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INTRODUCTION

The ninth international conference on “Health Effects of Incorporated Radionuclides – Emphasis on 
Radium, Thorium, Uranium and their Daughter Products” HEIR 2004 was held at GSF–National 
Research Center for Environment and Health, Neuherberg, Germany, from November 29 until 
December 1, 2004.  
The growing popularity of this topic among the scientific community, especially the radiation 
protection community, was demonstrated by the largest number of participants in comparison to the 
earlier conferences. In all, there were 157 participants from 20 different countries of the world. In the 
conference 62 scientific and 12 posters presentations were included in 13 sessions. The scope of the 
conference covered studies related to the long-term follow-up of thorotrast subjects in Japan, Germany 
and Portugal, and also of the subjects exposed to Ra-224 for the treatment of bone tuberculosis and 
ankylosing spondylitis. The studies and discussions on these topics are important in view of the large 
number of liver cancers observed in the thorotrast patients and the number of bone cancers in the cases 
treated with Ra-224. A growth stunting was also observed for the subjects who received the Ra-224 
injections early in their lives. Besides atom bomb survivors, the data from thorotrast patients could 
well help towards a better understanding of the health effects of irradiations.  

In addition to the scientific presentations on the above topics, there were a number of presentations on 
the incidence of lung cancer from radon exposure of miners and plutonium exposures causing lung 
cancer among the Mayak workers in the Russian Federation. 

Other stimulating presentations were on the tissue damaging mechanisms of alpha particles, having 
very high L.E.T., and also the related radiation weighting factor in comparison to beta and gamma 
radiations. There were also interesting presentations on the topics of uncertainties involved in the 
internal dose assessment from radiation exposure and the possible solutions to minimize the errors due 
to uncertainties and make radiation protection more effective. 

Also discussed were the main challenges and problems encountered in radiation protection regarding 
the possible questions posed and the decisions needed to be taken in understanding processes such as 
the 1) tumour induction from external and internal exposures, 2) prediction of risk for the ingestion 
from long-lived radionuclides and 3) whether a chronic exposure is equivalent to the sum of acute 
exposures. There were also a few, but very important presentations on the development and 
applications of highly sensitive analytical techniques for measuring Th, U and Pu in biological 
matrices such as body fluids. 

A couple of papers were presented on the current challenges of the twenty-first century to assess the 
exposure of humans to depleted uranium and to understand its mechanism of interaction with humans 
including any possible harmful effects. 

This conference has set the tone for further in-depth studies into the interaction of alpha-emitters with 
tissues and organisms for realistic dose assessments and to make internal dosimetry for radiation 
workers and the general public even more effective. It is hoped that there will be another occasion of 
this nature, e.g. a tenth international conference, to discuss this important topic again. 

The Proceedings Editors of HEIR 2004 
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IN MEMORIAM WOLFGANG GÖSSNER 

In acknowledgement of his efforts the organising committee had decided to honour Professor 
Wolfgang Gössner by dedicating the HEIR 2004 meeting to the occasion of his 85th birthday. 
Professor Gössner was a driving force behind the organisation of this HEIR 2004 meeting. He realized 
that the torch of enlightenment had to be passed to the next generation, and was determined that the 
founders and leading lights of the field take a last opportunity to share their experience and knowledge 
with the next generation of scientists. Tragically, Wolfgang Gössner was not able to participate in the 
scientific proceeding he so carefully helped to plan. After a brief illness he passed away on 
25.11.2004, only four days before we started this event honouring him. We are sure that many of the 
participants took the opportunity of coming together in Neuherberg to remember not only the great 
man, but also his eminent scientific work and his vision for the future development of our work. 

All who came into contact with Professor Gössner will remember him for his drive and vision in 
tackling the challenging problems of the health effects of internally deposited radionuclides. As an 
active clinical pathologist he was able to resolve many of the critical questions on radiation-induced 
cancer. In particular he was instrumental in validating the applicability of animal models as an 
experimental tool. Indeed, he was one of the pioneers of the use of mouse models of human cancer, 
now a major field in itself. Through these studies he played a major role in developing our 
understanding of the aetiology of radiation induced osteosarcoma. Important though this is, perhaps 
his most impressive legacy will be his contribution to the PATHBASE archive of animal pathology. 
Here he was instrumental in applying human diagnostic parameters and classifications to animal 
disease, opening new avenues to the use of in vivo models of human disease. 

We and all colleagues in this field with never forget Wolfgang Gössner and his excellent contributions 
to radiation sciences. 

The Organizing and Scientific Committees of HEIR 2004 
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IN MEMORIAM WOLFGANG GÖSSNER 

On behalf of the Services of the European Commission and, particularly the Unit “Nuclear Fission and 
Radiation Protection”, I should like to express our sadness at the untimely death of Professor Gössner 
and convey our condolences to his family and friends at this difficult time. 
Professor Gössner was associated with radiation protection research in the European Commission for 
more than four decades. During the early sixties, he was a member of the Commission’s radiation 
protection research team and helped Sir Raymond Appleyard build up this programme from scratch. 
He subsequently moved to GSF and the University of Munich but maintained strong links with the 
Commission’s research programme thereafter.  For more than three decades, he represented the 
German Federal Government as a member of the Management and Advisory Committees of the 
Radiation Protection (and subsequently Nuclear Energy) Research Programmes.  
It is impossible to outline in a few words the crucial contribution that Professor Gössner made to 
European collaboration and research. He decisively influenced the direction of Community radiation 
research, in particular helping it confront new challenges such as those arising after the Chernobyl 
accident and the development of new insights into the mechanisms of carcinogenesis.  He had great 
foresight and an ability to think holistically; this is best exemplified by his linking of morphology to 
the now more fashionable approaches of molecular and cellular biology. This greatly facilitated 
gaining technical and political support from the European Institutions for the Commission’s research 
proposals in this area.. Professor Gössner also played an active and creative role in the Programme 
Committees – he was highly respected for his depth of knowledge and wisdom in identifying how a 
change in emphasis or direction of a project could greatly enhance its efficacy. He also attached much 
importance to how institutes or laboratories from new Member States could be effectively integrated 
into the main stream of European research. His personal and negotiation skills were also well 
developed and he was often the calming voice in Committee, in particular when a balanced 
compromise was needed between very divergent and strongly argued positions. 
Professor Gössner was a founding and long-standing member of the Council of the European Late 
Effect Project Group (EULEP) which has contributed greatly to the integration of European research 
in this area.  His continuing, active contribution to EULEP will be sorely missed, as will his 
contribution more generally in the field of radiobiology. Many of us had expected to renew our 
acquaintances with Professor Gössner at this conference and continue past discussions – sadly, this 
was not possible.  He shall, however, be remembered by us all as an outstanding scientist and friend 
and, by Commission staff in particular, both past and present, for the major contribution he made to 
the success of Community research in the area of radiation protection over several decades. 

Georg Gerber, Former Head of Unit “Radiation Protection” 
Hans Försstrom, Head of Unit “Nuclear Fission and Radiation Protection” 
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CHARLES MAYS MEMORIAL LECTURE 

Status and Problems of Risk Assessment for 
Incorporated Alpha-Emitters 

D.T. Goodhead 

c/o Medical Research Council Radiation and Genome Stability 
Unit, Harwell, Didcot OX11 0RD, United Kingdom 

e-mail: d.goodhead@har.mrc.ac.uk

Abstract: At one extreme of radiation exposure to people is 
uniform whole-body irradiation with external sparsely-ionizing 
gamma-rays delivered at high dose rate and giving moderate or 
high doses. At the other extreme in almost every respect is 
exposure to alpha-emitting radionuclides in the body. Alpha 
emitters raise many conceptual and practical problems in 
dosimetry, understanding of biological effects and assessment of 
health risks. The use of a unified system for dosimetry and risk 
assessment of all ionizing radiations has clear advantages but also many limitations, some of which are 
discussed.

1. Charles (‘Chuck’) Mays 

This paper is presented with tribute to Professor Charles W Mays (1930-1989), who was amongst the 
first to recognise the importance of understanding the health effects of alpha-emitting radionuclide 
within the body. The following extracts are from his obituary written by Albrecht Kellerer and Heinz 
Spiess [1]. 
“Charles Mays had been largely responsible for the organisation and the success of the earlier 
international Symposia on Radium and Thorotrast. These symposia were initiated in Sun Valley in 
1967 and then continued ....” 
“[Bethesda (1988) was] the last symposium to be to be prepared and organised [by him].” 
“The meetings have marked the scientists’ efforts to respond to the need of an era in which mankind 
has to live with not only the potential but also with the dangers of radionuclides. Charles Mays 
embodied perhaps more than anyone else, the spirit and obligations of this challenge.” 
“Shortly before the Sun Valley conference Chuck had discovered a German publication on the patients 
who had been injected with radium 224 and who had subsequently incurred a high frequency of bone 
sarcomas. He recognised the full implications immediately, and with rare vigour and scientific passion 
he embarked on a close cooperation that has never ceased and that made the work on radium 224 the 
centre of his scientific career.” 
“The radium 224 study motivated important experimental investigations at the GSF, in which [he] 
remained intimately involved and .... at the University of Utah he conducted a highly important series 
of experiments on the comparative effectiveness of different radionuclides in beagles.” 
“... when he took a position at the Radiation and Epidemiology Branch of the NCI at Bethesda. He was 
then, more than ever, determined to bring together the accumulated epidemiological and experimental 
data on the effects of incorporated radionuclides.” 
“His enthusiasm was based on an uncommon ability to find in any issue a positive aspect.” 

2. Introduction 

All people are exposed to internal irradiation by alpha particles from natural radionuclides taken into 
the body by ingestion and inhalation. Notable examples are inhalation of radon gas from the earth and 
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its short-lived decay products, which accumulate in homes and working environments, and ingestion 
of polonium in food as a product of the natural uranium series of primordial radionuclides in the earth. 
In addition, there is some exposure from intakes of man-made radionuclides, such as plutonium from 
past atmospheric tests of nuclear weapons, but these are normally at a very much lower level, except in 
a few particular situations of high occupational intake. Due to their relatively low velocity (high mass) 
and double charge, alpha particles travel only very short distances in matter compared to most other 
radioactive emissions; ranges are typically 40-80 m in body tissue. The energy of an emitted alpha 
particle is rapidly transferred as a very high density of ionizations (and excitations) of the molecules 
along its short path. The precise positions of the decaying radionuclides therefore determine what parts 
of the tissue and body can be directly damaged by this high-linear-energy-transfer (high-LET) 
radiation. An additional feature is that in most practical situations the radioactive decays are few and 
far between, so the insult to the tissue is highly inhomogeneous and spread over a long time.  

Due to the above properties alpha-emitting radionuclides raise many conceptual and practical 
problems in dosimetry, understanding of biological effects and assessment of health risks. Their 
properties present an extreme contrast with the fairly uniform whole-body radiation exposure to 
external sparsely-ionizing (low-LET) gamma-rays delivered at high dose rate and giving moderate or 
high doses, as experienced by the atomic-bomb survivors and which form the main basis of standard 
risk estimates for human exposure to all ionizing radiations. 

3. Estimation of radiation risk 

Epidemiological studies of human populations exposed to ionizing radiation provide the main basis for 
estimation of radiation risk [2]. Such studies have identified induced malignancies (‘cancer’) in many 
tissues of the body as the main health risk, although non-cancer risks are now also becoming more 
apparent [3] and a notional component of risk is also included for hereditary effects. The most 
comprehensive source of data on cancer induction by radiation has been the survivors of the atomic 
bombs in Japan, and these have been supplemented by many other more limited studies, including of 
people previously exposed to radiation for medical purposes.  

From this epidemiological basis, the International Commission on Radiological Protection (ICRP) has 
developed its general scheme for estimation of risk for radiological protection [4]. In essence, the 
scheme starts with the primary risk coefficients for individual tissues derived from the main 
epidemiological data, especially from the A-bomb survivors, and then multiplication by a specified 
radiation-weighting factor (wR) for other types of radiation, to provide the nominal risk coefficients 
per sievert (Sv) of equivalent dose to each tissue (or organ). For alpha particles, ICRP has specified 
that wR = 20 as their judgement from a variety of experimental evidence on the relative biological 
effectiveness (RBE) relative to low-LET gamma- or X-rays. To obtain an estimate of whole-body risk, 
the individual organ equivalent doses are first weighted by the tissue weighting factors (wT), specified 
by ICRP to represent the relative radiation sensitivities of the individual tissues according to the 
epidemiological data (mainly A-bomb); the sum is then multiplied by the ICRP nominal risk 
coefficient per Sv effective dose to the whole body.  

For application to internal radionuclides, the ICRP prescribes for specific intake pathways (inhalation, 
ingestion) a series of biokinetic models, to estimate the time-dependent concentration of each 
radionuclide in each tissue, and dosimetric models to obtain first the corresponding absorbed dose (in 
Gy) from each type of emitted radiation in the source tissue as well as by cross-fire from other tissues. 
Multiplication by wR, and wT, then provide the tissue dose coefficient (Sv/Bq), and the body dose 
coefficient (Sv/Bq), for the specified intake pathway of each radionuclide. Hence the risk from a given 
intake is estimated as the product of the activity (Bq) of the intake, the corresponding dose coefficient 
and the nominal risk coefficient. 

Overall this is a complex, but crude, system designed to achieve additivity of risk for all exposures, 
external, internal and irrespective of radiation quality or mode of delivery. It provides convenience for 
regulation and practice, particularly for rough planning purposes in radiological protection. However, 
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it is likely to hide errors and uncertainties and these may be particularly large for some internal 
emitters of short-ranged radiation, such as alpha particles. The ICRP has stated that the system is 
intended primarily for prospective planning purposes in situations where doses are likely to be 
substantially lower than dose limits. For other situations the ICRP [4] has warned and recommended 
as follows: 
“For the estimation of the likely consequences of an exposure of a known population, it will 
sometimes be better to use absorbed dose and specific data relating to the relative biological 
effectiveness of the radiation concerned and the probability coefficients relating to the exposed 
population.” 
In its recent report, the Committee Examining Risks of Internal Radiation Emitters (CERRIE), 
expressed concern that the ICRP system and its quantities and units were often applied without 
qualification or recognition of uncertainties in a wide range of inappropriate circumstances. The report 
[5] said: 
“these [above ICRP] recommendations should be properly understood, and applied to situations where 
doses approach dose limits, in retrospective dose assessments, and in the interpretation of 
epidemiological data. In many such circumstances consideration of uncertainties would be important. 
In particular, it needs to be appreciated that effective doses cannot be used in the evaluation of specific 
causes of cancer...” 

More detailed estimations of risk for specific situations can be approached with many variations, but 
these are underused at present. All too often the ICRP system is applied with little or no modification 
for the specific situation or recognition of its limitations. Given the prescriptive nature of the ICRP 
approach and its rigid definitions of quantities and units, questions may also be raised about the 
legitimacy of using these named quantities and units in any approaches that deviate at all from the 
specific ICRP prescriptions. International guidance appears to be needed in this area, to provide agreed 
or acceptable ways for carrying out specific assessments while maintaining transparency and 
comparability with other assessments. These issues are particularly pertinent to alpha emitters and the 
present conference continues to advance the field in accordance with the insights of Chuck Mays. 

4. Alpha particles in a unified scheme 

Is it reasonable to include alpha-emitters in a unified scheme for estimation of radiation risk, such as 
the ICRP scheme, which is based primarily on extrapolation of observed risks of external, low-LET 
radiation? There are massive differences between the two situations (protracted internal alpha particles 
versus acute external gamma rays) in almost every respect, except that they are both ionizing 
radiations! There are huge spatial differences in the insult to biological material over all dimensions 
from nanometres to metres. There are huge temporal differences through from picoseconds to decades. 

In considering some of the differences between alpha particles and gamma rays, emphasis here will be 
put on the subcellular and cellular scales of biological organisation. This is because the two main 
paradigms of radiation carcinogenesis both assume that the main primary carcinogenic action of the 
radiation is at the single cell level: either as the stochastic induction of a rare mutation (eg ‘initiation’) 
early in the multistage carcinogenesis process, or as the higher frequency induction of genetic 
instability in a cell whose progeny may then have an enhanced probability of undergoing the 
multistage changes. There may, of course, also be a role for local tissue-environment alterations and 
intercell communication, but these too are likely to originate from subcellular radiation damage. 

5. Nature of alpha particle damage 

A key feature of relevant environmental and occupational exposures to internal alpha emitters is that 
the insult to the tissue is quantized through a relatively small number of discrete alpha particles, 
mostly far apart in space and time. Thus, any given individual cell is very unlikely to be hit by an 
alpha particle but, if it is hit, it is likely to experience only the single alpha particle traversal. In order 
to stand any chance of being hit, the cell must be within range of the emitting radionuclide, i.e. within 
a few cell diameters of it. When a cell is hit, however, the insult is inevitably very substantial, causing 
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several hundred closely-spaced ionizations in molecules along the track of the alpha particle through 
the cell [6,7]; the typical absorbed dose (energy/mass) to a traversed cell nucleus is 0.2-0.5 Gy. The 
vast majority of the cells in the tissue remain unhit and the few hit cells are unlikely to receive a 
second hit, even over a very long period of time. For example, for occupants of a home with the USA 
action level concentration of radon (150 Bq m-3), the nuclei of the most exposed cell type in their lungs 
have been estimated to receive on average less than 0.03 alpha-particle hits per cell per year [8]. 

So a key question is: what damage can a single alpha-particle do to a cell and what subsequent organ 
harm can later result from one or a few damaged cells? Experimental studies provide the clear answer 
that a single alpha particle alone can produce almost any known radiation effect in a cell. On average, 
it will produce in a traversed cell nucleus several hundred single strand breaks (SSB) in the DNA and 
about ten double-strand breaks (DSB), most of which will have additional complexity [9]. These can 
result in killing or inactivating the cell (by apoptotic or necrotic mechanisms or inability to divide 
successfully) or, if the cell survives, in it having one or more gene mutations, chromosome 
aberrations, undergoing neoplastic transformation, propagating an induced genomic instability to its 
progeny cells and/or transmitting to its neighbouring ‘bystander’ cells a variety of signals that can alter 
their behaviour. Thus, a single alpha particle has the potential to cause any of the single-cell changes 
that are associated with radiation carcinogenesis, most notably mutations or induced instability. There 
should be no dose threshold for such effects because any hit cell itself receives a sufficiently high 
dose. The number of hit cells will increase approximately linearly with the overall tissue dose, i.e. with 
the fluence of the alpha particles. The main factor that can act against an alpha particle causing a 
carcinogenic change in the hit cell is the probability of that same cell being simultaneously inactivated 
so that it is unable to produce viable progeny carrying deleterious changes. 

