionising radiation is so immense it has become necessary to restrict the literature review to environmental exposure to ionising radiation in relation to cancer epidemiology with focus on the Chernobyl accident.
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Table 1. The two largest man-made exposures from ionising radiation to humans.
Hiroshima-Nagasaki, Japan

Chernobyl accident, USSR

Source

Atomic bombs

Nuclear reactor explosion

Exposure

Instant high in 1945

Protracted low since 1986

Radiation

Neutron, gamma

Gamma

Route of exposure

External

External and internal

Dose assessment

Final dosimetry 2002?

Ongoing

Follow-up

1950-

1986-

Population

Two cities, 560,000 in 1945

Europe, 572,000,000 in 1986

Malignancies

Mortality

Incidence, mortality

Strength

Already long time follow-up

Long time follow-up in future

High doses

Low doses

Individual dose assessment

Dose assessment from 1986

No data 1945-1950

Short follow-up period

Few persons with low dose

Few persons with high dose

Extrapolation to low dose

No individual dose assessment

Weakness
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AIMS OF THE INVESTIGATION
The overall aim of our studies is to answer if there is an impact of the radioactive fallout from
the Chernobyl accident on human health. The primary objectives for this thesis are:

Is there a detectable increased incidence of malignancies in northern Sweden related to caesium-137?

Can increased incidence of leukaemia or thyroid cancer be identified i.e. malignancies with a
priori short latency period, especially in childhood?

If there is an increased incidence of malignancies, can also a dose-response relationship be
described?

Is there a temporal pattern in the incidence of malignancies?

Is it possible to identify confounding factors in an epidemiological environmental study of
this type?

How exact can exposure assessment be made in a large cohort, given the prerequisites?

Can increased excretion of urinary 8-OHdG in children be detected as an effect of radioactive
contamination in Belarus?

4

BACKGROUND
Chernobyl accident versus Hiroshima
The accident at the Chernobyl nuclear power plant in Ukraine, USSR occurred on 26 April,
1986 and was the most serious accident in the history of nuclear power industry. In short, due
to basic engineering deficiency of the reactor model as such, and due to faulty actions by the
operators, including switching off the emergency safety system, the steam pressure in reactor
4 built up, until a steam explosion occurred at 01.23:49. The reactor lid went off and the reactor core was exposed together with the graphite moderator. In the resulting fire the release of
5,300 PBq of radioactive material (excluding noble gases) continued until it could be stopped
after 10 days. Within a few days to weeks 30 power plant employees and firemen died including 28 persons with acute radiation syndrome who had received a whole body dose of 2-16
Gy137, which equals a dose at 1,000 metres from the hypocentre in Hiroshima149. During 1986
approximately 116,000 people were evacuated from areas surrounding the Chernobyl nuclear
power plant i.e. areas with a ground contamination of >1,480 kBq caesium-137/m2. Approximately, 600,000 persons took part in the recovery work (liquidators) until 1990137. The total
amount of released radioactive substances has been calculated to be 200 times more than the
combined release from the atomic bombs dropped on Hiroshima and Nagasaki145.

Ionising radiation
Physics
Ionising radiation can either be particles (electrons, protons, alpha-particles or heavy particles) or electromagnetic radiation (X-rays or gamma-rays, also called photons). When radioactive substances spontaneously disintegrate they give rise to particles and/or photons. The
number of disintegrations per second is called Becquerel (Bq). After the Chernobyl accident
caesium-137 and other nuclides were deposited in Sweden. The Swedish Radiation Protection
Authority produced maps with deposition of caesium-137, as this nuclide was supposed to be
the largest contributor to the long-term effective dose in Sweden, and the deposition was
given in kBq/m2.

The absorbed dose is the energy absorbed per kilogram of tissue (Joule per kilogram or Gray)
and can be used to estimate the effective dose taken into account the quality of radiation (particles or electromagnetic radiation, with different relative biological effectiveness) and the
sensitivity of developing malignancies in different organs. The effective dose is given in
5

Sievert (or more often in mSv). In the case of gamma-radiation the absorbed dose and the
effective dose will have the same numerical value because the relative biological effectiveness is one. Dose rate is the absorbed dose by hour and usually expressed as nGy/h. Assuming
a constant absorbed dose rate, the annual absorbed dose can be calculated by multiplying the
dose rate with the number of hours per year.

Biological effect
Photons travel relatively large distances in tissue unimpeded and transfer part or all of the
energy to electrons. The resulting energetic electrons interact with the DNA molecule and
create damage in form of strand breaks or damaged bases i.e. direct effect. Indirect effects can
occur after a photon interacts with a water molecule creating highly reactive free radicals that
subsequently can damage DNA26. The cell can often repair these damages, however more
unlikely double strand breaks. The result in terms of carcinogenic potential depends on where
the DNA molecule was damaged, and also on how successful the repair was. At low doses the
DNA lesions are few and therefore the repair mechanism is more often successful with fewer
defect cells compared to repair after high dose exposure. High energetic neutron radiation, an
important contribution to the dose in Hiroshima-Nagasaki, but not after the Chernobyl accident, is more likely to cause double strand breaks in DNA compared to gamma-radiation,
hence a higher relative biological effectiveness. Different types of radiation therefore have
different biological effect. The environmental exposure to ionising radiation consists of
gamma-radiation from uranium, thorium and caesium; alpha-radiation from radon; muons and
neutrons from cosmic radiation. The relative biological effectiveness is one for gammaradiation and muons, 20 for alpha-radiation, and 5 for neutrons58. Not only the biological effect of radiation differ (radiation weighting factors), but also the sensitivity of different organs
to develop malignancies varies (tissue weighting factors) which is taken into account when
calculating the effective dose58.

Ionising radiation generates free radicals in vivo which can cause oxidative damage to DNA
and contributes to carcinogenesis63, 71. The modified base 8-OHdG is an oxidative adductform of deoxyguanosine and considered to be a useful marker of oxidative stress23, 40, 47, 48, 148.
The oxidative hydroxylation of guanine in 8-position is a frequent and highly mutagenic lesion in the nuclear DNA. It leads to lack of base pairing specificity and misreading of the
modified base and adjacent residues148. If not removed from DNA, replication of the damaged
sequence will lead to transversion of guanine to thymine. Another mechanism for 8-OHdG
mutagenesis is the incorporation of free 8-OHdGGTP from the nucleotide pool into DNA
opposite of adenine during either replication or repair. Such mis-incorporation will lead to
6

transversion from adenine to guanine through activation of the mismatch repair pathway
which will remove adenine opposite 8-OHdG and replace it with cytosine. This base pair will
be repaired in turn by base excision repair which will remove 8-OHdG opposite cytosine and
replace it with guanine48. 8-OHdG was first identified in DNA that had been irradiated by Xray in an aqueous solution in vitro; the formation of 8-OHdG was found to increase linearly
with radiation dose and was almost completely inhibited by an OH• radical scavenger64. Later
studies demonstrated increased urinary excretion of 8-OHdG after radiation treatment of cancer patients15, 125, but also due to environmental radiation exposure, at much lower dose rates
than in cancer patients119. However, the interpretation of an increased urinary 8-OHdG excretion can be difficult, either a result of oxidative stress on the DNA, with potential carcinogenic effect, or an indication on effective repair of DNA.

Environmental exposure to ionising radiation
The Swedish average of the so-called background radiation is 3.22 mSv per year151. The
background radiation includes TGR (0.08 mSv), indoor gamma-radiation (0.54 mSv), food
and water (0.20 mSv), radon (2.10 mSv) and cosmic radiation (0.30 mSv). Additional, the
body content of the naturally occurring potassium-40 gives an annual dose of 0.17 mSv,
medical diagnostics 0.70 mSv and other sources 0.11 mSv including dose contribution from
the atmospheric nuclear weapons tests, releases from nuclear facilities etc. The total average
exposure in Sweden is therefore 4.20 mSv per year. It is important to know that these doses
are averages with large individual variability.

Terrestrial and indoor gamma-radiation
TGR originates principally from the radioactive decay of potassium, uranium and thorium
which can be found naturally in the upper soils and/or rocks4. In Sweden uranium can be
found in granites, but also in alum shale, the latter used for lightweight alum shale concrete,
for house construction, and was produced between 1929 to 197581. In masonry buildings most
of the gamma-radiation emanate from the building materials extracted from the earth, whereas
in wooden buildings a larger part of the dose comes from the ground. The indoor exposure to
gamma-radiation varies from about 20 nGy/h in wooden buildings on ground with low radioactivity to about 1,100 nGy/h in houses constructed out of lightweight concrete made of alum
shale. The average indoor gamma dose rate in all Swedish buildings is 111 nGy/h150.

From aerial measurements performed by the Swedish Geological Survey the mean outdoor
gamma-radiation in Sweden is 90 nGy/h150. Comparison of the Swedish average to the highest
7

terrestrial gamma-radiation in the world i.e. Kerala, India with up to 70 mGy per year86 and in
Yangjiang, China with 6.4 mSv per year127, shows that these places are a factor 90 and 8
higher than in Sweden, respectively.

Food and water
All food we eat contains different natural radionuclides. The highest dose contributed by food
intake, comes from grain and leaf vegetables, although radionuclides are present in fish products at higher concentration. If, however, the household depends on drinking water from a
well drilled in uranium containing bedrock, the highest dose is contributed by radon in the
water. The annual average dose from food and water in Sweden is 0.2 mSv. High fish consumption may reach 0.7 mSv per year. Consumers of water from a highly radioactive well
may intake a dose of 10 mSv3.

Radon
Uranium-238, as well as thorium-232, decay into radon. There are three radon isotopes, but
radon-222 presents the main health concern for man. Because radon is a gas and can enter the
human body through inhalation, the main target organ is the lung. Radon dilutes quickly in
open air. Therefore the environmental exposure take place indoors4. Normal concentrations of
radon is 2-15 Bq/m3 in outdoor air108. The exposure can either be from radon entering the
buildings from the ground, from groundwater used for drinking, or from radon present in
building materials. Lightweight alum shale concrete is used in about 10 percent of the Swedish houses. An annual average exceeding 200 Bq/m3 has been estimated for 400,000 out of
about 4 million dwellings in Sweden108.

Cosmic radiation
At ground level muons are the dominant component of cosmic radiation, although a significant dose is contributed by neutron radiation with a relative biological effect of 5, compared
to muons with one58. In Sweden at sea level the annual effective dose from cosmic radiation is
0.27 mSv including a neutron contribution of 0.03 mSv. Although both latitude and altitude
play a roll with about 10 percent less cosmic radiation at the equator in comparison to Sweden, no important difference exists between south and north Sweden. The altitude factor is
much more important with an annual effective dose of ionising radiation of 1.12 mSv, including a neutron contribution of 0.90 mSv, in La Paz (3,900 metres above sea level), the capital of
Bolivia135. In Sweden 80 percent of the population are settled between sea level and an elevation of 100 metres. Hence, all have practical the same dose contribution from cosmic radiation150.
8

Hiroshima-Nagasaki
After the explosion of the atomic bombs in Japan neutron-radiation dominated, but also
gamma-radiation contributed to the dose, with the neutron component decreasing with increasing distance from the hypocentre. Out of an estimated population of 560,000 in Hiroshima and Nagasaki, approximately 284,000 persons survived to the census 1950. The cohort of survivors was established in 1950 and included 120,000 persons; 94,000 exposed and
26,000 unexposed. Individual dose assessment has repeatedly been re-calculated up to the
latest dosimetry in 2002149. In the most recent follow-up of 86,611 atomic bomb survivors,
the dose for solid cancer ranged from <0.005 to >2 Sv102.

Nuclear weapons test
A total of 543 atmospheric nuclear weapons tests were conducted between 1945 and 1980
with a wide range of nuclides transported into the stratosphere with the result of a global fallout until the mid of 1980’s. The two main test sites have been the Nevada test site in the US
where 86 atmospheric tests were conducted 1951-1962 and the Semipalatinsk test site in the
USSR with 116 atmospheric tests 1949-1962. The United States has also conducted 41 atmospheric nuclear weapons tests in Bikini and Enewetak atolls 1946-1958 and USSR 91 tests
in Novaya Zemlya 1955-1962. France performed 41 atmospheric nuclear weapons tests in
French Polynesia 1966-1974136. A total of 948 PBq caesium-137 was released into the air
during 30 years of atmospheric nuclear weapons testing and 1.25 PBq was deposited in Sweden78, 136. This amount can be compared with the 4.25 PBq caesium-137 deposited in Sweden
after the Chernobyl accident78. In contrast to the fallout in Sweden from the Chernobyl accident the deposition of radionuclides from the atmospheric nuclear weapons tests was almost
uniform in Sweden with a remaining caesium-137 activity of 0-3 kBq/m2 in 1985105, 107. However, there was a long-term transfer of nuclides into the food chain and caused considerable
internal dose levels not only for some specific groups, but also for the general public, because
no food restrictions were applied in Sweden in the 1960’s. From whole body measurements
the peak of internal dose was estimated in 1965 both for reindeer herders (1 mSv), and for
city residents (0.03 mSv)106.

Chernobyl
Five percent out of the total 85 PBq released caesium-137 from the Chernobyl reactor was
deposited in Sweden during the ensuing days, especially during the heavy rainfall on April
28-29, with an unequal distribution in the eastern coastal regions from Stockholm in the south
to Umeå in the north78. The main contributors to the dose rate in the first weeks were shortlived nuclides replaced by the long-lived caesium-134 and caesium-13737. The maximum ef9

fective dose to the population the first two years (1986-1987), including all nuclides, has been
calculated to about 7-10 mSv37. This dose received during the first two years after the accident, represents some 20 percent of the dose received during a 50-year period37. When the
extent of exposure in Sweden was revealed, the authorities issued recommendations on food
intake to the population including a food regulation program with a maximum allowed activity in food sold to the public of 300 kBq caesium-137 per kilogram96. This threshold limit was
set to keep the dose from food intake below 1 mSv per year. In 1987 a new limit of 1,500
kBq/kg was introduced for game and reindeer meat, wild berries, mushrooms, sweet water
fish and nuts sold to the public. The argument was that the Swedes have such low consumption of this food that the annual dose to the general public would not exceed 1 mSv with this
new regulation. However, specific information was given to higher exposed groups such as
hunters, anglers and reindeer herders. Despite these rather far-reaching actions the body content of caesium-137 after the Chernobyl accident peaked in 1987 with reindeer herders even
exceeding the levels in 1965. Also the urban populations had a corresponding increase in the
body content of caesium-137, reaching the same internal dose as in the mid 1960’s. In between these extremes were doses measured in farmers and hunters of Gävleborg and Uppsala
counties106. After these experiences it has become possible to develop an algorithm for effective dose over a 70 years period depending on the ground deposition of caesium-137 i.e. the
transfer values has been calculated to 700 μSv/kBq m-2 for reindeer herders, 100 μSv/kBq m-2
for hunters, 40-150 μSv/kBq m-2 for rural populations, 50 μSv/kBq m-2 for farmers and 20-30
μSv/kBq m-2 for urban populations, respectively107.

