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Mean whole-body concentration of n7Cs in the Lund reference group between 1960 and
1994 and mean annual deposition of 137Cs between 1962 and 1980 at LJungbyhed (43
km north of Lund; solid line) and Denmark (dotted line). This figure illustrates the 1-year
delay between peak deposition rate andpeak levels of1}7Cs in man
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Abstract

The whole-body content of radiocaesium was measured in a South-Swedish urban group of people residing in the city of Lund
(55-7*N, 13.2*E) between 1960 and 1994. The results from the survey have been analysed in order to estimate the ecological half-time,
Tf,,, of fallout radiocaesium and the aggregate transfer from ground deposition to man in the region. After 1987, the biological half-
times, T,, of >37CB and *°K In man wtte also determined ia die reference group through whole-body content measurements in
combination with 24-hour mine sampling. Relationships between 24-hour urinary excretion and body burden of I37Cs in the group
together with data from the literature were (hen applied to urine samples collected in 1994 and 1995 from adult subjects living in the
highly contaminated region of Bryansk; Russia, in order to estimate their average body burden of 13?Cs.

The equivalent biological half-time for t s rCs in females of me Lund reference group-was, on average (±1 WSE), 66±3 d, which agrees
with other findings, whereas the value for die males, 81+4 d, was, on avenge, significantly lower than what is round in the literature.
This is partly explained by the elevated mean age and relatively low mean body muscle mass of the males investigated in die gtoup during
die post-Cbemobyl study period.

The effective ecological half-time for 137Cs from Chernobyl was found to be 1.8±0.2 y. The aggregate transfer of l>7Cs from
deposition to mean activity concentration in man was estimated to be 1.7 Bq kg-'/kBq or*. These values may be compared with an
effective ecological half-time of 1.3 years found in the reference group in the 1960s, and an aggregate transfer factor of 9.8 Bq tg-'/kBq
nr2. The average committed effective dose from ingested l37Cs Chernobyl fallout in the study group was estimated to be 0.02 mSv and
from the nuclear weapons fallout to 0.20 roSv.

The estimates of whole-body content of ' "Cs in the Russian subjects obtained through creatinine normalisation of the 137Cs content
in urine were, on average, a factor of 2 higher than estimates obtained through a potassium normalisation' procedure; 55±8 (1 SB) kBq
for creatinine and 29±4 (1 SE) kBq fpr potassium normalisation in the year 1994. This wai due to a rig<"fi™rtt difference in the
relationship between the urinary potassium and crc*tinine concentration between the Swedish and Russian group. The elevated
potassium concentration found in t ie rural Russian subjects indicated a higher dietary intake of potassium, which greatly influences the
accuracy and applicability of the potassium normalisation method when estimating body burden of l3TCs through urine assay. It is
therefore recommended not to use the potassium normalisation procedure in cases where the dairy intake of potassium is unknown. The
estimated body burden of "?Cs in the Bryansk group in 1994 corresponds to a contribution to the estimated annual effective dose of 1.8
mSv y1, which is approximately 200 times greater than the average annual dose received from ingested 137Cs by the subjects of the Lund
reference group during the period 1987—1994.
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ABSTRACT

From 1960 to 1980 and from 1987 to 1994 the whole-body contents of 137Cs and,
when possible, also 134Cs, were measured in an urban group of people residing in the
southern Swedish city of Lund (55.7°N, 13.2°E). The city is situated in a region with
temperate climate and of intensive agriculture. The results of the survey have been
analysed in order to estimate the ecological half-time, TgiU(n of fallout radiocaesium,
and the aggregate transfer from ground deposition to man in the region. After 1987,
the biological half-times, Te, of 137Cs and WK in man were also determined in the
group (denoted here as the Lund reference group) through whole-body content
measurements in combination with 24-hour urine sampling. Relationships between
24-hour urinary excretion and body burden of 137Cs in the group, together with data
from the literature, were then applied to urine samples collected in 1994 and 1995
from adult subjects living in the highly contaminated region of Bryansk, Russia, in
order to estimate their average body burden of 137Cs.

The equivalent biological half-time of 137Cs in females in the Lund reference group
was, on average (+1 weighted standard error of mean, WSE), 66+3 d, which agrees
with other findings, whereas the value for males, 81 ±4 d, was, on average,
significandy lower than that found in the literature. This is partly explained by the
high mean age and relatively low mean body muscle mass of the males investigated.

The 137Cs from nuclear weapons tests in the 1950s and 1960s still gave a significant
contribution to the total 137Cs levels in man during the post-Chernobyl study period
(1987-1994). About 10% of the peak post-Chernobyl concentration level of 137Cs
(3.5-4 Bq kg-1) in 1987, was attributed to pre-Chernobyl 137Cs. The effective
ecological half-time of 137Cs from Chernobyl was found to be 1.8+0.2 y. The time-
integrated aggregate transfer of 137Cs from ground deposition to the mean activity
concentration in man was estimated to be 0.4 Bq kg-VkBq nr2. These values may be
compared with an effective ecological half-time of 1.3 years found in the Lund
reference group in the 1960s, and an time-integrated aggregate transfer factor of 4.4
Bq kg-VkBq nr2. The average committed effective dose from ingested 137Cs
Chernobyl fallout in this group was estimated to be 0.02 mSv and from the nuclear
weapons fallout to 0.20 mSv.

The estimates of whole-body content of 137Cs in the Russian subjects, obtained
through creatinine-normalisation of the 137Cs content in urine were, on average, a
factor of 2 higher than estimates obtained through a potassium-normalisation
procedure; 55±8 (±1 SE) kBq for creatinine-normalisation and 29±4 (±1 SE) kBq
for potassium-normalisation in the year 1994. This was due to a significant difference



in the relationship between the urinary potassium and creatinine concentration
between the Swedish and the Russian group. The elevated potassium concentration
found in the rural Russian subjects indicated a higher dietary intake of potassium,
which greatly influences the accuracy and applicability of the potassium-normalisation
method when estimating the body burden of I37Cs through single sample urine assay.
Use of the potassium-normalisation procedure is therefore not recommended in
cases where the daily intake of potassium is unknown.

The estimated body burden of 137Cs in the Bryansk group in 1994 corresponds to a
contribution to the estimated annual effective dose of 1.8 mSv y4, which is
approximately 200 times greater than the average annual dose received from ingested
137Cs by the subjects in Lund reference group during the period 1987-1994.
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ABBREVIATIONS AND DEFINITIONS

Quantity/term [Unit]

<2o Pq]

QK [Bq40K]or[gK]

EUiO [Bqd"1]

EU:K [Bq^Kd-!];[gKd-
1] or [mmol d"1]

A [dimensionless]

Brief definition

Whole-body content of 137Cs or 134Cs
(Eq.8)

Whole-body content of potassium (Eq.9)

24-hour (24h) urinary excretion of 137Cs
(Eq.9)

24h urinary excretion of potassium (Eq.9)

Equivalent biological half-time of Cs or K
in man - a measure of the human
metabolic rate of the substance

Potassium normalised caesium excretion -

Term(s) used
in Paper...
I&II

I&II

I&II

I, II & IV

I&II

I&II

& [Bq4°Kkg-i]or

feKkg-1]
cre{ [mmol I"1]

[mmol I"1]

CKEAVC [mmol fr1]

[y]

[y]

the ratio between the body burden and
24-hour urinary excretion for Cs and that
for K, respectively (Eq.9)

Whole-body concentration of 137Cs I & II
(Table 8)

Whole-body concentration of potassium I & II
(Eq.13)

Creatinine concentration in urine. II
Denoted as CRE in the multiregression
analysis section of Paper IV.

Urinary concentration of 137Cs (Table 2) II

Urinary concentration of potassium II & IV
(Table 2)

Standard or average value of 24h urinary II
excretion of creatinine taken from some
specified source (alternatively denoted as
CRE2U)

Ecological half-time of 134'137Cs in a III
specified ecosystem describing the
elimination rate, e.g. the time taken for
the human in vivo concentration of 137Cs
to decrease by 50% (Eq.2).

Effective ecological half-time - takes into III
account the physical decay of the



T& I7]or[d]
Tag [Bq kgrVBq m-2]

uw PqkgrVBqm-2]

Gi'CF [dimensionless]

• 4

* [Bq]

K [mmoll4]

CRE [mmoll-1]

GEO [O=Swedish subject;
l=Russian subject]

SEX [O=male;l=female]

BUTT [kg]

AGE \y)

radionuclide (Eq.2).

Physical half-life of a radionuclide (Eq.2). I l l

Aggregate transfer factor at equilibrium in III
the net transfer between two ecological
compartments (Eq.3).

Time-integrated aggregate transfer factor, III
similar to the UNSCEAR definition
(Eq.5).

Time-integrated aggregate transfer factor
as defined in Eq.6.

Individual observed in vivo activity III
concentration of 137Cs (or 134Cs).

Mathematical fit to observed in vivo III
concentration data for 134'137Cs (Eq.5).

Geographical scaling factor; the ratio III
between the cumulated deposition over
the province of Skane (southern Sweden)
and the corresponding value for
Denmark (Eq.15)

Annual deposition of 137Cs (Eq.4) III

Cumulated deposition of 137Cs (=sum of III
annual deposition over a specified time
interval) (Eqs 3-4).

Total activity due to cumulated III
deposition over a specific time interval
(Eq.7).

Urinary potassium concentration in the IV
multiregression analysis (Eq.16).

Urinary creatinine concentration (Eq.16) IV

Geographical origin or ethnicity; a IV
categorical variable aiming at
distinguishing Russian subjects from
Swedish when performing
multiregression on the combined data
material (Eq.16).

Gender of subject (Table 7) IV

Body weight of subject (Table 7) - IV
alternatively denoted as wt (Eq.13).

Age of the subject (Table 7) IV
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INTRODUCTION

During the middle of the 1950s, the cold war generated an "atomic race" between the
post-World War 2 superpowers, which resulted in an escalation of the development
of nuclear arms. The weapons were tested in the atmosphere in isolated areas, but
large amounts of the fission products from the detonation of these devices escaped
into the upper layers of the stratosphere, after which global fallout of radioactive
material occurred, causing the first major exposure to radioisotopes of iodine (mainly
131I), strontium (90Sr) and caesium (mainly 137Cs). The annual deposition levels at
specific locations in the Northern and Southern hemispheres were correlated to
latitude as well as to annual precipitation levels (UNSCEAR, 19770); UNSCEAR,
1982(2); Mattsson & Moberg, 199K3)).

Early awareness of the hazards of sizeable exposure of the population to
contaminated foodstuffs initiated many studies on the exposure pathways of
radionuclides to human tissues (Killough & Eckerman, 1983(4)). At the beginning of
the 1960s, attention was focused on strontium contamination (Aarkrog, 1966©) and
iodine transfer through the chain: ground deposition—pasture—cow—milk—humans (see,
e.g. Hoffman, 1978©; Ward eta/., 1989C7)). Considerable attention was also devoted to
the radiocaesium transfer to man already in the mid 1950s when it was disclosed that
humans living in areas geographically remote from the bomb test sites were
contaminated by the substance (Miller & Marinelli, 1956®) and that caesium
displayed similar pathways from deposition to man to that of iodine (Sievert et al.,
1957(9)). Fallout radiocaesium, mainly in the form of 137Cs (Cigna et al., 197K10)), can
be measured through the whole-body cpray counting technique (Liden, 1961C1);
Spiers, 1962(12)). The caesium isotope 137Cs has been of special concern due to its long
physical half-life (7^=30.2 y) in combination with the ability of the element to be
incorporated into living cells, a property shared by the chemically related element
potassium (Leggett, 1983P3)).

In the early 1960s it was established that the equivalent biological half-time, Te (related to
the average retention time of a caesium atom in the human body), was about three
months for an adult (Rundo & Taylor, 1964(14); Liden, 1964(15)). Furthermore, the
association between caesium and potassium metabolism in man and animals was
established in the 1950s (Relman, 1956<16)), and in some studies the caesium
metabolism was found to be correlated to the potassium content in the body, which
is measurable through whole-body counting of the naturally occurring radioisotope
40K (Rundo & Taylor, 1964(14); Comar & Lengemann, 1966(17); Fujita et al, 1966(18)).
The 40K content in the body is, in turn, related to the body muscle mass (ICRP 23,
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1975(19)) and can thus be used as an internal standard when assessing the 137Cs
retention in the body of a subject (Table 1).