Most of the above features are in strong contrast to those of low-LET gamma or X-rays, which cause 
their damage via the electrons that they set in motion in tissue. At most environmental and 
occupational levels of exposure, individual cell nuclei are unlikely to be traversed by more than one 
electron track over a fairly extended period of time, the hit rate being of the order of one electron track 
per cell nucleus per year for a low-LET environmental dose-rate of 1 Gy (1 Sv) per year [7]. (An 
electron track is defined as a primary electron and any secondary electrons that it may produce.) But a 
single electron track on average delivers a mere ~0.001 Gy to the cell nucleus and on average it 
produces only about one SSB in the DNA of the cell and only ~0.04 DSB/cell. The probability of 
adverse consequences to the cell is extremely small and it remains a matter of debate whether or not 
the single electron alone can cause carcinogenic changes. The stark spatial differences in damage 
distribution between high-LET alpha particles and low-LET electrons are apparent at all levels of 
biological organisation from the DNA up to the whole tissue level, over dimensions of a few 
nanometres to many centimetres. Alpha particles produce narrow tracks of very closely-spaced 
ionizations (~ 5 ionizations per nanometre) over the short particle range of a few tens of micrometres, 
leading to strong correlations of damage within the two strands of DNA, across the higher order DNA 
structures, between separate chromosomes, across the cell and between the few adjacent cells within 
the particle range. By contrast, the electrons from low-LET radiations scatter their ionizations sparsely 
through the cells and tissue, producing relatively few correlations of damage within an electron track. 
Their most significant correlations are at the DNA level: low-energy secondary electrons are 
frequently produced, with sub-micrometre ranges, and these electrons are individually quite efficient 
at producing modest clusters of ionizations over the dimensions of the DNA helix. It is this clustering 
property that sets ionizing radiations apart from endogenous DNA-damaging processes [6]. These 
local clustered ionizations are quite efficient at producing DSB, about 50% of which from low-LET 
radiations have been estimated to have some additional complexity by virtue of an additional strand 
break or base damage within a few base pairs [10]. Although alpha particles are not significantly more 
efficient than electrons at producing DSB per unit absorbed dose to the overall sample of cells or 
tissue, the much greater ionization clustering in the alpha-particle tracks results in a much larger 
proportion of the DSB being complex and also to considerably greater degrees of complexity with 
multiple additional breaks and base damages [11]. The DSB from alpha particles are more difficult 
and slower to repair [12] and, together with the high correlation of DSB along the alpha-particle track, 
this leads to a high proportion of complex chromosome aberrations that involve rearrangements 
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between more than two breaks in two or more chromosomes in the cell, following the traversal of a 
cell by a single alpha particle [13]. By contrast, with low-LET radiations, complex chromosome 
aberrations become significant only at very high doses of a few Gy [14]. 

A single electron has a minimally small chance of inactivating a cell through which it passes. In strong 
contrast an alpha-particle has a high propensity to inactivate, and such a cell cannot then continue to 
produce viable progeny cells to propagate any mutations, aberrations or induced instability that the 
same alpha particle may have induced in it. This single-track killing probability must serve to reduce 
the carcinogenic potential of the alpha particle. Experimental data with a wide variety of cell types in
vitro have shown that the probability of a single alpha particle killing a cell, through whose nucleus it 
has passed, can vary from less than 10% to essentially 100% killing [15]. On this basis alone, it might 
be expected that the carcinogenic effectiveness of alpha particles would be highly cell-type and tissue-
type dependent and that the RBE for cancer induction, relative to low-LET radiations, might depend 
greatly on the tissue in question. In the above in vitro data [15], haemopoietic cells tended to be near 
the extreme end of sensitivity to killing by a single alpha particle; this observation might lead to the 
expectation of a low RBE for induction of haemopoietic malignancies such as leukaemias. 

The above discussion illustrates just some of the huge differences that exist between exposures to low 
levels of alpha particles as compared to electrons from low-LET radiations. The extrapolation of risk 
from the A-bomb survivors to internal alpha-emitters is truly enormous. Some other aspects also are 
illustrated in the Table, which considers a comparison of 200 mGy (200 mSv) from external whole-
body gamma-irradiation (such as received acutely by the A-bomb survivors, for whom there are robust 
epidemiological observations of risk) and 1 mGy (20 mSv) to a tissue from protracted decay of 
internal alpha-emitting radionuclides (such as may occur in the lung from typical radon levels in 
homes). In the ICRP scheme all these differences, and several others, are represented by only 3 
parameters: dose, wR, and wT!

Target  200 mGy external   1 mGy internal from alpha-emitters 
Volume   gamma-rays               (20 mSv equivalent dose) 

    (200 mSv)______________________________________________________
Whole body All irradiated      Very small proportion irradiated 

Organs  All irradiated          Only selected organs irradiated (biokinetics) 

Irradiated All cells irradiated            Highly non-uniform 
organ  (similar dose to each) Average           Most cells (>99%)       Few cells (<1%)
     v low dose   Zero dose  High dose 

Cell nucleus ~200 electron tracks ~0.05 alphas   No track  1 track 
  per cell nucleus  per nucleus 

Chance of cell High: 70% to >95% >>99%    ~100% (unhit)  ~0% to >90% 
surviving (depends cell type)      (cell type) 

DNA  ~8 DSB per cell  ~0.04 DSB   ~0 DSB  ~10 DSB/cell 
(~half are complex) per cell             (~all complex; 

          some highly so) 

6. The unified ICRP system 

Can a rational unified dosimetry/risk system really be devised to encompass all the differences 
between external gamma irradiation and exposures to internal radionuclides, including alpha emitters? 
The ICRP unified system depends essentially on key assumptions, such as: 
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Linearity of dose responses and no thresholds (‘LNT’) for both alpha-particles and gamma rays at 
low doses; 
A ‘magic’ radiation weighting factor wR = 20 to encompass all radiation quality differences and 
inhomogeneities at all levels of biological organisation from DNA to organs, and independent of 
tissue and cell type; 
Tissue weighting factor wT values that are independent of radiation quality, uniformity of 
irradiation, dose and dose rate. 

It is difficult to justify these assumptions on purely scientific grounds. At best the resulting scheme 
must contain large uncertainties and biases. If the field of radiation protection were starting now from 
first principles in the light of current knowledge, one may wonder whether any serious consideration 
would be given to developing such a unified system for all ionizing radiations. It may be rather akin to 
trying to combine, with just a few scaling parameters, risks from a wide range of different chemicals, 
or biological toxins, just because they have in common some overlaps in their spectra of molecular 
damage, say to DNA. The ICRP scheme, however, has developed in a pragmatic and practical way 
over more than half a century. Furthermore, it cannot be denied that it has had a great deal of success 
in regulating, controlling and limiting radiological risks. Some practical questions are 

Does the ICRP system work? 
Does it give valid results for its objectives? These objectives may be particularly for planning 
purposes well below dose limits, or they may be more extensive. 
Is is misapplied in other circumstances? Examples can include when doses may approach or exceed 
dose limits, for detailed restrospective dose assessments, for epidemiological studies, and in 
identifying causes of specific cancers. 
Are the uncertainties and biases adequately recognised and incorporated into policy decisions and 
practical actions? 

One test of the practical applicability of the ICRP methodology to alpha-particles is to obtain direct 
estimates of risk from epidemiological studies of human cohorts after particular intakes of alpha 
emitters and to compare these with the risks that would be estimated by applying the ICRP’s 
‘dosimetric’ approach based on equivalent dose and the risk coefficients derived from external 
radiation [5]. Harrison and Muirhead [16] recently highlighted the few situations where there are 
sufficient data to make such comparisons. For lung cancer in miners exposed to radon-222 and its 
decay products, the observed risks were found to be lower than those estimated by the dosimetric 
approach, by a factor of about three at low exposure rates and about ten at high exposure rates [8]. The 
preliminary risk estimates derived from observed lung cancers in Mayak workers exposed to 
plutonium-239 are similar to those expected by the dosimetric approach [16]. For leukaemia in 
patients previously administered the alpha-emitting contrast medium Thorotrast (thorium-232 
dioxide), the observed risk was estimated to be about an order of magnitude lower than that expected 
from the dosimetric approach [16]. However, the distribution of Thorotrast in haemopoietic tissue is so 
highly non-uniform, with regions of particularly high cell killing, that one might question the general 
relevance of the conclusions to low-level alpha-emitters. These patients also showed significant 
excesses of liver cancer, which were compatible with dosimetric expectations of risk [16], but again 
the non-uniformity cautions against generalization. For bone cancer in patients previously 
administered radium-224, and in workers who ingested radium-226 while painting luminous dials, the 
observed risks were estimated to be lower than the dosimetric expectations [16]; tumours tended to be 
observed only at very high doses. Bone cancers are, however, not regarded as good models for 
radiation carcinogenesis in general [16]. 

Taken together, the above comparisons could imply that the RBEs for alpha particle carcinogenesis in 
various tissues tend to be similar to or smaller than the radiation weighting factor wR prescribed by the 
ICRP, and that for some malignancies such as leukaemia they may be even an order of magnitude 
smaller. Some animal studies would support these inferences [16]. It might be unwise, however, to 
generalize from these few specific human situations, most of which are at relatively high doses and 
may not be sufficiently representative of environmental and occupational exposures to these and other 
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alpha-emitters. In addition, it may be unjustified to assume that all, or most, of these discrepancies 
between the direct and the dosimetric estimates of risk for alpha-emitters are due to the actual RBE 
being different from the prescribed wR of 20. There are a multitude of other sources of uncertainty and 
bias in arriving at the dosimetric estimates, as well as limitations in the direct epidemiological 
estimates. In addition to RBE, sources of uncertainty may include: amounts and chemical forms of 
specific intakes, assumptions and structure of the biokinetic models used to estimate the time-
dependent distribution of the radionuclides in the body tissues or organs (and in a few cases organ 
compartments), values of biokinetic parameters, individual variability in biokinetics, definition of 
source and target volumes in geometric dosimetric models for dose evaluation from the radionuclide 
decays, inhomogeneities of radionuclide distributions, locations and inhomogeneities of target cells for 
carcinogenesis, primary risk coefficients for specific organs or the whole body (from A-bomb studies, 
etc), applicability of these risk coefficients to the specific population in question, choice of tissue 
weighting factors and assumed independence on radiation quality, assumptions on dose response 
(LNT) for different radiation types, assumption that neither bystander effects nor induced genomic 
instability (nor other biological processes) cause significant departures from linearity for 
carcinogenesis over the dose ranges of interest for either of the different radiations, and many more. 

There was a consensus amongst the members of the CERRIE that a factor of 3 either way was a 
reasonable estimate of uncertainty in the primary risk estimate for cancer induction by uniform 
external exposure to penetrating gamma rays [5]. In addition to this, uncertainties in the biokinetics 
and dosimetry of internal emitters may be considerably larger [5]: 
“Uncertainties in estimating equivalent dose, which combine the uncertainties in estimating both 
absorbed dose and RBE, are always likely to be significant, and probably vary in magnitude from 
around a factor 2 or 3 above and below the central estimates in the most favourable cases (ie where 
good data were available) to well over a factor of 10 in unfavourable ones (ie where they were not).” 
The Committee did not offer estimates of the magnitudes of the many other sources of uncertainty or 
bias.

7. Conclusion 

It is clear that our understanding and quantification of the health effects of incorporated alpha emitters 
is far from complete. Much is understood of the action of alpha particles at various levels of biological 
organisation and to a large extent this knowledge serves to highlight the large differences between the 
different types of radiation and exposure scenarios, as well as to consolidate aspects of similarity. One 
of the major limitations is in general understanding of the key mechanisms of radiation carcinogenesis, 
and the extent to which they may or may not differ with radiation quality. 

The ICRP has recognised that its scheme for radiological protection is a broad-brush approach, which 
is intended primarily for prospective planning purposes in situations where doses are likely to be 
substantially lower than dose limits. On the ICRP’s warning for other situations (as quoted in section 3 
above), the view of CERRIE [5] was that 
“this advice should be elaborated. In particular, it should be made clear that the use of specific 
information on exposures to internal emitters would be necessary in situations where doses may 
approach dose limits or constraints, in retrospective dose assessments and in the interpretation of 
epidemiological data.” 
In addition [5], 
“The Committee noted that uncertainties in dose coefficients for some radionuclides may be large .... 
Information on uncertainties would inform judgements on the reliability of these estimates and would 
also help identify research priorities ....” 
It recommended inter alia
“that research should be encouraged which was relevant to low level exposures to internal emitters and 
which addressed biological mechanisms and microdosimetric aspects.” 
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Abstract: The ion microbeam SNAKE at the Munich 14 MV tandem accelerator was recently adapted 
for irradiation of cells and is now routinely used for radiobiological experiments. Several features, 
including ion-optical beam focussing to achieve a targeting accuracy of about 500 nm,  fast movement 
of the beam by electrostatic deflection and single ion preparation make SNAKE an excellent tool for 
localized irradiation with a defined number of ions. The ion spectrum available ranges from 20 MeV 
protons to 200 MeV gold ions, thus allowing to vary the LET over four orders of magnitude and to 
conduct low and high LET irradiation in a single experimental set-up. This offers the possibility of a 
systematic analysis of the cellular response mechanisms in their dependence on dose and LET. Other 
current lines of research include analysis of the spatio-temporal dynamics of protein recruitment at 
damaged chromatin sites and determination of the mobility of damaged chromatin regions in the 
interphase nucleus. 

1. Introduction 

Microbeams are very narrow beams of radiation which can be used to specifically target single cells 
within a group of cells or even substructures within a cell. They provide excellent tools for tackling 
some fundamental problems in radiation biology. For example, studies on the so-called bystander 
effect (for review see [1-3]) are greatly facilitated by microirradiation under conditions where those 
cells actually hit by radiation can unequivocally be differentiated from those not directly hit by 
radiation [4-6]. The bystander effect is one of several phenomena  in which, especially at low 
irradiation doses (i.e. in the range of 1 mSv - 1 Sv), a deviation from linear dose-effect relationships is 
seen. These phenomena (which also include delayed genomic instability, low dose hypersensitivity, 
and adaptive response) are often considered as to providing a challenge to a central assumption in 
radiation protection, namely the assumption of a linear relationship between radiation dose and risk. 
Therefore, elucidation of the molecular basis of these phenomena is important.  

Analysis of the cellular response to low dose irradiation often is compromised by heterogeneous 
distribution of dose per cell. Consider, for example, an irradiation experiment with an alpha-emitter 
where a dose is chosen which should lead to traversal of one alpha-particle per cell, on average. 
Assuming a Poisson distribution of hits per cell, about 37% of the cells will not receive a hit under 
these conditions, while 26% will receive multiple hits. Needless to say that this will blur the measured 
cellular effects. This may be of special relevance in the case of  low dose hypersensitivity (for review 
see [7]), which may be caused by inefficient DNA damage recognition and signalling at damage levels 
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below a certain threshold [8].  Charged particle microbeams allow irradiation of the target cell with an 
exact number of particles, and by choosing ion and ion velocity, the dose delivered to the cell can be 
predetermined.  

Localized damage induction by microirradiation is, in addition, the method of choice for investigating 
the spatio-temporal dynamics of damage recognition, signalling and repair. Since discovery of the fact 
that a large chromatin domain surrounding a DNA double-strand break (DSB) is labelled by 
posttranslational phosphorylation of  histone protein H2AX [9], and the observation that many 
proteins involved in the cellular response to DSB accumulate at or in the vicinity of chromatin thus 
decorated (e.g. [10-14]), visualization of these protein modifications and/or accumulations has allowed 
great insights into the processes invoked by break induction [15]. The proteins and protein 
modifications involved can be visualized as so-called foci by immunofluorescence with specific 
antibodies, or, in the case of  unmodified proteins, by in vivo fluorescence using fusions of the protein 
in question with GFP (green fluorescent protein) or derivatives thereof [16]. Most studies in this field 
have, so far, been performed by using UVA-laser irradiation for damage induction, since laser 
irradiation systems are commercially available, while ionizing microbeams are rare. The damage 
induced by UVA laser irradiation is, however, not entirely characterized with respect to lesion types, 
and difficult to quantify. To further characterize the cellular response to ionizing radiation, it will 
therefore be necessary to use ionizing microbeams. 

2. Characterisation of the ion microbeam SNAKE 

The ion microprobe SNAKE (Superconducting Nanoscope for Applied Nuclear(Kern) Physics 
Experiments) at the Munich 14 MV tandem accelerator has successfully been exploited in the field of 
material sciences (e.g. [17, 18]). Its general set-up was described in detail [19]. Adaptation of SNAKE 
for the irradiation of cells, including the relocation of the focal plane from the vacuum to the specimen 
table of an optical microscope located outside the vacuum was also described [20]. SNAKE is one of 
quite few microbeam facilities world-wide routinely operating for cell irradiation. There are several 
properties which make SNAKE particularly attractive for biological experiments: Beam focussing is 
achieved by ion-optical methods, using a superconducting quadrupole doublet. As compared to the 
more frequently used collimated systems, which suffer from extensive particle scattering, magnetic 
focussing allows to generate smaller beam diameters [21]. As demonstrated by track etching of a 
polycarbonate foil irradiated with single 100 MeV oxygen ions in a symmetrical array of 40 x 40 
points, separated by 5 µm in both directions, we currently achieve a targeting accuracy of 0.40 µm 
FWHM (full width at half maximum) in y-direction, and 0.55 µm FWHM in x-direction. With this 
high resolution, it will be possible to efficiently target sub-cellular structures with a size of about 1 µm 
diameter.  

Figure 1: Arrangement of beam exit nozzle, cell 
chamber and ion detector. The beam exit nozzle is 
covered by a 7.5 µm Kapton foil to protect the 
vacuum. By means of a flexible coupling, the beam 
exit foil is brought into contact with the cell-
carrying foil (6 µm Mylar) of the cell chamber, 
which during irradiation is placed upright. 
Remaining medium thus is collected in a 
reservoir, where it helps to provide a saturated 
atmosphere which prevents the cells from drying. 
The chamber is covered by a second 6 µm Mylar 
foil. The chamber is mounted onto the specimen 

table of an optical microscope. Before and after irradiation, the cells can be observed 
microscopically. During irradiation, the microscope lens is replaced by an ion detector. 
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In addition, quadrupole focussing allows fast movement of the ion beam by using an electrostatic 
deflection unit in front of the focussing lenses. Deflection is possible with an amplitude in the range of 
± 0.5 mm. Within this limit, any intended irradiation pattern can be produced. As will be discussed 
later, we mostly rely on geometric irradiation patterns at present. Preparation of single particles is 
achieved with the help of an ion detector which is located behind the cell container (see figure 1). 
Once a  particle (or the desired number of particles) traverses the cell sample and hits the ion detector, 
the beam is deflected electrostatically to the next irradiation point or stopped to avoid further cell 
irradiation. With a typical particle rate of 103 s -1, the probability of undesired multiple hits in this 
system is about 1.4 x 10-3.

Presumably the best advantage of the ion microbeam SNAKE is the wide range of ions and ion 
energies, from 20 MeV protons to 200 MeV gold ions, available. By virtue of the 14 MV tandem 
accelerator, all relevant ion species can be accelerated sufficiently to guarantee a range of at least 25 
µm in water. With this range, the ions can traverse the 7.5 µm Kapton foil covering the beam exit 
window, the 6 µm Mylar foil onto which the cells adhere, the cells themselves, and the cover of the 
cell chamber, which again is formed by a 6 µm Mylar foil, before reaching the ion detector which 
governs the single ion preparation (see figure 1). By choice of ion and ion energy, the LET (linear 
energy transfer) can be varied over four orders of magnitude, from about 2 keV/µm (20 MeV protons) 
to 104 kev/µm (200 MeV gold ions). Assuming a height of the cell nucleus of 7.5 µm, the energy 
deposited in a nucleus by traversal of a single ion can thus be varied from 2 x 10-3 pJ to 10 pJ; this 
roughly corresponds to the average dose received during broad beam irradiation with doses between 2 
mGy and 10 Gy if a nuclear volume of 1000 µm3 is assumed. Hence, SNAKE allows to conduct low 
and high LET, as well as low and high dose, experiments in a single experimental set-up and is 
therefore an excellent tool for systematic comparison of the influences of these parameters on the 
cellular response mechanisms.  