At the time of the Chernobyl accident 2.2 million inhabitants in Belarus lived in areas with a
caesium-137 deposition over 37 kBq/m2, which by definition was considered as being exposed by the authorities68. This is comparable to 41,477 individuals classified over 37 kBq/m2
in study III. Initially, a considerable part of exposure to the population in Belarus came from
external irradiation and inhalation, followed by ingestion of foodstuff containing caesium-137
for those people living in regions with high fallout.

Malignancies
Carcinogenesis
Gamma-radiation is both mutagenic and carcinogenic and therefore classified as a complete
carcinogen (group 1) according to the International Agency for Research on Cancer56. Radiation is unique, because it has been able to stimulate cancer growth in almost all organs. The
carcinogenic process can be described as a multi-step process emanating from a single cell
and involving tumour initiation, tumour promotion and tumour progression. The initiation is a
10

mutation in a single cell with altered DNA function as the first step to a malignancy. The result of the promotion is an early tumour development including mechanisms of cell-to-cell
communication, growth stimulation, cellular differentiation, mutational as well as nonmutational (epigenetic) processes in the initiated cell. The malignant progression is a late tumourogenic phase in which the cells become increasingly autonomous and acquire capacity
for invasion. This capability for malignant growth includes self-sufficiency in growth signals,
insensitivity to anti-growth signals, evading programmed cell death, limitless replicative potential, sustained growth of new vessels, tissue invasion and metastasis49. After initiation of a
cell these steps are necessary before a malignancy can be large enough to be diagnosed.

Even if ionising radiation is recognised as a tumour initiator agent it is also known to play a
role throughout the multi-step process. A single acute dose of gamma-radiation produces a
dose-dependent increase in risk of malignancies in humans, more pronounced than for chronic
or fractionated doses, with children and adolescents being more sensitive. Certain organs
seem to be more prone to develop malignancies, hence the tissue weighting factor for calculating the effective dose, although a statistically significant effect of radiation for all malignancies as a group has been demonstrated137. In the first follow-up of the atomic bomb survivors, the mortality from leukaemia was increased and believed to be the only malignancy related to ionising radiation. More and more sites have been included on this list. In the report to
the general assembly in the United Nations137 risk estimates on total malignancies were included, while later BEIR VII regarded all solid cancer and leukaemia to be related to radiation26. Total malignancies were increased in the latest follow-up of the atomic bomb survivors102. For decades it has been widely accepted that chronic lymphatic leukaemia is not associated to ionising radiation, however questioned in a recent review109.

Classification
The cases of malignancies in our studies were retrieved from the National Cancer Registry
using the coding in ICD-7144. The National Cancer Registry defines malignancies as all malignant neoplasms (carcinoma, sarcoma, malignant lymphoma, leukaemia and malignant teratoma), but also histological benign tumours of the central nervous system and some specified
endocrine tumours128.
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Cancer epidemiology
In general
Epidemiology seeks to describe the populations at risk and to discover causes of disease.
Most diseases are multifactorial i.e. a combination of factors are necessary to develop disease,
not identical factors for all individuals with the disease111. In epidemiology it is usually not
possible to identify all these factors, but increased risks indicate that such factors have been
revealed. Epidemiological studies have been of particular importance in assessing the potential human health risks associated with radiation exposure.

Environmental malignancies
In Kerala, India there is still no evidence that the incidence of total malignancies is consistently higher because of the high terrestrial radiation86. The mortality of malignancies in
Yangjiang, China has not increased, including leukemia mortality127. However, other epidemiological studies on adult populations have shown statistically significant increased incidence or mortality of different malignancies due to the terrestrial gamma-radiation129,

134

.

Other studies have failed to show such a relation2, 52, 91, 133, 138. For leukaemia the results have
been similar with studies both showing a relation to TGR36, 50, 129, 134 and studies without any
relationship28, 38, 52, 60, 91, 115.

Results from epidemiological studies have been very consistent regarding lung cancer and
interaction between radon and tobacco smoking, but no clear association has been seen between radon and other forms of malignancies30. In comparison, radon released from tap water
is probably a weak risk factor for lung cancer, in the United States accounting for only about
0.8 percent of the total number of radon-associated lung cancer deaths20. However, radon in
drinking water has also been suggested to be a risk factor for stomach cancer by direct exposure from the water or indirectly through swallowed pulmonary secretion66. In Finland leukaemia, stomach cancer and cancer of the urinary organs, respectively, have been studied in
relation to drinking water contaminated with uranium, radium and radon without any indication of increased risks from either of these nuclides7, 8, 69 .

Only a few epidemiological studies on cosmic radiation have been performed, due to lack of
national cancer registries in countries with high altitude, but also difficulties related to finding
a proper comparison group. However, four such studies have been performed in the United
States with no excess mortality from leukaemia or other malignancies in relation to high altitude29, 35, 76, 140.
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In the first follow-up of the survivors of the atomic bombs over Hiroshima and Nagasaki a
significantly increased incidence in leukaemia was found41. In further follow-up studies an
additional number of cancer sites has been associated with ionising radiation from the atomic
bombs. In the latest follow-up of the Hiroshima-Nagasaki cohort there were 10,127 deaths in
solid cancer, compared to 9,647 expected, and an additional 296 leukaemia deaths (203 expected). For the first time a statistically upward curvature in dose-response was seen for solid
cancer in the dose range 0-2 Sv102. This upward curvature was even more pronounced in the
dose range 0 to 0.5 Sv99.

Results of reviews of the epidemiological studies on the general population around the nuclear weapons test sites (Nevada, Semipalatinsk) have been inconclusive because of shortcomings in design26, 56. On the contrary, a recent review concludes that a clearly excess of
thyroid cancer has been demonstrated among the highly exposed Marshall Islanders close to
the nuclear weapons test site at Bikini and Enewetak atolls. In addition, a likely increased risk
of thyroid cancer and leukaemia was demonstrated around the Nevada test site43. A significant
2-3 times increase in thyroid cancer incidence has also been seen, in the period 1985-1995,
among Maohis in the French Polynesia compared to Maoris in New Zealand and Hawaiians in
Hawaii, with supposedly the same ethnic origin33. A non-significant (p=0.1) increase in thyroid cancer incidence was observed with decreasing distance between place of birth and the
Mururoa test site in females born between 1950-1975. In the follow-up of 19,545 persons
around the Semipalatinsk test site a significant trend of solid cancers with dose was seen
(p<0.0001) 1960-199911. Incidence in childhood leukaemia in the Nordic countries has indicated a small increase in relation to fallout from atmospheric nuclear weapons testing31. A
study on incidence of thyroid cancer by birth cohorts in Norway and Sweden showed the
highest risk in children born during 1951-1962, i.e. the highest exposed group from radioactive iodine from the atmospheric nuclear weapons tests in Novaya Zemlya, compared to unexposed children born 1963-197072.

In Belarus, Ukraine and the western part of Russia there has been a dramatic increase in thyroid cancer incidence in children in relation to the Chernobyl accident. So far, 1,800 cases of
thyroid cancer among children can be attributed the exposure from the accident137. An overall
evaluation by an expert group assigned by the WHO has found, that apart from the large increase in thyroid cancer incidence, there is no clearly demonstrated radiation-related increased
cancer risk in the former USSR21. However, there exist a study from the former USSR indicating an increased risk for acute leukaemia in the general population related to the Chernobyl
accident93. In all regions of Belarus there has been a significant increase in incidence of total
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malignancies in the period 1990-2000 compared to 1976-1985, which was most pronounced
in the Gomel region with the highest contamination after the Chernobyl accident94. However,
there has been no recognizable increase in childhood leukaemia in the most contaminated part
of Belarus up to 199842.

In Western Europe concerns about the consequences of the Chernobyl accident have focused
on childhood malignancies, especially leukaemia, since the shortest latency period after irradiation seems to be for leukaemia in children. Several studies on childhood leukaemia, have
been performed outside the former USSR6, 54, 74, 95, 97, 132, but none has shown any clear relationship to the fallout from the Chernobyl accident. However, exposure to radiation in utero
from the Chernobyl accident has shown a significantly increased risk of childhood leukaemia
in Greece, Germany and Ukraine80, 92, 98, 122, but not in Belarus
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. In an additional study a

peak in the incidence of infant neuroblastoma in West Germany in 1988 could not be explained by the Chernobyl fallout because parents of cases tended to eat less locally grown
food than the parents of controls79.

Recent studies outside the former USSR have also shown an increase in the thyroid cancer
incidence suggested to be related to the accident27, 44, 85, 90, but other studies have failed to link
an increase to the Chernobyl accident19, 24, 83, 100, 113, 124.

Geographical Information System
The Geographical Information System (GIS) is a computer based analytical tool for spatial
analyses. Its capability to quickly and easily link large geospatial databases with health databases represents an important technological breakthrough in environmental epidemiology18.
Overlays can be done using various maps with different geochemical data, geographical data,
population characteristics and information on disease. Data can then be analyzed on different
levels e.g. county, parish, postal code area or address. Important for the result is the resolution
on exposure and disease, because the analyses need to be on the same level to which the variables have been assigned. The geographical distribution of diseases in relation to various exposures with a spatial distribution can therefore be used to generate hypotheses, but also in
analytical epidemiology. Relatively new applications for GIS are control of communicable
diseases, environmental health protection and health care planning and policy73, 112.

14

METHODOLOGY
Epidemiological methodology in general
It is important in epidemiology to use appropriate epidemiological methods in relation to the
hypothesis, but the method also depends on the prerequisites for obtaining data. In radiation
epidemiology there has been lot of effort to find such methods to determine the risk of malignancies. It is widely accepted for ionising radiation that the dose-response curve is linear for
all sites of malignancies, with no threshold, except for leukaemia where a linear-quadratic
dose-response is a better fit26, 137. In other words a well-designed epidemiological study with
high power could detect even a small increased risk of malignancies in a population, as no
radiation dose is too low for such (stochastic) effect. Power is the probability that the study
will yield a statistically significant departure from the null association. In a cohort study the
power depends on the disease rate in the non-exposed group, the relative risk under the alternative hypothesis, the sizes of exposed and non-exposed groups, and the total number of the
study participants22. It is therefore inevitable to rely on registers when studying large cohorts.
Leukaemia is so rare that the cohort must be extra large to show a significantly increased incidence related to any risk factor. Hence, with limited economical resources there is a contradiction between detailed exposure assessment in environmental epidemiological studies and
the magnitude of risk.

Register based epidemiology
Epidemiological studies with only register information are preferable descriptive studies, often referred to as ecological, although they could also be analytical studies. Ecological studies
have certain characteristics such as the analysis is not individual, have no information on potential confounding factors, the outcome is not confirmed on the individual level, do not account for population migration i.e. sensitive to random fluctuations in the spatial or temporal
distributions. Analytical studies are more sophisticated usually including information on exposure or disease at the individual level, providing the opportunity to adjust for potential confounding factors. Either incidence or mortality statistics on malignancies (or other diseases)
can be used in these two epidemiological study designs. The former is to prefer because not
all malignancies are mortal, hence not recorded on the death certificates.
Ethical considerations
An important issue in all register-based epidemiology is informed consent. According to the
Helsinki declaration everyone included in a scientific study has the right to give consent to
participate147. On the other hand the information obtained from registries is seldom controver15

sial, with the most important exception a diagnosis of malignancy or other sensitive outcomes. There is of course practical and financial problem to obtain a signed paper from all
individuals in a large cohort, but the Data Inspection Board agreed that advertising in the
newspapers, about our Chernobyl study, fulfilled the requirement for informed consent. Interestingly, none contacted us to withdraw from the study or wanted information in the files
about themselves130. After matching the personal characteristics with the parish codes and
dwelling coordinate, respectively, our file could be analysed unidentified.

Risk estimates
When analysing small increased risks it is of particular importance with adjustment for potential confounding factors in order to minimize a wrong interpretation. However, there can be a
risk of an over-adjustment if the confounding factors are too closely inter-linked, with perhaps
the consequence of a significant result being not significant. To describe the statistical uncertainty the CL (or confidence interval) is often used. A 95 percent CL should be interpreted so
that if the study is repeated a 100 times, the point estimate will be within the boundaries of the
uncertainty 95 times. However, adjustment for confounding can either result in an increased
risk (negative confounding) or to a decreased risk estimate (positive confounding). In environmental studies risks are often small which in turn makes interpretation a challenge, but
also emphasises the need for exposure assessment and adjustment of potential confounding
factors. The increased risk can be seen as a relative or an absolute risk. However, if the background incidence of a disease is high an increased risk can be more evident in absolute terms.

In traditional radiation epidemiology ERR (ERR=SRR-1) and EAR (definition below) are
used to compare results. The ERR implies a linear dose-response relationship and has been
justified as a risk estimate because the consistent linear dose-response in several evaluations
on radiation risks26, 137. The ERR is expressed per unit dose in order to compare the risk estimate between studies. The advantage to use ERR is that a single risk estimate quantifies the
risk, which however can be misleading if a linear dose-response does not exist. In study II
ERR was calculated using Poisson regression taking the midpoint in each exposure interval as
the exposure level, while in study III caesium-137 could be treated as a continuous variable.
EAR per 105 person-years is based on the SIRD per 105 person-years, between two time periods using the following formulas:

SIRDij = (SIRij - SIRjk)
EARij = (SIRDij – SIRD0i)
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where
i = time period or follow-up, 1988-1996 in study II and 1988-1999 in study III,
j = exposure category,
k = 1986-1987,
0 = reference category, <3 kBq/m2 in study II and 0-8 nGy/h in study III.