Table 1. Three important gamma-emitting radionuclides encountered in in vivo whole-body
determinations during the middle and late stage (LJkhtarev & Paret^ke, 1996(20>) after a fission
reactor release to the environment.

Radionuclide

134Cs

137Cs (+«7Bam)

4 0 K (naturally occurring)

Decay
mode

P-

P"
P-.EC

Half-life
fa
•"•pnys

y

2.065"

30.17*

1.28X109

Ac

Gy kg/Bq s

1.09X10-13

1.36X10-'3

1.09X10-13

Principal y-linesa

Decay fraction

fly

0.976

0.854

0.851

0.107

b Photon energy

keV

604.7

795.9

661.6

1460.8

" Data taken from IAEA-TECDOC-fiW1)
b Decay fractions taken from ICRP 38<&
c Equilibrium absorbed dose constant (summed over all radiation MIRD, 1989P3))

As in many other countries affected by global fallout, various groups were formed in
Sweden where the body burden levels of 137Cs were determined in vivo in order to
obtain a measure of the average contamination levels of the public and to investigate
the time pattern associated with the transfer of die radionuclide through various
food-chains to man. Such a group was formed in 1960 in the south of Sweden (Liden
& Gustafsson, 1966(24)), the so-called Lund reference group. This group also served
as a reference group for the frequent whole-body measurements of !37Cs on subjects
from the more contaminated Sami population in Northern Scandinavia and the
Soviet Union (liden, 196K11); Liden & Gustafsson, 1966(24); Miettinen eta/., 1964(25)).
Whole-body counting of 137Cs of the Lund reference group was conducted at the
Department of Radiation Physics in Lund. However, the composition of the group
varied considerably during the first few years, and it was not until 1964 that a stable
group was established by recruiting more than 30 volunteers of both sexes from a
local factory in Lund (Bengtsson, 1967C26)). During 1964 and 1965 all members of the
group were subjected to in vivo whole-body counting on three different occasions per
year, and in the following years, the group was regularly investigated at least once a
year (except in 1969 and 1972) until 1980, when the measurements were
discontinued. After the Partial Test Ban Treaty was signed by the superpowers in
1963, the number of atmospheric detonations decreased considerably (de Geer,
1996<27)), the latest atmospheric nuclear detonation to date being carried out in China
in 1980. At that time, the contamination levels in the Lund reference group had
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decreased to a level below 10% of the peak in vivo levels obtained in late 1964 and
early 1965 (Mattsson et al., 1989(28)).

Interest in the dispersion pattern of radiocaesium was, however, renewed in 1986,
when in April 26 that year, a major disaster took place at Chernobyl, in reactor plant
no. 4, in the Ukraine (formerly part of The USSR). A violent explosion in the reactor
ruptured the top ceiling of the reactor building and fuel material was ejected into the
air up to an altitude of 1 km. The remaining fuel material continued to burn for more
than 10 days, causing fission products to continue to be released to the atmosphere
(Sich, 1994(29)). During that period, large amounts of radiocaesium were released;
approximately 85±26(±1 SD)xlO18 Bq of 137Cs and 40X1018 Bq of 134Cs (Bu2ulukov
& Dobrynin, 1993(30'). Upon release, the radioactive debris was then transported over
a large area, not only in the former USSR, but also to the rest of Western and
Northern Europe. The deposition varied considerably between different locations
depending on the hourly precipitation, and the deposition pattern was therefore
highly irregular (Mattsson & Moberg, 1991®). The plume of radioactive material first
reached Sweden in the late evening of April 27 (Erlandsson et al., 1987P1); Kjelle &
Israelsson, 1996(32)), but significant amounts of the airborne activity were not
deposited in the south and west of Sweden until May 8, when rainfall caused the wet
deposition of radionuclides from the plume onto the ground (Mattsson & Vesanen,
1988(33); Isaksson, 1997(34)). The Chernobyl deposition of 137Cs amounted to about
1-2 kBq nr2 in the Lund region, corresponding to a contribution to the external
absorbed dose rate in air at a height of 1 m of ~2-5 nGy tr1 (Finck, 1994<35);
Isaksson, 1997(34)). In the following year, 21 subjects from the Lund reference group
were reassembled (Mattsson et al., 1989(28)), and whole-body counting of 134Cs, 137Cs
and 40K (Table 1) was carried out, now at the Department of Radiation Physics in
Malmo, Sweden. During this post-Chernobyl study, a large number of the remaining
members of the group also participated in a study of the urinary excretion of
radiocaesium, where individual 24h urine samples were collected in connection with
the whole-body counting. These measurements of the group were performed on ten
different occasions between May 1987 and June 1994 (Paper I).

The series of measurement on the Lund reference group is more than 30 years long
(except for the seven-year-long break between 1980 and 1987) and comprises 31
different measuring occasions, enabling an assessment of the time pattern of the
contamination levels in the study group. Furthermore, the essentially homogeneous
composition of the group since 1964 (expect for the renewal of the group in 1974 by
the addition of nine female adolescents) is a prerequisite for a study of the time-
dynamics of the xyiCs transfer from ground to man (at least for rather small study
groups), in order to compare the transfer of pre-Chernobyl and Chernobyl 137Cs
(Paper III).
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Relationships between the body burden and 24h urinary excretion, in terms of the
equivalent biological half-time (ICRP 56,1989(36)), obtained from the Lund reference
group were applied to urine samples taken from a rural Russian population living in
regions which were highly contaminated by Chernobyl 137Cs debris, typically between
0.8 and 2.4 MBq nr2 (Zvonova et al, 1995P7); Wallstrom, 1998C38); Thornberg et a!.,
200CK39)). Estimates of the body burden of 137Cs in the Russian subjects through
urinary assay of 137Cs content could then be made by different methods, and a
comparison between two of these methods was carried out (Paper II).

Since the measurements of the Lund reference group span the main period of global
fallout in the 1960s and several years after the Chernobyl event, they also offer the
opportunity to study the differences in the transfer to humans of radiocaesium fallout
with two very different types of fallout pattern. The fallout of globally dispersed
nuclear weapons debris was governed by the dynamics of the higher troposphere and
lower stratospheric layers (UNSCEAR, 1982P)), and was therefore not only
protracted in time, but the fallout rate also displayed a marked seasonal variation,
with a maximum during spring and summer. The major part of the Chernobyl debris,
however, remained in the troposphere and formed a plume of radioactive substances,
which developed and progressed over Europe, carried by the wind. The fallout of
radiocaesium from the Chernobyl plume occurred within weeks after the accident and
was therefore considered a single deposition event.

13



AIMS OF THE STUDY

The general aim was to obtain new information on the dynamics of radiocaesium,
both its transfer to man as well as its metabolism in humans, based on the study of
the Lund reference group. These results have been applied to other studies with the
intention of acquiring independent estimates of 137Cs body burden through urinary
assay in a group of Russian subjects living under widely different conditions from the
Swedish study group, and testing some methods for normalising the radiocaesium
content in the Russian urine samples to various other excretion parameters in order
to improve the accuracy of the estimated mean body burden in the group. The four
papers in this thesis are thus focused on the following aims:

i) Establishing the equivalent biological half-time, Te, for radiocaesium
(134>137Cs) in the Lund reference group and comparing the results with earlier
observations (Paper I) and investigating the correlation between Te for
radiocaesium and age, body weight, gender or whole-body content of
potassium, j2# (Paper I).

ii) Investigating the accuracy of methods used for estimating the whole-body
content of 134>137Cs through urine assay, comparing the potassium- and
creatinine-normalisation methods (Paper II) and determining the degree of
correlation between excretion parameters used to predict the radiocaesium
retention (24h urinary potassium and creatinine excretion) and biological
parameters such as, age, sex, and body weight in two different groups (Paper
IV).

iii) Determining the time pattern of the in vivo contamination levels of 134>137Cs in
the Lund reference group in terms of the effective ecological half-time, TecOleff,
and investigating whether any difference in the time pattern could be
observed during the pre-Chernobyl and post-Chernobyl study periods (Paper
III).

iv) Determining the aggregate transfer of 137Cs from deposition to man in the
Soum of Sweden during the two study periods (Paper III).

v) Assessing the total post-World War 2 contribution to the committed
effective dose from internal contamination by 137Cs and 134Cs in the Lund
reference group, and the proportion between 137Cs from global fallout and
Chernobyl debris (Paper III).

14



BACKGROUND

The caesium isotopes 134-l37Cs are, together with radiostrontium and radioiodine, the
most biologically hazardous fission products in the case of nuclear reactor release to
the environment, and will yield the highest committed effective dose to the human
population compared with other fission products (UNSCEAR 1977m & 1982(2);
Mattsson & Moberg, 199K3)). Experience from the Chernobyl accident indicates that
the long-term consequences of the release (apart from radioiodine-related thyroid
diseases in children) are, to a large extent, related to the radiocaesium transfer to man
and its metabolism in the human body.

Transfer of 137Cs through ecosystems

Generic transfer models for radiocaesium pathways through terrestrial ecosystems to
man have among others been developed by Comar & Lengemann, 1966(17);
UNSCEAR 1977m & 1982(2); Muller & Prohl, 1993W, (Fig. 1). Modern computer-
supported models for the analysis of dynamic (non-equilibrium) conditions include
ECOSYS (Muller & Prohl, 1993W) and the models of the VAMP project (Hoffman
& Thiessen, 1995(41)). In general, the fraction of radiocaesium reaching man per unit
activity deposited on the ground varies between different ecosystems, but dietary
habits, including the manner in which the food is prepared prior to intake, as well as
social and cultural behaviour, greatly influence the radiocaesium uptake in an
individual. In the Northern hemisphere, two important terrestrial ecosystems have
been extensively studied in terms of radiocaesium transfer: the agricultural ecosystem and
the natural and semi-natural ecosystems (for the strict definition of terminology refer to e.g.
Poldivi, 199CK42)). Agricultural ecosystems generally exhibit a less efficient transfer of
radiocaesium to man and faster elimination rate of the element than do semi-natural
ecosystems. About an order of magnitude higher radiocaesium concentration levels
per unit deposited 137Cs have been observed in game compared with domesticated
animals, although reindeer, which graze freely, are an extreme exception, with very
high uptakes, especially during the winter-time (Liden & Gustafsson, 1966(24);
Howard et al., 199543). Therefore, the transfer to humans in the Sami and Inuit
societies in the Arctic and Polar zones, is much more affected by large depositions of
radiocaesium, than for the rest of the population. The chain lichens-reindeer—man has
been of special concern among the Sami society, and many studies have been
conducted on these populations being part of a sensitive ecosystem (Liden, 1961(n);
Palmer, 1964C44); Hanson et al., 1966<45); Liden & Gustafsson, 1966(24); Hanson,
1971(46). Mattsson, 1975 (47); Tillander etal, 1989(4^ Wright etal., 1997f*sj).
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Fig. 1. Net pathway model for radionuclides based on UNSCEAR 1982(2>. Arrows indicate the
successive transfer from one compartment to the other.

A large proportion of the global population inhabits agricultural ecosystems in the
temperate zones, with a considerably lower transfer of radiocaesium than in the
Arctic zone. Within the agricultural ecosystem, the most important pathway for 137Cs
to man is the chain pasture/'feed—cattle—dairy products <& beef—human diet (e.g. Hakansson
et al., 1987C50)). The transfer of 137Cs is closely related to soil management (e.g.
methods of ploughing and fertilisation) and the feeding of the cattle (Rosen, 1996<51>).
However, radiocaesium-contaminated semi-natural and natural products in the diet,
such as mushrooms, wildberries or game, as well as products from farming, grown
with little or no artificial fertilisers, have also been shown to be significant
contributors to the in vivo contamination in individuals living in otherwise
predominantly agricultural areas (e.g. Strand et al., 1996(52>; Agren, 1998(53)).