3. Current experiments and future directions 

Irradiation of cells with geometric patterns, such as single ion matrices and line patterns (see figure 2), 
allows not only to elucidate the identity of proteins and protein modifications within foci, or the 
kinetics of their recruitment. Because of the geometric pattern, any perturbation due to foci 
movements or disappearance can easily be recognized. The overall stability of the foci pattern is 
remarkably high (note, for example, that the cells shown in figure 2 were fixed 24 h after irradiation), 
precluding the frequent occurrence of large-scale movements. Small-scale movements (in the scale of 
1 µm) do occur, however. By analysing the displacement of foci from the original in-line pattern,  we 
currently investigate whether damage-associated chromatin exhibits the same mobility as does 
undisturbed chromatin. Geometric patterns of irradiation also allow to elucidate whether 
disappearance of foci (which presumably reflects completed repair) occurs with equal velocity in all 
cells or whether cell-specific differences exist. By systematic variation of ion, ion number and ion 
velocity, we currently investigate whether the foci composition, the kinetics of recruitment and foci 
disintegration, or the mobility of damage-associated chromatin are influenced by dose and/or LET.  

Figure 2: Geometric irradiation patterns visualized 
by immunofluorescent detection of 53BP1 protein 
accumulations. The cell on the left side exhibits a 
line-wise pattern that was generated by irradiation 
with single 55 MeV carbon ions placed with a 
lateral distance of 1.1 µm. The lines were 
separated by 6.3 µm. The cell on the right side 
shows a matrix pattern obtained by irradiation with 

single 55 MeV carbon ions; the distance between the hits was chosen as 8.2 µm in both directions. 
Cells were fixed 24 h after irradiation. Fixation and immunofluorescence using a mouse anti-53BP1 
antibody (Upstate) were done as described (Hauptner et al. 2004). 
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With a targeting accuracy of about 0.5 µm, the ion microbeam SNAKE offers the possibility to 
specifically target sub-cellular or sub-nuclear regions. We are currently setting up an approach which 
involves in vivo labelling of chromosomal sub-domains, specific irradiation of the labelled region and 
live cell observation starting immediately after damage induction. In conclusion, with its ion spectrum 
and targeting accuracy, SNAKE  opens up new experimental possibilities in radiobiology. 

4. References 

1. Azzam EI, de Toledo SM, Little JB (2003) Oxidative metabolism, gap junctions and the 
ionizing radiation-induced bystander effect. Oncogene 22:7050-7057 

2. Prise KM, Folkard M, Michael BD (2003) A review of the bystander effect and its 
implications for low-dose exposure. Radiat Prot Dosim 104:347-355 

3. Mothersill C, Seymour CB (2004) Radiation-induced bystander effects - implications for 
cancer. Nat Rev Cancer 4:158-164 

4. Brenner DJ, Hall EJ (2002) Microbeams: a potent mix of physics and biology. Summary of 
the 5th International Workshop on Microbeam Probes of Cellular Radiation Response. Radiat 
Prot Dosim 99:283-286 

5. Prise KM, Belyakov OV, Folkard M, Ozols A, Schettino G, Vojnovic B, Michael BD (2002) 
Investigating the cellular effects of isolated radiation tracks using microbeam techniques. Adv 
Space Res 30:871-876 

6. Ponnaiya B, Jenkins-Baker G, Brenner DJ, Hall EJ, Randers-Pehrson G, Geard CR (2004) 
Biological responses in known bystander cells relative to known microbeam-irradiated 
cells.Radiat Res 162:426-432 

7. Joiner MC, Marples B, Lambin P, Short SC, Turesson I (2001) Low-dose hypersensitivity: 
Current status and possible mechanisms. Int JRadiat Oncol Phys 49:379-389 

8. Marples B, Wouters BG, Collis SJ, Chalmers AJ, Joiner MC (2004) Low-dose hyper-
radiosensitivity: a consequence of ineffective cell cycle arrest of radiation-damaged G2-phase 
cells. Radiat Res 161:247-255 

9. Rogakou EP, Boon C, Redon C, Bonner WM (1999) Megabase chromatin domains involved 
in DNA double-strand breaks in vivo. J Cell Biol 146:905-915 

10. Haaf  T, Golub EI, Reddy G, Radding CM, Ward DC (1995) Nuclear foci of mammalian 
Rad51 recombination protein in somatic cells after DNA damage and its localization in 
synaptonemal complexes. Proc Natl Acad Sci USA 92:2298-2302 

11. Tashiro S, Walter J, Shinohara A, Kamada N, Cremer T (2000) Rad51 accumulation at sites of 
DNA damage and in postreplicative chromatin. J Cell Biol 150:283-291 

12. Paull TT, Rogakou EP, Yamazaki V, Kirchgessner CU, Gellert M, Bonner WM (2000) A 
critical role for histone H2AX in recruitment of repair factors to nuclear foci after DNA 
damage. Curr Biol 10:886-895 

13. Celeste A, Fernandez-Capetillo O, Kruhlak MJ, Pilch DR, Staudt DW et al. (2003) Histone 
H2AX phosphorylation is dispensable for the initial recognition of DNA breaks. Nat Cell Biol 
5:675-679 

14. Lukas C, Falck J, Bartkova J, Bartek J, Lukas J (2003) Distinct spatiotemporal dynamics of 
mammalian checkpoint regulators induced by DNA damage. Nat Cell Biol 5:255-260 

15. Lisby M, Rothstein R (2004)  DNA damage checkpoint and repair centers. Curr Opin Cell 
Biol 16:328-334  

16. Zhang J, Campbell RE, Ting AY, Tsien RY (2002) Creating new fluorescent probes for cell 
biology. Nat Rev Mol Cell Biol 3:906-918  

17. Dollinger G, Datzmann G, Hauptner A, Hertenberger R, Körner HJ,  Reichart P, Volckaerts B 
(2003)The Munich ion microprobe: characteristics and prospect.  Nucl Instr and Meth B 
210:6-13 

18. Reichart P, Datzmann G, Hauptner A, Hertenberger R, Wild C, Dollinger G (2004)  Three-
dimensional hydrogen microscopy in diamond. Science 306:1537-1540 

19. Hinderer G, Dollinger G, Datzmann G, Körner HJ (1997) Design of the new superconducting 
microprobe system in Munich. Nucl Instrum Methods Phys Res B 130:51-56 

15



20. Hauptner A, Dietzel S, Drexler GA, Reichart P, Krücken R, Cremer T, Friedl AA, Dollinger G 
(2004) Microirradiation of cells with energetic heavy ions. Radiat Environ Biophys 42:237-
245

21. Folkard M, Prise KM, Vojnoviv B, Gilchrist S, Schettino G, Belyakov OV, Ozols A, Michael 
BD (2001) The impact of microbeams in radiation  biology. Nucl Instrum Methods Phys Res 
B 181:426-430 

Acknowledgements: Radiobiological experiments at SNAKE are supported by grants of the 
Bundesamt für Strahlenschutz and of the Bundesministerium für Bildung und Forschung to AAF, by 
grants of the European Science Foundation to AAF, TC and GD, and by the Maier Leibnitz 
Laboratorium of the TU Munich and the University of Munich. We thank the technical staff of the 
Munich tandem accelerator.  

16



The National Thorotrast Studies in Comparison 

G. van Kaick, H. Wesch 

Deutsches Krebsforschungszentrum Heidelberg, Im Neuenheimer Feld 280, 69120 Heidelberg 
e-mail: g.vankaick@dkfz-heidelberg.de 

Abstract: Thorotrast, a colloidal solution of Thorium dioxide was used as an x-ray contrast medium 
from 1930 to 1950 predominantly for angiography. Thorium-232 is an alpha-emitter (half-life 1,4 x 
1010 y). The Thorium dioxide particles are retained in the organs of the reticuloendothelial system 
causing a cumulative dose especially to liver, spleen and bone marrow. 
The most important epidemiological studies in Denmark, Germany, Japan, Portugal, Sweden and 
United States include nearly 5000 exposed persons who survived the Thorotrast injection at least 1 
year. Similar results in all studies describe high excess rates of primary liver tumours, liver cirrhosis, 
acute myloid leukemias, including myelodysplastic syndromes.  
Risk calculations of liver cancer are very similar in the Danish and the German study with 712 and 
774 per 104 person/Gy. Cumulative risk estimates for haematopoietic malignancies were calculated to 
be 173 per 104 for the Danish and 135 per 104 person/Gy for the German group.  

1. Introduction 

In 1929 a stabilized 25% colloidal solution of Thorium dioxide was introduced as a radio- diagnostic 
contrast medium which was called Thorotrast. The high atomic number and atomic weight of Thorium 
result in a very great absorption of x-rays by the contrast medium, thus giving excellent opacification. 
Observations showed that the new material had no immediate harmful effects. Although the long lived 
thorium isotope 232Th was known to be radioactive, this was not considered dangerous. Thorium 
dioxide in a colloidal solution is retained in the body after intravascular injection. In the overall pattern 
alpha radiation accounts for the critical part of the radiation burden. Thorotrast was used mainly for 
the visualization of blood vessels [1]. Undoubtedly, the contrast medium Thorotrast contributed 
substantially to the undeniable success of angiography, which developed between 1930 and 1940.  

2. Thorotrast Studies 

National epidemiological studies have been conducted in six countries: 
Denmark [2], Germany [3], Japan [4], Portugal [5], Sweden [6] and United States [7, 8].  
The most important basic data of these studies are summarized in Table 1. 

3. Results of the studies 

In all studies a very high excess rate of primary liver tumours in the exposed group was registered 
(Table 2). The shortest latency periods are between 15 and 20 years; the longest are now over 50 
years. Three kinds of liver tumours are described: 
Cholangiocarcinoma, liver cell carcinoma and hemangiosarcoma. Carcinomas are dominant (about 
2/3, mostly cholangiocarcinomas). 
Thorotrast patients showed also a higher incidence of cirrhosis of the liver. Both the incidence of liver 
cancer and the incidence of liver cirrhosis are depending on the cumulative radiation dose to the liver. 
A small excess rate is described for cancer of the extrahepatic bile ducts in the Danish, German and 
Japanese study. 
An increase in the number of myeloproliferative diseases in Thorotrast patients has been registered in 
all studies. They manifest earlier compared to liver cancer beginning already  
5 years after injection. Acute leukaemias are predominant. A few cases of chronic myeloid leukaemias 
were described. Myelodysplastic diseases (MDS) are also more frequent in the Thorotrast group. 
Leukaemias and MDS were combined in some studies for statistical evaluation. 
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Tab. I: Basic data of Thorotrast studies 

Denmark[2] Germany[3] Japan[4] Portugal[5] Sweden[6] USA[7,8] 
Exposed
patients 
survival p.i. 

759 
> 3y 

2.326 
> 3y 

258 
> 3y 

599 
> 5y 

509 
> 1y 

452 
>2y

Type of 
injection

100% cerebral 
angiography 

70% cerebral 
angiography 

predom. 
cerebral
angiography 

80% cerebral 
angiography 

100% cerebral 
angiography 

cerebral
angiography 

Age of 
injection (y) 

37.4 34.6 25.8 34.1 35.0 41.2 

Male/female 1.23 3.0 male only 1.6 1.3 1.1 

Start of 
study 

1949 1968 1963 1961 1963 / 1993 1972 / 1992 

Injection 
volume (ml) 

18.7 21.9 17 20 15.4 26.4 

Dose 
calculation 

hospital 
records

whole body 
counting, 
hospital 
records, x-ray 

hospital 
records,
autopsy

hospital 
records

hospital 
records

hospital 
records

Clinical 
follow-up 

few patients 899 (since 
1970) 

few patients 175 0 0 

Tab. II: Comparison of Risk Ratios in Follow-up Studies of Thorotrast Patients # 

Thorotrast Patients 

 Germany Denmark Portugal Japan 

 1998 1997 1996 2002 

 Risk ratio Risk ratio Risk ratio Risk ratio 

 95% C.I. 95% C.I. 95% C.I. 95% C.I. 

129 *** >102 *** 71 *** 18 *** 
Hepatic malignancies 

( 41 - 492 )  ( 20 - 251 ) ( 12 - 28 ) 

Liver cirrhosis 6*** 6*** 6*** 5*** 

(5-7) (3-11) (3-10) (3-10) 

Blood diseases 15*** 20*** 15*** 8*** 

(10-150) (6-127) (1.3-182) (3-21) 

8* 17* 1.4 . 4* Cancer of extra- 
hepatic duct (4-28) (5-110) (0.4-6) (1.2-10) 

Bone sarcoma 3* ----------- 7* ----------- 

(3-30)  (1.7-30)  

*** P<0.001 **P<0.005 *P<0.05  

# Mori 2003 [9]     
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Excess rates of osteosarcoma - however not statistically significant - were reported in the Portuguese 
and the German Thorotrast Study [9]. The Thorium decay series includes the bone-seeking 
radionuclide Radium-224, which has been associated with a high risk of osteosarcomas. The evidence 
from radium dial painters suggests that osteosarcomas never developed at skeletal doses under 10 Gy.  
Unequal results were described for plasmacytoma, Non-Hodgkin lymphoma and cancer of the 
pancreas.
It is a very important epidemiological observation that in no study a convincing excess rate of 
malignant lung tumours could be registered. That means that the dose to the basal cells due to the 
exhaled radon-220, a daughter product of thorium-232, is to small for a measurable tumor induction 
[3]. 
Furthermore the studies agree that no excess rates of chronic lymphatic leukaemias and spleenic 
tumours exist. 
In the region of paravascular Thorotrast deposits many sarcomas were expected. However, this was 
not registered. When swelling occurred in the area of the Thorotrastomas this was due to 
inflammation. In 245 cases with paravascular deposits of the German Thorotrast study only one person 
was observed whose sarcoma developed directly in the neighbourhood of the Thorotrastoma.  
An unexpected result during the last 15 years was a constant trend for Thorotrast patients to die earlier 
compared to controls. This phenomenon was first described by the Japanese study group [4] and is 
influenced by the amount of Thorotrast injected. However, as the frequency of malignant liver 
tumours increases with the volume of Thorotrast incorporated, this result could be caused e.g. by the 
excess rate of liver cancers. Excluding from analysis those patients who died from Thorotrast specific 
diseases as liver cancer, liver cirrhosis or leukaemia, we have similar results in dose rate dependent 
life shortenings. So we can state that there is a Thorotrast volume dependent influence on age [10]. 

4. Risk calculation 

The estimates in the German Thorotrast Study for the risk of liver cancer - operating with a wasted 
dose of 15 years - are close to those of the Danish Study: 774 compared to 712 liver cancers per 104

person/Gy. Using a radiation weighting factor of 20 for alpha particles the expected risk for low LET-
radiation is 38.7 per 104 person/Sv (Table 3). A comparison with the results of the Japanese Study 
group is handicapped by the fact that the spontaneous incidence of liver cancer in Japan is much 
higher than in Europe.  
To compare acute and chronic irradiation is a general problem as we have no exact information of the 
beginning of the tumour growth. The wasted dose is only a rough estimation. Comparing the results of 
the German and Danish Thorotrast studies with the results of the Life Span Study of the Atomic Bomb 
survivors, the average risk for liver cancer calculated by Thompson is 65.6 per 104 person/Sv for 40 
years at risk [11]. This risk estimate is very close to the estimate arrived from the alpha particles if a 
dose and dose-rate effectiveness factor (DDREF) of two is applied. The risk however is lowered by a 
factor of about 1.5 using the new dosimetry of Kaul [12]. But even then we are still within the range of 
the risk factors derived from the A-bomb survivors [3]. 
For risk calculation the Danish and the German group combined the data from myeloid leukaemias 
with the data from myelodysplastic syndromes (MDS). The results show that myeloid leukaemias and 
MDS in the high-dose-rate group manifest earlier than those in the low-dose-rate group. Furthermore 
there is a significant difference from the control group. 
The mean dose-rate to the red bone marrow is 0.07 Gy/year and the mean exposure time is 31 year. 
For the risk estimates we used a wasted dose of 5 years and subtracted the spontaneous malignancies 
that occurred in the control group. The cumulative risk estimate per 104 Gy/person was calculated to 
be 135 haematopoietic malignancies. A similar result was found in the Danish group (173 cases/104

person Gy). Using a radiation weighting factor of 20 we have 6.8 haematopoietic malignancies per 104

person Sv. This means that the German and the Danish figures differ by a factor of about 10 from the 
results of the Life Span Study for A-bomb survivors [13]. 
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Tab. III: Cumulative Risk Estimates for Liver Cancer 

Denmark [2] 712 per 104 person-Gy a

Germany [3] 774 per 104 person-Gy b

Japan [4] 523 per 104 person-Gy c

Thorotrast 25.5-38.7 per 104 person-Sv * 
A-bomb survivors [11] 18-48 per 104 person-Sv ** 
a,b 15 y wasted dose * rad . weighting factor 20 for alpha 
c 10 y wasted dose ** exposure period 30-40 y DDREF: 2 

5. Concluding remarks 

Most of the patients systematically injected with Thorotrast have died in the meantime. In most studies 
less than 10 patients are still alive. The epidemiological results based on the suffering of many persons 
should be an important contribution for risk calculation in case of incorporated alpha emitters.  
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Abstract: Colloidal solutions of thorium dioxide were first employed in humans as an X-ray contrast 
medium for hepatolienography by Oka in Japan in 1927. In 1930, a new product thorium dioxide 
colloidal contrast medium which gave excellent results on X-ray film was imported from Germany. 
This new product, named “Thorotrast”, developed by Heyden Co contained 25 vol. % of a colloidal 
solution of ultra-minimum sized thorium dioxide granules. It became the most common colloidal 
thorium dioxide preparation used in Japan as contrast medium mainly for angiography, 
hepatolienography and for some other purposes until 1945. Thereafter, its use was virtually 
discontinued due to a lack of supply except for sporadic cases reported until about 1954. 
The first late effects of Thorotrast observed in Japanese patients were severe liver cirrhosis in 1945 
and a cholangiocarcinoma of the liver in 1951. Since then, there have been many reports of high 
incidences of late effects in patients 11-68 years after Thorotrast injection, such as liver malignancies, 
cancer of the extra bile duct, liver cirrhosis, and hematopoietic malignancies (mainly myeloid 
leukemia). In Japan, Thorotrast was used mainly for X-ray diagnosis of war-injuries in army and navy 
personnel, because the time of its first clinical use coincided with the start of the wars following the 
Manchurian incident in 1931. These wars continued for 14 years from 1931 to 1945. Thus, most of 
patients given Thorotrast in Japan were young 20 to 39 years old war-wounded servicemen. 
In 1963, we began our epidemiological follow-up study of these war-wounded ex-servicemen who had 
received Thorotrast intravascularly and had records of its injection kept at national hospitals (former 
military hospitals). This follow-up study was on 262 patients given Thorotrast, and 1,630 controls. Our 
surveys have continued for 39 years since 1963 up to 2002. This study is now called the ‘first series’ 
of Japanese follow-up studies. Another follow-up study, known as the second, or ‘Aichi series’, on 156 
different war-wounded ex-servicemen given Thorotrast intravascularly began on January 1, 1979, and 
has since continued for 23 years until 2002. A third series (‘combined series’) of our follow-up studies 
started in 1979. This third series dealt with 282 cases given Thorotrast intravascularly i.e. 156 cases 
from the second series and 126 cases from the first series which were still alive on January 1, 1979. 
The results of the 2002 survey of the third series are reported in this paper.  
Also autopsies of 404 patients (392 cases given Thorotrast intravascularly and 12 cases given it by 
other routes) were surveyed starting in 1973 and continued up to 2002. Findings in the 2002 survey on 
392 cases given Thorotrast intravascularly were as follows: 266 liver malignancies, 28 liver cirrhosis, 
12 extrahepatic bile duct cancer, 30 hematopoietic malignancies, 16 lung cancer, 4 malignant 
peritoneal tumors, 2 bone sarcomas, and 1 hemangiosarcoma of the spleen. 

