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PERTINENCE DU MODELE BIOCINETIQUE DE LA CIPR POUR LE TRITIUM
LIE ORGANIQUEMENT ET CONTENU DANS LES ALIMENTS

par

A. Trivedi

RESUME

Le tritium contenu dans les aliments ingeres peut participer aux processus metaboliques et etre
synthetise dans le tritium lie organiquement dans les tissus et organes. La repartition et la
retention de tritium lie organiquement dans le corps sont bien differentes de celles de l'eau
corporelle.

La Publication 56 (1989) de la Commission internationale de protection radiologique (CIPR)
presente un modele biocinetique pour calculer la dose due a l'ingestion de tritium contenu dans
1'alimentation lie organiquement. Le modele prevoit que la dose d'ingestion de tritium contenu
dans l'alimentation lie organiquement est d'environ 2,3 fois celle de l'ingestion de la meme
activite d'eau tritiee.

En regime permanent, le debit de dose, calcule en utilisant le premier principe de l'ingestion de
tritium contenu dans 1'alimentation lie organiquement, peut etre equivalent a deux fois celui du a
l'ingestion d'eau tritiee. Dans le cas d'un adulte, l'estimation de dose superieure pour l'ingestion
du tritium contenu dans les aliments lie organiquement est de pres de 2,3 fois celle de l'eau
tritiee. Par consequent, en raison de l'incertitude du calcul de dose relatif a la dose pertinente
reelle, le modele biocinetique de la CIPR dans le cas du tritium lie organiquement est suffisant
pour la dosimetrie relative aux adultes.
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ABSTRACT

Ingested dietary tritium can participate in metabolic processes, and become synthesized into
organically bound tritium in the tissues and organs. The distribution and retention of the
organically bound tritium throughout the body are much different than tritium in the body water.

The International Commission on Radiological Protection (ICRP) Publication 56 (1989) has a
biokinetic model to calculate dose from the ingestion of organically bound dietary tritium. The
model predicts that the dose from the ingestion of organically bound dietary tritium is about
2.3 times higher than from the ingestion of the same activity of tritiated water.

Under steady-state conditions, the calculated dose rate (using the first principle approach) from
the ingestion of dietary organically bound tritium can be twice that from the ingestion of tritiated
water. For an adult, the upper-bound dose estimate for the ingestion of dietary organically bound
tritium is estimated to be close to 2.3 times higher than that of tritiated water. Therefore, given
the uncertainty in the dose calculation with respect to the actual relevant dose, the ICRP
biokinetic model for organically bound tritium is sufficient for dosimetry for adults.
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1. INTRODUCTION

The International Commission on Radiological Protection (ICRP) states that the major part of the
organically bound tritium (OBT) intake by members of the public will occur through ingestion of
food. The ICRP has recommended a biokinetic model for OBT ingestion and dose coefficients
for different age groups (ICRP 56, 1989). The fraction of OBT taken into the body, which is not
oxidized instantaneously in the body to tritiated water (HTO), is assumed to follow the metabolic
behavior of carbon more closely than that of tritium. In the biokinetic model (Figure 1), 50% of
the OBT that enters the body is assumed to show the same metabolic behavior as the main
component of retained HTO with an average biological half-life of 10 d. The remaining 50% is
assumed to bond with carbon and follow the general metabolic behavior of carbon. The average
biological half-life for carbon in the body is 40 d. For an adult, the dose coefficient for OBT
intake estimated by the ICRP is 4.2 x 10"11 Sv Bq"1, which is about 2.3 times higher than the
HTO dose coefficient (1.8 x 10"11 Sv Bq"1) (ICRP 67, 1993)*.
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Figure 1: A schematic representation of the ICRP biokinetic model for organically bound
tritium.

