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This paper presents a new method for calculating the effective dose of ?°Ra regularly ingested with drinking
water over a long period of time. The method is based on the assessment of cumulated 2*Ra activity in
the fraction retained in the whole body at time t (in days) after intake [so called m(t) value].

For modelling, simulation, and visualisation of the continuous intake of 22°Ra by drinking water, we used
the Simulink® program package integrated with the Matlab®. The dose assessment was performed for
26Ra activities of 5 mBq L', 50 mBq L', 1000 mBq L' and 5000 mBq L. The results suggest that >*Ra
activities above 1000 mBq L' produce effective doses which are below the recommended maximum.
However, the potential effect of ??Ra activities of this extent is still unknown in children.
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It is well known that water can be a source of
radiation, as it contains certain amounts of naturally
occurring radionuclides. Their levels in drinking
water may be increased through a number of human
activities such as nuclear fuel cycle and medical or
other uses of radionuclides (1, 2). In addition to the
control of radionuclide concentrations for radiation
protection, it is very important to assess the effective
dose in order to predict possible biological damage
to the organism.

The effective dose received from drinking water
is less than 5 % (0.1 mSv) of the total effective
dose received from all natural sources (2.4 mSv).
Below this reference dose level drinking water is
acceptable for human consumption (1). While the
World Health Organization (WHO) defines safe water
consumption using the annual effective dose, other
authors limit themselves to comparing radionuclide
activity concentrations with reference concentrations
described by the WHO or state legislation (4-13).

However, effective dose assessment is very
important because it includes both metabolic and

dosimetric considerations. Therefore, the aim of
this paper is to show the importance of calculating
time-dependent body activity concentration and the
effective dose as a consequence of everyday intake
of certain amount of radionuclides. This calculation
was compared with the standard dose calculation
recommended by the WHO on the example of
2%6Ra, since it is one of the most common natural
radionuclide in water could cause adverse effects on
the human organism such as bone sarcoma and head
carcinoma (3).

METHODS

The effective dose assessment proposed by the
WHO

The WHO effective dose assessment is based
on an assumed consumption of 2 L of water per
day for one year, which equals 730 L a year. They
recommended Equation 1 for the calculation of the
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reference concentration of radionuclide in drinking
water [Bq L] regarding the annual effective dose of
0.1 mSv (1). On the other hand, this equation offers
the assessment of the effective dose for determined
radionuclide concentration in water.

10*[Sv/year] 1]

reference_concentration = n
730 [L / year] -dose_conversion_ factor [SU / Bq]

where dose conversion factor is the committed
effective dose per unit intake [Sv Bq'!].

The dose conversion factor for 2*Ra is 2.8-107
SvBql.

In this paper we used the Equation 1 to calculate
the annual ?Ra effective doses from the consumption
of drinking water with ?2°Ra concentrations of 5 mBq L-
1,50 mBq L, 1000 mBq L' and 5000 mBq L. This
calculation was also used by some other authors (4,
9, 11, 12, 14, 15).

The effective dose assessment using the calculation
of cumulated activity

This method assumes that the activity present in
the body is the function of time. Furthermore, the
dose to the target organ depends on the activity in
the source organ and on the length of time for which
the activity is present. The product of time and activity
is called cumulated activity, A [Bq s] (Equation 2),
and essentially, it is the measure of total number of
radioactive disintegration occurring during the time
that radioactivity is present in the source organ (16).

A~ j A(t)dt 2]

Although both the WHO method and the method
by calculation of the cumulated activity include the
same amount of water, the second method takes into
account the intake frequency which has a great effect
on dose received in a determined time. For this reason,
the body activity is calculated as the sum of activity
from each single water intake including changes in the
body activity caused by metabolism. These changes in
the body activity are described by m(t), a value given
by the IAEA (17). This m(t) is the fraction of a unit
intake retained in the body. Its values for 20000 days
are given in Figure 1.

In this paper, we calculated the body activity
for 20000 days (about 55 years) according to the
Equation 3:

Abody (t) =m (t) ’ Awater 3]

0.8

m(t)

10 10 10° 10 10*
Time / day

Figure 1 m(t) values for ?°Ra for 20000 days

where A,_, (t) is **Ra body activity [Bql; and A,
is 2?°Ra activity concentration of 2 L of water [Bq].

The simulation of water consumption for 20000
days and the calculation of cumulated activity were
performed using a Simulink® 6.1. program package,
integrated with the Matlab® 7.0.1..