In the transfer model for deposition of 137Cs on the ground, outlined by Comar &
Lengemann (1966)(17), the transfer processes are divided into two components: direct
contamination on growing crops or on soil, and indirect contamination - the accumulative
process in which the fraction of fallout radiocaesium reaching the upper soil layers
will be transferred to future growing crops by the process of root uptake (Comar &
Lengemann, 1966(17); Fig. 2). The first component is a short-term transfer process
leading to a fast breakthrough of radiocaesium to cattle and man. Levels of
radiocaesium can be detected in the local population within weeks after a given
deposition event, such as the Chernobyl fallout over Europe (Fredriksson et al.,
1966<54); Mattsson et al., 1989(28);Falk et al., 199K55)). The second component is a long-
term transfer process and will be important for several years, until the successive
vertical migration processes of caesium through soil eventually make the element less
available to root uptake (Rosen, 1996(51>; Isaksson, 1997P4)). Another factor
determining the aggregate biological uptake of radiocaesium is the chemical
specifiation of the deposited radiocaesium and the type of soil (Oughton & Salbu,
1994(56); Rosen, 1996(51)), since the chemical characteristics of these are crucial for the
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mobility and availability of the radionuclide to the plant (Fig. 3). Clay soils are rich in
minerals with lattice structures that tend to fixate the caesium atoms and mitigate the
root uptake of the element.

ATMOSPHERE

Direct contamination Indirect contamination

FOOD CROPS PASTURE

MEAT AND
MEAT

PRODUCTS

r >

MAN

FEED CROPS

ANIMALS

FRESH MILK

DAIRY
PRODUCTS

Fig. 2. Main transfer pathways for radiocaesium to man. Figure adapted from Comar &
l^engelmann, 1966(17).

Early observations showed that the transfer of radiocaesium through agricultural
ecosystems could be influenced by fertilising the soils with potassium, which is the
chemical congener of caesium (both elements are alkali metals). If the amount of
available potassium in the soil is such that the growing crops become saturated, the
uptake of radiocaesium by the plants will be mitigated. The relative amounts of the
two substances in cattle fodder also influence the radiocaesium concentrations found
in foodstuffs such as milk (Fredriksson et al., 1966(54)). The relation between
potassium and caesium in terms of root uptake is, however, not as close as that which
has been observed between strontium and calcium (Aarkrog, 1966<5)).

The human uptake of 137Cs from ground deposition displays a characteristic time
pattern with an initial period of build-up of 137Cs in vivo until a maximum value is
reached at tkne=tmax after the event of fallout (t=to). This period of build-up was
typically one year after the Chernobyl fallout (Mattsson et al., 1989(28); Mattsson &
Moberg, 1991®; Voight & Paretzke, 1992(57>; Soumela & Rahola, 1994P8)). In other
studies, during the continuous deposition of nuclear weapons fallout, the build-up of
in vivo 137Cs levels took less than six months (Fredriksson et al., 1966(54)). The
difference between these two cases can be explained by the seasonality factor, since
the stage of the growing season at the time of deposition is of considerable
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importance regarding the proportions of the two transfer components: short-term
and long-term transfer. The greatest effect per unit deposition during the first year
will occur if the deposition event takes place in the middle of the growing season
(Rosen, 1996(51)) since the proportion of the immediate short-term transfer associated
with the direct surface contamination of growing crops will be larger (Fig. 2.).

Biological uptake

Rurvoff SOIL
SOLUTION Weathering

REVERSIBLY
BOUND

Ion exchange

PARTICLES

Fixation
IRREVERSIBLY

BOUND
Strong fixation

MOBILE
FRACTION

INERT
FRACTION

Fig. 3 . Model of the mobility of radiocaesium in soil. Figure taken from Oughton <& Salbu

(1994P6).

Other factors influencing human in vivo levels of radiocaesium through ingestion are
social behaviour, in terms of consumer awareness, where people choose to select
foodstuffs not originating from contaminated areas, or when protective measures
have been taken by certain authorities, with stricter regulations on food distribution
(Balonov & Travnikova, 1993<59)). Food preparation procedures are also important.
For instance, considerable proportion of the caesium content in meat is lost during
boiling and frying (Keningsberg etal, 1996(60)).

Observations from many studies, both during the nuclear weapons fallout in the
1960s and 70s as well as after the single deposition event of the Chernobyl debris,
show that after peak values of 137Cs are reached in man, the concentration declines
exponentially, albeit with varying elimination rates. This trend has been observed
both in agricultural and semi-natural ecosystems (UNSCEAR, 1982®; Lessard et al.,
1980(61); Lessard et al, 1984(62); Tillander et al., 1989(48>; Falk et al, 199K55); Agren,
1998(63)). Seasonal variations during the year have also been observed, especially in
ecosystems with simple food-chains (Hanson et al., 1966(45); Tillander et al., 1989(48)).
The elimination rate through ecological pathways can be expressed in terms of an
ecological half-time (Eq.l). The effective ecological half-time, Tem,eff, for a specific
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radionuclide in a given population is defined as the elimination rate, Xtf \y% after th-e

peak value is reached. TeCo,eff is typically between 1 and 5 years in the temperate zones
(UNSCEAR 19770); 1982(2)).

In 2

The ecological half-time, Tea>, of any given radionuclide can be extracted from Tem,ejf
through Eq.2, where Tpby, is the physical half-life of the radionuclide. Since Ttco for
137Cs is generally much shorter than Tpfys, the numerical difference between TUo and
Teco,eff can sometimes be neglected. However, in the case of in vivo 134Cs assay, the
physical half-life (Tphys — 2.065 y) is approximately the same as the typical ecological
half-time of Cs given above, and must be taken into account when estimating Tm.

T
1 eco,eff '-eco x pbys x phys

F 9

The transfer of 137Cs to man can be calculated by relating the observed peak in vivo
137Cs concentration, aft) [Bq kg-1], attained at time tmax within a studied group, to the
activity of 137Cs per unit area on the ground at some time prior to tmax (Eq.3). A
prerequisite for the usefulness of this quantity is that the deposition values are
representative for the geographical inhabited by the studied group. This transfer term
is also referred to as the aggregate transfer factor, Tag [Bq kgVBq nr2], since it will
ultimately comprise most or even all terrestrial pathways of radiocaesium to man,
where a substantial part also may originate from geographically remote areas (e.g.
importation of foodstuffs from contaminated regions).

T =

Here, Amm{tma^, is the total cumulated deposition, related to the annual deposition,
[Bq nr2 y ! ] , according to Eq.4.

= \

The quantity Tag was, however, originally intended to be used under steady-state
conditions only (Ward & Johnson, 1986(«>; Howard eta/., 1995(43)). Thus, it has been
argued that since all observations have exhibited a time-varying transfer of
radiocaesium to humans through foodstuffs, this quantity must either be specified in
time (fmax in this study) or, alternatively, time-dependent expressions must be used,

19



which more adequately describe the effect of the aggregate transfer of radiocaesium,
(Aarkrog, 1992(65)).

UNSCEAR (1977)0) has presented a more complex transfer factor (Eq.5), in which
the mean in vivo concentration of radiocaesium is integrated over a time period
extending several years after the peak value, and then divided by the cumulated
deposition, A.mm, over the same time period (i years). The time-integrated aggregate transfer

factor, T^jnWNS then has the dimension [Bq kg-1 y/Bq rrr2]. Thus:

where, apop(i) [Bq kg-1], is the mathematical fit to the observed mean in vivo
concentration in humans. The observed in vivo values, ait), can alternatively be
expressed in terms of 137Cs/K body ratios, yielding the time-integrated potassium-
normalised aggregate transfer, in which Ta&int,UNS is expressed in [(Bq y (g K)A)/QsE>(\ nr2)]
(Paper III).

In the present study (Paper III), this expression was modified further by taking into
account the successive physical decay of the radiocaesium accumulated in soil. By
correcting each annual deposition, Ad^it), for the physical decay of 137Cs by means of
the exponential decay function, exp^A^x/) , and summing each physical decay-
corrected annual deposition over the years of interest (n number of years), expression
(Eq.6) is obtained with the units [Bq kg-'/Bq nr2]. The advantage of using the latter
two expressions (Eqs 5 & 6) is that they illustrate the long-term behaviour of
radiocaesium and its transfer to man and enable meaningful comparisons between
different deposition scenarios and between different ecosystems (Fig. 4).

M = 1 = = Eq.6

where:
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Adep(t) Eq.7

The time integral of AM in (Eq.6) can be regarded as the total number of
disintegrations per unit area of the deposited activity.

The time-integration starting point, th can be chosen somewhat arbitrarily, but it is
suitable to select ts as the time of the onset of the fallout, ts-to. With the aid of
present-day software, the calculation of the time-integrated discrete expression of A\tot
in (Eq.7) can readily be performed using a calculation spreadsheet.

Another quantity related to the time-integrated aggregate transfer of radionuclides to
man is the so-called radioecological sensitivity of a specific radionuclide. This was defined
by Aarkrog, (1979)(<i6), and is the infinite integration over time of the concentration of
the radionuclide in the diet [Bq kg"1 y] arising from a given ground deposition, Atot
[kBq m-2].
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Fig. 4. Schematic view over the time-integrated aggregate transfer as interpreted in this study and by
UNSCEAR (1977^)), where the in vivo concentration of 137Cs is replaced with the 137Cs/K

< ratio.
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Metabolic behaviour of radiocaesium in man

The ICRP conservatively estimates that once caesium reaches man through ingestion
of contaminated foodstuffs it is almost completely absorbed by the gastrointestinal
tract (ICRP 54,1988(67); ICRP 56,1989(36)). The caesium is then mostly distributed to
the viscera via the blood (-90%; ICRP 56, 1989(36)), while the remaining component
(~10%) is collected in the kidneys and then eliminated by urinary excretion with a
half-time of ~2 d (ICRP 56, 1989(36); Fig. 5). The long-term component of human
caesium retention is associated with the cellular uptake of caesium by the cytoplasm,
in analogy with potassium, and is transferred from plasma to cellular tissue through
the cell membranes by the process of the sodium-potassium pump (Leggett, 1983(13)).
A standard value of 110 d for the long-term half-time of radiocaesium for an adult
male has been adopted by ICRP 56 (1989(36)). This component of caesium is excreted
mainly with the urine (80%; ICRP 54,1988(67)). Since the absorption of caesium in the
body is correlated to the abundance of cellular tissue, it is assumed to be
homogeneously distributed in the body. A third component (<0.1% of the initial
uptake, half-time ~500 d) of the caesium retention in the human body has recently
been reported by Melo et al., 1997(68), based on studies following the Goiana accident
in Brazil in 1987.

EXCRETION

INGESTION

Gl-
TRACT

BLOOD
POOL

EXTRAVASCULAR POOL
(SYSTEMIC TISSUES)

KIDNEYS

20%
FECAL

80%
URINE

F i g . 5. Schematic model of caesium uptake, retention and excretion from the human body at

equilibrium between intake and excretion.

Due to the long-term effects of root uptake from contaminated soil, a single
deposition event of radiocaesium will result in protracted transfer of the substance to
humans. A semi-equilibrium between intake and excretion is often established, and
the two half-times associated with the caesium metabolism cannot be directly
determined through the time pattern of the in vivo body burden. Instead, an
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equilibrium ratio between body burden and excretion is obtained (Johansson &
Agren, 1994(69)). This has resulted in the definition of the equivalent biological half-time of
caesium, Te,o [days] (TCRP 56, 1989(36)), and is proportional to the ratio between the
observed whole-body content of 137Cs, Qa Pq ] , and the total 24h excretion, EM [Bq
d'1], observed at the time of the whole-body counting (Eq.8).

Eq.8

The equivalent biological half-time of 137Cs can be regarded as a weighted average of
the half-times of the short- and long-term component for the subject (ICRP 56,
1989(36)). Since the long-term component is related to the uptake in tissue cells, Te also
varies with age, sex, body weight and body composition (e.g. Leggett, 1986C70);
Lebedev & Yakovlev, 1991C71); Melo et a/., 1997(68)). A comprehensive review of
experimental data on Te,a by Schwartz & Dunning in 1982P2) gave an average value
of 65 days for adult women and 96 days for adult males. These values were later
adopted by the ICRP (ICRP 56, 1989(36)). For infants, children and adolescents, the
equivalent biological half-time is indirectly proportional to the body weight and the
total body potassium, QK, due to the increased relative proportion of the long-term
component of the Cs retention with increasing body cell mass (Lebedev & Yakovlev,
1991C71)).

