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Abbreviations and definitions

Quantity/term (Unit) Brief definition

CA

"Potassium normalised caesium excretion" - the ratio between the
body burden and urinary excretion for Cs and that for K,
respectively
Controlled area, where deposition of l37Cs in 1986 exceeded 0.55
MBq m'2

Calcium fluoride
Coefficient of variation (% SD relative to the mean value)
Absorbed dose
Total activity deposited per unit area
Effective dose
Effective dose from external irradiation
Effective dose from internal irradiation
24-hour urinary excretion of l37Cs
24-hour urinary excretion of creatinine
Concentration of creatinine in an individual urine sample
Activity concentration of I37Cs in an individual urine sample
Concentration of potassium in an individual urine sample
Gastro-intestinal
Geiger-Muller
Hydrochloric acid
High-purity germanium
International Commission on Radiological Protection
Calibration factor for the in vivo measurements in Russia
Kerma in air
Shielding factor, correcting the free-in-air background countrate at
the in vivo measurements as there is a shielding of the background
radiation by the person being measured
Lithium fluoride
Molar (also M = Mega; 106)
Count rate from caesium radionuclides in the human body in the
in vivo measurements in Russia
Background count rate free in air at the in vivo measurements in
Russia
Polymethylmetacrylate (e.g. plexi glass)
Whole-body content of l37Cs or 134Cs
Whole-body content of potassium
Dose rate coefficient for the total content of ' 3 7 Cs and '34Cs in a
person with a body mass m

CaF2
CV
D

(%)
(Gy)

Deposition (Bq m'2)
E
Eexl

E,™
Eu
Ecre24h

ecrei

eCs.i

Gl'
GM
HC1
HPGe
ICRP
K
Kair

K

LiF
M
N

Nb

PMMA
Qcs
QK

(Sv)
(Sv)
(Sv)
(Bqd-1)
(mmol d1)
(mmol L"1)
(BqL1)

( g L )

Bq cps'1

(Gy)

(Mol L ' )
(cps)

(cps)

(Bq)
( g KorBq 4 0 K)

^ ^ ( m S v k g k B q - ' y - 1 )

Surface equivalent
deposition (Bq m'2)

T | 7

T!'2
(y)or(d)

(d)

The activity per unit area on an infinite plane surface that produce
the same primary photon fluence rate (at a certain energy), one
metre above the surface, as the actual depth distributed source
Physical half-life of a radionuclide
The biological half-time of the fast component in the retention
function for 137Cs



T2 (d) The biological half-time of the slow component in the retention
function for l37Cs

TLD Thermoluminescent dosemeter
UNSCEAR United Nations Scientific Committee on the Effects of Atomic

Radiation
wR The radiation weighting factor for radiation of type R in the

calculation of effective dose
wT The organ/tissue weighting factor for organ/tissue T in the

calculation of effective dose
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INTRODUCTION

The accident in April 26, 1986, at the Chernobyl nuclear power plant in The Ukraine, was the
most severe so far in the nuclear energy industry. Vast territories of the present three republics
of The Ukraine, Belarus and the Russian Federation were contaminated with radionuclides
released during and after the explosion of the reactor. The main release continued for 10 days,
and the changing wind direction caused all areas surrounding the reactor site to receive
radioactive debris. The total release of l37Cs was estimated to be 85 PBq, which corresponds
to about 30% of the core inventory (UNSCEAR, 2000). A zone around the reactor with a 30
km radius was completely evacuated within two weeks.

The deposition of radionuclides was measurable in all countries of the northern hemisphere.
For example, the mean surface equivalent deposition in Sweden was 10 kBq m'2, with values
ranging between 0.2 and 200 kBq m"2 (Mattsson and Moberg, 1991). In Sweden, a population
of 1.13 million people were living in the most contaminated areas, which were mainly found
in the counties of Gavleborg, Vastemorrland, Vastmanland, Vasterbotten and Uppsala
(Edvarson, 1991; Agren, 1998). However, most of the contamination occurred in areas closer
to the reactor. On 28-30 April, an area centred 200 km north-northeast of the nuclear power
plant, at the border of the Bryansk region of south-western Russia and the Gomel and Mogilev
regions of Belarus was highly contaminated as a result of rainfall in connection with the
passing of a radioactive cloud from Chernobyl. Due to differences in the amount of rainfall,
the resulting contamination pattern was very inhomogeneous. A deposition map of the
contaminated area around Chernobyl and the contaminated region visited by us is shown in
Fig.l. The deposition of l37Cs reached about 5 MBq m"2 in some villages in the Bryansk area
(Balonov 1993; UNSCEAR, 2000).

The irradiation of residents in the area was initially dominated by 1311,132Te-132I and 133I with
some contributions from other short-lived radionuclides, e.g. 106Ru and 144Ce. After the first
few months, 134Cs (T1/2 = 2.1 y) and 137Cs (T1/2 = 30.2 y) and to a much lesser extent, 90Sr,
became the major contributors to the exposure of people living in the contaminated regions.
Areas with 137Cs deposition greater than 0.55 MBq m"2 were designated "Controlled areas"
(CA), which meant that preventive measures were taken to maintain the annual effective dose
to the inhabitants below 5 mSv (Balonov, et al., 1999). In this region, the initial levels of soil
contamination of ""Sr were 1-2% and of 239+240Pu about 0.01% of the activity of l37Cs in the
soil (USSR State Committee, 1991) and therefore not of any major concern. Widescale
measurement programmes were initiated in order to estimate the irradiation of people in these
areas. The earliest measurements of the irradiation of people began at the end of April in
1986, in the largest cities of the Russian Federation, which received a large number of people
relocated from contaminated areas (Zvonova et al., 2000). About 220,000 people were
evacuated from areas surrounding the reactor during 1986, and another 250,000 people were
relocated in the three republics after 1986 (UNSCEAR, 2000).

In 1990, a joint project was initiated between the Departments of Radiation Physics in Malmo
and Goteborg, the Institute of Radiation Hygiene in St. Petersburg, the Norwegian Radiation
Protection Authority and the Swedish Radiation Protection Institute, in order to assess the
effective doses from internal as well as external exposure, to inhabitants in rural villages of
the controlled area (I, II, Erkin et al., 1994; Wohni, 1995; Zvonova et al., 1995; Wallstro'm,
1998; Jesko et al., 2000). From 1993, the project continued with only the Swedish and



Russian participants. Joint expeditions to the Bryansk region were made in September-
October annually from 1990 to 2000, except in 1999. We thus have a long series of
measurements in the same villages in the area. This thesis describes the results obtained up to
1998.
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Fig. 1.137Cs contamination levels around the Chernobyl power plant and the south-western Bryansk
region (IAEA, 1991). The circle indicate the 30 km zone around the Chernobyl nuclear power plant.
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AIMS OF THE STUDY

The general aim of the present work was to make an independent estimate of the long-term
effective dose to the inhabitants of the contaminated areas, from internal as well as external
irradiation due to deposition of 137Cs and 1MCs* and to study its change with time. These issues
may give valuable information as to whether people should be allowed to stay or should be
moved from the contaminated area. The villages were chosen to reflect different states of
decontamination in order to investigate the influence of decontamination on the effective
dose, as well as the influences of different living conditions, occupations and ages of the
population. The separate papers in this thesis are focused on the following aims:

• To compare the outcome from two methods (using potassium or creatinine excretion
as normalisation) of estimating the body burden of U7Cs via single urine samples from
selected individuals in Russia, applying excretion parameters from a reference group
in southern Sweden and literature data in the calculations (Paper I)

• To compare the results of 137Cs measurements in single urine samples and the results
obtained from in vivo measurements (Paper II)

• To determine the whole-body retention and the urinary excretion before, during and
after pregnancy, as well as the excretion of l37Cs into breast milk after a single
ingestion of radioactive caesium (Paper III)

• To investigate the changes in the external and the internal irradiation between 1990
and 1998 and to calculate the effective dose to individuals in the various villages
(Papers IV and V)

• To analyse the change in the rate of decrease of the external effective dose when
subtracting different values of the pre-Chernobyl background (Paper IV)

• To analyse the relation between internal and external irradiation from deposited 137Cs
in a longer perspective and to estimate the total effective dose and its variations
between individuals during a 70 year period after the accident (Paper V)

' 1MCs was determined in the in vivo measurements and urine analysis, however, its contribution to the effective
dose was negligible after 1994.
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BACKGROUND
Main sources of human irradiation from caesium radionuclides in
the terrestrial environment
The two primary ways for caesium radionuclides to affect man will be considered in this
thesis: 1) ingestion of contaminated foodstuffs and subsequent internal irradiation, and 2)
external irradiation from caesium radionuclides deposited on the ground, buildings etc. The
pathways of l37Cs and 154Cs in the environment and in man has been extensively studied ever
since the atmospheric nuclear weapons tests in the 1950s and 1960s e.g. by Miller and
Marinelli, (1956); Liden, (1964); Persson, (1968); Gustavsson, (1969); Fujita et al., (1969);
Mattsson, (1975); Mattson and Moberg, (1991). However, most studies are related to the
internal irradiation from ingested 137Cs.

