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Abstract
Aim: The current research aimed to study the association between exposure to low-dose radiation fallout after the Chernobyl accident in 1986 and the incidence of cancer in Sweden.
Methods: A nationwide study population, selecting information from nine counties out of 21 in
Sweden for the period from 1980 – 2010.
In the first study, an ecological design was defined for two closed cohorts from 1980 and 1986.
A possible exposure response pattern between the exposure to 137Cs on the ground and the
cancer incidence after the Chernobyl nuclear power plant accident was investigated in the nine
northernmost counties of Sweden (n=2.2 million). The activity of 137Cs at the county, municipality and parish level in 1986 was retrieved from the Swedish Radiation Safety Authority (SSI)
and used as a proxy for received dose of ionizing radiation. Information about diagnoses of
cancer (ICD-7 code 140-209) from 1958 – 2009 were received from the Swedish Cancer Registry, National Board of Health and Welfare (368,244 cases were reported for the period 1958
to 2009). The incidence rate ratios were calculated by using Poisson Regression for pre-Chernobyl (1980 – 1986) and post-Chernobyl (1986 – 2009) using average deposition of 137Cs at
three geographical levels: county (n=9), municipality (n=95), and parish level (n=612). Also, a
time trend analysis with age standardized cancer incidence in the study population and in the
general Swedish population was drawn from 1980 – 2009.
In the second study, a closed cohort was defined as all individuals living in the three most
contaminated counties (Uppsala, Gävle, and Västernorrland) in mid-Sweden in 1986. Fallout
of 137Cs was retrieved as a digital map from the Geological Survey of Sweden, demographic
data from Statistics Sweden, and cancer diagnosis from the Swedish Cancer Registry, National
Board of Health and Welfare. Individuals were assigned an annual 137Cs exposure based on
their place of residence (1986 through 1990), from which 5-year cumulative 137Cs exposures
were calculated, accounting for the physical decay of 137Cs and changing residencies. Hazard
ratios for having cancer during the follow-up period, adjusted for age, sex, rural/non-rural residence, and pre-Chernobyl total cancer incidence, were calculated.
Results: No obvious exposure-response pattern in the age-standardized total cancer incidence
rate ratios could be seen in the first study. However, a spurious association between the fallout
and cancer incidence was present, where areas with the lowest incidence of cancer before the
accident coincidentally had the lowest fallout of cesium-137. Increasing the geographical resolution of exposure from the average values of nine counties to the average values of 612 parishes
resulted in two to three times higher degree of variance explanation by regression model. There
was a secular trend, with an increase in age standardized incidence of cancer from 1980 – 2009.
This trend was stronger in the general Swedish population compared to the nine counties of the
present study.
In the second study, 734,537 people identified were divided into three exposure categories: the
first quartile was low exposure (0.0 to 45.4 kBq/m2), the second and third quartiles were intermediate exposure (45.41 to 118.8 kBq/m2), and the fourth quartile was highest exposure (118.81
to 564.71 kBq/m2). Between 1991 and 2010, 82,495 cancer cases were registered in the three
counties. Adjusted HRs (95% CI) were 1.03 (1.01 to 1.05) for intermediate exposure, and 1.05
(1.03 to 1.07) for the highest exposure, when comparing to the reference exposure.
Conclusion: Using the ecological data, there was no exposure response trend; however, after
refining the data to the individual level of exposure, there was an overall exposure response
pattern. Nonetheless, due to the time dependency, these results were restricted to the age group
of 25 – 49 among males. Using register-based data only, for determining the association between low-dose exposure to radiation and the risk of developing cancer, is difficult since we
cannot control for other significant factors that are associated with cancer.
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Introduction

The present research aims to study the incidence of cancer radiation in the
environment after the Chernobyl nuclear power plant accident in 1986. The
consequences from radiation at low levels, in association with human health
will be discussed in the context of environmental epidemiology. First, I want
to introduce some basic knowledge in the field of radiation, followed by radiation epidemiology, and thereafter a description of the procedures of this
work. Additional information involving the validity of the results will be presented in the appendix.
In order to discuss the radiation levels and health risk effects of radiation
exposure, I will first address some basic knowledge from radiation science.

1.1 Basic radiation science
There are two kinds of radiation: ionizing and non-ionizing radiation. Some
atoms are naturally stable and some are not. Unstable atoms release energy in
the form of radiation and are known as radionuclides. This sufficient energy
is strong enough to knock the electron out of the atoms and interact with other
atoms and ionize them (or produce ions in matter at the molecular level). Ionization is a process by which an atom becomes positively or negatively
charged through a gain or loss of electrons. Radiation that can remove electrons from their orbit around an atom called ionizing radiation and includes
electromagnetic rays such as X-ray and gamma rays and energetic particles
such as proton, fission nuclei, and alpha and beta particles. Radioactive elements emit ionizing radiation as their atoms undergo radioactive decay. Figure
1.1 shows wavelengths and frequencies according to the electromagnetic spectrum in our environment. One of the most remarkable things in the above chart
is the electromagnetic spectrum that essentially divides ionizing and non-ionizing radiation.
Radiation that does not possess enough energy to ionize atoms are called
non-ionizing radiation, like radio waves, microwaves, infrared, visible-light,
and ultraviolet. Radiation can occur naturally in the environment (sunlight or
lightning discharges), while some are fabricated (wireless communications,
industrial, scientific, and medical applications), either deliberately or as byproducts of nuclear reactions. There is a great deal of controversy regarding
the potential of clinical effects and cancer risks, particularly with cell phone
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use. We know that exposure to radio, microwave frequency sources can cause
burns, and clinically this is what we are most likely to see. LASER (Light
Amplification by Stimulated Emission of Radiation) can cause injury to the
eye. The majority of those exposed to ultraviolet rays are outdoor workers;
others who are exposed include welders, people who work in the drying and
curing industries as well as laboratory, kitchen or medical industries, who are
exposed to germicidal ultraviolet.

Figure 1.1 Electromagnetic spectrum, showing wavelengths and frequencies. The
energy of the radiation is shown on the figure as it increases from left to right as the
frequency rises

Every radionuclide element emits radiation at its own specific rate, which is
measured in terms of half-life. Radioactive half-life is the time required for
half of the radioactive atoms present to decay, which is when a radioisotope
transforms into another radioisotope and emits radiation in some form.

=−
Where
= mass of radioactive material at time interval (t)
= mass of the original amount of radioactive material
= decay constant
= time interval ( / for the half-life)
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Figure 1.2 Sources of radiation, the penetrating power of alpha and beta particles,
and gamma rays

As mentioned above, the ionizing radiation takes a few form, which is caused
by an unstable atom and can release atom particles that have either an excess
of energy or mass (or both). There are differences in the penetrating power of
ionizing radiation for alpha, beta, and neutron particles as well as gamma and
X-rays. These penetrating powers are illustrated in Figure 1.2.
Alpha Particle (α): Alpha particles (α) consist of heavy, positively charged
particles, which are a combination of particles containing two protons and two
neutrons from the atom’s nucleus and are tightly bound together.
Alpha particles are produced by the decay of the heaviest radioactive elements like uranium, radium, and polonium. These particles are so heavy and
energetic that they use up their energy in short distances and become unable
to travel far from the atom. Alpha radiation can easily be stopped, entirely, by
using a sheet of paper or by the thin surface layer of our skin.

+
+

A few centimeters
Paper

Figure 1.3 The penetrating power of alpha rays and their energy over short distances

The health effects from exposure to alpha particles depend greatly on how a
person is exposed. Alpha particles keep losing their energy and can only penetrate the outer layer of the skin; thus, external exposure is not dangerous but
13

internal exposure can be very harmful. The internal exposure can occur
through inhalation, swallowing, or through a cut which can damage sensitive
tissues directly and, therefore, cause biological damage. Alpha particles are
large and heavy, and the way in which they cause damage makes them more
dangerous than other types of radiation. The ionization caused by Alpha particles can release all their energy in a few cells and cause a comprehensive
damage to the cell and DNA.
Beta Particle (β): A form of particulate ionizing radiation made up of negative electrically charged, small, and fast-moving particles. These particles can
penetrate through the skin and cause damage and are most hazardous when
they are inside the body. Beta particles moderately penetrate the living tissue,
and can cause mutation in the DNA. Beta sources can be used in radiation
therapy to kill cancer cells too.
X-rays: X-rays are similar to gamma rays in that they are photons and are
originate from the electron cloud. X-rays and gamma rays have the same basic
properties, but they come from different parts of the atom. X-rays are emitted
from processes outside of the nucleus (electron cloud), but gamma rays are
emitted from inside the nucleus. X-rays are also generally lower in energy;
therefore, X-rays are less penetrating than gamma rays. X-rays can be produced naturally or by machines using electricity. Because of their use in medicine, almost everyone has heard of x-rays.
Gamma Rays (ϒ): Gamma rays are a high-frequency form of electromagnetics waves that can travel with the speed of light. They are weightless packets
of energy called photons. When a nucleus emits an alpha or beta particle, a
higher-energy state falls to a lower energy state by releasing a gamma ray
photon. Gamma rays have a higher penetrating power than alpha or beta particles and can penetrate through buildings or bodies. A thick concrete or lead
shields are used as a comprehensive protection source. High-frequency
gamma rays have enough energy to ionize molecules, which can pass through
the human body and can cause damage to tissues and DNA.
Neutron Particle (n): Neutron radiation contains a free neutron, usually produced by nuclear fission. Neutrons can travel far in the air and can be stopped
or blocked by a hydrogen-rich material, such as concrete or water. Neutrons
are not able to ionize an atom due to their lack of a charge; moreover, they are
assumed to be indirectly ionizing because they are absorbed into a stable atom
where they make it unstable and emit another type of ionizing radiation. Neutrons are the only type of radiation that make other materials radioactive.
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Table 1.1 Examples of radionuclides encountered that are used in medical, commercial, and military activities
Radionuclide
Type of radiation
Half-life
emitted
Americium-241
α, γ
432.2 years
Cesium-137
β, γ
30.2 years
Iodine-131
β, γ
8.04 days
Radium
α, β, γ
has 33 known isotopes; the
most common isotope of radium
is Ra-226 with a half-life of
1,600 years
Thorium-232
α, γ
1.4 x 1010 years
Tritium-3H
β
12.3 years
Uranium-235
α, γ
7 x 108 years
Cobalt-60
β, γ
5.3 years
Technetium-99m
β
6h
Strontium-90
β
28.8 years
Plutonium-238
α
87.7 years
Radon-222
α
3.8 days
α: alpha particles, β: beta particles, γ: gamma rays

1.2 Radionuclide Cesium-137
In the present study, we will use Cesium-137 (137Cs) as a proxy for exposure
for radiation. Cesium (with the chemical symbol Cs) is a soft, flexible, silverywhite, metal that becomes liquid at room temperature, but easily bonds with
chlorides to create a crystalline powder. The most common form of radioactive cesium is 137Cs, a nuclear decomposition product and can be used in medical devices and meters. It is also one of the byproducts of nuclear energy
processing in nuclear reactors and nuclear weapons.
137
Cs has an atomic mass of 137. 137Cs differ from the Cesium-133, which
is a non-radioactive element and has an atomic mass of 133.

1.2.1 Cesium in the environment
137

Cs is present in the environment due to the nuclear weapons tests that occurred during the 50s and 60s, as well as the nuclear accidents that occurred
in the Chernobyl Nuclear Power Plant in 1986, which resulted in exposure of
cesium to the ground. Japan's nuclear disaster in Fukushima 2011 due to a
powerful earthquake has isolated a big region because of the emission of
harmful radiation that included 137Cs.
From 1945 until 2017, there have been over 2,624 nuclear tests conducted
worldwide. Figure 1.4 shows a map of the world, with the epicenters of all
known nuclear explosions since 1945. Of the total explosions, 656 (25%)
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bombs were exploded in the atmosphere and 1,968 (75%) explosions were
conducted underground.
It is already known that several types of particles and rays produced by
radioactive materials can cause cancer in human. Exposure to radiation is associated with leukemia, thyroid, lung, and breast cancer. The time between
exposure to radiation and health effects has been shown by scientific research
to be between 2 and 40 years. The tolerated unit in the 1950s is now recognized by the UNSCEAR and other international organizations as unsafe. Simon L et al. (2006, 2015) suggested an increase in bone and thyroid cancer
after reviewing a number of biological samples following the fallout from nuclear weapons test [1, 2]. However, it may be difficult to assess the number of
deaths today that can be attributed to radiation exposure from the nuclear
weapons testing. Another study published by the International Physicians for
the Prevention of Nuclear War (IPPNW) in 1991 suggested that health effects
among those exposed during weapons testing up until the year 2000 would
cause 430,000 cancer deaths, where some had already occurred by the time
they published the results. They also predicted about 2.4 million deaths from
cancer as a result of atmospheric testing [3].

Figure 1.4 Global Nuclear weapons detonations since 1945 to 2017

Some of the radionuclides released from nuclear weapons tests were: Xenon
54 (Xe), Americium 241 (241Am), Iodine-131 (131I), Cesium-137 (137Cs),
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Krypton-85 (85Kr), Strontium-90 (90Sr), Plutonium-239 (239Pu), and Tritium
(3H).
Due to the data received from the SGU, only 137Cs fall-out is available in
this study, and only this element is discussed in the first and second study.
Cesium in the environment can:
• easily move through the air.
• easily dissolve in water.
• strongly bind to the soil and concrete, but does not travel very far
below the surface.
Plants and vegetation growing in or nearby contaminated soil may take up
small amounts of 137Cs from the soil.

1.2.2 Cesium sources
It is important to note that 137Cs was only produced in the last 70 years. It did
not exist prior to 1950s. Whatever amount of 137Cs exposure from past, it
would have been gone by now if the Chernobyl and Fukushima crises had not
occurred.
137
Cs is used in small amounts for calibration of radiation detection equipment, such as Geiger-Mueller counters. In larger amounts, 137Cs is used in:
• Medical radiation therapy devices for treating cancer.
• Industrial gauges that detect the flow of liquid through pipes.
• Other industrial devices that measure the thickness of materials
such as paper or sheets of metal.

Figure 1.5 Pathway and source of exposure to the human body from environmental
releases of radioactive materials
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1.2.3 Cesium and health
137

Cs can be ingested through contaminated food, water, and air, which can be
distributed to different parts of the body mimicking potassium behavior. Exposure to 137Cs damages the tissues because of its strong radiation properties
(beta and gamma-ray) and increases the possibility of developing cancer as it
tends to be concentrated around large muscles. Because of its long half-life,
its long-term effects can be lethal.
External exposure to large amounts of 137Cs can cause burns, acute radiation sickness, and even death. Exposure to such a large amount could come
from the mismanagement of industrial source of 137Cs, a nuclear detonation,
or a major nuclear accident. Large amounts of 137Cs are not found in the environment under normal circumstances.
While 137Cs is commonly used in small doses in hospitals for treating cancer and in the calibration of different radiotherapy units, exposure to 137Cs in
the environment used to be in small doses. However, people who work in
scrap yards trying to salvage metals should be aware of the dangers of Cesium.
There are reported incidents where people accidentally opened a canister of
unknown origin; thus, putting their health at risk.

1.3 Units used to express radiation dose
The concentration of energy that is deposited in tissue as a consequence of
ionizing radiation is called the absorbed dose and is expressed in a unit called
gray (Gy) named after the English physicist and pioneer in radiation biology,
Harold Gray. Nevertheless, this unit cannot give the full picture of the damage in the tissues or organs because the same dose from alpha (a) particles
can damage more, comparing the dose from beta (β) particles or gamma rays
(ϒ) [4].

=

, ,

, ,
, ,

is the mass-average absorbed dose of the entire tissue/organ
is the tissue/organ of interest
, , is the absorbed dose as a function of location
, ,
is the density as a function of location
is volume
The terms gray (Gy) and becquerel (Bq) were introduced in 1975. Between
1953 and 1975, absorbed dose was often measured in rads. Decay activity was
measured in curies between 1946 and 1975 [4-6].
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1.3.1 Physical activity and physical half-life
The number of decays per unit of time is called activity. This activity is measured as decays per second and expressed in becquerel (Bq). 137Cs disappears
naturally by radioactive decay, which should be counted to see 137Cs cycle.
=
Where:
= original number of atoms present
= number of atoms remaining at time t
= decay constant
= time
and the decay constant is
0.693
/ =
0.693
=
/

where
/

= is a physical half-life of the isotope

Since the physical half-life for 137Cs is 30.17 years, the decay constant and the
amount of 137Cs after 1 year are:
0.693
≈ 0.0230
=
30.17
.
×
=
≈
× 0.977
Therefore, the amount of 137Cs is about 97.7% of the previous year, and 2.3%
is decayed annually.

Figure 1.6 The natural decay of 100 units of 137Cs. It decays to half around Year 30,
25 around Year 61, and only 1 unit remains radioactive by Year 201
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During its physical half-life, the radioactive substance, 137Cs, emits beta and
gamma rays. Thus, to prevent this isotope from coming in contact with the
environment, it should be kept in a lead container. If 137Cs is released into the
environment, it would take 30 years before half of it decays or disappears, and
still 25% of 137Cs will exist in the contaminated area after 60 years, and only
one percent will remain radioactive after 201 years (Figure 1.6). This means
that if there is exposure to 137Cs in a particular area, it would take almost 200
years before that area is clean [7, 8].

