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Abstract

Purpose

To compare quantitative estimates of lifetime cancer risk in humans for exposures to internally deposited radionuclides and external radiation.  To assess the possibility that risks from radionuclide exposures may be underestimated.  

Data 

Risk estimates following internal exposures can be made for a small number of alpha particle emitting nuclides, as follows:

●
Lung cancer in underground miners exposed by inhalation to radon-222 gas and its short-lived progeny.  Studies of residential 222Rn exposure are generally consistent with predictions from the miner studies.

●
Liver cancer and leukaemia in patients given intravascular injections of Thorotrast, a thorium-232 oxide preparation, that concentrates in liver, spleen and bone marrow. 

●
Bone cancer in patients given injections of radium-224, and in workers exposed occupationally to 226Ra and 228Ra, mainly by ingestion.  

●
Lung cancer in Mayak workers exposed to plutonium-239, mainly by inhalation.  Liver and bone cancers were also seen but the dosimetry is not yet sufficiently good to provide quantitative estimates of risks.

Comparisons can be made between risk estimates for radiation-induced cancer derived for radionuclide exposure and those derived for the atomic bomb survivors, exposed to mainly low LET external radiation.  Data from animal studies, using dogs and rodents, allow comparisons of cancer induction by a range of alpha and beta/gamma emitting radionuclides.  They provide information on RBE, dose/response relationships, dose rate effects and the location of target cells for different malignancies.

Results

For lung and liver cancer, the estimated values of risk per Sv for internal exposure, assuming an RBE for alpha particles of 20, are reasonably consistent with estimates for external exposure to low LET radiation.  This also applies to bone cancer when risk is calculated on the basis of average bone dose, but consideration of dose to target cells on bone surfaces suggests a low RBE for alpha particles.  Similarly, for leukaemia, the comparison of risks from alpha irradiation (232Th and progeny) and external radiation suggest a low alpha RBE; this conclusion is supported by animal data.   

Risk estimates for internal exposure are dependent on the assumptions made in calculating dose.  Account is taken of the distribution of radionuclides within tissues and the distribution of target cells for cancer induction.  For the lungs and liver, the available human and animal data provide support for current assumptions.  However, for bone cancer and leukaemia, it may be that changes are required.   Bone cancer risk may be best assessed by calculating dose to a 50 (m layer of marrow adjacent to endosteal (inner) bone surfaces, rather than a single 10 (m cell layer as currently assumed.  Target cells for leukaemia may be concentrated towards the centre of marrow cavities so that the risk of leukaemia from bone-seeking radionuclides, particularly alpha emitters, may be overestimated by the current assumption of uniform distribution of target cells throughout red bone marrow.

Conclusion

The lifetime risk estimates considered here for exposure to internally deposited radionuclides and to external radiation are subject to uncertainties, arising from the dosimetric assumptions made, from the quality of cancer incidence and mortality data and from aspects of risk modelling; including variations in baseline rates between populations for some cancer types.  Bearing in mind such uncertainties, comparisons of risks estimates for internal emitters and external radiation show  good agreement for lung and liver cancers.  For leukaemia, the available data suggest that the assumption of an alpha particle RBE of 20 can result in overestimates of risk.  For bone cancer, it also appears that current assumptions will overestimate risks from alpha emitting nuclides, particularly at low doses. 

Quantitative comparisons of cancer induction in humans by internally-deposited radionuclides and external radiation 
1. Introduction

This paper was written initially as evidence to the Committee Examining Radiation Risks from Internal Emitters (CERRIE), set up by the Government’s independent advisory Committee on Medical Aspects of Radiation in the Environment (COMARE).  The remit of this group, formed after discussions between the Department for Environment, Food and Rural Affairs and the Department of Health, is: “to consider the present risk models for radiation and health that apply to exposure to radiation from internal radionuclides in the light of recent studies and identify any further research that might be needed”   (see www.cerrie.org)  The views developed in this paper are those of the authors.

The paper provides a review of human data on radiation-induced cancer in persons exposed to internally deposited radionuclides.  It considers those radionuclides and cancer types for which quantitative estimates of risk can be made.  The nuclides are radon-222 gas, thorium-232 as Thorotrast, radium isotopes and plutonium-239, giving risk estimates for lung, liver and bone cancer and leukaemia. It should be emphasized that while many epidemiological studies have been conducted of human populations exposed to radiation, only some of these studies have been sufficiently strong methodologically to provide useful quantitative information on radiation-induced cancer risks.  In particular, the estimates described here are based on cohort and case-control studies involving sizeable numbers of cancer cases, in which relationships with radionuclide exposures have been clearly demonstrated, and for which adequate dosimetry is available so that risks can be quantified as a function of dose.  The lifetime risk estimates obtained from these studies are compared with values derived from cancer incidence and mortality data for the Japanese survivors of the atomic bombs at Hiroshima and Nagasaki, exposed to mainly low LET external radiation.  It should be noted that the calculation of lifetime risk estimates depends on several assumptions, including the chosen baseline rates and methods of transfering radiation risks from one population to another.  The 2000 report of the United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) presented lifetime risk estimates for several populations with differing baseline rates, using the latest published data on the Japanese A-bomb survivors.  Estimates of the lifetime risk of all cancers were found not to vary greatly between populations, but there was more variation in estimates for some specific types of cancer (UNSCEAR 2000).

This paper also refers to  animal data  where they provide useful information on issues including the relative biological effectiveness (RBE) of alpha particle and low LET radiations, dose-response and dose rate effects.