By definition SIRD0i is not influenced by the exposure i.e. is an underlying time trend or secular trend. The EAR has the advantage that it can be compared between studies provided that
the incidences have been directly standardised for age using the same standard, e.g. in our
case the European population as defined by the WHO146.

Confounding
Confounding can be regarded as a mixing of the effects of the exposure being studied with
effects of other factor(s) on risk of the health outcome of interest22. In register-based epidemiology the possibilities of adjusting risk estimates by potential confounding factors is limited
because information on the individual level is usually limited. However, to assert confounding, such factor needs to be a risk factor at the same level as the exposure under study e.g. in
order for tobacco smoking to be a confounding factor, it needs to be a risk factor on the parish
level if the studied exposure also is classified at parish level. Confounding can be controlled
either by stratification e.g. MH-IRR, or using regression models e.g. Poisson regression.

Attributable fraction
The attributable fraction is the proportion of cases that would not have occurred in the absence of exposure either among the exposed population or among the total population121. To
calculate the absolute number of preventable cases of a disease the attributable fraction is
multiplied by the total number of cases. The attributable fraction is calculated as the (RR1)/RR, where RR stands for Rate Ratio. If there are several exposure categories the total
number is the sum of preventable cases in each exposure category121.

Statistical methods
In study I the statistical package SAS (SAS Institute Inc., SAS Campus Drive, Cary, NC
27513) was used. The epidemiological analyses in study II and III were performed in STATA
Statistical Software, release 6.0, College Station, TX: Stata Corporation. In study V the statistical package SPSS, version 11.5.1 was used for non-parametric tests including MannWhitney test and Spearman when calculating correlation coefficients.

17

Exposure assessment – GIS and aerial measurements
The Geological Survey of Sweden conducts regularly aerial gamma spectrometry measurements on uranium-238, thorium-232 and potassium-40 since the end of the 1960’s and annually after 1986 on caesium-137. The three former nuclides are natural, but caesium-137 is not.
Because all these nuclides have their own unique gamma-spectra they can be measured separately in the aerial measurements. The flight distance from the ground is 60 metres with 200
metres between each line resulting in high accuracy. The Geological Survey compensates for
factors that can influence the accuracy of the measurements such as absorption in air, humidity of the ground and close proximity to radon. A calibration programme reassures accurate
measurements1. Thereafter digital maps are produced based on the content. Because of absorption of gamma-radiation in the soil, 80 percent of the measured radiation emanates from
the upper 0.2 metres, i.e. upper surface of soil and/or the underlying rock. Uranium and thorium are expressed in parts per million and potassium in percent. Caesium-137 is expressed
on the map as deposition in kBq/m2.

The geophysical measurements from the Geological Survey of Sweden are collected in a database with coordinates from the Swedish national system (RT90). With conversion factors
from the Geological Survey the total TGR from uranium, thorium and potassium can be calculated in nGy/h. One percent potassium gives a dose rate of 13.296 nGy/h, one ppm U-238
6.625 nGy/h and one ppm Th-232 2.309 nGy/h, respectively. By adding the dose rates for the
different nuclides a total TGR can be obtained. With yet another conversion factor the caesium-137 can be calculated in nGy/h (1 kBq/m2 equals 2.513 nGy/h)39. Hence, with all nuclides expressed in the same unit it enables comparison of risks for malignancies between
caesium-137 and TGR.

The digital map on caesium-137 has over time successively become more and more detailed
and is always backdated to May 1986. The data on the TGR are stored in coordinates and caesium-137 is given in a 200x200 metre grid. The coordinates on the TGR was transformed by
us into a grid-format with GIS-technique in ArcView 3.2, in the same 200x200 metre grid for
caesium-137.

Methodology by studies
Paper I
Study I was an open cohort of children and adolescents 0-19 years of age in six counties
(Norrbotten, Västerbotten, Jämtland, Västernorrland, Gävleborg and Uppsala county) which
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had a corresponding population of 346,000 on 31 December 1986. The annual incidence of
malignancies was analysed in relation to the fallout of caesium-137. We used an analogue
map on the ground deposition of caesium-137 produced by the Swedish Radiation Protection
Authority, on the assignment of the Geological Survey of Sweden, to classify all 374 parishes
in these 6 counties. The map had been produced after aerial gamma-measurements over the
entire Sweden from May to October 1986 and given into 12 exposure categories. Due to the
small size of the study, these categories had to be merged into three categories (<3, 3-39, >40
kBq/m2). Information on individuals with malignancies was obtained from the regional cancer
registries in Umeå and Uppsala for the period 1978-1992 i.e. name, age, address, diagnosis
and year of malignancy. The total number of cases was 746 with the most frequent diagnosis
being brain tumours (ICD-7 193.0, n=203) and ALL (ICD-7 204.0, n=151). The annual population statistics were provided from Statistics Sweden. The annual incidence of total malignancies was calculated in each exposure category, as well as the incidence of brain tumours
and ALL. The advantage in the study design was that the incidence was compared before
(1978-1986) and after the Chernobyl accident (1987-1992) in the same categories, hence
eliminating many confounding factors with a geographical distribution.

Paper II
After study I we realized that the study base needed to be enlarged and therefore we decided
to include adults in order to have enough power to detect an increased risk of malignancies, if
it could be detectable with epidemiological methods. Secondly, we wanted to include as many
counties as possible with significant fallout, in order to create more exposure categories, but
also to include areas and populations within these counties having low fallout to serve as the
reference. Thirdly, as the incidence in malignancies is higher in the cities, we did not want to
include the population of Stockholm. Fourthly, if people had moved after the Chernobyl accident, for whatever reason, it could obfuscate an increased risk and therefore we decided to
apply a two-years inclusion criterion i.e. living in the same parish from 31 December, 1985 to
31 December, 1987. Fifthly, to be able to detect an increased relative risk for malignant disease we wanted to have a low background incidence, hence we defined the cohort to individuals being 0-60 years in 1986. Sixthly, it was necessary to use as detailed information as possible on exposure and disease.

Because of these reasons, the resulting cohort included 7 out of Sweden’s 21 counties (Norrbotten, Västerbotten, Jämtland, Västernorrland, Gävleborg, Västmanland and Uppsala
county). All 450 parishes, with its inhabitants, were coded into six exposure categories after
the fallout of caesium-137: <3, 3–29, 30–39, 40–59, 60–79, and 80–120 kBq/m2. The inhabi19

tants in the 117 non-affected parishes (<3 kBq/m2) served as reference. Malignancies for
the cohort members diagnosed during the follow-up period were retrieved from the National
Cancer Registry.

We chose the most sensitive statistical method possible for accurate risk estimates by a) using
the highest possible contrast without loosing power in the highest exposure category or in the
reference category, b) using 5-year age bands for maximum adjustment of confounding from
age, c) identifying and controlling for other confounding factors by first evaluating the confounding properties and then create strata for maximum adjustment.

Each individual was followed over time and the number of person-years was calculated from
1 January 1988 until 31 December 1996, or until the occurrence of the first malignancy or
death, whichever came first. MH-IRR estimates were calculated and a log-linear Poisson regression model with maximum likelihood estimates was applied for the trend analyses i.e. the
ERR. The EAR was calculated according to the formula at page 16.

Apart from age, four potential confounding factors were controlled for: population density in
two models, lung cancer incidence and malignancies 1986-1987.
Population density has in previous studies been and determinant for total malignancies114,
probably due to air pollution, different life styles and occupational exposures in the cities.
Smoking habits may to some extent be related to city life style as earlier studies have shown
increasing lung cancer incidence with increasing population density51,

88, 138

. As the fallout

from the Chernobyl accident was higher in areas with higher population density we controlled
for this potential confounding effect by two models. The first model was based on the number
of individuals per km2 in each parish. The other model involved the official classification by
Statistics Sweden in so called homogeneity-regions that classifies municipalities into six categories depending on the population density and the number of inhabitants in the nearest vicinity of the main city in that municipality120.

To account for smoking habits, industrial and environmental exposures and ill defined other
risk factors, usually subsumed as socioeconomic risk factors, the age standardised lung cancer
(ICD 7, 162.1) incidence by the municipality for the period 1988–1996 was taken as a proxy
indicator for this aggregate of risk factors.
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Similarly, the total number of malignancies in 1986–1987 (before any expected effect of the
fallout) was considered a proxy determinant in the follow-up period, because a large part of
our reference parishes had a low pre-Chernobyl incidence of malignancies.
Finally, we used the classification suggested by Dreyer et al34 for studying the distribution of
malignancies related to tobacco smoking in the different fallout categories, calculating age
adjusted MH-IRR. In these calculations we ignored, for simplicity’s sake, the other adjustment variables, as they were found to have had only a weak influence.

Paper III
In study III we improved the design through a) enlargement of the cohort by including the
individuals in another county (Södermanland), b) extension of the follow-up period and c)
performing additional analysis for the three time periods i.e. 1988-1991, 1992-1995 and 19961999, respectively. More importantly, d) we refined the study design by using the individual
dwelling coordinates. Each dwelling in Sweden has been appointed a coordinate by the National Land Survey of Sweden, made available from the Statistics Sweden. The accuracy of
the coordinate has been calculated to 100 metres. Therefore, it was the Statistics Sweden that
appointed each cohort member with their unique dwelling coordinates.

With a geometric join the digital map on caesium-137 and TGR, respectively, could be
matched with the dwelling coordinates using the GIS-technique in ArcView 3.2. By this
method each individual got a unique value on TGR and caesium-137 in dose-rate (nGy/h). In
all 1,137,106 individuals could be appointed both a value of TGR and caesium-137 (87.1 percent of the original cohort of 1,305,939 individuals), and hence could be included in the statistical analyses. The missing exposure values were almost entirely due to lack of information
on TGR (11.7 percent out of the total cohort, or equal to 152,601 persons), which explains
why the number of coordinate points was less in study III compared to study IV, in spite of
one additional county in study III.

We followed each individual over time and calculated the number of person-years from 1
January 1988 until 31 December 1999, or until the occurrence of the first malignancy or
death, whichever came first. Throughout all the analyses, five-year age groups were applied.
MH-IRR estimates were calculated and a log-linear Poisson regression model with maximum
likelihood estimates was applied for the trend analyses with caesium-137 as a continuous
variable i.e. ERR.
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We controlled for the same confounding factors as in study II and maintained the same categories for comparison, but also included TGR as an additional confounding factor. Because
we studied caesium-137 as a risk factor, not the total radiation, we explored and found the
TGR to exert some negative confounding. Hence, we included this variable in the analyses.
To show the confounding effect in study III we conducted a stepwise Poisson regression after
assessing the strength of each confounding factor.

Table 2. Comparison of study I-III.
Study I

Study II

Study III

6

7

8

346,000

1,143,182

1,137,106‡

0-19

0-60

0-60

1987-1992

1988-1996

1988-1999

(6 years)

(9 years)

(12 years)

1

1

3

Malignancies (n)

331

22,409

33,851

Person-years

NA

10,115,849

13,391,362

Exposure unit

374 parishes

450 parishes

122,220 coordinates

925 per parish

2,540 per parish

9 per coordinate

Counties
Individuals (n)
Age in 1986 (years)
Follow-up period

Time periods

Mean individuals (n)

2

Caesium-137
Exposure categories
Adjusted

by

con-

2

kBq/m

kBq/m

nGy/h

3

6

6

No

Age, population den-

As in study II + TGR

founding factors

sity x 2, lung cancer,
cancer 1986-1987

Risk estimates

RR

MH-IRR, Poisson

MH-IRR, EAR, ERR

regression-RR, EAR,
ERR
‡ In spite of one additional county the number of individuals was slightly lower compared to in study II, because
of missing values on TGR.

Paper IV
Similar risk estimates were obtained in study II and III, although quite different methods in
classifying the exposure, which justified study IV as a methodological study comparing the
two ways of classifying exposure. Out of the cohort in study II a total of 1,126,960 individu22

als (98.6 percent) could be included in the study IV, with the remaining persons lacking either
coordinates or caesium value. A population weighted parish average was calculated as the
total sum of all individual caesium values divided by the number of persons in that parish.

The resolution in exposure assessment could therefore be compared i.e. 132,770 coordinate
points with an average of 8 individuals per point and an individual min-max of 0-107
kBq/m2 compared to 450 parishes with an average of 2,504 individuals per parish with a minmax of 1-6 exposure categories.

Paper V
In this pilot-study morning urine samples were collected from children in Belarus, living in
contaminated and uncontaminated areas after the Chernobyl accident. The samples were collected in two numbered, 10 ml plastic tubes, and immediately frozen and stored at –20 degrees Celsius until analysis of 8-OHdG. Concentrations of 8-OHdG were determined by coupled-column high-performance liquid chromatography with electrochemical detection125,
blind for exposure status of the sample. All concentrations were adjusted for urine density as
described by Bergman et al14. The detection limit was 1.6 nmol/l.

Seventy-seven healthy children, 2 to 17 years of age, were randomly selected from the population of Belarus. The exposed group consisted of 31 rural children permanently living in
three villages in southeast Belarus that got a ground contamination of caesium-137 of 185555 kBq/m2 after the Chernobyl accident. The unexposed group consisted of 46 children permanently living in uncontaminated territories (1-4 kBq/m2); 5 rural children in the northwest
of Belarus and 41 children from the city of Minsk. The exposed children were examined in
October 1999 and the unexposed in February to May 2000.
The annual effective dose of radiation was calculated for each child as the sum of the internal
dose assessed from body content of caesium-137 and the external dose from gamma-rate
measurements on the ground where the children lived10. The body content of caesium-137
was measured in a whole body counter by registration of gamma quantum in a scintillation
detector with a sodium iodine crystal activated with thallium. The whole body counters are
permanently located at the regional centres in Belarus and calibrated on a regular basis as part
of a national program for calculating annual internal dose to the population. The calculation
of the external dose was based on the annual gamma-rate measurements in the villages of
Belarus and performed by the Belarus State Committee for the Control of the Radiological
Situation.
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RESULTS AND COMMENTS
Paper I
A continuous increase of brain tumour incidence during the period 1978-1992 without clear
relationship to the Chernobyl fallout was discovered. A somewhat decreased relative risk of
ALL appeared in areas with increased exposure. Other malignancies showed no changes in
incidence over time or with regard to exposure.

