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(a) NRPB Initial Paper

ICRP approach to the calculation of dose and risk from incorporated radionuclides

Introduction

The purpose of this note is to outline the methods used by ICRP to assess doses and risks from internally incorporated radionuclides and point to areas of uncertainty.  Because radionuclides differ substantially in their behaviour in the body, the first step is to define biokinetic models for each element or chemically similar groups of elements.  Having determined the distribution of an element and its radioisotopes, and retention times in different tissues, dosimetric models can be used to estimate tissue doses.  These models take account of the physical characteristics of different radiation types and consider distribution of dose within tissues/ organs and “cross-fire” radiation between them.  For radiation protection purposes, it is convenient to be able to combine doses from different radionuclides and from external sources to provide an overall estimate of dose for comparison with dose limits.  ICRP take account of the relative biological effectiveness (RBE) of different radiations and the relative radiosensitivity of different tissues in the calculation of dose coefficients (dose per unit intake) for the ingestion or inhalation of radionuclides.  Dose limits and constraints are set on the basis of risk estimates for radiation-induced cancer and hereditary effects.  It is important to recognise that the assumptions made in estimating dose and risk are subject to uncertainties.  ICRP clearly state that where better information is available, this should be used in preference to default assumptions, if the circumstances warrant a more detailed assessment.

Biokinetic models
ICRP consider intakes by ingestion and inhalation by workers and members of the public, including children.  Doses to the fetus following maternal intakes are also calculated.  Models of the alimentary and respiratory tracts are used to define the movement of radionuclides within these systems, absorption to blood and loss from the body.  Movement of ingested radionuclides through the alimentary tract is quantified by transit times between the stomach, small intestine and regions of the large intestine, with absorption to blood occurring in the small intestine.  The proportion assumed to be absorbed to blood depends on the chemical nature of the element and, in some cases, on the chemical form ingested, varying from complete absorption (e.g. iodine, caesium) to less than 0.1% (e.g. plutonium).  Inhaled particles containing radionuclides are assumed to deposit in the nose, the bronchial and bronchiolar airways of the lung and the alveolar respiratory region, with the deposition in the different regions being dependent on particle size.  Removal from the lungs occurs by dissolution and absorption to blood and the competing process of escalation of particles from the lung to the throat followed by their entry into the alimentary tract.  The proportions absorbed to blood or escalated depend on the solubility of the material and on the radioactive half-life of the radionuclide.

The behaviour of radionuclides absorbed to blood is described by element-specific “systemic” models.  These range in complexity from very simple models that assume uniform whole-body distribution (e.g. hydrogen, caesium) to multi-compartment recycling models that take account of movement within and between body organs and tissues (e.g. strontium, lead, uranium, and plutonium).  For the simple example of hydrogen (radioisotope: tritium, 3H), intakes as tritiated water (HTO) or organically-bound tritium (OBT) are considered by ICRP, with uniform whole-body retention of components representing HTO and OBT (half-times of retention of 10d and 40d, respectively, in adults; shorter in children).  The most complex models are those developed for the bone-seeking alkaline earth and actinide elements (inc. strontium, radium, thorium, plutonium).  These models represent the behaviour of the elements within bone, taking account of initial deposition on bone surfaces, exchange with or burial within bone mineral and movement to bone marrow.  The physiological realism of these models includes movement between organs and tissues via the circulation.

In addition, the recycling models were designed to fit excretion data and can be used for bioassay interpretation.  Simpler models for other elements are less suitable for this purpose.  Work is in progress to provide a single set of models (and publications) for use in the calculation of doses and bioassay interpretation.

Dosimetric models

Biokinetic models allow the calculation of the number of radioactive decays occurring in organs or body regions containing the radionuclide (source regions).  Dosimetric models are used to calculate the deposition of energy in all important organs/tissues (targets) for each source region, taking account of the energies and yields of all emissions.  This is done using “mathematical phantoms” that describe geometric relationship between different tissues and organs.  Phantoms have been developed for adults, children of different ages and the pregnant woman and fetus for each trimester of pregnancy.  Absorbed dose in gray (Gy: Joules kg-1) can then be calculated, knowing the number of decays in source regions and energy deposition in target regions. 

Cross-fire radiation between source and target tissues is important for penetrating photon radiation.  For non-penetrating radiation, including alpha and beta particles, energy will in most cases be largely deposited in the tissue in which the radionuclide is deposited.  However, source and target considerations are taken into account for alpha and beta emissions in a number of important cases.  These include:

( doses to target cells in the walls of the bronchiolar airways from radionuclides in the mucus layer within the airway;

( doses to target regions in the gut from radionuclides in the lumen;

( doses to cells adjacent to inner bone surfaces (taken to be a 10 μm layer) and all red marrow from radionuclides on bone surfaces and within bone mineral;

( cross-fire irradiation between fetal tissues (beta emissions).