2. Radon-222 inhalation and lung cancer

Human data

Radon-222 is a noble gas resulting from the decay of naturally occurring uranium-238.  It is an alpha-particle emitter  (half-life 3.8 days) that decays into a series of short-lived progeny, including the alpha emitters, polonium-218 and 214Po (half-lives, 3 min. and 1.6 x 10-4 sec.).  It is 218Po and 214Po that are responsible for most of the alpha particle irradiation of target cells in the lungs after inhalation of 222Rn. Underground miners of uranium and other depositions in igneous rocks have been exposed to substantial concentrations of radon.  Radon is also the most important source of exposure to ionising radiation for the general population.  A large number of studies have examined the relationship between radon exposure and lung cancer, considering both occupational and public exposure, as reviewed in reports by the US BEIR VI Committee (BEIR 1999) and by WHO (2001). Occupational radon exposure has traditionally been expressed in Working Level Months (WLMs).  One Working Level (WL) is any combination of radon progeny in one litre of air that will result in the emission of 1.3 x 105 MeV of energy from alpha particles (termed potential alpha energy).  The WLM is a time-integrated exposure, the product of the WL and a working month of 170 hours.

Lubin et al. (1995) summarised data from 11 studies of occupational exposures in seven countries, with a total number of exposed individuals in excess of 64,000.  All these studies showed clear evidence of an increasing risk of lung cancer associated with increasing cumulative exposure to radon. The studies included a wide range of exposure levels, from a few WLMs at the Radium Hill mine in Australia to around 600 WLMs for Colorado Plateau miners.  Other carcinogens such as arsenic were present in some of the mines, but exposures to these agents could not explain the relationship seen between lung cancer risk and radon.  Information on individual smoking habits was also available for some studies.  These data provide some information on the joint effect of radon and smoking on lung cancer induction; in particular that the joint effect of radon and smoking on lung cancer may be less than multiplicative, but greater than additive (BEIR 1999).  In a pooled analysis of data for lower exposures of < 50 WLM, Lubin et al. (1997) showed a significant association between radon exposure and lung cancer risk.  A significant inverse dose-rate effect was observed at higher exposure levels, but not at exposures < 50 WLM.

The effect of residential exposure to 222Rn has been assessed mainly in case-control studies in which detailed residential and smoking histories have been obtained.  A total of 13 studies involving a total of 8743 cases of lung cancer were reviewed by WHO (2001).  Findings were variable but are generally consistent with the predictions of the miner studies.  The results of a meta-analysis of over 4000 lung cancers in 8 studies showed a significant dose-response relationship (Lubin and Boice 1997) and subsequent studies are generally consistent with these results (Darby et al. 1998, Field et al. 2000). 

Based on the occupational exposure data, the International Commission on Radiological Protection (ICRP 1994a) have estimated the increased lifetime risk of lung cancer as 2.8 x 10-4 per WLM.  A similar value (3.5 x 10-4 per WLM) was estimated by the US BEIR IV Committee (BEIR 1988), while the models developed subsequently by the BEIR VI Committee (BEIR 1999) would imply similar or somewhat higher lifetime risks.  Birchall and James (1994) and Marsh and Birchall (2000) have used the ICRP respiratory tract model (ICRP 1994b) to calculate doses to the lung following inhalation of 222Rn and its progeny.  For occupational exposure in mines and for residential exposure of adults, their calculations show similar doses to the lung of about 6 mGy per WLM.  While the assumed breathing rate for workers is greater than for residential exposure, and doses proportionately greater, cleaner air in homes reduces radionuclide attachment to aerosol particles and increases dose from the “unattached fraction”.  On the basis of these calculations, the ICRP (1994a) lifetime risk estimate of lung cancer of 2.8 x 10-4 per WLM converts to a value of about 5 x 10-2 Gy-1 and, assuming an RBE of 20 for alpha particle irradiation, to a value of 2.5 x 10-3 Sv-1.  This compares with a value of 6.8 x 10-3 Sv-1 based on the follow-up of the atomic bomb survivors, applying a reduction factor of two to convert to risks at low dose and dose rate (ICRP, 1991).  This latter value was derived by averaging across five populations with differing baseline rates, and averaging values based on two different methods for transferring risks across populations.  It should be noted that values about a factor of two higher can be obtained for western populations assuming that radiation risks vary in proportion to baseline rates (Muirhead et al 1993; UNSCEAR 2000).

Comparisons of risk estimates for lung cancer in  miners and A-bomb survivors  have been used to suggest that the RBE for alpha induced lung cancer is < 10.  However, given the uncertainties associated with the different estimates, factors of around three difference can be regarded as good agreement.  Marsh and Birchall (2000) concluded that important variables in the estimation of lung dose from residential exposures are aerosol sizes, breathing rate, the relative sensitivity of different target cells and their position in the bronchial and bronchiolar airways.   

Animal data

The effect of dose and dose rate from 222Rn and its progeny have been studied, mainly using rats (Cross 1992).  Excess respiratory tract tumours have been observed at exposure levels below 100 WLM, and at levels comparable with typical lifespan exposures in homes.  A trend towards increasing tumour risk with decreasing exposure rate was observed in rats with cumulative exposures from 200 to 3000 WLM and high exposure rates from 25 to 500 WL (Gilbert et al. 1996, Monchaux et al. 1994).  However, at low cumulative exposure comparable with lifetime residential exposures, no evidence was observed of such an effect of dose-rate (referred to as an inverse dose-rate effect).  Morlier et al. (1994) reported that chronic 222Rn exposure at 25 WLM over 18 months at 2 WL resulted in a lower tumour incidence than a similar cumulative exposure delivered over 4 – 6 months.  Similar results were obtained by Monchaux et al. (1999) for cumulative exposures of about 100 WLM delivered at 10 to 150 WL.