Richardson et al. (1998) recently reviewed the metabolism of ingested OBT, and confirmed that
the distribution and retention of tritium following OBT intake is less well understood than the
intake of HTO. Therefore, the current dosimetry for dietary OBT remains questionable.
However, the present study attempts to establish an upper-bound dose estimate for the intake of
dietary OBT if tritium intake is assumed as HTO. Two approaches are taken: (1) calculation of
the theoretical upper-bound dose limit from physiological and experimental data, and (2)
evaluation of animal and human data to demonstrate that the OBT dose never exceeds the upper-
bound dose estimate. Dosimetry issues associated with age-specificity are not addressed in this
report.

The actual dose coefficient value for OBT is 4.6 x 10" Sv Bq"1 and for HTO it is 2.0 x 10' " S v B q 1

(Trivedi, 1998a). The dose coefficient values for OBT and HTO intakes are adjusted upward due to the revision
in the average mass of the soft tissue (62 kg) and the body (68.8 kg) by ICRP Publication 67 (1993).
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2. THEORETICAL LIMIT

2.1 Biokinetic Model Dependent

There was no specific recommendation by the ICRP for dosimetry following OBT intake prior to
ICRP Publication 56 (1989). The dosimetry for OBT was based on the assumption that all
organic forms of tritium ingested were instantaneously and completely absorbed from the gut in
the form of tritiated water, and followed the metabolic behavior of tritium in body water. This
section will show that the assumption did not underestimate, appreciably, the dose contribution
from dietary OBT. Here, an upper-bound dose estimate is calculated following dietary OBT
intake. The ICRP Publication 30 (1979) model assumes that HTO is completely and
instantaneously absorbed from the gastrointestinal tract, and is uniformly distributed among all
soft tissues at any time following ingestion. Tritium retention is described by a single
exponential with an average biological half-life of 10 d.

When food is grown in an environment, some of the tritium in the food is in the form of HTO,
and some is metabolized and incorporated as OBT. The dose from OBT depends on the ratio of
OBT to HTO in the diet.

Suppose food has a total tritium activity of A MBq as HTO and OBT. If we assume that all the
activity is as HTO, the dose to soft tissue (£);) from ingesting this food will be:

A
D' = EB,mg

 k l k 2 k 3 ~77T (1)

where,

Ep, avg = average beta energy from tritium decay = 5.7 x 103 MeV MBq"1 s"1,
ki = 1.602 xlO"1 3J MeV 1 ,
k2 = 106 |0,Sv J"1 kg,
k3 = 86 400 s d"\
M = mass of the soft tissue (63 kg for Reference Man; ICRP 23, 1975), and
A,j = average clearance rate constant for H T O from the body ( d 1 ) ( ln2/10 d) .

However , the actual dose from the consumption of food (D2) will be :

-1 m
M i i i " i 1 ] • i i I w

where,
Sb = fraction of tritium-in-food as OBT,
So = fraction of OBT-in-food that is retained in the systemic compartment as OBT,
Sh = fraction of OBT-in-food that oxidizes to HTO and is retained in the systemic

compartment as HTO, and
\z = average clearance rate constant for OBT from the body (d1) (ln2/40 d).
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(Note that if fb = 0, then D! = D2)

The ratio of D2 to Di is:

| y = l-fb +fb foj-2
 + fJ» 0)

If the most conservative assumption is made that all tritium-in-food is as OBT (i.e., fb = 1), then:

— =/—+/* (4)
•f-v • ' O O J ft y J

Di A2

A review of the animal data and a comparison of the relative incorporation of tritium from HTO
and from OBT intakes into major tissues has provided conservative values for/o = 0.5 and/^ =
0.5 (Crout et al., 1998).

By substituting the respective values for/o, fh, X\ and A,2 in Eqn. (5):

f ; = 2 - 5 (5)
The ratio of 2.5 is reduced to 2.3 when 10% of the dose increment from metabolized OBT after
HTO intakes, as recommended by ICRP Publication 30 (1979), is included into Dj. The ratio of
2.3 is then a reasonable upper-bound dose estimate if the OBT intake is assumed as HTO. In
other words, based on the assumptions used, the dose coefficient for dietary OBT intake can be
as high as 2.3 times the dose coefficient for HTO. This ratio is verified in Section 2.2 by an
analysis that is independent of any biokinetic models for OBT intakes.