For all dose calculations, radionuclides are assumed to be uniformly distributed throughout source regions, although these can be whole organs (e.g. liver) or a thin layer within a tissue (e.g. bone surfaces).  Similarly, target cells are assumed to be uniformly distributed throughout target regions that vary in size from whole organs to layers of cells.  

Relative biological effectiveness (RBE)

Radiations are known to differ in their effectiveness in causing cancer and hereditary effects.  Thus, 1 Gy of alpha radiation can have a substantially greater biological effect than 1 Gy low LET radiation.  It is usual to define RBE in relation to a reference low LET radiation (gamma or x-rays). 

Dose coefficients

To enable the interpretation of absorbed dose in different tissues in terms of the total risk of cancer and hereditary effects, ICRP uses the concepts of equivalent dose and effective dose.  Radiation weighting factors (wR) take account of the RBE of different radiation types in causing malignancy or genetic damage.  Thus, the absorbed dose in Gy (Joules kg-1) is multiplied by a wR of 20 for alpha irradiation and 1 for beta and gamma radiations to give the equivalent dose in Sv.  Tissue doses are commonly integrated over a 50 year period for adults and to age 70 years for children and the resulting values are referred to as committed equivalent doses.  Tissue weighting factors (wT) are attributed to different tissues and organs, taking account of their contribution to the total incidence of radiation-induced fatal cancer and hereditary effects, weighted for the incidence of non-fatal cancer and years of life lost.  For example, wTs for liver and lung are 0.05 and 0.12, respectively. The committed effective dose is then the sum of all committed equivalent doses multiplied by the appropriate tissue weighting factors.  Committed effective dose can be interpreted in terms of risk estimates for whole body exposure. Dose coefficients are committed effective dose per unit intake of a radionuclide by ingestion or inhalation (Sv Bq-1).  Current ICRP risk estimates for population exposure are 0.05 Sv-1 for fatal cancer and 0.07 Sv-1 for total aggregated detriment.  

ICRP wR and wT  values are recommended values for the purpose of calculating effective dose and do not take account of known differences in RBE and tissue radiosensitivity.  For example, beta irradiation from tritium has been shown to more damaging than gamma rays for a number of biological end-points (typically by a factor of about 2) but both are assigned a wR of 1. The RBE for alpha particle irradiation appears to depend on the tissue and malignancy type with typical values of around 20 but values near 1 in some cases (e.g. bone marrow – leukaemia). Similarly, although specific risk estimates are available for each of the tissues given wT  values, they were grouped and assigned values of 0.01, 0.05, 0.12 or 0.2. 

Risk estimates

While risk estimates for radiation-induced cancer rely largely on studies of the effects of external radiation, there are a number of epidemiological studies that provide direct information on risks from incorporated radionuclides.

Follow-up studies of the Hiroshima and Nagasaki A-bomb survivors provide the main source of information on the effects of whole body external irradiation.  On the basis of data obtained by 1996, the dose response relationship for solid cancers is essentially linear in the range to 3 Sv with a significant increase down to doses of 100 mSv.  Studies of cancers in children exposed in utero to x-rays during diagnostic radiography have shown significant increases at doses of the order of 10 mGy. ICRP assume a linear relationship between dose and risk at low doses.

Information on exposures to incorporated radionuclides is used to estimate risks of liver, bone and lung cancer:

( Liver cancer – patients given colloidal thorium oxide (232Th; alpha emitter) as a contrast medium for diagnostic radiology.

( Bone cancer – occupational exposure of radium dial painters to radium-226/-228; patients given radium-224 for medical conditions.

( Lung cancer – occupational exposure of uranium miners to radon-222 and daughters, with consistent data from studies of residential exposure.

Comparisons of liver cancer incidences in thorotrast patients and Japanese survivors are consistent with an RBE for 232Th alpha irradiation of 10 – 20.  Comparisons of leukaemia in the two populations suggest a low alpha RBE for this malignancy (1 – 2).  Estimates of lung cancer risk based directly on data for miners exposed to radon-222 and its daughters are within a factor of 2 – 3 of estimates obtained using the ICRP respiratory tract model, an alpha wR of 20 and risk estimates based on the Japanese survivor studies.

Data comparing the effects of different radionuclides and external radiation are available from a variety of studies using animals and cells in vitro.  Such studies provide information on RBE and dose-response relationships as well as mechanisms of radiation effects.  Animal data provide the only direct estimates of risks of radiation-induced hereditary effects.

Limitations and uncertainties

ICRP dose coefficients are intended for use in situations of occupational or public exposure where doses are likely to be substantially lower than dose limits.  In circumstances where doses may approach dose limits, including retrospective dose assessments, best available information would be used to estimate dose and risk and uncertainties should be considered.

Specific information may be available on the chemical form of the intake. It would be inappropriate, for example, to use the generic model for ingested OBT if the intake was known to be 3H-thymidine. Default assumptions regarding solubility in the lung could be substituted by specific information when the intake was of known chemical form. 