Animal data on lung cancer induced by other radionuclides are referred to below in connection with risks from plutonium-239 alpha particle irradiation.
3. Liver cancer and leukaemia in patients given Thorotrast 

Human data

Thorotrast, an alpha-emitting thorium dioxide colloid, was used clinically in the 1930s and 1940s as a radiographic contrast medium (see NCRP 2001, WHO 2001).  It was injected intravascularly for the visualisation of vascular structures, most importantly for cerebral arteriography.  Long-term retention of thorium dioxide particles in cells of the reticuloendothelial system in the liver, spleen and bone marrow have resulted in continuing life-time alpha-irradiation.  The most informative studies are those of German, Danish and Japanese patients, whose combined total is about 3700.  A total of 681 reported liver cancers in these groups up to 1999 is a highly significant increase of more than 100-fold.  The incidence of non-chronic lymphoid leukaemia and myelodysplastic syndrome is increased 5-20 fold in Thorotrast treated individuals (WHO 2001).  More than 110 cases of Thorotrast related disease were observed of which more than 70 cases were non-chronic lymphoid leukaemia (Andersson et  al. 1993, 1995, van Kaick et al. 1999, Mori et al. 1999b).

The assessment of radiation dose from Thorotrast is complex  (Rundo 1958, Kaul 1995, NCRP 2001).  The main factors contributing to uncertainties in dose estimates concern assumptions regarding:

1) the distribution of Thorotrast between storage organs;

2) self-absorption of alpha-particles emitted by 232Th and its daughters (228Th, 224Ra, 220Rn, 216Po, 212Bi, 212Po) within Thorotrast colloid;

3) non-uniform distribution of Thorotrast in tissues and progressive formation of aggregates;

4) release of daughter nuclides from Thorotrast aggregates and tissues; and

5) “wasted” dose, not involved in tumorigenesis but delivered during tumour growth.  

In addition, there have been suggestions that chemical toxicity may contribute to observed effects but animal data suggest that cancer induction is attributable to alpha particle irradiation (see below).

Despite the non-uniform distribution of dose, risks of liver cancer and haemopoietic malignancies are generally expressed in terms of average liver and red bone marrow doses.  Average liver doses from typical injected quantities of Thorotrast are estimated as about 250 – 400 mGy y-1 (high LET), although liver cancers have been observed at doses lower than 60 – 90 mGy y-1 (van Kaick et al.1999; NCRP 2001).  van Kaick et al. (1999) estimated the mean dose rate to the red bone marrow from typical injection quantities to be 70 mGy y-1 and showed a positive relationship between dose and risk.

The most recent estimates of liver cancer risk due to Thorotrast exposure are about 400 – 800 cases 10-4 Gy-1 (high LET) from the German studies (van Kaick et al. 1999), about 360 – 700 cases 10-4 Gy-1 from the Danish study (Andersson, 1997) and a similar range from the Japanese data (Mori et al. 1999a).  Applying a radiation weighting factor of 20 for alpha-particles, the assumed risk for low LET radiations is about 20 – 40 per 104 Sv-1.  Thompson et al. (1994) estimated the average absolute risk for liver cancer incidence among atomic bomb survivors as 1.64 (95% CI, 0.54 – 2.91) per 104 person-years  Sv-1.  Assuming that that this value would hold over an expression period of 30 – 40 years and that the impact of competing causes of death over this period is small, then the associated risk estimate would be 49 – 66 cases 10-4 Sv-1. Applying a reduction factor of two to convert from high doses / high dose rates to low doses and low dose rates (ICRP, 1991) gives a risk estimate of 25 - 33 x 10-4 Sv-1, consistent with the estimate derived from the Thorotrast data.  However, uncertainties in making this comparison should be recognised.  The Thorotrast patients were largely exposed in adulthood, whereas the A-bomb survivors included both children and adults.   The risk estimates  have been calculated using different methods and  it is uncertain whether the use of an absolute risk value is appropriate, partly because the relative risk of many types of solid tumour appears to be more stable than the absolute risk (UNSCEAR 2000), and partly because of a lack of information on how to transfer liver cancer risks across populations. 

Reported risk estimates for haemopoietic malignancies, assuming a 5 year period of wasted dose, were 135 cases 10-4 Gy-1 (high LET) for the German Thorotrast study (van Kaick et al. 1999) and 173 10-4 Gy-1 for the Danish study (Andersson et al. 1995).  Applying an alpha particle RBE of 20, the corresponding low LET risk is 7 – 9 x 10-4 Sv-1. Ishikawa et al. (1999) have reviewed available data on the distribution of Thorotrast between tissues and suggested that retention in and doses to red bone marrow have been underestimated by factors of 2-3, and risks consequently overestimated.  Preston et al. (1994) estimated that the excess absolute risk of leukaemia among atomic bomb survivors was 2.7 cases 10-4 Sv-1 y-1 at low doses, corresponding to a risk of 54-81 x 10-4 Sv-1 for an expression period of 20-30 years.  These data suggest a low RBE for alpha particle induced leukaemia, consistent with animal data and the absence or low incidence of leukaemia in the radium dial painters.   Baseline rates for leukaemia show less variation between countries than those for lung or liver cancer, and  most of the radiation-induced leukaemia risks will have been already expressed in the A-bomb and Thorotrast studies.  Consequently, the comparison of leukaemia risk estimates from these studies is likely to be more reliable than the corresponding comparison for solid cancers.