After a deposition event during the growing season, radionuclides are initially adsorbed onto
grass and leafy plants. When deposition has ceased, the activity deposited on vegetation is
retained with a half-time of about two weeks (UNSCEAR, 2000). Factors influencing this
process are, the growth of the plant (the activity is "diluted"), and weathering by rain and
wind. Following deposition on soil, the radionuclides migrate downwards with time. Some are
absorbed by plant roots and incorporated in the growing vegetation. This process is influenced
by a number of factors such as type of plant, type of soil, hydrological conditions, weather
conditions at the time of deposition as well as in the following years.

After deposition, caesium associates with the clay mineral fraction of soils, and becomes
increasingly unavailable for root uptake by plants (Rosen, 1996; Isaksson, 1997). As a
consequence, the transfer of Chernobyl 137Cs from soil to plants has decreased continuously
since the accident (Shutov et al., 1993). In peat soils, (characterised by a high organic matter
content, the absence of clay minerals and a deficiency of potassium), the caesium is less
readily fixed and hence more available for root uptake. This is, to some degree, also true for
the type of sandy soils prevalent in the area studied. The overall vertical migration of the
caesium in pasture land and forests has been shown to be quite slow (Wallstrom et al., 1991;
Isaksson et al., 2000) and most of the activity is still retained in the upper layer (0-10 cm). In
areas distant from the Chernobyl power plant, most of the debris came as wet deposition,
causing initial downward migration during the deposition event.

In late spring, summer and autumn, the initial transfer of caesium radionuclides to man from
recent deposition is mainly due to the consumption of milk from cows on pasture and of leafy
vegetables following direct deposition on grass and plants. At a later stage, root uptake by
agricultural foodstuffs becomes an important additional pathway, together with meat, wild
mushrooms and berries, as well as meat from wild animals and fresh-water fish. Foodstuffs
from the natural environment often have a relatively high content of 137Cs compared to those
from the agricultural food chain as well as a slow decrease rate of the radionuclide
concentration (Liden, 1961; Liden and Gustavsson, 1966; Strand et al., 1996; Agren, 1999).
They have a significant influence on the daily intake of radionuclides for the population
studied, since the diet traditionally includes large amounts of forest products. For individuals
who regularly consume mushrooms and berries, the relative contribution to the internal dose
from these sources may amount to 60-70% (Shutov et al., 1996, Balonov et al., 1999). The
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products from the agricultural ecosystem contributing most to the internal absorbed dose in
the studied areas are milk and potatoes. The concentration of 137Cs in potatoes is
comparatively low; however its relative contribution to the intake of radionuclides is
important due to the fact that the consumption of potatoes in these areas is very high (Jacob
and Likhtarev, 1996).

Radionuclides deposited on the ground and on buildings also give rise to external irradiation
of inhabitants in contaminated areas. The contribution to the effective dose from external
radiation is dependent on a number of physical parameters and social factors. The physical
parameters include the types of radionuclide, their distribution in the ground, the density
(water content) of the ground, the roughness of the surface, the presence of shielding material
as well as the size of the person irradiated. Social factors include the time spent outdoors and
indoors, and the place of residence. External irradiation from deposited radionuclides was the
dominating source of irradiation of inhabitants in the area studied during the first year after
the accident in 1986 (Balonov, 1993).

Methods of estimating internal and external irradiation

Biokinetics of'"Cs

The metabolism of caesium in the human body is known to depend on several parameters, for
example, age, sex, body weight and potassium content. The individual variations in kinetics
are considerable. The overall health status and pregnancy also have an influence on the
kinetics (Bengtsson et al., 1964; Clemente et al., 1971; Lloyd, 1973; Legget, 1986). The
retention of caesium in the body may be approximated by a bi-exponential function (ICRP,
1989):

Rft) = a exp(-ln2 -t/T,) + (1-a) exp(-ln2 -t / TJ (I)

where Rft) is the fraction of the activity, present at a reference time (/ = 0), which is still
retained in the body t days later, a and (1-a) are the fractions of the initial activity associated
with two hypothetical compartments that together make up the total body, and T, and T2 are
the biological half-times of caesium in those compartments. T, is mainly the result of urinary
excretion of caesium accumulated in the kidneys within a few hours of its entry into the blood
from the gastrointestinal (GI) tract. The slow component, T2, reflects the progressive
excretion, mainly into urine, of caesium accumulated in muscle and other tissue. For an adult
male, the ICRP (1989) states the values a = 0.1, T, = 2 days, and T2 = 110 days, and ranging
between 50 and 150 days. The T2 value for women has been reported to be shorter than for
men, with values ranging between 45 and 86 days (Miltenberger et al., 1981; ICRP, 1989).

The retention of caesium in man may also be described by the equivalent biological half-time,
Te, which is the equivalent of an average of the component half-times (T, and T2) in the two-
exponential retention equation, each weighted by the fraction of the total retention. Te is
defined for steady-state conditions under which the changes in the observed whole body
content and in the excretion rate are negligible. Mean values of Te have been reported to be 96
days (range 47-152) for adult men and 65 days (range 30-141) for women (Schwartz and
Dunning, 1982; Riiaf et al., 2000). The equivalent biological half-time, Te, and the half-time
of the slow component, T2, in the retention function (1) are not readily comparable, since they
reflect two different kinds of half-times.
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Experimental data on changes in caesium kinetics during pregnancy are rare, as are
experimental data regarding secretion into breast milk (Bengtsson et al., 1964; Zundel et al.,
1969; Rundo and Turner, 1992; Johansson et al., 1998). Pregnancy has been reported to alter
the excretion rate of caesium. We had the opportunity to study the long-term caesium
excretion before, during and after pregnancy, in a Swedish woman, following a single
unintended intake of mushrooms from a highly contaminated area in Russia, using the
technique of direct in vivo measurement in a stationary whole-body counter (HI).

Estimation of internal irradiation

There are various methods of assessing the body burden and the associated effective dose
arising from the internal content of 137Cs and '34Cs. The most common are the direct method of
in vivo counting, and indirect methods, e.g. measurements of the urinary excretion of
radionuclides, estimation of the daily intake of radionuclides from analysis of food or
calculations based on information on the total ground deposition.

The in vivo counting technique is very useful for measurements in accident situations.
Measurements can be performed either with a permanent, well-shielded whole-body counter
(I, III, Mattsson et al., 1989; Falk et al., 1991; Lebedev and Yakovlev, 1993), with semi-
mobile equipment with various degrees of shielding, or without any shielding (II, V, Palmer,
1966; Zvonova et al., 2000). The disadvantage is that it is necessary for the person to be
investigated to come to the detector, and that it requires the presence of skilled operators
during the whole measurement. Well-shielded mobile equipment is large and heavy, thus
making it necessary to use a van or a lorry when travelling to such distant areas as the rural
villages visited in this study.

Urine samples are fairly easy to collect from a large number of people and to transport to the
laboratory for measurements in a low, stable background environment (I, II). It is also
possible to pool a large number of samples and estimate a mean value for the population
considered. However, the calculation of the body content of caesium from urinary excretion
introduces uncertainties depending on individual biological characteristics and sampling
conditions. Several papers have been published on the kinetics of caesium in man, and the
associated excretion constants, (Rundo and Taylor, 1964; Lessard et al., 1980; Falk et al.,
1991; Johansson and Agren, 1994; Raaf, 2000). However, the method of using urine samples
has rarely been used in practice to assess the whole-body content.

The ideal procedure when sampling urine is to repeatedly collect all the urine excreted during
consecutive 24-hour periods. However, when dealing with a large number of subjects under
field conditions, as in the Russian villages, it is generally only possible to obtain a single urine
sample from each individual. The most straightforward way of assessing the total body
content of l37Cs from its concentration in urine is to multiply the urine concentration by an
experimentally determined ratio, Q/ECs, where Q is the whole-body content and ECs is the
urinary concentration of 137Cs, assuming that the urine sample is representative for a long
period and the rate of urine production is constant. In the literature, values of this ratio are
usually presented with the urinary excretion expressed as a daily excretion of 137Cs. When the
daily volume is unknown, it is necessary to assume a standard volume in the calculations. The
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assumptions above are not completely valid due to differences in the fluid balance between
individuals, which affect the concentration of 137Cs in the urine.

Instead of assuming a standard volume for the 24-h urine excretion, it is possible to use the
potassium or creatinine excretion into urine as normalisation parameters, by assuming a
standard daily excretion of these substances. The excretion of creatinine in an individual was
earlier thought to be relatively constant over time, showing only small diurnal variations
(ICRP, 1975). It has been used frequently to adjust for urine dilution when expressing the
concentration in urine of various substances, including caesium radionuclides (Jackson, 1966;
Cahill and Wheeler, 1968; Watson et al., 1993). However, creatinine excretion is influenced
by a number of factors, e.g. age, sex, muscularity, pregnancy, diet and physical activity, which
may cause large variations in the excretion between individuals (Boeniger et al., 1993).

Potassium excretion into urine, has been used in a number of studies as a method of
normalising for daily variations in the urinary excretion of l37Cs, sometimes together with the
whole-body potassium, since there are metabolic similarities between the two substances
(Rundo, 1964; Falk, 1991; Johansson and Agren, 1994). In Papers I and II, we evaluated and
compared the most common methods used for relating urinary excretion to whole-body
content of 137Cs, when having access to single urine samples only.