1.3.2 Quantity of radiation dose on human
Radiation exposure may be internal or external, and it can be acquired through
various exposure pathways. The quantity of radiation dose is expressed in different ways depending on how much of the body and what parts of it are irradiated, whether one or many persons are exposed, and the period of exposure.
Internal exposure to ionizing radiation takes place when a radionuclide is
inhaled, ingested, or transmitted to the bloodstream (for example, by injection
or through sores). Exposure to internal exposure ends when radionuclides is
removed from the body by urination.
External exposure External exposure comes from outside the body and is
less dangerous, and it is the gamma rays that pass through the body, while the
skin and clothes can stop the alpha and beta particles.
To compare the absorbed doses of different types of radiation, they need to
be weighted for their potential to cause certain types of biological damage.
This weighted dose is called the equivalent dose, which is evaluated in units
called Sieverts (Sv), named after the Swedish scientist Rolf Maximilian Sievert (1896 – 1966). The unit Sievert describes better the biological effect of
radiation and is commonly used when the risk from ionizing radiation is assessed. It also allows for quantification of risk and comparison with other
commonly encountered modes of exposure. Because gray and sievert quantify
relatively large amounts of radiation, in medical use radiation is typically describe in milligray (mGy) or millisievert (mSv).
Equivalent dose (H): The absorbed dose multiplied by a radiation
weighting factor (wR) that takes into account the ways in which the different
types of radiation (R) cause biological harm in a tissue or organ. It is expressed
in Sieverts (Sv), which corresponds to joules per kilogram [4].
=

W D

,

Where HT is the equivalent dose in Sieverts (Sv) absorbed by tissue T, WR is
the radiation weighting factor defined by regulation, DT,R is the mean absorbed
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dose to a tissue, or an organ, T, caused by radiation of type R. To honor Sievert’s lifetime achievements, the ICRP suggested a unit for equivalent dose
Sv (Sievert) in 1979 [9, 10].
Effective dose (E): Because different tissues and organs have different sensitivities to radiation, the concept of effective dose was introduced to take into
account the part of the body irradiated and the volume and time over which
the dose is applied. The tissue weighted factor for that tissue (WT), for each
exposed tissue T, is multiplied by the equivalent dose (HT ) that takes into
account the susceptibility of harm to different tissues and organs. It is also
expressed in sieverts (Sv) per kilogram.
=

W H

Where WT is the revised weight factor from the ICRP 2007, Publication 103
[4].
Effective dose in radiation protection can be used prospectively for planning and optimization of radiation protection, as well as retrospectively for
assessment of risk. It is mainly used as a protective and regulatory quantity
and not for epidemiologic study of population. It does not give a precise indicator of an individual patient’s risk, as there is no consideration of patient age,
gender, or other confounding factors.
Collective effective dose (S): is expressed in man-sieverts (man Sv) or
person-sievert. The collective effective dose (collective equivalent dose) is
defined as the mean effective dose to a group of people multiplied by the number of people in the group (ICRP 2007). It is the collective effective dose,
which is used in estimates of cancer risk after accidents or releases.
For a group of individuals, the collective effective dose can be calculated
by:

=
Where Ei is the average effective dose to the population subgroup i and Ni is
the number of individuals in this subgroup.

1.4 Environmental radiation and natural ionizing
radiation
As mentioned before, we are exposed to the natural background (2.4
mSv/year) from food, buildings, cosmic rays, and soil every day, and even
some elements in our own bodies [11, 12]. The highest radiation in the world
as shown in Figure 1.7 is from soils and rocks which can vary geographically
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(16%), and most of this variation depends on the differences in the radon level.
The next highest radiation comes from cosmic rays (13%) and can travel
through the universe, which includes the Sun and explosion of stars called
supernova.

1.4.1 Average radiation exposure to the public
Hence, the public are exposed to radiation from natural sources every day. We
live in an ocean of radioactive world, and radiation has always been all around
us as a part of our natural environment. The average annual effective dose
estimated by the UNSCEAR is about 2.4 mSv/year, and most of it comes from
substances in the air, the food we eat, and the water we drink, but it is not
uncommon to receive more than the average dose in a given year. The annual
average dose from artificial sources is about 0.65 mSv including the nuclear
power plants, accidents at nuclear facilities (Three Mile Island, Chernobyl,
and Fukushima-Daiichi), weapon-test fallout, nuclear medicine, and radiology.

Adopted from: Radiation: effects and sources, United Nation Environment Programme, 2016

Figure 1.7 Sources and distribution of average radiation exposure to the world population

The average radiation exposure from 137Cs to the Swedish public before 1986
was 0.01 mSv, which was the result of man-made radiation during 1960 –
1980. The average dose per year for personnel at Swedish nuclear facilities is
just over 2 mSv. In Sweden, very few individuals per year receive a dose exceeding 20 mSv [13, 14].
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1.4.2 Recommended Dose Limits by the International
Commission on Radiological Protection (ICRP)
The ICRP recommends a dose limit of 1 mSv/year to the general public. For
radiation workers, an effective dose limit is 20 mSv/year, averaged over 5
years and not exceeding 50 mSv in any single year [4]. Additional exposure
limits for the ocular lens and extremities of workers are defined separately. It
is generally believed that for occupational exposure, the risk of health effects
is too small, to be observed, at doses below 50 to 100 mSv/yr .

1.4.3 Artificial Sources of Radiation
One artificial source of radiation is from X-rays, which is at a low level and
used as a tool in medicine, research, and industry.
Table 1.2 Dose Limits from International Commission on Radiological Protection
Safety
Occupational
Public (mSv/yr)
Whole-body (effective
20 mSv/yr averaged over 1
dose)
5 years
Ocular lens
150 mSv/yr
15
Skin
500 mSv/yr
50
Extremities
500 mSv/yr
-Pregnant women
1 mSv to the fetus
-Source: ICRP Publication 103, page 98-99

Another source of artificial radiation is identified in consumer products, building materials, smoke detectors, TV, computer screens, and domestic water
supply. An example of artificial radiation exposures or man-made radiation,
experienced by large numbers of people, is the atomic bomb tests (about 2,000
nuclear weapons tests during the period 1945 to 1998). The most reliable studies for determinations of health effects come from survivors of the Hiroshima
and Nagasaki atomic bombings. It was observed that in Japan, survivors, who
received dose levels of 100 to 4000 mSv, which is almost 40 to 1,600 times
higher than the average yearly background radiation, had more cancers [15].

1.5 Radiation effect on humans
Wilhelm Conrad Roentgen, died of cancer of the intestine in 1923. Marie
Curie, died of blood disease (aplastic anemia) in 1934; she was also exposed
to radiation throughout her working, probably developed from extended exposure to various radioactive materials, the dangers of which were only really
understood long after most of her exposure had occurred. In fact, her papers
(and even her notebook) are still highly radioactive, and many considered
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them as being unsafe to handle, which is why they are stored in shielded boxes
and require protective equipment to safely review.
The first recommendations for radiation protection were proposed by doctors who applied radiation to patients for medical reason. By 1928, the International X-ray and Radium Protection Committee was created, and in the
course of the second International Congress of Radiology (Stockholm), Rolf
Sievert was elected as the first chair. The International Commission on Radiological Protection (ICRP) was restructured and renamed after the Second
World War. Rolf Sievert became the fourth chair of UNSCEAR during 19581960, when there was a particular concern about the genetic effects on humans
from atomic weapon testing.

Figure 1.8 Pages from the laboratory notebooks of the Curies (1898)

By the end of the 1950s, about 359 deaths were reported of mainly doctors,
scientists, and early radiation workers from their exposure to radiation, unaware of the need for protection.

1.5.1 Radiation damage to DNA
Researchers have produced extensive information about the biological mechanism by which radiation can effect health, since the discovery of radiation.
Today, we know that radiation can damage living cells and cause their death
or modification. In medical terms, it can damage the deoxyribonucleic acid,
called DNA, and strands in a chromosome.
If the damage to the DNA is large, it can kill the cell and cause organ dysfunction and even death, but some damage to DNA may occur that does not
kill the cell. Damage that does not kill the cell can be repaired completely, but
if it does not repair completely, the result is cell modification – known as cell
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mutation – causing cell divisions and finally leading to the cancer. The effects
of radiation on biological tissue are generally classified as two types: deterministic effects and stochastic effects.

Figure 1.9 Radiation damage to a DNA strand

1.5.2 Sensitivity of body organs or site-specific cancer to
radiation
Twenty percent of all mortality and the most common cause of death in industrialized countries is cancer, after cardiovascular disease. The expected number of cancers in the general population is 40% during the lifetime, even in the
absence of radiation exposure. The most common cancer types among males
are: lung, prostate, colorectal, stomach, and liver while the most common cancer types among females are: breast, colorectal, lung, cervical, and stomach.
Thomson and colleagues (1994) evaluated cancer incidence in atomic
bomb survivors with data from 1958 to 1987 from 21 cancer sites. They evaluated the risk for each specific cancer type for each site, and they found a
significant association between cancer and exposure to ionizing radiation.
They discussed that linearity disappeared when the risk was estimated by attained age, time since exposure, age at exposure, sex, and city [16].
This assumption was followed by a paper published by Preston and colleagues (2003), where they proposed a common model for expressing a dose
response model for cancer at different sites (Table 1.3). The paper analyzed
15 cancer sites, where they used age at exposure and attained age (age at diagnosis) as effect modifiers in a common model for all solid cancer [17].
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Table 1.3 Type of organs or site-specific cancer that are sensitive to the radiation
Type of cancer
Brain cancer

International Classification of Diseases
(ICD-7)
193.0

Breast cancer

170

Bronchus lung
cancer

161.1

Cervix uterine
cancer

171

Colon cancer

153

Corpus uterine
cancer

172, 174

Hodgkin’s
disease cancer

201

Leukemia
cancer

Liver cancer

204 – 207

155.0

Non-Hodgkin’s
Lymphoma
cancer
Ovarian cancer

175

Prostate cancer

177
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200

Comment
Children exposed to radiation at ages below
20 years are about twice as likely to develop
brain cancer as adults exposed to the same
dose.
Strong evidence has been recoded that breast
cancer is associated with exposure to ionizing
radiation. Girls exposed at ages below 15
years have a higher risk.
This cancer showed a strong gender association, and females have four times higher risk
than males.
According to BEIR VII, the question of radiation exposure and cervix uterine cancer is not
resolved.
Increasing colon cancer death with increasing
doses of ionizing radiation. According to the
BEIR VII, the risk of colon cancer increases
by intensive irradiation in humans.
Possible increasing number of deaths have
been shown from study on A-bomb survivors,
and evidence of a dose-response has been
proved
Little evidence has been recorded about the
possible connection between Hodgkin’s disease and exposure to ionizing radiation.
There is no reported evidence of increased
risk of Hodgkin’s disease among A-bomb
survivors.
Strong evidence has been recorded. Increased
leukemia deaths were observed with increased doses of radiation in A-bomb survivors. Most of deaths occurred within the first
15 years after exposure. Children under age
15 were most susceptible. According to BEIR
VII, the radiation causes acute leukemia and
chronic myeloid leukemia.
The risk for males and females are very similar.
Some evidence has been recorded, and an increase has been observed in A-bomb survivors who were followed through 1978.
Little evidence and there is no reported evidence on effects of low dose radiation on the
development of ovarian cancer.
Little evidence and BEIR VII determined that
the prostate is relatively insensitive to ionizing radiation. There is no reported evidence
of increased rates of prostate cancer in Abomb survivors.

Stomach cancer

151

Thyroid cancer

194

Urinary bladder
cancer

181.0

Females have a higher risk compared to
males, and the risk decreases by age at exposure.
With increasing doses of radiation, the rates
of thyroid cancer and benign nodules increase. This finding is based mostly on Abomb survivors and Chernobyl. According to
BEIR VII, thyroid cancer is well established
as a late consequence of exposure to ionizing
radiation from both external and internal
sources.
An increase in deaths due to bladder cancer
was observed with increasing doses of radiation in A-bomb survivors. Males are two to
three times more likely to get urinary bladder
cancer compared to females.

Cox and Kelerer (2003) suggested that using effective-dose instead of organspecific absorbed dose in epidemiologic studies is also incorrect [18]. A descriptive analyze of all site-specific cancer presented in Table 1.3 from present
study is presented in appendix 8.1.

1.6 Health effects other than cancer
Exposure to high levels of radiation or being close to an atomic explosion can
cause acute health effects, which can also mean delayed health effects.
Early health effects of ionizing radiation exposure can cause extensive cell
death or damage such as skin burns, loss of hair, and impairment of fertility.
In general, doses higher than 50 Gy can damage the nervous system, and death
can occur in a few days [19]. This early health effect can be improved by
clinical epidemiology. We know that a high dose can increase the risk for cardiovascular disease, and such exposure can happen even during radiotherapy,
even though it is a medical and treatment technique.
Late health effect depends on the received dose from the radiation exposure
and can occur a long time after exposure. In general, the most delayed health
effects are stochastics effects, i.e., for which the probability of occurrence depends on the level of dose and type of radiation.
If radiation damage occurs in the reproductive cells, the sperm or ovum, it
can lead to heritable effects in descendants.
The impacts of radiation exposure on children and on adults are different.
Further, because children have smaller bodies and are less shielded by overlying tissues, the dose to their internal organs will be higher than that for adults
for a given external exposure.
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The release of radioactive iodine-131 (131I) in the environment is the radiation source for thyroid cancer. Studies after the accident at the Chernobyl nuclear power plant confirmed that thyroid cancer in infants was about nine
times higher than for adults [20].
A mother can transfer radioactive material via food and drink or directly
through external exposure to an embryo or fetus. Due to the protection of the
fetus in the uterus, its radiation exposure is lower than that of the mother, who
gets the most radiation exposure (Figure 1.10). However, exposure to the embryo and fetus is assumed to be severe, even if the levels are lower than those
that can immediately affect the mother. These consequences include: growth
retardation, malformation, impaired brain function, and cancer.

Figure 1.10 Radiation exposure pathways for embryos

1.7 Effect on animal in environment
Effects of radiation exposure on animals and plants have been evaluated by
UNSCEAR as being 1-10 Gy. The main source of information regarding radiation exposure has been from observational studies around Chernobyl area.
UNSCEAR also estimated an exposure level and its effects on selected animals and plants after the Fukushima-Daiichi nuclear power plant accident,
and found that the exposures were too low for acute effects to be observed
immediately. However, the reliability and significance for the population is
still unclear.
The major finding from studies of wildlife in Chernobyl and Fukushima
are: genetic damage, deformities and developmental abnormalities, reduced
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life spans, reduced population size, decreased biodiversity, mutations passed
from one generation to the next, and mutations migrating out of affected areas
into population that are not exposed [21].

1.8 General epidemiological aspects of this work
To study the health effects at a population level, we have to follow the general
epidemiological aspects.
• First, to identify the etiology or cause of disease and the relevant
risk factor.
• Second, to determine the extent of disease found in the community.
• Third, to study the natural history and prognosis of disease.
• Fourth, to evaluate both existing and newly developed cancer and
modes of healthcare delivery.
• Fifth, to provide the foundation for developing public policy relating to environmental problems, genetic issues, and other considerations regarding cancer disease and health promotion caused by radiation.
Thus, epidemiological approaches in this work involved clinical-, cancer-, environmental-, and radiation-epidemiology. Each field includes specific and its
own risk assessment and etiological hypothesis, which will be described, not
in detail but as follows.

1.8.1 Clinical epidemiology
Clinical epidemiology assesses the pattern of disease in the population based
on the biology, socioeconomics, and lifestyle. Assessment of clinical epidemiology was not possible in this work due to the available data. Distribution
of cancer within communities or larger populations is beyond the clinical epidemiology, and the information derived in this work is based on the register
rather than hospitalization. The objective of a clinical epidemiology is to evaluate new forms of treatment for a disease or condition. Thus, clinical trials are
usually carried out in hospitals or clinics among people who have already developed the disease.

1.8.2 Cancer epidemiology
Cancer epidemiology assesses the pattern of cancer in populations. The essential aim is to identify causes of cancer, including preventable (avoidable)
causes and inherited tumor susceptibility. It plays a critical role in many other
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areas of cancer research including evaluation of screening effects, cancer prevention, and control. Direction in cancer epidemiology includes molecular and
genetic epidemiology of cancer.
This work does not include any genetics or biological factors, including
also risk factors other than exposure, except age and gender. Exposure assessment in each study design is described as:.
Types of epidemiological studies in cancer-epidemiology:
Descriptive epidemiologic study, to describe the difference in occurrence
of a particular cancer between different groups (age, gender, race, country, a
period of time for time trend) and to generate the hypothesis for increased/decreased for the specific tumor type.
Analytic epidemiology, to study risk factors or potential causes of cancer
by a particular study design, e.g., case-control study or cohort study
Intervention studies, applying the knowledge (risk/protective factors) obtained from analytic epidemiological studies to a specific population in order
to reduce the risk of cancer.

1.8.3 Environmental epidemiology
By definition, environmental epidemiology assesses the health-risk of environmental exposure at work and living places. Environmental epidemiology
explains how biological, chemical and physical factors affect population
health.

1.8.4 Radiation epidemiology
Radiation epidemiology characterizes and quantifies the risk assessment in
populations exposed to radiation, alone or in combination with other agents.
Epidemiological studies on radiation usually involve cohort, case-control, and
ecological studies. Risk assessment in radiation epidemiology and environmental epidemiology is a multidisciplinary field, which is focused around the
methods used to evaluate health risks and outcomes.

1.9 Statistical aspects in radiation epidemiology
The evolution of statistical methods in radiation epidemiology began in the
time period from 1960 – 1992 with Radiation Effects Research Foundation
data (RERF), and were statistically modern and well suited for their time and
each time period. These methods were applied to the needs at that time to view
and learn from the existing data from one era to the next, reflecting both new
possibilities for understanding cancer risk, as well as major progress in rele-
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vant statistical methods and computer software. These methods were remarkably modern and sophisticated for their time, and served the need well. However, these methods mainly provided for significance tests for existence of
radiation effects, and did not extend well to the developing needs for estimation of these effects.
During 1975 – 1980, different methods were suggested by the BEIR to estimate radiation effects, largely in the course of work for the BEIR III report.
Note: EPICURE software was developed and written by Dale Preston and
Don Pierce for analyses of data on radiation effects in atomic bomb survivors
in Hiroshima and Nagasaki. This software was suggested by BEIR for statistical analysis. The algorithm used in EPICURE is almost the same as other
available software like SAS or Stata. The same function in EPICURE as in
GAMBO, PECAN, PEANUTS, and AMFIT are implemented in SAS as
PROC GEMOD, PROC GLIMIXED, PROC NLMIXED, etc.

1.9.1 Estimating relative risk (RR) in clinical-, cancer- and
environment epidemiology
In epidemiology, risk or excess risk is the difference between the risk of an
outcome in the exposed group and the unexposed group. The risk ratio or relative risk is the ratio of the probability (risk) of an outcome in the exposed
group divided by the ratio of the probability of an outcome in the unexposed
group. It is computed as:
ℎ
=
=
ℎ
=

ℎ
ℎ

=

These measures are often collectively called measures of relative risk. These
ratios measure the association between the exposure and outcome. These ratios are used in the statistical analysis of experimental, cohort and cross-sectional data, to estimate the strength of association between risk factor (exposed
to an environmental risk factor vs. unexposed), and outcome (cancer vs. noncancer).
Excess relative risk (ERR) is used in radiation epidemiology to quantify
the association between dose and disease. ERR can be estimated by the calculation of a relative risk (RR) minus 1 (ERR=RR-1). The relative risk is calculated by dividing the rate of disease in the exposed group with the rate of disease in the unexposed group.
Absolut risk (AR) is always written as a percentage point and calculated by
dividing the number of events in a group by the total number of people in the
group.
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Excess absolute risk (EAR) compares two measures of the disease, in terms
of their absolute differences. EAR is calculated using the differences between
two disease rates from the exposed and the unexposed group.
Cancer risk in radiation epidemiology is expressed in terms of the ERR or
the EAR, which is not usually of importance for the general population or
population that generated the data, to estimate a risk model (e.g., for the Japanese atomic bomb survivors). However, to transfer these risk estimates (ERR
or EAR) to other populations requires information that is specific for that population, e.g., background risk.