2.2. Biokinetic Model Independent

Most tritium in the environment exists as HTO. Under steady-state conditions, the tritium
concentration in food is the same as the level of HTO in the environment (Brown, 1995;
Hisamatsu and Takizawa, 1995). Assuming that, after continuous ingestion of the tritiated food,
the tritium concentration in the body will be the same as the ambient level of HTO in the
environment, the "bounding" dose to the body can be calculated. The dose calculation assumes
that the specific activity of tritium in the tissue-free water and organic matters of the soft tissue is
the same as from the intake of tritium from the environment, including tritium uptake from food.
About 10% of the daily hydrogen intake into the body is as organically bound hydrogen (OBH)
from the diet (Richardson et al., 1998).
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For demonstration purposes, assume that an ambient level of HTO is 400 Bq L"1 in the
environment. Then, for Reference Man (ICRP 23, 1975), given a uniform distribution of tritium
(400 Bq kg1) in the soft tissue, the annual tritium dose+ will be 11.5 |j.Sv (Trivedi, 1998b). The
portion of the dose that is due to HTO and OBT intakes is calculated from the following
parameters for Reference Man (ICRP 23, 1975):

Daily water intake 3 L d"1

Daily hydrogen intake through water 333 gH
Daily hydrogen intake through diet 44 gH
Mass of soft tissue 63 kg
Dose coefficient for HTO (DCHTO) 2.0 x 10"11 Sv Bq"1 (Trivedi, 1998a)

Dose due to HTO intake:

= (Tritium concentration in the water, including tissue-free water in the food,
400 Bq L1) x (daily intake of fluids, 3 L d"1) x (number of days in a year, 365 d a"1) x
(DCHTO, 2.0 x 10"" Sv Bq1)

= 8.8 u,Sv a"1

Dose due to OBT intake:

The dose due to OBT intake is estimated by subtracting the dose due to HTO intake (8.8 |j,Sv a"1)
from the total dose (11.5 u.Sv a"1); i.e., the dose due to OBT intake is 2.7 jiSv a'1.

The ratio of DCOBT to DCHTO is estimated from the following equation:

The dose due to OBT intake as calculated from the HTO dose
= (Dose due to HTO intake, 8.8 u.Sv a"1) x (ratio of daily OBH in the diet, 44 gOBH d"1 to

hydrogen in water, 333 gH in water d"1) x (ratio of dose coefficient for OBT to HTO,
DCOBT to DCHTO)

By rearranging the equation,

DCOBT to DCHTO = (Dose due to OBT, 2.7 |LlSv a'VCDose due to HTO intake, 8.8 |lSv a"1)
x (ratio of daily OBH in the diet, 44 gOBH d"1 to hydrogen in water,
333 gH in water d"1)

= 2.3

H(t) = 79 Cs(t) (see Eqn. 1 in Appendix B; ANSI, 1994)
where,

H(t) = îSv d"1

Cs(t) = average concentration of tritium in soft tissue (MBq kg"1) at time t, assuming that tritium concentration
in the soft tissue is the same as tritium in the body water.
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The ratio of DC O BT to DCHTO is calculated to be 2.3, which is the same as the ratio of D2 to Di of
2.3, as described earlier, where a simple metabolic model for HTO intake is used to calculate the
dose increment from OBT ingestion. Moreover, since the value of 2.3 is derived from the first
principle approach, this value should be the upper-bound dose estimate. This value is consistent
with the ratio of DC O BT (4.6 x 1011 Sv Bq"1) to DCHTO (2.0 x 10"11 Sv Bq1) of Trivedi (1998a,
1999).