1. Introduction 

Thorium dioxide colloidal solutions were first employed as an X-ray contrast medium for 
hepatolienography in humans in Japan by Oka in 1927 1] and at almost the same time by Radt in 
Germany 2]. Since the end of the 1920’s, Umbrathor and Triodol were imported from Germany and 
used in retrograde pyelography, bronchography, etc, in medical schools of universities and big 
hospitals, mainly for experimental purpose 3].  
However, in 1930, a new product, thorium dioxide colloidal contrast medium, which was an excellent 
contrast medium for X-ray analysis was imported from Germany. This new product, “Thorotrast” 
developed by Heyden Co., consisted of 25 vol.% (19-20 wt.%) of a colloidal solution of ultra-
minimum sized thorium dioxide granules (average 8 Angstroms) with 20% dextrin and 0.15% methyl-
p-hydroxybenzoate added as preservative.  
Intravascular injection of this new product had no acute side effects in patients. Thereafter, Thorotrast 
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became the main colloidal thorium dioxide preparation used to depict blood vessels, liver, and spleen 
in Japan where this kind of contrast medium was not produced for technical reasons.  

2. Methods of use of Thorotrast and duration of its use in Japan 

Thorotrast imported from Germany was widely used as contrast medium for many purposes, such as 
encephalo-myelography, lacryocystography, bronchography, mammography, retrograde pyelography, 
ureterography, vesicolography, hysterosalpinography, paranasal sinusography, lymphography, 
neurography, and visualization of cysts and fistulas, besides angiography and hepatolienography until 
1945. Thereafter, its use was virtually discontinued because of the lack of imported material. However, 
sporadic uses were reported until about 1954 [3, 4, 5, 6,7]. 
The amount of Thorotrast given to a person for angiography in Japan was about 10-15 ml on the 
average. This was less than that used in Europe or America (15-25 ml on the average) because, at that 
time, the average weight of the body was lower in Japan i.e. 60 kg in men, 50 kg in women and 1,450 
g. in the liver. The dose rates and doses from the time of its injection to death in the liver, spleen and 
bone marrow are shown in Table I 8, 9 .

Tab. I:  Dose rates and doses from injection to death
( Japanese Autopsy Cases )

(cGy /  y )( cGy /  y  )

Mean         (SD)

837                  (381)26.1       (14.6)147Liver

Mean                  (SD)                   

----------------8.5        ( 4.4)27Bone marrow

2,020                (1,080)91.2       (63.3)128Spleen

Dose from the time of
injection to death            

Dose rateNo of casesOrgan

3. Characteristics of Japanese Thorotrast patients 

The Japanese Thorotrast patients are characterized by the fact that the time of its first clinical use in 
Japan coincided with the time of entry of Japan into a series of wars following the Manchurian 
campaign in 1931. As the long and severe wars continued for 14 years from 1931 to 1945, most of the 
imported Thorotrast was used for X-ray diagnosis of war-injuries in army and navy personnel in 
military hospitals. It was especially employed for the diagnosis of head traumas and traumatic 
aneurysms 3, 4, 5, 6, 7].  
The main patients who received Thorotrast intravascularly (hereafter referred to as “Thorotrast 
patients”) in Japan were young (20 to 39 years old) war-wounded servicemen. Whereas, in other 
countries, most people given Thorotrast intravascularly were civilians [10, 11, 12, 13, 14, 15, 16]. 
These facts showed substantial differences in age, sex and indications for the intravascular Thorotrast 
injection between Japan and other countries. The Japanese patients given Thorotrast thus were much 
more uniform than the patients in other countries.  

4. Estimated number of persons who received Thorotrast in Japan 

Several times, we tried by different methods to determine the exact number of Thorotrast patients 
surviving more than 3 years after the injection in Japan [17, 18] but could arrive only at a rough 
estimate because most of the reliable data and materials had been lost due to war and postwar 
confusion. Our most recent estimation in 1989 was that 3,000-7,000 Thorotrast patients lived more 
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than 3 years after the intravascular injection of Thorotrast [18]. From the analysis of clinical records 
and autopsy protocols from 1927 to 2002, we also estimated that about three quarters of these patients 
were war-wounded ex-servicemen. 

5. Early reports on the Thorotrast late effects in Japanese Thorotrast patients 

Thorotrast-related (induced) malignancies and diseases have been reported in humans since 1942. In 
this year, Wholwill [19] reported a case of acute leukemia, and, in 1947, MacMahon et al. [20] 
observed a case of endothelial-cell sarcoma of the liver. Both malignancies developed over 10 years 
after an intravascular Thorotrast-injection. Since then, the number of patients who have died from late 
effects of Thorotrast has increased rapidly throughout the world. 
In Japan, the first late effect in a Thorotrast patient was liver cirrhosis reported in 1945 by Shimauchi 
et al. [21]. The first malignancy (a cholangiocarcinoma of the liver) in a Thorotrast patient was seen in 
1951 [22]. Many cases of liver malignancies, liver cirrhosis, and hematopoietic malignancies (non-
lymphatic leukemia etc,) in Thorotrast patients have been found since then, and their numbers were 
increasing with time. 
The many reports on the incidence of Thorotrast related liver malignancies, liver cirrhosis, and 
hematopoietic malignancies suggested strongly that these malignancies and diseases were caused by 
the carcinogenetic effects of -particles emitted from Thorotrast granules in the liver and bone 
marrow. An unequivocal evidence for a correlation of these high incidences of liver malignancies, 
liver cirrhosis, and hematopoietic malignancies with -particles irradiation by Thorotrast granules 
was demonstrated from a life span follow-up study of Thorotrast patients 11, 12, 15, 16 .

6. Follow-up studies on Japanese Thorotrast patients 

Follow-up studies of Thorotrast patients in Japan differed from those in other countries in two points. 
First, our Japanese follow-up studies were only on war-wounded ex-servicemen, but not on civilians. 
Secondly, the patients were followed in three series (the ‘first series’, the second ‘Aichi series’ and the 
third ‘combined series’). These three series differed with regard to the method of collection of subjects, 
the date of their start (Table II) and their purpose, although all these series used only war-wounded ex-
servicemen as their subjects and even as controls. 

Tab. II:  Numbers of cases in the first, second and third (combined) 
follow-up studies with total number of patients used in the studies

418
(First series 262+      

Second series156)
Total no. of patients

282                                

(First series 126+ Second series 156)

1979Third series
(Combined series)

1561979Second series

2621963First series

No. of  PatientBeginning of StudiesName of Series

In 1963, we began a follow-up study of war-wounded ex-servicemen given Thorotrast intravascularly 
whose records had been kept in national hospitals (former military hospitals). The study included 262 
cases and has been called the first series in our follow-up studies. This first series continued for 39 
years until 2002. We have already reported the results of 9 surveys of the series [3, 4, 5, 6, 7, 17, 18, 
23, 24, 25, 26, 27, 28]. The results of the tenth survey is presented as Mori, T., et al “The 2002 Results 
of the First Series of Follow-up Studies on Japanese Thorotrast  Patients and their Relationships to 
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Autopsy series”in this publication. 
Another follow-up study, known as the second, or ‘Aichi series’, began in 1979 on 156 different war-
wounded ex-servicemen given Thorotrast intravascularly. The 915 controls were also, war-wounded 
ex-servicemen not given Thorotrast. The second series has continuously been studied for 23 years up 
to 2002. We already reported the results of surveys of this series in 1995 and 1999 29, 30 . Also, 
the result of the 2002 survey is reported by Sasaki et al, as “The 2002 results of the second series of 
follow-up studies on Japanese Thorotrast patients” in this publication. 
In 1979, the third series (‘combined series’) was formed on 282 Thorotrast patients consisting of all 
members of the second series (156 cases) and 126 cases of the first series who were still living on 
January 1, 1979. The study of the series began in 1979. The results of the second 1995 survey and the 
third 1998 survey were already reported, respectively [29, 31]. 
Results of the fourth survey in 2002 describe in this paper. Table III shows the patients included in the 
third series. This third series consisted of 282 Thorotrast patients and 1,007 controls whose ages 
matched those of the Thorotrast patients. These Thorotrast patients and controls were divided into two 
age brackets a 20-24 years age bracket contained 168 Thorotrast patients and 600 controls (59.6%), 
and a 25-39 year age bracket containing 114 Thorotrast patients and 407 controls (40.4%)]. These two 
age brackets in the third series were almost similar to those in the first series and second series of our 
follow-up studies.

Tab. III :  Ages at time of injection in Thorotrast patients and
of wounding of controls 

( Combined Series )

25-39 years20-24 years

407   ( 40.4%)

114   (40.4%)

600   (59.6%)Control    (n=1,007)

168     (59.6%)Thorotrast  (n=282)

Distribution of ages

Figure 1 (A) shows the survival rates of the Thorotrast and of the control group from 1979 to 2002. At 
the first survey in 1979, there was no difference in the rate of survival between both groups. But a 
difference appeared in the second 1995 survey and increased rapidly with time up to 2002. This 
difference became significant in the second survey. Figure 1-(B) shows the ratio of living to dead in 
the Thorotrast patients and controls in the fourth 2002 survey. At the time, there were only 4.6% of 
Thorotrast patients alive, but 29.1% of the controls still living. These results show that the shortening 
of the life span of Thorotrast patients is increaseing even 33-46 years after the Thorotrast 
administration compare Figure I-(A) and Figure II-(A) .
Table IV summarizes the results of the 2002 survey according to the causes of deaths into three 
categories. Cathegory (I), Thorotrast related malignancies and diseases, cathegory (III); non-
Thorotrast-related malignancies, and cathgory (IV);other diseases and accidents. There was no case of 
the category (II);secondary diseases induced by diseases present at time of Thorotrast administration1.
In the Thorotrast group, about one third of the causes of death (185 cases: 65.6%) came from 
Thorotrast related malignancies and diseases category (I) , but only 9.5% (96 cases) in the control 
group. This very high incidence of death from the Thorotrast related malignancies and diseases  in the 
Thorotrast group show statistically high significancy [ 2 exact Fisher Yates corrected test (P < 0.001), 
relative risk estimate 6.8 95% C, I.: 5.3-8.7) ]. It explains why the life span is shortened and the 
increase of the death rate still continues even 33-46 years after the Thorotrast injection in the 
                                                     
1 The causes of death of the patients in the Thorotrast group and control groups were determined from 

death certificates and confirmed when possible from hospital records and postmortem examinations.  
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Thorotrast group when compared with controls. 
Non-Thorotrast-related malignancies category (III) involved 37 cases (13.1%) as the cause of 
deaths in the Thorotrast group and 149 cases (14.8%) in the control group. A comparison between 
these groups is not significant neither by the 2 test nor by the relative risk estimate [0.9(95%C.I.:0.5-
1.3)]. 
In category (IV); sixty nine cases (24.5%) of other diseases and accidents were found as the cause of 
deaths in the Thorotrast group1 and 467 cases (46.4%) in controls, again not significantly higher in the 
Thorotrast group than in the control group when tested by the 2 test or the relative risk estimate [0.5 
(95% C.I.: 0.06-1.5)]. 

4

Fig. I :  Survival rates and ratios of living and dead in 
Thorotrast patients and controls 

(Combined Series)
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Fig. II:  Survival rates and ratios of living and dead in Thorotrast 
patients and controls

(First Series)
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1 (IV) Other diseases and accidents were divided into three categories--- (IV) Infectious diseases, (V) 
Non-infectious diseases and (VI) Accidents and injuries--- in previous reports [18, 26, 27, 28]. 
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6

Tab. IV:  Summary of results of combined series of follow-up studies

P<0.001       (a) No. in parentheses shows no. of  double or triple cancers.

0.5 ( 0.06 -1.5)467       
(46.4%)

69  
(24.5%)       

Other diseases & accidentsIV

0.9(  0.5 -1.3)138+(11) (a)

(14.8%)
19+(18) (a)

(13.1%)    
Non-Thorotrast related 
malignancies

III

6.8 ( 5.3 -8.7)***92+(4) (a)

( 9.5%)
146+(39) (a)

(65.6%)
Thorotrast-related 
malignancies & diseases

I

Risk Ratio
95% C.I.)

Controls
(n=1,007)

Thorotrast
(n=282)

Category

Table V shows the results of the 2002 survey on cases of Thorotrast-related malignancies and diseases 
of category (I).
In the Thorotrast group, about half of the deaths (129 cases: 45.7%) were from liver malignancies, 
whereas in the control group, only 2.3% (23 cases) of the deaths were from liver malignancies. The 
higher incidence of liver malignancies in the Thorotrast group was statistically significant. The 2 test 
showed P < 0.001, and relative risk estimate revealed 19.6 (95% C.I.: 1.6-30.6).  
There were 8 cases (2.8%) of cancer of extrahepatic bile duct as the cause of death in the Thorotrast 
group and only 4 cases (0.4%) in the control group. This difference was significantly high value by the

2 test (P < 0.005) and risk ratio 7.5 (95% C.I.: 2.2-24.8).  
Liver cirrhosis was the cause of death in 14 cases (5.0%) in the Thorotrast group and only 14 cases 
(1.4%) in the control group. This difference in incidence is significant between the two groups [the 2

test (P < 0.001) and the relative risk estimate 3.6 (95% C.I.:1.7-7.5)].  
There were 13 cases (4.6%) of hematopoietic malignancies as the cause of death in the Thorotrast 
group and 6 cases (0.6%) in the control group. This difference between the two groups was significant 
by the 2 test (P <0.001) and the relative risk estimate [8.3 (95% C.I.: 3.1-21.8)].  
One case (0.4%) of malignant peritoneal tumor was found in the Thorotrast group as the cause of 
death, and 3 cases (0.3%) in the control group. This difference was not significant by the 2 test, or 
the relative risk estimate [1.2 (95% C.I.: 0.1-11.5)]. Nor was the case for the incidence of lung cancer 
by the 2 test or relative risk estimate [1.2 (95% C.I.: 0.6-2.1)].  
In Table IV, there were 37 (13.1%) cases of death from category (III): non-Thorotrast-related 
malignant tumors in the Thorotrast group and 149 (14.8 %) in the control group.  
Significant differences in the incidence of each malignancy were not found between the Thorotrast 
group and the control group except for renal cancer (see Table VI). The incidence of renal cancer only 
showed a significant increase (P<0.001) and high relative risk [(5.0 (95% C.I.: 1.6-15.5)] in the 
Thorotrast group of category (III). 
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------------0        ( 0.0%)1+(2)     ( 1.1%)Hemangiosarcoma of spleen

1.2 (0.1-11.5)3         (0.3%)1        ( 0.4%)Malignant peritoneal tumor                       

-------

*** P<0.001           **P<0.01      (a) No. in parentheses are no. of  double or triple cancer

7.5 ( 2.2 - 24.8 )**4         ( 0.4%) 7+(1)(a)    ( 2.8%)Cancer of extrahepatic bile duct

Lung cancer

0
(0.0%)

1        ( 0.4%)Sarcomas at the injection site

------------1        ( 0.1%)1         ( 0.4%)Bone sarcoma

3.6 ( 1.7 - 7.5 )***14        ( 1.4%)14         ( 5.0%)Liver cirrhosis

1.2( 0.6 - 2.1 )44+(1)(a)  ( 4.5%)9+(6)(a)    ( 5.3%)

8.3 (3.1 – 21.8 )***6        ( 0.6%)11+(2)(a)    ( 4.6%)Hematopoietic malignancies

19.6( 1.6 -30.6 )***20+(3)(a)  ( 2.3%)101+(28)(a) (45.7%)Liver malignancies

Risk Ratio
( 95%  C.I.)

Controls
(n=1,007)

Thorotrast
n=282)

Cause of Death

Tab. V:   Risks of death from Thorotrast-related malignancies and diseases

(Combined Series)

(Category I )

Table VII shows risks from Thorotrast–induced liver malignancies and hematopoietic malignancies 
per 10,000 persons Gy. These risks are calculated using “the formula given in “the effects on 
populations of exposure to ionizing radiation 32 ” from the results of the life span follow-up studies 
conducted in Japan 28 , Germany 12  and Denmark 15 . The calculations yield almost the 
same values although they are based on results from various follow-up studies in different countries. 
As the same wasted time was used in the formula for the data in these countries (15 years for liver 
malignancies and 5 years for hematopoietic malignancies), so all risk values fall within the small 
interval from 514 to 774 cases per 10,000 person Gy for Thorotrast induced liver malignancies, and 
129-140 cases per 10,000 person Gy for Thorotrast induced hematopoietic malignancies. Thus, our 
own experiments and the studies from other researchers suggest that 15 years for liver malignancies 
and 5 years for hematopoietic malignancies are reasonable values for the delay in appearance of these 
tumors by particle radiation from Thorotrast granules although full theoretical and cytological 
evidence is not yet available. 

Tab. VI: Risk of  death from Thorotrast unrelated malignancies
(Combined Series) 

(Category  III)

*** P < 0.001                (a) No. in parentheses are no. of  double or triple cancer.

0.3( 0.1 -1.0 )35+(3)   (3.8%)3       (1.1%)Other malignancies

1.4( 0.4 -3.6 )15    (1.5%)(6)     (2.1%)Prostate cancer

1.4( 0 - 5.4 )4+(3)    (0.7%)1 + (2)      (1.1%)Rectal cancer

5.0( 1.6 –15.5 )***4+(1)    (0.5%)3 + (4)      (2.5%)Renal cancer

0.8( 0.5 -2.7 )13     (1.3%)3       (1.1%)Pancreatic cancer

0.8( 0.2 -1.4 )57+(4)   (6.1%)8 + (6)     (5.0%)Stomach cancer

0.4( 0.2 -3.3 )10     (1.0%)1        (0.4%) Esophageal cancer

Risk Ratio    
( 95%    C. I.)                

Controls
( n=1,007)

Thorotrast
n 282)

Cause of Death

Tab. VI: Risk of  death from Thorotrast unrelated malignancies
(Combined Series) 

(Category  III)

*** P < 0.001                (a) No. in parentheses are no. of  double or triple cancer.

0.3( 0.1 -1.0 )35+(3)   (3.8%)3       (1.1%)Other malignancies

1.4( 0.4 -3.6 )15    (1.5%)(6)     (2.1%)Prostate cancer

1.4( 0 - 5.4 )4+(3)    (0.7%)1 + (2)      (1.1%)Rectal cancer

5.0( 1.6 –15.5 )***4+(1)    (0.5%)3 + (4)      (2.5%)Renal cancer

0.8( 0.5 -2.7 )13     (1.3%)3       (1.1%)Pancreatic cancer

0.8( 0.2 -1.4 )57+(4)   (6.1%)8 + (6)     (5.0%)Stomach cancer

0.4( 0.2 -3.3 )10     (1.0%)1        (0.4%) Esophageal cancer

Risk Ratio    
( 95%    C. I.)                

Controls
( n=1,007)

Thorotrast
n 282)

Cause of Death
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Tab. VII: Cumulative risk estimation concerning to Thorotrast-induced 
liver malignancies and hematopoietic malignancies 

No. of casesNo. of cases

* Values in parentheses based on the new dosimetry 29

--------------------71215

140None342NoneDenmark 
(1997)

----------------------774(514)*15

1355607(405)*10Germany 
(1999)

--------------------76415

129552310Japan
(2002)

(10 4 person Gy)( years )(10 4 person Gy)( years )

Wasted timeWasted time

Hematopoietic malignanciesLiver malignancies

7. Statistical analysis of the autopsy series 

The cause of the death of autopsied Thorotrast patients in Japan (autopsy series) was determined in 
each of our surveys since 1973 5, 7, 17, 18, 24, 25, 26, 27, 28 . At the time of the 2002 survey, the 
number of cases had increased to 404 individuals: 392 given Thorotrast intravascularly and 12 given 
by other routes. The causes of death of 392 cases given Thorotrast intravascularly were as follows: 266 
cases (67.9%) of liver malignancies, 28 cases (7.1%) of liver cirrhosis, 30 cases (7.7%) of 
hematopoietic malignancies, 16 cases (4.1%) of lung cancer, 4 cases (1.0%) of malignant peritoneal 
tumor, 2 cases (0.5%) of bone sarcomas, and 1 case (0.3%) of hemangiosarcoma of the spleen. Death 
rates from liver malignancies, cancer of extrahepatic bile duct and hematopoietic malignancies were 
significantly higher than autopsy controls. 