1.9.2 Linear no-threshold model
To estimate and develop a risk model for the association between exposure to
low level or low LET ionizing radiation and dangerous health effects, the
BEIR VII committee suggested that the linear no-threshold model (LNT) can
provide a reasonable description.
Low doses, less than 100 mSv, can cause some statistical difficulties to
estimate and evaluate the cancer risk in humans.
Review of biological data done by BEIR concludes that the risk can continue without any threshold, and even low dose has a potential to increase the
risk. This assumption is termed as the “linear no-threshold model” (Figure
1.11)

Figure 1.11 Linear no-threshold dose-response for which any dose greater than zero
has a positive probability of producing an effect.

1.9.3 Estimating relative risk in radiation epidemiology
The most recent analyses of atom bomb survivor’s cancer incidence and mortality data (e.g., Preston et al., 2003, 2004) are based on models in which ERR
(e, a) and EAR (e, a) are of the form below:
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( , )

RERF model:
( , ) = exp(

)

Difficulties in distinguishing the fits of models with only one of these methods, with the incidence data and analyses of all solid cancers, indicated dependence on both estimates.
The BEIR committee’s models were developed from analyses of both LSS
incidence and LSS mortality data. Analyses of incidence data were based on
the category consisting of all solid cancers, excluding thyroid and nonmelanoma skin cancers. These exclusions were made because both thyroid cancer
and nonmelanoma skin cancer exhibit exceptionally strong age-at-exposure
dependencies that do not seem typical of cancer of other sites [16]. Because
the most recent mortality data (1950 – 2000) available to the committee did
not include site-specific solid cancers and because thyroid cancer and nonmelanoma skin cancer are rarely fatal, analyses of mortality data were based on
the category of all solid cancers. The committee’s preferred models for estimating solid cancer risks that are similar to the RERF model, except that the
ERR and EAR depend on age at exposure only for exposure ages under 30
years and are constant for exposure ages over 30. That is,
( , )

BEIR model:
( , ) = exp(

∗

)

where e is age at exposure in years, e* is equal to e – 30 when e < 30, and
equal to zero when e 30, and a is attained age in years.
Model for all solid cancer: The analyses of solid cancer mortality with data
on the LSS cohort [16, 17] have been based either on models of excess relative
risk (ERR) or absolute excess risk (EAR).

= ( ) exp(

)

where ( ) is a linear or linear quadratic function of dose, although threshold
and categorical (nonparametric) models have also been evaluated, : is the
excess relative risk per sievert (ERR/Sv). The parameters and measure the
dependence of the ERR/Sv on age at exposure and attained age (age at time
of diagnosis of disease). This method used parametric models for the background risks.
Earlier analyses [22] were based primarily on ERR models in the form:

= ( ) exp(

)

This method treated the background risk in ERR models by including a separate parameter for each category defined by city, sex, age at risk, and year.
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1.9.4 Excess relative risk (ERR)
ERR is a relative model, and excess risk is a multiple of baseline risk.
, , , ,

=

, , ,

[1 +

,

]

where
, , , denote the background rate at zero dose, a: attained age, b:
birth year, c: city, d: dose, e: age at exposure, s: sex, t: time since exposure.

1.9.5 Excess absolute risk (EAR)
EAR is an additive model, and the excess risk is independent of the baseline
risk.

, , , ,

=

, , ,

+

,

where
, , , denote the background rate at zero dose, a: attained age, b:
birth year, c: city, d: dose, e: age at exposure, s: sex, t: time since exposure.
,
and
,
are, respectively, the ERR and
The terms
the EAR per unit of dose expressed in Sieverts, which may depend on sex (s),
age at exposure (e), and attained age (a).

1.10 Life Span Study Report (LSS)
The Life Span Study (LSS) cohort contains data from atom bomb survivors in
Hiroshima and Nagasaki, Japan, in 1945, where almost 120,000 survivors
were analyzed by the Radiation Effects Research Foundation (RERF) and
Atomic Bomb Casualty Commission. The LSS cohort has several features that
make it uniquely important as a source of data for developing quantitative estimates of risk from exposure to ionizing radiation. In addition, the LSS cohort
includes a large number of survivors that were exposed in the whole body,
which makes it possible to do some direct assessment of the effects at these
levels and assess risk for specific cancer sites and to compare these risks
among sites [15, 22]. For many site-specific cancers, the LSS cohort provides
more information than any other study.
A subgroup’s studies of the LSS cohort delivered clinical data, biological
measurements, and information according to confounders and effect modifiers. In turn, these studies could improve a late effect of exposure to ionization
and cancer. The Committee to Assess Health Risks from Exposures to Low
Level of Ionizing Radiation, National Research Council has summarized all
publications about cancer incidence, cancer mortality including non-cancer
mortality from the LSS cohort since BEIR V [23].
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1.11 Causality in environmental epidemiology
One of the fundamental models used in epidemiologic studies is the Epidemiologic triangle, which includes three major factors: agent, host, and environment (Figure 1.12).

Figure 1.12 Epidemiologic triangle

The criteria of causality in environmental epidemiology provided by the epidemiologic triangle is a framework for viewing hypothesized relationships
among agent, host, and environmental factors in causation of disease.
Hill pointed out that some criteria of causality, which explain that evaluation of a causal association does not depend solely upon evidence from a probabilistic statement derived from statistics, but is a matter of judgment that depends upon serval criterial [24].
• Strength
• Consistency
• Specificity
• Temporality
• Dose-response
• Biological gradient
• Plausibility
• Coherence
• Experiment
• Analogy

1.12 Limitation and deficiencies of environmental
epidemiology
Limitations shown by epidemiologists in studying the association between exposure and outcome.
1- Limitations in detecting disease
2- Limitations in measuring exposure
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1.13 Ecological study
Ecological study design involves making comparisons between populations or
groups of people rather than among individuals. Ecological studies are often
appropriate in environmental settings.
Ecological bias is described by many authors in various scientific fields.
Durkheim discussed ecological bias in the psychological field in 1951, Robinson discussed it in the field of sociology in 1950, where he pointed out that
ecological correlations cannot be used as substitutes for individual correlations. Morgenstern and Greenland described the ecological bias in the field of
epidemiology in 1982 respectively 1989, Openshaw in the field of environmental epidemiology in 1984, Wakefield in 2004 in spatial epidemiology,
Diez-Roux in 1998, and Blakely in 2000 in multi-level studies [25-32]. Wakefield (2004) described the term "ecological" using different connotations in
Environmetrics studies, where the results are based on aggregated data on the
group level within geographic areas and response is a measure of disease incidence at the individual level.
The ecological Fallacy can occur when we try to make an inference about
an individual, based on aggregated data from a different population. The ecological fallacy in environmental and radiation epidemiology can occur when
we try to make a statement based on the data from people from different neighborhood that can be affected by an exposure calculated at group level using
the same risk factors. Most previous studies in radiation epidemiology are
based on ecological data and assumptions are made about individuals, which
is vulnerable to the ecological fallacy. The fact is that different populations
differ in many factors other than the one being evaluated and that one or more
of these other factors may be the underlying reason for any difference noted
in their mortality or morbidity experience.
The current research was limited to the counties with the highest deposition
of 137Cs in Sweden, but also low-risk areas that serve as reference areas. This
limitation can also be motivated to get a slightly more homogeneous population of trading, lifestyle, hospital care, and the environment, by excluding major urban and agricultural areas in southern Sweden. In both papers, we will
use the term cancer, equivalent to malignancies, though cancer with a more
rigorous histological definition is a neoplastic process derived from embryonic ectoderm, thus not including malignancies derived from the bone marrow, i.e., leukemia.

1.14 Induction time
The induction time corresponds to the time that it takes for the causal mechanism to be completed by the action of the complementary component causes
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that act after radiation exposure, which is important to consider in the calculation of incidence rate [33-37]. We cannot be sure what the induction time is
in the low-level radiation for a given exposure and disease. In this case, it is
necessary to hypothesize various induction times and re-analyze the data under each separate hypothesis. There are statistical methods that estimate the
most appropriate induction time, as suggested by Richardsson [38].

1.15 Latency period
A long latency period between exposure to ionizing radiation and cancer diagnosis makes the contribution of other risk factors more prominent, such as
lifestyle, eating habits, or chemical exposure. Age is the single most important
personal risk factor associated with cancer; therefore, regional differences in
the age distribution can sometimes explain spatial differences in cancer incidence. In Sweden, there is a well-known secular trend, with age standardized
total cancer incidence in Sweden increasing about 2% per year over the past
decades [39]. Hypothetically, a trend shift is expected in the population if the
radiation dose influenced the incidence of cancer after a latency period of 5 –
10 years for leukemia and 10 – 20 years for solid tumors [40].

Figure 1.13 Typical development of disease over time
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Nevertheless, it can also be misleading to use specific time windows for latency periods of radiation-induced cancer when exposure from contaminated
soil is present for decades. Only considering the physical decay, after five
years of physical activity of 137Cs, it is still 85% of the initial activity in the
contaminated soil and remaining in the foodstuffs.
In addition, the LSS cohort (Lifetime Study of atomic bombs survivors of
Hiroshima and Nagasaki) mainly bases the data of latency periods on a shortterm exposure of the atomic bomb survivors [41, 42]. According to a previous
epidemiological study, an early increase in the incidence of all cancers related
to the deposition of 137Cs was noticed in Sweden already a few years after the
Chernobyl nuclear power plant accident, suggesting an early-promoting effect
[43].
Individual effective doses, for example, as determined in nuclear workers,
are difficult to measure on a population level, especially many years after the
exposure. Instead, studies have used a proxy for dose assessment based on the
activity determined from fallout maps [43-45], and some have used an ecological design. In contrast, we need to estimate a cumulative dose at individual
levels recommended by literature and Guidelines for exposure assessment. In
a previous epidemiological study, 1,278 incident cases of cancer could be calculated as attributable to the fallout in Sweden during a monitoring period of
1988 – 1999, which is unexpectedly high taking in to account the low-dose
and short latency period [43]. A similar study conducted in Finland showed
no relationship between the depositions of 137Cs when comparing the incidence of cancer before (1981 – 1985) and after (1988 – 2007) the Chernobyl
nuclear power plant accident [45].

1.16 Misclassification Error (information bias)
Information bias can occur when information about the subject in the study
are inadequate so that the information regarding exposure or disease outcomes
are also incorrect; thereby, we may at times misclassify the subject and introduce a misclassification bias. Misclassification can occur in exposure status,
where a person is exposed to radiation and we believe the person is not, which,
in turn, requires that the boundaries of exposure also be classified carefully. A
point to remember, according to Leon Gordis [46], is that bias is a result of an
error in the design or conduct of a study. Efforts should therefore be made to
reduce or eliminate bias or, at the very least, to recognize it and take into account when interpreting the findings of a study.
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1.17 Internal and External validity of this study
Internal validity refers to whether the effects observed in the study are attributable to the independent variable and not some other rival explanation, and
whether there is sufficient evidence to substantiate the statement.
External validity of results is a validity of generalized (causal) inferences
of outcome across various settings, usually based on experiments. In other
words, the results of the study can be generalized to other studies, people, situations, settings, and time.
Internal validity represents the causal relationship between the subject variables in a study, whereas external validity, containing procedural variables,
represents the generalizability of the study and how well it generalizes to a
particular population.
These are the main questions that we should be able to answer:
1- Is our conclusion correct?
2- Are the changes in the independent variable indeed responsible for
the observed variation in the dependent variable?
3- Variation in the dependent variable might be attributable to other
causes.
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Background of this work

The background of this work is based on environmental research methods concerning radiation effects on human health, particularly in Sweden after the
Chernobyl disaster. However, it does not involve any discussion about the
physical and chemical aspects of radiation or the molecular mechanism of
DNA repair after exposure.
Also, this work uses the results from the A-bomb studies as referents and
cannot be used in medical use of radiation, or occupational radiation for nuclear industry workers, or airline employees or medical and dental workers
exposed to radiation.

2.1 Chernobyl nuclear power plant accident, 1986
An accident in Ukraine in 1986 occured during testing of Unit 4 reactor. It is
known as Chernobyl accident. This accident lead to a large amount of radioactive material especially in Belarus, western part of Russian and Ukraine .
[47].

Figure 2.1 Unit 4 reactor at the Chernobyl nuclear power plant after the accident in
April 26 1986
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According to WHO expert group the thyroid cancer incidence increased significantly. A massive amount of radioactive material was released into the environment, and a large number of individuals living in these areas were exposed to radioactive iodine [12]. The major release of radioactive material
lasted for nearly 10 days, releasing in total about 2×1018 Bq of fission and
activation products, of which 3×1017 Bq were 131I and 4×1016 Bq were 137Cs,
according to the Soviet estimate [48].
In Belarus, an increase in thyroid cancer incidence in children was seen in
1990, which later was confirmed as being related to the Chernobyl nuclear
power plant accident. The accident killed 28 of the site’s 600 workers in the
first four months, and 106 workers had acute radiation sickness. About
200,000 clean-up workers received doses between 1-100 rem (UNSCEAR
2008, p47, 58, 107, 119) [49].

© Data from The Radiochemical Manual (Wilson, B. J., ed.),
2nd ed., The Radiochemical Centre, Amersham, 1966

Figure 2.2 The portion of the total radiation dose (in air) contributed by each isotope
plotted against time after the Chernobyl accident.
137

Cs became the primary source of radiation about 200 days after the accident.
The debate regarding epidemiological studies outside the former USSR as the
way to detect increasing of cancer is ongoing. It is discussed that the low dose
of radiation could not contribute to cancer. As result of Chernobyl accident
Sweden received about 5% of the total released 137Cs. During first weeks short
live-nuclides contributed to the dose rate. According to Mattsson and Moberg
the average dose to the entire Swedish population was less than 0.1 mSy per
year. But the years after accident risk group as reindeer herders received 1 – 2
mSy per year [50]. Although the received average dose from the Chernobyl
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fallout in Sweden was below the dose from natural background, there has been
public concern about health impact [51].

2.2 Fallout reached Sweden two days after accident
1986-04-28
According to the SSI the levels of radiation at the Forsmark nuclear power
plant two days after Chernobyl accident were increasing [52]. It was noticed
by the fact that gate monitors sounded at the open ground outside the building.
The measurement of the radiation was immediately started after information
from the local radio station. The contact with Nordic authorities as well was
done which confirmed that the background radiation levels were increased and
airborne contamination was registered in Finland and Denmark [52].

©EC/IGCE, Roshydromet (Russia)/Minchernobyl (Ukraine), Belhyromet (Belarus), 1998 (European Environment Agency, No 3/2003, 2019)

Figure 2.3 Surface ground deposition of cesium-137 released in Europe after the
Chernobyl accident

After alarm from the Forsmark the National Defence Research Institute discovered that several radionuclide ratios from Stockholm station were increased which was indicator for an accident [52].
The FOA system incorporated with the Swedish Metrological and Hydrological Institute (SMHI), based on which they could analyze the Stockholm
trajectories, which indicated the air coming from Latvia/Lithuania, White
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Russia and Ukraine in the former Soviet Union. All facts were pointing to
several sites in the USSR (Ingnalia, Rovno, Chernobyl, Kursk, and Novoroneshisky) according to this analysis, and the conclusion was reported to SSI
at 13:00.
With a Marine helicopter discovered FOA contaminated cloud above sea
at the same day, 28th of April [52]. A systematic collection of data from 25
permanent gamma stations around the country was also initiated already before lunch, and the conclusion pointed out an accident somewhere in the
USSR. The first contact with the authorities in the USSR confirmed an accident in Ukraine, and contact with the authorities in the USSR and other countries in Europe was established while the public in Sweden was informed. SSI
and FOA constantly followed the outdoor radiation level through the gamma
monitoring station and flights using Air Force jet fighter aircrafts [52].

© Anders Sandberg, Taken on August 3, 2011: CC BY-NC 2.0

Figure 2.4 Forsmark nuclear power plant facilities at Uppsala County, Sweden

Later an aerial scanning from a height of 150 m gave an picture over radiation
level in environment in entire Sweden. The scanning was done by private
company Swedish Geological Company (SGAB). At some places was 137Cs
100 times higher than the average cumulative level from past global weapon
tests [52].
Figure 2.6 shows the geographic location of 61 sampling places, which are
stated by name and the Swedish national coordinate system in 1986 (2.5 gon
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W RT38). The source of these background map is from SCB (2018); measurements of 134Cs and 131I are from a book published by the Swedish Radiation
Protection Institute, 1991 [53].
On April 30, 1986, 131I /137Cs ratio was typically around 5. A strong variation in the ratio of short-lived 132Te to 131I was observed, and after sex weeks
the ground activity was dominated by 134Cs and 137Cs. Numerous detailed
measurements were carried out by many organizations throughout the country, mainly of the total gamma dose rates 1 meter above ground, and all were
reported to SSI.
The first action by SSI was to contact the responsible authorities and organizations to establish a communication. The National Defense Research Institute (FOA) supports SSI with measurement calculations.

Source: Expressen, DN, Södermanlands Nyheter, Uppsala Nya Tidning, Jönköping-Post, Gefle Dagblad

Figure 2.5 The news spread directly through the Swedish mass-media to the public

The National Food Agency (Figure 2.7), Sweden (SLV) made a formal limitation for radioactive substances in food, after consultation with the SSI. For
keeping the dose from the food intake (below 1 mSv/year) was a food regulation program introduced [52, 54].
The Board of Agriculture (LBS) issued recommendations to farmer and
reindeer herders. They also became responsible for disbursement of compensations and damages. The Board of Occupational Safety (ASS) issued recommendations on industrial hygiene. The Environmental Protection Board
(SNV) issued licenses, for instance, when sludge had to be deposited and also
became responsible for the exceptional changes in the game hunting seasons.
The Nuclear Power Inspectorate (SKI), which has extensive duties in a domestic accident, gave advice on the likely evolution at the accident site. The
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National Board of Health and Welfare (EpC, SoS, Socialstyrelsen) was responsible for the supply of inactive iodine, and provided information for medical staff. The Swedish Meteorological and Hydrological Institute (SMHI)
supplied and interpreted the necessary weather data
The county councils gave advice to the local municipalities and authorities,
and took part in the sampling and measurements. Many other public and private organizations were also involved, and the Board of Civil Defense (SRV)
provided very important assistance, in the form of extra staff for basic function
at SSI. The earliest scanning picture of the whole country from the fall out
was made by the Swedish Geological Company (SGAB).