The methods used to estimate 137Cs body burden employing food and deposition data are
uncertain, and tend to lead to overestimation (UNSCEAR, 1988; Strand et al., 1989; Balonov
and Travnikova, 1993; Wallstrom, 1998). There is a large spread in the transfer factors from,
for example, grass to cow's milk, which is an important pathway when calculating the
effective dose from deposition data. Other sources of uncertainty lie in the estimation of the
activity concentration in different food products, as well as in the consumption rate.

Estimation of external irradiation

The external irradiation of individuals can be estimated by e.g. dosemeters worn by the
individuals (Erkin and Lebedev, 1993; Erkin et al., 1994; Wallstrom et al., 1995; Wohni,
1995; Golikov 1999; Hille et al., 2000), estimated using calculations based on knowledge of
the deposition data or from measurements of kerma in air (Meckbach and Jacob, 1988; Finck,
1992; Wallstrom, 1998). Another method is retrospective assessment of past radiation
exposure using various techniques, which has been extensively studied and developed during
the past decade (Jacob et al., 2000).

Thermoluminescent dosemeters (TLD) are tissue equivalent and useful for measurements of
absorbed dose to population groups, due to their ability to store the accumulated signal and
their small size which allows easy transport and handling. The external irradiation of people
living in contaminated areas was measured with TLD, giving results on the levels of external
radiation and its variation with time. These long-term data are important, since most other
studies have been performed over shorter times (IV, V).

Calculations of external irradiation from data on deposition rely on the knowledge of a
number of parameters, such as the radionuclides deposited and their distribution in the
ground, as well as the individual social behaviour and the time spent at various locations. This
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method involves considerable uncertainties due to the assumptions that must be made
regarding the parameters involved.

Retrospective assessment of past exposure to ionising radiation can be performed using
methods based on persistent effects, such as radicals or electrons trapped at defect sites in
minerals, neutron activation products or changes in blood constituents. However, the dose
levels encountered in this study are too low to be assessed with these methods, since they can
only be employed for doses above 100 mSv (Jacob et al., 2000).

Effective dose

The tissues and organs of the human body have varying sensitivity to radiation. The effective
dose, E, a risk-related dosimetric quantity, is defined as (ICRP, 1991):

E=IwTEwKDIJt (Sv) (2)
T R

where DTR is the mean absorbed dose to tissue or organ T from radiation type R, wR the
radiation weighting factor for radiation type R, and wT the tissue weighting factor taking into
account the relative contribution of the organ to the total detriment, a quantity influenced by
the probability of fatal cancer, but also taking relative duration of life time lost, relative non-
fatal contribution and severe genetic effects into consideration (ICRP, 1991). The previously
used quantity, often encountered in the literature, is the effective dose equivalent, HE, (ICRP,
1977). The main difference between E and HE is that the calculation of E involves a greater
number of specified organs and more detailed information on the remaining organs and
tissues.
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MATERIAL AND METHODS

The villages studied and their inhabitants
Six administrative districts of the western Bryansk region of Russia, with a total population of
270,000 inhabitants, were among the areas most heavily contaminated with radioactive debris
from the reactor accident. The contaminated area is centred 200 km north-northeast of the
Chernobyl power plant, near the border with Belarus. Deposition of debris from the reactor
occurred on April 28-29,1986 as a result of rainfall and a radioactive cloud passing the area.

The deposition of l37Cs in the most highly contaminated villages reached 4-5 MBq m"2

(Balonov, 1993). Areas with deposition levels exceeding 0.55 MBq m"2 were designated
controlled areas (CA), where radiation protection countermeasures were continuously
employed. These included delivery of "uncontaminated" meat and dairy products,
decontamination of villages, measures to decrease radionuclide content in agricultural
products, e.g. deep ploughing and application of excess amounts of organic and mineral
fertilisers, etc. In the Bryansk region, 112,000 people were living in a 2400 km2 area
designated as CA. During the first two months after the accident, inhabitants (especially
children and pregnant women) in the CA were temporarily relocated to less contaminated
areas, which resulted in a 10 to 50% reduction in the effective dose during the first year
(Balonov, 1993).

The consumption of some local foodstuffs, especially milk, was prohibited at the beginning of
May 1986. In August, all cattle were compulsorily purchased from private farms by the
government, in order to prevent the consumption of local milk and meat by the villagers. The
population was provided with food from other, less-contaminated areas for a number of years
after the accident. This was estimated to have reduced the internal dose due to caesium
radionuclides by an order of magnitude, compared with the doses calculated assuming no
protective measures (Shutov et al, 1993). After the decay of short-lived radionuclides, the
longer lived caesium isotopes 137Cs (T1/2 = 30.2 y) and 134Cs (T^ = 2.06 y) became the major
contributors to the effective dose to people living in these areas. Individuals who were not
evacuated have been subjected to enhanced external and internal radiation exposure since the
accident.

The villages included in this study, with reported deposition of 137Cs between 0.9 and 2.7
MBq m"2 (USSR State Committee, 1991), are all situated in rural districts in the western
Bryansk area, near the town of Novozybkov in the south-western part of Russia. They
typically have populations of 300-600 inhabitants, mainly agricultural workers or local
employees and their families. A detailed map of the area with the villages visited indicated by
arrows, is shown in Fig. 2.

Due to rainfall as the radioactive cloud passed over the area, the deposition pattern was very
inhomogeneous, and the deposited activity varied substantially, even over small areas, see
Fig. 2 and 3. The dose rate was measured with a radiation protection instrument (RNI 10/D,
Hovas, Sweden) in a car travelling between the city of Gomel and Novozybkov, and between
Novozybkov and the village of Starye Vishkov in June 1990. The passage through areas with
higher and lower deposition is clearly reflected in the diagram in Fig. 3.
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Fig. 2. Detail from the map in Fig. 1 (IAEA, 1991) of the contaminated areas visited during the study.
The villages visited are indicated by arrows.

2.5

S 1-5

0.5

Novozybkov to St. Vishkov Gomel to Novozybkov

nn nil
1 6 11 16 21 26 31 36 41 46 51 56 61 66

Distance (km)

Fig.3. Dose rate profile along the road as measured in a car travelling between Gomel and
Novozybkov and between Novozybkov and St. Vishkov, respectively in June 1990 (Mattsson,
unpublished 2000).

In Table 1 a summarised presentation of the villages included in the study is given. Different
types of countermeasures were applied directly after the accident, and some villages were
decontaminated (Table 1). Private farmers were instructed to use excess fertilisers, to feed
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their cows with stored fodder, and to thoroughly turn the soil on their grounds. However, in
1989, all official decontamination efforts in the villages were finished.

Table 1. Characteristics for the villages and individuals participating in studies from 1990 to 1998.
N.D signifies not decontaminated, or decontaminated to a very small extent, F.D signifies fully
decontaminated, which includes removal of the topsoil around kindergartens, schools and other public
places, as well as along roads, and covering with sand or asphalt, as well as cleaning of roofs and
walls. P.D signifies partly decontaminated, mainly that unpaved roads were covered with gravel.

Parameter

Deposition of '"Cs
in 1986
(MBq m"2)
Decontamination
grade
Mean number of
individuals
participating each
year
Type of
measurement

Type of group

Location of
in vivo
measurements

Village
Veprin

0.90

N.D.

30

Ext

Mixed

Kusnetz

0.95

N.D.

50

Ext/Int

Mostly
elderly
people

Farmhouse
or public

house

Starie Bobovichi

1.1

P.D.

100

Ext/Int

Collective farm
workers/school

children
School and office

in tractor yard

Starie
Vishkov

1.3

P.D.

30

Ext/Int

Mixed

Various

Yalovka

2.7

F.D.

80

Ext/Int

Collective farm
workers/school

children
School and
tractor yard

building

Estimation of internal irradiation (Papers I-III and V)

Estimation of body burden of'"Cs from single urine samples in Russian villages

Single urine samples (20-100 mL) were collected from the individuals in the villages at the
time of the in vivo measurements (I, II). The urine was collected in clean glass bottles and
immediately transferred to 100 mL plastic bottles which were tightly sealed to prevent
leakage. As a carrier a few milligrams of stable CsCl, together with approximately 1.0 mL of
12 M HC1 per 100 mL of urine for conservation, were added to the samples within 24 hours.
The concentration of 137Cs was measured either in the Department of Radiation Physics,
Malmo (HPGe, 35% relative efficiency at 1.33 MeV) or in the Department of Radiation
Physics, Goteborg (125 mm (0) x 100 mm Nal(Tl)). The standard deviation (SD) in the urine
measurements was estimated to be less than 5% for all detector systems. Potassium and
creatinine were also analysed, within two weeks of sampling, by atomic absorption
spectrophotometry (AAS) and colorimetric determination (Technicon DAX), respectively, at
the Departments of Clinical Chemistry at Malmfi University Hospital, or at the Sahlgrenska
University Hospital, Goteborg.

Since there are various ways of normalising the urinary excretion when having access to
single urine samples only, as in the Russian studies, we wanted to test two methods, using
either the excretion of creatinine or the excretion of potassium as normalisation parameters,
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and to compare the results of the calculated body burden (I). The 24-hour urinary excretion
and body burden of 137Cs in a Swedish reference group, the so called Lund reference group
(Mattsson et al., 1989), and other literature data were used in the calculations. The urine
samples from the Swedish reference group were collected in 2 L (Kautex™) plastic bottles
and prepared in the same way as the Russian samples above. The concentrations of 137Cs and
40K in the samples were measured using a lead-shielded HPGe detector (Schlumberger
Enertec, 5.1% relative efficiency at 1.33 MeV), connected to a multi-channel analyser. The
creatinine concentration was determined with the aforementioned method.