8. Conclusions 

1. In Japan, Thorotrast has been mainly used for the X-ray diagnosis of soldiers with war wounds in 
military hospitals from 1930 to 1945, but also occasionally used for many purposes other than 
arteriography and hepatolienography in medical schools and large hospitals. 

2. The first late effect of Thorotrast observed in Japan was a case of liver cirrhosis in 1945 and the 
first malignancy was a cholangiocarcinoma of the liver in 1951. 

3. The total number of Japanese Thorotrast patients who lived more than 3 years after injection is 
estimated at 3,000-7,000; most of them being war-wounded ex-servicemen. 

4. There have been two follow-up studies in Japan. A first series on 262 Thorotrast patients started 
in 1963, and a second series on 156 Thorotrast patients started in 1979. Thus, a total of 418 
Thorotrast patients were examined in both studies. 

5. A third follow-up study (the combined series) on 282 Thorotrast patients was formed all members 
of the second series and living cases of the first series in 1979. This series followed up since then 
to observe the effect of -rays-continous internal irradiation. 

6. By comparing the shortening of the life span of Thorotrast patients in the first series with that of 
the third series, we found that the life span shortening was advancing in Thorotrast patients with 
the increase of -rays irradiation time. 

7. These Japanese follow-up studies showed that -rays from Thorotrast granules significantly 
increased the incidences of liver malignancies, cancer of extrahepatic bile duct, liver cirrhosis, 
and hematopoietic malignancies after 5- 15 years of wasted time. 

8. From the results of the life span follow-up studies of Thorotrast patients in Japan, we estimated a 
cumulative risk of -rays at 764 cases of liver malignancies per 10,000 person Gy (wasted time 
15 years ) and 129 cases of hematopoietic malignancies per 10,000 person Gy (wasted time 5 
years). 
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Abstract: In 1963, a follow-up study was started on 262 war-wounded Japanese ex-servicemen who 
had been injected with Thorotrast into blood vessels between 1931 and 1945. This first series of our 
follow-up studies on Thorotrast patients covered a total of 71 years from 1931 to the present 2002 
survey. It was supplemented in 1979 by another follow-up study called the second or Aichi series 
performed on other Thorotrast-injected war-wounded persons. The 2002 survey of the first series 
indicated that 5 (1.9%) of 262 Thorotrast cases were still alive, while 257 (98.1%) had died. Among 
1,630 control war-wounded persons not treated with Thorotrast, 348 (21.3%) were still alive and 1,282 
(78.7%) had died. In an age-matched control population of 3,999,000 persons, 837,175 (20.9%) were 
alive and 3,161,825 (79.1%) had died. The life span of Thorotrast patients was; thus, markedly shorten 
(about 18 years, P< 0.001) than that of controls. 
The main causes of death in the Thorotrast patients were: 81 liver malignancies (30.9%), 19 liver 
cirrhoses (7.3%), 5 cancers of the extrahepatic bile duct (1.9%), 11 hematopoietic malignancies (4.2%). 
Statistical analyses by the 2 test showed that the incidence of these disorders was significantly 
higher in the Thorotrast group than the control group.  
From 1945 to 2002, autopsies have been performed on 404 Thorotrast-treated-patients - 392 injected 
with Thorotrast by vascular route and 12 injected by other routes. In vascularly injected autopsy cases, 
266 liver malignancies (67.9%), 28 liver cirrhoses (7.1%), 12 cancers of extrahepatic bile duct (3.1%), 
30 hematopoietic malignancies (7.7%), 2 bone sarcomas (0.5%), 16 lung cancers (4.1%), one 
hemangiosarcoma of the spleen (0.3%), 4 malignant peritoneal tumors (1.0%), and 7 sarcomas at the 
injection site (1.8%) were found. The relative risk estimate of liver malignancies and hematopoietic 
malignancies was significantly higher in the autopsied Thorotrast patients than in the autopsied 
controls.

1. Introduction 

The history of the use of Thorotrast for angiography [1, 2], early observations on deleterious effects of 
such an application [3, 4], the application of Thorotrast during the war and the three series of follow-
up studies with their surveys at different times are described in more detail in our other paper of this 
journal (see Mori, T., Kido, C., and Machinami, R., “Overview and History of Japanese Thorotrast 
Studies”). Briefly, all persons investigated were wounded in the wars, 1931-1945, and received a 
Thorotrast injection to establish the diagnosis.  
The initial follow-up study, the ‘first series’, started in 1963 and dealt with 262 war-wounded soldier 
given Thorotrast by the vascular route and 1,630 war-wounded controls who had not been injected 
with Thorotrast. These groups were chosen from protocols of about 50,000 war-wounded patients kept 
in 38 national hospitals [5, 6]. This first series was supplemented in 1979 by another follow-up study 
called the second or ‘Aichi series’ on 156 other Thorotrast injected war-wounded persons [7, 8]. The 
282 patients still alive on January 1, 1979 ---the 126 from the first series and the 156 from the second 
series ---were grouped into a third ‘combined series’ in 1979 [7, 9]. In addition, we started a series of 
404 autopsies--- 392 injected with Thorotrast by vascular and 12 injected by other routes. 
This paper reports the results of the 2002 tenth survey of the first series of our follow-up studies. 
Earlier surveys have already been reported: the first survey in 1963 [5, 6], the second survey in 1972 
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[10], the third survey in 1975 [11, 12], the fourth survey in 1977 [13], the fifth survey in 1980 [14, 15], 
the sixth survey in 1983[16], the seventh survey in 1986 [17, 18], the eighth survey in 1992 [19] and 
the ninth survey in 1998 [20]. 

2. Patients, methods of examination and results in the 2002 survey of the first series 

The 2002, tenth survey of the first series of our follow-up studies carried out up to December 31, 2002. 
It includes 262 war-wounded ex-servicemen given Thorotrast by vascular route (the Thorotrast group) 
and two controls [one consisting of 1,630 war-wounded ex-servicemen who had not received 
Thorotrast (the control group), and another one of 3,999,000 males selected from the Japanese general 
population in 1940 (control population)]1 The members of these three groups were between 20 and 39 
years old and were matched according to 5-year-age-classes as previously reported [5, 6, 10-20]. The 
causes of death of the members of these groups were confirmed as described in the previous papers on 
the first survey [5, 6, 10-20].  

1

Tab. I:  Ages at the time of injection in the Thorotrast group, of wounding 
in the control group and in 1940  in the control  population

( Follow-up Study)

24.8 years
(SD:4.4 years)

25.8 years
(SD:4.1 years)

Mean age25-39 years20-24 years

1,719,570(43.0%)2,279,430 (57.0%)Control population (3,999,000)

647 ( 39.7%)

112 (42.7%)
Mean age
29.3 years 

(S.D.: 3.6 years)            

983 (60.3%)Control group        (n=1,630)

150 (57.3%)150 (57.3%)
Mean age
22.8 years

(S.D.: 1.0 years) 

Thorotrast group   (n=262)

The 262 patients given Thorotrast (see Table I) were divided into two, about equally sized, subgroups: 
one in the age brackets of 20-24 years old, the other in the bracket of 25-39 years old. The average 
amount of Thorotrast injected per person was 17 ml (1.11x104 Bq: S.D.: 17ml) [16, 21, 22, 23]. Names, 
birth-places, addresses and kinds of wounds of the 262 war-wounded ex-servicemen who had been 
treated with Thorotrast for angiography or hepatolienography were obtained from the protocols kept in 
38 national hospitals, from where also the control group of 1,630 war-wounded ex-servicemen not 
treated with Thorotrast was gathered [5, 6, 10, 11, 19, 20]. The control group was divided into the two 
above-mentioned age brackets. The 3,999,000 members of the control population were randomly 
selected from the 20-39 year-old Japanese male age-adjusted population (11,531,000) in 1940, and 
also divided into the two age brackets. Consequently, for all three groups the same relation was 
maintained (about 60% in the lower age range, about 40% in the higher one).  
Survival rates from 19452 to 2002 of the three groups are presented in Figure I. Already, in the second 
1972 survey; clear differences had appeared between the survival rates of the Thorotrast group and the 
two controls [10] and since then have increased markedly with time. At the contrary, the difference 
between the survival rates of the two controls is small and does not change much with time up to 2002 
[10-20]. Figure I and table II indicate that our control group is representative for the Japanese male 
population. 

                                                     
1 This 3,999,000 male population was adapted as a standard population of the “comparative mortality 
figure (CMF)” in this paper.
2 In 1945, the last Thorotrast patient had been injected i.e. three years after the injections of most 
Thorotrast patients.  The average year of injections of Thorotrast was 1939.  
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Fig. I: Survival rates of the Thorotrast group, control group 
and control population
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 the 2002 survey, only 5 Thorotrast patients (1.9 %) were still alive, compared to 348 members 

of death  in the Thorotrast group, the control group and the control population were 

                                                     

Tab. II:  Ratio of  living  to dead  at  the end of  2002
(Follow-up Study )

257***(98.1%)5 ( 1.9%)Thorotrast group       ( n=262 )

DeadLiving

*** P <0.001       (a) This 3,999,000 male population is adapted as a “standard population” of the
” Comparative Mortality Figure (CMF )” in this report.

3,161,825 (79.1%)837,175(20.9%)Control population (a) ( n=3,999,000 )      

1,282     (78.7%)348 (21.3%)Control group            ( n=1, 630 )

In
(21.3%) of the control group and 837,175 members (20.9%) of the control population (see Table II). 
These results indicate a remarkable shortening of life span of about 18 years in the persons given 
Thorotrast by vascular route compared to the control group and the control population [5, 6, 10-20] 
(see Fig. I). 
The causes 1

divided into five categories based on radiobiological considerations established in the 1960s [5, 6, 10-
20]. Category (I); Thorotrast-related malignancies and diseases, category (II); secondary disorders 
caused by diseases present at the time of Thorotrast administration, category (III); other malignant 
tumors (so-called Thorotrast-unrelated malignant tumors), category (IV); other diseases and accidents2,
and category (V); unknown causes. 

1 The causes of death of the patients of the Thorotrast group were established from death certificates 
and, where possible, from hospital records and postmortem examinations. 

2 In previous reports [17, 18, 19, 20], category (IV) other diseases and accidents were subdivided into 
categories (IV) infectious diseases, (V) non-infectious diseases, and (VI) accidents and injuries. 
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---------------6  ( 2.3%)Unknown causesV

P<0.001       * P<0.05            (a) No. in parentheses shows no. of  double or triple cancer.

0.7 ( 0.4 -0.8)903       ( 55.4%)105 ( 40.1%)       Other diseases & accidentsIV

3.5(1.2 -10.4)*9        ( 0.6%)5       ( 1.9%)          Secondary disorders induced 
by diseases present at time of 
Thorotrast administration

II

26         ( 1.6%)

0.9( 0.5 -1.3 )218+(14) (a) ( 14.2%)         24+(10) (a) ( 13.0%)   Other malignant tumorsIII

6.3( 5.0 -8.0)***126+(6) (a) ( 8.1%)117 +(16) (a) ( 50.8%)Thorotrast-related 
malignant tumors & diseases

I

Risk Ratio
95% C.I.)

Controls
(n=1,630)

Thorotrast
(n=262)

Category

Tab. III:    Summary of results of follow-up study

The results of the 2002 survey (see Table III) for the five categories revealed that about half the deaths 
(133 cases: 50.8 %) in the Thorotrast group were due to Thorotrast-related malignancies and diseases 
of category (I), compared to only 8.1 % (132 cases) in the control group, showed a highly significant 
difference [ 2 test (P < 0.001), relative risk estimate 6.3 (95% C.I.: 5.0-8.0)]. For category (II) 
secondary disorders induced by diseases present at Thorotrast administration; 5 cases (1.9 %) in the 
Thorotrast group as the cause of death compare to only 9 cases (0.6 %) in the control group, again 
revealed a significant difference [ 2 test (P< 0.05), relative risk estimate 3.5 (95% C.I.: 1.2-10.4)]. 
Category (III), other malignant tumors, includes 34 cases (13.0%) in the Thorotrast group and 232 
cases (14.2%) in the control group; this did not represent a significant difference for the 2 test or the 
relative risk estimate [0.9 (95% C.I.: 0.5-1.3)]. Regarding category (IV) other diseases and accidents, 
there was no significant difference between the Thorotrast group (105 cases, 40.1%) and the control 
group (903 cases, 55.4%). There was also no significant difference between the Thorotrast group and 
the control group with respect to the small number of persons died from unknown causes of category 
(V).
Liver disorders, in particular liver malignancies have been consistently reported from studies in many 
countries [18, 20, 24, 28, 29, 30, 31] over more than two decades as a result of the -rays irradiation 
from Thorotrast granules –about 60% of the injected amount is deposited in liver. Thorotrast related 
liver malignancies appear to increase in function of the -rays dose except during the initial “wasted 
time” [34]. Since the dose rate in liver and volume of Thorotrast injected correlate well, many reports 
have represented -rays dose rate as volume of Thorotrast injected (ml). Indeed, as van Kaick et al 
[25, 26, 27, 28] reported, the relationship between the cumulative rate of Thorotrast related liver 
malignancies and the volume of Thorotrast injected extends to very low dose (< 6ml). The same 
reports [25, 26, 27, 28] also demonstrated a correlation between the volume of Thorotrast injected and 
the cumulative rate of Thorotrast related liver cirrhosis and the increase of Thorotrast-related cancer of 
the extra-hepatic bile duct. 
Our 2002 survey shows that the incidences of liver malignancies, liver cirrhosis and cancer of extra-
hepatic bile duct which are belonged to category (I) are significantly increased in the Thorotrast group 
[Table IV-(A)]. Thus, 81 cases (30.9%)1, of liver malignancies occurred in the Thorotrast group versus 
32 cases (2.0 %) of liver malignancies in the control group is yielding a P<0.001 in the 2 test and a 
relative risk estimate of 15.5 (95% C.I.:10.3-23.4). Also, there are significantly more cases of liver 
cirrhosis in the Thorotrast group (19 cases, 7.3%) than in the control group (23 cases, 1.4%) [ 2 test (P 
< 0.001), relative risk estimate 5.1 (95% C.I.:2.8-9.4)], and significantly higher in cases of cancer of 
                                                     
1 Among the 81 liver malignancies, 53 were 7 liver cell carcinomas, 23 cholangiocarcinomas, 11 
hemangiosarcomas and 12 malignancies of multiple histological types in the same liver or the liver 
and other organs.  The remaining 28 cases were diagnosed only as primary liver malignancy. 
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extrahepatic bile duct (5 cases; 1.9 %) in the Thorotrast group than in controls (8 cases, 0.5 %) [ 2 test 
(P< 0.05), relative risk estimate 3.9 (95% C.I.:1.3-11.9)]. 

4

Tab. IV:  Risks of death from Thorotrast-related malignancies and diseases
( Follow-up Study )

( Category I  )

Sarcoma at the injection site

Lung cancer

Bone sarcoma

Hematopoietic malignancies

Cancer of extrahepatic
bile duct

Liver cirrhosis

Liver malignancies

*P <0.05      *** P <0.0 01         (a) No. in parentheses are no. of  double or triple cancers.  

5.1 (2.8 - 9.4 )***23         (1.4%)19           (7.3%)A       

0          ------3          (1.1%)

12.7 ( 1.1 - 134 )***1         (0.1%)2           (0.8%)      
B      

3.9 ( 1.3 - 11.9 )*8     ( 0.5%)4+(1)(a) (1.9%) 

1.4 ( 0.6 - 2.7 )

-------

53+(2)(a)    ( 3.4%)11+(1)(a)         (4.6%)

5.3 ( 2.4 - 11.8 )***13         (0.8%)9+(2)(a)         (4.2%)

15.5 (10.3 -23.4 )***28+(4)(a)   (2.0%)69+(12)(a)  ( 30.9%)

Risk Ratio
( 95%  C.I.)

Controls
(n=1,630)

Thorotrast
(n 262)

Cause of Death

5

Tab. V: Cause-specific mortalities of liver malignancies, liver cirrhosis and cancer of 
extrahepatic bile duct in 7-20 year terms from 3 years after Thorotrast injection

( Follow-up Study )
( Category I - A )

* P < 0.0 5        ** P < 0. 005       *** P < 0. 001 (a) Cumulative dose of the liver 18 (b) CMF = Comparative Mortality 
Figure

(c) R . R. = Risk Ratio

Cases  CMF (b)Cases    CMF (b)Cases  CMF (b)Cases  CMF (b)Cases   CMF (b)Cases CMF (b)

11.0 -15.2Gy(a)8.8 -10. 8Gy (a)6. 6 -8. 6 Gy (a)4. 4  - 6. 4 Gy (a)2. 2 – 4. 2 Gy (a)0.7 – 2. 0 Gy (a)

50 – 69 years40 – 49 years30 – 39 years20 – 29 years10 -19 years3 – 9 years

1          2. 0
3          0. 6

3.6( 0. 02-34. 5 )

6 ***     8. 1
4            0. 6

16.2( 4. 6-57. 3) 

26 ***     24. 8
11 1. 0

25. 5(12.6-61.5)

0          0. 0
0          0. 0

0. 0      ( 0. 0 ) 

0             0. 0
1             0. 7

0. 0        ( 0. 0 )

1             4. 0
0             0. 0
0. 0       ( 0. 0)

1          2. 6
3          2. 6

5. 8( 0. 5-55. 6)

1 *         12. 0
2            4. 0

3.8( 3. 4 - 35. 3 )

2        22. 5
0          0. 0

0. 0      ( 0. 0 ) 

0          0. 0
0          0. 0

0. 0      ( 0. 0 ) 

Cancer of  extra-
hepatic bile duct 

Thorotrast
Control

R .R .( 95% C.I.) (c)

1           4. 2
5           1. 2

3. 4(0.08-29. 0)

5 ***     4. 0 
6            0. 7

6. 2 ( 1.2-20. 3 )

7 **     8. 0
7         1. 25

6. 3 ( 2.2-17. 9 )

0           0. 0
0           0. 0

0. 0      ( 0. 0 )

Liver cirrhosis
Thorotrast
Control

R .R .( 95% C.I.) (c)

16 ***   22. 2
16            1.3

17. 1(8. 6-34.2)

31***     29. 2
3           0. 3

77.4(23.7-253.4)

7 ***    8. 0
2           0. 25 

22.1(4.5-106. 5)

0             0. 0
0             0. 0
0. 0      (  0.0  )

Liver malignancies
Thorotrast
Control

R .R .( 95% C.I.)(c)

Years after Injection
Cause of Death

Table V shows the -rays cumulative dose in the liver and the cause-specific mortality rate for the 
above-mentioned liver disorders for 6 year periods from 3 years to 69 years after Thorotrast injection. 
The incidence of liver malignancies in each subdivision of the Thorotrast and control groups are also 
compared by means of the “comparative mortality figure”(CMF) with our control population for 
confirming the data shown in the table. 
During the initial 3-19 years after injection, the incidences of liver malignancies in the Thorotrast 
group did not differ from those in the control group or the control population. From the 20-29 year 
period onward, the incidence of liver malignancies in the Thorotrast group increased significantly [ 2

test (P <0.001) for the 20-29 year period and risk ratio estimate 22.1 (95% C.I.: 4.5-106.5)]. This 
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increase continued until the last 50-69 year period (over 70 years of age).  
The increase in liver malignancies in the Thorotrast group occurred abruptly after the latent period or 
wasted time [34]. Figure II-(A) shows that it attains 30.9% of total deaths during the last 50-69 year 
period of observation. This does not occur in the control group or the control population where only a 
slight rise to 2% and 1.9%, respectively. The slight rise is only seen when the people attain cancer age 
(20-40 years after the start of this follow-up study). It is also evident from table V that the rapid 
increase of the cumulative death rate from liver malignancies in the Thorotrast group paralells the 
increase of cumulative dose in the liver except for the initial 19 years latent period. Figure II-(B) 
shows that relative risks of liver malignancies in Thorotrast patients to controls (white bars) or to the 
control population (grey bars) also increase after the latent period --- with the exception of a slight 
increase of 2.9 compared to the control population but not to the controls during the 10-19 year period-
--- then they seem to reach a plateau at rates of 9-77 in agreement with the nearly linear increase of the 
cumulative death rate during these periods (see Fig. II-(A)). 