Uncertainties in biokinetic model assumptions depend principally on the reliability of the experimental data on which they are based.  In some cases, good human data are available and uncertainties are small (e.g. tritium as HTO in adults). In other cases, assumptions rely on animal data and/or chemical analogy between elements and uncertainties are expected to be greater (e.g. doses to the fetus from plutonium-239).

Simplifying assumptions made in the calculation of dose that may not always be acceptable include the homogenous distribution of radionuclide and deposited energy within source regions and the homogenous distribution of target cells within target regions. For example, the distribution of thorotrast and dose from 232Th alpha particles in liver becomes increasingly heterogeneous with time after deposition.  Although marrow adjacent to (endosteal) bone surfaces is treated as a uniform target for bone cancer induction, evidence indicates that the cells present in this layer will differ markedly in different regions.  Uncertainties are also introduced by the assumptions made in the formulation of mathematical phantoms.  In some cases, it may be necessary to consider heterogeneity of energy deposition within cells – for example, for 3H-thymidine and for Auger emitters that may concentrate in cell nuclei.

Conclusion

ICRP dose coefficients for incorporated radionuclides provide a convenient way of combining contributions to dose and risk from different radionuclides and external radiation.  There are limitations to their application and uncertainties in all estimates of dose and risk.  Nevertheless, the ICRP approach has proved robust and reliable.  It has been subject to scientific scrutiny during the decades of its development.
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(b) Green Audit / LLRC Initial Paper

Low Level Exposure from Internal Emitters: Failure of the ICRP methodology

The man that wandereth out of the way of understanding shall remain in the congregation of the dead

Proverbs 21:16

1. Introduction

Scientific knowledge becomes either refined or altered as a consequence of the ability of its models to explain and predict real world data. There have been many cases of scientific models being discarded and replaced following failures to explain observation. Early theories in chemistry and physics were based on mathematical averaging of large amounts of material: litres of fluid, kilograms of metal, whatever could be conveniently experimented upon. Development of experimental techniques in the 20th century which investigated the behaviour of the atoms and molecules that made up these kilograms and litres resulted in falsification of many scientific models. Empirical results were often fatal for theories: this is how science advances.  Thermodynamics was unable to explain spectroscopic observation and was discarded for quantum theory.

We are at such a crossroads now. The body of knowledge about the biological consequences of low dose radiation from internal emitters is no longer congruent with the simplistic averaging models of the ICRP, which, like their thermodynamic ancestors, use kilograms of matter and litres of fluid. The radiological equivalent of the atoms of Planck, and the biological target for radiation effects, is the living cell. Inadequate recognition of this has resulted in a situation where many people have died and will die, because the ICRP model has been wrongly applied to internal point sources.

2. The ICRP model

Doses are defined as energy per unit mass or ∆E/∆M . The quantity of mass employed is that of an organ or larger. One Gray is the absorption of 1 Joule by 1 kilogram of tissue. Very early on, ICRP had to recognize that this model was inadequate since experiments showed that it was the ionization density that was the important factor in cell killing, and so they added a fudge factor or ‘weighting’ for this to the Gray to give the Sievert. For alpha decays, 1 Gray becomes 20 Sieverts. The ICRP modelling of the dose from an internal exposure, and its problems, are shown in Table 1.

 The main failure of the system used to calculate dose is that the result is an average. The external dose calculation has just been applied to internal dose by averaging all energy of the decays which occur in a bag of water the same size and shape of the organ over its mass. Why is this wrong? Because it is individual cell doses which decide the magnitude of the biological effect, and for internal emitters which are point sources, some cells will receive very high doses whilst other cells receive none. Some clusters of cells will receive high doses whilst others will receive none. This is not the case with external irradiation where the source is effectively planar and thus all cells will receive the same dose. There are other problems also which must be addressed. And because the theoretical dosimetric model is wrong, it is not possible to use epidemiology of external irradiation to inform us of risks from internal exposure. Table 2 addresses the way in which doses have been correlated by ICRP and other risk agencies with effects like cancer and genetic damage. Here it is clear that scientific method has not been used properly. The linear extrapolation of acute external doses verging on lethal doses have been linearly extrapolated to internal chronic doses at levels close to background radiation levels. Massive evidence of harm at low dose exposure from internal isotopes has been routinely dismissed by ICRP and its satellites on the basis of the deductive application of this external Hiroshima model.


Thus the ICRP model for internal exposure risk has no theoretical basis and its epidemiological basis is now seen to be unsound and unscientific. It has been falsified by new experimental and epidemiological data. We must use the inductive methods of science to guide us to a new model which predicts and explains all the information we have at our disposal. 

3. The CERRIE committee process

This group is committed to examining the ICRP model of the health risks of internal emitters. In doing so, it should examine all the evidence and draw conclusions. If there is disagreement at the end of this process it should state the nature of the disagreement and recommend research to resolve it. In order to prevent the process becoming an endless circular discussion, LLRC and Green Audit will list their criticisms of the model in this paper in a way that places a duty on the committee to produce a final statement addressing each criticism in turn. Having broadly reviewed the shortcomings of the ICRP model, the remainder of this paper will address the issues which require discussion and a statement from CERRIE. Where an issue is indicated by an asterisk (*) thus, we wish to make it clear that this issue should be addressed in the final report of the CERRIE, with a conclusion, a disagreement statement and/or recommendations for research.