Animal data

Animal studies comparing liver tumour induction by alpha-irradiation from Thorotrast, plutonium-239 and americium-241 and beta/gamma irradiation from cerium-144/praesodinium-144 suggest that alpha-irradiation is, on average, more effective by factors of 15-25 (Gilbert et al. 1998, NCRP 2001).  Data are available for liver tumour induction in dogs exposed to 144Ce by inhalation (Hahn et al. 1996), 238Pu by inhalation (Muggenburg et al. 1996, Gilbert et al. 1998) and 239Pu and 241Am by intravenous injection (Taylor et al. 1991).  The dog data show an overall range in alpha RBE of about 10 – 40.  Comparisons of liver cancer induction in hamsters after injection of 144Ce or 239Pu showed alpha dose to be more effective by a factor of 11. 

Studies using animals have sought to evaluate the effect of non-uniform irradiation from Thorotrast and the possibility of chemical effects.  The frequency of chromosome aberrations in hamster liver parenchymal cells was compared after administration of Thorotrast or 239Pu citrate (Brooks et al. 1985, Guilmette et al. 1989).  Plutonium in soluble form is accumulated by the parenchymal cells of the liver, while Thorotrast is accumulated by phagocytic Kupffer cells.  It was observed that the overall incidence of chromosome aberrations in parenchymal cells was directly related to the average dose to these cells from either Thorotrast or 239Pu.  

Liver cancer induction was compared in hamsters exposed to uniform liver dose from 239Pu citrate and non-uniform dose from 239Pu oxide (Brooks et al. 1983). This study showed that, in terms of average liver dose, particulate non-uniform dose distribution was less effective than the more uniform dose from 239Pu administered as citrate by a factor of 2.5.  Similarly, comparisons of liver tumour induction in rats by Thorotrast and fractionated neutron exposure showed the uniform neutron irradiation to be slightly more effective per unit average liver dose (Spiethoff et al. 1989, 1992).  In this study, animals receiving neutron irradiation were given injections of non-radioactive Zirconotrast (ZrO2), a stable equivalent of Thorotrast.  The incidence of liver tumours was not significantly altered by the additional treatment with ZrO2.

4. Bone cancer in radium exposed individuals

Human data

Radium, as an alkaline earth element, behaves similarly to calcium and is retained predominantly in the skeleton.  It is initially deposited on bone surfaces and a proportion is subsequently incorporated into bone mineral (Leggett et al. 1982).  Radium-226 (half-life, 1600 years) emits alpha particles and decays to radon, 222Rn. Radium-228 (half-life 5.75 years) decays by beta particle emission but radioactive progeny include the alpha particle emitters, 228Th, 224Ra, 220Rn (called thoron), 216Po, 212Bi and 212Po. Because of the short range of alpha particles (40 – 50 (m in soft tissues and less in bone mineral), only atoms decaying near to the endosteal surface layer will irradiate target cells for the induction of bone cancer, on or near bone surfaces.  While both 226Ra and 228Ra can cause bone sarcoma, head sinus carcinoma is attributable to 226Ra decay to 222Rn, diffusion of 222Rn into paranasal sinuses and mastoid processes and subsequent irradiation of epithelial lining cells by alpha-emitting progeny of 222Rn (Rowland et al. 1978, Carnes et al. 1997). The possibility of diffusion of 220Rn from the site of decay of its parent 228Ra is substantially reduced because of its short half-life. 
An increased incidence of bone tumours has been observed in people exposed to long-lived alpha-emitting isotopes of radium, particularly in painters of luminous dials, but also in radium chemists and in people treated with radium salts in the belief that their effect was therapeutic (Rundo et al. 1986).  In the USA, almost 5000 workers, mainly female, were employed in the luminizing industry, mainly between 1915 and 1930 and between 1940 and 1954.  Fluorescence was initially achieved by addition of 226Ra salts to paint; later a mixture of 226Ra and 228Ra was also used (Fry 1998).  By the end of 1983, 62 cases of bone sarcoma and 32 cases of head sinus carcinoma had occurred in a total of 2352 people who had been measured to obtain an estimate of their body content and hence dose (Rundo et al. 1986).  No bone sarcomas were observed at cumulative average bone doses of below 10 Gy (Rowland 1997) and these data have not been used to derive estimates of low dose risks. 

Radium-224 (alpha emitter, decaying to 220Rn, half-life 3.62 days) was used in Germany as a treatment for arthritis, ankylosing spondylitis, and bone tuberculosis in the 1940s and 50s.  The most recent reports of cancer in patients exposed to high levels of 224Ra (mean cumulative bone surface dose of around 30 Gy, high LET) have included 899 individuals exposed as adults or children (Spiess 1995, Nekolla et al. 1999, 2000).  A total of 56 malignant bone tumours have occurred (0.3 expected), with a peak incidence at 8 years after treatment; only four tumours were diagnosed after 1980.  Younger ages at exposure, particularly at ages of active bone growth, appeared to be associated with a higher risk, depending on the dose estimate used (Henrichs et al. 1995, Nekolla et al. 2000).  Lower levels of 224Ra were given to adult ankylosing spondylitis patients (typical mean cumulative bone surface dose of about 5 Gy).  The most recent report included 1577 patients (Wick et al. 1999) and reported small numbers of bone tumours (4 observed, 1.3 expected) and leukaemias (13 observed, 4.2 expected).

