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Introduction

A review paper examining uncertainties in dose coefficients for exposures to tritiated water (HTO) and organically-bound tritium (OBT) was published recently (Harrison et al. 2002) and seen by CERRIE as information paper 2-E.  Dr Fairlie has submitted a review paper to CERRIE on tritium metabolism and dosimetry (paper 9-1) that reaches different conclusions.  The reasons for the differences are addressed here. 

Summary of paper by Harrison, Khursheed and Lambert (2002)

The International Commission on Radiological Protection (ICRP) provides models for the calculation of doses from intakes of radionuclides, including intakes of tritium as tritiated water (HTO) or organically-bound tritium (OBT).  The ICRP models for HTO and OBT are explained and the assumptions made are examined.  The reliability of dose estimates is assessed in terms of uncertainties in central estimates for population groups.  The models consider intakes of HTO and OBT by ingestion and inhalation by adults and children and doses to the fetus following intakes by the mother.  The analysis includes uncertainties in the absorption of OBT to blood, incorporation of tritium into OBT in body tissues, retention times in tissues, transfer to the fetus and the relative biological effectiveness (RBE) of tritium beta emissions compared with gamma rays (Table 1).  Heterogeneity of dose within tissues and cells is also considered in the paper.

For intakes as HTO, dose is predominantly due to distribution and retention of HTO in body water and it was concluded that adult doses are reliable to within a factor of two (Table 2).  For intakes of OBT, the extent of incorporation into OBT in body tissues results in greater uncertainties, with estimates relying on animal data for selected compounds.  The analysis indicated that adult doses from OBT can be considered to be known to within a factor of three.  Greater uncertainties in estimated doses for children and for in utero exposures were considered (Table 2).   

Central values from the uncertainty analyses of doses for HTO and OBT were greater than the corresponding ICRP dose coefficients by about a factor of two, mainly due to the inclusion of uncertainties in RBE for tritium. The paper did not conclude that ICRP dose coefficients for HTO and OBT should be changed.  ICRP dose coefficients are intended for planning purposes and include a number of simplifying assumptions.  These assumptions include the use of a radiation weighting factor, representing RBE, of 1 for all low LET radiations (gamma rays, x-rays, beta particles).  ICRP (1991) encourage the use of specific information on RBE and on radionuclide behaviour in certain situations where exposure of a known population is being assessed (and likely doses justify a specific assessment).  The critical group of flounder eaters in the Cardiff Bay area may be considered to be such a case.  Lambert (2001) calculated the dose for this group using the 50% values from our uncertainty analysis.  Consumption of  34kg fish/year, with a tritium concentration of 20 – 50 Bg/g, corresponds to a dose of  around 60 – 140 μSv/ year, mostly from tritium, compared with the RIFE (2001) estimate of 60 μSv. For exposures to known forms of OBT, specific dose assessments may be required. A study is in progress at NRPB, funded by the Environment Agency, to determine whether standard biokinetic assumptions for OBT are applicable to the form of tritium in flounders.  

Table 1.  Ranges on biokinetic parameters and RBE, considering ingestion as either HTO or OBT (ICRP values).

	Parameter
	HTO
	OBT

	Absorption to blood
	1 (1)
	0.9 – 0.99 (1)

	Fraction incorporated into OBT in body tissues
	0.01 – 0.1 (0.03)
	0.15 – 0.75 (0.5)

	Half-time of retention of HTO component, days
	5 –20 (10)
	5 – 20 (10)

	Half-time of retention of OBT component, days
	20 – 200 (40)
	20 – 200 (40)

	Relative concentration in fetus : mother
	1.2 – 2 (1.4)
	1.2 – 2 (1.4)

	RBE
	1 – 2.5
	1 – 2.5


Table 2.  Probability distributionsa on tritium doses from the ingestion of HTO or OBT by adults and for the fetus after maternal ingestion during pregnancyb, Sv Bq-1 x 1011 