3. EXPERIMENTAL LIMIT

To demonstrate that the dose from the ingestion of OBT cannot exceed the upper-bound
theoretical limit of 2.3 from the ingestion of HTO, animal (Kirchmann et al., 1977) and human
studies (Bogen et al., 1979; Belloni et al., 1984; Hisamatsu et al., 1989) are reviewed here. A
more detailed review on animal and human data and OBT dose fraction is summarized by
Richardson et al. (1998). The specific-activity ratio (SAR)* of OBT to HTO in tissues has been
used to calculate the OBT dose fraction (A). A mathematical model developed to use the SAR
values to determine the A value is described elsewhere (Trivedi et al., 1999). The A values were
added with the normalized dose to body water from HTO intake to calculate the tritium dose
under steady-state conditions.

The model is summarized here. The symbols in the equation have the following meanings:

TT = total tritium activity in the body,
MFH = mass of exchangeable, free hydrogen in the body,
M B H = mass of bound hydrogen in soft tissue,
SAW = specific activity in body water, and
SAo = specific activity in organic matter.

TT is expressed as:

TT = S A W M F H [ 1 + A ] (6)

The A is estimated from the following expression:

A=[SAR(MBH)(MFH)-1] (7)

+SAR: The ratio of specific activity (SA) of OBT to that of HTO. The SA of tritium is the tritium activity per gram
of hydrogen (Bq gH"1), and is a measure of the tritium-labeled fraction in the body hydrogen pool. For example, the
SAs for OBT (SA0) and HTO (SAW) are Bq gH"1 in OBH and Bq gH"1 in body water of the body, respectively.
That is:

Bq gH"1 in OBH (SA0)
SAR =

Bq gH"1 in body water (SAW)
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or,
A= p SAR (8)

where,
p = a ratio accounting for the average value of MBH and Mw in soft tissue, and

= 0.37, from the average value of MBH (1700 gH) and Mw (4600 gH) in soft tissue
(ICRP23, 1975)§.

3.1 Animal Data

The SAR values in Table 1 are calculated from the measured specific activities of tritium in the
organs of calves and pigs (Kirchmann et al., 1977). Animals were fed continuously either with
tritiated water or tritiated milk powder. The SAR values in the organs ranged from 0.15 to 0.35
for animals fed with HTO. The A value was 0.11 (range, 0.09 to 0.13) for calves, and 0.06
(range, 0.06 to 0.07) for pigs (Table 1).

For animals fed with tritiated milk powder, the SAR values in the organs ranged from 0.9 to 5.5.
The SAR values were 6 to 16 times higher than the SAR values for HTO-fed animals. The A
value was 1.4 (range, 0.7 to 2.1) for calves, and 0.95 (range, 0.7 to 1.9) for pigs (Table 1).

Doses for tritium intakes are compared by normalizing the dose from tritium in the body water
plus the OBT dose fraction. When corresponding doses (1+A) were compared between OBT-
and HTO-fed animals, the doses were 1.9 and 2.2 times for pigs and calves fed with tritiated
milk powder over that of tritiated water. Takeda (1995) has shown that the doses from the
ingestion of different tritiated foods (e.g., rice, wheat and soybean) in mice are on average 2.2
times larger than those that have the same amount of tritiated water intake. Altogether, these
animal studies have shown that the dose from the ingestion of OBT is bounded by the upper-
bound dose estimate of 2.3.

3.2 Human Data

There are no specific human data for OBT ingestion. Only three studies (Bogen et al., 1979;
Belloni et al., 1984; Hisamatsu et al., 1989) have assessed the dosimetric significance of tritium
in the human diet. Those studies measured the activities of tritium in human biopsy samples and
environmental and food samples. The SAR values in Table 2 were estimated from the specific
activities of tritium in free water and organic fractions in tissue sampled from the general
population in Japan (Hisamatsu et al., 1989), the USA (Bogen et al., 1979), and Italy (Belloni et
al., 1984). The average daily intake of tritium was estimated from the measured activities of
HTO and OBT in environmental and food samples.