An obvious shortcoming was that we could only use three exposure categories, due to the
limited study size, hence difficult to study a dose-response relationship, if existing. We did
not control for confounding in this study. Compared to the design of study II, and especially
study III, this first study can be regarded as a pilot study.

Paper II
The age-adjusted relative risk for total malignancies showed a slight increase in all exposure
categories, except in the category 60-79 kBq/m2, using <3 kBq caesium-137/m2 as the internal
reference. This pattern remained in the successive adjustments for the confounding factors. To
show the confounding effect we included the factors one by one in MH-IRR, and all of them
asserted weak confounding (table 3 in paper II). The most pronounced confounding effect was
seen in category 60-79 kBq/m2 with an increase in age-adjusted MH-IRR of 0.98 to a MHIRR of 1.10 in the fully adjusted model. Women had an age-adjusted relative risk of 1.34
compared to men, and as expected there was no confounding effect by sex as the distribution
of men and women was the same in all exposure categories.

In the fully adjusted model the MH-IRR for the deposition categories (p. 19) were 1.00 (reference), 1.05, 1.03, 1.08, 1.10 and 1.21. The ERR was 0.11 per 100 kBq/m2 (95% CL
0.03;0.20). To allow comparison with other studies the ERR could be converted into 11 per
Sv (95% CL 3;20), using the maximum dose of 10 mSv at 100 kBq/m2.

The EAR per 100,000 person-years for total malignancies between 1988-1996 and 19861987, were 0 (secular trend eliminated), 6.5, 11.7, 15.5, 19.8 and 26.1 in the exposure categories (p. 19). No clear excess occurred for leukaemia or thyroid cancer.
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With small increased risks it is essential to adjust for confounding factors to obtain valid risk
estimates. We did our best, with available data, but did not succeed annihilating the increased
risks in MH-IRR by adjusting for age, population density, lung cancer incidence and cancer
1986-1987 as potential confounding factors. We saw the same tendency of increased risks in
separate analysis of malignancies clearly related to tobacco smoking and unrelated to smoking, respectively. Therefore, it confirmed that the dose-response relationship for total malignancies could not be explained by different smoking habits in the exposure categories of caesium-137.

Paper III
The extended follow-up period allowed an analysis in three time periods each showing an
increased risk, but with the most evident dose-response in the first time period 1988-1991. To
allow comparison with study II the ERR was also expressed as 0.10 per 100 kBq/m2 (95% CL
0.00;0.23), in spite of different follow-up periods (table 3). As in study II we did our best to
annihilate the increased risks in MH-IRR, EAR and ERR, respectively by controlling for the
same confounding factors, but also treating the TGR as a confounding factor. The TGR asserted weak negative confounding confirming an a priori suspected negative association with
caesium, because the fallout of caesium-137, due to rainfall, tended to be higher in areas with
lower ground radiation (table 4, paper III). Interestingly, in the fully adjusted model we saw
an obvious negative confounding in MH-IRR compared to only the age adjusted MH-IRR
estimates.

Table 3. Comparison of results from study II and study III.

ERR per 100 kBq/m2

Study II

Study III

(1988-1996)

(1988-1999)

0.11 (0.03;0.20)

0.10 (0.00;0.23)

849 of 22,409 (3.79%)

1,278 of 33,851 (3.78%)

(95% CL)
Attributable cases‡ of
total malignancies (%)
‡ calculated according to Steenland121.

The attributable cases of total malignancies in our studies can be compared to the theoretical
value based on the risk estimates of the ICRP i.e. 300 deaths of malignancies in Sweden, during 50 years time after the accident82. Our estimate of about 1,000 incident malignancies after
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a decade represent 3.8 percent of the total number of malignancies in the 8 most contaminated counties of Sweden (table 3).

An increased risk for thyroid cancer or leukaemia, in study II and III was in statistical terms
less likely in relation to the fallout, but could not be excluded taking the CL into account,
hence can be called a non-positive studies9.

Table 4. Characteristics of study II and III in design and interpretation of results.
Strengths

Weaknesses

Maximum number of exposed counties

--

Exposure by parish or dwelling

No individual exposure information

Exposure categories independently given

Fixed exposure categories constrained by

by the Geological Survey in study II

the Geological Survey in study II

Exposure categories by population distribu-

--

tion in study III
Maximum exposure contrast

Small numbers in highest category

Same external exposure 1986-1987

No exposure assessment 1988-1996 (study
II) and 1988-1999 (study III)

Low incidence of malignancies 0-60 years

No separate analysis on children

of age
Valid and precise population/cancer regis-

--

tries
Similar results in MH-IRR, ERR and EAR

Difficult to interpret small risks

Weak confounding

Uncontrolled confounding?

Power to detect both an early and a small

No latency, no increased risk for leukae-

increase in total malignancies at low expo-

mia or thyroid cancer, exposure too low to

sure

explain the increased risk

Paper IV
To evaluate the exposure classification we took the population in study II and included all
individuals with dwelling coordinates from study III. Therefore, the individuals with dwelling
coordinates classified on the digital map could be compared with the individuals classified by
parish using the analogue map. The population-weighted parish average of caesium-137 based
on the digital map reached a maximum of 56 kBq/m2 i.e. no parish in the two highest expo26

sure categories when the analogue map was used (60-79 or 80-120 kBq/m2). However, a total
number of 11,902 persons had an exposure exceeding 60 kBq/m2, with a maximum value of
107 kBq/m2. The two lowest categories were very stable with more than 90 percent of the
parishes remaining in their original classification. Analyzing all parishes with the different
classification (111 out of the 450 parishes), two explanations for the difference were identified, firstly the unequally distributed population in the parish (skewed population) and secondly, a higher resolution both for caesium-137 exposure, through the digital map, and also
for the population through the dwelling coordinate (scattered population). With the former
definition 25 parishes could be explained and with the latter definition 86 out of the 111 parishes with different classification could be explained.

There was a systematic down classification using the digital map to classify the parishes compared to use of the analogue map. Our similar risk estimates can probably be explained by the
relatively homogenous exposure in the parishes, especially when included in categories, making the intra-parish difference less influential. The conclusion in study IV is therefore that use
of aggregate data can be justified in environmental epidemiological studies.

Paper V
The annual summary effective dose, calculated as the sum of the internal and the external
dose, was seven times higher for the children in the contaminated areas than for the unexposed children (median 1.77 versus 0.25 mSv). However, the median urinary 8-OHdG concentrations were significantly higher in the unexposed children (18.75 nmol/l) than the exposed (8.49 nmol/l), p<0.001. Unexposed children living in urban areas had significantly
higher urinary 8-OHdG concentrations than unexposed children living in rural areas confirming an urban effects, table 5. Instead, testing the two rural groups on 8-OHdG excretion was a
way to eliminate the urban factor, but unfortunately the two groups were too small to allow
any conclusion on the effect of the radiation exposure (p=0.30). These results indicate that the
8-OHdG excretion is lower in children living in caesium-contaminated rural areas of Belarus
than in children unexposed to caesium-137, but living in an urban environment.

Although the number of children was small, the difference in 8-OHdG excretions was significant. Because the individual dose was calculated accurately, it suggests that radiation 13 years
after the Chernobyl accident is a less important contributor to oxidative stress in Belarussian
children than is urban living. One plausible explanation for the apparent lack of effect from
radiation in our study is that the radiation dose received by the children could be too low to
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affect the excretion of 8-OHdG. The effective dose for the radiation-exposed children in our
study was thus only about 1/1000 of the therapeutic doses after which increased excretion of
8-OHdG has been seen. Another more speculative explanation could be that there is no longstanding effect, in increased excretion of 8-OHdG, after an initial and higher radiation exposure. However, this is not possible to confirm in our study as our samples were collected several years after the Chernobyl accident. There is also no support in the literature for lack of a
longstanding effect, however no such follow-up of 8-OHdG excretions, after acute medical
radiation, has been performed. The somewhat unexpected results in study V illustrate the
importance of conducting a pilot-study before finally design of a study, especially if it
includes a large-scale field sampling.

Table 5. Simplified table from paper V. Urinary excretion of 8-OHdG in Belarussian children
exposed and unexposed to ionising radiation from the Chernobyl accident divided into urban
and rural living.
Exposed (n=31)

Unexposed (n=46)

Urinary

Rural

Urban

Rural

excretion

(n=31)

(n=41)

(n=5)

p-value

19.40

11.77

<0.05

8-OHdG
(nmol/L)

8.49

18.75
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<0.001

GENERAL DISCUSSION
Causality
Interpretation of small risks is always a challenge. However, small risks in a large population
can contribute to a considerable absolute number of cases. The so-called Bradford-Hill criteria
are often seen as the standard criteria and used in medical science to assess if there is a causal
relationship between exposure and disease53. However, critique has over time modified these
criteria e.g. Checkoway points out that temporality is essential, other criteria are supportive,
and that each study should be evaluated on its own merits22. Rothman defines a cause of a
disease as an event, condition, or characteristic that preceded the disease which not would
have occurred at all, or been postponed111. Etiology of diseases is multifactorial. According to
IARC ionising radiation is a carcinogen with both sufficient evidence for carcinogenicity in
humans and in experimental animals56, but can our results in study II-III be interpreted as a
causal relationship? To discuss our findings in relation to the Hill criteria is one way to determine whether the fallout from the Chernobyl accident in Sweden, and the increased incidence in malignancies in our studies, can be interpreted as a causal relationship.

Hill’s first criterion is strength, i.e. the higher the risk, the higher the likelihood for a causal
relationship. In study II we had a maximum MH-IRR of 1.21 in the highest exposure category
in the fully adjusted model and in study III a corresponding maximum of 1.302. These risk
estimates are traditionally considered as low in epidemiology139, but nevertheless rather high
for studies in environmental epidemiology. However, it is necessary to be cautious in the interpretation of small risks, because the possibility of confounding explaining or contributing
to the results. Given the definition of strength, Hill’s first criterion may not be fulfilled. However, Hill also emphasised not to dismiss a cause-effect hypothesis merely on the grounds that
the observed association appearing to be slight.

The second criterion is consistency which refers to the repeated observation of an association
in different populations under different circumstances. Lack of consistency, however, does
not rule out a causal association because some effects are produced by their causes only under
unusual circumstances111. Ionising radiation including gamma-radiation easily fulfils the criterion of consistency. If there is a consistency between ionising radiation and total malignancies, the answer is more complicated (p. 38) With regard to later reviews on low dose exposure and total malignancies our findings seems to fulfil the second criterion26, 89. There is also
scientific support for short latency after low dose exposure (p. 39). However, there is no con29

sistency regarding an effect after the Chernobyl accident and malignancies outside the former
USSR (p. 14). In summary, the results in our studies could possibly fulfil the criteria of consistency.

The third criterion is specificity, a well-defined association rather than a general one. Rothman
recognizes this criterion as totally invalid because causes of a given effect cannot be expected
to lack other effects for any logical grounds111. And it is known that ionising radiation has
several effects. The diagnosis of malignancies, as a disease entity by itself, is also well defined and confirmed by pathologists and unequivocally classified and recorded by the National Cancer Registry. On the contrary, if malignancies can be regarded as different diseases,
radiation can be an event according to the definition by Rothman. Granted that all types of
malignancies can be linked to ionising radiation, which seems to be the trend in international
evaluations (p. 38), the caesium exposure in our studies will have a specific association (although total malignancies at first sight seem to be a diverse outcome). Interestingly, Hill mentions that the importance of this characteristic should not be over-emphasized i.e. a specific
exposure can lead to several diseases and often the causes of a specific disease is multifactorial. The criterion on specificity is fulfilled for our studies.

Temporality is the fourth criterion and obvious: exposure before disease. However it is more
complicated as there might be an incubation time in case of infectious diseases and the socalled latency period for malignancies. Hill mentions only slow developing diseases and does
not address latency. The fourth criterion can therefore be fulfilled.

The fifth criterion is biological gradient i.e. dose-response. However, a causal dose-response
relationship is not necessarily monotonous and linear, and one can not take for granted that all
dose-response relationship are causal111. The advantage of studying ionising radiation is that it
can be measured on a continuous scale and therefore in statistical calculations be treated as
such, but also analysed in categories to explore dose-response relationships. Our results favour true dose-response and therefore, the fifth criterion of biological gradient seems fulfilled.

The sixth criterion is plausibility i.e. the observed relationship is biologically plausible. However, the interpretation of plausibility depends on the present knowledge. Few carcinogens are
so well studied as ionising radiation with several international organizations making regular
evaluations. The biological plausibility emanates from in vitro and in vivo experiments (p.
10). This is actually the background for launching our epidemiological studies in Sweden after the Chernobyl accident. Hence, the sixth criterion is obviously fulfilled.
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Coherence is the seventh criterion mentioned by Hill i.e. new data should not seriously conflict with the generally known facts of the natural history and biology of the disease. However, caution should be taken when interpreting conflicting information, it may indeed refute
a hypothesis, but can also be misinterpreted111. Although our results are coherent with the
present knowledge that ionising radiation can cause malignancies, they are not unanimously
coherent with the views on low dose radiation. Hence, fulfilment of the seventh criteria can be
discussed.

The eight criterion is experiment which is defined as experimental or semi-experimental evidence i.e. reduce or stop exposure and then expect to see a decrease in disease occurrence.
This is not applicable for our studies and therefore the eight criterion cannot be evaluated.

The ninth and last criterion mentioned by Hill is analogy which can be seen as a rather weak
criterion and can be used when the plausibility criterion can not be applied. This criterion is
irrelevant for our studies.