In order to obtain an interpretable value of Te,a for a single individual, as in Eq.8, the
sampling of excreta must take place during equilibrium, or near equilibrium, between
intake and excretion (Lloyd et a/., 1966C73)). If the subject under investigation has
ingested a meal containing higher levels of 137Cs than his usual diet, the interpretation
of the equivalent biological half-time may be erroneous since the rapid short-term
component of the caesium elimination process will lead to a temporary increase in the
daily excretion rate of the substance. It is not possible to guarantee that all
participating subjects in a studied group exposed continuously or repeatedly to
ingested radiocaesium have reached a balance in intake and excretion. However,
Lloyd et al, 1966C73) showed that small variations in the daily intake have only a minor
influence on the experimental determination of Te for 134>137Cs.

Relation between radiocaesium metabolism and -whole-body potassium
content, urinary potassium and creatinine

The physico-chemical similarities between caesium and potassium have also been
explored in terms of the physiological behaviour of the nuclides in humans and
animals. It has been observed that the equivalent biological half-time of caesium, Te,cs,
is correlated to the whole-body content of « K (Lloyd, 1973C74); Leggett, 1986C70)).
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Many of the gender-specific differences in Te,a could therefore be explained by the
systematic difference in the body burden of potassium between males and females,
since the body potassium is closely related to the muscle mass. The muscular tissues
are rich in cells and the specific uptake of alkali metals (Cs, K and Rb) is assumed to
be especially prevalent in red (slow) muscular tissue (Leggett, 1983(13)). Poor
correlation has, however, been found between the caesium retention and the whole-
body content of the element sodium (Na) (Hasanen & Rahola, 1971C75)).

Although the similarity between the metabolic behaviour of potassium and caesium
in man is not as apparent as was once predicted (Ward & Johnson, 1986C64)) it is still
convenient to use the whole-body content of potassium, QK, as an internal standard
when comparing individual biological half-times of Cs, since Q^_ is relatively easily
measured through whole-body counting of 40K. In the early 1960s an expression for
the whole-body potassium and urine excretion rate of potassium was incorporated
with the corresponding ratio for radiocaesium, forming a ratio A [dimensionless]
(Eq.9). In the present study, the ratio A has been termed the potassium-normalised
caesium excretion (Paper I & II). It was intended for use in connection with urinary
assays from individuals where the whole-body content of radiocaesium and the
collection time of urine were unknown (Rundo & Taylor, 1964(M>);

E q - 9

Here, QK [Bq WK\ is the whole-body potassium content, EK,a is the urinary excretion
rate of Cs [Bq d1] and .E^ is the urinary excretion rate of potassium [Bq 40K d1]. The
value of A is assumed to be relatively constant for adults, and independent of age,
since the metabolic variations with age are assumed to be similar for the two alkali
metals (Falk et a/., 199K55)). This type of normalisation has also been used in later
studies (Falk et at., 199K55); Wallstrom et a/., 1995C76)) and the values 2.8 and 3.4 for
adult females and males, respectively, were observed in a large-scale study in Sweden
(Falk <?/?*/., 199K55)).

Estimate of whole-body content of B7Cs through urine assay

In the case of a major release of radiocaesium to the environment, evaluation of the
internal contamination level in man is important for the general assessment of the
radiological consequences and for the planning of remedial measures. Although
mobile whole-body counting techniques designed for field conditions are available
(Palmer eta/., 1976C77)), they may not always be practical for rapid acquisition of group
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estimates of in vivo 137Cs body burden (Wickman & Eriksson, 1988C78)). One
alternative is therefore to collect urine samples from a number of subjects
representing a specific population of interest, and to use various metabolic standard
values to obtain the corresponding whole-body content, Qa (e.g. Jackson & Dolphin,
19660-9)).

Large-scale urine sampling more or less necessitates partial-day sampling, which
means that the sampling time is unknown, in contrast to 24h urine sampling within a
closely followed group of subjects. There are different approaches to correcting the
partial-day urinary content of a substance to a 24h value. The association between
caesium and potassium has led to different methods of correcting the radiocaesium
content in urine by scaling to the 24h excretion of potassium, EU,K [Bq d4] , or using
the ratio A (e.g. Rundo & Taylor, 1964(«); Table 2, Method I).

Another substance commonly employed for 24h corrections of urinary content is the
metabolite creatinine (Boeniger et al., 1993(80); Table 2, Method II). Values of 24h
excretion of creatinine, CRE241, [mmol d"1], can be taken from a standard reference,
e.g. ICRP 23, 1975(«) or The Geigy Scientific Tables, 198K81). By combining the 24h
corrected urianry content of 137Cs with a standard value for the ratio between the
total body burden and 24h urinary excretion of radiocaesium, (Q/EJ)a [Bq/Bq d4]
(related to Te,a (Eq.8)), the individual body burden can be estimated. Values of
(Q/EH)a can be taken from the literature (e.g. Schwartz & Dunning, 1982C72);
Johansson & Agren, 1994(69)).

Other methods simply use a calibration factor between body burden and urine
concentration of 137Cs, (Qhu)a [Bq/Bq I4] taken from the literature (Thornberg et al,
200CK39)), which is then applied to the partial-day urinary content of 137Cs from
individuals with unknown body burden (Table 2, Method III).

The standard metabolic values for A, CRE24h, (Q/EK)a and (Q/eu)a are specific to
gender as well as for age groups (adults, adolescents and infants). The aim of these
methods is to improve the accuracy of the whole-body estimates of radiocaesium
from partial-day urine samples.

T a b l e 2 . Different normalisation methods used for estimating the whole-body content of1}7Cs, Qa,

from urine assay.

Method Qa <=c EK,a\ at equilibrium « eu,o => Qa = ciXEu,a =

II c2 ~ (Q/EJQX {CREmslMdaJcre)

III c2 = (Q/e^)a = constant factor (dependent on age and gender)
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Standard values for 24h creatinine and potassium in urine have often been obtained
from Western studies among populations with similar dietary habits. Depending on
cultural or geographical origin the amount of potassium ingested and excreted daily
may, however, differ considerably from Western levels. For example, Japanese studies
from the 1960s (Fujita eta/., 1966(18>; Uchyiama eta/., 1969(82)) suggested that the daily
intake of potassium among Japanese adult males was only ~2 g day-1. According to
Russian food questionnaires in the Bryansk area, the daily intake of potassium could
amount to more than 5 g day1 for rural inhabitants, since their daily diet consists of
large quantities of potatoes (Balonov & Travnikova, 1993(59)). Given that the body
does not accumulate more potassium than a certain individual saturation level which
is correlated to the body muscle mass (Bruce eta/., 198CK83); Zorbas eta/., 1999(84)), the
ratio of body burden to 24h excretion of potassium may vary between different
ethnic groups or sub-populations with different dietary habits.

Creatinine is a metabolite produced in muscular tissue and is assumed to be excreted
mainly through urine. The excretion rate of creatinine was previously assumed to be
more or less independent of diet, since only small quantities of the substance are
found in the diet (ICRP 23, 1975(19)). However, many recent studies indicate that
creatinine excretion is correlated to a diet rich in creatine (Boeniger et a/., 1993(80)).
Creatine is a natural substance involved in key functions of muscular metabolism and
is intimately correlated to the production of creatinine. In contrast to creatinine,
creatine is found in large quantities in meat and meat products. The influence of
dietary habits on the 24h creatinine excretion appears, however, to be somewhat less
than that on potassium. In a study cited in Heymsfield et a/., 1983<85), individual
changes of up to 40% were observed within a group of individuals subjected to a
change in diet from a normal to a totally creatine-free diet. This dependence was,
however, considerably less than the observed or suspected variations in the average
potassium intake between different population groups (1.5-5 g d4).

It is also of interest to investigate whether the excretion parameters involved in the
different methods of estimating Qa are significantly correlated to biological
parameters, such as age and gender. Since the 24h excretion of both potassium and
creatinine is related to the muscle mass in the body, it is expected that they will be
related, more or less linearly, in adults (Eq.10). Using values based on relationships
given in ICRP 23 (1975)(19) for a male adult of 70 kg the following expression is
obtained, relating the diurnal urinary potassium, EU,K [mmol K d"1] to the creatinine
excretion, CRE24h [mmol d4]:

EUjK = (2.7/140)xll3.2x2.2 CRE24h = 4.8 CKE24h Eq.10

It is thus expected that the creatinine concentration will be related to the potassium
concentration by a factor of 4.8 for adult males.
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METHODS

Composition of the Lund reference group

In 1960, the late professor Kurt l iden (Dept. of Radiation Physics, Lund University)
formed a group of individuals, consisting of colleagues and relatives, in order to
establish a group in which in vivo levels of 137Cs (and ^K) could be monitored. The
main aim to was follow the increasing body burden and the associated absorbed dose
of 137Cs from the nuclear weapons tests in the atmosphere, in order to make realistic
prognoses for the future contamination levels and health effects. This group of urban
individuals, living in a highly agricultural area, also served as a reference group for a
survey of Lapps, who exhibited unexpectedly high in vivo levels of 137Cs in the late
1950s and the beginning of the 1960s (Liden, 196K11); Iiden & Gustafsson, 1966<24);
Bengtsson, 1967(26)). The composition of the Lund reference group varies during the
first few years of the study. In early spring 1964, a new group was established,
consisting of workers from a local factory who volunteered to participate in the
whole-body counting survey. The group then consisted of 14 females and 20 males,
who all lived in or around the city of Lund. The composition of the group regarding
gender and mean age, from the first occasion of whole-body counting in February
1964 to the last occasion, at the Department of Radiation Physics in Malmo in 1994,
is given in Table 3.

Table 3 . Composition of the Lund reference group regarding age [years] and gender at the beginning

and end of the two study periods.

Period

Pre-
Chernobyl

Post-
Chernobyl

Beginning:
1964-02
End:
1980-06
Beginning:
1987-05
End:
1994-06

No.
Females

14

9

10

8

of participants
Males

20

13

11

6

Total

34

22

21

14

A g e
Females

28±12

42±14

48±14

56±14

(Mean±l SD)
Males

41±8.5

60±5.8

63±7.5

67±5.6

Total

34±12

52±14

56±14

61±12

Whole-body counting and collection of urine

During the pre-Chernobyl study of the reformed Lund reference group (1964-1980),
the in vivo body burden of 137Cs in the subjects were measured in the whole-body
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counter in Lund. The whole-body counting room was shielded with 20 cm thick iron
walls, covered with a 3 mm lead layer on the inside. Two geometries were used: a
scanning bed geometry or a chair geometry (Fig. 6), of which the latter was the most
frequently used. Initially, the in vivo content of 137Cs was measured for 30 min, but at
the end of the pre-Chernobyl study period, 60 min measurements were also
employed. Before whole-body counting, the subjects had a shower and changed into
special clothing in order to eliminate perturbing effects from external contamination
on skin or clothing. The detector consisted of a 20.4 cm (0) XI 0.2 cm cylindrical
NaI(Tl) detector. Pulses were recorded by a multichannel analyser (RIDL; model 34-
8, 200 ch). The pulse spectra obtained from the multichannel analyser were then
saved on paper tape for further analysis at the Lund University Computing Centre
(LDC) (Bengtsson, 1967(26>). The output from the "SMIL" computer at LDC
consisted of calculated values of the whole-body contents of 137Cs and ^K in each
participating subject. In 1972, the detector was replaced by a new NaI(Tl) crystal of
the same shape and size as the previous one (Carlsson & liden, 1973(86)).

Fig . 6. Chair geometry used for whole-body counting of 1}7Cs at the Ijund University Hospital,

(1960- 1980).

Since restarting the measurements in 1987, all in vivo determinations of radiocaesium
(this time of both 134Cs and 137Cs) have been carried out at the University Hospital in
Malmo. In 1987 measurements were carried out in both Malmo and Lund in order to
confirm that no systematic differences existed between the results of the two whole-
body counters. The whole-body counting device in Malmo was shielded in a low-
background room, 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 12.7 cm

29



(0)xlO.2 cm NaI(Tl) detectors positioned 30 cm above and 10 cm below the patient
couch (Fig. 7). The scanning length was 150 cm, starting at 15 cm from the jugulum,
and took 1000 s to complete. To improve the precision in the pulse statistics, the scan
was immediately repeated, giving a total measuring duration of 2000 s per subject on
each occasion. The detectors were connected to a multichannel analyser (Nuclear
Data 62™, 2048 ch) and the spectra were then recorded on magnetic tape or on
floppy disc. The activity of the radionuclides was calculated from the spectra with the
aid of a calculation spreadsheet (Lotus 1-2-3™).