13

Fig. II: Changes with time in the incidence and relative risk of liver malignancies
( Follow-up Study )
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Figure III shows a relationship between the life span of Thorotrast patients died by liver malignancies 

f 19 

trast-

owever, liver cirrhosis in the control group and the control population attained only 1.4% of the total 

gree of liver cirrhosis and the dose rate of injected Thorotrast was, also, 

and their ages at the injection. We divided the 262 Thorotrast patients who died of liver malignancies 
into a younger group and an older group based on their ages at the injection. The 150 patients in the 
younger group had received Thorotrast at an age of 20-24 years (mean age: 22.8 years: S.D.1.0 year), 
and the 112 patients in the older group had received it at an age of 25-39 years (mean age: 29.3 years: 
S.D. 3.6 years] (see Table I). The life span of patients having died from liver malignancies in the older 
group is about 5-10 years shorter than those in the younger group. This suggests that “aging” has some 
additional action on the carcinogenic effects of -particles from intrahepatic Thorotrast granules. 
The incidence of liver cirrhosis in the Thorotrast group began to increase after a latent period o
years and attained 7.3% of the total deaths during the last 50-69 year period [see Fig. IV-(A)]. The 2

test revealed significantly higher values (P< 0.005-P< 0.001) in the incidence of liver cirrhosis in the 
Thorotrast group than in the control group from the 20-29 year period until the 40-49 year period[see 
Table V ]. Also, relative risk estimates showed significant increases for the same periods [see Table V, 
Fig. IV-(B)]. The almost linear increase in cumulative risk is paralleled by a higher relative risk of 
liver cirrhosis in Thorotrast patients compared to controls (white bars) and the control population (gray 
bars), and remains nearly constant (3.4-16.2) after the latent period of 19 years [see Fig. IV-(B)] 
Thus, the pattern of the increase of Thorotrast-related liver cirrhosis resembled that of Thoro
related liver malignancies, but the cumulative incidence of Thorotrast-related liver cirrhosis (7.3% of 
total deaths) amounted only to a quarter of that (30.9% of total deaths) of Thorotrast-related liver 
malignancies in the same age period (the last 50-69 year period) [compare Fig. IV-(A) with Fig. II-
(A)]. This suggests that the intra-hepatic -particles radiation from Thorotrast granules is more 
effective in inducing malignant cells with resultant death from liver malignancies than inducing 
hepatic fibroses and resultant death from severe liver cirrhosis or fibrosis.  
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Fig.IV: Changes with time in the incidence and relative risk of liver cirrhosis
( Follow-up Study )
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H
deaths, respectively, even during the last 50-69 year period [see Fig. IV-(A)]. This incidence nearly 
equals to that (2.0%) of Thorotrast-unrelated liver malignancies of the control group or the control 
population [see Fig. II-(A)]. 
A correlation between the de
strongly suggested by observations in the follow-up studies on Thorotrast patients. Many Thorotrast 
patients died of severe liver cirrhosis or fibrosis between the 1940s and 1970s, namely, in the 
relatively early stage of our follow-up study. But most of them were injected a high dose (amount) of 
Thorotrast (50-100 ml) for hepatolienography or multiple angiographies [3, 10, 12, 14, 15]. Van Kaick 
et al also reported a correlation between the dose rate and the incidence of liver cirrhosis [28]. 
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Fig. V: Changes with time in the incidence and relative risk of 
cancer of extrahepatic bile duct
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The significant increase in the incidence of cancer of extrahepatic bile duct in Thorotrast patients was 
recognized in the relatively late stage of follow-up studies, i.e. in the 1986 survey of our follow-up 
studies [16] and in 1988 in the German follow-up study [26]. Since then, a significant and continuous 
increase of this cancer has been seen in both studies [20, 28] as illustrated in table IV-(A) for our 
present survey [ 2 test (P<0.05) and risk ratio estimate 3.9 (95% CI: 1.3-11.9)]. Cancer of extrahepatic 
bile duct appeared first during the 20-29 year period after a 19 year latent period and increased up to 
1.9% during the last 50-69 year period (see Fig. V-(A)) attaining 3.8-5.8 times the level in the controls 
(see Table V). The difference was significant in relative risk estimate only in the 30-39 year period to 
the control group. However, the graph of relative risks [Fig. V-(B)] shows that the increase after the 
latency period above those in controls (white bars) and the control population (grey bars) and then 
remain essentially constant varying between about 3 and 12, except during the 20-29 year period when 
there was no difference between the Thorotrast group and the control group.  
At the contrary, Thorotrast-unrelated extrahepatic bile duct cancer did not exceed 0.5% in the control 
group and 0.7 % in the control population even during the last 50-69 year period (see Fig V-(A)).  
Data on deaths of Thorotrast patients from liver malignancies, liver cirrhosis and cancer of extra-
hepatic bile duct reveal that these Thorotrast related liver disorders (Thorotrast-related liver 
malignancies, liver cirrhosis, and cancer of the extra-hepatic bile duct) have two important features in 
common. First, they have a long latent period (10-19 years) before their incidence reveal clear increase. 
Secondly, the increase of their incidence is correlated to the dose of -particles emitted from intra-
hepatic Thorotrast deposits, in spite of rate of their increase by dose of -particles differ as shown by 
the difference of relative risks among these hepatic disorders. These are in accord with many other 
worker’s findings [24, 27, 28, 29 31, 32, 33] 
The induction of hematopoietic disorders including malignant tumors is generally expected from big 
deposition of Thorotrast granules in bone marrow (10% of the Thorotrast injected). Indeed, total 
incidence of hematopoietic malignancies is significantly higher (11 cases; 4.2 %) in the Thorotrast 
group than in the control group (13 cases, 0.8 %) [ 2 test (P < 0.001), relative risk estimate 5.3 (95% 
C.I.: 2.4-11.8)] as table IV (B) indicated. These hematopoietic malignancies start to increase [see Fig. 
VI-(A)] after a latent period of 9 years and attain up to 4.2 % of total deaths during the last 50-69 year 
period.
However, this value (4.2 %) of hematopoietic malignancies represents only about one seventh of the 
value of the 30.9% of total deaths from Thorotrast-related liver malignancies [compare Fig. VI-(A) 
with Figure II-(A)], but is almost two times that (1.9% of total deaths) from Thorotrast-related cancer 
of extrahepatic bile duct [compare Fig.VI-(A) with Fig. V-(A)].  
Inspecting figure VI-(A), one notes that the cumulative death rate from hemopoietic malignancies  
increase gradually up to 1.1% at 39 years after injection through a 9 years latent period. After this time, 
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it reaches rapidly 4.2% of the total deaths during the last 50-69 year period. However, differences are 
significant only for the period from 40-49 years [ 2 test (P< 0.001), relative risk estimate 21.7 (95% 
CI: 3.98-118.6)] and from 50-69 years [ 2 test (P< 0.001), relative risk estimate 7.6 (95% C.I.:3.0-
24.6)] (see Table VI). Relative risks shown in figure VI-(B) also indicate a biphasic risk response i. e. 
lower relative risks (6-15) before 39 years after a 9 years latent period following Thorotrast application 
with a cumulative risk rate under 1.1%, and higher relative risks (7-29) after 40 years when cumulative 
risk rate rapidly increased from 1.1% to 4.2% during 29 years [see Fig. VI-(A)]. The period from 40 
years onward after injection of Thorotrast corresponds to the age when spontaneous hematopoietic 
malignancies occur more often and present different background to induce -rays hematogenic 
malignancies.
The latent period for hematopoietic malignancies arising in the Thorotrast group after injection is only 
about half as long as that for Thorotrast-related liver disorders [compare Fig. VI-(A) with Fig. II-(A), 
Fig. IV-(A) and Fig. V-(A)]. 
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Fig. VI: Changes of time in the incidence and relative risk of  
hematopoietic malignancies
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Tab. VI: Cause-specific mortalities of hematopoietic malignancies and lung cancer
in 7-20 year terms from 3 years after Thorotrast injection

( Follow-up Study )
( Category 1-B)

* P< 0.0 5     ***  P < 0. 001      (a) CMF = Comparative Mortality Figure    (b) R. R. =Risk Ratio

5 *        2. 3  
35           0. 9   

2. 5 (1. 0-6. 4 )   

4 *         1. 6
13            0. 5

3. 3( 1. 0 -10. 0 )    

2             1. 1
6             0. 5

2. 5( 0. 3-12. 4 )

1             1.7
1             0.2

6.3( 0. 0–100.5 )

0            0. 0
0            0. 0

0. 0        ( 0. 0 )

0            0. 0
0            0. 0

0. 0      ( 0. 0 )

Lung cancer
Thorotrast
Control

R .R .( 95%C.I.)(b)

0.265 –
0.366Gy

0.212 –
0.260 Gy

0.159-
0.207 Gy

0.106 –
0.154 Gy

0.053 –
0.101Gy 

0.016–
0.048 Gy

Cumulative dose
in lung 

4***        28. 6
9                3. 8
7.6  (3. 0-24, 6)

4***     19. 0 
2             1.0                      

21.7(3. 98-118.6)

1              6. 7
0              0. 0

0. 0        ( 0. 0)

1           10. 0
1             2. 0

0. 0       ( 0. 0 )

1             5. 7
1             2. 3

6. 4( 0.08-102.1)

0            0. 0
0            0. 0

0. 0      ( 0. 0 )

Hematopoietic 
malignancies

Thorotrast
Control

R .R .( 95%C.I.)(b)

4.25  -5. 87 Gy3. 40 – 4. 17 Gy2.55 – 3. 31 Gy1.70 – 2. 47 Gy0.85 – 1. 62 Gy0.26 - 0.77 GyCumulative dose 
in bone marrow

Cases  CMF (a)Cases     CMF (a)Cases   CMF (a)Cases   CMF (a)Cases   CMF (a)Cases   CMF (a)

50 – 69 years40 – 49 years30 – 39 years20 -29 years10 -19 years3 – 9  years

Years  after  Injection
Cause of Death
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Consequently, two features, namely; the correlation between the incidence of the disorders and the 
radiation dose of -particles emitted from Thorotrast granules in bone marrow or the liver, the latent 
period of 10 or 20 years, respectively are common to Thorotrast patients died from hematopoietic 
malignancies and to those died from liver disorders such as liver malignancies, liver cirrhosis and 
cancer of extrahepatic bile duct. We must consider, therefore, all these diseases, hematopoietic 
malignancies and liver disorders, appeared after Thorotrast application being Thorotrast-induced.  
In view of the increased lung cancer risk due to radon in uranium miners, one might have expected a 
significant increase of lung cancer in Thorotrast patients. However, this was not found in most studies 
[19, 28, 29, 30, 31] except for one [24], although radioactive gas was exhaled continuously through 
the bronchi of the lungs. The cumulative increase of -rays dose with time in the lung is shown in 
table VI. In the present survey, we found only 12 cases (4.6 %) of lung cancers in the Thorotrast 
patients compared to 55 cases (3.4%) in the control group. Clearly no significant difference was shown 
[risk ratio 1.4 (95% C.I.: 0.6-2.7)] (see Table IV).  
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ig .VII: Changes with time in the incidence and relative risk of lung 
cancer 
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The evolution with time, figure VII-(A) suggests, however, an increased incidence of lung cancers in 
the Thorotrast group from 20 years after injection to 4.6% of all deaths during the last 50-69 year 
period. Lung cancers in the control group and the control population seem to raise later and less.
The incidence of lung cancer is slightly but significantly higher values in the Thorotrast group than the 
control group during the 40-49 years period, [ 2 test (P < 0.05), relative risk estimate 3.3(95% CI: 1.0-
10.0)] and the 50-69 years period [ 2 test (P < 0.05), relative risk estimate 2.5 (95% C,I: 1.0-6.4)](see 
Table VI). This is also evident from the plot of relative risks [see Fig. VII-(B)]. However, it is difficult, 
at the present time, to judge the importance of these differences since complete information on 
smoking behaviour of these populations is lacking.  
It is, nevertheless, surprising that the Thorotrast group ressembles more the general population than 
their proper controls with respect to the time-dependent appearance of lung cancer [see Fig VII-(A)].  
Comparing the contributions of the different disorders to the shortening of life span in Thorotrast 
patients, it is evident that malignant liver tumors take the prominent place being responsible for one 
third of the excess total mortality, followed by liver cirrhosis (~5.9%), hematopoietic malignancies 
(~3.4%) extrahepatic bile duct cancer (~1.4%), and possibly lung cancer (~1.2%). When considering 
these increases in terms relative to the normal occurrence of the disease, malignant liver tumors stand 
again at the top (~15.5 times) followed by hematopoietic malignancies (~5.3 times), liver cirrhosis 
(~5.1 times), hepatic bile duct cancer (~3.9 times), and possibly lung cancer (~1.4 times). 
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Tab. VII: Risk of death by secondary disorders induced by the disease present 
at the time of Thorotrast administration and other malignancies

( Follow-up Study )
( Categories II & III )

*  P < 0.05     (a) No. in parentheses are no. of  double or triple cancers.

4.0  ( 0.6 - 16.8 )4         (0.2%)2        (0.8%)Laryngeal & pharyngeal  cancers

3.5 (1.2 - I0.4 )*9         (0.6%)5        (1.9%)EpilepsyII

0.8  ( 0.4 – 0.6 )62+(7)(a) (4.2%)4+(5)(a) (3.4%)Other malignancies

-----------0        (0.0%)1       (0.4%)Malig. peritoneal tumor

0.8  ( 0.2 - 1.4 )101+(3)(a) (6.4%)9+(4)(a) (5.0%)Stomach cancerIII

2.0  ( 0.4 - 8.6 )6+(1) (a) (0.4%)2        (0.8%)Brain tumors

1.1  ( 0.4 - 4.5 )11+(3)(a) (0.9%)2+(1)(a) (1.1%)Rectal cancer

0.8  ( 0.3 - 3.7 )20       (1.2%)3       (1.1%)Pancreatic cancer

0.4  ( 0.1 - 3.1 )14        (0.9%)1        (0.4%)Esophageal cancer

Risk Ratio    
( 95%   C. I.)            

Controls
( n=1,630)

Thorotrast
(n=262)

Causes of DeathCat-
gory

Tab. VIII:  Mortality by a secondary disorder induced by the disease present at 
Thorotrast administration in 7-20 year terms from 3 years after Thorotrast injection

( Follow-up Study )
( Category II  )

* P < 0. 05             (a) CMF = Comparative Mortality Figure  (b) R.R.=Risk Ratio

0         0. 0
0         0. 0

0. 0     ( 0. 0)

0         0. 0
0         0. 0

0. 0      ( 0. 0 )

1        60. 0
1          8. 0

7.5(0. 25-110.1)

2 *     45. 0
1          3. 5

12. 6(1.1-137. 2)

2        40. 0
5        16. 5

2. 5( 0. 3- 12. 8)

0        0. 0
2        4. 1

0.0     ( 0.0 )

Epilepsy
Thorotrast
Control

R.R.( 95%C.I.) (b)

Cases   CMF(a)Cases    CMF(a)Cases    CMF(a)Cases    CMF(a)Cases    CMF(a)Cases    CMF(a)

50 – 69 years40 – 49 years30 – 39 years20 -29 years10 -19 years3 – 9 years

Years  after Injection

Cause of Death
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Fig. VIII: Changes with time in the incidence and relative risk of epilepsy
( Follow-up Study )
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Among other malignancies and diseases belonging to category (I), our 1992 [19] and 1998 survey [20], 
had found two bone sarcomas (one osteosarcoma and one hemangiosarcoma of the bone) and three 
sarcomas at the site of injection in addition to the above-mentioned Thorotrast-induced or related 
disorders of category (I) (see Table IV). The higher incidence of bone sarcoma in the Thorotrast group 
was significant [relative risk estimate 12.7 (95% C.I.:1.1-134)]. However, number of bone tumors was 
only two cases in our Thorotrast group. 
There were 34 (13.0%) other malignant tumors of category (III) in the Thorotrast group and 232 
(14.2%) in the control group (see Table VII). These malignant tumors, classified into eight types; brain 
tumors, laryngeal and pharyngeal cancers, esophageal cancer, stomach cancer, pancreatic cancer, 
malignant peritoneal tumor, rectal cancer and other malignancies, exhibit no significant difference 
between the Thorotrast group and the control group with respect to any of these types when checked 
by the 2 test and the relative risk estimate.  
Dealing with secondary disorder induced by the diseases present at the time of Thorotrast-
administration belonging to category (II), the 1986, seventh survey of our follow-up study [17, 18] had 
observed significantly more deaths due to epilepsy in the Thorotrast group than in the control group 
(P< 0.05). This phenomenon continued to the tenth 2002 survey (see Table VII). The higher incidence 
of epilepsy in the Thorotrast group has been explained by the higher rate of head trauma as a cause of 
hospitalization of the Thorotrast patients compared to the control patients. Indeed, head trauma, one of 
the main reasons for Thorotrast injection in Japanese war-wounded veterans, can cause lethal epilepsy 
[6, 10, 11,13]. 
In the 2002 survey, we found significantly more deaths from epilepsy in the Thorotrast group (5 cases: 
1.9%) than in the control group (9 cases: 0.6%) [ 2 test (P< 0.05%), relative risk estimate 3.5 (95% 
C.I.: 1.2-10.4)](see Table VII). The incidence of epilepsy in the Thorotrast group is significantly 
greater than in the control populations (2,964 cases, 0.07%) [ 2 test (P<0.001%), relative risk estimate 
27.1 (95% C.I.: 11.3-65.0)]. 
The incidence of epilepsy is initially zero from 3-9 years after Thorotrast injection [see Fig. VIII-(A)]. 
Then, it increases from 10-19 years to a level of 1.9% during the 30-39 year period but does not 
anymore increase after 40 years. Epilepsy in the control group shows a similar time course but is lower 
(0.6% in 30-39 year period), whereas epilepsy in the control population occurs still much less (0.07% 
in 30-39 year period).  
The incidence of epilepsy in the Thorotrast group compared to the control population displays a large 
difference in CMF (40.0 in the 10-19 year period, 45.0 in the 20-29 year-period and 60.0 in the 30-39 
year period). Simultaneously, the control group and the control population also differ clearly in CMF 
during these periods (16.5 in the 10-19 year period, 3.5. in the 20-29 year-period, and 8.0 in the 30-39 
year period) (see Table VIII). However, there is almost no difference found in the incidence of other 
disorders between the control group and control population during these periods (10-19, 20-29, and 
30-39 years periods) (see Fig. I). These findings are explained by the fact that both the Thorotrast 
group and the control group include a high rate of lethal epilepsy following head trauma as cause of 
death during these periods. Consequently, we conclude that the significant increase in the incidence of 
epilepsy in the Thorotrast group is not related to the chemical or radiological toxicity of the Thorotrast 
application.
Among other diseases and accidents of category (IV), 105 cases (40.1%) occurred in the Thorotrast 
group and 903 cases (55.4%) in the control group (see Table III). This category was divided into three 
types: (1) infectious diseases; 26 cases (9.9%) in the Thorotrast group, vs. 219 cases (13.4%) in the 
control group, (2) non-infectious diseases; 64 cases (24.4%) in the Thorotrast group, vs. 573 cases 
(35.2%) in the control group, and (3) accidents & injuries; 15 cases (5.7%) in the Thorotrast group, vs. 
111 cases (6.8%) in the control group. 
The cause of death was unknown in 6 cases (2.3%) in the Thorotrast group vs. 26 cases (1.6 %) in the 
control group. None of these differences is significant (see Category (VI) and (V) in Table III). 
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Tab.IX: Risks of death from Thorotrast-related malignancies and diseases
(Autopsy Series)

( Intravascular Administration )
( Category I )

*P <0.05 ***P <0.001    (a) No. in parentheses are no. of  double or triple cancers.  