The body burden of l37Cs, estimated from single urine samples using creatinine normalisation,
was calculated in the following way (I):

QCs = (Q/EJa.Ln.4 ̂ Cs.i iEcreMU^Kej) (B<l) (V

where QCs is the body burden of 137Cs in a Russian individual, (Q/EJCsLmd is the mean ratio of
body burden to daily urinary excretion of l37Cs in the Lund reference group (d), eCsi is the
urinary concentration of 137Cs in the individual sample (Bq L"1), Ecre 24h Lmd is the mean 24-hour
creatinine excretion in the Lund reference group (mmol d"'), and ecrei is the urinary creatinine
concentration in the individual sample (mmol L"1).

The body burden assessed from single urine samples using potassium as a normalisation
parameter was calculated according to the equation (I):

Qcs = QKI -(ecs/ej -AM (Bq) (4)

where QKi is the whole-body content of 40K (Bq) in a Russian individual, estimated from body
weight using data from ICRP (1975), ea • and eKi are the urinary concentrations of 137Cs and of
40K (Bq L"1) respectively, in the individual samples. ALmd is the mean ratio between 137Cs body
burden per g potassium in the body and urinary excretion of l37Cs per g potassium in urine;
(Cs/K^jACs/K),,^,) in the Lund reference group, (3.4 for both men and women). A third
method, without normalisation, was used to calculate the body burden from urine samples in
the present report, using an assumed ratio (167 Bq/(Bq d"1) for men and 119 Bq/(Bq d"1) for
women) of the body burden to daily urinary excretion of 137Cs, (Qcs/EJ, obtained from the
literature (Raaf, 2000), and assuming a daily urinary volume (V) of 1.4 L for men and 1.1 L
for women (ICRP, 1975):

Qc, = (Q/EJcs. H^. -ecj • V (Bq) (5)

The association between 137Cs whole-body content and urinary 137Cs excretion for different
age groups was determined using six different methods (II):

1) The relation between body burden and urinary concentration of l37Cs
2) The relation between body burden and daily urinary excretion of 137Cs calculated assuming

a standard daily urine volume
3) The relation between body burden and urinary excretion of [37Cs normalised to the

potassium concentration in urine
4) The relation between body burden and urinary excretion of 137Cs normalised to the

creatinine concentration in urine
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5) The relation between 137Cs body burden normalised to the potassium concentration in the
body and urinary excretion of 137Cs normalised to the potassium concentration in urine

6) The relation between I37Cs body burden normalised to the potassium concentration in the
body and urinary excretion of 137Cs normalised to the creatinine concentration in urine

Correlation coefficients between individual whole-body content and urinary excretion were
calculated using the different normalisation parameters. The total body potassium, included as
a parameter in methods 5 and 6, was calculated from an individual's age and body mass, using
data by Lebedev and Yakovlev (1993).

Twenty-four-hour urine samples and, on two occasions, breast milk, were collected in
connection with the whole-body measurements in Paper III. The l37Cs and 134Cs contents in
the samples were measured using the high-purity germanium detectors at the Department of
Radiation Physics in Malmo. The potassium and creatinine concentrations in urine were also
determined using the methods described above. The overall uncertainty in the determination
of l37Cs and 134Cs activities (calibration and measurement uncertainties combined) was
typically 10-15% (1 SD).

In vivo measurements with stationary and portable equipment

The body burden of 137Cs and of 40K of the woman in the study in Paper III was measured in
the whole-body counter at the Malmo University Hospital (Henningsen et al., 1982). The
counter was situated in a low-background room, shielded with 15 cm thick iron walls, covered
with 3 mm lead on the inside. A scanning bed geometry was used, and the detectors consisted
of two 127 mm 0 x 102 mm Nal(Tl) detectors positioned 30 cm above and 10 cm below the
patient couch. The scanning length was 150 cm and took 1000 s to complete. The detectors
were connected to a multichannel analyser (Nuclear Data 62™, 2048 channels). The overall
uncertainty in the determination of the caesium radionuclide content was typically 10-50% (1
SD) for the activity levels encountered.

Due to the changes in body weight, and shape, of the woman during pregnancy, we suspected
that the calibration factors for the whole-body measurements would change somewhat. Thus,
the results of the whole-body measurements were calculated using both total l37Cs content and
the 137Cs/potassium ratio, the latter being more independent of body size, to investigate
whether the changes in geometry of the body relative to the detectors would have an effect.

The in vivo measurements using portable equipment in Russia (II, V), were carried out with a
(63 mm (0) x 63 mm) Nal(Tl) detector and a single-channel scintillation spectrometer (RFT-
20046, Robotron, Germany). Measurements were conducted at the location in the village
where a low background could be found, mostly in school buildings. They were carried out
with the individual in a sitting position, bending over the detector which was resting in the lap
directed towards the abdomen, the so-called "Lap geometry" (Palmer, 1966) with
measurement times of 60-100 s, see Fig. 4.
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Fig. 4. Photo of an in vivo determination of whole-body content of caesium radionuclides in the
Russian village of Staric Bobovichi in 1994.

The calibration method for 137Cs and 134Cs in vivo measurements in Russia was developed in a
study with volunteers who ingested a known mixture of the radionuclides, and verified by
measurements of the same individuals with a well-shielded stationary whole-body counter at
the Institute of Radiation hygiene in St. Petersburg (Kaidanovsky and Dolgirev, 1997). At a
later stage, the calibration coefficients were confirmed by measurements using whole-body
phantoms (Thieme et al., 1998). The energy range used in the single-channel spectrometer
was 500 to 1000 keV, including gamma radiation from both 137Cs (662 keV) and 134Cs (563 to
802 keV). After 1994, mainly l37Cs was measured, since the contribution from I34Cs was less
than 3%. Before and after each measurement series, the background count rate was measured
in the absence of the investigated person. The body burden of l37Cs, Qa, was calculated
according to the equation:

a = (N-kb-N,J-K (kBq) (6)

where N is the "true" count rate from caesium radionuclides in the human body (cps), kb the
shielding factor accounting for the shielding effect of the body, Nb the background count rate
in free air (cps) and K the calibration factor for the detector, which depends linearly on the
body dimensions (waist measurement) and mass. The shielding factor depends on the body
mass, decreasing with increasing body mass and waist measurement, as well as on the spectral
composition of the background. The shielding correction was checked by measurements on
non-contaminated persons.

For a "normal background" (close to natural levels), the minimum measurable body burden
was estimated to 1-2 kBq, with a coefficient of variation (CV) of 50% and a confidence level
of 95%. At a body burden of 10 kBq the CV was about 20%. For further details on the
calibration and correction factors, see Zvonova et al. (2000).
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Calculations of effective dose from internal irradiation

The total effective dose, E, to a woman and her foetus from a single intake of 137Cs was
calculated (III) using the cumulated activity as an input parameter in the MIRDOSE3
program (Stabin 1996). The cumulated activity for the time periods before, during and after
pregnancy was calculated by integrating the area under the curve resulting from repeated
measurements of whole-body 137Cs. In the integration, we used the biological half-time found
for the three periods by fitting a single exponential function to the data for each period. The
calculation of the absorbed dose to the foetus involved separation of the pregnancy into three
periods, a separate calculation being performed for each period.

The annual effective dose from internal irradiation to individuals in Russia between 1990 and
1994 (V), was calculated using the measurements of the body content of l37Cs and 134Cs and
the age-dependent metabolic and dosimetric parameters for caesium radionuclides, obtained
from ICRP publications 56 and 67 (ICRP, 1989 and 1993). Calculations of the annual
effective dose from internal irradiation, £,„„ for an individual were performed according to the
equation (Zvonova et al., 1995):

Ein,=rsum(m)-QcJm mSvyeaf1 (7)

where rtim (mSv kg kBq"1 y"1) is the dose rate coefficient for the total content of 137Cs and 134Cs
in a person with a body mass m, presented in Zvonova et al. (1995), but recalculated using
updated dose coefficients from ICRP publication 67 (ICRP, 1993). QCs is the measured
activity of 137Cs plus 134Cs in the body (kBq), and m is the body mass (kg). The calculated
effective dose values were compared with those obtained using annual effective dose factors
of 35uSv kBq"1 and 50 uSv kBq"1 for l37Cs and 134Cs, respectively (Snyder et al., 1975;
Johansson and Agren, 1994) and were found to agree well.

Estimation of external irradiation (Papers IV and V)

TLD measurements

Thermoluminescent dosemeters (TLD), consisting of two or three 3x3x0.9 mm3 LiF chips,
were used to assess the absorbed dose to individuals from external irradiation in their
environment. During the first three years, CaF2 dosemeters from the Norwegian Radiation
Protection Authority and LiF dosemeters from the Institute of Radiation Hygiene, St
Petersburg, were also used together with the Swedish dosemeters. An intercalibration of the
basic dosimetry between the participating laboratories was conducted (Wohni et al., 1991)
which showed a maximal difference of 4% in the mean values between the laboratories.