The radiation dose delivered by the activity in a
source organ is proportional to its cumulated activity.
To calculate the radiation dose it is necessary to
determine the energy emitted by cumulated activity.
This energy emitted per unit of cumulated activity is
described as the equilibrium absorbed-dose constant,
A [Gy kg Bq's'] (16). #*Ra is mainly alpha emitter
(Table 1) even though it does produce gamma-
energies during decay, but these have a negligible
influence on the equilibrium absorbed-dose constant,
in the order of 10!, The product of cumulated
activity and equilibrium absorbed-dose constant is
the energy emitted during radioactivity is present in
a source organ.

Table 1 Energies and branching ratios of “*Ra alphas and gammas (18)

Alpha / keV Relative frequency of it" emission / %
4314.6 0.0078
4601.9 5.5500
4784.5 94.5500

Gamma/keV  Relative frequency of i" emission / %
81.07 0.1700
83.78 0.3100
94.70 0.1100
97.60 0.0300
185.99 3.2800
262.27 0.0054
414.60 0.0004
449.37 0.0003
600.66 0.0006
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The equilibrium absorbed-dose constant for *Ra
in this study was calculated using the Equation 4 and
values presented in Table 1.

A=16-10"'N; E, (4]

where l\li is the relative frequency of i emission;
and E is the average energy of i emission [MeV].

To assess the effective dose it is necessary to
determine the fraction of energy emitted by the source
organ that has been absorbed by the target organ.

This fraction is called the absorbed fraction, &, , and
for ?Ra it equaly 1 because ?*°Ra is alpha emitter and
consequently the emitted energy is believed to
absorbed within the same organ (16). In other words
the target organ and the source organ could be
considered the same organ, which simplifies dose
calculation.

Since m(t) refers to the total body activity, the
cumulated activity calculated in this paper is the total
body cumulated activity. The effective dose of *Ra
can be calculated using the following equation:

AAD-Q
-Aetdy

m i

E W(E),- k 5]

L 1

where A s the total body cumulated activity [Bq s|;
A is the equilibrium absorbed-dose constant for
26Ra (7.649 103 Gy kg Bq! s!); @ is the absorbed
fraction; Q is the quality factor (equalling 20 for alpha
particles); m is the total body weight of the Reference
Man (19) (70 kg); W(E), is the weighting factor for
the effective-dose calculation for organ i; and k is a
fraction of the total body equivalent dose that stands
for the organ i.

The coefficient k was calculated from equivalent
dose coefficients for different organs (20), assuming
an intake of 1 Bq. The effective dose was calculated
using Matlab®.

RESULTS AND DISCUSSION

In this study, we calculated the effective doses of
226Ra from water consumption, based on ?*Ra concen-
trations of 5 mBq L', 50 mBq L', 1000 mBq L' and
5000 mBq L. Table 2 shows annual effective doses of
226Ra calculated according to the Equation 1.

Figures 2 and 3 show the respective total body
activity and effective dose of 2*Ra, calculated
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Figure 2 Total body activity of ?*Ra for 20000 days following
consumption of 2 L of water per day
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Figure 3 ?*°Ra effective doses following consumption of 2 L of water
per day

according to the second method (Equations 3 and 5,
respectively). The results are based on the intake of 2 L
of water a day over 20000 days. In order to determine
the annual dose, we calculated the difference between
the total body effective dose at time t and the total
body effective dose at time t-365 (Figure 4).

Table 2 Comparison between annual **Ra effective doses calculated
using the WHO method and the method based on cumulated
activity

226Rg Annual #*°Ra effective dose / mSv
concentration / 1st method 2nd method (this study)

mBq L (WHO)  (after the first 365 days)
5 1.02x103 6.3x10
50 1.02x102 6.3x10°
1000 2.04x10"! 1.3x10°
5000 1.02 6.3x10°
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Figure 4 Annual total body %°Ra effective doses following consumption
of 2 L of water per day

The retention of 2?°Ra in the body depends on
the fractional absorption in the gastrointestinal
tract (f]), the fraction of an element entering the
gastrointestinal tract which reaches body fluids. The
f, values reported by the International Commission
for Radiation Protection (ICRP) for each age group
are: 0.2 for adults, 0.6 for infants and 0.3 for children
between 1 and 15 years (20). The calculation of the
m(t) values used in this study was based on the f, value
for adults and the assumed half-life in body fluids of
0.25 days (17).