Special precautions were taken also during the post-Chernobyl study, concerning
external contamination of the skin and clothing. The subjects had a shower and
changed their clothes before whole-body counting. The age and weight of the subject
were recorded, and the subject was interviewed at the time of each measurement,
regarding his/her recent dietary habits as well as visits to areas with high levels of
deposited radiocaesium.

150 cm

12.7 cm 0x10.2 cm
Nal(TI)

Fig. 7. Schematic view of the whole-body counter set-up at the Ma/mo University Hospital, where
whole-body counting was carried out on the Land reference group (1987- 1994).

During the post-Chernobyl study 16 of the 21 remaining subjects also volunteered to
participate in a 24h urine sampling in connection with each whole-body counting
occasion. The urine was collected in glass bottles or plastic collection beakers and was
rebottled in cylindrical, 2 1 Kautex flasks™, which had been treated with a carrier
solution of CsCl(aq) before use. 150 ml of 6 M hydrochloric acid were then added to
the solution, which was further diluted with distilled water to a total volume of 2 1. In
cases where the urinary volume, including the 150 ml hydrochloc acid, exceeded 2 1,
the excess fraction was discarded. A small portion (10 ml) of the subject's sample was
set aside prior to the addition of the acid for colorimetric determination of the
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creatinine concentration at the Department of Clinical Chemistry, Malmo University
Hospital.

The 137Cs, 134Cs and 40K concentration in the urine samples were determined through
gamma spectrometry with a HPGe detector (Schlumberger Enertec, 5.1% relative
efficiency at 1.33 MeV) connected to a multichannel analyser (Nuclear Data 62™,
2048 ch). The samples were measured for approximately 48 h and in many cases the
137Cs concentrations were close to the detection limit of the detector system (Paper
I). For this reason, the spectra were evaluated manually in order to avoid artefacts,
which may be introduced by the algorithms of the computer program, and to ensure
accuracy in the calculation of the urinary contents of 137Cs and 40K (Paper I).

An overview of the number of subjects participating on each whole-body counting
occasion in the pre-Chernobyl study is presented in Table 4. A similar overview is
given in Table 5 for subjects who participated in whole-body counting (W) and 24h
urinary sampling (U) during the post-Chernobyl study.

Methods of evaluating the effective biological half-time of radiocaesium
and potassium

The equivalent biological half-time of 137Cs, Te,a, was calculated from Eq.ll,
assuming that 80% (/£=0.8) of the total 24h excretion of 137Cs was excreted via the
urine (ICRP 56,19S9(3S>);

For potassium,^ was assumed to be 0.84 (ICRP 23, 1975C19)) and the potassium-
normalised caesium excretion, A, could then be evaluated through Eq.9.

The average value of Te for 137Cs and ̂ K in the Lund reference group was obtained
using an averaging algorithm chosen to take the variation in the relative uncertainty
with which the sample activities could be determined into account. For each
individual, who on average contributed between five and seven 24h urine samples
during the post-Chernobyl study (Table 5), an error-weighted average of Te, both for
137Cs and 40K, was formed by weighting each value obtained of Te during the study
period (/number of measurements for any subject i; (Eq.12)) with the inverse square
of the estimated relative uncertainty, ATS (Paper I);
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Table 4. Participants in the Lamd reference group during the pre-Chernobyl study. W signifies that
the subject participated in the whole-body counting.
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Table 5. Participants in the Lund reference group during the post-Chernobyl study. W signifies

that the subject participated in the whole-body counting and U denotes participation in the 24h

urinary collection.
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Eq.12

The individual error-weighted average for each subject, <Te>i, was then pooled to
form a weighted grand mean, <Te>, in order to obtain the error-weighted average for
the Lund reference group as a whole (males and females separately), where each
individual average was in turn weighted by its corresponding weighted standard error,
<ATe>;.

Linear regression analysis was performed in order to reveal any correlation between
the individual error-weighted average of equivalent biological half-time of caesium,
Te,a and the individual averages of age, weight and whole-body content of ^K,
respectively, during the post-Chernobyl study (Paper I).
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Application of the results from the Lund reference group to the Bryansk
group

In a joint project launched in 1990 by the Departments of Radiation Physics in
Malmo and Goteborg, the Swedish and Norwegian Radiation Protection Institutes
and the Institute of Radiation Hygiene in St Petersburg, inhabitants of the rural areas
in die Bryansk region, Russia, were monitored annually regarding internal and
external exposure to 137Cs (Erkin eta/., 1994(87); Zvonova eta/., 1995<37); Wallstrom et
a/., 1995C76)). Due to heavy rainfall during the passage of the radioactive cloud from
Chernobyl, this area was heavily contaminated by 137Cs from die Chernobyl fallout
with ground deposition levels of 0.8-2.4 MBq nr2. The task of the Nordic groups was
to make independent estimates of the absorbed dose to the inhabitants in the area.
These estimates were required for decisions concerning remedial action, such as
decontamination, evacuation and relocation. Partial-day urine samples were also
collected from a varying number of subjects, typically 10-50 per village, per year
(Thornberg, 2000P9)). The urine samples were collected in glass bowls and rebottled
in 100 ml plastic botdes. The urine in the bottles was treated with a 12 M solution of
hydrochloric acid in combination with a carrier solution of CsCl, to prevent adhesion
of radiocaesium to vessel walls. The acid also prevented from deterioration of the
creatinine, which can be chemically unstable under field conditions (ICRP 23,
1975(19); Paper II). Upon arrival in Sweden, the samples were analysed for 137Cs by
gamma spectrometry (36% HPGe detector, EG&G Ortec™). The potassium and
creatinine concentrations in the Russian urine samples were determined by means of
atomic absorption spectrometry (potassium) and colorimetric determination
(creatinine) at the Department of Clinical Chemistry, Malmo University Hospital.

Of the samples collected from Russian subjects in 1994 and 1995, urine assays from a
total of 40 adults (age>18 years) were selected for estimation of the individual body
burden of 137Cs, Qaj (Paper II). Using the potassium-normalised caesium excretion
obtained from the Lund reference group, AL*»J, in combination with standard values
of the whole-body concentration of potassium available in ICRP 23 (1975)(19),
individual estimates of body burdens of radiocaesium, j2o,« [Bq], were made using the
following expression (Eq.13):

K-NORMAUSATION Q = Q • - ^ • A ^ = V . -qKJCRP • ~ • A M Eq.13

where J2K»/ is the estimated whole-body content of ̂ K [Bq] of the subject. Q&i&t is
the product of the body weight of subject i, wi, and the assumed average whole-body
concentration of potassium, qKjaw [Bq kg-'], taken from ICRP 23,1975(19). <JK,ICKP was
thus set to 2 g K per kg body weight for adult males, and 1.6 g K per kg body weight
for adult females or, expressed in terms of ^K; 2x31.0 [Bq 40K per g potassium
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(Samath et al., 1997C88)] = 62.0 Bq kg"1. The whole-body content of potassium, J2K, is
assumed to be 140 g (=4400 Bq 40K = 3630 mmol stable K) for the reference man of
70 kg, and is balanced by an assumed daily potassium intake of about 3.3 g d4 (102
Bq 4<>K d-1) of which 2.7 g day1 (84 Bq t°K d"1) is excreted through the urine (ICRP
23(19)). eci.i [Bq I"1], is the individual radiocaesium concentration in urine and $K,i, is the
corresponding value for 40K.

In analogy with the potassium-normalisation, body burden estimates of 137Cs, Qa,i,
were also made from the Russian samples by inserting values of CRE241, and (Q/Eu)a,
taken from the Lund reference group (males and females respectively), into Eq.14.

CRE-NORMALISATION £ = {f-)a^d • eo- - ( ' ) Eq.14

crei is the creatinine concentration in the partial-day urine sample [mmol I"1] of the
subject and ecyis the 137Cs concentration [Bq I"1] in the same sample.

The accuracy of the two normalisation methods above (potassium and creatinine) is
highly dependent on the caesium-to-potassium and caesium-to-creatinine ratios in
urine being relatively constant during the day. This is, however, not the case since the
potassium and creatinine excretion rates vary during the day independently of each
other (Watson et al., 1993<89)). Due to these variations, the relative uncertainty of an
individual whole-body content estimate from a partial day sample can be more than a
factor of two or three (Paper II). However, the overall precision of the group average
can be sufficient to obtain rough estimates for the population in question, provided
that the number of subjects, N, is not too small (more than ten individuals are
required as SE~l/vIY).

The agreement between the potassium- and creatinine-normalisation methods was
tested by forming the average value of the individual difference between the
creatinine-normalised and potassium-normalised estimate of 137Cs body burden,
(QO,RJ/,CRE- Qcs,-RxJ)i. A t-test of the average individual difference was then performed
in order to reveal any systematic difference between the two methods (Paper II).

Evaluation of the effective ecological half-time of radiocaesium

Average in vivo 137Cs concentrations in the Lund reference group were calculated
separately for males and females on each measuring occasion during the pre- and
post-Chernobyl study periods. Various exponential functions were fitted to the
observed data using non-linear estimation methods, with a statistical software package
(STATISTICA 6.0,1998W). Table 6 shows the mathematical expressions fitted, from
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which the effective ecological half-time, Teco,g, could be obtained. Both non-weighted
and weighted non-linear regression were carried out. In the latter case the data were
weighted by the inverse square of the standard error of the mean, 1 SE, in analogy
with the procedure described previously for the evaluation of Te,a in the Lund
reference group during the post-Chemobyl study. As long as a single exponential
function satisfactorily explains the variation of the in vivo level vs. time, the
interpretation of the ecological half-time, Tem,eff, is straightforward. However,
depending on the irregularity of the time pattern of the in vivo levels during the study
periods, more complex time functions may be needed to extract the ecological
elimination rate of 137Cs in the studied group.

Table 6. Mathematical expressions fitted to observed mean in vivo concentrations of1}7Cs and
134Cs (post-Chernobyl study only), apop(t). Time is given in years, and tmax indicates the time at which
the peak average in vivo values were observed.

Type of fit Pre-Chernobyl Post-Chernobyl

1964-1980 1987-1994

Single exponential ^ X ^ Y « » ^ B?x^*f<*«^,;

Double exponential A,xeM*tM^+A,xf"'*m«»> B,xeB2^^'^ - {A,^2*"^*"'
+A y,gA4*(''""^'Pn)\a

Single exp. + constant term A,xeA2'"-""ax^)+A3 N/A
a This expression describes the post-Chemobyl time pattern corrected for the presence of pre-Chernobyl 137Cs in the
environment during that period.

The presence of global fallout 137Cs in the environment after the Chernobyl fallout in
1986 causes some problems in the interpretation of the ecological elimination rate of
137Cs. One method of extracting the pre-Chernobyl contribution to the total 137Cs
content measured in vivo during the post-Chemobyl study period is to use the
134Cs/137Cs ratio taken from fresh fall-out data in the region. A value of this ratio was
reported by Erlandsson et a/., 1990P1) to be 0.57 in rain-water collected in Lund from
the Chernobyl fall-out. Alternatively, a pre-Chernobyl background correction of in
vivo 137Cs levels can be obtained by extrapolating the time pattern from 1980.

Evaluation of the time-integrated aggregate transfer factor for
radioceasium

The modified UNSCEAR procedure was used to calculate the total transfer of
radiocaesium to man, taking into account the physical decay of the deposited 137Cs
with time (Eq.6). The functions fitted to the observed in vivo concentration levels,
apop{i), from 1960 to 1994 were also used to estimate the human uptake of 137Cs in the
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Lund region (Fig. 4). Annual deposition data for 137Cs were obtained from average
national deposition data from Denmark from 1950 to 1996 (Aakrog et al., 1995W).
Denmark is geographically proximate to Lund and the province of Skine (Fig. 8.).
The Danish data were chosen for the calculation of the transfer to man due to the
long time span. A scaling factor was used to account for the difference in the average
fallout rate during the 1960s and 70s between Denmark and die province of Skane.
Average values of the measured cumulated deposition in soil corrected to 26 April
1986 in both the city of Lund, A^und (=624±82% (1 SD) Bq nr2), and the province
of Skane (Fig. 8.), Aaia,Skin(=U26±53% (1 SD) Bq nr2), are available in a study of
Isaksson & Erlandsson (1997<93)). The geographical scaling factor, GSCF (Eq.15), was
then defined as the ratio between the cumulated deposition in Lund (and the
province of Skane) and the summed annual deposition in Denmark from 1950 to
1986 (pre-Chernobyl 137Cs), where each annual value was corrected for physical decay
to 26 April 1986.