© The source of background map is from SCB (2018); measurements of 134Cs and 131I are from a book
published by SSI, ch: Kay Edvarson, Fallout over Sweden from the Chernobyl Accident, Table 7a – 7c,
1991

Figure 2.6 Stationary control station measurements of surface activity of 134Cs and
131
I [kBq/m2] in Sweden, 1986

Parts of northern Sweden along the Bothnian Sea received about 5 to 10% of
137
Cs (137Cs) fallout [55]. The Swedish Radiation Authority estimated that the
accident lead to 300 extra death in cancer during following 50 years [50, 52].
For reindeer, game, wild berries, mushrooms, nuts and fresh water fish sold
to the public a new limit of 1500 Bq/kg was introduced in 1987 [56, 57]. The
limit of 1500 Bq/kg is still exceeded 30 years after the accident [54, 58].
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The radioactive fallout received higher dose of iodine through inhalation,
which resulted in higher levels of iodine in cow´s milk. During 1.5 month, the
samples from the most exposed areas were taken twice a week and once a
week from the rest. Finally, pattern of contamination in milk was that the levels of iodine decreased and the levels of 137 Cs increased. These measurements were summarized as max values activity of 131I Bq/l in milk during
April 28, 1986 – June 6, 1986 in Figure 2.8 [59].

Source: The National Food Agency, Sweden (SLV), SSI ISSN 0280-0357

Figure 2.7 Dietary advice published by the Swedish Food Administration constitution program after the Chernobyl nuclear power plant accident, 1986

2.3 Mapping Geographic Information about 137Cs
Computer software ArcView (GIS) “Geographic Information System” is a
useful tool to store, view, edit, and analyze geographical information according to exposure of 137Cs on the environment and on the ground.
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Figure 2.8 Max value activity of 131I in milk [Bq/l] during April 28, 1986 – June 6,
1986

The system was used by SGU to assess exposure values by incorporating
graphical features with tabular data. In GIS, geographical space is called land.
Spatial data were often combined with data referred to as attribute data. Spatial data pertains to the space occupied by the object. Attribute data are generally defined as additional information on the characteristics of the subject under investigation. This additional information can be combined with spatial
data, which were not available in 1986 due to the limitations of both software
and hardware.
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2.3.1 A brief description/history about GIS database according to
137
Cs, which was created by SGU/SGAB from 1986 to 2004 to
produce an exposure map
1986: In the spring and the summer of 1986, SGU measured the radioactive
precipitation during the major pressures (the flight measurement group). A
number of maps were produced and presented, mostly based on counts/time
units, but some of the products showed exposure rates (uR/h) and Cesium.
SGU had a provisional calibration for Cesium, based on a measurement point
north of Uppsala [60, 61].
In the autumn of 1986, the FOA (now FOI), together with SSI, measured
the grass surface of Sundbro airfields in Uppsala. SGAB, which had the aviation business in 1986, took the opportunity to simultaneously fly over the same
area and measure the same grass area. SGAB flew at a few different heights
to gain altitude.
Based on the FOA/SSI calibration values, the collected data were reprocessed, and the results were delivered to SSI in the form of a map of Sweden
that showed the 137Cs fallout. Noteworthy that it was actually 134CS that SGU
calculated because it was easier to calculate. So the 137Cs that was reported
was actually the 134CS multiplied by a factor of 1.7, which was the official
quota between 137Cs /134CS [62]. At the beginning of the 1990s, the Chernobyl
data were reprocessed from 1986, and because the half-life is different for
137
Cs and 134CS, SGU could now process a 137Cs process (that is the reason for
why the SGU could calculate the detector response in the beginning of 1990
(normal spectrum) for 137Cs and 134CS). However, it does not change anything
for this story.
During 1987 and 2004, SGU continued its regular mapping over a number
of areas in Sweden. In 1998, SGU performed a calibration flight across Sweden. The motive was that SGU had performed geophysical measurements
since 1960 with a variety of measurement systems and with varying quality.
This calibration flight was conducted along lines in NV-SO or NO-EN direction, with approximately 16 km between the lines. 137Cs was calculated from
these data and scaled to match the data collected in 1986. These data, which
reported 137Cs along these lines expressed in the 1986 levels, would shed light
on whether it was practically possible to determine the depth of penetration
based on the measured data. So far, no one has managed this with the NaIdata collected, for example, with aircrafts or helicopters.
From the data collected by SGU in 1987 – 1998 and collected under the
regular mapping, 137Cs was calculated and adjusted using 137Cs information
from the 1998 calibration flight. Since 1998, SGU has calculated 137Cs from
the collected data, adjusting with the information from the calibration flight
and sending data to SSI. The scale factor that SGU adjusts to is on the order
of 2.5 – 3, which is considerably more than the half-life and is due to the penetration on the ground.
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The map probably shows all 137Cs data collected by SGU and measurement
data by SSI. The map excludes the data measured in the spring of 1986, which
can be found at SSI as a separate dataset. All data were corrected back to what
it would have been on May 1, 1986.

SOURCE: Geodata of 137Cs is from SGU (2011), and background map is from Statistics Sweden (2018)

Figure 2.9 Distribution of Cs-137 in Sweden after the Chernobyl accident 1986

SGU measured one area at a time. For the areas measured after 1986, data are
available along 200 meters between lines. For the areas that SGU measured
before 1986, only data are available from the calibration flight, which was
then 16 km between the lines. For all measurements, the resolution is along
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the line about 50 meters. Formally, data with resolution were down to 17 meters, which may be useful in areas with high (multiple 10-kBq/m2) scale. This
is the reason why some areas on the map look "smooth" (SGU 16 km data
from the calibration flight) and others more content-rich (SGUs 200 meter
data). The software that produces the map takes existing data without adjustment for the distance between the data points and interpolates a surface image.
Figure 2.10 shows the flying line over the country until year 2000. This data
became available as ArcView in 2000 by SSI (14 years after the accident),
where there are some agreements between SGU and SSI that yearly measurements should be delivered to SSI since year 2000.
Measurements of 137Cs have been redistributed during these period, both
vertically and horizontally, so it is not entirely true when we say that this
reflects the level of 1986. But in general, it is true if we are talking about total
137
Cs in the soil.

2.4 Surface activity of 137Cs in two big cities of Sweden
in 1986
Figure 2.11 shows the surface activity of 137Cs presented by the Swedish authority (SSI) in 1986 that shows the exposed area; and figure on the right
shows the two cities (Gävleborg and Västernorrlad) with the high exposed
values and high population density. These areas had a value over 90 (kBq/m2).
These two counties include almost 25% of the general population and 89% of
the highest exposed individuals in highest quartiles of 137Cs on the ground
after the accident in these counties.
The total cancer incidence in Sweden is increasing with 2% a year. Both
personal and environmental factors are contributing factors. Age, lifestyle including food habits and chemical exposure are some of these factors. Especially because of latent period between exposure for radiation and cancer diagnosis these factors significantly impact and caused cancer [39, 63]. It is expected that the trend of cancer in Sweden might be higher because of the latent
period of exposure for radiation. For example in leukemia after 5-20 years and
for solid tumors after 10-20 years [40].
Therefore, with the large range of different latency periods for different
cancers and the prolonged exposure, together with earlier epidemiological
findings, we chose to omit the presentation of different time-windows. Instead, only one follow-up period was used in the present study protocol (in
both the first and the second study).
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SOURCE: SÖREN BYSTRÖM, SGU (Rapport 2001:9)

Figure 2.10 Flight lines 1986-2000

In a previous epidemiological study, 1,278 incident cases of cancer could be
calculated as attributed to the fallout in Sweden during a follow-up period
from 1988 to 1999, which is unexpectedly high, taking into account the low
dose and the short latency period [43]. A similar study has been performed in
Finland, showing no association between the fallout of 137Cs when comparing
the cancer incidence before (1981 – 1985) and after (1988 – 2007) the Chernobyl nuclear power plant accident [45].
Despite a relatively large public concern in Western Europe about the
health effects of radiation, such as cancer, surprisingly few studies have investigated the incidence of cancer after the Chernobyl accident. Follow-up
studies in the Nordic countries 7 to 24 years after the accident have reported
conflicting results as to whether the increased incidence of cancer in the exposed areas can be attributed to the accident [43-45, 58, 64-67]. These studies
have been using different methods in classifying the exposure from 200x200
m grid to the average 137Cs deposition on the county level, from 2 to 6 exposure categories, different age groups, different follow-up periods, and therefore very different statistical power to detect a small increased risk of cancer
related to the deposition of 137Cs. The initial reports that studied mainly child-
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hood leukemia were assumed to have the shortest latency period, with a relatively small number of cases showing no association to the 137Cs fallout, but
they all had a relatively short follow-up period until 1992.

SOURCE: SSI-Report 2007:2, SGU, GSD, LMV-Rapport 1996:9 ISSN 0280-5731

Figure 2.11 Surface activity of 137Cs in two big cities of Sweden in 1986

On the contrary, two Swedish studies, with a large number of cases, reported
a slight increase in the overall cancer rates related to 137Cs deposition after the
Chernobyl accident. Two studies from Finland with even a larger number of
cancer cases, but also with about half of the number of cases in the reference
category, could not detect any increase in the cancer rates, using an exposure
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matrix of 8x8 km based on dose rate measurements in 1,050 locations. In a
third Swedish study, by our group, we could not verify any exposure-response
pattern and instead suggested that the association found in the previous Swedish studies was spurious and could perhaps be the result of confounding, from
unadjusted regional differences in the incidence of cancer before the accident
[44]. However, that study had an ecological design, so in the current study, we
decided to restrict the population to the most affected counties in 1986 and to
increase the precision in the exposure assessment, by using 137Cs deposition
on their dwelling coordinates.

2.5 Objectives of this research
The objectives of this research work were to evaluate the association between
fallout (low-level ionizing radiation, exposure in environment) and cancer
(solid cancer) as a consequence of radioactive release in the environment.
The aim of first study was to investigate an exposure-response relationship
by ecological data before and after Chernobyl accident.
The aim of second study was to study the exposure-response relationship
between a 5-year cumulative exposure from 137Cs and the cancer incidence
at the place of residence (Uppsala, Gävleborg, and Västernorrland).
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Description of the studies and results

Different data sources were used in this work; moreover, different exposure
sources were applied to this work as shown in study one and study two. The
data for cancer and death are from the same source in both studies. Two different study designs were applied for each study. Dose assessment in the first
study is a form of ecological data, using a fictive assignment for year 1980 in
nine counties, municipalities, and parish levels; in the second study, a cumulative dose assessment was applied for only three counties for the period 1986
through 1990.

3.1 Data sources
The data sources in both studies are mainly based on the population from nine
counties and retrieved from different registries with different information.

3.1.1 The national registry
The National Archives of Sweden is one of the oldest public agencies in Sweden, and its roots can be traced back to the 1200s. The National Archives of
Sweden was established in 1618 to hold the government and court records,
and became an independent public authority in 1878. Between 1899 and 1935,
seven Regional State Archives were established to collect and preserve the
records of regional and local authorities. The first study is based on the cohort
selected from National Archive of Sweden. The population in this study began
in 1980 and ended in 2009.

3.1.2 Statistics Sweden (SCB)
Statistics Sweden (SCB) began in 1686 through church law and was a basis for
the population statistics. SCB has been responsible for information about the
Swedish population and started to publish its first document in 1764. A statistical yearbook was established and released for the first time in 1914. All socioeconomic information and living place information for the second study
population are retrieved from this registry.
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3.1.3 The Swedish Cancer Registry (EpC)
According to Regulations by the National Board of Health and Welfare (Socialstyrelsen), all cancer cases in Sweden must be reported by malignant and
certain benign tumors. Thus, the majority of cases are noted twice, in separate
reports. Only persons that have official residency in Sweden are included in
the Cancer Registry. The registry was established in 1958 and is hosted by the
Swedish National Board of Health and Welfare, Swedish Cancer Registry
(EpC), which is held by the Center for Epidemiology. The registry covers the
whole population, and approximately 50,000 malignant cases of cancer are
registered every year in Sweden. We used this registry to identify all new cancer cases during 1980 – 2009 and 1980 – 2010 in the first study, respectively,
in the second study.

3.1.4 The Cause of Death Registry (EpC)
The Swedish Cause of Death Registry includes all those who died during one
calendar year and are registered in Sweden at the time of death, regardless of
whether the death occurred inside or outside the country. The National Board
of Health and Welfare, Swedish Death Registry (EpC), hosts the register.

3.1.5 Source of exposure: Geographical and Environmental
information
The Swedish Radiation Safety Authority (SSI) reports to the Ministry of the
Environment and Energy and has mandates from the Swedish Government
within the areas of nuclear safety, radiation protection, and nuclear non-proliferation.

3.1.6 Geological Survey of Sweden (SGU)
SGUs airborne geophysics team is, since the Chernobyl accident in 1986, a
part of Sweden’s preparedness program for nuclear and radiological events,
as issued by the Swedish Radiation Safety Authority’s (Strålsäkerhetsmyndigheten, SSM) expert support organization. This means that SGU participates
in regular exercises and is available as a measurement resource in emergencies. SGUs is responsible for measuring gamma radiation and creating a radioactive map using aircrafts. It gives the possibility to efficiently measure radioactive fallout on the ground, and obtain detailed information about the fallout on the map, and a correct intensity of gamma radiation.
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3.2 Description of Study 1
Our main hypothesis was that an exposure-response in cancer incidence could
be identified after the Chernobyl nuclear power plant accident, but we also
wanted to explore whether such response could be influenced through aggregation of data on different geographical levels: parish, municipality or county.
Thus, we have chosen an ecological design, with 137Cs exposure at the group
level in association with cancer at the individual level. Furthermore, we
wanted to study the pre-Chernobyl regional differences in the cancer incidence, and to investigate if such regional differences were present before the
accident in 1986, hence acting as a potential confounding factor.

3.2.1 Material and methods
We created two closed cohorts for before and after the Chernobyl accident. A
total of 2.2 million people from nine following counties were included into
cohorts: Norrbotten, Västerbotten, Jämtland, Västernorrland, Gävleborg, Dalarna, Västmanland, Uppsala, and Södermanland
3.2.1.1 Design
A partially ecologic study design was used with a cross-level analysis of cancer on the individual level and exposure assessment on county, municipality
and parish level. Personal identification numbers of the population in the two
cohorts (1980 and 1986) were retrieved from the National Archives of Sweden.
The two closed cohorts were defined as subjects alive any time from January
1st to December 31th in 1980 for the pre-Chernobyl cohort and from April 28th
to December 31st 1986 for the post-Chernobyl cohort. The start of the followup period for cancer incidence was January 1st 1980 for the pre-Chernobyl
cohort and April 28th 1986 for the post-Chernobyl cohort. The follow-up period ended on December 31st 1985 (up to 6 years) for the pre-Chernobyl cohort
and December 31st 2009 (up to 23.7 years) for the post-Chernobyl cohort. The
number of person-years was calculated for each subject of the two cohorts
until the first diagnosis of cancer and censored by the date of death or the end
of the follow-up periods, respectively.
3.2.1.2 Cancer cases
All cases of cancer (ICD-7 code 140-209), with the date of diagnosis and the
date of death (all causes), were retrieved from the National Board of Health
and Welfare from January 1st, 1958 to December 31st, 2009. In total, 368,244
cases of cancer were identified. Subjects with a diagnosis of cancer prior to
the start of follow-up were excluded from the cohorts; furthermore, in cases
with multiple cancer diagnoses, only the first diagnosis of cancer was considered during the follow-up, since multiple cancer in each subject might not be
independent events.
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3.2.1.3 Exposure to 137Cs
Data for the surface-weighted average of 137Cs deposition for each county
(n=9), municipality (n=95), and parish (n=612) in the present study were received from the Swedish Radiation Safety Authority and ranged from 2 to 28,
2 to 58, and 1 to 85 kBq/m2, respectively, excluding the water areas when
calculating these averages (Figure 3.1). The areas with the lowest fallout in
1986 were used as the reference category (≤ 2.6 kBq/m2) for both the period
1980 to 1985 and 1986 to 2009. By assignment from the Swedish Radiation
Safety Authority, the Geological Survey of Sweden had performed yearly aerial
gamma-radiation measurements of Sweden (gamma-spectrum of 137Cs, by an
especially equipped Cessna 240 flying at a height of 30 or 60 meters above
the ground, with a line spacing of 200 to 5,000 meters). These measurements
were stored in a database, with measurements in kBq/m2 of 137Cs in a 200x200
m grid map backdated to May 1st, 1986 (in total 9.9 million measurement
points) and provided to the Swedish Radiation Safety Authority for calculation
of county, municipality, and parish averages, respectively. In order to test if
an exposure-response pattern existed prior to the Chernobyl nuclear power
plant accident in 1986, the same surface-weighted value for each parish, municipality, and county was used for both the 1980 cohort and the 1986 cohort.
This means that a fictive fallout map was applied for the 1980 cohort, using
the map from May 1st, 1986 when classifying the exposure for the subjects in
both cohorts.
3.2.1.4 Calculating the age-standardized incidence per 100,000 per year
(1980 – 2009)
Cases of cancer and the population in 9 counties was retrieved annually from
the National Board of health and Welfare, and Statistics Sweden, respectively.
The Swedish standard population from year 2000, in 5-year age-bands, was
used for the age standardized total cancer incidence.
In the direct method, age-specific rates of the study population (9 counties) are applied to an arbitrarily chosen standard population (i.e., Swedish
standard population year 2000). This produces the expected number of events,
which represents the number of events that would be expected in the Swedish
standard population if it had experienced the same age-specific event rate as
the study population (9 counties). The direct standardized rate is obtained by
dividing the expected number of events by the total standard population. The
choice of an appropriate standard population is important and should be considered as such. The requirements for this calculation are: 1) Number of events
(incident cases, cancer cases) for each age group in the study population
(data from National Board of Health and Welfare, EpC), 2) Population estimates for each age group in the study population (data from Statistic Sweden,
SCB), and 3) Population for each age group in the standard population (data
from Statistic Sweden, SCB).
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Figure 3.1. The surface-weighted average of 137Cs deposition at county (n=9), municipality (n=95), and parish level (n=612) calculated by
Swedish Radiation Safety Authority (SSI).

© Hassan Alinaghizadeh 2018, Geodata of 137Cs is from SSI (2012), and background map is from GSD, LMV-Rapport 1996:9 ISSN 0280-5731 and Statistics Sweden (2018)

The examples use 9 counties as the study population, and the total population
of Sweden from year 2000 as the standard.
For each age category, the age-specific (crude) rate is calculated by dividing the number of events by the study population for that age category, where
−

( )=

For each age category, the age-specific crude rate is multiplied by the
age-specific standard population to obtain the expected number of events,
where
( )= ×
−
The total Crude Rate (per 100,000 per year) is the sum of the event in the study
population divided by the total study population, where
(

)=

( ) × 100,000

The Standardized Rate (per 100,000 per year) is the sum of all expected events
divided by the total standard population, where
(

)=

( ) × 100,000

In the case using ( ) as standard population and not using
(

)=

∑( )
× 100,000
∑( )

where
is the observed number of events in age group i in the study population
is the number of persons in age group i in the study population
is the event rate in study population for the persons in age group i
is the number of persons in age group i in the standard population
is the expected number of events in age group i in the standard population
An alternate calculation approach uses population weights derived from the
standard population. Algebraically, these two methods are identical.
(the weight of each age group in the standard population),
To obtain
the population in each age group is divided by the total population to give the
proportion of population in each stratum.