The Swedish dosemeters were calibrated in Malmo or Goteborg, Sweden in a 60Co beam
producing an air kerma rate traceable to the secondary standard dosimetry laboratory at the
Swedish Radiation Protection Institute (SSI). The calibration was performed using a PMMA
(Plexi glass) phantom with the dosemeters placed at 5 mm water equivalent depth. The
dosemeters were transported to Russia in a lead container with 10 mm thick walls. Two LiF
chips were mounted in polyethylene dosemeter holders, shown in Fig 5, the night before
distribution to the participants. Background dosemeters were kept in the lead container from
the time of calibration to the time of reading, a duration of typically 70 -130 days.
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Fig. 5. Schematic drawing of the dosemeter holder containing the TLDs (Wallstrdm and Wohni,
1991).

The dosemeters were distributed either directly to the individuals in connection with in vivo
measurements, or to a local contact for later distribution during the same day or the next day.
The participants were instructed to wear the dosemeter on a cord around the neck, day and
night for one month. After use, the dosemeters were collected by the contact person, put back
in the lead container and sent to Sweden for evaluation. The signals were read (Universal
Toledo TLD reader, Vinten Instruments Ltd, England) at the Department of Radiation Physics
in Malmo, or Goteborg, respectively. During transport and storage, (before and after
distribution to the individuals), the dosemeters were stored in the lead container together with
the "background" dosemeters used to estimate the signal accumulated during transport and
storage.

Calculation of the effective dose from external irradiation

The effective dose, E, (ICRP, 1991) was calculated according to the equation:

Em = Diurface -(KJD^J- (EJKJ (Sv) (8)

where Diurfalx is the absorbed dose to the body surface, as measured with the TL-dosemeter.
The conversion factors Kai/Dsurface and E/Kair, where Kajr is the air kerma, depend on the
irradiation geometry and the energy fluence. For superficial deposition, most of the energy
fluence at a height of one metre above the ground results from photons with an incidence
angle only slightly below 90° with respect to the normal of the infinite plane air-soil interface
(Finck, 1992), that is, almost parallel to the horizontal plane. This means that, in this situation,
the irradiation geometry is assumed to be "rotational invariant". For adults (> 15 years) we
used the value 1.11 Gy/Gy for the Kaj/Dsurface ratio (Jacob et al., 1988) and 0.83 Sv/Gy for the
E/Kair ratio (Jacob, 1986). Thus, the product of the two conversion factors, E/Dsur/ace was 0.92
Sv/Gy. This factor is relatively insensitive to changes in the photon field due to changing
depth distribution, since E/Kair decreases and Kai/D!urft,ce increases with increasing depth of the
activity concentration in soil. We subsequently used the same value, 0.92, during the whole
study period. Experimental estimates of the ratio E/Dsiirface within the project (Wallstrom,
2000) gave values between 0.91 and 0.99, depending on location, (field, forest or indoors)
which supports the theoretically chosen value. For school children we used a conversion
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factor for E/Dsur/ace of 0.95 Sv/Gy to convert the dosemeter reading to the effective dose
(Golikov et al., 1999). The yearly effective dose was calculated by multiplying the monthly
values estimated from the measurements by 12 and by 0.94 to account for the shielding effect
of snow cover during wintertime (Jacob and Likhtarev, 1996).

The "background" absorbed dose, Db, subtracted from the dosemeter reading (DsurMe) to
account for the time when the dosemeters were not worn on the body, was calculated
according to the equation:

Db = l(T-m,eJTJ -(DTL-Df)] + Df + Dvillags (Gy) (9)

T-m !ea/T,0, is the ratio between the time the distributed dosemeters were stored in the lead
container (before and after the measurement period) and the total time between calibration and
reading ( = the time the background dosemeters were stored in the lead container), DTL is the
absorbed dose accumulated by the background dosemeters in the lead container, Df is the
additional dose to the TL dosemeters accumulated during flight, and Dvillage is the background
absorbed dose accumulated during transport to the villages and during storage in the villages
before and after distribution to the individuals (outside the lead container). This component
was estimated using average values of the dose-equivalent rate measured during transport, and
at the locations where the dosimeters were stored, using a portable GM-tube based dose-rate
meter RNI10/D (RNIAB, Sweden).

Pre-Chernobyl background radiation

During the time the dosemeters were worn on the body, they also registered pre-Chernobyl
radiation, which is dominated by the natural background radiation in addition to the radiation
from Chernobyl debris (deposition from fallout from nuclear bomb tests in the 50s and 60s is
neglected in this work, but is estimated to be about 2 kBq m"2). The contributions from the
natural component in this area are terrestrial radiation and cosmic radiation. The terrestrial
contribution depends on the location and also, to some extent, on the moisture content of the
soil, as is illustrated in Fig. 6, where the dose rate decreased by 5%-6% due to rainfall, and
then slowly increased again as the soil dried out. The measurements were performed using a
high-pressure ionisation chamber, in a garden in the outskirts of the town of Novozybkov,
with a 137Cs deposition of 0.8 MBq m"2 (Thornberg, 1996). The ionisation chamber is of the
same type as the detectors used in the national gamma radiation monitoring stations at the
Swedish Radiation Protection Institute, SSI (Kjelle, 1991).
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Fig. 6. Measurements of the dose rate in air with a high-pressure ionisation chamber during one week
in October 1994 in Novozybkov. The vertical lines indicate a new day. Note the break in the
collecting of data between day 4 and 6. The system registered a value every 90 seconds.

Fogh et al. (1999) estimated the dose rate from terrestrial background radiation from
calculations based on soil samples from undisturbed soil in the same area in Russia, and
reported a value of 28 nSv h"'. This would give a monthly effective dose of 20 u,Sv. An
average value of the cosmic radiation component was reported to be 25 uSv per month (Fogh
et al., 1999). Thus, the total contribution to the effective dose from natural radiation would be
45 uSv per month. This is a low background, since the average value of the effective dose to
the world population due to cosmic and terrestrial radiation is 70 uSv per month (UNSCEAR,
1993). For terrestrial radiation, the energy distribution and irradiation geometry are
approximately the same as for the Chernobyl fallout. Thus, the same conversion factor, 0.92,
could be applied, but for cosmic radiation a conversion factor of 1 Sv/Gy is applicable due to
the high energy and penetrability, and hence Ecosm equals Dcosm. The "total" effective dose, Ecxl,
from the Chernobyl debris including natural radiation components, calculated from the
dosemeter reading, can then be written:

M = 0.92 -Daern + 0.92 -D,err + 1.0 -Dc (Sv) (10)

where DChern is the component from Chernobyl radiation measured with the dosemeter, Dlerr is
the terrestrial dose component measured by the dosemeter, and Dcosm the cosmic component.
In situations where the effective dose from "Chernobyl radiation" alone, Ectxm, is of interest,
this can be calculated as follows:

EChern = 0.92 -DChm = 0.92 -(Dsurface - EJ0.92 - EC0J (Sv) 01)

where Dsarface is the surface dose, as measured by the dosemeter, Elm is the effective dose from
terrestrial radiation, (20 uSv), and Ecosm is the effective dose from cosmic radiation, (25 uSv).
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In equation (7), the resultant conversion factor of 0.92 was applied directly to the surface
dose, including the background component, which is an approximation. However, for a
surface dose at the levels encountered in this study, the difference in the effective dose after
calculation according to eq. (7) and subtraction of an overall background value of 45 uSv, or
calculation according to eq. (10), is negligible.
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RESULTS AND DISCUSSION

Internal irradiation

Relation between urinary excretion and whole-body content

The higher potassium excretion into urine exhibited by adults in the Russian group, compared
with other studies (Table 1, II), was reflected in the ratios between the whole-body content
and urinary excretion where urinary potassium was included as a parameter, see Table 2 in
Paper II. The ratio (QCS/EU.CSVCQK/E^K) denoted "potassium-normalised caesium excretion", A,
(I), also produced high values compared with literature data (see below). The calculated
values of A for the Russian group, (Table 2, column 6, II), were 6.7 for men and 4.7 for
women. These results indicate that the potassium intake among adults in the Russian group
studied was significantly higher than in most other investigated populations, where ratios
from 1.3 to 4.1 have been found (Uchiyama et al., 1969; Henrichs et al., 1989; Falk et al.,
1991; Johansson and Agren, 1994). This is also evident from a comparison of the daily
potassium intake in Scandinavia and the Bryansk region, (Table 5,1), which indicates that the
Russian diet contains about 70% more potassium than the Scandinavian.

For children, our results agreed well with the values found for approximately the same age
groups in Sweden (Falk et al., 1991). Since there was no significant difference in the excretion
of potassium among children in our study and other studies, there was no reason to suspect
that the intake of potassium was different for the children in our study than for other
populations. The ratios of body burden to urinary excretion normalised to creatinine excretion
for Russian children were compared with values of the same ratios, calculated by us from
literature data (Cahill and Wheeler, 1968; Watson et al., 1993). The values calculated for
Russian children were generally somewhat lower than the values estimated from the literature,
possibly due to the fact that the Russian children's creatinine excretion was slightly lower
than those found in the studies mentioned above.

Using the value of A obtained from the Lund reference group when calculating the body
burden of u7Cs in a selected group of Russian adults gave, on average, a factor of two lower
values than when the creatinine normalisation parameters from the reference group or
literature were used. In Table 1 the body burdens estimated from urine samples using
equations 3-5 are presented, together with the values obtained from in vivo measurements
with portable equipment for the same individuals.
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Table 2. Comparison of calculated and measured mean body burden of l37Cs in adults from the
Russian group. N is the number of individuals. Mean ± 1 SD of the mean is given, together with the
minimum and maximum values in parentheses. Note that the calculated body burden from urine
samples using no normalisation, is based solely on the 137Cs activity concentration in urine.