An overall evaluation on our results using the Hill criteria for causality is therefore that our
major findings point to a causal inference between exposure to caesium-137 after the Chernobyl accident: increase in total malignancies at low exposure in study II and III, although a
short latency period was observed. Interestingly, Hill does not mention statistical significance
in his criteria, probably because the strength of the observed relationship is more important
than the size of the study. The results for leukaemia and thyroid cancer in our studies can
therefore be seen as non-positive findings, rather than negative, since both are too rare to
show significant increase in incidence9.

Epidemiological considerations
The accuracy of an epidemiological study encompasses precision and validity. Precision or
random error is outlined below. Random error can be reduced (improved precision) by increasing the total study size or the size of the reference population, hence our methodological
considerations in the design of study II (p. 19). Validity or systematic error includes information bias (p. 32), confounding (p. 33) and selection bias (p. 34). Systematic error can not be
reduced by increasing the study size, but can be reduced by improving the study design22.
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Precision or random error
The random error in our studies depends probably on the exposure assessment, both on the
maps themselves, but also the manual classification of the parishes. Such bias, regardless of
influence, could hardly explain the dose-response seen for total malignancies in the study II
and even more unlikely in study III where the individuals in different exposure categories
were scattered more or less over all the study area. Random error can theoretical occur in the
diagnostic procedure, but less likely on reporting to the National Cancer Registry as reminder
is sending out to the pathologist or clinician depending on a missing report from either of
them128.

Validity or systematic error
Information bias
Information bias is the result of misclassification of study participants with respect to disease
or exposure status. Misclassification is either non-differential or differential22. In our studies
we ignore radiation exposure from other sources than the outdoor radiation i.e. the residential
exposure from gamma- and radon-emitting building material, occupational and medical examination. Therefore, the total radiation exposure from all the mentioned sources, apart from
the contribution of the internal dose, can probably be regarded as a non-differential misclassification, random in nature and working towards the null value i.e. tends to make the relation
between exposure and effect weaker61, 111. In general, a weak risk factor with a great deal of
exposure misclassification is bound to produce weak results, which may not be reproduced,
even if the exposure is common and therefore has a comparatively high population attributable risk67. In cohort studies exposure misclassification is typically non-differential because
exposure assessment is independent from diagnosis of disease16. Concerning our studies, it is
also interesting that Rothman concludes that non-differential exposure and disease misclassification is a greater concern in interpreting studies with absence of an effect, rather than studies with positive findings111. On the contrary, non-differential misclassification of a confounding factor is a more serious problem as it will result in remaining uncontrolled confounding111.

Differential misclassification occurs when the probability of misclassification of exposure is
different in diseased and non-diseased persons, or when the probability of misclassification of
disease is different in exposed and non-exposed persons22. It is highly unlikely that there has
been any relation between exposure categories and reported cases of malignancies since the
National Cancer Registry seems to be complete to about 96 percent77 and screening is only
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possible for a limited number of malignancies. Likewise, the procedure of diagnosis malignancies was not affected by the exposure.

Confounding
A confounder is a factor that is predictive of disease in the absence of the exposure under
study and associated with that exposure22. A confounding factor has to be a rather strong risk
factor or closely associated to the exposure; a weak risk factor can still assert confounding if
closely associated to the exposure. The strongest confounding factor in our studies, on theoretical grounds, was the population density because the incidence of malignancies is higher in
cities compared to countryside and the fallout was highest in the coastal cities of Gävleborg
and Västernorrland counties. The maximum strength of the included risk factors in calculating
the MH-IRR for total malignancies was 1.11 (malignancies 1986-1987) and 1.083 (population
density) in study II and study III, respectively.

Tobacco smoking is often regarded as an important concern in epidemiological studies and
therefore we have tried to control for it by stratifying for lung cancer incidence. If it is not
possible to obtain information on an individual level a surrogate variable like lung cancer incidence can be used. Such a surrogate variable has the advantage, in our case, that it not only
adjusts for confounding from tobacco smoking. It also adjusts for other potential confounding
factors like socio-economic factors because smoking is not evenly distributed over socioeconomic class. Our concern for confounding from smoking might have been exaggerated as
it is rare to find substantial confounding in epidemiology, even by risk factors that are
strongly related to the outcome of interest16. Both definitions of population density in study
II-III were associated not only with the incidence of total malignancies, but also with exposure categories of caesium-137, thus confirming an a priori suspected confounding effect.
Adjustment of the incidence of malignancies 1986-1987 was a way to control for the reference areas pre-Chernobyl low incidence in total malignancies. In the study III a new potential
confounding factor was included i.e. TGR. This factor is unique in such a large cohort because of its high precision and as detailed as the studied exposure of caesium-137.

Overall there were weak confounding effects seen in the risk estimates, after adjustment with
the available confounding factors (paper II-III). To some extent our confounding factors were
inter-correlated, especially the two population density risk factors. However, we could show
that using also the official H-region density classification we could adjust for some residual
confounding on population density. The explanation could be that H-region takes into account
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that people may live in a sparsely populated parish and commute to work in the nearest large
city.

Selection bias
Selection bias evolves from the procedures by which the study participants are chosen from
the source population22. In study II-III there can have been selection bias if concerned people
moved out from the highly exposed areas 1986-1987, hence not included in the cohort definition. It is highly unlikely that this exposure related moving would have been large and selective enough to affect the risk estimates. In study III there can have been a selection bias because the measurements of the TGR was not complete in the interior of Northern Sweden i.e.
a geographical bias reducing the number of low caesium-exposed individuals. Missing value
of TGR accounts for 11.7 percent of the cohort (or 152,601 individuals out of 1,305,939) and
can practically explain all of the incomplete data, leaving 87.1 of the individuals to be included in study III. As the missing information on TGR reduced the number of individuals in
the reference category it can have affected the CL, but probably not the risk estimates to any
greater extent.

Other epidemiological considerations
To be included in our cohort we had a two years exposure criteria i.e. living in the same parish 1986-1987, instead of using cumulative exposure. It probably had the advantage of minimising the high correlation between cumulative exposure and age which in turn tends to eliminate
an exposure effect, after adjustment for age62.

The way we classified both radiation from caesium-137 and TGR in study III is rather unique
in register-based epidemiology because of the detailed exposure assessment. The analogue
map that we used in study II can be seen to be rather crude, compared to the digital one, but in
an international perspective fairly detailed. Most of the parishes are small by area, especially
in the cities with relatively large populations, hence city parishes are more likely to have a
homogenous exposure.

Reliability or reproducibility
In 1991, two of the authors in the first paper (Martin Eriksson, Sören Jakobsson) classified the
parishes independently of each other and then compared the result with a good agreement. In
study II the same map was used in 1997 to classify the parishes in one additional county
(Västmanland). At the same time the parishes in part of the most contaminated areas of Gäv34

leborg county, but also all of Uppsala county, were re-classified. The result was that only 5
out of 122 reclassified parishes got a different category, hence a high reproducibility, and
therefore the original classification was kept. In 2006 during study IV two of the authors (Peter Lindgren, Martin Tondel) once again used the analogue map. All 111 examined parishes,
got identical classification as the original parish classification when re-examined, hence again
a high reproducibility.

Dose assessment
Internal exposure from caesium-containing foodstuffs is probably the most important shortcoming of our exposure assessment, probably a differential misclassification. To avoid introducing even more misclassification we chose to express our risk estimates using the primary
exposure information on the analogue and digital map i.e. kBq/m2 (study II) and nGy/h (study
III), instead of estimating individual doses from the external exposure. Example on external
exposure that we do not account for is given under “Environmental exposure to ionising radiation” (p. 7).

Restricted distribution of foodstuff and recommendations issued by the authorities has probably resulted in lower doses in general to the Swedish population especially to those living in
higher exposed areas. Such precautionary actions can only result in decreased risks in the
highly exposed areas, if effective. Studies on reindeer herders have shown a significant lower
transfer to body burden of deposited caesium-137 after the Chernobyl accident compared to
the fallout from the nuclear weapons tests in the 1960’s when there was no food restrictions
(p. 10). Further support for the effectiveness of preventive measures is the lower transfer values to the herders in Västerbotten county with an average deposition of 14 kBq/m2 compared
the reindeer herders in Norrbotten with 2 kBq/m2 as the average deposition107. Rural populations have higher intake of wild berries, mushrooms and game meat compared to urban populations resulting in a higher radiation dose. This is also confirmed in the algorithm from deposition to effective dose with a higher coefficient for rural compared to urban populations (p.
10). Effective food restrictions can therefore give people in rural areas with high ground
deposition a lower than presumed intake of caesium-137, with the consequence of less difference in effective dose compared to the urban population. If this has been the case it would
have lowered the radiation-induced cancer risk in rural areas with high fallout in comparison
to what would otherwise have prevailed.

The individual dose assessment in study V is optimal as it takes both the external dose and the
internal dose into account by calculating the dose from food intake by measuring the body
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content of caesium-137, at the time of examination. It is, of course, superior and the most
valid method of exposure assessment on an individual level, which is desirable but not possible for calculating individual doses in large cohorts.

Ecological studies
Ecological bias refers to the failure of ecological level associations to properly reflect individual-level associations by insufficient adjustment for confounding factors46. A potential strategy to reduce ecological bias is to use smaller units, in order to make the groups more homogenous with respect to the exposure111. All individuals in study I-II were appointed the
same exposure as the classified parish, hence an ecological study in that sense. But, as the
cancer diagnosis was on an individual level, rather than parish, at least the second study can
be seen as a semi-ecological study because individual data existed on outcome. In ecological
studies there is a risk of the so-called ecological fallacy i.e. the associations found on a group
level do not reflect the individual level association46, 73, 101. Using several exposure categories,
and with increased risks as in study II, might have reduced the risk of ecological fallacy.
Study III, can on the other hand be regarded as an analytical environmental epidemiological
study because each individual was appointed unique exposure information based on the fallout on the dwelling coordinate i.e. disregarding parish as the exposure unit. And, as the information on malignancies also was on an individual level it can on theoretical grounds be
seen to have the most valid results.

Dose-response after Chernobyl accident
The carcinogenic potential of ionising radiation in human populations has been studied extensively and evidence for a causal association comes from studies on survivors of the atomic
bombings in Japan, occupational groups and patients exposed to radiation for medical reasons. Evaluations of the carcinogenic potential at low doses are more complicated and therefore the follow-up of the Hiroshima-Nagasaki cohort is of particular importance, where excess in malignancies have been seen down to around 100 mSv. However, it should be discussed how appropriate it is to extrapolate the dose-response curve from this relatively high
dose down to the low dose range. However, the linear non-threshold model is now widely
accepted26, 58, 137 and also by IARC at low dose rates56. In a review on dose-response curves it
was concluded that it is possible to find support in the literature for a downwardly curve, as
well as an upwardly curve, both with or without threshold in the dose-response17. The first
model underestimates the risk for malignancies, the second model overestimates the risk
compared to the linear non-threshold dose-response model, respectively. In a linear model
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without threshold the Hiroshima-Nagasaki ERR for total malignancies is 0.42 per Sv102 which
can be compared to a steeper slope in study II of ERR 11.0 per Sv, table 6. Our results are
therefore compatible with an upwardly bending dose-response curve compared to the extrapolation of the Hiroshima-Nagasaki risk down to the low dose range. Interestingly, such curve
for solid cancer has been demonstrated in the “the low dose” range in Hiroshima-Nagasaki of
less than 300 mSv, challenging the linear dose-response curve at lower doses even in that cohort99.

The threshold model, whatever curve, will give a dose under which no malignancies can be
attributed to the exposure and radiation can on the contrary be preventive within the low dose
range (hormesis).

Table 6. Comparison between different epidemiological studies
Cohorts

Chernobyl131

Follow-up

Malignancies

Person-

Dose

ERR per Sv

period

(n)

years

(mSv)

(95% CL)

1988-1996

22,409‡

10,115,849

0-10

11

1950-2000

†

(3;20)
Atom bombs

102

10,127

3,184,354

5-3,000

0.42
(0.33;0.51)

Semipalatinsk

11

1960-1999

†

889

582,750

20-4,000

1.77
(1.35;2.27)

‡ incident cases of total malignancies
† deaths in all solid cancer

Possible mechanisms for low dose effect
Recent research has provided new possible mechanisms for the effect of low dose ionising
radiation. Radiation induced genomic instability has been defined as the manifestation of genetic damage in a certain fraction of irradiated cells over many cell cycles. Bystander effect
induced by radiation in non-exposed cells actually drives the process of genomic instability
which in turn precedes and facilitates the evolution of clonal (potentially carcinogenic) mutations84. Genomic instability probably plays a more important role in progression than in initiation of a malignancy. However, the relationship between radiation-induced genomic instability and radiation-induced malignancies is still uncertain and questioned whether it can be applied under 100 mGy.
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In vitro it has been demonstrated that cells not directly hit by alpha-particles, but in close contact with such cells, have capability for cell killing, induction of mutations and malignant
transformation26. The molecular mechanism how an irradiated cell can signal to a neighbouring un-irradiated cell is not clear in detail and if it can be applied for gamma-radiation as alpha-radiation. This so called bystander effect may involve cytokines or long-lived reactive
oxygen species and activation of the p53-mediated DNA damage26. Remarkably, the bystander effect has been demonstrated down to dose of 10 mSv. If the bystander effect also
could be demonstrated in vivo, at even lower doses, it could be a potential mechanism for
radiation risk in the low exposure range that we have in our studies89. An indirect evidence of
an effect in vivo is that plasma from radiotherapy patients was able to induce chromosomal
damage in normal un-irradiated lymphocytes103. Bone marrow irradiated in vivo with gammarays and grown in vivo for up to 2 years continues to exhibit chromosomal instability and
exhibit bystander effect when transplanted into marrow ablated mice, hence supporting an in
vivo effect12. The genetic instability together with the bystander effect constitutes processes in
addition to the established effects of ionising radiation e.g. mutation and clonogenic survival12. Most observations also support that the bystander effect tends to have a saturating
response above a threshold dose of about 200 mGy, hence a potential explanation to an upwardly bending dose-response curve103.