Stage
Problem

Environmental dispersion
None, if all possible routes of exposure are accurately determined

Inhalation and ingestion
None, if accurate. May not always characterise all the routes and the physical forms of all the isotopes involved

Biokinetic
ICRP stops at the organ level. No attempt is made to consider distribution at the cell level or biomolecular level or organelle level. Little attempt is made to examine or investigate the microdistribution of isotopes or particles in cells or tissues or organelles

Dosimetric
1.
Organs are modelled as ‘bags of water’ into which energy is uniformly distributed as ‘radiation tracks’. This misses what is going on at the cell level, at the biomolecular level and the organelle level.

2.
Isotopes are only distinguished by ICRP in their affinity for organs (Iodine to the Thyroid, Plutonium to bone etc.). No consideration is given to their chemical affinity for biomolecules and organelles (Strontium to chromosomes, plutonium to chromosomes, Caesium to interfaces etc.)

3.
No consideration is made of the state of the cell or its responses to a radiation track, its repair systems or their induction

4.
No consideration is given to transmutation effects (see text)

5.
No consideration is given to exposures where individual cells receive high doses due to proximity to internal sequential emitters or internal hot particles: every dose is averaged in space and time  

Table 1 Problems with the stages of modelling internal exposures used by ICRP to obtain doses. 

Stage
Problem

Assume linear dose effect response for low dose
1.
The basis is the calculation of tracks per cell per year from external averaged radiation. In the low dose range, the number of different cells hit is proportional to dose. This is not true for internal exposure.

2.
A large body of empirical evidence now suggests non linear or biphasic dose response 

Use external acute high dose exposure cancer yield (Hiroshima study) to model internal chronic exposure cancer yield
1.
Theoretically invalid since the internal exposures are qualitatively different

2.
A large body of empirical evidence points to much higher cancer or leukemia yields at low internal doses. 

3.
Problems of averaging over populations with different sensitivity to radiation

4.
Problems extrapolating from wartime Japanese survivors to peacetime European populations.

Check against internal studies
1.
The few human internal studies considered by ICRP are of natural isotopes and high dose exposures

2.
Animal studies are of short lived species. Those which show significant effects are never cited or followed up (e.g. Luning and Strontium).

Ignore non-cancer effects
A whole range of non cancer outcomes of exposure has been ignored by ICRP e.g. infant mortality

Table 2 Problems with ICRP system of relating dose to health detriment

3.1 Scientific method and the use by ICRP of the linear averaging model for dose calculation and expected response in the area of internal emitters
General questions and concerns

The ICRP model quantifies the cancer yield from acute, high dose, external radiation, averaged so that each cell gets an equivalent number of tracks in unit time. The model is defined by ICRP phantoms, geometric models of spheres and cylinders used by ICRP to calculate dose from external radiation. The response to increasing dose is found in practice to be linear-quadratic but a ‘linear no threshold’ (LNT) response is assumed at low dose. The model is inappropriate and scientifically invalid for internal irradiation for a number of reasons, which include extrapolation from high to low dose, averaging dose to cells in time, averaging dose to cells in space and the assumed dose response at low dose. 

We ask the following questions. Can we agree that the external model implicit in the Hiroshima study and other external radiation studies e.g. ankylosing spondylitis, tinea capitis, fluoroscopy etc is the basis of radiation risk assessment for exposure to internal isotopes? (*). Does the committee agree that there are any studies in humans which provide evidence of risk following exposure to internal isotopes and if so what are they, what are their limitations and what do they show? (*) Is it scientifically valid to extrapolate from high dose to low dose using a linear model and if so, why? (*) Is it scientifically valid to average doses to cells in space for internal irradiation? (*) Is it scientifically valid to average doses to cells in time from internal irradiation? (*) What is the explanation for the quadratic portion of the dose response relationship found in external irradiation studies? (*) Are there circumstances where internal irradiation would involve local doses in a range or type that would be in the quadratic response range? (*) This discussion should argue through the points about correlated multiple hits to cell nuclei and the ideas that underpin the linear no threshold dose response relation for low dose and quadratic responses for higher dose. Does exposure to internal isotopes result in a higher probability of local cells receiving double or multiple track traversals than exposure to external radiation at the same dose? (*) This point must be considered and decided on for (a) atomic single decay isotopes (b) atomic sequential decay series and (c) hot particles. (*)

The responses of cells to exposure in the low dose range

Variation of sensitivity of cells in different phases of their normal lifespan/cycle leading to dose-response relations which reflect two populations.