	Age
	Form
	5%
	50%
	95%

	Adult
	HTO
	2.1c
	3.9d
	6.6

	
	OBT
	3.9
	8.7e
	20

	Fetus
	HTO
	3.7
	7.6f
	14

	
	OBT
	6.9
	17g
	40


aDistributions on mean values for population groups
bIntake during pregnancy at 10 weeks after conception

cRead as 2.1 x 10-11 Sv Bq-1
ICRP values are d1.8, e4.2, f3.6, g7.6

CERRIE paper 9-1

Among the conclusions reached by Ian Fairlie are that the ICRP dose coefficient for HTO should be increased by a factor of 15 and that the value for OBT should be five times greater than that for HTO.  The recommended increase in the dose coefficient for HTO by a factor of 15 has three components – factors of 2.5 (RBE), 3 (biokinetic considerations) and 2 (dosimetric considerations). Even if each of these values were well founded, it is generally recognised that multiplication of top of range values may lead to erroneous conclusions; the best approach is parameter uncertainty analysis in which points from each distribution are sampled randomly and combined (Goossens et al. 1998, Harrison et al. 2000, 2002).

RBE

Straume and Carsten (1993) provided a thorough review of experimental data on the carcinogenic, genetic, developmental and reproductive effects of exposure to HTO and OBT in animals and in vitro cell systems. The spectrum of observed effects is indistinguishable from the effects of whole body external irradiation with x rays or gamma rays.  There is evidence that the RBE of tritium beta irradiation is generally greater than that of gamma irradiation and similar to or greater than x-irradiation.  Although the observed effects of tritium are very largely attributable to ionization damage, the transmutation of tritium to helium also has the potential to cause damage to DNA.  Rapid dissolution of carbon-helium bonds will leave reactive carbon ions that can damage DNA by causing single-strand breaks and interstrand cross-links.  The observed effects of tritium will include any contribution from such transmutation damage. Considering all observed effects of HTO exposure, RBE values were in the range of 1 - 3.5. For comparisons with gamma rays, most values were from 1 - 3 while for x-rays most were from 1 - 2, with values of 1 - 1.5 predominating.  These measured RBEs for tritium beta irradiation are reasonably consistent with estimates based on microdosimetric considerations (eg. Bigildeev et al. 1992, Morstin et al. 1993, Moiseenko et al. 1997).  For the purposes of assessing risk at low chronic doses, studies of carcinogenesis are the most appropriate. The most reliable are studies of the acceleration of the appearance of mammary tumours in rats (Gragtams et al. 1984) and the induction of acute myeloid leukaemia in mice (Johnson et al. 1995).  Both these studies compared chronic exposure to HTO or x-rays (250 kVp) and gave RBE values of about 1 (see Table 3 in paper 8 – 5).  Other carcinogenesis studies gave similar RBE values (Yokoro et al. 1986, Cahill et al. 1975).  In vitro studies of transformation in 10T1/2 cells gave RBE values of up to about 2 compared to gamma rays.  

The range in RBE considered in the uncertainty analysis of Harrison et al. (2002) was 1 – 2.5 and a level distribution was assumed.  The use of an RBE of 2.5 in paper 9-1 can be regarded as an upper value.

Biokinetic considerations

The factor of 3 multiplier introduced in paper 9-1 to allow for a perceived underestimate by ICRP of tritium retention in the body after intake of HTO is based on a misunderstanding.   It is claimed that for chronic intakes of HTO, half-times of 40 days and 550 days should be applied to fractions of 30% and 3% of tritium reaching blood, reflecting incorporation into components of OBT in body tissues; a half-time of 10 days would presumably apply to the remaining 67% present in the body as HTO.  This level of accumulation into OBT after intake of HTO is at variance with all human and animal data and more consistent with data on intakes of OBT.  The confusion here is between the initial uptake of tritium into OBT after intake of HTO and the relative proportions of HTO and OBT measured in tissues after a period of chronic intake.   Human and animal data provide good evidence that only a small proportion of tritium is incorporated into OBT after intakes of HTO; the figure of 3% used by ICRP is reasonable and Harrison et al. (2002) used a range of 1 – 10% in their uncertainty analysis.   Human studies show that a very small proportion of tritium incorporated into OBT exhibits a half-time of retention of between around 200 days and 550 days (see Table 2 of paper 9-1). For the purposes of estimating dose, however, the use by ICRP of a retention half-time of 40 days for all OBT in the body, based on the turnover time of carbon, is reasonable.  Tritium will be incorporated into organic molecules according to their rate of synthesis, with the greatest incorporation into molecules with the most rapid synthesis and catabolism.  