Total malignancies after Chernobyl accident
After the atomic bombs the first observation of increased malignancies was increased mortality in leukaemia, but since then more and more malignancies have been associated with radiation. UNSCEAR now gives risk estimates also for total malignancies137. BEIR gives in the
latest evaluation of low dose radiation risk estimates for solid cancer (all malignancies except
lymphatic and haematopoietic tissue)26 and also given by Preston et al in the follow-up of the
atomic bomb survivors102.

Our findings with a dose-response relationship for total malignancies was somewhat unexpected, and we could not detect any single site being responsible for this increase, such as
leukaemia or thyroid cancer both regarded to have a short latency period. Therefore, the increased incidence in total malignancies suggests that the ionising radiation might have acted
as a general promoter. Ionising radiation is undisputable an initiator, but there is still uncertainty about the strength and mechanism of the promotive effect26, 137. The study size in study
II-III was just large enough to show an effect on total malignancies, but might not have had
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enough power to detect an increase in leukaemia or thyroid cancer. Other possibilities for the
absence of effect on the incidence on thyroid cancer could either be a too low exposure to
radioactive iodine in Sweden, or a good iodine status, through iodised salt, making the Swedish population less sensitive to develop thyroid cancer.

Latency after Chernobyl accident
Latency is defined by the time from induced disease until manifestation and is preceded by
induction period from first exposure to induced disease22, 111. However, regarding malignancies it is impossible to identify when the disease is induced, so for practical purposes latency
period can be seen as the time period between the first exposure and the disease manifestation
(in our case the time elapsed between April 28, 1986 until the date of registration of a malignancy in the National Cancer Registry). In the literature much emphasis has made to estimate
the medical effects after the atomic bombs over Hiroshima and Nagasaki. However, there are
limitations when interpreting these data into the low dose range of ionising radiation, but also
because the cohort was created five years after the explosions i.e. ignoring early cases123.
The first reports on an increase in childhood thyroid cancer in Ukraine104 and in Belarus65
were published in 1991-1992 and met with scepticism and were criticized to be a result of
screening, random variation, over- and/or wrong diagnosis of cases, or previous underreporting. Conclusion on causality was claimed not possible due to lack of individual thyroid doses
or simply because the latency period was too short to make a relation biologically plausible 13, 110, 116.

Evaluations of radon progeny exposure and lung cancer is of interest in this context as it indicates that relatively recent exposure might hold a stronger effect according to the analytical
models applied in a comprehensive report on this issue25. A short latency period has also been
seen in a mortality study on 14,111 patients with ankylosing spondylitis where a significant
increase in total cancer mortality was noted already 0-2 years after the X-ray treatment118. In a
cohort of radon exposed uranium miners, different latency periods to lung cancer were tested.
A latency period of six years for cumulative exposures fitted the data best55, which is short
compared to smoking with a minimum of 10 years latency57. In yet another study on uranium
miners there was a continuously increased relative risk for lung cancer 2.0-8.5 years since
first exposure followed by a subsequent decline in risk70. In a follow-up of the Three Mile
Island accident in 1979 for the period 1979-1998, deaths in total malignancies were non-
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significantly increased for both men and women in 1979-1984 and followed by a decline.
Then, there was an increased SMR again for men in 1990-1998126.

In a recent review it was concluded that the minimum latency period in children, after exposure from X-rays, nuclear weapons test fallout and the Chernobyl accident, can be as short as
5-10 years for various types of malignancies including leukaemia, thyroid cancer and other
malignancies75. The number of thyroid cancers in children of Belarus increased in 1990, four
years after the Chernobyl accident. Now, this increase can be linked to specific genetic rearrangements caused by radiation and resulting in increased growth rate and a subsequent
shorter latency period. This rapid form of thyroid cancer was followed by slow growing form
with yet another chromosomal re-arrangement, hence it took longer time until diagnosis141-143.

Similar findings on leukaemia have also been observed. Radiation-related ALL, and probably
also CML, can probably be attributed to a small number of predisposed individuals
with relatively large numbers of translocation-carrying pre-leukaemic cells87. These
predisposed individuals are then already on their way to malignancy where radiation could
induce additional mutations in the target pre-leukaemic cell on the pathway to manifest malignancy. Hence, a both individual susceptibility to low dose of radiation and a short latency.
Estimation by Nakamura indicates that individuals with clonally expanded populations of preleukaemic cells during fetal live have a 25 times higher relative risk to develop ALL than the
general population87. These observations can probably explain the sudden initial increase in
EAR, in the atomic bomb survivors, for ALL and CML and their following decrease in risk.

In study II there was an increase in total malignancies in Sweden nine years after the Chernobyl accident, but it was not analysed in time periods because of a relatively short follow-up. In
study III we applied three time windows with the strongest increase in total malignancies in
the first four years after the Chernobyl accident (1988-1991), and also seen in the total followup period of 1988-1999. Our suggestion of a dose related increase in total malignancies in
Northern Sweden has been criticised as not being related to the fallout from the Chernobyl
accident5. The critical point was a too short latency period to explain the increase. The latency
period is short, but there is still a possibility of a second peak in future, with a latency period
more coherent with the existing view.

Our findings of an increase in total cancer incidence in Sweden soon after the Chernobyl accident are not unique. An interpretation of our results in study II-III could therefore be that the
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ionising radiation might have acted as a late stage general promoter for all form of malignancies, or subtypes with shorter latency, resulting in early detection.

The lead time has been defined as the time interval by which the time of diagnosis is advanced by screening and early detection through extra vigilance45. However, it is unlikely that
our short latency could be explained by different reporting of malignancies to the National
Cancer Registry as the exposure categories were scattered over the studied region i.e. not a
systematic bias through geographic registration. Registration of new cancer cases is also
compulsory for both clinicians and pathologists in Sweden and therefore only a few cases
could have escaped from being reported to the National Cancer Registry, which seems to be
complete to about 96 percent77. Moreover, screening is only possible for a limited number of
malignancies and as there was no screening program in the most affected areas in Sweden it
cannot explain the increase in total malignancies. However, we cannot exclude the possibility
that people in the higher exposed regions cared sought doctor’s care, but it is impossible to
distinguish such an effect from promotion i.e. an early increase in incidence of malignancies
due to radiation. A prerequisite for such an effect needs to be that early stages of several sites
of malignancies can be detected before they otherwise would be diagnosed, resulting in a
temporary increase. However, the increase in total malignancies in study III was still increased 1996-1999.

Challenge of present paradigms
The present paradigm is that ionising radiation is an undisputable carcinogen. The risk of developing malignancies is proportional to the dose (linear non-threshold hypothesis), several
tissues are sensitive to develop malignancies after exposure, leukaemia and thyroid cancer
have a few years latency period, but other malignancies can have latencies up to decades.

Our studies have shown a positive dose-response relationship for total malignancies at low
exposure for caesium-137 in Northern Sweden after the Chernobyl accident and with a short
latency.

In this thesis the results and interpretations have been put into context of the present paradigms to discuss the possibility of a causal inference between the fallout of caesium-137 and
the increased incidence in malignancies seen in our studies. It seems more likely that our findings
support a causal link, rather than being a result of chance or bias.
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CONCLUSION
The Chernobyl accident itself was a very unlikely and rare event i.e. hence beyond everyone’s
imagination both in technical terms, extent of radioactive release to the atmosphere, but also
the transport of a wide range of radionuclides to large part of Europe. The first reports
of an increase in incidence of childhood thyroid cancer came 1991-1992 and were recognised
as unlikely to be related to the accident. Our results were unexpected i.e. increase in total malignancies in Sweden so soon after the Chernobyl accident. However, the relative precision
and validity for a cohort of our size might explain why it was possible to detect a small increased risk in relation to the exposure to caesium-137. Therefore, our findings on increased
incidence of malignancies in Sweden after the Chernobyl accident contributes to the epidemiological literature on low-dose radiation. Our findings are a challenge to the existing paradigm on ionising radiation and should be interpreted with caution, also when translating the
risk estimates to other populations and other dose ranges.
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FUTURE PERSPECTIVES
To get a better knowledge on the effects of ionising radiation it is important to study the exposed groups after the Chernobyl accident. This is a challenge, because of the low dose, hence
requires a large study base. Sweden has the advantage of holding valid registries on both
the population and health outcomes and together with the unique data on radiation exposure
makes Sweden suitable for these studies. Next step needs to be a more thorough individual
dose assessment taking internal dose into account, before calculating the risks. Our studies
point to the importance of focusing on latency periods, time trends and specific sites of malignancies. Also other outcomes, e.g. cardiovascular diseases and malformations, should be
studied in relation to the radioactive fallout in Sweden after the Chernobyl accident. The influence of age on the sensitivity to develop different diseases should be addressed in future
studies. Finally, of great importance for future radiation protection is to evaluate the effectiveness of food restrictions, and other recommendations by the authorities, in relation to
health in the affected regions.

43

ACKNOWLEDGEMENT
I want to thank all the co-authors Alexander Arynchyn, Olav Axelson, Göran Carlsson, Martin Eriksson, Ulf Flodin, Peter Garvin, Lennart Hardell, Sören Jakobsson, Pia Jönsson,
Peter Lindgren, Bodil Persson, Åsa Sköldestig and Christer Tagesson for their contributions
to the studies in this thesis. Without their commitment this thesis would never have been finished.

I also want to thank all of the staff at Division and Department of Occupational and Environmental Medicine, who gave me support over the years.

My special acknowledgement goes to:

Olav Axelson who introduced me to research and was vital for me in the early phase of this
thesis. His support to get the second paper published was remarkable and the repeated rejections even spurred him. Unfortunately, he departed too early and never got the reply of acceptance of paper II for publication.

The Geological Survey of Sweden who supported the paper IV with a grant.

Lotta Gustavsson and Anna-Lena Hällsten for their contribution to the professional layout of
paper IV and the power point presentation, respectively.

Margareta Landin, the librarian at the medical library in Örebro. Without her encouragement
and patience with the reference system it would never have been made in EndNote.

Bodil Persson and Lennart Hardell, my supervisors, who have guided me through this thesis,
read my manuscripts and always were available for valuable discussions.

Dina Schreinemacher has to be acknowledged for her thorough language revision.

Bengt Ståhlbom, who gave me support and allowed me time to finish this thesis.

44

The Swedish Affiliate of the International Physicians for the Prevention of Nuclear War that
encouraged me in my research of low dose radiation and made it possible for me to visit the
Chernobyl nuclear power plant and the 30 kilometre exclusion zone in 1996.

Peter Söderkvist who answered all my questions on carcinogenesis.
Christer Tagesson for explaining and helping me through the administrative system at the
Linköping University.

Kerstin, Nils and Kristoffer Tondel who gave me moral support and showed me patience especially in the last year before this thesis was presented.

The librarians at Health Sciences Library, Linköping, especially Magdalena Öström who was
very committed to help me with the complicated search for literature for paper IV.

45

REFERENCES
1.

Aaro S, Byström S. Flyggeofysiken och de nationella miljökvalitetsmålen. Geologiskt
forum 2000; 28: 12-16.

2.

Allwright SP, Colgan PA, McAulay IR, Mullins E. Natural background radiation and
cancer mortality in the Republic of Ireland. Int J Epidemiol 1983; 12: 414-418.

3.

Andersson P, Carlsson M, Falk R, Hubbard L, Leitz W, Mjönes L, et al. Strålmiljön i
Sverige [in Swedish]. Solna: Swedish Radiation Protection Authority; 2007.

4.

Appleton JD. Radon in air and water. In: Selinus O, editor. Essentials of medical geology : impacts of the natural environment on public health. Amsterdam: Elsevier Academic Press; 2004. p. 227-262.

5.

Auvinen A. Too much, too soon? [homepage on the Internet]. 2005 [cited 2006 Sept
18]. Available from: http://jech.bmjjournals.com/cgi/eletters/58/12/1011#176.

6.

Auvinen A, Hakama M, Arvela H, Hakulinen T, Rahola T, Suomela M, et al. Fallout
from Chernobyl and incidence of childhood leukaemia in Finland, 1976-92. BMJ
1994; 309: 151-154.

7.

Auvinen A, Kurttio P, Pekkanen J, Pukkala E, Ilus T, Salonen L. Uranium and other
natural radionuclides in drinking water and risk of leukemia: a case-cohort study in
Finland. Cancer Causes Control 2002; 13: 825-829.

8.

Auvinen A, Salonen L, Pekkanen J, Pukkala E, Ilus T, Kurttio P. Radon and other
natural radionuclides in drinking water and risk of stomach cancer: a case-cohort study
in Finland. Int J Cancer 2005; 114: 109-113.

9.

Axelson O. Negative and non-positive epidemiological studies. Int J Occup Med Environ Health 2004; 17: 115-121.

10.

Balonov M, Jacob P, Likhtarev I, Minenko V. Pathways, levels and trends of population exposure after the Chernobyl accident. In: Karaoglou A, editor. The radiological
consequences of the Chernobyl accident : proceedings of the first international conference, Minsk, Belarus, 18 to 22 March 1996. Luxembourg: Office for Official Publications of the European Communities; 1996. p. 235-249.

11.

Bauer S, Gusev BI, Pivina LM, Apsalikov KN, Grosche B. Radiation exposure due to
local fallout from Soviet atmospheric nuclear weapons testing in Kazakhstan: solid
cancer mortality in the Semipalatinsk historical cohort, 1960-1999. Radiat Res 2005;
164: 409-419.

46

12.

Baverstock K. Radiation-induced genomic instability: a paradigm-breaking phenomenon and its relevance to environmentally induced cancer. Mutat Res 2000; 454: 89109.

13.

Beral V, Reeves G. Childhood thyroid cancer in Belarus. Nature 1992; 359: 680-681.

14.

Bergman V, Leanderson P, Starkhammar H, Tagesson C. Urinary excretion of 8hydroxydeoxyguanosine and malondialdehyde after high dose radiochemotherapy
preceding stem cell transplantation. Free Radic Biol Med 2004; 36: 300-306.

15.

Bergtold DS, Berg CD, Simic MG. Urinary biomarkers in radiation therapy of cancer.
In: Emerit I, Packer L, et al., editors. Antioxidants in therapy and preventive medicine.
New York: Plenum Press; 1990. p. 311-316.