59

=(

/

(
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For each age category, the study population’s age-specific crude rate is multiplied by the age-specific standard population weight to obtain the expected
number of event(s) (cancer).
−

( )=

×

With this method, it becomes more obvious that the adjusted rate is simply a
weighted average of the age-specific cancer rates, where the weights represent the proportion of the standard population in each age strata.
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66516
77887
82669
82830
77508
79937
91719
84861
65898
59850
61791
66814
64085
58389
48758
32239
17435
8976

23
9
11
15
22
12
22
43
48
97
156
347
544
718
894
787
528
326

SCB (9 county) year 1980

EpC (9 county) year 1980

Source: EpC. SCB

Crude Rate per 100.000
Standardized Rate per 100.000

0-4
5-9
10 - 14
15 – 19
20 – 24
25 – 29
30 – 34
35 – 39
40 – 44
45 – 49
50 – 54
55 – 59
60 – 64
65 – 69
70 – 74
75 – 79
80 – 84
85 +

Population at 9
county

Event at
9 county

Study Population

457850
585912
587036
508580
516722
592158
627790
632088
584563
583580
641968
591181
442477
378259
362075
337991
247591
204971
407.9201391

0.000345781
0.000115552
0.000133061
0.000181094
0.000283842
0.000150118
0.000239863
0.000506711
0.000728398
0.001620718
0.00252464
0.005193522
0.008488726
0.012296837
0.018335453
0.024411427
0.030283912
0.036319073

( )=

Crude Rate
×

1.78228E-05
7.62185E-06
8.79357E-06
1.03684E-05
1.65114E-05
1.00074E-05
1.69523E-05
3.60569E-05
4.79348E-05
0.000106478
0.000182458
0.000345647
0.000422847
0.00052364
0.000747379
0.000928857
0.000844107
0.000838065

( )=

Expected event

511.15474437
Approximate 95% confidence interval
511.15474437= (490.227397 to 521.651424)

( ))

0.051543479
0.065960342
0.066086879
0.057254521
0.058171125
0.066663499
0.070674851
0.071158708
0.065808476
0.065697812
0.072270971
0.066553512
0.049812829
0.042583345
0.040761396
0.038050086
0.027873106
0.023075065

=( /

Standard population
Swedish
population
Weight
year 2000

Table 3.1. An example of direct standardization - age adjusted rates per 100,000 persons per year– Males – 1980

SCB (Swedish population year 2000)

Choice of a standard population
The standard population can be any population and the selection of a standard
is somewhat arbitrary. In general, the greater the difference between the age
distributions of the standard population and the study population, the
greater the difference in the crude and adjusted rates for the study population.
The standard population can affect the magnitude of the adjusted rate, the
perceived trends in rates, and ranking of priorities (e.g., ranking of leading
causes of cancer diagnoses). Thus, the standard population should be chosen carefully since it can have a significant influence on the results and the
conclusions drawn [68, 69].

Source: EpC. SCB

Figure 3.2. Age-standardized incidence of total cancer per 100.000 from 1980 to
2009. Rates are age-adjusted to the 2000 Swedish standard population by 5-year age
groups

Table 3.1 shows a direct standardization of age-adjusted rate per 100,000 persons per year in 1980 for males from nine counties. The calculation is repeated
for both genders from 1980 to 2009 to estimate the SIR values, which result
in 60 tables. The SIR value for the general population is obtained from the
Swedish National Board of Health and Welfare. Swedish Cancer Registry
(EpC).
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3.2.1.5 Time trend analyses of age-standardized incidence rate:
“Joinpoint regression”
Joinpoint regression is used to examine adjusted incidence rates of cancer as
piece-wise log-linear functions of time. For each areal unit (9 counties vs.
general population), this method will find an inflection point (or joinpoints)
representing the time at which the slope changes. As the trend changes, which
is represented by a single line or a series of linked segments, the trend across
the entire study period is not required to be log-linear. The slopes of the segments adjacent to the joinpoint quantify the change in the rate over time and
define an annual percent change (APC). APC of multiple segments can be
summarized as average annual percent change (AAPC), or as average biennial
percent change. Using joinpoint regression to analyze 9 counties compared to
the general population age-standardized incidence rate was independently
modelled as log-linear piece-wise functions of time with Poisson variance,
log-population offset, uncorrelated errors, and a maximum of five joinpoints
in Joinpoint Regression Program v4.0.4 (National Cancer Institute. Calverton.
MD). Model fit and the number of joinpoints were assessed with the modified
Bayesian information criterion [70].
Average Annual Percent Change method (AAPC) can be estimated by:
ln

=

+

+

−

+ ln(

)

Where
= is the number of events in group j at time k.
= is the modeled baseline value of Y in group j
= is the modeled change in outcome per unit time (t) for the first segment
= is the modeled change in outcome per unit time (t) of the segment following the
ith joinpoint for group j
= is the ith joinpoint for group j
= is the population-at-risk in group j at time k

3.2.1.6 Poisson regression
Poisson regression using PROC GENMOD in SAS was used to follow the
incidence rates over time. Due to the overestimation of error for the estimated
relative risk or incidence rate ratio (IRR), with the lowest exposure category
as reference category (≤ 2.6 kBq/m2 ), the Poisson regression was adjusted by
a procedure known as sandwich estimation using xtpoissson command in
Stata [71].
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Exposure was categorized in five groups based on the average county, municipalities and parish deposition of 137Cs. Stratified on gender, the age adjusted
cancer incidence rate ratios were calculated for each geographical level. A
possible ecological bias from geographical exposure misclassification was
visualized by comparing sigma-u values for the three geographical levels:
county (n=9), municipality (n=95), and parish level (n=612). Sigma-u is the
variance of the residuals of the IRR at each geographic level. A higher variance is interpreted as a higher degree of explanation of the IRR at that geographical level .
When sigma-u is zero, the panel-level variance component (county-level,
municipality-level, and parish-level) is unimportant and the panel estimator is
not different from the pooled estimator. A likelihood-ratio test of this is used
to confirm the panel estimator. This test formally compares the pooled estimator (Poisson) with the panel estimator. Here, in the model at the parish
level, we have a significant sigma-u, which is greater than zero and two other
models, so a panel estimator must be specified.
=
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(1980–1985) 0.5 (-1.4 – 0.4)

Females

APC (95% CI)

APC (95% CI) AAPC (95% CI)

0.3 (0.2 – 0.5)*

0.5 (-0.2 – 1.2)

0.6 (0.5 – 0.7)*

(2004–2009) -0.1 (-1.4 – 1.1) 0.7 (0.3 – 1.1)*

YEARS

Trend 4

(2004–2007) -2.9 (-7.8 – 2.3) (2007–2009) 3.2 (-2.0 – 8.8)

(1997–2004) 1.9 (1.0 – 2.8)*

YEARS

Trend 3

† Trend years may include different times periods based on Joinpoint regression modelling.
AAPC Average Annual Percent Change. Full Range (1980-2009)
APC Annual Percent Change
CI Confidence Interval
* Significant different from zero at alpha = 0.05

(2000–2004) 2.9 (0.2 – 5.6)*
(1985–2009) 0.5 (0.4 – 0.6)

(1980–2000) 0.2 (0.1 – 0.4)*

Males

Study
population

(2000–2009) 1.0 (0.8 – 1.3)*

(1980–2000) 0.4 (0.4 – 0.5)*

APC (95% CI)

Females

YEARS

(1984–1997) 0.1 (-0.2 – 0.4)

APC (95% CI)

(1980–1984) 1.5 (-0.2 – 3.3)

YEARS

Trend 2

Males

General
population

Trend 1

Table 3.2. Trends† in percent of age-standardized-cancer-incidence during 1980 – 2009 by gender

(ref)
1.114
(1.093 – 1.135)
1.078
(1.060 – 1.097)
1.117
(1.098 – 1.138)
1.078
(1.055 – 1.101)
0.02
(0.01 – 0.03)

1.043
(1.003 – 1.085)
1.044
(1.007 – 1.082)
1.098
(1.058 – 1.140)
1.026
(0.982 – 1.072)
0.04
(0.02 – 0.07)

1.114
(1.094 – 1.134)
1.090
(1.072 – 1.109)
1.151
(1.131 – 1.170)
1.093
(1.071 – 1.116)
0.04
(0.02 – 0.06)

1.153
(1.111 – 1.198)
1.087
(1.050 – 1.126)
1.127
(1.086 – 1.170)
1.101
(1.055 – 1.149)
0.06
(0.04 – 0.10)

(ref)

(ref)

(ref)

Counties (n=9)
1980–1985
1986–2009

1.054
(1.015 – 1.094)
1.111
(1.071 – 1.153)
1.050
(1.009 – 1.0912)
1.044
(1.000 – 1.090)
0.06
(0.04 – 0.08)

(ref)

1.047
(1.010 – 1.086)
1.144
(1.104 – 1.186)
1.061
(1.021 – 1.102)
1.108
(1.062 – 1.155)
0.09
(0.08 – 0.12)

(ref)

1.074
(1.055 – 1.093)
1.108
(1.089 – 1.128)
1.082
(1.062 – 1.103)
1.092
(1.070 – 1.116)
0.04
(0.03 – 0.05)

(ref)

1.059
(1.041 – 1.077)
1.127
(1.108 – 1.147)
1.112
(1.093 – 1.132)
1.100
(1.079 – 1.123)
0.07
(0.06 – 0.09)

(ref)

Municipalities (n=95)
1980–1985
1986–2009

† Sigma-u: SD of residual within groups (county, municipality, and parish) indicating a variance explanation.

Sigma-u†

28.4 +

14.1 – 28.3

6.6 – 14.0

2.7 – 6.5

Females
≤ 2.6

Sigma-u†

28.4 +

14.1 – 28.3

6.6 – 14.0

2.7 – 6.5

Cesium
categories
(kBq/m2)
Males
≤ 2.6

1.007
(0.971 – 1.045)
1.058
(1.020 – 1.099)
1.040
(1.002 – 1.080)
1.016
(0.978 – 1.056)
0.06
(0.05 – 0.09)

(ref)

1.041
(1.001 – 1.079)
1.079
(1.040 – 1.120)
1.037
(1.000 – 1.076)
1.094
(1.054 – 1.135)
0.10
(0.09 – 0.12)

(ref)

1.047
(1.028 – 1.065)
1.073
(1.053 – 1.092)
1.062
(1.043 – 1.081)
1.066
(1.046 – 1.086)
0.05
(0.04 – 0.06)

(ref)

1.049
(1.032 – 1.067)
1.078
(1.059 – 1.097)
1.100
(1.082 – 1.119)
1.071
(1.051 – 1.090)
0.08
(0.07 – 0.09)

(ref)

Parishes (n=612)
1980–1985
1986–2009

Table 3.3. Age adjusted cancer incidence rate ratios (IRR) stratified by gender, with 95% confidence intervals in brackets during the pre(1980 – 1985) and post- (1986 – 2009) Chernobyl periods for five classes of exposure to cesium-137 (kBq/m2) at three geographical levels

3.2.2 Results
For the 1986 cohort, the mean age with standard deviation at inclusion was 38
± 23 years for males and 40 ± 24 years of age for females. An overall age at
the end of the follow-up period (December 31, 2009) was 58 ± 19 years for
males and 60 ± 20 years of age for females.
The age standardized (using Swedish standard population in year 2000)
cancer incidence per 100,000 persons (males and females, separately) from
1980 to 2009 in both the study population and the general population was calculated. The joinpoint regression resulted in a three-point model for males and
a one-point model for females. For males, a significant annual percent change
was found for the period 1997 – 2004 in the general population and for the
periods 1980 – 2000, but also 2000 – 2004 in the study population. For females, significant changes were found for the periods 1980 – 2000 and 2000
– 2009 in the general population. In the female study population, there were
non-significant changes during 1980 – 1985 but a significant change during
1985 – 2009. For the whole study period (1980 – 2009), females had a significant average annual percent change (AAPC) in both the general- and the
study populations (AAPC=0.6; 0.5 – 0.7 resp. AAPC=0.3; 0.2 – 0.5), but for
males only a significant change in the general population (AAPC=0.7; 0.3 –
1.1) was found, but nothing in the study population (AAPC=0.5; -0.2 – 1.2).
Five exposure categories could not reveal any obvious exposure-response
pattern in the age-standardized cancer incidence rate ratios, neither in the pre(1980 – 1985) nor in the post-Chernobyl (1986 – 2009) follow-up periods.
The reference region (≤ 2.6 kBq/m2) had the lowest cancer incidence rate, both
before and after 1986 for both genders. In the highest exposure category (≥
28.4 kBq/m2), the cancer incidence rate ratio decreased for males after the
Chernobyl nuclear power plant accident compared to before at county, municipality, and parish level. In contrast, for females, there were increased incidence rate ratios at all exposure categories comparing the two cohorts, 1980
and 1986, respectively (except in one category; 6.6 – 14.0 kBq/m2 at municipality level). Sub-analyses of incidence rate ratios among the two specific radiation sensitive malignancies, thyroid cancer and leukemia, and among children aged 0 – 20 years old, did not reveal any exposure-response patterns.
An increased resolution in exposure assessment from 9 areas (county level)
to 95 areas (municipality level) or to 612 areas (parish level) did not reveal
any apparent differences in the exposure-response pattern. Sigma-u increased
for both males and females (from 4% to 8% and from 2% to 5%, respectively)
in the post-Chernobyl period (1986 – 2009) when the geographical exposure
resolution increased from 9 counties to 612 parishes.
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3.3 Description of Study 2
The hypothesis tested in the second study assumed that persons living in the
highest contaminated areas are more likely to develop cancer than persons
living in the lowest contaminated area.

3.3.1 Material and methods
Of those who belonged to highest quartile of exposure higher than 25.43
kBg/m2 in Sweden are 89% inhabitants in three counties (Uppsala, Gävle and
Västernorrland) including into current cohort. Which is 25% of entire population in these three counties (n=803 703) [51].
3.3.1.1 Study population
Of the study population (n=803,703) from December 31, 1986, 9,936 individuals were excluded because of missing data and 26,965 individuals because
of death during 1986 to 1991. All individuals (n=734,537) were followed in
the cancer register until December 31, 2010. The mean age at inclusion in
1986 for males was 35 ± 21 and for females was 38 ± 22. The number of
deaths during the follow-up period (1991 – 2010) was 163,797; these individuals are included in the data as censored observation if they did not have any
cancer.
3.3.1.2 Exposure assessment
By assignment from the Swedish Radiation Safety Authority (SSI), the Geological Survey of Sweden (SGU) performed yearly aerial gamma-radiation
measurements of Sweden (gamma-spectrum of 137Cs by an especially
equipped Cessna 240 flying at a height of 30 or 60 meters above the ground
with a line spacing of 200 – 5,000 m). These measurements were stored in a
database and expressed in kilo Becquerel per square meters (kBq/m2) of 137Cs
in a 200 × 200 meter digital grid map backdated to May 1, 1986 (in total, 9.9
million measurement points) [72, 73]. The geographical coordinates of the
dwelling house during the first five years after the accident were noted for
each individual's accommodation place throughout the country and was
matched to this exposure map (This matching and processing of coordinates
using MapInfo was performed by Statistics Sweden).
A proxy for the external dose rate at the individual level was calculated
using an algorithm presented by Chase (1967) [7] for 5 years (i = 1,…,5). The
decline of activity of 137Cs due to the physical decay (T½ 30.2 years) was included in the following algorithm:
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Figure 3.4 Sample selection in a study of the effects of cumulative cesium-137 exposure from the 1986 Chernobyl nuclear accident on cancer rates in three counties in
Sweden, 1991 – 2010
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Estimated exposure was linked to each individual, and cumulative exposure
was calculated step-by-step:
• The residential addresses of all individuals were assigned a map
coordinate for each year from 1986 until 1990, which allowed them
to be followed if they moved within the country.
• These residential coordinates were compared to the 1986 137Cs exposure digital map so that the radiation exposure of individuals who
moved out or in to these three counties could be estimated.
• The algorithm of the physical decline of 137Cs activity was applied
to estimate exposures during these 5 years.
• All individuals received a single value for cumulative 137Cs exposure for the period between 1986 and 1990 in kBq/m2 units.
3.3.1.3 Endpoint
After an exposure period of five years (1986 to 1990), all cases of cancer
(ICD-7 code 140-209) registered by the National Board of Health and Welfare, Swedish Cancer Registry and diagnosed during 1991 to 2010 for those
persons living in the three counties any time during the cumulative exposure
assessment period (1986 – 1990) were retrieved. Cases with any cancer registered before 1991 were excluded, tracing the diagnoses back to the start of the
Swedish cancer registry in 1958. A diagnosis of cancer during the period January 1, 1991 to the end of study on December 31, 2010 was considered as an
event. In the case with multiple cancer diagnoses, the first diagnosis date was
assumed to be the event date. Cases without any cancer diagnosis, death, or
missing data during 1991 – 2010 were considered as censored or lost to follow-up.
3.3.1.4 Non-rural and Rural
To control for the influence from the inhabitants, the study population was
divided into two subcategories: non-rural and rural areas, defined as living in
a population center larger than 3,000 inhabitants or not. The definition of a
population center is from Statistics Sweden and include congregation of buildings with distance of 200 meters and number of inhabitants more than 200
[74].
70

3.3.1.5 Pre-Chernobyl incidence rate (1980 – 1985)
Adjustment for regional differences was made by including the pre-Chernobyl
cancer incidence in the model. This pre-Chernobyl incidence of the municipality was included for each individual in the adjusted model as a covariate.
3.3.1.6 Age and gender stratum
The age-variable used in both the unadjusted and adjusted models was at exposure time in 1986. Stratification in gender and age was based on the differences in the occurrence of cancer between genders at different ages, according
to the official statistics [39]. Chosen age categories include children (1 – 14
years), teenagers and young adults (15 – 24 years), adults (25 – 49 years),
adults (50 – 74 years), and elderly (aged 75+).
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Figure 3.5 Surface ground deposition of 137Cs released in Västernorrland, Gävle and Uppsala County after Chernobyl accident 1986.

© Hassan Alinaghizadeh Source: Geodata of 137Cs is from SGU (2011), and background map is from Statistics Sweden (2018)

Figure 3.6 Distribution of cumulative cesium-137 exposures from 1986 through
1991 in three counties in Sweden by sex.