The 224Ra data have been used by ICRP to derive a risk estimate for bone tumour mortality of 5 x 10-4 Sv-1, assuming a radiation weighting factor of 20 for alpha particles (ICRP 1991).  As discussed by Puskin et al. (1992), this estimate applies to average skeletal dose and would be a factor of 9 lower if estimated on the basis of dose to the bone surface (Spiess and Mays 1970, Eckerman 1995).  The data from the follow-up of the atomic bomb survivors can be used to provide an estimate of the risk of bone tumours resulting from exposure to external, mainly low LET radiation.  Using these data, the risk of fatal bone cancer at low dose and dose rates, applicable to the population of England and Wales, was estimated as 1 x 10-4 Sv-1 (Muirhead et al. 1993).  Grogan et al. (2001) used the analysis of the A-bomb data by Pierce et al. (1996) to provide an estimate of lifetime risk for the U.S. population of around 2 –4 x 10-4 Sv-1.  These estimates of risk may be regarded as reasonably consistent with those based on the radium studies, given the uncertainties associated with the data for the atomic bomb survivors and the dose estimates for the 224Ra cases.  However, consideration of the risk of bone cancer based on dose to the bone surface, rather than average bone dose, suggests that alpha particle RBE for bone cancer may be low.    
Bone tumours may include  types for which there is a threshold dose below which no tumours will be observed.  Rowland et al. (1995, 1997) reported that no sarcomas were observed in 1339 cases with systemic intakes of 226Ra/228Ra estimated to give cumulative bone doses of less than 10 Gy; 46 sarcomas were observed in 191 cases with doses greater than 10 Gy.  Analysis of tumour types has shown an increase in Ra cases in the numbers of fibrosarcoma and malignant fibrous histiocytoma (MFH), relative to osteosarcoma (Gössner 1999).  Tumours of this type are also known to occur at sites of pre-existing non-tumorous bone lesions, including bone necrosis and fibrous dysplasia, and it may be that the high incidence of sarcomas of fibrohistiocytic and fibroblastic origin reflect the cell types involved in repair and remodelling processes.  Deterministic tissue damage after high doses of radiation is well documented in Ra exposed individuals and may be the precursor of fibrosarcoma and MFH.  Another implication of the prevalence of these tumour types is that the target cells may not be confined to the bone surface lining cells but include cells further into the marrow (Gössner et al. 2000).  It seems likely that ICRP will review the target dimensions from the current assumption of a 10(m layer on endosteal bone surfaces to include all cells within the range of alpha particle emissions occurring on the bone surface.

Chadwick et al. (1995) fitted the Ra dial painter data using a two mutation carcinogenic model with clonal expansion.  The analysis showed that a linear quadratic dose-effect relationship can be applied and, because of the very low natural incidence of bone sarcoma, is consistent with very low risk at low doses and dose rates.  

Although the peripheral red bone marrow is irradiated by Ra isotopes, leukaemia is not generally a feature of the follow-up studies of Ra exposed groups.  Spiers et al. (1983) estimated doses and risks for 1285 female dial painters exposed prior to 1930 and suggested that, assuming an RBE of 20, a total of 13 radiation-induced leukaemia cases should have been observed in addition to 5.4 cases expected to occur naturally. Only 4 cases were recorded in this group.  However, Stebbings (1998) noted that leukaemia occurred early in female dial painters and an excess was observed among male dial painters.  Excess leukaemias were observed in the 224Ra patients but inferences are restricted by the generally small numbers and the absence of dose-response analyses.  It is likely that the low incidence of leukaemia in Ra exposed individuals has a number of contributory causes.  As discussed above, Thorotrast studies and supporting animal data suggest that the RBE for alpha induced leukaemia is low; Spiers et al. (1983) assumed a value of 20 to estimate risk from Ra.  It is likely that the target cells for leukaemia induction are not uniformly distributed throughout red bone marrow but may be concentrated towards the central regions, away from bone surfaces (Lord 1990, Lord et al. 2001).  While Thorotrast irradiates all red marrow, particularly at short times after administration (Ishikawa et al. 1995, Priest 1995), radium is not accumulated in red marrow and will not irradiate central marrow regions directly, except in the smallest of trabecular spaces.  

Animal data

The toxicity of Ra isotopes and other bone-seeking radionuclides has been compared in beagle dogs in a number of large studies carried out in the USA at the University of Utah, University of California, Inhalation Toxicology Research Institute and Pacific Northwest Laboratories (Boecker et al. 1995, WHO 2001).  Results have generally been expressed in terms of average bone dose, although studies are in progress to analyse the data in terms of dose to target regions.  Comparing bone cancer rates from linear dose-response relationships for individual nuclides injected systemically in soluble form, toxicity relative to 226Ra was summarised by Boecker et al. (1995) as: 16 for 239Pu, 9 for thorium-228, 6 for americium-241, 4 for 224Ra, and 2 for 228Ra. For 90Sr, the dose response was non-linear with no tumours occurring at doses below 18 Gy cumulative average bone dose.  Boecker et al. (1995) quoted three values for 90Sr toxicity relative to 226Ra: 1 + 0.5 at > 40 Gy, 0.05 + 0.03 at 5 – 40 Gy and 0.01 + 0.01 at < 5 Gy.  The different toxicities of the alpha-emitting nuclides are attributable to differences in the extent of irradiation of  and dose to the target region near to endosteal bone surfaces, which will depend on the affinity of nuclides for different bone surfaces, their incorporation or burial in bone and their half-lives.  The observed differences between 226Ra and 90Sr are largely attributable to RBE, with beta emissions from 90Sr being substantially less effective than alpha particles except at very high doses.