The calculated m(t) values suggest that a great
amount of %*°Ra, above 70 %, is excreted from the
body on the first day after the ingestion while the rest
of 2*°Ra follows the metabolic path of calcium. This
means that it is largely deposited into the bone. Every
following intake has the same distribution in the body.
In other words, the great amount of ingested 2**Ra will
be excreted from the body (by faeces and urine) and
the rest will be distributed among organs according
to the metabolic parameters.

Both metabolism and radioactive decay determine
the ??°Ra activity concentration in a tissue (organism)
(3), influencing the total body effective dose.
Therefore, to assess the total body effective dose at
time t it is necessary to know the exact amount of
activity in the body at time t. The WHO method of
calculation (Equation 1) does not specify either the
frequency of everyday consumption or the changes
in the body concentration in the first few days after
intake. The most important factor in Equation 1 is
the dose coefficient. The committed effective dose
per unit intake is used for a rough assessment of

received dose. It does not show dose distribution over
a period of time.

In contrast, our calculation method based on
cumulated activity offers a good insight into the
distribution of ?*Ra body activity concentration over
time and its effective dose. Furthermore, our method
shows significantly lower values of 2*°Ra effective dose
than the first, as it takes into account the continuity
of water consumption (Table 2).

Although Equation 1 provides a very simple
estimation of the effective dose of **Ra, it is not
recommended for the estimation of long-term
exposure. Instead, the second method would be more
appropriate.

Figure 2 shows that in 55 years of water
consumption the total body #*°Ra activity rises
continuously, causing a constant increase in the >*Ra
effective dose. However, the annual **Ra effective
dose does not exceed the recommended 0.1 mSv. In
other words, long-term consumption of water, even
with the concentration of ?*Ra above 1000 mBq L
results in the allowed level of annual effective dose.

There is evidence that the retention of ?*Ra is
greater in growing than mature organisms and that
much of the variation with age is due to the elevated
uptake of radium by the immature skeleton (3,
20). Consequently, it is possible that 2*Ra activity
concentration above 1000 mBq L! will not result in
an acceptable effective dose in children.

CONCLUSIONS

This paper points out a difference between two
approaches to the calculation of the effective radiation
dose: the WHO method and a method which includes
everyday water intake of 2 L.

Since ?*Ra body activity drops significantly in the
first few days after intake, it is very important to take
into account not only the ingested activity, but also
the length of time for which the activity is present in
the body.

Our results show that in adults, regular
consumption of ?°Ra through drinking water, even
at activity concentrations few times over the maximum
recommended value, will not lead to an effective
dose higher than recommended 0.1 mSv. However,
this conclusion does not apply for a child organism,
since this model includes metabolic and dosimetric
parameters for adult metabolism only.
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Sazetak
[ZLOZENOST STANOVNISTVA %5Ra U PITKOJ VODI

U ovome radu opisana je metoda izra¢unavanja ?*Ra efektivne doze kao posljedice svakodnevnog pijenja
vode. Procjena efektivne doze bazira se na procjeni kumulativne aktivnosti koja je izracunana s pomo¢u m(t)
vrijednosti (udjela aktivnosti u vremenu t nakon unosa u organizam). Proces kontinuiranoga viSegodi$njeg
pijenja vode (20 000 dana) simuliran je u programu Simulink (programski paket Matlab). Rezultati se
odnose na vode koncentracija ?2°Ra od 5 mBq L', 50 mBq L', 1000 mBq L' i 5000 mBq L. Rezultati
ove metode usporedeni su s rezultatima metode koju predlaze Svjetska zdravstvena organizacija. Pokazalo
se da kontinuiranim unosom %*Ra u organizam odraslog ¢ovjeka kontinuirano raste koncentracija **Ra
u organizmu. Takoder time raste i ??Ra efektivna doza koja nakon 20000 dana doseze od 0.002 mSv
(5 mBq) do 2.1 mSv (5000 mBgq). Medutim, odgovarajue godi$nje ?*Ra efektivne doze ¢ak i pri pijenju
vode koncentracije Ra od 5000 mBq L! ne prelaze vrijednost od 0,1 mSy, kako to predlaze Svjetska
zdravstvena organizacija. Vazno je naglasiti da se opisana metoda bazirala na parametrima svojstvenim
odraslom organizmu te da je za procjenu doze na djecji organizam potrebno izraditi poseban model.
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