3.3.1.7 Proportional hazard regression models
We assumed that time until the first cancer diagnosis differs by age and sex,
thereby sacrificing some statistical power when stratifying by these variables
and applying a proportional hazard model to the data. We first created an unadjusted model with all covariates to estimate a crude hazard ratio and then an
adjusted model with all covariates and exposure categories. All covariates
were controlled for collinearity and interactions, and no violations of collinearity or interaction were observed.
Univariate survival with independent event times; t1. t2… tn and the fixed
effect ( ) is explained by:
ℎ( ) = [ℎ ( )]

(

⋯

)

ℎ( )= hazard function at time t
ℎ ( ) = baseline hazard or hazard for an individual when value for
explanatory factor ( ) is equal to zero (baseline survival function/baseline hazard). Involves t but not
(
⋯
)
= Exponential function of independents,
which involves but not t and is not time-dependent
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The assumptions of proportional hazards for the Cox-regression model, according to the time-dependent covariates, were tested with Schoenfeld residuals on the function of time [75]. The assumption was rejected, and the timedependent variables were analyzed as categorical variables, and stratified
analysis was used.
Two spread Cox regression models within age, sex, and area of residence
(rural or non-rural) were used to investigate a possible exposure-response pattern using the three levels of cumulative exposure to 137Cs as a factor. The first
quartile was the lowest exposure level (0.0 to 45.4 kBq/m2), the second and
third quartiles were the moderate exposure level (45.41 to 118.8 kBq/m2), and
the fourth quartile was the highest exposure level (118.81 to 564.71 kBq/m2).
Both the unadjusted and adjusted models for the pre-Chernobyl incidence rate
of cancer were used to estimate the hazards ratio comparing the high and moderate category with the lowest exposure category. Hazard ratios (HR) and 95%
confidence intervals (95% CIs) for the estimated hazard ratio are presented.
AMFIT and PEANUTS in EPICURE can be used to fit proportional and
nonproportional hazard models with grouped cohort survival data using Poisson regression methods. We chose to use SAS and Stata to fit the model and
could not find any reason to use EPICURE.

3.3.3 Results
The distribution of individual cumulative exposure values in the study population is skewed, where the values range from 0 to 565 (kBq/m2). The incidence rate ratios for cancer comparing the non-rural and rural areas are equal
within gender but 95% confidence interval, indicating a 2% wider confidence
interval for rural cancer cases compared to the non-rural.
Both the unadjusted and the adjusted model (Table 3.6), using all covariates
and categorized exposure factors in the cox-regression model, showed an exposure response pattern. The unadjusted model showed an exposure response
pattern with significantly increased hazard ratios: HR 1.04 (CI 1.02 – 1.05)
for the intermediate (45 – 119 kBq/m2) and HR 1.08 (CI 1.06 – 1.10) for the
highest exposure categories (above 119 kBq/m2), compared to the lowest exposure category (0 – 45 kBq/m2).
The HR increased with increasing age. Univariably, females had a HR of
1.16 (CI 1.14 – 1.18) compared to males. Living in a non-rural area meant a
HR of 1.05 (CI 1.03 – 1.07) compared to a rural area. The pre-Chernobyl cancer incidence (age standardized cancer incidence per 100 persons per year) as
a continuous covariate in the regression model has a HR of 0.91 (CI 0.80 –
1.03).
Applying an adjusted model, using all covariate and categorized exposure
factors in the cox-regression model together showed an exposure response
pattern, but with reduced HR compared to the unadjusted model. The moderate exposure category showed a HR of 1.02 (CI 1.0 – 1.04), and the highest
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exposure category a HR of 1.04 (CI 1.02 – 1.06) compared to the lowest exposure category. In the adjusted model, females had a HR of 1.02 (CI 1.01 –
1.04) compared to males, and living in a non-rural residence meant a HR of
1.04 (CI 1.03 – 1.06) compared to living in a rural residence. The pre-Chernobyl cancer incidence in the adjusted model, comparing to the unadjusted
model, has a higher impact with a HR of 1.44 (CI 1.26 – 1.64).
The proportional-hazards assumption tests for a common model suggested
that the proportional-hazards assumption was violated for age and gender variables with p-values < 0.001. Extending the cox-regression model by stratification, according to age, gender, and area of habitation, the results showed a
robust and unchangeable significant hazard ratio for exposure in all combined
levels (Table 3.7 respective Table 3.8). This reduction of hazard ratios from
the unadjusted model to the adjusted model, even with stratification, required
an extension of variables in the analyses process. Therefore, the analyses were
applied for each age group divided by gender and area of habitation. Applying
this separation of the cox regression model removed a consistent pattern of
exposure response. Only males aged 25 – 49 and older than 75 years showed
any significant exposure response pattern for the non-rural group. In the rural
areas, this exposure response was present only for those aged 50 – 74. There
was no significant exposure response pattern among females of any age and
area of habitation.
Since our previous study [44] had suggested a positive confounding of the
local cancer incidence prior to the Chernobyl accident, we included pre-Chernobyl standardized incidence rate per 100,000 persons per year for adjustment
in model B. Even after the adjustment, a significant exposure response remained only among males aged 25 – 49 in the non-rural areas.
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Males

Females

Females

Males

Sex

1634368

9765
9952

87143

1504594

4826952

4706786

34307

28471

Non-rural residence (a population center
with more than 3000 inhabitants)
270311

1991-2010.
person-years of follow-up

282320
Rural residence (a population center with
3000 inhabitants or less)
94763

Cancer cases
1991-2010 (n)

Individuals enrolled
as of 1 January 1991 (n)

661

597

711

605

Incidence
rate/105

Table 3.4 Estimated Cancer Incidence in Three Swedish Counties from 1991 – 2010 by Residence and Sex

1.11

Reference

1.18

Reference

Incidence rate
ratio

1.08 to 1.14

--

1.16 to 1.19

--

95% CI

92347
186149
90967

1st quartile

2nd - 3rd quartiles

4th quartile
11275

22212

10772

10191

19045

9000

Cancer cases
1991-2010 (n)

1566035

3192657

1572854

1607752

3153482

1579919

1991-2010. person-years of follow-up

720

696

685

634

604

570

Incidence
rate/105

1.05

1.02

Reference

1.11

1.06

Reference

Incidence
rate ratio

Cumulative exposure (kBq/m2) from 1986 through 1990 in three categories; lowest, in the first quartile (0.00 to 45.40; reference
category); intermediate, in the second and third quartiles (45.41 to 118.80); and highest, the fourth quartile (118.81 to 564.71)

a

92692

4th
Females

181078

2nd - 3rd quartiles

quartile

91304

Individuals enrolled
as of 1 January 1991
(n)
Males

1st quartile

Cumulative Exposure. 19861990.
137Cs (kBq/m2) a

Table 3.5 Estimated Cancer Incidence in Three Swedish Counties from 1991 – 2010 by Sex and Exposure Category

(1.02 – 1.08)

(0.99 – 1.04)

--

(1.08 – 1.14)

(1.03 – 1.09)

--

95% CI

41257

21466

2nd - 3rd quartile

4th quartile
1.08 (1.06 – 1.10)

1.04 (1.02 – 1.05)

Reference

Crude

1.06 (1.04 – 1.08)

1.04 (1.02 – 1.06)

Reference

Adjusted by age

1.06 (1.04 – 1.08)

1.04 (1.02 – 1.06)

Reference

Adjusted by age
and sex

1.06 (1.04 – 1.08)

1.04 (1.02 – 1.05)

Reference

Adjusted by age.
sex and residence

a Cumulative exposure (kBq/m2) from 1986 through 1990 in three categories; lowest, in the first quartile (0.00 to 45.40; reference
category); intermediate, in the second and third quartiles (45.41 to 118.80); and highest, the fourth quartile (118.81 to 564.71)

19772

Cancer cases
1991-2010
(n)

1st quartile

Cumulative Exposure.
1986-1990.
137Cs (kBq/m2) a

Hazard Ratio (95% CI)

1.05 (1.03 – 1.07)

1.03 (1.01 – 1.05)

Reference

Adjusted by age.
sex. residence. and
pre-Chernobyl incidence

Table 3.6 Estimated Relationships between the Cumulative Radiation Exposure and Cancer Incidence adjusted by Age, Sex, Residence,
and Pre-Chernobyl Cancer Incidence

Adjusted for
Pre-Chernobyl incidence of cancer(c)

Unadjusted for
Pre-Chernobyl incidence of cancer(b)

Hazard ratio (95% CI)
Number of individual
without cancer

Cancer cases. n (%) (percent of quartile)

Exposure quartile (a)

Age in 1986. years

Table 3.7 Estimated Relationships between the Cumulative Radiation Exposure and
Cancer Incidence Among Men, in Age Groups and Exposure Category

Non-rural residence (d)
(0.69)
11 728
Reference
Reference
1 - 14
(0.66) 26 311
0.94
(0.73 – 1.23)
0.92
(0.70 – 1.20)
(0.67) 14 138
0.97
(0.72 – 1.30)
0.92
(0.67 – 1.26)
(1.3)
10 415
Reference
Reference
15 – 24
(1.4)
23 807
1.02
(0.84 – 1.24)
1.01
(0.83 – 1.24)
(1.3)
9 971
0.93
(0.74 – 1.88)
0.93
(0.72 – 1.20)
(8.0)
22 405
Reference
Reference
25 – 49
(8.8)
48 430
1.11
(1.05 – 1.17)
1.12
(1.06 – 1.18)
(9.0)
23 752
1.12
(1.06 – 1.19)
1.14
(1.07 – 1.22)
(27.3)
9 831
Reference
Reference
50 – 74
(28.2) 22 916
1.02
(0.98 – 1.06)
0.99
(0.96 – 1.04)
(28.8) 11 602
0.99
(0.95 – 1.03)
0.96
(0.91 – 1.00)
(15.2)
1 725
Reference
Reference
75 +
(18.2)
3 561
1.13
(0.99 – 1.30)
1.21
(1.06 – 1.38)
(17.6)
1 497
1.10
(0.93 – 1.29)
1.20
(1.03 – 1.40)
Rural residence (e)
1st
40
(0.65)
6 159
Reference
Reference
1 - 14
2nd-3rd
47
(0.50)
9 288
0.78
(0.51 – 1.19)
0.81
(0.52 – 1.24)
4th
42
(0.84)
4 974
1.29
(0.84 – 2.00)
1.37
(0.87 – 2.16)
1st
36
(0.99)
3 586
Reference
Reference
15 – 24
2nd-3rd
73
(1.3)
5 640
1.28
(0.86 – 1.91)
1.32
(0.88 – 1.20)
4th
38
(1.4)
2 692
1.41
(0.89 – 2.22)
1.47
(0.91 – 2.35)
1st
802
(7.5)
9 904
Reference
Reference
25 – 49
2nd-3rd
1 241
(8.0)
14 263
1.06
(0.97 – 1.16)
1.03
(0.94 – 1.13)
4th
756
(8.5)
8 117
1.09
(0.98 – 1.21)
1.13
(1.03 – 1.25)
1st
1 821
(24.3)
5 662
Reference
Reference
50 – 74
2nd-3rd
2 525
(26.6)
6 956
1.05
(0.99 – 1.12)
1.08
(1.02 – 1.15)
4th
1 836
(26.9)
4 985
1.13
(1.06 – 1.21)
1.08
(1.01 – 1.16)
1st
159
(13.6)
1 009
Reference
Reference
75 +
2nd-3rd
193
(15.9)
1 014
1.14
(0.93 – 1.41)
1.14
(0.92 – 1.41)
4th
171
(16.6)
857
1.23
(0.99 – 1.52)
1.22
(0.98 – 1.53)
a Cumulative exposure (kBq/m2) from 1986 through 1990 in three categories; lowest, in
the first quartile (0.00 to 45.40; reference category); intermediate, in the second and third
quartiles (45.41 to 118.80); and highest, the fourth quartile (118.81 to 564.71)
b Model A: unadjusted for Pre-Chernobyl incidence of cancer (1980-1985)
c Model B: Adjusted for Pre-Chernobyl incidence of cancer (1980-1985)
d Non-rural residence is a population center with more than 3000 inhabitants
e Rural residence is a population center with 3000 inhabitants or less
1st
2nd-3rd
4th
1st
2nd-3rd
4th
1st
2nd-3rd
4th
1st
2nd-3rd
4th
1st
2nd-3rd
4th

82
174
96
141
329
127
1 947
4 685
2 349
3 683
9 010
4 467
310
793
320
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Table 3.8 Estimated Relationships between the Cumulative Radiation Exposure and
Cancer Incidence Among Women, in Age Group and Exposure Category

Adjusted for
Pre-Chernobyl incidence of cancer (c)

Unadjusted for
Pre-Chernobyl incidence of cancer (b)

Number of individual
without cancer

Cancer cases. n (%) (percent of quartile)

Exposure quartile (a)

Age in 1986. years

Hazard ratio (95% CI)

Non-rural residence (d)
(3.6)
11 087
Reference
Reference
(3.4)
24 350
0.95 (0.85 – 1.07) 0.97 (0.86 – 1.10)
(4.3)
12 987
1.20 (1.05 – 1.36) 1.24 (1.08 – 1.42)
(6.6)
10 114
Reference
Reference
15 – 24
(6.4)
21 811
0.97 (0.89 – 1.06) 0.98 (0.90 – 1.08)
(7.3)
8 295
1.10 (0.99 – 1.22) 1.13 (1.01 – 1.27)
(12.4)
20 123
Reference
Reference
25 – 49
(12.3)
45 595
0.99 (0.95 – 1.04) 0.99 (0.95 – 1.04)
(13.1)
22 131
1.05 (0.99 – 1.10) 1.05 (0.99 – 1.11)
(20.6)
12 773
Reference
Reference
50 – 74
(21.6)
29 714
1.04 (1.00 – 1.09) 1.02 (0.97 – 1.06)
(21.1)
13 828
1.00 (0.96 – 1.05) 0.97 (0.92 – 1.02)
(10.9)
3 865
Reference
Reference
75 +
(11.0)
8 147
1.00 (0.90 – 1.12) 0.99 (0.89 – 1.11)
(9.9)
2 944
0.90 (0.78 – 1.04) 0.89 (0.77 – 1.03)
Rural residence (e)
1st
197
(3.4)
5 594
Reference
Reference
1 - 14
2nd-3rd
323
(3.6)
8 646
1.05 (0.88 – 1.26) 1.05 (0.88 – 1.26)
4th
189
(4.0)
4 533
1.17 (0.96 – 1.43) 1.16 (0.94 – 1.43)
1st
177
(5.9)
2 802
Reference
Reference
15 – 24
2nd-3rd
303
(6.1)
4 636
1.03 (0.86 – 1.24) 1.07 (0.88 – 1.29)
4th
148
(6.7)
2 052
1.13 (0.91 – 1.41) 1.18 (0.94 – 1.48)
1st
1 078 (11.7)
8 106
Reference
Reference
25 – 49
2nd-3rd
1 657 (11.9)
12 254
1.01 (0.94 – 1.09) 0.99 (0.92 – 1.07)
4th
957
(12.6)
6 633
1.07 (0.98 – 1.17) 1.05 (0.96 – 1.15)
1 402 (19.9)
5 658
Reference
Reference
1st
50 – 74
2nd-3rd
1 775 (19.9)
7 147
0.98 (0.92 – 1.06) 0.97 (0.90 – 1.04)
1 283 (20.2)
5 063
1.04 (0.96 – 1.12) 1.02 (0.94 – 1.10)
4th
1st
136
(9.3)
1 333
Reference
Reference
75 +
195
(11.6)
1 484
1.22 (0.98 – 1.52) 1.18 (0.95 – 1.48)
2nd-3rd
4th
117
(9.3)
1 142
0.95 (0.75 – 1.22) 0.92 (0.71 – 1.18)
a Cumulative exposure (kBq/m2) from 1986 through 1990 in three categories; lowest, in
the first quartile (0.00 to 45.40; reference category); intermediate, in the second and third
quartiles (45.41 to 118.80); and highest, the fourth quartile (118.81 to 564.71)
b Model A: unadjusted for Pre-Chernobyl incidence of cancer (1980-1985)
c Model B: adjusted for Pre-Chernobyl incidence of cancer (1980-1985)
d Non-rural residence is a population center with more than 3000 inhabitants
e Rural residence is a population center with 3000 inhabitants or less
1 - 14
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1st
2nd-3rd
4th
1st
2nd-3rd
4th
1st
2nd-3rd
4th
1st
2nd-3rd
4th
1st
2nd-3rd
4th

409
857
580
712
1 490
646
2 851
6 409
3 332
3 315
8 171
3 687
474
1 007
322

Discussion

Mathematical modelling of biological data required many steps and we started
with a practical and basic epidemiological review of the data and tried to cover
the logical and medical conclusions carefully before modelling data. For those
in the first study with an ecological data, we could not explain the phenomenal
dose response on the population level. Thus, we tried to understand the phenomena and in our study case, the results indicate a requirement for more environmental and biological details before drawing any conclusions or modelling data. The suggested final method, as shown in the second study, became
to use a systematic way, where we could determine the impact of covariates
in relation to the exposure on the behavior of the model, followed by conclusions about human health (Cancer) and back to the impact of radiation on humans.
In the first study, we identified a secular trend in age standardized incidence
of total cancer from 1980 – 2009. The trend was significant during the whole
period in the general population of Sweden for both males and females,
whereas only significant among females in the study population. These analyzes were followed by modeling a poisson regression to compare pre- and
post Chernobyl for nine counties, at three geographical levels. An exposureresponse pattern of increased cancer incidence with higher deposition of 137Cs
could not be revealed in the first study, but it seems to increase the resolution
of exposure map from county to the parish level and model become more stable due to the sigma-u values. Epidemiological studies in the Nordic countries
have also focused on childhood cancer, especially leukemia, because it has the
shortest latency period in children after radiation exposure. However, these
studies have found no clear relationship to the fall-out from Chernobyl [64,
65]. After accident the incidence of thyroid cancer in Ukraine, Belarus and
western Russia, increased [20, 76-78] and childhood leukemia observed only
in Ukraine, but not in Belarus or western Russia [79-81].
In the second study, we tried to reduce the exposure misclassification by
using an individual exposure by having dwelling coordinates for all individuals matched to the 137Cs activity map. The study include only three counties
with the highest fallout and can reduce bias from regional differences such as
socioeconomic, lifestyle, and occupational risk factors [39]. The final model
in the second study adjusted for age at exposure time, gender, residence and
pre-Chernobyl incidence indicate weak confounding covariates in the model
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and estimated proportional hazard ratio (HR) did not change much in the stepwise analysis. The estimated HRs revealed an exposure-response pattern associated with 5-years cumulative 137Cs exposure from the Chernobyl nuclear
power plant accident and the HR of cancer in three Swedish counties. Considering the small increased HR and because of overlapping confidence intervals
between the exposures categories, caution should be taken in interpreting a
causal inference.
Individual effective doses can be determined in nuclear workers from exposure data collected from personal dosimeters, but exact radiation dose estimation is not possible using only fall-out maps and register based data, especially retrospectively, as we did in the second study, 30 years after the Chernobyl accident. Instead, this epidemiological study has to rely on a proxy for
dose based on the activity determined from the fall-out maps.
The main results of this thesis suggest that there might be an overall small
increase in cancer incidence in Sweden related to the fall-out of radioactive
debris from the Chernobyl nuclear power accident in 1986. There are, however, uncertainties regarding time dependency variables that are violated in
the database and too little control of other risk factors for developing cancer.
This limits the possibilities to draw further conclusion from the present register-based-study.