Body burden of Cs in Russian adults (kBq)
Method

Year Urine samples,
potassium
normalised

Urine samples,
creatinine
normalised

Urine samples,
no normalisation

Measured in vivo

1991 (N= 11)
1992(N = 24)
1993(N = 23)
1994 (N = 26)
1995 (N= 15)
1996 (N= 15)
1997(N = 6)

39±11(2-127)
11+2 (3-33)
41+12 (6-281)
29+3 (6-84)
18+3 (4-57)
17+7 (4-74)
41±30 (6-234)

41+11 (4-117)
24±3 (7-64)
79±18 (11-384)
55±9 (9-210)
33±5 (5-92)
22±10 (6-49)
24+13 (7-86)

55±22 (4-261)
25±4 (5-88)
62+11 (4-211)
45+8 (11-192)
35±5 (4-85)
25±8 (5-135)
20±7 (5-51)

48+13 (2-136)
23+3 (4-52)
67±16 (8-371)
28+3 (4-69)
32±4 (6-81)
24±3 (7-48)
19±8 (5-59)

The mean values in the three last columns agree surprisingly well, although the urine methods
sometimes result in very high individual values. This is also illustrated in Fig. 7, where the
body burden calculated from urine samples using Eq. 5 (no normalisation of the urine sample)
is plotted against the body burden estimated from in vivo measurements, with the line of
identity (y = x) included in the diagram. An explanation for the large spread in the urine
methods may be the large variability in the biokinetics of l37Cs in individuals, influencing the
relation between whole-body content and urinary excretion. However, as a way of estimating
the mean value of whole-body 137Cs in a population, the use of urine samples is a good
alternative. The spread in the data is relatively large in 1993 for all the methods, with a higher
mean value, due to the fact that this year was a good mushroom year, with the result that
people consumed more mushrooms than other years.

The results in paper II indicate that the best correlation between body burden and urinary
excretion of 137Cs for most of the subgroups in the Russian study is found when the urinary
excretion is expressed as the 137Cs activity concentration. Normalisation by means of urinary
excretion of creatinine or potassium alone, or together with whole-body potassium, worsened
the correlation in many cases. This is somewhat surprising, since these parameters are
intended to be used to minimise the spread in the data. A similar conclusion was found for
chemicals (Boeniger et al, 1993) indicating that creatinine excretion is subject to wide
fluctuations due to age, sex, muscularity, pregnancy, diet and physical activity, and that
creatinine normalisation in fact may worsen the correlation between urinary excretion and
exposure.
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Fig. 7. Body burden of "'Cs as calculated from urine samples (urine concentration) plotted against
body burden as measured in vivo. The best straight line fit is shown and the 95% confidence intervals
for the estimation of the mean and individual values of body burden are given by the inner and outer
set of curves, respectively. The broken line shows the line of identity.

In the calculation of the body burden of 137Cs from a single urine sample, a number of sources
of uncertainty exist due to the variation in the biological characteristics of an individual. The
biological half-time of l37Cs has been found to be between 50 and 150 days for adults (ICRP,
1989). Variations in the potassium intake and creatinine excretion between individuals,
diurnal variations in excretion, as well as the varying daily urine volume from day to day, all
add to the uncertainties. The CV for the different ratios of 137Cs body burden to urinary
excretion, presented in Paper II for adult men, was between 50% and 70%, with the higher
value for the "potassium methods". This may partly be attributed to the fact that there are
variations in potassium excretion during the day. The difference between the highest and the
lowest value of creatinine excreted during one day could be as great as a factor of four
(Boeniger et al., 1993). Despite these uncertainties for individual assessments of body burden
of 137Cs, it is possible to use single urine samples as a way of estimating the mean value in a
population. However, we do not recommend the use of potassium as a normalisation
parameter due to the variations in intake and excretion among different groups of people.
From the present results it can be suggested that the best way to estimate the body burden
from urine samples is to use the non-normalised 137Cs-concentration. When the daily volume
of urine needs to be estimated, creatinine should be used only when there is knowledge of the
individual's recent history of creatinine excretion.

Biokinetics of'37Cs during pregnancy

The caesium intake from a single meal including mushrooms in September 1993 was
estimated to be 35.5 kBq (95% CI: 35.3, 35.8 kBq) (III). The mushrooms came from a highly
contaminated forest outside the village of Zaborje, with a deposition of 2-4 MBq m'2 in 1986.
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The point estimate of the biological half-time, T2, during pregnancy, was found to be 65 d
(95% CI: 61, 68 d). The point estimates of T2 before and after pregnancy were 107 (95% CI:
106, 109) and 96 (95% CI: 43, 346) d, respectively. Thus, the biological half-time during
pregnancy was 54% of that before pregnancy. This is in accordance with the results of the
relatively few previous studies, where the biological half-time of caesium in pregnant women
was found to be 50-70% of that in non-pregnant women (Bengtsson et al. 1964; Rundo and
Turner 1966; Zundel et al. 1969), see also Table 1 in Paper III. To our knowledge, data on the
slow component of the biological half-time, T2, in the same individual before, during and after
pregnancy have been published only once before (Rundo and Turner, 1992). The reason for
the shorter half-time during pregnancy may be the elevated aldosterone hormone level in a
pregnant woman. This hormone is known to play an important role in the potassium balance
of the body, and it is also thought to influence caesium kinetics (Legget, 1986).

The shorter half-time during pregnancy was reflected in the urine excretion, where the fraction
of the whole-body 137Cs content (per kg) excreted (per litre) was 18%±6% (mean ± 1 SD)
before pregnancy, and 35%±6% during pregnancy. This also illustrates the uncertainties
encountered when calculating the body burden of l37Cs to individuals from measurements on
urine samples, since the metabolism and excretion rate of the radionuclide is significantly
altered during pregnancy. However, when computing mean values from a large number of
samples from a population, the influence from pregnant women will be marginal.

Measurements of the excretion of 137Cs into breast milk in two samples taken about one month
after the child was born, showed a ratio of 137Cs concentration in breast milk (in Bq L"1) to the
mean concentration in the whole body (Bq kg1) of the mother of 15%. This agrees well with
the results from the few existing reports, which give values between 13% and 20% (Bengtsson
et al., 1964; Gall et al., 1991; Johansson et al., 1998).

The estimated effective dose to the woman from the single intake of 35 kBq of 137Cs was 0.52
mSv, compared with 0.56 mSv if she had not become pregnant. Most of the effective dose
(77%) was delivered before pregnancy. The absorbed dose to the foetus was estimated to be
about 0.06 mGy, which is well below the ICRP effective dose limit of 1 mSv, for members of
the general public, and also the equivalent dose limit which should be used for an
occupationally exposed woman after the declaration of pregnancy (ICRP, 1991). The
contribution from l34Cs was negligible. We also made an attempt to measure the body content
of 137Cs in the newborn baby, but it was not possible due to practical difficulties in obtaining a
good and stable measurement geometry.

Effective dose and its variation between 1991 and 1998

Results from in vivo measurements of the body burden of 137Cs are presented in Paper V. The
main results from the measurements of the I37Cs body burden for the years 1995-1998 for four
selected villages in the area are presented in Table 3. There was no correlation between the
137Cs deposition in the village and body burden in its inhabitants. The same results were found
in an earlier study, and were explained by the different attitudes to various suggested
countermeasures; some followed the recommendations and some did not (Zvonova et al.,
1995). Another explanation is the dependence of type of soil on the internal body burden. For
example, the transfer factor from soil to milk was found to be a factor of four higher in
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Kusnetz than in Yalovka between 1992 and 1994. The transfer factors for caesium
radionuclides from soil to plant and further along the food chain have been reported to vary
between two orders of magnitude, depending on soil properties (Balonov et al., 2000). The
effective dose was, on average, higher for men than for women which may be explained by
different amounts of food consumed, and also to some extent by the differences in metabolism
of caesium radionuclides. There were no significant differences in the effective dose between
children and women, although there was a tendency for women having the lowest effective
doses. Most of the women included in the study were teachers, who might be more careful in
following recommended dietary advice than most other persons.

The body burden of 137Cs is highly influenced by the amount of mushrooms consumed during
the year and were, on average, 30-40 kBq (in September or October) during years with a good
mushroom season, and 10-25 kBq during more "normal" years. The contribution from forest
products to the daily intake of 137Cs has increased with time, and could amount to 60-70% for
people consuming these products (Shutov et al., 1996). Children had significantly lower body
burdens than adults, although the specific body burden (137Cs per unit mass) was not different
from adults each year. However, in 1998, where the average body burden was increased
relative to 1997, the mean l37Cs concentration in children was significantly lower than in
adults (p< 0.05). There is a large spread in the body burden among different people, the CV
for the body concentration of I37Cs was found to be 80-90% during 1997 and 1998.

Table 3. Annual effective dose (mSv) from internal irradiation obtained from in vivo measurements of
137Cs for the different population groups studied. Mean values and SD of the mean are presented. The
deposition of l37Cs (MBq mz) in 1986 is given in parenthesis.