It was pointed out by Elkind in the mid 1990s that in the living animal, there are always cells engaged in repair-replication which are therefore highly sensitive to mutation and killing by radiation. It follows that living systems should theoretically exhibit a biphasic dose response resulting from the sequence: high sensitivity mutation-death followed by low sensitivity mutation. Such a dose response is commonly seen in experimental and epidemiological systems e.g. Burlakova’s meta-analysis of leukemia studies, the Chernobyl infants , Weinberg’s minisatellite studies of Chernobyl liquidator children, the nuclear industry workers and their children. If this is so, then if a dose-response which is not continuously increasing is found in a radiation health study, this is not evidence that the radiation is not causing the health problem.

The induction of high sensitivity phases and their interception: the Second Event

Clearly if it is possible to move quiescent (G0) cells into repair-replication by a sub lethal hit and then subsequently hit the cell in repair-replication this two hit pattern represents an enhancement of hazard over the same dose given at once. There are two main types of such hazard. The first is immobilized sequential decay isotopes like Sr90/Y90 or Tl-132/I-132.  NRPB have recently attempted to show that for the case of Sr90, there is almost but not quite the equivalent probability of effecting a double hit from external radiation at background doses. Despite some erroneous assumptions in thei paper, they have thus nevertheless shown that for more effective Second Event isotopes like Tl-132, the probability is very much higher than that which they found for Sr90 and a hazard enhancement for more efficient isotope systems proven by their own calculation. Tl-132 is a significant Chernobyl isotope and may be the cause of the anomalous thyroid cancer increases. The second type of Second Event system of interest is the hot particle e.g the immobilized plutonium oxide or uranium oxide (DU) particle. 

The significance of cell field effects e.g. genomic instability bystander effect and Sonnenschein and Sato fields in the development of cancer.

If cells communicate a field and damage to one cell is communicated to nearby ones then this has implications for the Second Event theory since the target for the second hit involves all the cells in the field and is thus is made very much larger. Second, Sonnenschein and Sato have drawn attention recently to the fact that cancer cells do not develop when transplanted into a normal cell matrix whereas normal cells are transformed into cancer cells when transferred into cancer tissue. They argue that this suggests a field effect necessary for cancer promotion. Such a field would be more easily disrupted by high local dose from internal immobilised particles and this would mean that such exposure would be more hazardous than the averaging model predicts.


In considering these areas of concern, the committee must address the following questions. What evidence is there that there are not two sensitive sub groups of cells in living tissue and that their combined response to increasing radiation dose would not or does not result in a biphasic dose response relation? (*) What studies are there that show such a biphasic response? (*) Is it a correct application of scientific method to assume that the highest dose group in a comparative study must show the highest degree if effect? (*) What arguments are there that Second Event processes are theoretically irrelevant? (*) What evidence is there that Second Event processes do not carry enhanced hazard? (*) What is the significance of the bystander effect for radiological protection? (*) Does cancer involve cell communication field effects and what are their significance for radiological protection? (*)


This discussion must argue through the points about correlated multiple hits to cell nuclei and the ideas that underpin the linear no threshold dose response relation for low dose and quadratic responses for higher dose. Does exposure to internal isotopes result in a higher probability of local cells receiving  double or multiple track traversals than exposure to external radiation at the same dose?  This point must be considered and decided on for (a) atomic single decay isotopes (b) atomic sequential decay series and (c) hot particles. (*)

Transmutation
 One mechanism which is entirely absent from ICRP deliberations results from the effect of the radioactive decay process changing one atom into another. There are three common radioisotopic pollutants where this effect is likely to have serious consequences. They are Carbon-14, Tritium and Sulphur-35. All three are major components of enzyme systems and critical to the processes which are fundamental to living systems. What evidence is there that transmutation of a bonded internally incorporated radionuclide has no significant biological consequence? (*) What is the radiological significance of transmutation? (*)

Increase of dose due to particle transfer across the placenta

The size of particle which may be transferred across the placenta has not been determined. Recent unpublished research suggests that particles as large as 100nm (0.1) pass across the placenta into the foetus. For early developing foetuses, the local doses from particles of plutonium oxide or other alpha emitters will be massively high and may result in a range of effects from foetal death and early miscarriage to effects in childhood. Plutonium particles are common contaminants in the atmosphere near the Irish sea and other areas close to nuclear plants. What is the limiting size of particle that can cross the placenta? (*)

3.2 Epidemiology, fallout and the present cancer epidemic

Evidence from Wales suggests that the present cancer epidemic is a consequence of the 1960s exposure to weapons fallout. Cancer in Wales increased in a temporal pattern which correlated with the cumulative exposure to Sr90 twenty years earlier. The correlation coefficient is high and the relationship suggests an error in the risk models of 300 times. In addition, breast cancer incidence and mortality exhibits a cohort effect which suggests Strontium-90 as a cause. The chemical affinity of Sr90 and its high levels in milk in the 1960s are additional factors. Is cancer mainly an environmental disease? (*) Is there sufficient scientific evidence to exclude the exposure to Sr90 in global fallout or from other sources as a significant component in the cancer epidemic? (*) What is the likely cause of the present cancer epidemic? (*)Is breast cancer caused partly by environmental factors? (*) Is there sufficient scientific evidence to exclude the exposure to Sr90 in fallout or from other sources as a significant component in the breast cancer epidemic? (*) Green Audit has been able to show that there is evidence that the children born to those who were themselves born over the peak years of global weapons fallout have a higher risk of developing  leukemia. The numbers used for this study were small and obtained from a leukemia charity. Attempts to obtain the data from ONS have failed. Could we have the weight of the committee behind an effort to obtain this data? (*)