16.

Blair A, Stewart P, Lubin JH, Forastiere F. Methodological issues regarding
confounding and exposure misclassification in epidemiological studies of occupational
exposures. Am J Ind Med 2007; 50: 199-207.

17.

Brenner DJ, Doll R, Goodhead DT, Hall EJ, Land CE, Little JB, et al. Cancer risks
attributable to low doses of ionizing radiation: assessing what we really know. Proc
Natl Acad Sci U S A 2003; 100: 13761-13766.

18.

Bunnell JE, Karlsen AW, Finkelman RB, Shields TM. GIS in human health studies.
In: Selinus O, editor. Essentials of medical geology : impacts of the natural environment on public health. Amsterdam: Elsevier Academic Press; 2005. p. 227-262.

19.

But A, Kurttio P, Heinavaara S, Auvinen A. No increase in thyroid cancer among
children and adolescents in Finland due to Chernobyl accident. Eur J Cancer 2006;
42: 1167-1171.

20.

Cantor KP, Ward HW, Moore LE, Lubin JH. Water contaminants. In: Schottenfeld D,
Fraumeni JF, editors. Cancer epidemiology and prevention. 3rd ed. Oxford: Oxford
University Press; 2006.

21.

Cardis E, Howe G, Ron E, Bebeshko V, Bogdanova T, Bouville A, et al. Cancer consequences of the Chernobyl accident: 20 years on. J Radiol Prot 2006; 26: 127-140.

22.

Checkoway H, Pearce N, Kriebel D. Research methods in occupational epidemiology.
2nd ed. Oxford: Oxford University Press; 2004.

23.

Claycamp HG, Ho KK. Background and radiation-induced 8-hydroxy-2'deoxyguanosine in gamma-irradiated Escherichia coli. Int J Radiat Biol 1993; 63:
597-607.

24.

Colonna M, Grosclaude P, Remontet L, Schvartz C, Mace-Lesech J, Velten M, et al.
Incidence of thyroid cancer in adults recorded by French cancer registries (19781997). Eur J Cancer 2002; 38: 1762-1768.

47

25.

Committee on Health Risks of Exposure to Radon (BEIR VI). Health effects of exposure to radon. Washington D.C.: National Academy Press; 1999.

26.

Committee to assess health risks from exposure to low levels of ionizing radiation
(BEIR VII phase 2). Health risks from exposure to low levels of ionzing radiation.
Washington D.C.: National Academies Press; 2006.

27.

Cotterill SJ, Pearce MS, Parker L. Thyroid cancer in children and young adults in the
North of England. Is increasing incidence related to the Chernobyl accident? Eur J
Cancer 2001; 37: 1020-1026.

28.

Court Brown WM, Doll R, Spiers FW, Duffy BJ, McHugh MJ. Geographical variation
in leukaemia mortality in relation to background radiation and other factors. Br Med J
1960; 5188: 1753-1759.

29.

Craig L, Seidman H. Leukemia and lymphoma mortality in relation to cosmic radiation. Blood 1961; 17: 319-327.

30.

Darby S, Hill D, Deo H, Auvinen A, Barros-Dios JM, Baysson H, et al. Residential
radon and lung cancer--detailed results of a collaborative analysis of individual data
on 7148 persons with lung cancer and 14,208 persons without lung cancer from 13
epidemiologic studies in Europe. Scand J Work Environ Health 2006; 32 Suppl 1: 183.

31.

Darby SC, Olsen JH, Doll R, Thakrar B, Brown PD, Storm HH, et al. Trends in childhood leukaemia in the Nordic countries in relation to fallout from atmospheric nuclear
weapons testing. BMJ 1992; 304: 1005-1009.

32.

De Court M, Tsaturov YS, editors. Atlas on caesium contamination of Europe after
the Chernobyl nuclear power plant accident. Luxembourg: Office for Official
Publications of the European Communities; 1996.

33.

de Vathaire F, Le Vu B, Vathaire CC. Thyroid cancer in French Polynesia between
1985 and 1995: influence of atmospheric nuclear bomb tests performed at Mururoa
and Fangataufa between 1966 and 1974. Cancer Causes Control 2000; 11: 59-63.

34.

Dreyer L, Winther JF, Pukkala E, Andersen A. Avoidable cancers in the Nordic countries. Tobacco smoking. APMIS Suppl 1997; 76: 9-47.

35.

Eckhoff ND, Shultis JK, Clack RW, Ramer ER. Correlation of leukemia mortality
rates with altitude in the United States. Health Phys 1974; 27: 377-380.

36.

Edling C, Comba P, Axelson O, Flodin U. Effects of low-dose radiation - a correlation
study. Scand J Work Environ Health 1982; 8 Suppl 1: 59-64.

37.

Edvarson K. External doses in Sweden from the Chernobyl fallout. In: Moberg L, editor. The Chernobyl fallout in Sweden-results from a research programme on environ-

48

mental radiology. Stockholm: Swedish Radiation Protection Institute; 1991. p. 527545.
38.

Evrard AS, Hemon D, Billon S, Laurier D, Jougla E, Tirmarche M, et al. Childhood
leukemia incidence and exposure to indoor radon, terrestrial and cosmic gamma radiation. Health Phys 2006; 90: 569-579.

39.

Finck RR. High resolution field gamma spectrometry and its application to problems
in environmental radiology [dissertation]. Malmö: Lund University; 1992.

40.

Fischer-Nielsen A, Jeding IB, Loft S. Radiation-induced formation of 8-hydroxy-2'deoxyguanosine and its prevention by scavengers. Carcinogenesis 1994; 15: 16091612.

41.

Folley JH, Borges W, Yamawaki T. Incidence of leukemia in survivors of the atomic
bomb in Hiroshima and Nagasaki, Japan. Am J Med 1952; 13: 311-321.

42.

Gapanovich VN, Iaroshevich RF, Shuvaeva LP, Becker SI, Nekolla EA, Kellerer AM.
Childhood leukemia in Belarus before and after the Chernobyl accident: continued follow-up. Radiat Environ Biophys 2001; 40: 259-267.

43.

Gilbert ES, Land CE, Simon SL. Health effects from fallout. Health Phys 2002; 82:
726-735.

44.

Gomez Segovia I, Gallowitsch HJ, Kresnik E, Kumnig G, Igerc I, Matschnig S, et al.
Descriptive epidemiology of thyroid carcinoma in Carinthia, Austria: 1984-2001.
Histopathologic features and tumor classification of 734 cases under elevated general
iodination of table salt since 1990: population-based age-stratified analysis on thyroid
carcinoma incidence. Thyroid 2004; 14: 277-286.

45.

Gordis L. Epidemiology. 2nd ed. Philadelphia: W.B. Saunders; 2000.

46.

Greenland S, Morgenstern H. Ecological bias, confounding, and effect modification.
Int J Epidemiol 1989; 18: 269-274.

47.

Haegele AD, Wolfe P, Thompson HJ. X-radiation induces 8-hydroxy-2'deoxyguanosine formation in vivo in rat mammary gland DNA. Carcinogenesis 1998;
19: 1319-1321.

48.

Haghdoost S. Biomarkers of oxidative stress and their application for assessment of
individual radiosensitivity [dissertation]. Stockholm: Stockholm univ.; 2005.

49.

Hanahan D, Weinberg RA. The hallmarks of cancer. Cell 2000; 100: 57-70.

50.

Hatch M, Susser M. Background gamma radiation and childhood cancers within ten
miles of a US nuclear plant. Int J Epidemiol 1990; 19: 546-552.

51.

Haynes R. Cancer mortality and urbanization in China. Int J Epidemiol 1986; 15: 268271.

49

52.

Hickey RJ, Bowers EJ, Spence DE, Zemel BS, Clelland AB, Clelland RC. Low level
ionizing radiation and human mortality: multi-regional epidemiological studies. A preliminary report. Health Phys 1981; 40: 625-641.

53.

Hill AB. The Environment and Disease: Association or Causation? Proc R Soc Med
1965; 58: 295-300.

54.

Hjalmars U, Kulldorff M, Gustafsson G. Risk of acute childhood leukaemia in Sweden after the Chernobyl reactor accident. Swedish Child Leukaemia Group. BMJ
1994; 309: 154-157.

55.

Hornung RW, Meinhardt TJ. Quantitative risk assessment of lung cancer in U.S. uranium miners. Health Phys 1987; 52: 417-430.

56.

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Ionizing
radiation, Part I: X- and gamma-radiation, and neutrons. Lyon, France, 26 May - 2
June 1999. IARC Monogr Eval Carcinog Risks Hum 2000; 75 Pt 1: 1-448.

57.

IARC Working Group on the Evaluation of Carcinogenic Risks to Humans. Tobacco
smoke and involuntary smoking. IARC Monogr Eval Carcinog Risks Hum 2004; 83:
1-1438.

58.

International Commission on Radiological Protection. 1990 recommendations of the
International Commission on Radiological Protection. ICRP publication: 60. Oxford:
Pergamon; 1991.

59.

Ivanov EP, Tolochko GV, Shuvaeva LP, Ivanov VE, Iaroshevich RF, Becker S, et al.
Infant leukemia in Belarus after the Chernobyl accident. Radiat Environ Biophys
1998; 37: 53-55.

60.

Jacobson AP, Plato PA, Frigerio NA. The role of natural radiations in human leukemogenesis. Am J Public Health 1976; 66: 31-37.

61.

Jarvholm B. Dose-response in epidemiology--age and time aspects. Am J Ind Med
1992; 21: 101-106.

62.

Jarvholm B. Relative risk and excess rate models in exposure-response analysis. Am J
Ind Med 1997; 31: 399-402.

63.

Kasai H. Analysis of a form of oxidative DNA damage, 8-hydroxy-2'deoxyguanosine, as a marker of cellular oxidative stress during carcinogenesis. Mutat
Res 1997; 387: 147-163.

64.

Kasai H, Tanooka H, Nishimura S. Formation of 8-hydroxyguanine residues in DNA
by X-irradiation. Gann 1984; 75: 1037-1039.

65.

Kazakov VS, Demidchik EP, Astakhova LN. Thyroid cancer after Chernobyl. Nature
1992; 359: 21.

50

66.

Kjellberg S, Wiseman JS. The relationship of radon to gastrointestinal malignancies.
Am Surg 1995; 61: 822-825.

67.

Kogevinas M, Pearce N. Geographically based approaches can identify environmental
causes of disease. J Epidemiol Community Health 2005; 59: 717-718.

68.

Konoplya EF RI. Consequences of the Chernobyl accident in the Republic of Belarus:
National report [in Russian]. Minsk: Belsens Minsk; 1996.

69.

Kurttio P, Salonen L, Ilus T, Pekkanen J, Pukkala E, Auvinen A. Well water radioactivity and risk of cancers of the urinary organs. Environ Res 2006; 102: 333-338.

70.

Langholz B, Thomas D, Xiang A, Stram D. Latency analysis in epidemiologic studies
of occupational exposures: application to the Colorado Plateau uranium miners cohort.
Am J Ind Med 1999; 35: 246-256.

71.

Loft S, Poulsen HE. Cancer risk and oxidative DNA damage in man. J Mol Med 1996;
74: 297-312.

72.

Lund E, Galanti MR. Incidence of thyroid cancer in Scandinavia following fallout
from atomic bomb testing: an analysis of birth cohorts. Cancer Causes Control 1999;
10: 181-187.

73.

Maheswaran R, Craglia M, editors. GIS in public health practice. Boca Raton: CRC
Press; 2004.

74.

Mangano JJ. Childhood leukaemia in US may have risen due to fallout from Chernobyl. BMJ 1997; 314: 1200.

75.

Mangano JJ. A short latency between radiation exposure from nuclear plants and cancer in young children. Int J Health Serv 2006; 36: 113-135.

76.

Mason TJ, Miller RW. Cosmic radiation at high altitudes and U.S. cancer mortality,
1950-1969. Radiat Res 1974; 60: 302-306.

77.

Mattsson B. Cancer registration in Sweden: studies on completeness and validity of
incidence and mortality registers [dissertation]. Stockholm: Karol. inst.; 1984.

78.

Mattsson S, Moberg L. Fallout from Chernobyl and atmospheric nuclear weapons
tests. Chernobyl in perspective. In: Moberg L, editor. The Chernobyl fallout in Sweden-results from a research programme on environmental radiology. Stockholm:
Swedish Radiation Protection Institute; 1991. p. 591-627.

79.

Michaelis J, Haaf HG, Zollner J, Kaatsch P, Krummenauer F, Berthold F. Case control
study of neuroblastoma in west-Germany after the Chernobyl accident. Klin Padiatr
1996; 208: 172-178.

80.

Michaelis J, Kaletsch U, Burkart W, Grosche B. Infant leukaemia after the Chernobyl
accident. Nature 1997; 387: 246.

51

81.

Mjones L. Gamma Radiation in Swedish Dwellings Radiat Prot Dosimetry 1986; 15:
131-140.

82.

Moberg L, Reizenstein P. [Health effects in Sweden of the Chernobyl accident] [in
Swedish]. Nord Med 1993; 108: 117-120.

83.

Montanaro F, Pury P, Bordoni A, Lutz JM. Unexpected additional increase in the incidence of thyroid cancer among a recent birth cohort in Switzerland. Eur J Cancer
Prev 2006; 15: 178-186.

84.

Mothersill C, Seymour C. Radiation-induced bystander effects, carcinogenesis and
models. Oncogene 2003; 22: 7028-7033.

85.

Murbeth S, Rousarova M, Scherb H, Lengfelder E. Thyroid cancer has increased in
the adult populations of countries moderately affected by Chernobyl fallout. Med Sci
Monit 2004; 10: CR300-306.

86.

Nair MK, Nambi KS, Amma NS, Gangadharan P, Jayalekshmi P, Jayadevan S, et al.
Population study in the high natural background radiation area in Kerala, India. Radiat
Res 1999; 152: S145-148.

87.

Nakamura N. A hypothesis: radiation-related leukemia is mainly attributable to the
small number of people who carry pre-existing clonally expanded preleukemic cells.
Radiat Res 2005; 163: 258-265.