Village

Kuznets
(0.9)
St. Bobovichi
(1.1)

Yalovka
(2.7)

Demenka
(1-2)

Year

1995

1995

1996

1997

1998

1995

1996

1997

1998

1997

1998

<8

1.4+0.2
(2)

0.3610.07
(11)

0.3110.05
(44)

0.7410.11
(11)

0.65+0.15
(4)

0.5110.11
(3)

0.2210.06
(3)

Age interval (years)
8-12

0.3110.02
(64)

0.2510.03
(21)

0.32+0.05
(59)

1.110.4
(10)

0.7310.06
(41)

0.5910.05
(23)

0.4810.04
(40)

0.6710.13

00
0.3710.13

(4)
1.410.5

(9)

13-17

0.6310.12
(4)

0.3810.06
(25)

0.27+0.03
(30)

0.2610.06
(14)

0.4410.11
(6)

0.7910.10
(14)

0.5510.05
(27)

0.4910.04
(28)

0.3810.07
(7)

0.73+0.10
(3)

>]

M
1.4+0.2

(17)
0.62+0.15

(13)
0.36+0.05

(22)
0.7010.09

(18)
1.4+0.4

(9)
1.010.1

(9)
1.2+0.1

(17)

3.711.5
(4)

17
F

0.8910.12
(26)

0.37+0.13
(13)

0.3810.07
(9)

0.2310.05
(11)

0.4810.07
(5)

0.4210.11
(5)

0.3210.04
(11)

0.7510.30
(6)

3.3+1.3
(3)

32



The yearly effective dose will be somewhat overestimated for certain individuals, since our
measurements were carried out in the autumn, when the body burden of 137Cs have been
reported to be 60%-100% higher than in the spring and summer (Skuterud et al., 1997; Hille
et al., 2000; Jesko et al., 2000; Hoshi et al., 2000). However, no corrections were made for
this.

The components of an individual's diet can strongly influence the internal irradiation to a
person, as can the method of preparing the food. The consumption rate is an important factor
that will directly determine the intake of radionuclides. Since 1986, the dietary habits of the
population of Russia have undergone considerable changes for different reasons, including
economic ones (Jacob and Likhtarev, 1996). The main products consumed by a majority of
the population are milk and dairy products, potatoes, meat products and limited amounts of
vegetables and fruit. Considerable amounts of mushrooms are consumed by the inhabitants of
the villages, due to tradition and, during the recent years, deterioration of the economy
(Balonov et al., 1999). In spite of advice to alter their dietary habits (Beresford et al., 1999),
custom and economic situation can often lead to resistance to change. Finally, factors related
to an individual's metabolic and physical state influence the internal exposure. All these
factors interact in a complex way, causing the internal dose to vary not only between different
villages, but also, to a great extent, between different individuals.

The main sources of uncertainty in the in vivo measurements using mobile equipment, are the
high and varying background count rate at the location of the measurement and the
positioning of the detector during a measurement. The background shielding factor and the
calibration factor are both strongly dependent on the waist-measurement (in opposite
manners). The shielding factor also vary due to the spectral distribution and direction of the
background radiation, which introduces an additional uncertainty in the actual measurement
situation.

External irradiation

Effective dose and its rate of decrease between 1990 and 1998

The mean effective dose from external irradiation of caesium radionuclides to inhabitants of
all villages ranged between 1.1 and 2.4 mSv per year for adults during the years 1990-1994.
The average for the whole period 1990-1994 was 1.6 mSv per year. For children it was
between 0.4 and 2.0 mSv per year with an average of 1.1 mSv per year. From 1995 to 1998
the effective dose values ranged from 0.8 to 1.1 mSv (average 1.0 mSv) per year for adults,
and between the detection limit (0.3 mSv) and 1.3 mSv (average 0.7 mSv) per year for
children. The CV for the yearly values was between 40% and 80%, with the lower spread in
the data for children and during the earlier years.

In Table 1 in Paper IV the mean external effective dose rate for one month (background
subtracted) normalised to the deposition of l37Cs in 1986 for the different villages during the
years 1990-1998 is presented. The normalised effective dose in the decontaminated village
was, on average, 40% of that in the non-decontaminated ones. This decrease is probably not
entirely due to decontamination, since there are many other factors that influence the effective
dose to people in the different villages such as the local surroundings (ploughed fields or
undisturbed meadows), main occupations and social habits. The decontamination of villages
was performed by military personnel with special attention to schools and other public
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buildings. An evaluation of the decontamination effect for the village Yalovka was made on
the basis of measurements of dose rates in different locations performed in 1989 before and
after the decontamination (Jacob and Likhtarev, 1996). They found a dose reduction of
between 1.22 and 1.36, depending on the population group. School children received the
highest dose reduction from external irradiation due to the decontamination efforts.

The effective dose due to external irradiation from Chernobyl radiocaesium decreased with an
apparent half-time of 4.7 years (range 3.7-8.2 years), depending on village and group when
using a pre-Chernobyl background subtraction of 45 uSv per month. These half-times
correspond to a yearly reduction of 15% (19%-8%). Since the decrease from physical decay
alone amounts to 2% per year, the downward migration in soil together with various human
activities and material transport explained on average 6-17% of the decrease per year during
the whole study period.

The natural background component is a source of increasing uncertainty for each year when
calculating the decrease in the external exposure. To illustrate this, exponential functions were
fitted to the data after subtraction of different levels of the pre-Chernobyl component of the
effective dose published in earlier reports (Golikov et al., 1993; Erkin et al., 1994; Golikov et
al., 1999). The estimated rate of decrease differs depending on the value chosen for the pre-
Chernobyl background (Table 3, IV). During the early years, this was not a problem, but
during later years, especially for groups receiving low external doses, e.g. the children in the
village of St. Bobovichi, this may cause large uncertainties in the estimated rate of decrease,
as well as the resultant values of the Chernobyl contribution to the effective dose.

Dose distribution among individuals

In Fig. 8, a diagram of the effective dose during one month is presented in the form of a
boxplot for the years 1990 to 1998. Data from all villages are included. There are some
extreme outliers around 500-600 jiSv, where at least some dosemeters were not worn as
instructed. A box contains 50% of the values (representing the 25th and the 75th percentiles).
The highest values that are not outliers (i.e. the values inside the "error bars") are usually
around a factor of 2.5 higher than the median value, and not higher than 300 uSv. In Fig. 9 a
boxplot of the effective dose for one single village, Veprin, is presented. There are no
extremes, possibly due to the fact that the contact person in this village was very careful when
distributing dosemeters, essentially to the same individuals each year, which might have
motivated the participants to wear their dosemeters properly.
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Fig. 8. Boxplot of the external effective dose rate in all villages during the period 1990-1998. The
effective dose data include the natural background. The lower boundary of the box is the 25"1

percentile and the upper is the 75* percentile. The horizontal line inside the box represents the
median. Extremes are denoted (*) and are values more than 3 boxlengths from 751"1 percentile, outliers
are denoted (O) and are values more than 1.5 boxlengths from the 25* or 75* percentiles. The largest
value that is not an outlier is marked with a horizontal line.
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Fig. 9. Boxplot of the external effective dose rate in the village of Veprin from 1991 to 1998. The
natural background is included in the data. For an explanation of symbols, see Fig. 8.
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Assessment for 1986-1989 and prognosis for the time after 1998

The calculated effective dose during the years 1986-1989, together with the mean values
estimated from measurements in different villages between 1990 and 1998, is presented in
Fig. 6 in Paper IV. The effective dose in rural areas during the first year after the accident has
been estimated to be 15 uSv kBq"1 m2, including the dose from short-lived radionuclides
which accounted for 40% of the value (Golikov et al., 1993). Mean values for the villages in
this study would then have ranged from 14 to 41 mSv during that year, on average 1.1-3.4
mSv per month.

The cumulated mean effective dose from external irradiation, due to caesium radionuclides
alone, from the first year of the accident and the subsequent 70 years was estimated to be
75+30 mSv for inhabitants in the most contaminated village and assuming a decrease in the
dose rate after 1998 due to physical decay of '"Cs only, that is, no further migration of
radionuclides. This is a conservative estimation, it is more likely that the migration rate will
be somewhere in between the physical decay (2% annually) and the rate of decrease observed
in our data (15% annually). About 1/3 of the dose would have been received during the first
year. During the period 1986-2056 a few individuals may receive about 200 mSv from
deposited caesium radionuclides, assuming that they received three times the mean effective
dose for their village, which was not unusual during the early period of the study, 1990-1993
(IV).

The assessment of the absorbed dose with TL dosemeters in distant areas is associated with a
number of uncertainties. The background signal accumulated during storage and transport
before and after the distribution of the dosemeters to people had to be subtracted from the
dosemeter reading. This background subtraction was normalised to the time the personal
dosemeters were stored in the lead container. The background dose value from the time period
when the dosemeters were worn by people, the "pre-Chemobyl" background, was subtracted
separately. The subtraction of background constitutes the largest uncertainty in the process of
calculations. Considering the dose levels in this study, the estimated SD in the calculation of
the individual effective dose, was 5% or less in the calibration and reading process of the TL-
dosemeters, while the SD in the values for subtraction of a background dose (irradiation of
dosemeters outside the lead shield and pre-Chemobyl background) has been estimated to be
15% (Wallstrom, 1998). The SD in the conversion factors in the calculation of effective dose
was estimated to be 5% (Wtihni, 1995). The minimum detectable dose for one month defined
as three standard deviations of the background was 10-30 uSv, depending on storage times
and knowledge of the pre-Chemobyl background.