3.3 Epidemiology and nuclear sites

Reprocessing plants

There are statistically significant childhood leukemia excesses at Sellafield, Dounreay and La Hague. Childhood cancer is high near Sellafield. There are many other nuclear site childhood leukemia clusters e.g. Aldermaston, Kruemmel. These collectively suggest an error in the Hiroshima risk model of about 300-1000 times based on an aggregate of external and internal dose as calculated by NRPB and COMARE.  The most studied of these sites is Sellafield, which has come to be a representative case for the discussion.  

There is a large question mark over internal doses from inhalation of radioactive material in the air. Here the calculations of internal doses made by NRPB and used by COMARE to exonerate the radiation from the leukemia in COMARE IV have not been published nor peer-reviewed. 

The committee should address the following issues. What is scientific method? (*) Has scientific method been used properly in the evaluation of the evidence from the nuclear site leukemias? (*) Should the doses to the lymphatic system of children living near Sellafield be calculated using a model which averages the energy over a large mass of tissue or should the energy be averaged over the tracheobronchial lymph nodes or smaller tissue volumes? (*) Should the full calculations supplied by NRPB to COMARE be made available? (*) Should COMARE have published a report on the Sellafield leukemia cluster the conclusion of which was used for policy making but which was based on an unpublished, unchecked and confidential calculation by NRPB? (*) Should COMARE be made accountable for this behaviour? (*) Is the population mixing theory an adequate explanation of the nuclear site leukemia and cancer clusters? Is the most likely cause of these, radiation exposure? (*)

Recent epidemiology of populations living near the Irish Sea

A three year study of cancer in Irish Sea coastal populations in Wales and Ireland by Green Audit supported by the Irish government revealed significant excess risk associated with living close to the sea in areas where there was measured radioactive contamination from Sellafield. Using data from Wales Cancer Registry Cancer 1974-89 Standardised Incidence Ratios (SIR) were calculated for 100 small areas in Wales and related to proximity to the coast, rainfall, radon, plutonium in soil, plutonium in grass, plutonium in air modelled on Harwell measurements, Carstairs deprivation, Welsh index of deprivation and altitude. Temporal and spatial development of variation in risk followed releases from Sellafield and proximity to coastal areas where they concentrated. For all the different cancers studied (with one or two exceptions) there was a sharp and significant excess risk very close to the coast, particularly in children and particularly in towns in north Wales close to known offshore sediment banks contaminated with radioisotopes. For children, brain tumour and leukemia risks in some small coastal areas were extremely high. The trend with distance from the coast was the same as that for sea to land transfer of plutonium particles and also the penetration of salt spray particles inland. 

In a study of Irish National Cancer Registry 1994-1996, small area data was supplied by the Irish Government. SIRs were calculated for these small areas and aggregates of areas were made into bands by distance from the sea with transects from east to west, west to east and south to north.

Results showed significant sea-coast effect on cancer in women of all ages for the east coast but not the south or west coasts. For men, the effect existed in young men but not older men. The trend with distance from the sea on the east coast was similar to that found in Wales. In a separate high resolution questionnaire study of Carlingford, Co Louth, cancer cases were mapped in an area where Sellafield pollution was concentrated in offshore sediment.  Results  showed that the trend in cancer was similar to the trend in sea to land transfer of plutonium. The effect was extremely local, and showed itself in a 100metre band near the contaminated intertidal sediment.

The only explanation available for these findings is that sea to land transfer of plutonium and other material produces airborne particulate radioisotopic pollution  which is inhaled or ingested by those living near coasts where this material is present. Sellafield discharges of plutonium to the Irish Sea become associated with fine particles of silt and sediment and it is the factors which affect the distribution of these particles which decide where the material becomes deposited. The main factor is tidal energy rather than distance from Sellafield and so certain parts of the Irish and Welsh coasts have become contaminated due to the existence there of low tidal energy conditions.  Wave action and wind cause these contaminated particles to be resuspended and driven ashore. The trend in plutonium concentration with distance from the sea correlates with the trend in cancer in all the above studies. 