Harrison et al. (2002) addressed the issue of relative proportions of HTO and OBT in body tissues after a period of chronic intake of HTO. Some experimental data can be interpreted to suggest that after chronic intakes of HTO, equilibrium tissue concentrations of HTO and some components of OBT are similar (eg. Commerford et al. 1977). Taking an upper estimate of 0.1 for the incorporation of tritium into OBT after intake of HTO, the half-time of retention of OBT would need to be 90 days to result in equal HTO and OBT concentrations at equilibrium.  Including two components of retention of OBT, the conditions of equal concentrations of HTO and OBT at equilibrium would be satisfied if, for example, 9% of OBT was retained with a half-time of 40 days and 1% with a half-time of 540 days.  The dose coefficient obtained on the basis of either of these assumptions would be the same, 1.7 times the ICRP value.  Harrison et al. (2002) used a range in retention half-time for the OBT in body tissues of 20 – 200 days. 

There is good evidence that following ingestion of OBT, a large proportion is catabolised to HTO before reaching blood.  ICRP assume that 50% is catabolised to HTO and 50%  is directly incorporated into OBT in body tissues.  This is a generalisation, of course, since the forms of OBT in diet may vary substantially.  However, animal data for a range of forms of OBT suggest that 50% direct incorporation is conservative (eg. Rodgers 1992), although some higher values have been recorded after intake of tritiated food (Lu Hui-min et al. 1992).  Harrison et al. used a range of  0.15 – 0.75 for incorporation into OBT in tissues after intakes of OBT. 

Considering biokinetic uncertainties alone, the analysis of Harrison et al. resulted in central estimates of dose of 1.3 times the ICRP values for both HTO and OBT.  The claim in paper 9-1 that the dose coefficient for HTO should be increased by a factor of 3 is unfounded and the further increase by a factor of 5 for OBT is not possible with the half-times proposed. Even if 100% of OBT in diet was incorporated directly into OBT in tissues,  the increase in dose would be a factor of 7.8 compared with ICRP assumptions for HTO, a factor of 2.5 greater than obtained using the proposed HTO retention parameter values.

Dosimetric considerations

The factor of 2, called here “dosimetric considerations” for convenience, is not well explained in paper 9-1 but is said to be: “in recognition of tritium’s hazardous properties, ie. it’s ease of uptake, propensity to exchange, and concentration in DNA’s hydration shell”.  Uptake and exchange are addressed in biokinetic assumptions but  the last point concerns the possibility of local delivery of dose within cells . Because the low energy beta particles from tritium decay have a mean range of 0.7 µm, differences in concentrations of tritium in cells could result in variations in dose.  However, there is no evidence from RBE studies of a greater than expected effect of tritium administered as HTO or in organic forms other than tritiated DNA precursors. 

The US, National Council on Radiation Protection (1979) compared calculated doses to haemopoietic and spermatogonial stem cell nuclei for intakes of tritiated water and tritiated thymidine (a DNA precursor).  For a single intake by ingestion of tritiated water or tritiated thymidine, the latter was estimated to give the greatest dose to cell nuclei by a factor of about eight.  In practice, however, only a small proportion of ingested OBT would be expected to be present as tritiated thymidine.  On the basis of studies using mice, Commerford et al. (1982) concluded that, in adults, doses to DNA from incorporation of  tritium will be negligible compared with doses from cellular HTO. 

Epidemiology

A number of reliable studies have been published, investigating the possibility of a link between  tritium exposure and long-term effects. Those referred to in paper 9-1  are non-peer reviewed reports, including a TV program.

Most of the data from epidemiological studies relates to  exposures to a tritiated environment i.e from a mixture of tritiated water and OBT. For instance, McLaughlin et al. (1993) studied the link between tritium releases from Canadian nuclear facilities and childhood leukaemia. The population would have been exposed to tritium in their food and water due to the discharges but although they found 2181 leukaemias in a population of 9.1 million there was not a significantly increased rate.