Muggenburg et al. (1995) compared the effect of single and multiple administration of 224Ra at levels corresponding to cumulative average bone doses from 0.1 – 3 Gy.  Protraction of dose by administration of 224Ra in 50 weekly injections increased the overall incidence of bone tumours per Gy by a factor of 4.  Interpretation of the results is complicated by early deaths from marrow dyscrasia in the highest dose, single injection group.  Muggenburg et al. (1995) concluded that the incidence per Gy following protracted administration was very similar to that after injection of 239Pu or inhalation of 238Pu oxide. 

Raabe et al. (1995) analysed data for 226Ra bone cancer induction in dogs in terms of average skeletal dose rate and time to death.  No decrease in life-span compared to controls was seen at dose rates of 1 mGy d-1 and less (cumulative doses of < 3 Gy) and deaths from marrow dyscrasia occurred in the high dose region of > 100 mGy d-1 (cumulative doses of > 100 Gy).  At dose rates of 1 – 100 mGy d-1, there was a high incidence of tumours and a decreased latent period with increasing dose rate.  Raabe et al. (1985) interpreted these data to imply that a practical threshold will exist at low dose rates because the time taken for tumour development will exceed the normal life-span.

Studies of the effects of bone-seeking radionuclides in dogs have provided good evidence of increased incidence of bone tumours, mainly osteosarcomas, but not leukaemia.  For Ra isotopes, this might be explained by a low RBE for leukaemia induction and low or negligible irradiation of target cells.  However, it is not clear why 90Sr induced leukaemias have not been seen since the marrow will be more uniformly irradiated by 90Sr/90Y (see below re. 239Pu). 

Studies of the effect of 224Ra in mice have shown increased incidences of haemopoietic malignancies as well as osteosarcoma.  Humphreys et al. (1993) observed increasing incidences of acute myeloid leukaemia and osteosarcoma in CBA/H mice with increasing dose of 224Ra (administered activities corresponding to average bone doses in the range 0.6 – 5 Gy).  Muller et al. (1990) showed that NMRI mice develop malignant lymphomas and osteosarcoma after fractionated administration of 224Ra over 36 weeks but only osteosarcoma after a single injection (0.15 Gy average bone dose in each case).

5. Lung, liver and bone cancer in plutonium-239 exposed Mayak workers

Human data

Workers at the Russian Mayak nuclear complex were exposed to very high levels of external and internal radiation, including plutonium exposures in the radiochemical plant and plutonium production plant.  Levels were particularly high during the early years of plant operation in the late 1940s to the mid 1950s.  Although dose reconstruction for both external and internal exposures is difficult and further work is required to improve dose estimates, clear excesses of 239Pu attributable lung, liver and bone cancers have been reported (Koshurnikova et al. 1998, 1999, 2000, Gilbert et al. 2000, WHO, 2001).

Koshurnikova et al. (1997, 1998) analysed mortality from lung cancer occurring among 1479 male and 666 female workers employed during the first decade of plant operations.  Smoking was prevalent among men but not women but no specific information was obtained.  The average cumulative external gamma dose was 1.28 Gy for men and 1.11 Gy for women, and average 239Pu doses to the lungs were estimated as 0.33 Gy and 0.63 Gy, respectively.  The number of lung cancer deaths observed were 105 in males and 15 in females compared with expected numbers of 40-42 and 2-3, respectively.  In a further analysis of the data for males, Kreisheimer et al. (2000) showed that the results were consistent with a linear dose dependence.  Most of the deaths among female workers occurred at 239Pu lung doses above 5 Gy (Koshurnikova et al. 1997).  Assuming an RBE factor of 20 for alpha irradiation, these data give risk estimates of 12 x 10-3 Sv-1 in males and 3.5 x 10-3 Sv-1 in females (Koshurnikova et al. 1997, 1998).  These values, if weighted according to the number of lung cancers, gives an average risk of 10 x 10-3 Sv-1 (Grogan et al. 2001). Kreisheimer et al (2000) provided a further  analysis of lung cancer among Mayak workers, based on comparisons of relative rather than absolute measures of risk, and considering  exposure to both gamma rays and alpha radiation.  They estimated that the data were consistent with an alpha particle  RBE of around 11 or  greater. 

Risk estimates of 239Pu induced lung cancer in Mayak workers must be regarded as preliminary. Further work is required to reconstruct exposure histories and to determine the effect of the observed highly non-uniform distribution of 239Pu at death.  As discussed above (Section 2), the risk estimate for lung cancer calculated by ICRP for a “world” population was 6.8 x 10-3 Sv-1, based on the follow-up of the atomic bomb survivors, and applying a factor of two to convert to risks at low dose and dose rate (ICRP 1991).  Muirhead et al. (1993) derived a value of 14 x 10-3 Sv-1 for the lifetime risk of lung cancer at low doses/low dose rates in a UK working population.  This is similar to the value derived by UNSCEAR (2000) for a UK population when a DDREF of 2 is applied.

In the cohort of 11,000 workers who started work at Mayak in 1948-58, a total of 60 liver tumours were observed, 33 in individuals with recorded exposure to 239Pu (Gilbert et al. 2000).  As observed in Thorotrast patients, tumours included a high proportion of haemangiosarcoma, a rare spontaneous tumour (WHO 2001).  For bone tumours, a total of 27 malignant neoplasms were observed, 19 of which were bone and cartilage neoplasms, 4 were myosarcomas, 3 synovial sarcomas and one fibrosarcoma (Koshurnikova et al. 2000).  The analyses indicated elevated risks of both liver and bone cancer at body burdens greater than 7.4 kBq. Bone surface doses were substantially greater than 10 Gy.  However, sufficiently reliable estimates of dose are not yet available and risk estimates have not been made for 239Pu induced liver and bone cancer. 