88.

Nasca PC, Burnett WS, Greenwald P, Brennan K, Wolfgang P, Carlton K. Population
density as an indicator of urban-rural differences in cancer incidence, upstate New
York, 1968-1972. Am J Epidemiol 1980; 112: 362-375.

89.

NCRP Scientific Committee 1-6 on Linearity of Dose Response. Evaluation of the
linear-nonthreshold dose-response model for ionizing radiation. Bethesda, Md: National Council on Radiation Protection Measurements; 2001. NCRP report, 136.

90.

Niedziela M, Korman E, Breborowicz D, Trejster E, Harasymczuk J, Warzywoda M,
et al. A prospective study of thyroid nodular disease in children and adolescents in
western Poland from 1996 to 2000 and the incidence of thyroid carcinoma relative to
iodine deficiency and the Chernobyl disaster. Pediatr Blood Cancer 2004; 42: 84-92.

91.

Noguchi K, Shimizu M, Anzai I. Correlation between natural radiation exposure and
cancer mortality in Japan (I). J Radiat Res (Tokyo) 1986; 27: 191-212.

92.

Noshchenko AG, Moysich KB, Bondar A, Zamostyan PV, Drosdova VD, Michalek
AM. Patterns of acute leukaemia occurrence among children in the Chernobyl region.
Int J Epidemiol 2001; 30: 125-129.

93.

Noshchenko AG, Zamostyan PV, Bondar OY, Drozdova VD. Radiation-induced leukemia risk among those aged 0-20 at the time of the Chernobyl accident: a casecontrol study in the Ukraine. Int J Cancer 2002; 99: 609-618.
52

94.

Okeanov AE, Sosnovskaya EY, Priatkina OP. National cancer registry to assess trends
after the Chernobyl accident. Swiss Med Wkly 2004; 134: 645-649.

95.

Parkin DM, Clayton D, Black RJ, Masuyer E, Friedl HP, Ivanov E, et al. Childhood
leukaemia in Europe after Chernobyl: 5 year follow-up. Br J Cancer 1996; 73: 10061012.

96.

Persson K, Prethun J, editors. Livsmedelsproduktionen vid nedfall av radioaktiva ämnen [in Swedish]. Umeå: Avdelningen för NBC-skydd, Totalförsvarets forskningsinstitut; 2002.

97.

Petridou E, Proukakis C, Tong D, Kassimos D, Athanassiadou-Piperopoulou F, Haidas S, et al. Trends and geographical distribution of childhood leukemia in Greece in
relation to the Chernobyl accident. Scand J Soc Med 1994; 22: 127-131.

98.

Petridou E, Trichopoulos D, Dessypris N, Flytzani V, Haidas S, Kalmanti M, et al.
Infant leukaemia after in utero exposure to radiation from Chernobyl. Nature 1996;
382: 352-353.

99.

Pierce DA, Preston DL. Radiation-related cancer risks at low doses among atomic
bomb survivors. Radiat Res 2000; 154: 178-186.

100.

Pillon P, Bernard-Couteret E, Bernard JL. Incidence of childhood differentiated thyroid cancer in Provence Alpes-Cote d'Azur and Corsica regions during 1984-1994.
Med Pediatr Oncol 1999; 33: 428-429.

101.

Portnov BA, Dubnov J, Barchana M. On ecological fallacy, assessment errors stemming from misguided variable selection, and the effect of aggregation on the outcome
of epidemiological study. J Expo Sci Environ Epidemiol 2007; 17: 106-121.

102.

Preston DL, Pierce DA, Shimizu Y, Cullings HM, Fujita S, Funamoto S, et al. Effect
of recent changes in atomic bomb survivor dosimetry on cancer mortality risk estimates. Radiat Res 2004; 162: 377-389.

103.

Prise KM, Folkard M, Michael BD. A review of the bystander effect and its implications for low-dose exposure. Radiat Prot Dosimetry 2003; 104: 347-355.

104.

Prisyazhiuk A, Pjatak OA, Buzanov VA, Reeves GK, Beral V. Cancer in the Ukraine,
post-Chernobyl. Lancet 1991; 338: 1334-1335.

105.

Raaf CL, Hemdal B, Mattsson S. Ecological half-time of radiocesium from Chernobyl
debris and from nuclear weapons fallout as measured in a group of subjects from the
south of Sweden. Health Phys 2001; 81: 366-377.

106.

Raaf CL, Hubbard L, Falk R, Agren G, Vesanen R. Ecological half-time and effective
dose from chernobyl debris and from nuclear weapons fallout of 137Cs as measured in
different Swedish populations. Health Phys 2006; 90: 446-458.

53

107.

Raaf CL, Hubbard L, Falk R, Agren G, Vesanen R. Transfer of 137Cs from Chernobyl
debris and nuclear weapons fallout to different Swedish population groups. Sci Total
Environ 2006; 367: 324-340.

108.

Radiation protection authorities in Denmark Finland Iceland Norway and Sweden.
Naturally occurring radioactivity in the Nordic countries – recommendations. Stockholm: Statens strålskyddsinstitut; 2000.

109.

Richardson DB, Wing S, Schroeder J, Schmitz-Feuerhake I, Hoffmann W. Ionizing
radiation and chronic lymphocytic leukemia. Environ Health Perspect 2005; 113: 1-5.

110.

Ron E, Lubin J, Schneider AB. Thyroid cancer incidence. Nature 1992; 360: 113.

111.

Rothman KJ, Greenland S. Modern epidemiology. 2nd ed. Philadelphia: LippincottRaven; 1998.

112.

Rytkonen MJ. Not all maps are equal: GIS and spatial analysis in epidemiology. Int J
Circumpolar Health 2004; 63: 9-24.

113.

Scheiden R, Keipes M, Bock C, Dippel W, Kieffer N, Capesius C. Thyroid cancer in
Luxembourg: a national population-based data report (1983-1999). BMC Cancer
2006; 6: 102.

114.

Schouten LJ, Meijer H, Huveneers JA, Kiemeney LA. Urban-rural differences in cancer incidence in The Netherlands 1989-1991. Int J Epidemiol 1996; 25: 729-736.

115.

Segall A. Leukemia and Background Radiation in Northern New England. Blood
1964; 23: 250-261.

116.

Shigematsu I, Thiessen JW. Childhood thyroid cancer in Belarus. Nature 1992; 359:
681.

117.

Sjöquist E, Eckered T. Världen efter Tjernobyl. Falun: Timbro; 1986.

118.

Smith PG, Doll R. Mortality among patients with ankylosing spondylitis after a single
treatment course with x rays. Br Med J (Clin Res Ed) 1982; 284: 449-460.

119.

Sperati A, Abeni DD, Tagesson C, Forastiere F, Miceli M, Axelson O. Exposure to
indoor background radiation and urinary concentrations of 8-hydroxydeoxyguanosine,
a marker of oxidative DNA damage. Environ Health Perspect 1999; 107: 213-215.

120.

Statistics Sweden. Numerical codes by region for various Swedish subdivisions
[homepage on the Internet]. Örebro: SCB; 1998 [cited 2006 Oct 6]. Available from:
http://www.scb.se/statistik/OV/OV9999/2003M00/X20%C3%96P9802.pdf.

121.

Steenland K, Armstrong B. An overview of methods for calculating the burden of disease due to specific risk factors. Epidemiology 2006; 17: 512-519.

122.

Steiner M, Burkart W, Grosche B, Kaletsch U, Michaelis J. Trends in infant leukaemia
in West Germany in relation to in utero exposure due to Chernobyl accident. Radiat
Environ Biophys 1998; 37: 87-93.
54

123.

Stewart AM, Kneale GW. A-bomb survivors: factors that may lead to a re-assessment
of the radiation hazard. Int J Epidemiol 2000; 29: 708-714.

124.

Szybinski Z, Huszno B, Zemla B, Bandurska-Stankiewicz E, Przybylik-Mazurek E,
Nowak W, et al. Incidence of thyroid cancer in the selected areas of iodine deficiency
in Poland. J Endocrinol Invest 2003; 26: 63-70.

125.

Tagesson C, Kallberg M, Klintenberg C, Starkhammar H. Determination of urinary 8hydroxydeoxyguanosine by automated coupled-column high performance liquid
chromatography: a powerful technique for assaying in vivo oxidative DNA damage in
cancer patients. Eur J Cancer 1995; 31A: 934-940.

126.

Talbott EO, Youk AO, McHugh-Pemu KP, Zborowski JV. Long-term follow-up of
the residents of the Three Mile Island accident area: 1979-1998. Environ Health Perspect 2003; 111: 341-348.

127.

Tao Z, Zha Y, Akiba S, Sun Q, Zou J, Li J, et al. Cancer mortality in the high background radiation areas of Yangjiang, China during the period between 1979 and 1995.
J Radiat Res (Tokyo) 2000; 41 Suppl: 31-41.

128.

The National Board of Health and Welfare. Cancer Incidence in Sweden 1999
[homepage on the Internet]. 2001 [cited 2007 April 11]. Available from:
http://www.socialstyrelsen.se/NR/rdonlyres/AFFA8F72-9378-4DBC-BC4624853ED06909/1458/2001424.pdf.

129.

Tirmarche M, Rannou A, Mollie A, Sauve A. Epidemiological Study of Regional
Cancer Mortality in France and Natural Radiation Radiat Prot Dosimetry 1988; 24:
479-482.

130.

Tondel M, Axelson O. Concerns about privacy in research may be exaggerated. BMJ
1999; 319: 706-707.

131.

Tondel M, Hjalmarsson P, Hardell L, Carlsson G, Axelson O. Increase of regional
total cancer incidence in north Sweden due to the Chernobyl accident? J Epidemiol
Community Health 2004; 58: 1011-1016.

132.

Torok S, Borgulya G, Lobmayer P, Jakab Z, Schuler D, Fekete G. Childhood leukaemia incidence in Hungary, 1973-2002. Interpolation model for analysing the possible
effects of the Chernobyl accident. Eur J Epidemiol 2005; 20: 899-906.

133.

Ujeno Y. Carcinogenetic hazard from natural background radiation in Japan. J Radiat
Res (Tokyo) 1978; 19: 205-212.

134.

Ujeno Y. Cancer incidence and background levels of radiation. In: Jones RR, Southwood R, editors. Radiation and health: the biological effects of low-level exposure to
ionizing radiation. Chichester: John Wiley & Sons; 1987. p. 191-202.

55

135.

United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and
effects of ionising radiation. New York: UNSCEAR; 1993.

136.

United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and
effects of ionising radiation. Volume I: sources. New York: UNSCEAR; 2000.

137.

United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and
effects of ionising radiation. Volume II: effects. New York: UNSCEAR; 2000.

138.

Walter SD, Meigs JW, Heston JF. The relationship of cancer incidence to terrestrial
radiation and population density in Connecticut, 1935-1974. Am J Epidemiol 1986;
123: 1-14.

139.

Weed DL. Methodologic implications of the Precautionary Principle: causal criteria.
Int J Occup Med Environ Health 2004; 17: 77-81.

140.

Weinberg CR, Brown KG, Hoel DG. Altitude, radiation, and mortality from cancer
and heart disease. Radiat Res 1987; 112: 381-390.

141.

Williams D. Cancer after nuclear fallout: lessons from the Chernobyl accident. Nat
Rev Cancer 2002; 2: 543-549.

142.

Williams ED. Chernobyl and thyroid cancer. J Surg Oncol 2006; 94: 670-677.

143.

Williams ED, Abrosimov A, Bogdanova T, Demidchik EP, Ito M, LiVolsi V, et al.
Thyroid carcinoma after Chernobyl latent period, morphology and aggressiveness. Br
J Cancer 2004; 90: 2219-2224.

144.

World Health Organization. International classification of diseases : manual of the
international statistical classification of diseases, injuries, and causes of death : based
on the recommendations of the seventh revision conference, 1955, and adopted by the
ninth World Health Assembly under the WHO Nomenclature Regulations. 7th revised
ed. Geneva: World Health Organization; 1957.

145.

World Health Organization. Health consequences of the Chernobyl accident : results
of the IPHECA pilot projects and related national programmes : summary report. Geneva: World Health Organization; 1995.

146.

World Health Organization. International Agency for Research on Cancer. International Association of Cancer Registries. Cancer incidence in five continents. Lyon:
IARC; 1976.

147.

World Medical Association. Declaration of Helsinki : Ethical Principles for Medical
Research Involving Human Subjects [homepage on the Internet]. [cited 2006 Oct 6].
Available from: http://www.wma.net/e/policy/pdf/17c.pdf.

148.

Wu LL, Chiou CC, Chang PY, Wu JT. Urinary 8-OHdG: a marker of oxidative stress
to DNA and a risk factor for cancer, atherosclerosis and diabetics. Clin Chim Acta
2004; 339: 1-9.
56

149.

Young RW, Kerr GD, editors. Reassessment of the atomic bomb radiation dosimetry
for Hiroshima and Nagasaki : Dosimetry System 2002 [DS02] / report of the Joint
US-Japan Working Group. Hiroshima: Radiation Effects Research Foundation; 2005.

150.

Åkerblom G, Falk R, Lindgren J, Mjönes L, Östergren I, Söderman AL, et al. Natural
radioactivity in Sweden, exposure to external radiation. In: Valentin J, Cederlund T, et
al., editors. Radiological Protection in Transition; Proceedings of the XIV Regular
Meeting of the Nordic Society for Radiation Protection, NSFS, Rättvik, Sweden, 27-31
August 2005. SSI rapport 2005:15. Stockholm: Statens strålskyddsinstitut; 2005. p.
207-210.

151.

Åkerblom G, Falk R, Lindgren J, Mjönes L, Östergren I, Söderman AL, et al. Natural
radioactivity in Sweden, exposure to internal radiation. In: Valentin J, Cederlund T, et
al., editors. Radiological Protection in Transition; Proceedings of the XIV Regular
Meeting of the Nordic Society for Radiation Protection, NSFS, Rättvik, Sweden, 27-31
August 2005. SSI rapport 2005:15. Stockholm: Statens strålskyddsinstitut; 2005. p.
211-214.

57