Another study from Canada (cited in 9-1) was by David McArthur which alleged an association between the discharges of tritium from the Pickering plant and neonatal deaths and congenital abnormalities in the surrounding area. This study had been shown to be flawed in numerous respects e.g selective reporting of data etc, but the Atomic Energy Control Board (AECB) were sufficiently concerned that they felt it was in the public interest to carry out an independent study.  In this study, Johnson and Rouleau (1991) used a somewhat similar “lagging” method to McArthur in order to investigate the link between monthly discharges and birth defects i.e birth defects were compared with discharge data from a “window” about 9 months before. Using 22 diagnostic categories for birth defects the researchers were unable to show any increases associated with the presence of the Pickering plant since start-up in 1971. There were no overall increases in 21 out these 22 categories and no trends with discharge level or dose. However, there was an increase in 2 of the local (health authority) districts for Down’s Syndrome detected at birth. This increase was 19 against 16 expected in Pickering and 13 against 9 in Ajax – two areas remote from each other and the discharge pipe from the Pickering plant. There was no consistent pattern of increase with tritium releases or ground monitoring or, in fact, with geographical location. In addition the association could have occurred by chance as multiple testing was carried out. An additional problem was the lack of certainty about the place of residence early in pregnancy. The authors concluded that the association with tritium exposure was inconclusive.

There has been one other epidemiological study which concerned populations in areas surrounding nuclear plants discharging tritium. Grosche et al. (1999) compared the childhood leukaemia rates in an area around the Krummel BWR (the biggest in Germany) and around the Savannah River site (SRS) in South Carolina. The discharges of tritium from SRS are about 5-6 orders of magnitude greater than from Krummel. Although there was a statistical significant increase in incidence at Krummel (somewhat similar to several other areas in Germany where plants were planned but never built) the incidence of childhood leukaemia around SRS gave a SMR of 86. Thus the rather large discharges of tritium from SRS (from 1954 to 1991) do not seem to have resulted in local increases in childhood leukaemia.

There have been several epidemiological studies on workers who have or may have been exposed to tritium. These studies will have concerned exposure to tritiated water or tritium gas. The most often quoted are the two studies on the work-force of the UKAEA (Beral et al. 1985, Rooney et al. 1983). In these two studies a link was found between prostatic cancer and external exposure and also with increased risk of exposure to certain radionuclides (tritium, chromium-51, iron-59, cobalt-60, zinc-65). Although prostate cancer is fairly common amongst older men the authors found that 6 out of the 14 cases, in which there was evidence of intake of one of the radionuclides, were in their 40-50s when diagnosed. They also reported that the risk increased the longer the men worked in places potentially contaminated with the radionuclides listed. The relative risk was about 2.5 times increased but  the evidence for a link with, for instance, tritium intake was, at the very best, sparse. There was an increased risk for men who were known to have worked in areas (such as on the SGHWR at Winfrith, on which 3/4 of them worked) where tritium contamination existed but for most of them the risk was not considered large enough to warrant monitoring for tritium.There have been two other studies of workers, one in the US (Cragle et al. 1998) and one at Capenhurst (McGeoghan et al. 2000), where there was some tritium exposure but with no increase in cancer of the prostate.

The study, cited in paper 9-1, by Hugh Richards, which claims a link between gaseous discharges (only) of tritium from the Amersham, Cardiff plant and male perinatal mortality uses an analysis loosely based on the “lagging” method of McArthur. This flawed study does not stand up to statistical scrutiny and the epidemiological inferences made cannot be justified. 

Conclusion

The recommendations in paper 9-1 for increases in ICRP dose coefficients by factors of 15 for HTO and a further factor of 5 for OBT do not reflect the available data on doses and effects of HTO and OBT.  The uncertainty analysis of Harrison et al. resulted in central estimates of about twice (x 2.1 – 2.2 ) the ICRP values.  

There is no evidence of health effects from exposure to tritium in long-term studies of workers or members of the public.
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