A number of studies have examined cancer rates and radiation exposure, including 239Pu exposures, in workers at the British Nuclear Fuels plant at Sellafield, UK Atomic Energy Authority, UK Atomic Weapons Establishment, and Los Alamos and Rocky Flats in the U.S.A. (Omar et al. 1999, Carpenter et al. 1998, Voelz et al. 1997, Wiggs et al. 1994, WHO 2001).  These studies show no evidence of radiation-induced lung or liver cancer at the relatively low levels of exposure of these working populations; only a small proportion of workers had body contents greater than 1 kBq, in contrast to the plutonium workers at Mayak, of whom over a quarter of those measured had body contents exceeding this value (Koshurnikova et al 1999).  One bone cancer in a 239Pu exposed person at Los Alamos should remain questionable until further information is available on bone cancer risks; the cumulative dose to the bone surface was about 0.4 Gy (WHO 2001).

Animal data

Hahn et al. (1999) exposed dogs by inhalation to insoluble aerosols of either 239Pu02 or 144Ce incorporated into fused aluminosilicate particles (FAP).  Lung doses varied from about 0.2 – 1200 Gy for 144Ce FAP and 1.6 – 58 Gy for 239Pu oxide.  Dogs with lung doses > 60 Gy from 144Ce and > 2 Gy from 239Pu had an increased incidence of lung carcinomas: 239Pu was at least 20 times more effective in causing lung cancer.  Tracheobronchial lymph nodes (TBLNs) developed haemangiomas and haemangiosarcomas, not lymphoid tumours, after 144Ce but not 239Pu irradiation.  Doses to TBLNs were reported as 1 – 4000 Gy from 239Pu and 7 – 770 Gy from 144Ce.  The difference in the response is attributable to the greater tissue penetration of the energetic beta particles and their ability to irradiate endothelial cells.  No bone and liver tumours were seen in 239Pu oxide exposed dogs, in contrast to results obtained in studies using a relatively soluble preparation of 238Pu oxide.  Dogs exposed by inhalation to 238Pu oxide showed dose-related increases in the incidence of lung, bone and liver cancer (Park et al. 1997, Gilbert et al. 1998, Muggenburg et al. 1996).

Studies of the effects of inhaled 239PuO2 in Wistar rats suggest a threshold for lung tumour induction.  In one life-span study, only three adenomas were observed in 1877 rats with lung doses of < 1.5 Gy, whereas incidence was about 40% in animals with lung doses > 1.5 Gy (Sanders et al. 1993, Sanders and Lundgren 1995).  Similarly, Oghisi et al. (1998) observed that while benign tumours and metaplasia occurred in Wistar rats with lung doses from 239PuO2 of < 1 Gy, malignant tumours were induced at doses > 1.5 Gy.  However, comparisons in Fisher rats of the effects of exposure to 239PuO2 and 244Cm2O3 at lung doses in the range 0.2 to 36 Gy, showed an increase in benign and malignant tumours with increasing dose, conforming to a linear dose- response relationship (Lundgren et al. 1997)

Leukaemia as well as osteosarcoma have been observed in CBA/H mice given 239Pu (Humphreys et al. 1987, Ellender et al. 2001).  Ellender et al. (2001) compared the effect of 239Pu, 241Am and 233U at three levels of activity giving cumulative average skeletal doses of 0.25 – 0.3 Gy, 0.5 – 1 Gy and 1 – 2 Gy.  For both osteosarcoma and myeloid leukaemia induction, 233U was considerably less effective than 239Pu and 241Am, consistent with its chemical similarity to the alkaline earth elements, Ca, Sr and Ra.  Osteosarcoma and leukaemia incidence increased with increasing dose of 239Pu and 241Am; 239Pu was 2 – 3 times more effective in inducing osteosarcoma but the two nuclides were similarly effective in causing leukaemia.  Detailed analysis of dose distribution by image analysis of autoradiographs of bone sections showed that the difference between 239Pu and 241Am in osteosarcoma induction was consistent with their relative delivery of dose to the endosteal surface (Lord et al. 2001).  The best fit between osteosarcoma induction and dose was obtained by considering dose to a 40 (m layer of marrow adjacent to endosteal surfaces.  For myeloid leukaemia, the best fit between incidence and dose for the two nuclides was obtained by considering only the central 5 – 10% of marrow.    Comparison of the incidence of myeloid leukaemia in mice exposed to 239Pu and 241Am of up to 10% and an incidence of 20% in the same strain (CBA/H) after 2 Gy X-irradiation (Major and Mole 1978) suggests a low RBE for the effect of alpha irradiation, since average bone doses from 239Pu and 241Am were in the range of 0.2 – 2 Gy. 

6. Summary and Conclusions

Risk estimates for radionuclide-induced cancer are summarised in Table 1. It should be pointed out that cancer risks have been studied in various other populations with internal exposures to radiation (UNSCEAR 2000, WHO 2001).  For example, raised risks of thyroid cancer have been seen among persons in the former Soviet Union exposed in childhood to radioactive iodine from the Chernobyl accident (Thomas et al. 1999).  In addition, there have been reports of increased risks of some types of cancer, such as leukaemia, among people who lived near the Techa River in the Southern Urals (Russia) and who were exposed both externally and internally (mainly from strontium-90) as a consequence of large radioactive discharges from the nearby Mayak complex (Kossenko et al. 1997).  In future, it may be possible to use such studies in order to develop quantitative risk estimates for these forms of exposure (Karaoglou and Chadwick 1998; Muirhead 2001).  However, because of various dosimetric and epidemiological issues, the studies considered in this paper currently provide the strongest basis for quantifying risks from internal exposures.