_ . „ _ A^^annfytiLund I Skane)
GSCt —-^

' ? 5 Eq.15

Separate GSCF factors for the city of Lund and the province of Skane were used in
order to express the transfer of 137Cs from the region as a whole to man. Many of the
transfer pathways of 137Cs to humans originate from highly intensive agricultural
production in the region, such as dairy and meat produce. In the province of Skane
most of the fresh milk consumed by the inhabitants has traditionally been produced
in the region, whereas meat and meat products have a more complex distribution
pattern from the major slaughterhouses to local grocery stores (Andersson, 200CK94);
Gustafsson, 2000(95)). It was, nevertheless, assumed that using the average deposition
over the whole province of Skane would yield a more representative measure of the
transfer to man in the region. The in vivo 137Cs concentrations and the annual
deposition rates, Adeppenmark* GSCF, were then integrated from to - 1960 to 1981
(»=21 y in (Eq.6)) to give an estimate of the time-integrated aggregate transfer of pre-
Chernobyl 137Cs from ground deposition to man in the region (Paper III).
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Fig. 8. Map of the Province ofSkdne, southern Sweden, Denmark and the Bryansk area, Russia.

In order to obtain a comparable estimate for the corresponding aggregate transfer of
Chernobyl 137Cs after 1986, the length of the time interval was set to 21 years (as with
the pre-Chernobyl transfer factor), i.e, &,am«>^1986.4, and the end point was set at
the predicted activity concentration in vivo and ground deposition in 2007, based on
the prognosis from apop(i) and the assumption of negligible additional deposition on
the ground after 1994.

Multiregression analysis of the relation between urinary potassium and
creatinine concentration in two the groups

Since there is evidence of large ethnic differences in the 24h excretion of potassium
(Uchyiama et al., 1969<82); Balonov & Travnikova, 1993(59)), it may be suspected that
the relation between urinary potassium and creatinine excretion would also vary.
Differences between the Swedish and Russian groups can be detected by means of
multiregression analysis, where the relation in Eq.10 is rewritten as in Eq.16, with the
addition of a so-called categorical variable (Kleinbaum et al., 1998(%)). Knowledge of
this ethnic difference may indicate a suitable choice of normalisation method (Eqs 12
&13).

K= ao+ a1xCKE+ a2xGEO + a12xCKEGEO Eq.16
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The coefficient ao is the intercept, and cti and a2 are the slope coefficients of the linear
relationships between K and its predictors (Eq.16). These coefficients are optimised
by the regression analysis in order to maximise the explained variance (coefficient of
correlation, r3). CRE, the creatinine urine concentration [mmol I1], was chosen as the
independent parameter, or predictor, based on the previous discussion (Paper IV),
which indicated that the urinary creatdnine concentration, CRE, depends less on
differences in dietary habits between different groups than the urinary potassium
concentration, K [mmol I-1]. GEO is a categorical parameter which can assume
discrete values associated with each of the two groups, zero and a non-zero value
(preferably unity). For a subject belonging to the Swedish group, GEO was set to zero
and for a Russian subject GEO was set to 1. CREGEO is a so-called interaction term,
and its value is equal to the product of the creatinine concentration of a subject and
its geographical origin, GEO, that is; CREGEO=CREX- GEO. This means that when
inserting the value GEO=0 for all Swedish subjects into Eq.16, the slope of the Kvs.
CRE curve is given by the coefficient a-i and the intercept is given by ao. For the
Russian subjects, the slope will be represented by (ai+au), and the intercept by

The regression equation can be expanded to include parameters such as age, sex and
body weight (Eq.17):

K = po + p,*X, + p2xX2 + ... + pxX, Eq.17

where X, is age or body weight, etc. The regression procedure will reveal if some of
the predictors are redundant, thereby enabling reduction of the model. The aim of
the regression procedure is thus to achieve the highest explained variation (in terms
of the coefficient of correlation, r3) with the minimum number of predictors (Paper
IV).

In biological models, where age is often one of the parameters expected to influence
the prediction of the dependent variable (in our case the urinary potassium
concentration), it may also be beneficial to test for interactions between age and the
other predictors. For instance, if body weight and age are correlated in either of the
studied groups, the explained variation, r2, may be increased by including an
interaction term describing the product of the body weight and the age of the subject.
Although modern-day processors are powerful, the interpretation of the results will
be extremely laborious if too many interaction terms are added to the estimation
equation, and restraint is recommended in the selection of such terms (Kleinbaum et
a/., 1993W).

In Paper IV additional values of the urinary content of radiocaesium, potassium and
creatinine from samples collected from Russian adults between 1996 and 1997 were
included to the combined data. These values were used for a multdregression analysis
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with Eq.17. The analysis was performed in two steps with the aid of the software
package STATISTICA™(9°). Firstly, the data were tested for interaction and quadratic
cross terms by means of partial F-analysis (Paper IV), comparing the additional
explained variation with the starting model given in Table 7. If the cross-terms failed
to pass the partial F-test, they were not considered further in the estimation equation
(Eq.17). Secondly, the maximum model obtained was reduced by means of the All-
possible-regression procedure (Kleinbaum et a/., 1998(96)). The results of the
regression analysis were assessed manually with the aid of key statistical diagnostic
parameters in order to select the models/estimating equations containing the highest
scores for each quality criterion parameter (Paper IV; Kleinbaum etal., 1998(%)).

Table 7. Predictors in the model used for regression analysis of the urinary potassium concentration,

Kfmmoll1].
Predictor Unit
Age - AGE years
Ethnicity - GEO Lund subject=0 Bryansk subject=l
Gender -SEX Male=0 Female=l
Urine concentration of creatinine - CRE mmol I1

Weight - BWT kg
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RESULTS

Metabolic behaviour of radiocaesium and potassium in man

The equivalent biological half-time of137Cs in the Lund reference group

The error-weighted average of the equivalent biological half-time of 137Cs, <Te,a> (±1
Weighted Standard Error of the mean; WSE) in the study group during the post-
Chernobyl study (1987-1994) was found to be 66±3 d for females and 81 ±4 d for
males (Paper I). The value found for females was in accordance with the value of 65
d suggested by ICRP 56, 1989<35), whereas the corresponding value for males was
almost 20% lower than the 96 d given in ICRP 56, 1989(36). In Table 8 the results
from the Lund reference group during the post-Chernobyl study are presented,
together with the arithmetic mean of the whole group for each parameter
investigated.

The error weighted group average of Te,o was compared with the arithmetic average
as well as group average of Te,o in which all data originating from urine samples with
137Cs contents below the minimum detectable level (0.5 Bq I4) were excluded.
Agreement between the group average and the error weighted average values was
found both for males and females (Paper I). The average value of the ratio Qcs/Eu,o
(or (J2/E«)d), which is related to Te,a through Eq.ll, was found to be 119 d for
females and 145 d for males. This quantity was used for the normalisation of the
urinary content of radiocaesium by means of the urinary creatinine content (Eq.13).
An overview of the observed values of (Q/Eu)cs is given in Table 9.

From the linear regression of Te,o as a function of age, weight and whole-body
content of potassium, Qja, in the Lund reference group, the only significant
correlation found was between Te,o and £K for males (^=0.46). The lower QK found
in the males of the group (3800 Bq 40K vs. 4400 Bq ^K for the reference man of
ICRP 23(19)) which indicates a lower body cell mass, could therefore explain the 20%
lower Te,a value than given in ICRP 56 (1989)(36). Stable caesium only exists in trace
amounts in the body (~1.5 mg, ICRP 23, 1975(19)) and it is therefore not likely that
the caesium kinetics of the body interferes with the regulation of the total body
potassium, in such way that the retention of radiocaesium in the body cells is
stimulated by a lack of body potassium. Even high activities of 137Cs (>109 Bq)
correspond to a negligible mass of the element compared with the body's potassium
pool.
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T a b l e 8. Equivalent biological half-times, Te,a> for the participants in the ljund reference group
between 1987 and 1994, including parameters used for prediction ofTe,cs- All values refer to mean
values over the study period.
Subject Sexa Agea <w>j QK Te,cs A qK qCs

(±1 SD) (±1WSE) (±1 WSE) (±1 SD) (±1 SD) (±1 SD)

F2

F3

F7

F10

F13

F14

F20

M5

M6

M8

M9

M10

M15
M16

M19

M2O

n v u

ICRPb

(M/F)

F
F

F

F

F

F

F

M

M

M

M

M

M

M

M

M

F

M

F

M

y

56.4

30.7

47.8

68.5

30.0

66.3

48.9

71.4

70.0

59.1

75.6

58.1

56.8

59.4

77.7

69.7

50+15=

6618=

n/a

- 3 0

kg

67.2

63.1

57.1

93.6

71.2

69.1

61.2

65.6

84.5

74.3

71.3

71.6

55.5

72.7

91.2

82.4

69112=

74111=

58

70

B q « K

2870+130

3090+50

2510±150

2970±90

3100+110

26001150

2940170

36001170

43101420

4280+220

2910+200

3610+150

3430+60

41201170

3930+75

42801260

28701230'

38301480=

2950

4400

d

76.4+12.9

79.2+16.1

63.715.9

55.117.4

74.1+9.9

78.8111.5

45.617.3

67.2110.5

96.8111.8

71.1+10.8

67.8+11.5

75+10.3

62.2+11.8

95.2110.6

67.9+13.9

84.1+10.7

67.6113.1=

76.4112.7=

65

96

5.111.2

3.210.7

3.6+0.5

2.4+0.4

3.8±0.6

4.0+0.7

2.210.4

3.8+0.7

3.4+0.6

2.6+0.5

2.610.5

4.210.7

3.010.7

3.810.5

2.8+0.7

3.6+0.5

3.5+1.0=

3.310.6=

2.3

3.3

B q « K

kg-'
42.812.64

49.011.68

43.412.76

31.910.94

43.811.91

37.6+2.78

47.6+3.19

54.612.83

51.3+4.35

57.4+2.15

39.711.74

50.6+3.40

61.811.66

56.111.50

44.914.00

51.4+1.70

42.315.44

52.016.26

50

62

Bq 137Cs

kg-1

3.2311.81

2.1610.53

2.1310.53

1.2510.58

1.6711.00

2.6711.87

1.33+0.44

3.0313.43

2.3711.01

1.81+0.88

2.3211.37

2.12+0.71

1.9910.54

2.42+1.19

1.4010.37

1.92+0.68

2.0710.72

2.1510.46

N / A

N / A

mmol d 1

10.811.0

10.211.2

8.6+1.0

9.611.9

10.9+2.5

8.911.0

9.612.3

1210.3

9.78+5.0

13.711.6

9.7811.4

12.711.0

1212.0

15.813.3

11.6+1.8

13.612.4

9.8+0.9'

12.311.9=

8.8 =-d

15.0 =d

L Values of weight and age refer to the average over all the occasions the subject participated in the study.
b- Standard or recommended values of various biological data taken from ICRP 23'"', 54<67> and 56P9.
°- Arithmetic mean of individual mean values +1 SD
d- Creatinine concentration calculated from values for standard excreted urine, 1.0 and 1.4 1 d1 for females and males
respectively (ICRP 23,1975(19>).
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The potassium-normalised caesium excretion and 24h creatinine excretion in
reference group

The potassium-normalised caesium excretion for the Lund reference group,
was found to be 3.4±0.3 (±1 WSE) for females and 3.4±0.2 for males (Paper I). The
ratio A was not found to be significantly correlated to any other parameter except
Te,a, which is roughly proportional to A by definition (Eqs 8 & 9). In Table 10
observed values of A obtained from various studies are presented.