Another source of uncertainty was the difficulty in ensuring that the participants wore the
dosemeters (all day, every day) as instructed. Extremely low or high values (more than a
factor of three higher or lower than the mean value) may be due to people not wearing their
dosemeters at all. However, such extreme values occurred relatively rare.
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Relation between the external and internal effective dose and
variations with time
The mean annual effective dose from external (EexI) and internal (Eint) irradiation for both
children and adults in the pooled villages, varied between 1.2 and 2.5 mSv between the years
1991 and 1998, (Paper V, Fig. 5). A pre-Chernobyl background of 45 uSv per month was
subtracted from the external dose values. Although there was no similar time trend in the
internal effective dose level to that observed in the external dose during this time period, the
overall effective dose from both internal and external irradiation decreased with time. The
"total" mean effective dose decreased, on average, 7% per year, while the mean external dose
decreased by 15% per year. Since the effective dose rate from internal irradiation decreases
more slowly than the effective dose rate from external irradiation, its contribution to the total
effective dose will become more important in the next few years. The contribution from the
internal effective dose to the total effective dose, was between 30 and 50%, depending on
village. The average contributions from internal and external irradiation to the total effective
dose are expected to be about the same in this area from 1998-2056 for people who do not
consume forest products, while the internal dose will be a factor of 1.5-3 times higher than the
external dose for people consuming significant amounts of these products (Balonov et al.,
1999).

A schematic diagram of the cumulated total effective dose from 1986 to 2056 is shown in
Fig. 10. As an illustration of the spread in the data, a typical distribution of individual
cumulated effective dose values is superimposed at the year 1998. The distributions are
mostly log-normal which will give the shape of a normal curve in a logarithmic scale.

1998 2002 2006 2010 2014 2018 2022 2026 2030 203* 2038 2042 2046 2050 2054

Year

Fig. 10. Cumulated total effective dose from 1986 to 2056 (thick curve). The superimposed Gaussian
distribution depicts the individual effective dose values for 1998, scaled to illustrate the spread that
may be anticipated for the individual cumulated effective dose in 1998.

In Fig. 11, the mean ratio of the external effective dose to the total (internal plus external)
effective dose is presented as a function of deposition. Ratios for the deposition below 0.5
MBq m"2 was obtained from UNSCEAR (2000). It is interesting to note the trend of higher

37



relative contribution from external irradiation with higher deposition. In areas with high
deposition, a number of countermeasures aimed at reducing the internal effective dose have
been employed. This may have caused the internal doses to become relatively lower compared
with external doses, for which countermeasures such as decontamination did not reduce the
doses as efficiently.

1 1.5 2

Deposition of u7Cs (MBq m"2)

2.5

Fig. 11. The ratio of external to total effective dose for different deposition levels in rural areas in
Russia. The symbols indicate measured values presented in this work (•) and values obtained from
UNSCEAR (2000) (•)

By using published data for the years 1986-1989 (Balonov and Travnikova, 1993; Shutov et
al., 1993), together with annual mean values for the external and internal effective doses
obtained from our own study (V), the cumulated total effective dose between 1986 and 2056
(a 70-year period) was predicted assuming various decrease rates for both internal and
external effective dose after 1998, Table 4.

Table 4. The cumulated effective dose between 1986 and 2056 for three different scenarios after
1998. In scenario 1, both the external and the internal effective doses were assumed to decrease with a
rate of 2% per year (physical decay of 137Cs) after 1998. In scenario 2, the external and internal
effective doses were assumed to have a rate of decrease of 8% and 2% per year, respectively, and in
scenario 3, 15% and 4% per year, respectively, after 1998.

Cumulated effective dose (mSv)
External Internal Total

Scenario 1
Scenario 2
Scenario 3

65
50
45

35
35
25

100
85
70

The cumulated mean effective dose was estimated to be on average 100 mSv when making
the conservative assumption of a reduction rate after 1998 of 2% per year both for internal and
external irradiation. Assuming a more optimistic decrease rate of the effective dose where the
external dose will decrease with the same rate as today (15%), together with a 4% reduction in
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the internal dose after 1998, gave a value of the cumulated effective dose of 70 mSv.
However, this is not a likely scenario, since the decrease rate of the external irradiation is
expected to slow down in the future, due to a slowing down in the migration of 137Cs in the
ground. Therefore the assumption of a decrease rate of the external effective dose of about 8%
per year during the years to come is more likely to occur. Assuming a reduction rate after
1998 of 2% and 8% per year, for the internal and the external effective dose, respectively,
gave a value of 85 mSv.

More than 50% of the effective dose was received before 1998, hence the assumptions made
in the prognosis for the future have no major influence on the cumulated effective dose. The
cumulated effective dose from internal irradiation in the different scenarios was estimated to
be 25-35 mSv. For comparison, a prognosis of the internal effective dose between 1986 and
2056 for the same area recently published by UNSCEAR (2000), showed a figure of 32 mSv
per unit deposition of I37Cs (MBq m'2) in the CA, presented together with a prognosis for the
external effective dose of 65 mSv per MBq m'2 in rural areas. Single individuals in this area
may receive a life-time effective dose of the order of 500 mSv due to the individual spread in
the dose estimates. The effective dose received from natural radiation during a 70-year period
will be about 170 mSv as an average for the world population (UNSCEAR, 2000).
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CONCLUSIONS

The main conclusions drawn from the results of the study are presented below.

• The effective dose from external and internal irradiation due to l37Cs and m Cs
deposition on the ground in the studied villages in the Bryansk region varied between
1.2 and 2.5 mSv per year as a mean for all villages studied between 1990 and 1998.
The total mean effective dose decreased, on average, 7% per year, while the mean
external dose decreased by 15% per year. Considering that the physical decay of 137Cs
is 2% per year, reduction in the effective dose from external radiation of about 13%
per year was still found reflecting the migration of activity to deeper soil layers, as
well as erosion and human activities in general. The relative contributions from
external effective dose to the total effective dose tended to increase with increasing
deposition levels

• The dose rate from internal irradiation decreased more slowly (or even increased
certain years) than the dose rate from external irradiation, and it also showed more
variability in the values among different groups and years. The internal dose depends
on a number of factors, e.g. transfer factors from soil to plant, distance to the nearest
forest, dietary habits and degree of self-sufficiency. Thus, the internal dose does not
show the same regular time dependence as the external dose, and it will to a greater
extent contribute to the effective dose to be received in the future. The internal
effective dose was, on average, 30-50% of the total effective dose between 1991 and
1998.

• The cumulated total effective dose for the 70-year period after the accident was
calculated to be around 100 mSv with the conservative assumption that both internal
and external doses will decrease by only 2% per year each, after 1998 (a reduction due
to physical decay of 137Cs only). A more probable scenario is that the decrease rate in
the external dose will be in between the present value (15% per year) and the decrease
rate of 2% per year. An assumed rate of decrease after 1998 of 8% would give a mean
cumulated total effective dose of 85 mSv.

• The effective dose due to external irradiation between 1990 and 1998, relative to the
deposition of 137Cs in 1986, was around a factor of 2 higher in the only slightly
decontaminated villages as compared to one fully decontaminated village,
demonstrating the degree of efficiency of this protective measure. Physical and social
parameters are thought to have a great influence on the external dose levels, which
may provide an additional explanation of this difference. The highest individual
external doses were a factor of 2.5 - 3 higher than the mean value for the village, and
the spread in individual doses within a village was, on average, greater than the spread
between different villages.
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• The background subtraction constitutes the single largest uncertainty in the estimation
of the effective dose from the TL-measurements, due to the long transport and storage
times as well as the uncertainty in the value of the pre-Chernobyl background. When
estimating a rate of decrease in the external effective dose for the group with the
lowest external doses, the half-times obtained varied by a factor of 2.3 depending on
the effective dose value chosen for the pre-Chernobyl background (between 30 and 60
uSv per month).

• The estimation of 137Cs body burden from the concentration of l37Cs in urine is a
simple and reliable method of indirectly assessing the 137Cs body burden in an
individual for which only a single urine sample is available. Neither creatinine nor
potassium excretion improved the correlation between 137Cs body burden and urinary
excretion of l37Cs, when used to normalise to a daily urine volume. The use of
potassium excretion as a normalisation parameter may introduce systematic
differences between population groups with different dietary habits, since the
potassium excretion into urine depends on the intake of potassium. Except for the
potassium method, the mean values of the 137Cs body burden estimated from
calculations of the l37Cs concentration in urine, and the 137Cs body burden estimated
from in vivo measurements, agreed well.

• The uncertainties when estimating individual body burdens from urine samples could
be very large, especially for children. The CV for the ratio of the l37Cs body burden to
the daily urinary excretion of 137Cs was between 50% and 90% in the various groups
studied. The SD of the mean for this ratio was between 5% and 15%, thus, estimation
of the mean 137Cs body burden for a population group from single urine samples could
be done with a relatively good accuracy.

• The change in 137Cs body burden before, during and after pregnancy was estimated.
The biological half-time during pregnancy was 54% of the half-time before pregnancy.
The change in half-time was reflected in the urinary excretion of l37Cs. The ratio of the
!37Cs concentration in breast milk (in Bq L"1) to the whole body (in Bq kg1) was 15%
about one month after the child was born, which is consistent with previously
published studies.
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