4.1 Quality of databases
The internal validity of data is confirmed by Pseudo R2, and a significant Log
likelihood test in the first study, and in the second study, model fit statistics
and Global testing of beta coefficient in the final model, was used to assess
point estimation.
Categorization of exposure did not violate any point estimation, and we
could compare these categories over three boundaries in the first study. In the
second study, by increasing the precision of exposure assessment, the population was restricted to three counties with the highest fall-out. Another restriction made for a closed cohort created from the 1986 population was that
the following 5-year induction time and latency period should not have had a
cancer diagnosis before the start of the follow-up January 1, 1991. The risk
estimate with cox-regression was stratified in the next step of the analysis and
ended in a separation of covariates to clarify the risk group. By separation, we
lost statistical power and interclass explanation within the explanatory covariates, but the results are still comparable for covariates and groups. Furthermore, proportionality assumptions in the first study were not violated, and in
the second study this test indicated for time dependency of two covariates (age
and gender), which required a separation of these covariates. Statistically, the
analyses in both paper one and two have a significant likelihood of test results,
which indicate a valid estimation. Using a closed cohort design imposes some
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analytical problems from the loss of person years in the higher ages, when
data are based on incidence rate figures. Problems with time-dependencies are
especially prominent in survival analysis, since the outcome effect is evaluated in differences in time to event.

4.2 Geographical and Spatial information
Geographical Information System (GIS) is a useful approch in environmental
epidemiology that often relies on ecologic data. This descriptive approcach
can provide exposure and disease information for analytical study design,
where models are used to relate regional arttributes with disease outcomes.
In this study, spatial analyses could not be implemented due to the privacy
of the individuals' dwelling coordinates, and we used GIS to bring together
only the exposure map. Obviously, if we were able to perform the individual’s
outcomes on the map, then we could perform spatial analysis of data, and
check spatial associations between deposition and cancer.

4.3 Possible source of error
By identifying the sources of error and understanding how they can affect the
outcome (cancer), we tried to minimize the risk of erroneous conclusions. We
tried already in the planning phase of the study design and attempted to minimize these sources of error; thereafter, the selection of the study population,
age, gender, individual exposure value, and death dates were the key factors
to minimize false conclusions. Of course, other factors such as migration, type
of housing, area character, profession, cancer type and stage, abortion, miscarriage birth records, sick rings, and other socioeconomic factors can affect
the results, and hence the conclusions, in an undesired way. Therefore, exposure results from the whole country (SGU digital map) were matched against
the population’s living coordinates at various geographical levels i.e., the individuals' exposure data were coupled with the Statistics and Epidemiology
data.

4.4 Environmental epidemiology
In this study, we tried to draw conclusions in an epidemiological manner when
several moments remained. Regarding clinical epidemiological, we did not
take into account the biological risk factors, and we used total cancer as outcomes in both studies. As for cancer epidemiology, we used exposure for the
cause of cancer, and treatment methods remained, i.e., the cause of tumor development and time for these developments remained.
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However, the study as a whole aimed to use environmental medicine concepts of risk assessment and used methods that are currently being developed
in radiation epidemiology. In the case of radiation physics, we used radiation
that could be measured on the ground and did not use the calculation for the
total cancer, as suggested in the BEIR VII (see sections 2.4.4 and 2.4.5 and
Appendix 8.1). Our aim was to control the study populations’ health, affected
by radiation, as a consequence of the fall-out after Chernobyl 1986. The available material, according to the endpoint found in nationwide registers and the
clinical factors, could only be summarized in the outcome of cancer. We believe that our study of environmental epidemiology may be the first step in
understanding the mechanism of fall-out in the environment in connection
with the health of the population, where we have not involved the other epidemiological aspects.

4.5 Cumulative exposure assessment as a proxy variable
for received dose during 1986 – 1990
A cumulative dose assessment was introduced in the second study. The physical half-life of 137Cs is 30 years, so there is a substantial contribution to the
life-time dose also after 1986. Furthermore, subjects move between areas, but
we reduced this exposure misclassification by assigning each individual a
yearly exposure value, depending on the yearly place of domicile. However,
we did not consider the ecological half-life of 137Cs due to the disappearance
of nuclides from the soil caused by factors such as rain and uptake in the vegetables. Cesium is chemically an analogue to potassium. Therefore, in well
fertilized areas, rich in potassium, there is a lower uptake of 137Cs in plants.

4.6 Comparing ecological-design with individual-design
Identifying associations between aggregate figures is necessarily defective,
and it does not necessarily mean that any inferences drawn about associations
between the characteristics of an aggregate population and the characteristics
of sub-units within the population are absolutely wrong either. What it does
say is that the process of aggregating or disaggregating data may conceal the
variations that are not visible at the larger aggregate level as we showed in the
first study; thus, exposure mappers or associations between exposure and cancer outcome should be explained carefully.
Minimizing the ecological fallacy is essential in environmental and radiation epidemiology, and many authors already discussed the various aspects of
ecological bias or ecological fallacy in details [82-85]. From 1960 to 1980,
aggregated tables called the “contingency table” method was the primary basis
84

for analysis of radiation effects on human health. This method became a sophisticated and well establish method for its purpose and time, and served the
need well. However, this method was mainly used for ecological significance
of radiation effects, and did not meet the developing needs for estimation of
these effects at the individual level [86, 87].

4.7 Exposure misclassification
A precise radiation dose assessment could not be performed since no personal
dosimeter data were available on the population level. Instead, a fall-out map
of 137Cs was used as a proxy variable for the received dose, with an exposure
value calculated from the dwelling coordinates. A possible selection bias is
the exposed individuals in the first study, by comparing three different boundaries, which was minimized in the second study where the individual exposure
value was used.
There could be an exposure misclassification due to the ecological design
of the study using an average exposure of 137Cs in rather large geographic areas, from county, to municipality down to parish level. In the first study, it
seems that an increased resolution of the exposure map from the county to the
parish level, measured by the sigma-u value increasing two- to threefold in the
regression models, could reduce exposure misclassification i.e., reducing the
ecological bias.
Another concern in exposure misclassification is that the exposure after
1986 is not considered in the first study; thereby, it ignores changes in the
cumulative exposure if people moved between areas during the follow-up period.
In the second analytical study, we refined the analysis by calculating the
individual exposure values based on a digital map to achieve better precision
of the exposure assessment. The fall-out, mainly nuclides of iodine and Cesium, was unevenly distributed, depending on the atmospheric conditions such
as winds and where local rains occurred during the first week after the accident. Therefore, ecological studies using area mean values at county, municipality, or parish level have lower precision in detecting an association between
ionizing radiation from deposited nuclides and radiation induced cancer.

4.8 Disease misclassification
Misclassification in cancer registers exists with approximately 2% of the total
data, according to the National Board of Health and Welfare, Sweden [39].
The accuracy of diagnosis settling may vary between hospitals, departments,
and/or the doctor. This may depend on the geographic variations, including
the homogeneity of the structure of the public health system in Sweden.
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4.9 Register coverage
Another problem with register based studies is bias from coverage [88]. We
have made correction for the most common cause of over coverage due to
emigration abroad, via the emigration registry. But people might also move to
other places within the country without changing their official address. This
bias would cause an overestimation of the denominator/population in depopulated, mainly rural areas and a corresponding underestimation in the nonrural areas. This “migration bias” overestimates the incidence rate of disease
in non-rural areas, congruently with the higher risk of having cancer in nonrural areas, as observed in the second study.
Other causes of frame error are associated with the personal identity number, which is used as a common database identity in the official Swedish population and cancer registries.
According to Statistics in Sweden, there are about 75,000 historical cases
of reused personal identity numbers in the Swedish total population registry
[89]. In 2007, the number of reused personal identity numbers in use were
estimated to be about 14,800 (0.16%) [88]. We could register 591 (0.1%) cases
of duplicates of the personal identity number in the second study, so this would
probably not be responsible of any large misclassification bias of disease outcome.

4.10 Confounding
In an etiological study designed to investigate whether a disease or condition
is associated with particular exposure factors, usually information is obtained
on a number of factors that are expected to be associated with the occurrence
of the disease.
The age-variable used in both studies was age at exposed time (year 1986).
Separate analyses for gender were chosen due to the differences, where females tend to have a higher risk of getting cancer in different units of dose of
radiation, and it is also shown that differences are dependent on age at exposure [90, 91]. Separate analysis for gender within age-band was also based on
the differences in the occurrence of cancer between genders at different ages,
according to the official statistics [39]. Chosen age categories in the second
study include: children (1 – 14 years), teenagers and young adults (15 – 24
years), adults (25 – 49 years), adults (50 – 74 years), and elderly (aged 75+).
There seems to be a difference in the incidence of cancer among gender
regarding exposure response patterns for different age groups. In the second
study, we could observe a higher risk from 137Cs for males, specifically aged
25 – 49 at exposure.
Lifestyle factors were partly controlled for by introducing the dichotomous
factor rural habitat or non-rural habitat. There are however several other social
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and lifestyle factors that cannot be controlled, when using the present register
based data. Factors not controlled for include: smoking, alcohol use, infectious
or other diseases, environmental exposures (other than 137Cs), industrial exposures, road traffic, education, eating habits, family situation, house construction, work, and family history of cancer. Restricting the study population in
the second study to three counties was made in order to avoid some regional
differences in trade and hospital admission, and other lifestyle factors possibly
affecting differences in pre-Chernobyl cancer incidence that were noticed in
the first study.
Pre-Chernobyl cancer incidence rates were considered in both the first
study and in the second study. In the first study, in order to test if an exposureresponse pattern existed prior to the Chernobyl nuclear power plant accident
in 1986, the same surface-weighted value for each parish, municipality, and
county was used for both the 1980 cohort and the 1986 cohort. This means
that a fictive fall-out map was applied for the 1980 cohort, using the map from
May 1st, 1986 when classifying the exposure for the subjects in both cohorts.
In the second study, to take into account the pre-Chernobyl regional differences, the incidence of cancer and adjusting the hazard ratio for each individual according to the risk over time, the average of direct-age-standardized incidence rate per 100 person-years from 1980 – 1985 at the municipality level
within age and gender was calculated (using Swedish population at year 2000
as a standard population).

4.11 Causality
An exposure response pattern could not be shown in the first study. Leaving
the ecological design and having individual data with more detailed exposure
data and a cumulative dose assessment, an overall response pattern was observed in the second study. However, in the second study, two factors violated
the time dependency, which is not surprising and required stratification on
these factors.

4.12 Validity of study
There is a debate as to whether any effects on cancer incidence can be assessed
with epidemiological studies in the low-dose region, mostly defined as doses
below 100 mSv. A Finnish study with a large population size (2 million) but
similar follow-up time (1988 – 2007) and similar resolution of the radiation
map (250 m x 250 m) as in the present study did not show any increased risk
of cancer. The outcome was all cancer, except breast, prostate, and lung,
though these cancers are radiation sensitive [45]. A re-analysis of the same
material showed a significant increase in colon cancer among females [58].
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There is, however, a Swedish study comprising one million inhabitants
with a follow-up time from 1988 to 1999 that showed an increased risk of
cancer possibly related to the fall-out from Chernobyl through an exposure
response pattern. The exposure map resolution (200m x 200m) was similar to
both the present study and the Finnish study [43].
All previous studies have only used a short-term exposure value based on
a single exposure value in 1986, whereas our second study introduced a fiveyear cumulative exposure based on a yearly value from 1986 to 1990. The
physical half-life of 137Cs is 30 years, so there is a substantial contribution to
the lifetime dose also after 1986. Furthermore, subjects move between areas,
but we reduced this exposure misclassification by assigning each individual a
yearly exposure value, depending on the place of domicile during that year.
The second study was also restricted to the three counties with the highest
fall-out, possibly reducing influence of bias from regional differences in disease rates due to other causes such as income, lifestyle, inhabitants, and trades
[39]. This restriction can be justified; meanwhile, the selected population of
the three counties comprised 89% of the highest exposure quartile in all of
Sweden. Since the deposition of 137Cs was unevenly distributed in the three
counties, having areas with low activity, there was also sufficient contrast in
exposure.
Radiation effects in the low-dose-region is an ongoing research field. Research based on the Chernobyl or Fukushima disaster must be followed.
In the first study with an ecological design, an association between cancer
and exposure was rejected, but the second analytical study based on the individual external exposure assessment indicates a slight increasing risk for a
population living in the high contaminated area since 1986 – 1990. The estimator in the first paper was based on the relative rate estimate (IRR) from the
number of cases, and the estimator in the second paper was based on the proportional hazard rate, which is similar to the first one, but instead time to event
or person-time is compared. In our case, persons who have been exposed
through environment/fall-out for a higher cumulative value of 137Cs during
1986 – 1990 have almost 2 – 3% risk of experiencing cancer during 1991 –
2010, compared to persons living in low contaminated areas.

4.13 Multidisciplinary cooperation
This work required multidisciplinary skills to compile the final result. As well
as the work process and processing with the research material, knowledge
from different scientific fields was required. Collaboration between the various epidemiological areas mentioned in sections 2.3.1 to 2.3.5 must take place,
and knowledge from biostatistics and spatial statistical must be applied.
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Conclusions

The present thesis was based on data from Swedish national cancer register
and ecological exposure data of 137Cs at county, municipality and parish levels
in the first study, and individual exposure data of 137Cs deposition in second
study. The first finding was that any effect of ionizing radiation on cancer
incidence in Sweden after Chernobyl accident could not be shown. The second
finding was that after adjustment for individual cumulative five-years exposure levels some slight effect on cancer incidence was observed. This study
was limited by a register-based-database, which cannot go beyond the results
from clinical research data. Further longitudinal studied are needed to explore
exposure effects of radiation on cancer incidence in Sweden.
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Impact for society and health planning

According to the results from both studies, the risk of having cancer in exposed populations is too small to draw strong conclusions. Results, however,
might indicate that the cleaning of contaminated areas in cities can also be
important together with agricultural and dietary guidelines for protection
provided by authorities. For those who are working in the open environment,
health precautions could be considered. Healthcare staff, working in the area
of nuclear medicine have to be aware of the consequences and potentially deal
with some health effects in the long-term, such as cancer.

6.1 Nuclear emergency preparedness in Sweden since
1986
To be prepared for the unexpected and being able to minimize the consequences of an accident, the Swedish Emergency Preparedness Organization is
a national network, including county councils, municipalities, county administrative boards, central authorities, and other government organizations. During a nuclear energy accident, the county administrative boards have the responsibility for the protection of the public.
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Future studies

7.1 Thyroid cancer
Thyroid cancer appears in two main forms: papillary and medullary cancer.
The papillary form is considered more related to radiation exposure. Both
forms have an increasing trend in recent years. The medullary form has an
association with goiter and iodine deficiency, whereas the papillary form is
associated with the intake of radio-iodine [21].
There is an increasing trend of thyroid cancer since the year 2006, in both
the study population and the general Swedish population, according to official
statistics. The average percent change of age standardized incidence rate of
thyroid cancer in Swedish population increased by a factor of 1.38% per year
for females and 1.00% among males between 1970 and 2014 [92]. The increase is seen both at young age and at middle to older age. It is disputed
whether the increase is due to environmental exposures or changed diagnostic
criteria [93]. Iodine deficiency is considered to be diminishing, so environmental exposures have been suspected to contribute to the increased incidence
[21]. Similar exposure levels in Scandinavia from the global fall-out from nuclear weapon tests during the 1950s and 1960s have shown increased risk of
thyroid cancer when exposed in early childhood, up to 70% increased risk for
highest exposed birth cohorts [94]. Estimates of the contribution to human
cancer from ionizing radiation due to the global fall-out from nuclear testing
range between 1% to 3%.

91

Figure 7.1 Exposure pathways to humans from environmental releases of radioactive
material (1986 – 1990).

The study of the Atomic Bomb survivors (LSS-cohort) is the earliest evidence
of the association between thyroid cancer and 131I [15, 41, 95]. After the Chernobyl accident in 1986, an increased incidence of thyroid cancer has been related to the exposure to 131I in Belarus. Russia, and Ukraine [20, 49, 76, 96,
97]. In a cohort of 10,000 Ukrainian residents in 1986 who received doses
between <0.005 to 41.6 Gy (mean 0.62 Gy), 131I thyroid dose showed a linear
excess odds ratio of 5.2 per Gy for papillary thyroid cancer [43, 98], with persisting increased risks even two decades after the accident [20]. In areas outside the former Soviet Union, no increased incidence has been shown. Previous Swedish [99] and even studies from Finland [58] did not show any increased risk of thyroid cancer after the Chernobyl accident. After the Fukushima nuclear accident, there is another study indicating an increase in thyroid
cancer in children [100], although it is questioned as being a screening effect.