Questions for the committee include: Does plutonium and other material discharged to the Irish Sea from Sellafield attach to the fine particles and become deposited in offshore mud banks and estuaries where low tidal energy conditions exist? (*) Does this material end up in the bodies of people living near the shores of the Irish Sea and further inland through sea-to-land transfer? What is the evidence that this occurs? (*) What is the form of the plutonium and other isotopes involved in sea to land transfer and which part of people’s bodies does the material end up in? (*) What evidence and arguments are there that would suggest that sea to land transfer of plutonium and other isotopes discharged to the Irish Sea would not represent a risk of cancer in populations living near the shores of the Irish Sea. (*)

Recent epidemiology of coastal nuclear sites

Green Audit has studied cancer mortality 1995-99 near three coastal nuclear sites in the UK, Hinkley Point, Oldbury and Bradwell. The purpose was to see if proximity to contaminated mud banks and estuaries was a risk factor for cancer mortality. Results confirmed a statistically significant trend in prostate, lung and all cancers with distance from the contaminated mud bank near Hinkley Point. There were breast cancer and prostate cancer mortality clusters of about twice the national expected value in the town closest to the contaminated sediment, Burnham on Sea. The figures have been largely confirmed by work of the Somerset Health Authority but the cause has been disputed. Preliminary work on Bradwell identified a similar breast cancer cluster in the town of Maldon, also the town closest to the highest level of contaminated sediment. Does plutonium and other radioactive material discharged to the sea or estuaries from coastal nuclear sites end up in sediment on the shores of the coast or in estuaries? (*) Does the radioactivity find its way into the bodies of people living near the shores of the sea through sea-to-land transfer? (*)Is there any evidence that shows that this exposure route has no effect on cancer rates in those exposed? (*)

Childhood leukemia near coastal mud banks and estuaries

In 1990, Ray Cartwright et al. studied childhood leukemia in populations living close to estuaries and the sea. The study hypothesis was that radioactive contamination might be the cause of childhood leukemia and that those living near the sea and estuaries suffer excess risk. The results confirmed the hypothesis. For some reason the study excluded north Wales where Green Audit later found significant child leukemia clusters in towns close to Sellafield coastal contamination. Child leukemia excess associated with living near the Hinkley Point site was identified in the late 1980s by workers at Somerset Health Authority. Viel’s case control study of childhood leukemia near La Hague identified playing on the beach as a risk factor. Green Audit recently discovered a significant child leukemia excess on the Welsh coast near Chepstow, on the estuary of the river Wye where there are contaminated mud banks. Is there any evidence that childhood leukemia risk is not associated with exposure to radioactive material resuspended from coastal intertidal sediment and inhaled? (*) Why did Ray Cartwright not use his study to inform the protocol of the UKCCCR study of childhood leukemia which he managed? (*) Should this situation be investigated? (*)

3.4 Hot Particles and their local dose effects as explanations: plutonium in humans

Following the discovery in the 1980s of sea to land transfer there have been some studies which indicate that plutonium contamination from this source is significant. These include the Eakins and Lally studies of sheep droppings which show the trend in plutonium from the west to east coasts across the country, the local plutonium in air coastal studies of Eakins et al, the Nick Priest study of plutonium in children’s teeth by distance from Sellafield and the Popplewell autopsy studies which show that the tracheobronchial lymph nodes are where the material concentrates. Plutonium and Uranium Oxides exist in the environment as long-lived, virtually insoluble micron sized particles, capable of suspension in air and of travelling long distances.  There is evidence of plutonium dispersion from Sellafield in the various Cawse and Horrill grassland and soil surveys. Further, there is evidence from the AWE reports of high activity particles (up to 60,000Bq/kg of beta, 2000Bq/kg alpha) being trapped in passive airshade filters in Berkshire near Reading and Aldermaston.

 Evidence from the Airborne particles research group in Birmingham and other studies suggests that about 30% of all PM10 particles in the UK originate from the sea. Added to this is the recent discovery made by CEFAS that a significant percentage of the plutonium inventory of the Irish Sea is missing. In addition, Henshaw and researchers at Bristol have shown that radioactive and other particles are attacted by high voltage power lines and that there is a significant effect on the risk of lung cancer downwind of such high voltage regions. These indications, taken with the cancer epidemiology from the coastal populations suggest that the distribution and dispersion of radioactive particles in the environment may result in local areas of concentration and excess cancer risk. A number of questions follow. What factors affect the dispersion of micron sized radioactive particles? Is there evidence that plutonium from the Irish Sea is ending up inside people in England and Wales? (*) What is the likely provenance, identity and size of the radioactive particles found in airshades near Aldermaston? (*) What evidence is there that plutonium particles trapped in the lymphatic system do not represent a cancer risk? (*) What research could be recommended to investigate the hypothesis that plutonium and other radioactive micron sized particles in air are a cancer risk? (*) What is the limiting size of particle capable of transfer across the placenta? (*)

3.5 Unequivocal evidence: Chernobyl infants and NRPB’s response
There is unequivocal evidence for the existence of an error of 100 to 500-fold, capable of supporting the contention that the nuclear site clusters and other evidence of serious harm from low level internal radiation exposure. This is the set of studies showing increases in infant leukemia after Chernobyl in five countries: Greece, Germany, US, Scotland and Wales. A study by Molly Scott Cato and Chris Busby compared the predictions of the NRPB/ ICRP leukemia model with the observed cases based on estimates of the exposure published by NRPB and WHO. Results showed a 100-fold error based on the first year of life, which would extend to about 500-fold if the risk continued in the cohort. Because the effect occurred with statistical significance in five countries, the overall significance was extremely high (p<0.0000000001) Thus it was not a chance finding. Because the cohort was so tightly specified, those who were in utero over the period of the internal contamination, the effect could only be due to the radiation exposure.