For lung cancer induced by 222Rn and its short-lived progeny and for liver cancer induced by 232Th and progeny administered as Thorotrast, the estimated values of lifetime risk per Sv, assuming an RBE for alpha particles of 20, are reasonably consistent with estimates derived from the Hiroshima and Nagasaki data (Table 1).  This also applies to 239Pu induced lung cancer but this risk estimate should be regarded as preliminary.  Work is in progress to improve estimates of doses to 239Pu exposed Mayak workers and provide more reliable risk estimates.  It should be emphasised that these comparisons are subject to uncertainties arising from methodological issues; in particular, related to the variation between Japan and western countries in baseline lung cancer rates.  This factor also affects comparisons of liver cancer risk estimates derived from different populations.

For leukaemia, the comparison of risks from Thorotrast alpha irradiation and from external radiation suggest a low alpha particle RBE for induction of this malignancy.  The estimates given in Table 1 suggest an RBE of 2 – 3 and, since it has been suggested that red bone marrow doses from Thorotrast may have been underestimated by a similar factor (see Section 3), a value close to 1 may apply.  Animal data provide support for this conclusion.  Thus, the use by ICRP (1991) of a risk estimate for leukaemia based on exposure to external radiation and a radiation weighting factor of 20 for alpha particles is likely to overestimate risks from alpha-emitting nuclides.  In contrast to some types of solid cancer, baseline rates for leukaemia are relatively stable across populations, so this factor should have little influence on the comparisons of leukaemia risk estimates.

For bone cancer, the ICRP (1991) estimate of risk based on average bone dose from 224Ra and progeny, applying an alpha particle weighting factor of 20, was consistent with estimates for external radiation (Table 1).  However, a more appropriate risk estimate based on the greater alpha dose to target cells on bone surfaces suggests a lower RBE in the range 3 – 12. 

All calculations of dose and risk from radionuclide exposures depend on assumptions made regarding the distribution of radionuclide within organs/tissues and the distribution of target cells for cancer induction.  The ICRP model for the human respiratory tract (ICRP 1994b) takes account of the deposition and movement of nuclides within the lung and the location of target cells for different cancer types in the alveolar tissue and airways of the lungs.  For the most important bone-seeking radionuclides, ICRP models (ICRP 1993) allow for the deposition of nuclides on bone surfaces, movement within bone, and in some cases, transfer to bone marrow.  Target cells for bone cancer induction are assumed to form a 10 (m layer on endosteal bone surfaces while target cells for leukaemia induction are assumed to be uniformly distributed throughout red bone marrow.  For the liver, nuclides and target cells are assumed to be uniformly distributed.  The human data on radionuclide risks and animal data for a larger number of radionuclides (Table 1) provide support for these assumptions.  However, for bone cancer and leukaemia, reconsideration of the location of target cells may be required.  Identification of different types of bone cancer (Section 4) suggest that dose should be calculated for all cells within alpha particle range of bone surfaces.  For leukaemia, the current assumption of uniform distribution of target cells throughout red bone marrow appears to be inadequate to account for the risks of leukaemia from bone-seeking radionuclides.  It may be that target cells are concentrated towards the centre of the marrow, limiting the dose received from radionuclides on bone surfaces and within bone.   

Some of the data from human and animal studies on radionuclide effects have been interpreted to suggest that there may be dose thresholds below which particular cancer types will not be seen.  This is particularly true for types of bone sarcoma but the argument has been applied to other cancer types.  It has also been suggested on mechanistic grounds that risks at low doses may be very low, if not zero.  It may be that the assumption of a linear dose-response relationship will overestimate cancer risks for some tumour types.  However, in other studies considered here, the data on cancer following internal exposure are consistent with a linear dose-response.

In conclusion, bearing in mind the uncertainties inherent in the risk estimates derived for internal radionuclide exposure, estimates for lung and liver cancers are in very good agreement with those derived for exposure to external radiation.  For bone cancers and leukaemia, the available data indicate that current assumptions may overestimate risks from alpha particle emitting nuclides, particularly at low doses. 
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Table 1.  Human cancer risk estimates from radionuclide exposure data

Cancer
Nuclide
Risk (Sv-1)a
External radiation risk (Sv-1)b
Animal data on radionuclide risks



Lung
222Rn

239Puc
2.5 x 10-3
10 x 10-3
6.8 x 10-3
90Sr, 144Ce, 222Rn, 238Pu, 239Pu, 244Cm



Liver
232Thd
2-4 x 10-3
3 x 10-3
144Ce, 232Th, 238Pu, 239Pu, 241Am



Leukaemia
232Thd
7-9 x 10-4
5-8 x 10-3
224Ra, 233U, 239Pu, 241Am



Bone
224Ra
6 x 10-5e
(5 x 10-4)f
1-4 x 10-4
90Sr, 224Ra, 226Ra, 228Ra, 228Th, 233U, 238Pu, 239Pu, 241Am



aAssuming an RBE of 20 for alpha particles.

bBased on data for the atomic bomb survivors.

cPreliminary dosimetry.

dThorotrast – colloidal 232Th oxide preparation.

eBased on dose to 10(m depth target cell layer on endosteal (inner) bone surfaces.

fICRP estimate based on uniform bone dose.
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