7.2 Breast cancer
Breast cancer in women has been comprehensively studied [17, 101]. The
dose response was linear in both cities, and age at exposure and attained age
strongly influenced the risk. Risk was highest for exposures under age 20, although there was little variation under this age associated with exposures during infancy or menarche. Risk declined with increasing age at exposure and
was low among women exposed after age 40. Excess risk did not appear until
10 years after exposure and not before about age 30. Measures of RR remained
roughly constant over time after exposure, within age cohorts, with a notable
exception of early-onset breast cancer before age 35 among women exposed
before age 20 whose risk (RR=14.5 at 1Sv) was sufficiently high to suggest a
possible genetically susceptible subgroup [101, 102]. Estimates of risk at 1 Gy
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are roughly 2.6 for the RR and 6.7 excess cancer/104 PY-GY [16]. Interestingly, an early age at first birth, parity, and lactation appeared to protect
against both baseline and radiation induced breast cancer [103, 104].
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Summary in Swedish

De eventuella medicinska effekterna av joniserande strålning inom lågdosområdet är omdebatterade, men frågan är viktig, för att kunna bedöma risken för
ohälsa i drabbade områden. En ökad kunskap om risker med joniserande strålning är sålunda väsentlig för att bedöma behovet av olika strålskyddsåtgärder
och prevention mot ohälsa. En säker strålmiljö tillhör också ett av de 15 miljökvalitetsmålen i Sverige. Svårigheten att studera effekten av lågdosstrålning
har sin grund i att det krävs stora populationer för att påvisa de relativt små
riskökningar som skulle kunna finnas, för sjukdomar som både är vanliga och
har ett flertal andra riskfaktorer än strålning. Det svenska cancerregistret och
dödsregistret, i kombination med likaledes säkra och kompletta befolkningsregister med koordinater utifrån fastighetsbeteckningen, erbjuder dock unika
och kostnadseffektiva forskningsmöjligheter att studera ett eventuellt samband mellan lågdosstrålning och cancerförekomst.
Målet med denna studie var att ge ökade kunskaper om hälsorisker vid utsläpp av joniserade radionuklider i miljön. För att kunna svara på denna fråga
det krävs en samverkan mellan flera akademiska fakulteter. Detta motiverar
aktuella studier och möjligheten att utöka kunskaperna.
Första studien är baserad på en sluten-kohort från nio län (Norrbotten, Västerbotten, Jämtland, Västernorrland, Gävleborg, Dalarna, Västmanland, Uppsala och Södermanland), från år 1980 med uppföljning fram till 1985, och population 1986 med uppföljning fram till 2009. Exponeringsdata kommer från
SSM som är aggregerad på län, kommun och församlingsnivåer. Cancerdata
är hämtad från Socialstyrelsen och demografisk data är hämtad från Riksarkivet. Totalcancer (ICD7 140 – 209) valdes som utfall och Poisson-regression
användes som statistisk metod för att förställa en eventuell dosrespons från
radioaktivt nedfall. Resultatet kunde ej bekräfta ett dosrespons samband med
cancer, men att analysera data på en mindre aggregeringsskala (församlingsnivå) hade högre förklaringsgrad än de andra.
I den andra studien använde vi oss av individdata där exponering skattades
på individnivå. Då valde vi bara tre län (Uppsala, Gävleborg and Västernorrland), med de högsta uppmätta exponeringsvärdena enligt SSM som riskpopulation. Demografisk data är hämtad från SCB och exponerings data är bearbetad av SCB som grundligen kommer från SGU. Cancerdata är hämtad från
Socialstyrelsen och totalcancer diagnosen (ICD7 140 – 209) antas som utfall.
Vi valde en sluten kohort från 1986 med uppföljning fram till 2010. Kumule94

rad exponering på 5 års period räknades för dessa observationer med restriktioner att alla skulle ha ett kumulerat värde för de första 5 års period. De som
saknade exponeringsvärde mellan 1986 – 1990 exkluderades samt de som avled under denna period eller cancer diagnostiserades. Vi försökte kringgå problematiken med tidsberoende variabler i den andra studien genom att stratifiera data på olika nivåer. Resultatet visar att ett samband kan finnas och män
som bor i tätortsområden i jämförd med glesbygdsområde är mer utsätt och
har en positiv trend angående cancer utveckling under 30 års period.
Att använda registerbaserade data gällande sambandet mellan lågdosexponering från radionuklider i miljön har sina begränsningar, då uppgifter om en
rad andra riskfaktorer saknas. Den andra begränsning är dos-mätnings metoder då alla tillgängliga metoder inte kan tillämpas med denna studie då studie
kohorten är hämtad ur register.
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Appendix

Some additional results from the first and second study are presented here, as
we chose not to publish them due to the content of the thesis increasing unnecessarily. In section 9.1, we created a table of all sensitive cancer forms in
order to have more knowledge about the possible risk assessments, and the
result turned out that it was hard to find an increase in cancer in the study
population that was obvious. In section 9.2, we show a result that is discussed
in radiation epidemiology, linear no-threshold model (LNT), regarding the
risk assessment at low dose radiation and since our results indicated a low risk,
we examined this conclusion before determining the statement for the risk
evaluation at a population level in the second paper.

9.1 Site-specific cancer before and after the Chernobyl
accident
Due to the whole-body exposure of the population, we were afforded an opportunity to compare cancer risk by site. Nevertheless, there is considerable
uncertainty at the population level or in the epidemiological study of such a
study design, in modifying risk factors, and even determining a dose-response
relationship from exposure to low level of ionizing radiation. Cancer at some
sites may fail to show any associations because of the small number of cases
and diagnostic misclassification, which in turn can increase the statistical uncertainty.
Descriptive values for all site-specific cancer for the population, both before and after the Chernobyl accident are shown in Tables 9.1.1 and 9.1.2. The
study population included nine counties, while the general population included all 21 counties of Sweden during 1980 – 1985 and 1986 – 2009. The
average values of incidence rate for the periods 1980 – 1985 to 1986 – 2009
are age-standardized values.
In Tables 9.1.1 and 9.1.2, we used the same estimation methods for all sites
during the two periods, pre-Chernobyl respective post-Chernobyl. The estimated risks are age-standardized, based on the Swedish population at year
2000.
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Based on the pre-Chernobyl period for both the general- and the study population, excess risk ratio (ERR) was estimated, which gives the opportunity to
estimate both the excess fraction and the incidence rate ratio.
In evaluating if there is any site-specific risks, the results indicate that males
in the study population compared with the general population had a significant
increase in the Liver and a non-significant increase in the Bronchus lung and
Brain, while females had only a significant increase in the Brain.
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ICD-7
151: Stomach

Pre- Chernobyl period 1980-1985
Post- Chernobyl period 1986-2009
N
IR (a)
N
IR (a)
ERR (b)
Excess fraction (c)
IRR (95% CI) (d)
Study population
1949
26.78
4980
18.39
-0.31
-1.70
0.70 (0.65 – 0.72)
General population
6638
26.86
17335
16.87
-0.37
-2.20
0.62
Study population
153: Colon
1905
26.18
9263
34.25
0.31
0.90
1.31 (1.24 – 1.37)
General population
8012
35.67
39369
39.81
0.12
0.29
1.12
Study population
155.0: Liver
411
5.65
1713
6.32
0.12
1.88
1.12 (1.01 – 1.25)
General population
1805
7.31
6271
6.00
-0.18
-2.99
0.82
Study population
162.1: Bronchus lung
2711
37.25
10214
37.73
0.01
0.03
1.01 (0.97 – 1.06)
General population
11354
45.94
42654
40.77
-0.11
-0.28
0.89
Study population
170: Breast
43
0.60
172
0.64
0.07
10.42
1.07 (0.77 – 1.54)
General population
174
0.70
849
0.81
0.16
19.40
1.16
Study population
177: Prostate
7332
100.94
43325
161.17
0.60
0.37
1.62 (1.58 – 1.66)
General population
24756
100.17
168136
159.50
0.59
0.37
1.59
Study population
181.0: Urinary bladder
1860
25.57
8958
33.13
0.30
0.89
1.30 (1.23 – 1.36)
General population
7323
29.63
36998
35.27
0.19
0.54
1.19
Study population
193.0: Brain
863
11.86
3252
12.01
0.01
0.11
1.01 (0.94 – 1.09)
General population
3257
13.18
12825
12.26
-0.07
-0.57
0.93
Study population
194: Thyroid
166
2.28
529
1.95
-0.14
-7.42
0.86 (0.72 – 1.03)
General population
602
2.44
2143
2.04
-0.16
-8.04
0.84
Study population
200: Non-Hodgkin lymphoma
849
11.67
4624
17.08
0.46
2.71
1.46 (1.36 – 1.58)
General population
2929
11.85
17876
17.05
0.44
2.57
1.44
Study population
201: Hodgkin disease
200
2.75
631
2.33
-0.15
-6.55
0.85 (0.72 – 0.99)
General population
691
2.80
2472
2.37
-0.15
-6.48
0.85
Study population
204-207: Leukemia
901
12.38
3417
12.62
0.02
0.15
1.02 (0.95 – 1.10)
General population
3266
13.22
14406
13.72
0.04
0.28
1.04
Study population
140-209: Total malignancies
26339
363.98
120457
453.42
0.25
0.05
1.25 (1.23 – 1.26)
General population
111427
450.87
560777
534.00
0.18
0.03
1.18
a: IR: incidence rates (person years). Number of person in 100000 / total per year. b: ERR, Excess risk ratio = (IR 86-09 – IR 80-85)/ IR 80-85. c: Excess fraction %, EF=100 x
(ERR/ IR 86-09) . d: IRR= (IR 86-09/IR 80-85)Ratio of incidence rates dividing population 86-09 with 80-85 as comparison rate

Table 9.1.1 (Males) Population, diagnoses according to the International Classification of Diseases, version 7 (ICD-7). Number of malignancies, incidence rate (IR), Excess Risk Ratio (ERR), Excess fraction, and Incidence Rate Ratio (IRR) with a 95% confidence interval

ICD-7
151: Stomach

Pre- Chernobyl period 1980-1985
Post- Chernobyl period 1986-2009
N
IR (a)
N
IR (a)
ERR (b)
Excess fraction (c)
IRR (95% CI) (d)
Study population
1151
15.84
3076
11.31
- 0.29
- 2.53
0.71 (0.67 – 0.76)
General population
4260
16.67
11290
10.62
- 0.36
- 3.42
0.64
Study population
153: Colon
2122
29.21
9810
39.11
0.34
0.87
1.28 (1.22 – 1.34)
General population
9009
32.42
42629
37.50
0.16
0.42
1.16
Study population
155.0: Liver
327
4.50
1080
3.97
- 0.12
- 2.97
0.88 (0.78 – 1.00)
General population
1153
4.56
3788
3.56
- 0.22
- 6.16
0.78
Study population
162.1: Bronchus lung
956
13.15
6984
25.68
0.95
3.71
1.95 (1.82 – 2.09)
General population
4085
16.17
28819
26.79
0.66
2.45
1.66
Study population
170: Breast
6339
87.42
33206
123.16
0.41
0.33
1.41 (1.37 – 1.45)
General population
26157
103.56
146643
136.74
0.32
0.23
1.32
Study population
171: Cervix uteri
892
12.28
2987
10.99
- 0.11
- 0.96
0.89 (0.83 – 0.97)
General population
3345
13.25
11290
10.58
- 0.20
- 1.90
0.80
Study population
172+174: Corpus uteri
1636
22.52
8172
30.09
0.34
1.12
1.34 (1.27 – 1.41)
General population
6152
24.36
31517
29.40
021
0.70
1.21
Study population
175.0: Ovary
1485
20.43
4903
18.03
- 0.12
- 0.65
0.88 (0.83 – 0.94)
General population
6003
27.54
26348
19.09
- 0.31
- 1.61
0.69
Study population
181.0: Urinary bladder
563
7.75
2984
10.97
0.42
3.79
1.42 (1.29 – 1.55)
General population
2435
9.64
12592
11.76
0.22
1.87
1.22
Study population
193.0: Brain
843
11.60
3500
12.87
0.11
0.85
1.11 (1.03 – 1.20)
General population
3488
13.81
14300
13.39
- 0.03
- 0.23
0.97
Study population
194: Thyroid
389
5.35
1239
4.55
- 0.15
- 3.29
0.85 (0.76 – 0.96)
General population
1523
6.03
5497
5.14
- 0.15
- 2.87
0.85
Study population
200: Non-Hodgkin lymphoma
652
8.97
3742
13.76
0.53
3.88
1.53 (1.41 – 1.67)
General population
2317
9.17
15070
14.08
0.54
3.80
1.54
Study population
201: Hodgkin disease
156
2.15
506
1.86
- 0.13
- 7.25
0.87 (0.72 – 1.04)
General population
555
2.20
2511
1.83
- 0.17
- 9.19
0.83
Study population
204-207: Leukemia
612
8.42
2493
9.17
0.09
0.97
1.09 (1.00 – 1.19)
General population
2476
9.80
11336
10.57
0.08
0.74
1.08
Study population
140-209: Total malignancies
24937
345.40
111363
418.82
0.21
0.05
1.21 (1.20 – 1.23)
General population
108020
427.63
530356
495.13
0.16
0.03
1.16
a: IR: incidence rates (person years). Number of person in 100000 / total per year. b: ERR, Excess risk ratio = (IR 86-09 – IR 80-85)/ IR 80-85. c: Excess fraction %, EF=100 x
(ERR/ IR 86-09) . d: IRR= (IR 86-09/IR 80-85)Ratio of incidence rates dividing population 86-09 with 80-85 as comparison rate

Table 9.1.2 (Females) Population, diagnoses according to the International Classification of Diseases, version 7 (ICD-7). Number of malignancies, incidence rate (IR), Excess Risk Ratio (ERR), Excess fraction, and Incidence Rate Ratio (IRR) with a 95% confidence interval

9.2. Restricted Cubic Splines Function
An alternative approach to abandon the idea of a single model that fits across
the entire range of the exposure and, instead, fits a specific model within intervals is restricted cubic splines (RCS). An attractive way of gaining more
flexibility in the Cox proportional hazards regression models with a continuous exposure is the RCS functions [105]. Theoretically, a spline is a set of
polynomial functions that are ‘tied’ together so that they meet at a key point
within the range of the exposure scale, known as the knots. Sometimes, the
knots are chosen because they represent meaningful thresholds, i.e., values
that are considered clinically relevant, generally because these are thresholds
used in the past to make decisions.

9.2.1 Assessing the non-linear effect of continuous exposure
(137Cs)
In the present study, a non-linear exposure (137Cs) relationship using the restricted cubic spline in the Cox proportional hazard regression model was
used, where the model for the relative risk of solid cancer for ith subject at
time t can be explained by:
( | ,

)=

( ) exp

( )+

( )

is a column vector of association coefficients for the covariates,
where
at time t
at time t, and s is a smooth function of the cumulative exposure
defined by the particular smoothing methods.
First, we selected the H values, say ( <
<⋯<
), within the observed range of radiation exposure. These values, or knots, correspond to the
distribution of a pre-specified number of evenly spaced quantiles of the radiation exposure.
We assume the model in equation (1), by:
( ) =

( )+

×

( )

9.2.2 Approach to choosing the number and location of knots
Most researchers use a small number of knots, often three to five. The exact
location of knots is not usually critical: if you change the positions slightly,
the predicted values of the regression change only slightly. A common scheme
is to place the knots at fixed percentiles of the data, as shown above. Alterna-
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tively, Harrell (Regression Modeling Strategies, 2010 and 2015) suggests heuristic percentiles as shown below, and this scheme seems to be popular among
biostatisticians.
Table 9.2.1. Location of knots (Harrell, 2001). Knot locations expressed in quantiles
of the variable
# Knots
3
4
5
6
7

10
5
5
5
2.5

50
35
27.5
23
18.3333

Quintiles (%)
90
65
95
50
72.5
95
41
59
77
34.1667
50
65.8333

) =( ( )−

)

97.5

( ) is determined by the

’s are non-linear functions, where the value of
position of the knots as:
Let
( ( )−

95
81.6667

( ( )−

)>0

and
( ( )−

( ( )−

) =0

)≤0

Or
=
=0
( ) <
<

>0
≤0
( ) >

( )<

( )=0
( )=( ( )−

<

( )<

) ( −
( ( )−
( −
)
( ( )− ) (
− )
+
( −
)

( )=( ( )−

)

) −

ℎ = 1, … ,

)

−2

the − 2 spline variables created by the RCS function and included in the
Cox proportional hazard regression model and standard modelling techniques
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were applied. We applied RCS [106] within a SAS macro, which was originally written by D. Spiegelman and colleagues (2007, 2011) to our cohort: the
results displayed by cubic spline curves are shown in Figure 9.1 to Figure 9.3.

9.2.3 Displaying the adjusted cubic spline curve
Cumulative exposure from the second paper was used as exposure and cancer
incidence during 1991–2009 as an event. We preformed the same Cox-model
model as is presented in the second paper to estimate a restricted cubic spline
curve.
Starting by investigating the distribution of exposure shows a skew distribution of cumulative 137Cs, and almost 10% of the observations have a value
over 160 kBq/m2.
In the Spline, the knots had S1: 0.0 – 25.25234, S2: 25.25234 – 75.7949,
S3: 75.7949 – 166.9896, and S4: 166.9896 – 564.71. The cubic spline with
k=4 and mean of cumulative 137Cs during 1986 – 1990 shows a slight increase
in cancer for the period 1991 – 2010. The significant increase starts at 90 kBq,
but the lower boundary of 95% confidence interval decreases immediately after 270 kBq, which depends on both the number of observations after this level
of exposure and the number of events at this level. The marked circle on the
relative risk at 1 shows the 10% deviation of observations, and we can see that
10% of the observations had a value over 210 kBq, but the line shows a definitive increasing trend by cumulative cesium.
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Accumulated 137Cs during 1986 – 1990: N=734537, Mean=89.5017 Std Dev= 61.4265, Min=
0.00, Max=564.7134

Figure 9.1 Distribution and Kernel Density for the accumulated 137Cs during 1986 –
1990

Figure 9.2 Restricted cubic spline estimated by using the Cox-regression model with
k=4 and mean of cumulative 137Cs as a reference, showing the relative risk of cancer
in the three counties during 1990 – 2010
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Figure 9.3 Restricted cubic spline estimated by Cox-regression model with k=3 and
mean as a reference, showing the relative risk for cancer in three county during
1990-2010.

Minimizing the number of knots to three does not change the curves, and results are the same as before. In this model, the spline curve becomes more
constant by increasing the cesium value after the last knot.
In Cox regression used in the second paper, the exposer data had three categories: lowest, in the first quartile (0.00 to 45.40; reference category); intermediate, in the second and third quartiles (45.41 to 118.80); and highest, in
the fourth quartile (118.81 to 564.71).
If we choose the three knots as a fixed point: 0.0, 45.0, and 118.0, as we
used in the Cox-proportional hazard regression model in study 2, using the
mean of cumulative cesium as a reference, and run the spline function again,
the estimated figure becomes more balanced (Figure 9.4). Concerning the proportionality assumption in each of the categories of 137Cs, this model is more
reasonable than the other model. Regarding LNT, we can see the range of the
first and second knots, which addresses this assumption as well. Estimated
adjusted hazard ratios (solid line) with a 95% confidence interval (dashed
lines) for the association of 137Cs and overall cancer incidence from the AICminimizing, best-fitting regression spline model in the population
(n=734,537) gives an increase in the risk from 166 kBq/m2 , where the risk is
almost constant after this level. 137Cs was modelled by spline expansion with
df = 2 and knots = 3. The final estimates presented using the spline curves
were adjusted for age, gender status, pre-Chernobyl incidence of cancer (1980
– 1985), and residential status.
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Figure 9.4 Restricted cubic spline estimated by using the Cox-regression model with
fixed knot 0.45 and 118 , using a reference value 45 showing the relative risk of cancer in the three counties during 1990 – 2010

Comparing this result with the previous results from the Cox-regression
model, the estimated risk is almost equal, and by using the cubic spline with
k=3 and the first knot as a reference, we can demonstrate and visualize a dose
response and interpret effects from exposure adjusted for LNT ranges of 137Cs
and other covariates.
The advantage of using RCS is that the methods have less restrictive assumptions and more regional flexibility. It does not relay on the statistical hypothesis testing, and it is not sensitive to the choice of cut-off points. RCS
gives a visual inspection of the dose-response pattern and might be useful in
guiding the choice of categorization for traditional categorical analysis.
A drawback of using RCS is that this method is moderately sensitive to the
number of knots, a subjective interpretation, and the scale of the Y-axis at the
tails of spline curves requires a correct decision.
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