Table 9. Observed ratio between the whole-body content and the 24h urinary excretion of 1i7Cs)

a, from different studies [Bq/Bq ct1].

Study (Nationality) Number of
subjects

(Q/Eu)Cs

Females Males
(Females /Males) adults (>18 years)

This work (Swedish)
Falk etal. (1991)<55) (Swedish)a

Lessard etal. (1980)(62> (Bikini Islanders)
Schwartz & Dunning (1981)^) (Mixed data)
Clemente etal. (1971)<97) (Italian)
Heinrichs etal. (1989)<98) (German)
Uoydetal. (1970)(") (US)
Uchyiama etal. (1969) (82> (Japanese)

7F + 9M
70 F + 239 M
12F + 14M

29F+116M
19F + 23M
SF + 5M

5M
5- 18 M

119
112
149
110
122
184

145
175
151
163
148
176
166
124

Average (±1 S.D) (N/A) 142F + 411M 133±29 156±18

Sample sized weighted average (N/A) 142 F + 411 M 119 167
a Values derived from the median values of the effective biological half-time obtained in the study through urinary-to-
faeces branching ratio taken from ICRP 56,1989P').

The average 24h creatinine excretion in urine was 9.8±0.9 (±1 SD) mmol d4 in
females and 12.3+1.2 mmol d4 in males, and expressed in terms of excretion rate per
kg body weight the value was 0.15±0.02 (±1 SD) mmol d"Vkg for females and
0.17±0.04 mmol d4/kg for males. The standard values for 24h creatinine in urine
suggested by ICRP 23(19) are 8.8 and 15.0 mmol d"1 for females and males,
respectively. Observed values of 24h creatinine excretion, CRE241,, are given in Table
11.

The correlations between the parameters recorded and determined within the Lund
reference group can be summarised in an overall correlation matrix (Table 12).
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Table 10. Observed values of the potassium-normalised caesium excretion, A., from various studies.

Study (Nationality) No. of
subjects Females Males

Females (F)+
Males(M)

age/y

0-20 >20 0-20 >20
This work (Swedish)
Falk etal. (1991)(55) (Swedish)
Johansson etal. (1995)(69)

(Swedish+Sami)
ICRP 23(19), 30(10°) & 56<36)
Clemente etal. (1971) P7) (Italian)
Heinrichs etal. (1989)(98> (German)
Lloyd et al. (1970)^) (US)
Uchyiama etal. (1969)(82) (Japanese)
Morgan & Arkell (1961)<101> (British)

7F + 9M
70 F + 239 M

30F + M

19F + 23M
5F + 5M

5M
5-18M

10- 15t (total)

2.4

3.4
2.8

2.1

2.3
2.2
4.9

~3t

3.4
3.4

3.5
2.1
4.1
3.0
1.3

t Gender and age composition and exact number of subjects participating in the study not specified. Ratio of 137Cs
and ^K content in urine and the corresponding ratio in vivo calculated for two different groups living in the same area
/Berkshire, UK).

Table 11. Observed values of24h urinary creatinine excretion, CKEm, from various studies.

Study (Nationality)

This work (Swedish)
ICRP 23 (1975)CW) &Jackson (1966)(102)
(Various)
Wennmalm etal. (1992)O°3) (Swedish)

VACSGAA (1987)0°4) (US b)

Chattaway etal. (1969)<105) (British)

Turner & Cohn (1975)(106) (US)

Greenblatt etal. (1976)(107) (US)
Scott & Hurley (1968)008) (New
Zealanders)
Bailey & de Wardener (1970)(109)
(British)
Duke (1998)(u°) (British)
Geigy Scientific Tab. (1981)(81) (US)
Population-weighted average

No. of
subjects

Females(F) +
Males(M)
7F + 9M

73 F + 530 M

6F + 9M
407 M black
216 M white

19 Fc
8 Fd+5 M a
2 F=+7 M =

33 M
31 M f

8M

2F + 4M

13F + 5M

6 F + 5 M
1 0 F + 8 M

CRE24h
Females

mmol d"1

9.8±0.9

8.84

10.0+0.5 »•

10.7+1.8
8.7412.0
12.2+1.1

9.27+1.2

7.98+1.88

10.5+3.7
10.3±0.7

9.5

Males

(meantl SD)

12.3+1.2

15.0

13.410.8 a

15.0+9.7
14.117.1

12.2+1.7
17.0+1.7
15.5+2.5
14.412.9
14.810.9

13.7+4.0

11.614.8

13.814.5
15.9+3.1

14.8
'• Uncertainties cited here are standard error of the mean
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b- Black and white male hypertensives
c- Normal pregnancies
d- Manic depressive patients
e- Normal subjects on controlled diet
f- Schizophrenic patients

Table 12. Correlation coefficients (r2^) for the equivalent biological half-time of137Cs vs. age, sex,

whole-body content of potassium and24h creatinine excretion in the Lund reference group during the

post-Chernobyl study.

TtCs

Age
Sex
Weight

QK

A

CRE24h

Te,CS

1
Age
0.005

1

Sex
0.116
0.357

1

Weight
0.051
0.298
0.061

1

Q K

0.274
0.128
0.629
0.219

1

A
0.283
0.017
0.012
0.038
0.006

1

CRE2411

0.184
0.012
0.435
0.008
0.562
0.028

1

Application of CRE^, A and (Q/EJ^ obtained from the Lund
reference group to the Bryansk group

The values obtained from the Lund reference group for {Q/EJcs and the potassium-
normalised caesium excretion, A, were applied to samples collected in the Russian
study according to Eqs 13 & 14 in order to estimate the body burden of 137Cs, Qa
(Paper II). It was found that when using the potassium-normalisation procedure the
estimates of Qa in the Russian subjects were, on average, a factor of 2 lower than
when the creatinine-normalisation procedure was used (29+4 kBq vs. 55+14 kBq
137Cs (mean±l SE) for potassium- and creatinine-normalised estimates, respectively,
for the 1994 samples). The difference between the average values of the two methods
was found to be significant (p<0.01). This is probably an effect of the high intake
rates of potassium among the rural Russian subjects, whose diet consists of large
quantities of potatoes. The amount of potassium ingested daily was estimated to be
about 5 g d4, based on data from food questionnaires carried out by Balonov &
Travnikova, (1993)(59). This should be compared with the 3.3 g d1 stated by ICRP 23
(1975)(19>. From Eq.13 it can be seen that doubling the potassium excretion rate will
halve the Qo estimate.
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Fig. 9. Estimated body burden in Russian adult subjects in 1994 and 1995 obtained from the
potassium- (A-normalised), creatinine- (CRE-normalised) and 1}7Cs concentration- (CKONC)
normalisation methods. Error bars indicate one standard error of the mean (1 SE).

For further comparison, body burden estimates of the Russian individuals were
evaluated using the average value of the body burden to urinary concentration ratio
of 137Cs, (<2/««)cs, obtained from the Lund reference group (Table 2). The mean value
for the group was within the range of 1 standard error of the mean of the creatinine-
normalised body burden estimates (Fig. 9.).

The average annual effective dose rates from internal contamination of 137Cs in the
Russian subjects are estimated to be 0.88±0.13 (±1 SE) and 0.54±0.13 mSv y1 for
1994 and 1995, respectively, using the potassium-normalised body burden estimates.
The corresponding values for the creatinine-normalisation procedure are 1.8+0.3 and

Transfer and ecological half-time of 137Cs

Time pattern of in vivo concentration of137Cs in the ljund reference group

The time pattern of the internal contamination of humans by 137Cs in the Lund
reference group during the two study periods is illustrated in Fig. 10. Exponential
functions were fitted to the in vivo levels of 137Cs in the group during both the pre-
and post-Chernobyl study periods (Paper III). Thus, an ecological half-time of
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1.3±0.2 (±1 SE) y could be associated with the time pattern during the years
immediately after the peak values at the beginning of 1965. A second, long-term,
component was also identifed when fitting a double exponential expression to the
observed data (Table 6), corresponding to an ecological half-time of 18±50 (±1 SE)
y. This is not significantly different from zero, and it was found that a single
exponential function combined with a constant term correlated better with data for
the pre-Chernobyl I37Cs levels (Paper III).

An effective ecological half-time of 2.4±0.2 (±1 SE) y was determined from the post-
Chernobyl data, but when corrected for the long-term component of pre-Chernobyl
137Cs still present in the ecosystem after the Chernobyl fallout, the effective ecological
half-time was found to be 1.8±0.2 y for Chernobyl 137Cs. This was, however, still
significantly longer than the short-term component of TOT,̂ -=1.3±0.2 y found in the
1960s (Table 13). This finding is in contrast to other Nordic findings. The control
group surveyed by the Swedish National Radiation Protection Institute, in Stockholm,
from the mid 1960s and onwards demonstrated the opposite trend (Lindell & Magi,
1965(m); Falk et ai, 199K55>), as did observations reported by Aarkrog, 1992(<*) on
ecological half-times in milk produce, a key component in the diet of many Nordic
inhabitants (Rantavaara, 1994(112)).
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Fig . 10. Mean whole-body concentration of 1}7Cs in the Tuund reference group between 1960 and
1994 and mean annual deposition of137Cs between 1962 and 1980 atLJungbyhed (43 km north
of Lund; solid line) and Denmark (dotted line). This figure illustrates the 1-year delay between peak
deposition rate and peak levels of1}7Cs in man.
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Table 13. Effective ecological half-times of 1}7Cs found in different Swedish populations (both
sexes).
Study

Swedish Samia

General Swedish population b

Ga'vle farmers ^c

North Swedish population f

Lund reference group

Teco.eff /

Pre-Chemobyl

1965-1970

1965-1980
-

1965-1980

4.7
3.4

N/A

1.3±0.2d

years
Post-Chernobyl

1987-1991
1987-1991
1987-1994
1988-1993

1987-1994

5
2.1
2.9
3.7

2.4±0.2
1.8±0.2c

aAgren, 1998(«)
>> Falke/a/, 1991(55)-
c The Municipality of Ga'vle was one of the areas in Sweden most heavily contaminated by Chernobyl
137Cs fallout
d Short-term component (±1 SE)
e Corrected for estimated presence of pre-Chernobyl 137Cs
f Johanssons a/., 1995C")

Gender difference in the in vivo levels of137Cs

The difference in the average 137Cs whole-body concentration between males and
females was apparent during the pre-Chernobyl study period (p<0.01), but was less
pronounced during the post-Chernobyl study period (p=0.07). Normalising the
whole-body concentration to potassium (ratio between 137Cs and '"'K in vivo
concentration) resulted in a smaller difference between the sexes: a 38% difference,
on average, during the pre-Chernobyl study period for 137Cs concentration compared
with a 16% difference between males and females for the ratio of the body content of
137Cs to «K (Paper III).

Aggregate transfer factor of137Csfor inhabitants in Lund and the Province of Skane

Values for Ta&wi (Eq.6) based on average deposition in the whole province of Skane
(Isaksson, 1997(34)) in combination with extrapolated data from Denmark (Aarkrog et
al, 1995(92)) are presented in Table 14. The ratio between the estimated value of Tag,im
for pre-Chernobyl and Chernobyl 137Cs (=post-Chernobyl values corrected for pre-
Chernobyl contribution) is close to a factor of ten using data for the average
deposition over the province of Skane. Using the UNSCEAR procedure
(UNSCEAR, 1977W) to integrate the ratio between the human body 137Cs/40K ratio
and annual deposition of 137Cs over time (Eq.5), the transfer of pre-Chernobyl 137Cs
to the Lund reference group was found to be higher than in the neighbouring country
of Denmark (Table 15).
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Table 14. Time-integrated aggregate transfer factor for 137Cs, Ta&mS [Bq kg1 / kBq m2] as defined
in (Eq.6) based on a prognosis from mathematical expressions of the observed mean in vivo -
concentration in the Land reference group and deposition data from Aarkrog et al. (1995)(92) and
from Isaksson (1997)?4).

Females
Males
Both

Pre-Chernobyl (1960-1981)

3.4
4.9
4.4

Post-Chernobyl

0.61
0.74
0.66

(1986 - 2007)
Corrected11

0.39
0.36
0.38

a Corrected for the estimated presence of pre-Chernobyl I37Cs.