' The more accurate p value for each organ can be calculated from the amount of OBH and free hydrogen in each
organ as given in Appendix Cl of Richardson et al. (1998).
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The study of the Italian population showed high SAR values (5.0 to 9.6) compared to those of the
Japanese (1.0 to 1.3) and the American (1.9 to 2.1) populations. Hisamatsu et al. (1987) and
Brown (1988) have, however, questioned the quality of the measurement data for the Italian
subjects**. The low SAR values in the Japanese and American studies, compared to the animal
studies, are attributed to differences in the daily intake of tritium as HTO in the environment and
OBT-in-diet. The value for A was 0.74 (range, 0.70 to 0.78) for the American, and 0.42 (range,
0.37 to 0.48) for the Japanese. An average A value of 0.062 (range, 0.035 to 0.089) was
estimated for eight workers following acute HTO intake in a study by Trivedi et al. (1997).

Since the tritium dose in the American and Japanese populations arises from the intake of tritium
from the environment and tritiated food, the dose from OBT is expected to be less than the upper
-bound dose estimate of 2.3. The corresponding doses (1+A) for the Japanese (1.42) and
American (1.74) populations were 1.3 and 1.6 times those of the HTO intakes in workers (1.062).
The ratios of doses are well within the range of the upper-bound dose estimate of 2.3.
Obviously, in most situations, doses from dietary intakes of OBT cannot attain the upper-bound
dose estimate, as daily tritium intakes include tritium uptake from HTO in vegetation, air and
water.

4. CONCLUSION

The upper-bound dose estimate for an adult from dietary OBT ingestion is estimated to be about
2.3 times higher than from HTO intakes. The ratio of the dose coefficient for OBT (4.6 x 10"11

Sv Bq1) to the dose coefficient for HTO (2.0 x 10"11 Sv Bq"1) agrees well with this upper-bound
dose estimate. Animal and human data support the value of 2.3 as an upper-bound dose estimate
for dosimetric purposes. The ICRP biokinetic model for OBT is sufficient for the dosimetry of
dietary OBT intakes in adults under steady-state conditions.
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Table 1.

- 1 0 -

S AR values in different organs of animals fed with tritiated water or tritiated food
and OBT dose increase.

Tritium Intake

HTO-fed

OBT-fed

Organ

Liver
Lung
Kidney
Muscle
Gastrointestinal tract
Liver
Lung
Kidney
Muscle
Gastrointestinal tract

SARa

Calf
0.24
0.31
0.26
0.35
0.23
5.5
3.0
4.6
2.0
3.9

Pig
0.19
0.15
0.16

-
-

5.2
1.9
2.5
0.9
2.4

Calf
0.09
0.12
0.10
0.13
0.09
2.04
1.11
1.70
0.74
1.44

Ab

Pig
0.07
0.06
0.06

-
-

1.92
0.70
0.93
0.33
0.89

aSAR values are estimated from Table 3 of Kirchmann et al. (1977).
bSee Eqn. (8). A ratio of 0.37 is assumed for OBH to hydrogen in the body water.

Table 2. SAR values in different organs and OBT dose increase in humans.

Study
Bogenetal. (1979)

Bellonietal. (1984)

Hisamatsu et al.
(1989)

Place
New York,
USA

Italy

Akita, Japan

Organ
Liver
Lung
Kidney
Liver
Lung
Spleen
Kidneys
Brain
Liver
Lung

SAR
1.9
2.0
2.1
5.9
9.6
7.3
5.0
1.0
1.3
1.1

Aa

0.70
0.74
0.78
2.18
3.56
2.70
1.85
0.37
0.48
0.41

(0.74)

(2.57)

(0.42)

See Eqn. (8). Values in parentheses are average.
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