49.6  ( 6.3 -387 )  9   (0.01%)0+(1) (a) (0.3%)Hemangiosarcoma of the spleen

---------------0   (0.0%)7           (1.8%)Sarcoma at the injection site

5.8  ( 1.5 - 24.3 )155   (0.1%)2            (0.5%)Bone sarcoma

1.4  ( 0.8 - 2,4 )3,880    (2.2%)9+(3) (a) (3.1%)Cancer of extrahepatic bile duct 

7.8 ( 7.2 - 9.2 )***15,304    (8.7%)214+(52) (a) (67.9%)Liver malignancies

0.3  ( 0.2 - 0.5 )23,380   (13.3%)11+(5) (a) (4.1%)Lung cancer

1.8  ( 1.3 - 2.8 )*7,321   (4.2%)27+(3) (a) (7.7%)Hematopoietic malignancies 

0.8  ( 0.6 - 1.2 )15,739    (8.9%) 26+(2) (a) (7.1%)Liver cirrhosis

Risk Ratio
( 95%  C.I. )

Controls
(n=176,400)

Thorotrast
n 392)

Causes of Death

3. Thorotrast autopsy series 

The Thorotrast autopsy series was started in 1972 on 94 persons who had received Thorotrast by 
intravascular or other routes and had lived more than 10 years after its administration [10]. Until this 
2002 survey, this group was expanded to 404 cases autopsied between 1945 and 2002 (392 cases 
injected with Thorotrast by vascular route and 12 cases injected by other routes). The statistical 
analysis of the cause of death of patients injected with Thorotrast and of controls has been continued 
until this 2002 survey [10-20]. 
In this survey, we used 392 autopsied cases injected with Thorotrast by vascular route as Thorotrast 
autopsy group. They had received Thorotrast at an age of 9 to 47 years mean age 26 years: SD 18.6 
years). The ratio of males to females was 9.3 /1.0 and the time between Thorotrast injection and death 
varied between 11 and 65 years mean time 38.6 years: SD 9.3 years). We, also, selected 176,400 
autopsy cases not treated with Thorotrast from the ”Annual of the Pathological Autopsy Case in Japan 
from 1958 to 2002” [35] as an autopsy control group. The ratios of number of cases in the 5 year-age-
classes and male to female ratios in the autopsy control group were adjusted to be the same as those in 
the Thorotrast autopsy group.  
Table IX presents the risk of death in Thorotrast-induced malignancies and diseases of concern in the 
patients given Thorotrast by vascular route (Category I). There were 266 cases (67.9%) of liver 
malignancies in the Thorotrast autopsy group versus 15,304 cases (8.7 %) in the autopsy control group, 
a highly significant increase [ 2 test (P< 0.001), relative risk estimate 7.8 (95% C.I: 7.2 – 9.2)]. 
Hematopoietic malignancies were found significantly higher in 7.7% (30 cases) in the Thorotrast 
group than in autopsy controls 4.2% (7,321 cases) [ 2 test (P< 0.05), relative risk estimate 1.8 (95% 
C.I.:1.3-2.8)]. The incidence of liver cirrhosis, cancer of the extrahepatic bile duct and lung cancer was, 
however, not significantly different in the Thorotrast autopsy group from that in the control autopsy 
group.

This comparison of incidences in Thorotrast autopsy cases and control autopsy cases shows a clear 
bias toward malignancies, especially liver malignancies, because, in Japan, death from these kinds of 
tumors are autopsied more frequently than those from other diseases [10-20]. The principal advantage 
of the autopsy survey is that it allows to analyze more exactly different histological types [17-20 ], and 
that it is particularly useful when one wants to compare rare malignancies or diseases that are only 
found by autopsy. Many examples have shown the effectiveness of comparing the incidence of 
Thorotrast cases and controls by autopsy [17-20]. 
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4. Conclusions 

(1) In a life span follow-up study carried out from 1963 to 2002, 262 patients who had received 
Thorotrast by vascular route between 1931 and 1945 were compared with 1,630 control war-
wounded soldiers and 3,999,000 males in the general population. 

(2) At the end of these follow-up studies, only 1.9% (5 cases) of the Thorotrast patients was alive, but 
of control patients 21.3% (348 persons) were still alive, and of control population 20.9% (837,175 
persons) were still alive. 

(3) This follow-up study revealed a significant shortening of life span of Thorotrast patients 
compared with that of controls. The length of this shortening of life span was estimated at about 
18 years. 

(4) The main reasons for the life span shortening in Thorotrast patients were the significant increase 
in deaths from Thorotrast-induced liver malignancies, liver cirrhosis, cancer of extrahepatic bile 
duct, and hematopoietic malignancies in the Thorotrast patients. 
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Abstract: The second series (Aichi series) of Japanese follow-up studies on Thorotrast patients started 
in 1979 based on the results of a nation-wide X-ray survey on the upper abdomen of ex-serviceman 
who were war-wounded during the Manchurian campaign to World War II (1931-1945). The survey 
planned by the Ministry of Health and Welfare of Japanese Government was performed between 1975 
and 1978 i.e. about 33-47 years after the injection of Thorotrast into blood vessels. It aimed to detect 
the deposited Thorotrast in the liver and spleen of war-wounded ex-servicemen. The Thorotrast group 
in the second series consisted of 156 war-wounded ex-servicemen treated by intravascular route with 
Thorotrast. Control patients were selected matching the 5-year-age-classes of Thorotrast patients 
among ex-servicemen who were wounded by almost the same kind of wounds in these wars.  
The first survey in this second series of our follow-up studies was performed on January 1, 1979. The 
second and third survey performed in 1995 and 1998, respectively. This fourth 2002 survey was 
performed 23 years after the first 1979 survey. It revealed that only 8 (5.1%) of 156 Thorotrast patients 
were alive and remaing 148 (94.9%) had died. Of the 915 controls, 264 (28.9%) were still alive and 
651 (71.1%) had died. In spite of this second follow-up study began 25 years after the starting of the 
first follow-up study, the life span of Thorotrast patients in the 2002 survey, 23 years after the 
beginning of this study, revealed significantly shorter period than that of controls 2 test (P <0, 
001) .
The main causes of death of Thorotrast patients in the 2002 survey were; liver malignancies (73 cases; 
46.8%), liver cirrhosis (7 cases; 4.5%), cancer of the extrahepatic bile duct (5 cases; 3.2%), 
hematopoietic malignancies (6 cases; 3.8%), hemangiosarcoma of the spleen (3 cases; 1.9%) and lung 
cancer (7 cases; 4.5 %). Among the controls, there were 20 cases (2.2%) of hepatic malignancies, 11 
cases (1.2 %) of liver cirrhosis, 4 cases (0.4 %) of cancer of the extrahepatic bile duct, 6 cases (0.6%) 
of hematopoietic malignancies, and 37 cases (4.0%) of lung cancer. The incidence of these 
malignancies and diseases was significantly higher in the Thorotrast patients than in the controls 
except for lung cancer. 
The results of this fourth survey (the 2002 survey) showed almost similar values and tendencies to 
those in the tenth survey (the 2002 survey ) of the first series of our follow-up studies which had been 
performed on other war-wounded veterans given Thorotrast by intravascular route.  

1. Introduction  

The follow-up studies of Japanese persons given Thorotrast intravascularly (hereafter named 
“Thorotrast patients”) consisted of a first and a second series. The follow-up study of the first series 
dealt with 262 war-wounded Thorotrast patients and started in 1963 1, 2 . The follow-up study in 
this second series (the ‘Aichi series’) concerned another 156 war-wounded Thorotrast patients and 
began in 1979 3, 4, 5 . The third series the ‘combined series’ dealt with 282 Thorotrast patients 
who had survived from the first and the second series by January 1, 1979. This series began in 1979 
and results were reported in 1995 and 1998 7 .
The second series (the ‘Aichi series’) consisted of a total of 156 Thorotrast patients found in a nation-
wide X-ray survey of the upper abdomen of about 50,000 ex-servicemen wounded from the 
Manchurian campaign to the World War II (1931 to 1945). The X-ray survey had been performed by 
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the Ministry of Health and Welfare of Japanese Government in 1975-1978 in order to detect deposits 
of Thorotrast in the liver and spleen of wounded ex-servicemen. 
The main features of the first survey in 1979, the second servey in 1995 and the third survey in 1998 
have been reported in previous reports 3, 4, 5, 6, 7, 8 . Here, we report the results of the fourth 
survey (the 2002 survey) in the second series and their relations with the results from the other series 
of our follow-up studies. 

2. Material, and methods 

Tab. I: Ages at time of injection of Thorotrast patients 
and of wounding of controls 

25-39 years20-24 years

393  ( 42.9%)

67  (42.9%)

522  (57.1%)Controls     (n=915) 

89 (57. %)Thorotrast     (n=156)

Distribution of age

5

Fig. I : Survival rates and ratios of living to dead of Thorotrast 
patients and controls 

DeadLiving

*** P <0.001

651  
(71.1%)

264
(28.9%)

Controls

148 ***          
(94.9%)

8         
( 5.1%)

Thorotrast                 

( B ) Ratio of Living  to  Dead  in 2002%

years

(A) Survival Rates

Initially, 244 persons given Thorotrast were found by nation-wide X-ray screening of the upper 
abdomen from 1975 to 1978. However, 88 of these were excluded from the second series for the 
following reasons: 16 cases could not be traced, 13 cases had received Thorotrast by other routes, 2 
cases had died before the follow-up study started on January 1, 1979, and the remaining 57 cases had 
already been registered as Thorotrast patients (intravascularly Thorotrast-administered patients) in our 
first series and followed since their Thorotrast-administration. The other 156 cases given Thorotrast 
intravascularly have been followed up as Thorotrast patients in this second series since then. The study 
of the second series continued until this fourth survey (the 2002 survey)1. After the third survey on 15 
July 1998, we excluded cases that had already been registered in the first series, from our Thorotrast 
patients, and used control cases selected from war-wound ex-servicemen not given Thorotrast. The 
                                                     
1 In the first survey on January 1, 1979, all Thorotrast patients were in good condition except some 
who complained of after-effects from war-wounds 3, 4. 5 . The second survey was performed on 
December 31, 1992 [6].  The results of our follow-up study at that time were confusing because our 
cohort consisting of 213 Thorotrast patients containing 57 cases that had already been registered as 
Thorotrast patients in the first series of our follow-up studies. 
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ages and sex of control cases were adjusted to those of Thorotrast patients and divided into 5-year-age-
classes 8  Therefore, in this fourth survey (the 2002 survey), we used 156 war-wounded Thorotrast 
patients who were 20-39 years old at the time of Thorotrast injection and who did not belong to the 
first series, and 915 war-wounded person controls in the same age brackets as the Thorotrast patients 
who, as the Thorotrast patients, had survived beyond the end of 1978 (see Table I). We divided the 
Thorotrast patients and controls into two age brackets (20-24 years of age and 25-39 years of age). The 
20-24 year age bracket contained 89 Thorotrast patients and 522 controls (57.1%). The 25-39 year age 
bracket contained 67 Thorotrast patients and 393 controls (42.9%). The relations between the two age 
brackets were similar in the first and the third ‘combined’ series of our follow-up studies.  

3. Results 

The survival rates of the Thorotrast group and the control group from 1979 to 2002 are presented in 
Figure I-(A). In the first survey in 1979, no difference had been found between the two groups. 
However, a difference of survival rates in the two groups appeared later and increased rapidly, being 
significant in 1992. Figure I-(B) shows the ratio of living to dead Thorotrast patients and controls in 
the 2002 survey. Only eight Thorotrast patients (5.1%) were alive as compared to 264 control patients 
(28.9%). These results indicate a remarkable life shortening occurred 33-46 years after the 
intravascular Thorotrast-administration in the Thorotrast group.  
The causes of death 1 in the Thorotrast group and the control group in this second series were divided 
into the same five categories as in the first series of our follow-up studies based on radiobiological 
principles established in the 1960s 1, 2, 9-16 . These categories were: Category (I): Thorotrast-
related (induced) malignancies and diseases. Category (II): Secondary disorders induced by diseases 
present at the time of Thorotrast administration. Category (III): Other malignant tumors or so-called 
Thorotrast unrelated malignancies. Category (IV): Other diseases and accidents. 2  Category (V): 
Unknown causes. 

Tab. II:  Risks of death in categories I, III, & IV

P<0.001                        (a) No. in parentheses shows no. of  double or triple cancers.

0.5 (0.03 -0.6)434      
(47.4%)

37
(23.7%)        

Other diseases & accidentsIV

129+(11) (a)

(15.3%)
13+(7) (a)

( 12.8%)
Other malignant tumors 0.9( 0.4 -1.4 )III

7.0 ( 5.2 -9.5)***74+(4) (a)

( 8.5%)
76 +(22) (a)

(62.8 %)
Thorotrast-related 
malignant tumors and 
diseases

I

Risk Ratio
95% C.I.)

Controls
(n=915)

Thorotrast
(n=156)

Category

Table II summarized the results of the 2002 survey on categories (I), (III), and (IV). There were no 
cases in category (II). Of the Thorotrast group, about two thirds of the causes of death (98 cases: 
62.8%) were Thorotrast related malignancies and diseases of category (I). In the control group, 
however, only 8.5% (78 cases) of the deaths were caused by malignancies and diseases belonging to 
category (I). The higher incidence of malignancies and diseases of category (I) in the Thorotrast group 
was statistically significant. The 2 test (Fisher’s exact test Yates corrected) and the relative risk 
estimate gave significantly higher values P < 0.001) and a high risk ratio of 7.0 (95% C.I.: 5.2-

                                                     
1 The causes of death of patients in the Thorotrast group and control groups were determined from 

death certificates and confirmed, when possible, by hospital records and postmortem examinations.  
2 In previous reports, (IV) other diseases and accidents were divided into three categories of (IV) 

infectious diseases, (V) non-infectious diseases, and (VI) accidents and injuries [18, 19, 20.21]. 
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9.5)  for the incidence of malignancies and diseases of category (I) in the Thorotrast group compared 
to the control group.  
There were 20 cases (12.8%) in category (III) of other malignant tumors as causes of death in the 
Thorotrast group, and 140 cases (15.3%) in the control group. The incidences of other malignant 
tumors of category (III) did not differ significantly between the Thorotrast group and the control group 
by the 2 test or the relative risk estimate 0.9 (95% C.I.: 0.4-1.4). There were 37 cases (23.7%) of 
other diseases and accidents (category (IV)) as causes of death in the Thorotrast group, and 434 cases 
(47.4%) in the control group, Their incidence did not differ significantly between the Thorotrast group 
and the control group based on the 2 test or the relative risk estimation 0.5 95% C.I.:0.03-0.6) .

33 ( 2.2-278.6)***

*** P<0.001           **P<0.01          (a) No. in parentheses are no. of  double or triple cancer

7.5 ( 2.0 - 27.7 )**4 (a)    (0.4%)5 (a)   ( 3.2%)Cancer of extrahepatic bile duct

Lung cancer

3     (0.3%)1     (0.6%)Malignant peritoneal tumor

------0      (0.0%)1+(2)     (1.9%)Hemangiosarcoma of spleen

4.0 ( 1.6 - 10.3 )**11      (1.2%)7       ( 4.5%)Liver cirrhosis

1  ( 0.2 - 2.2 )36+(1)(a) (4.0%)2+(5)(a)  (4.5%)

6.7 (2.2 - 20.7 )**6      (0.6%)5+(1)(a)( 3.8%)Hematopoietic malignancies

23.5 ( 14.3 -38.5 )***17+(3)(a) (2.2%)57+(16)(a) (46.8%)Liver malignancies

Risk Ratio
( 95%  C.I.)

Controls
(n=915)

Thorotrast
n 156)

Causes of Death

Tab. III : Risks of death from Thorotrast-related malignancies and diseases
(Category I )

Death caused by Thorotrast-related malignancies and diseases (category (I)) is shown in Table III for 
the 2002 survey. In the Thorotrast group, about half the deaths (73 cases: 46.8 %) were due to liver 
malignancies compared to only 2.2 % (20 cases) in the control group. The higher incidence of liver 
malignancies in the Thorotrast group compared to control group was statistically significant based on 
the 2 test (P < 0.001) and the relative risk estimate 23.5 (95% C.I.: 14.3-38.5). 
Five cases (3.2%) of cancer of the extrahepatic bile duct were found in the Thorotrast group as the 
cause of death versus only 4 cases (0.4%) in the control group, the difference being statistically 
significant 2 test (P < 0.005) and the relative risk estimate 7.5 (95% C.I.: 2.0-27.7) . The 7 cases 
(4.5%) of death from liver cirrhosis in the Thorotrast group also differed significantly from the 11 
cases (1.2%) in the control group 2 test (P <0.005) and relative risk estimate 4.0 (95% C.I.: 1.6-
10.3) . Significantly more persons died from hematopoietic malignancies in the Thorotrast (6 cases 
3.8%) than in the control group (6 cases 0.6%) 2 test ( P <0.005), relative risk estimate 6.7 (95% 
C.I.:2.2-20.7)]. 
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Tab. IV : Risks of  death from Thorotrast unrelated malignancies
(Category  III)

2.0  ( 0.4 - 7.0 )12        (1.3%)(3)(a) (1.9%)Prostate cancer

***  P < 0.001 (a) No. in parentheses are no. of  double or triple cancer.

-------------10         (1.1%)0       (0.0%)

0.8  (0.1 – 2.0 )34+(3)(a) (4.0%)(5)(a) (3.2%)Other 
malignancies

4.7 (1.2 –18.0)***  4+(1)(a) (0.5%)3 +(1)   (2.6%)Renal cancer

0.7  ( 0.1 - 1.5 )53+(4)(a) (6.2%)6+(1)(a) (4.5%)             Stomach cancer

2.9  ( 0.7 – 11.1)4+(3)(a) (0.8%)1+(2)(a) (1.9%)Rectal cancer

1.0  ( 1.0 - 7.7 )12       (1.3%)1        (0.6%)Pancreatic cancer

Esophageal cancer

Risk Ratio    
( 95%    C. I.)         

Controls
( n=915)

Thorotrast
(n=156)Causes of Death

On the contrary, no significant difference was seen for malignant peritoneal tumors (1 case 0.6% in the 
Thorotrast, vs. 3 cases 0.3% in the control group) nor for lung cancer (7 cases 4.5% vs. 37cases 4.0 %) 

relative risk estimate 1.0 (95% C.I.:0.2-2.2) .
Table IV shows the results on so-called Thorotrast-unrelated malignancies of category (III). There 
were 20 of these malignant tumors (12.8%) in the Thorotrast group and 140 (15.3%) in the control 
group. There was no significant difference in the incidences of these tumors in the two groups except 
those for renal cancer. The incidence of renal cancer increased significantly 2 P< 0.001
relative risk estimate 4.7 (95% C,I,:1.2-18.0)  in the Thorotrast group compared to the control group.  