Table 15. The time-integrated potassium-normalised Tmin,,uNs of137Cs [(Bqj (g K)-1)/ (kBq m2)]
using the UNSCEARP) procedure.

This work / Province of Skane (1960-1981)
Sweden / Stockholm area (1962-1972) b

Denmark b

Argentina (1966-1974) b

Pre-Chernobyl
32
18
11
11

Post-Chernobyl
6.7*

1 Uncorrected for pre-Chernobyl background of 137Cs
"UNSCEAR,1977<1>

Committed effective dose from internal contamination by radiocaesium

The expression derived for the in vivo 137Cs concentration, apop, and its variation in
time were also used to estimate the effects of internal contamination of 137Cs in the
Lund reference group (Table 16). The estimated contribution to the individual
average committed effective dose (TCRP 60, 199K114)) between 1945 and 1995 was
0.20 mSv, of which 50% was estimated to be acquired before 1963. The resulting
average committed effective dose to these individuals after Chernobyl,
£(1986</<2036) was found to be 0.033±0.008 (±1 SE) mSv from 137Cs and
0.007±0.005 (±1 SE) mSv from 134Cs. The difference in the committed effective dose
from internal contamination of 137Cs between the pre- and post-Chernobyl period,
the latter being based on a prognosis from the two study periods, was thus found to
be a factor of Sve. When the pre-Chemobyl background correction was used, the
contribution from Chernobyl 137Cs to the committed effective dose was 0.02 mSv,
which is a factor of ten times lower than for global fallout 137Cs. The annual
individual effective dose received by a Swedish inhabitant (medical radiation
excluded) is approximately 3 mSv (SSI, 1999(115>). For further comparison the 137Cs
contribution to the effective dose after Chernobyl is given for three different
populations in Fig. 11.
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Fig. 11. Annual effective doses from internal contamination of Chernobyl 1}7Cs to three different
populations. Data for the Sami population were taken from Johansson <&°A\gren, 1994(69); Russian
and Swedish data are derived from Paper I I , where Russian values refer to the creatinine-normalised
body burden estimates.

Table 16. Average individual committed effective dose, E(to<t<ti), to the members of the l^und

reference group due to internal contamination by 134>1}7Cs.

Period E(to<t<ti years)±(l SE) / mSv

Pre-Chernobyl 137Cs (1963-1981)

Pre-Chernobyl 137Cs (1945-1995)

Post-Chernobyl 137Cs (1986-2036)
Chernobyl 137Cs corrected for pre- (1986-2036)
Chernobyl background
Chernobyl 134Cs (1986-2036)

0.1110.03

0.20±N.A.a

0.033±0.008

0.020±0.021

0.00710.005

No estimate of the uncertainty in E(1945<t<1995) was made since error propagation could not be
traced by trivial statistical methods through the derivation of the extrapolated pre-1963 in vivo
concentration data for 137Cs in the group.
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Multiregression analysis of parameters for prediction of the potassium
and creatinine excretion

It was found that the average potassium concentration in urine was significantly lower
in the Swedish group than in the Russian group for both males and females, whereas
no significant difference was found in the creatinine concentrations (Paper IV).
Despite the selection of adults only from the Bryansk group, there was still a
significant age difference compared with the Lund reference group (Table 17).

Table 17. Mean values (+1 SE) of the predictors of the urinary potassium concentration for the

two groups. For the predictor AGE, median values and25—75percentile ranges are given.

Males

K/mmoll'
CRE 1 mmolf
BWT/ kg
AGE /years
Females

K/mmoll'
CRE / mmolt1

BWT/ kg
AGE /years

Lund

48±3.0
8.8±0.5
74±1.7

68 [58-71]

Lund

47±2.9
7.3+0.4
69+1.6

49 [36-65]

Bryansk

100+8.2

7.7±0.6
75+1.8

42 [27-47]

Bryansk

106+9.3
7.5+0.8
69±2.7

45 [36-63]

Significance

p<0.01
p>0.05
p>0.05
N.A.

Significance

p<0.01
p>0.05
p>0.05
N.A.

ICRP

69
-10.7*

70

-30

N.A.

~8.8a

58
- 3 0

Creatinine concentration calculated using standard excreted volume of urine 1.0 and 1.4 1 dA for
females and males, respectively (ICRP 23,1975<19>).

The difference in the relation between potassium and creatinine concentration
between the Swedish and Russian group was found to be significant at a 95%
confidence level (Fig. 12.). For the Bryansk group the regression line was found to be
(±1 SE): KBrya«sM=6.29(±1.66)xCREBryansk+63.5(±U.2); R^=0.143. Higher significance
was found in the Lund reference group, with a regression equation of
KW=4.44(±0.42)XCRELW+11.7(±3.68) ; E.2^=0.518. The estimated slope (^=4.44)
between K and CRE in the latter group was close to that predicted by the ICRP
(Eq.10) (Paper IV).

No interaction was found between the predictors age, body weight and creatinine
concentration (Paper TV). Nor was any quadratic cross-term found to contribute
significantly to the starting model (Tables 17 & 18).
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20

Fig. 12. K vs. CRE regression lines for the Lund reference group and the Bryansk group. Dotted
lines indicate the 95% confidence interval of the regression lines for the two sample series.

From the all-possible-regression procedure, seven of the 31 reduced models were
selected for closer scrutiny (Tables 18). Using the quality criteria described by
Kleinbaum et al., 1998(%) it was found that Model 7, including 2 predictors, scored
best in three of the four different quality parameters (Table 18). The difference in the
adjusted coefficient of correlation (explained variation, Paper TV), r^adj, and the mean
square residual, MSE(p) was minor between the different models. Model 7 was
therefore considered to be the optimum model, since it only contained two predictors
(geographical origin, GEO, and creatinine concentration in urine, CRE), but with
virtually the same fraction of explained variance, r2^, as the other models.

The all-possible-regression analysis shows that there are two factors that significantly
predict the potassium concentration in urine in the combined data of this study;
creatinine concentration in urine and geographical origin corresponding to Model 7 in
Table 18. The ethnic factor can be interpreted as a difference between the (assumed)
linear relationships of creatinine and potassium in the two population groups. The
analysis also shows that the intercept of the Kvs. CRE regression line for the Russian
samples was significantly higher (p<0.05) than the corresponding regression line for
the Swedish samples (ao in Eq.16). The difference in the slopes of the regression lines
was, however, not found to be significant at a 95% confidence level.
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Table 18. Predictors of the urinary potassium concentration (K) of the selected reduced models.
Shaded areas indicate the optimum values of the specific quality parameter of a given reduced model
(Models 1 - 7).
Model (Predictors)

Model A (see Table 7)
1: SEX, AGE, GEO, CRE

2: SEX.BWT, GEO, CRE

3: AGE, BWT, GEO, CRE

4: SEX, GEO, CRE

5: AGE, GEO, CRE

6: BWT, GEO, CRE

7: GEO, CRE

No. of
predictors

5
4
4
4
3
3
3
2

Overall F
(Maximum)

36.3
45.59
45.64
45.59
61.03
61.09
60.98
91.94

R2adj
(Maximum)

0.490
0.492
0.492
0.492
0.495
0.495
0.494
0.497

MSE(p)
(Minimum)

1412.5
1405.6
1406.0
1405.5
1398.9
1398.3
1399.5
1392.1

Mallow's
Cp

(No. of
predictors+1)

6
4.12
4.18
4.12
2.26
2.19
2.35
0.38

As was pointed out in Paper II, it is suspected that the difference in the intercepts is
due to differences in the diet. A systematic difference in the dietary intake between
different populations will therefore influence the results considerably when predicting
the whole-body content of 137Cs using the potassium-normalisation method in Eq.13.

Age and body weight did not contribute significantly to the explained variation in the
potassium concentration in urine (Paper IV). No difference with regard to sex could
be discerned in the combined data for the relationship between potassium and
creatinine concentration (the difference between the regression lines was tested for
coincidence, yielding a p-value>0.05).
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CONCLUSIONS

The observed value of the equivalent biological half-time of 137Cs, Te,cs, during the
post-Chemobyl period for females in the Lund reference group, 66+3 d, agreed well
with the ICRP value of 65 d (ICRP 56, 1989(36)). For males, however, Te,a, was, on
average, 80±4 d, which is 17% shorter than the ICRP value (ICRP 56,1989C36); Paper
I). No correlation was found between Te,a and weight or age in the Lund reference
group. For males, however, a significant correlation (^=0.46) was found in the
relation between Te,a and the whole-body content of potassium, Q^. A positive
correlation has previously been observed between Te,cs and Qjt (Leggett, 1986P0)), and
the lower value of Te,a for males in the Lund reference group can pardy be explained
by the 20% lower potassium content than the ICRP value (ICRP 23, 1975(19); (Paper
I)-

Whole-body content of 137Cs for the Russian subjects were, on average, a factor of
two higher for creatinine-normalised values than the corresponding values obtained
by potassium-normalisation. The potassium-normalised caesium excretion appeared
to underestimate the body burden of 137Cs in the Russian group, which was probably
the effect of elevated daily potassium intake among the Russian subjects (Balonov &
Travnikova, 1993(59)) (Paper II). The results of the multiregression analysis of the
combined data from the Lund and Bryansk study did not show any correlations
between urinary potassium concentration and age or body weight. The set of data
may be too small to detect any such correlation. The considerable variation in the
creatinine and potassium concentrations in the Russian data leads to a high
uncertainty in the regression equations, however, the intercept was significandy
different from zero, indicating a systematically higher potassium intake in the Russian
group (Paper TV). The main predictors of the potassium concentration in urine from
the two groups, were found to be geographical origin and urinary creatinine
concentration, whereas no correlation was found with age or body weight (Paper TV).
This means that potassium is unsuitable for normalisation of the 24h excretion of
radiocaesium in groups where the daily intake of potassium is unknown.

The effective ecological half-time of 137Cs in the Lund reference group, Tuo,g, was
1.3±0.2 y during the mid- and late 1960s. This was found to be significantly shorter
than during the post-Chernobyl study, even when corrected for the presence of pre-
Chernobyl 137Cs after 1986 (2.4±0.2 vs. 1.8±0.2 y, respectively) (Paper III). The
aggregated transfer to man of pre-Chemobyl 137Cs was found to be ten times greater
than for Chernobyl 137Cs (Paper III). The difference could be explained by the two
essentially different types of fallout pattern; pre-Chernobyl fallout was distributed
more uniformly over the seasons leading to a greater impact on man through the
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food-chain than the Chernobyl fallout, which occurred just prior to the growing
season in the region, and was therefore mainly introduced into the food-chain via the
long-term process of root uptake (Paper III). The changes in the soil management
during the past decades, in terms of e.g. increased ploughing depths, may have
decreased the fraction of deposited radiocaesium that can be available to root uptake.

The committed effective dose due to the internal contamination of radiocaesium in
the Lund reference group was estimated to be 0.20 mSv from global fallout 137Cs and
0.02 mSv and 0.007 mSv for Chernobyl 137Cs and 134Cs, respectively. Compared with
other Swedish groups these doses are small, and compared with the estimated annual
effective dose from various background sources to man in South of Sweden, the
contributions from global and Chernobyl Cs is well within the variations of the
natural background (Paper III).

SUMMARY

• The longer ecological half-time oj radiocaesium observed after Chernobyl in the Ijtnd reference
group is attributed to a larger fraction of ingested radiocaesium originating from the long-term
component of the aggregate transfer, which enters the food-chain via root uptake from the soil
into growing crops and feed. This conclusion is, in many ways, in agreement with observations
made by Aarkrog, 1988(116) regarding the differences between global fallout and Chernobyl Cs
in terms of transfer from deposition to diet in the neighbouring country of Denmark.

• The less efficient aggregate transfer of Chernobyl 137Cs compared with that of global fallout
1}7Cs in the Province ofSkdne may be a combined effect of the earlier mentioned differences in
the progress of the growth season between the two deposition events, and changes in soil
management. During recent decades ploughing depths have increased, which decreases the fraction
of deposited radiocaesium available to root uptake by the crops.

• Observations from this study have shown that of the various methods for estimating the body
burden of 137Cs from partial-day urine samples, the potassium-normalisation method appears to
be unsuitable when applied to populations with unknown dietary habits. Instead, the creatinine-
normalisation method or body burden-to-urine concentration ratio are recommended.
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