The results across the different exposure groups and countries showed a biphasic dose response relation. The observations demonstrate unequivocally that the ICRP risk model for this exposure are invalid.This observation was communicated with COMARE in 1999. Their transgenerational effects group (Prof R Cartwright and Dr G Draper) rejected it as unlikely. Following publication of the report in Energy and Environment and its invited presentation ate the WHO conference on Chernobyl in Kiev, NRPB wrote a criticism of the finding and its significance. This criticism, written by Colin Muirhead and defended by Roger Clark in letters to Green Audit, is based on the defence that ‘the children who developed leukemia might have received a much larger dose’ than that provided by NRPB which the calculation of expected numbers was based upon. This is a critical judgement since it undermines the whole area of radiation risk assessment. Is it possible to maintain the present linear risk model for cancer causation by radiation but also say, if it fails to predict the correct number of cancers, that this anomalous result is not a failure of the risk models but due to the cases being caused because they received a higher than average dose? (*) Does the observation of increased infant leukemia in five countries following Chernobyl show that the risk models of ICRP for radiogenic leukemia are in error by upwards of 100-fold? (*)

Minisatellite mutations following exposures

The application of the minisatellite DNA test (developed by Jeffreys et al) to exposed populations has revealed that there is unequivocal evidence of significant mutation on the minisatellite DNA in offspring of people exposed to low level internal radiation from the Chernobyl accident. The latest study by Weinberg et al uses a sibling control and shows a 600-2000-fold error in the perception of germline mutation risk from ICRP models and the LSS studies. Such mutations in swallows have been shown to be associated with phenotypic changes and so have to be taken seriously as a measure of the damage caused by low level radiation. What is the significance for radiological protection of the minisatellite mutation increases in offspring of people exposed to low level radiation from Chernobyl? (*) What size of error in the ICRP risk model does such a finding indicate? (*)

3.6 Non cancer effects

Non-cancer weapons fallout effects

Increases in infant mortality in UK and US suggest internal radiation causing developmental and genetic effects (Whyte, Sternglass, Busby). E.g. the relation to Sr-90 and the mouse evidence of Luning, the Russian Sr-90 rat evidence and congenital heart defect infant mortality in England and Wales (see Wings of Death). We also draw attention to non-cancer effects of internal irradiation and more recent evidence from Chernobyl and also Sternglass’s recent work on infant mortality near US nuclear sites. Has the ICRP model adequately considered non-cancer effects of internal irradiation? (*) Has ICRP or other risk agencies like BEIR or UNSCEAR considered the non-cancer health consequences of exposure to global fallout or Chernobyl  exposure which include birthrate, birthweight, perinatal and infant mortality, IQ effects and genetic damage echoes? (*) Has ICRP discussed the evidence that low level radiation causes infant mortality? (*) Will the committee recommend that this area is addressed? (*)

4. Deduction and Induction

The ICRP begin with the physical model, which is then calibrated using the external exposures of Hiroshima. This yields a health dose model. When real world observations (Sellafield etc.) show effects which are too large for the model, it is the real world which is discarded and the model which is retained (through adopting population mixing explanations etc.). This is a deductive process: it is deduced from the model that the Sellafield leukemias cannot be caused by radiation. The inductive scientific method, on the other hand,  requires that we should start with the observation and move from there to the model. If the observation shows cancer and leukemia following exposure then we should look to find a model that explains how and reject one that does not. This is what we have done.

5. Summary and conclusion

This paper was requested by the secretariat and is a position paper for Green Audit and the Low Level Radiation Campaign. It starts from the position that the theory on which the ICRP risk model from internal emitters is based is fatally flawed because the model makes the averaging assumption that all cell doses are equal and are equally temporally fractionated. If these averaging assumptions are invalid, because of cell effects, then the epidemiology on which the ICRP risk model is based, that of external irradiation, is not applicable to internal exposure. It is remarkable that the NRPB position document on this issue devotes only 330 words out of 2090 to the issue of epidemiological studies informing the risk issue. In distinction, and using scientific induction, we argue from epidemiology. There is now a large body of evidence that supports the view that there is significant risk from internal emitters at low dose. We cite evidence through the cancer epidemic and its origins to the reprocessing site cancer and leukemia clusters to recent unequivocal results from Chernobyl and from small area studies near coastal nuclear power stations and areas of radioactive pollution.  In this paper we have indicated with an asterisk (*) where we will ask the committee to make a statement of agreement or disagreement with recommendations for research. It has been necessary for reasons of space to keep this paper as short as possible, and so a number of questions and items of evidence have been omitted.
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