4. Conclusions 

The main results of this 2002 survey in the second series resembled those in the first series of our 
follow-up studies on other ex-servicemen given Thorotrast by the vascular route. 
A remarkable shortening of life span of Thorotrast patients was observed in this series as has already 
been reported for the first series. 
The incidence of hepatic malignancies, cancer of extrahepatic bile duct, liver cirrhosis, and 
hematopoietic malignancies was significantly increased in the Thorotrast patients in this series as in 
the first series. 
In addition, a significant increase in the incidence of renal cancer in the Thorotrast patients was a 
novel observation in this second series. 
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Abstract: The pattern of mortality in Thorotrast patients and controls has not changed substantially 
since the last international meeting in Tokyo. From the group of 899 living Thorotrast patients in 1968 
less than 10 are still alive. The epidemiological work in progress includes: update of follow-up by 
June 2004; request for causes of death for all deceased subjects for which cause of death is unknown 
so far; comparison of mortality in the Thorotrast-exposed group and the control group versus mortality 
in the general German population (overall and cause of death-specific) and survival analysis. 
In the second part of the presentation the results of the clinical examinations will be demonstrated 
focused on late effects of paravascular Thorotrast deposits and Thorotrast-induced primary liver 
cancer.
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Abstract: Thorotrast is a radioactive radiological contrast medium used in the 1920-50s. Thorotrast is 
retained by the reticuloendothelial system with a biological half-life of several hundred years, so that patients 
administered this contrast medium systemically suffer lifetime exposure to internal alpha-particle radiation. 
We studied mortality in Portuguese patients who were administered Thorotrast and in a comparison group of 
patients who received non-radioactive contrast agents. A cohort of 1096 systemically-exposed Thorotrast 
patients and 1014 unexposed patients was followed-up to the end of 1996. Mortality was statistically 
significantly raised among systemically-exposed Thorotrast patients relative to those unexposed for all causes, 
liver cancer, chronic liver disease, other non-neoplastic diseases of the digestive system, neoplastic and non-
neoplastic haematological disorders, and non-neoplastic diseases of the respiratory system. Risks for most of 
these conditions increased significantly with time since first administration remaining high for over 40 years 
after administration of Thorotrast.  

1. Introduction 

Thorotrast is the trade name of a radiological contrast medium widely used in the 1920-1950s [1]. It consisted 
of a radioactive 20-25% colloidal solution of 232ThO2. After intra-vascular administration this medium is 
retained in the reticuloendothelial system for life (59% in the liver, 29% in the spleen and 9% in the red bone 
marrow). Thorotrast has a biological half-life of several hundred years and 95% of the radiation it emits is as 
alpha-particles. To clarify the long-term health hazards of Thorotrast follow-up studies were set up in several 
countries [2-8]. The Portuguese Thorotrast study was set up in 1961 [2, 9]. To examine lifetime patterns in 
mortality its follow-up has recently been extended to the end of 1996.   

2. Methods 

Cerebral angiography using Thorotrast was pioneered by the Nobel Prize winner Professor E. Moniz in 
Portugal in the 1920s [10]. The Portuguese Thorotrast Study was set up in 1961 by Professor H. da Silva and 
colleagues [2, 9] following clinical reports of adverse effects. Subjects who were administered Thorotrast 
systemically were identified from hospital records and included Professor Moniz’s patients. A comparison 
group of similar patients who were administered non-radioactive radiological contrast media systemically was 
also identified from hospital records. (The cohort also comprises patients who were administered Thorotrast 
locally, mainly for visualisation of the peri-nasal sinuses, but this group will not be considered here.) These 
records contained information on the type and volume of radiological contrast medium administered as well 
as on the reasons for the radiological investigation and type of procedure used. A few patients (n=56) were 
administered Thorotrast twice, on two different dates, but as the interval between these two administrations 
was short (a few days), the date of first administration was taken as the start of the exposure time and the 
amount of Thorotrast administered as the total of the volumes given in the two administrations. The few 
patients (n=92) for whom data on the volume of Thorotrast administered were missing in the records were 
excluded from dose analyses. 
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The methods used to follow up and ascertain cause of death for the Thorotrast-exposed and unexposed 
subjects were described elsewhere [11, 12]. Briefly, study subjects were initially contacted in 1961 and, on 
average, every 2 years until 1976, when the follow-up of this cohort was discontinued. This cohort was 
recently re-activated and its follow-up extended to the end of 1996. There is no national scheme in Portugal 
through which the vital status, and if deceased, the cause of death of study subjects can be ascertained. Thus, 
several approaches (on average, 5 per subject) were used during the re-activation of the cohort. These 
included visits to practically all several hundreds vital statistics registrars of the country (and Portuguese 
consulates, if the death occurred outside the country) to ascertain the vital status of the study subjects and, for 
those deceased, to obtain copies of their death certificates. The addresses and telephone numbers of those 
known to be alive in 1976 were available and used to make direct contact with the patient or a surviving 
relative. An attempt was also made to identify the birth registrar through the national identity card scheme, 
which became compulsory for anyone who was alive in 1970.   

The analyses presented here are based on the underlying cause of death as stated in the death certificate. 
Causes of death were coded according to the 9th revision of the International Classification of Diseases 
(ICD9) [13]. To minimise the effect on subsequent mortality of any differences between Thorotrast-exposed 
and unexposed subjects in the underlying conditions that motivated the radiological investigation, the analyses 
were restricted to deaths that occurred 5 or more years after administration of the contrast medium. To 
compare mortality in the Thorotrast-exposed and unexposed groups with mortality in the general population, 
expected numbers of deaths in the study groups were calculated by applying the national Portuguese rates to 
the number of person-years at risk stratified by calendar period, age and, where appropriate, sex. National 
Portuguese cause-specific mortality data and population estimates were obtained from the Instituto Nacional 
de Estatística. Time at risk was truncated at death, 80th birthday, end of 1996, or loss from follow-up, 
whichever occurred earliest. Period-age-standardised mortality ratios (SMRs) were then calculated as the ratio 
between the observed and expected number of deaths for each of the study groups.  Risk of dying from a 
particular cause among patients exposed to Thorotrast relative to the risk among those unexposed was 
estimated as the ratio between the two corresponding SMRs, to take into account calendar period, age, and sex 
effects. The 95% confidence intervals for the relative risk were calculated using an exact method [14]. P-
values for linear trends were estimated using Poisson regression [14]. Cumulative mean alpha-particle 
radiation dose to the liver was estimated from the volume of Thorotrast administered recorded in the 
hospital records using the annual mean dose rates provided by Kaul and Noftz [15]. Analyses were 
conducted in SAS [16] and STATA [17]. 

Tab. I: Composition of the Portuguese Thorotrast Study 

Systemically-exposed 
Thorotrast patients 

Unexposed patients   

n n  

     
Identified from hospital records  1931 2258  
Successfully followed up  1131 1032  
  ( % followed up)  (59.0) (45.7)  
Eligible cohort   1096 1014 
  Alive on 31/12/1996  64 241 
  Lost during follow-up  44 86 
  Died during follow-up  988 690 
  ( % deceased)  (90.1) (68.0) 
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3. Results 

A total of 1931 systemically exposed Thorotrast patients and 2258 unexposed patients were originally 
identified from hospital records. We managed to successfully follow up 59% of the Thorotrast patients 
and 46% of the unexposed patients (Table I). The main reason for failure to follow up a patient was lack 
of detailed information on place of birth and/or area of residence. Exclusion of patients with missing dates 
of birth and/or radiological examination, aged 80 years or over at time of administration and death on day 
of examination left a total of 1096 Thorotrast exposed and 1014 unexposed patients eligible for inclusion 
in the study (Table II). Ninety percent of the systemically exposed Thorotrast patients and 68% of those 
unexposed died during the follow-up period.  

All-cause mortality five or more years after the radiological investigation was significantly raised among 
the Thorotrast patients relative to both the general population (SMR=3.26) and the unexposed group 
(RR=2.63) (Table II). Thorotrast patients experienced significantly raised mortality from infections 
(although only statistically significantly relative to the general population), neoplasms, non-neoplastic 
haematological conditions, disease of the nervous and respiratory systems, chronic liver conditions and 
other diseases of the digestive system,  and ill-defined conditions. Because of the way national mortality 
data  were  coded  in  the early  years,  the group  “other  diseases of  the digestive system”  included  non-  

Tab. II: Cause-specific mortalitya among the Thorotrast-exposed patients relative to the general 
population and the unexposed group  

Cause of death (ICD-9)       Thorotrast patients vs.
 general population 

Thorotrast patients vs.
unexposed patients 

Ob           SMRc RRd 95% CIe

All causes (001–999) 502 3.26*** f  2.63 (2.28, 3.04) 

Infectious (001–139) 25 2.50***  1.59 (0.79, 3.30) 
Neoplasms (140–239) 161 7.02***  6.72 (4.83, 9.51) 
Haematological  (280–289) 7 21.7***  6.00 (1.14,  59.2) 
Nervous system  (320–389) 27 16.8***  12.7 (3.89, 65.2) 
Circulatory system  (390–459) 67 1.24 1.08 (0.79, 1.46) 
Respiratory system  (460–519) 31 2.42***  4.31 (2.15, 9.22) 
Chronic liver diseases  (571) 39 5.74***  5.12 (2.62, 10.7) 
Other digestive system g

        (520–570, 572–79) 22 4.33***  4.87 (2.01, 13.5) 
Genitourinary system  (580-629) 7 1.88 0.83 (0.28, 2.28) 
Ill-defined (780–799) 24 3.33***  3.74 (1.83, 8.01) 
All other causes  
       (240–279, 290–319, 630–779) 6 1.33 2.06 (0.52, 8.55) 

a Only includes follow-up and deaths 5 years or more since first examination 
b Observed number of deaths among Thorotrast patients 
c Standardised mortality ratio (SMR) adjusted for age, calendar period and sex 
d Relative risk estimated as the ratio between the SMR in the exposed group and the corresponding SMR in the 
unexposed group 
e 95% CI = 95% confidence interval 
f * 0.05 > P  0.01; ** 0.01 > P   0.001; *** P < 0.001 
g Liver disorders other than chronic liver disorders (i.e. ICD-9: 570, 572, 573) were included in this group. 
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Tab. III: Mortalitya in the Thorotrast group relative to the unexposed group for selected causes  

Cause of death   Thorotrast patients vs.
general population 

Thorotrast patients vs.
unexposed patients 

(ICD-9 code) Ob SMRc RRd 95% CIe

    
Neoplastic and non-neoplastic  haematological diseases
     Lymphatic &   haematop. cancers (200–208) 12 9.17*** f 21.9 (3.24, 935) 
     Leukaemia (non-CLL) (204–208) g 6 8.17*** 10.2 (1.24, 471) 

Anaemia (280–285) 6 17.7*** 7.84 (0.95, 360) 

   
Liver cancer and chronic liver diseases

Liver cancer (155.0) 67 338*** 42.4 (13.90, 210)
Chronic liver disease (571) 39 5.74*** 5.12 (2.62, 10.7) 

a Only includes follow-up and deaths 5 years or more since first examination. 
b Observed number of deaths among Thorotrast patients. 
c Standardised mortality ratio (SMR) adjusted for age, calendar period and sex. 
d Relative risk estimated as the ratio between the SMR in the exposed group and the corresponding SMR in the 
unexposed group. 
e 95% CI = 95% confidence interval 
f * 0.05 > P   0.01; ** 0.01 > P   0.001; *** P < 0.001 
g All deaths in this category were from non-chronic lymphocytic leukaemia (non-CLL). 

neoplastic liver disorders other than chronic liver diseases (5 deaths in the Thorotrast-exposed group and 
none in the unexposed group) as well as non-neoplastic diseases of the biliary tract and pancreas.  More 
detailed analyses for certain specific causes of death showed significantly increased risks among 
Thorotrast patients relative to both the general population and the unexposed group for all lymphatic and 
haematopoietic cancers combined, non-chronic lymphocytic leukaemia (non-CLL) (there were no cases of 
CLL), anaemia (but only statistically significantly relative to the general population) liver cancer and 
chronic liver diseases (Table III).   

Risks from all causes of death combined in the systemically exposed Thorotrast patients relative to those 
unexposed increased steadily with time since exposure to reach a peak 30-39 years after injection but 
decreased slightly thereafter (Table IV). A similar pattern was observed for all neoplasms combined. 
Relative risks from liver cancer and chronic liver disorders taken together rose with time since exposure to 
a peak in the third decade. The trend for all haematological conditions combined was more difficult to 
interpret because of the small numbers of deaths (Table IV). There were no clear trends in mortality by 
time since exposure for any other cause of death, except for a positive trend for diseases of the digestive 
system other than chronic liver disorders and a negative trend for ill-defined conditions (data not shown).  

Examination of liver cancer mortality in more detail shows that the cumulative frequency of liver cancer 
increases with time since exposure and with cumulative alpha-radiation dose to the liver. The cumulative 
frequency of liver cancer deaths fifty years after systemic administration of Thorotrast was 50.2% (95% 
CI: 42.4%, 58.5%) (Figure 1A). The cumulative frequency of liver cancer deaths (assuming 0 years of 
wasted dose) reached 75.8% (95% CI: 57.2%, 90.7 %) at 30 Gy (Figure 1B). Similar findings were 
observed in men and women (P values from Cox proportional hazard model = 0.93 in analysis by time 
since injection and 0.33 in analysis by cumulative dose).  
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Tab. IV:  Mortalitya in the Portuguese Thorotrast Study by time since radiological investigation 

Cause of death  Years since exposure 
(ICD-9 code)  5–9 10–19 20–29 30–39 40+ 

All causes (001–999)
 Throrotrast (n) 65 103 175 117 42 
 Unexposed (n) 62 91 62 57 38 
 RRb (95% CI) 1.2 (0.8, 1.7) 1.5 (1.2, 2.1) 4.3 (3.2, 5.8) 5.1 (3.7 7.1) 2.1 (1.3, 3.3) 

  Test for linear trend = 0.08

All malignant and benign neoplasms (140–239)
 Thorotrast (n) 13 24 55 49 20 
 Unexposed (n) 7 10 9 8 13 
 RR (95% CI) 3.5 (1.3, 4.2 (2.0, 9.9) 10.3 (5.0, 23.6) 16.5 (7.8, 40.4) 2.9 (1.4, 6.3) 

Test for linear trend = 0.67 

 Neoplastic and non-neoplastic haematological diseases (204–208, 280–289)
 Thorotrast (n) 1 6 8 3 1 
 Unexposed (n) 1 0 1 0 1 
 RR (95% CI) 1.3 (0.0, #c (1.7, #) 12.9 (1.7, 574) # (1.2, #) 2.0 (0.0, 15) 

Test for linear trend = 0.51 

Liver cancer and chronic liver disorders (155.0, 571)
 Thorotrast (n) 0 4 48 34 20 
 Unexposed (n) 3 3 2 4 3 
 RR (95% CI) 0.0 (0.0, 3.5) 2.0 (0.3, 35.2 (9.2, 299) 16.8 (6.0, 65.3) 10.3 (3.1, 54.2) 

Test for linear trend < 0.001 

a Only includes follow-up and deaths 5 years or more since first examination. 
b RR = estimated as the ratio between the exposed and unexposed age-period-sex standardised mortality ratios. 
c # = impossible to estimate as there were no deaths in the unexposed group.   

4. Discussion   

Various issues should be considered when interpreting these findings. The information on the type, route of 
administration and volume of the contrast medium was virtually complete and differential exposure 
misclassification is unlikely to have occurred as hospital records were completed at the time of a subject’s 
radiological investigation, not of his/her death. A greater proportion of Thorotrast-exposed than unexposed 
subjects could be followed up. There were, however, no major differences in baseline characteristics, such as 
age, sex and reason for radiological investigation, between those who could and those who could not be 
followed-up in each study group. Ideally, the patients in the unexposed group should have been matched to 
the Thorotrast patients with regard to sex, age, calendar period and underlying disorder that motivated the 
radiological investigation. Although an attempt was made to frequency-match the unexposed patients to the 
Thorotrast patients on these variables, this was not successful because Thorotrast was by far the most 
common radiological medium used before 1940 and because of temporal changes in the criteria for referral to 
the various radiological procedures. Any sex-age-calendar period differences between the groups were 
adjusted for in the analysis but it was not possible to adjust for differences in the underlying conditions that 
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led to the radiological investigation. Death certificates are known to be affected by inaccuracies but these are 
unlikely to have affected substantially the results presented here as similar findings were observed in analyses 
based on clinical information [11].  
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Fig. 1: Cumulative frequency of liver cancer by time since administration of Thorotrast (1A) and 
estimated cumulative alpha-radiation dose to the liver (1B) 

The present study found that systemic exposure to Thorotrast was associated with increased mortality from 
neoplastic and non-neoplastic liver disorders that persisted for over 40 years. These findings are largely 
consistent with those reported by other Thorotrast studies. The first reports of liver cancer in patients given 
Thorotrast were published in the 1940s [1], and since then exceptionally high risks of liver cancer have been 
found in all Thorotrast cohorts [3-8]. The increase in the risk of chronic liver conditions observed here is also 
consistent with that reported by others [3-8]. Mortality from digestive disorders other than chronic liver 
diseases was also increased in the present study. This category included non-neoplastic liver disorders other 
than chronic liver disorders as well as non-neoplastic diseases of the biliary tract and pancreas.  

Similarly to other Thorotrast studies [3-8] systemic exposure to Thorotrast was associated with a marked 
increased mortality from non-CLL leukaemia and non-neoplastic haematological conditions. Due to the small 
numbers of deaths in the unexposed group, trends in mortality from these conditions by time since injection 
were difficult to interpret.    

Mortality from non-neoplastic respiratory diseases was also increased in the Portuguese Thorotrast group. 
The lung tissue of Thorotrast patients is continuously exposed to 220Rn [18] but, similarly to other studies 
[3-7], exposure to Thorotrast was not associated with a statistically significant increase in the risk of dying 
from lung cancer in the Portuguese study. Mortality from nervous system disorders and from ill-defined 
conditions were significantly raised in the Thorotrast patients relative to unexposed patients but these 
excesses are unlikely to have been caused by exposure to Thorotrast because relative risks did not increase 
with time since injection.  
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In conclusion, the Portuguese Thorotrast study showed that systemic exposure to Thorotrast is associated 
with marked increases in the risk of dying from liver cancer, chronic liver disorders, non-CLL leukaemia 
and non-neoplastic haematological disorders. Risks for most of these conditions persisted for over 40 
years after administration of Thorotrast.  
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Late effects of Radium-224 injected in children and adults 
Survey and comment of a paediatrician 

H. Spiess

Poliklinik München, Pettenkoferstr. 8a, 80336 München, Germany 

Introduction

Radium-224 (Ra-224) was already used as medicament before world war I; but because of serious side 
effects soon abandoned (1).  

It was revived as a remedy for tuberculosis and ankylosing spondylitis after World War II by a country 
doctor called Troch, supported by the Insurance Company "Braunschweiger Landesversicherungsan-
stalt" and over enthusiastic press reports.  
The 'new' medicine called 'Peteosthor' was a mixture of Ra-224 with traces of the red dye eosine and 
platinsol. (2) The propaganda in favour of this therapy was so strong, that the government of Lower 
Saxony asked the University of Göttingen and others to examine this new 'wonderdrug'. Dr. Troch 
demanded that it should be used only under his personal supervision. As youngest assistent at the uni-
versity childrens hospital of the University Göttingen I was sent in 1948 to this hospital in Hildesheim 
to examine 'Peteosthor'. 

In addition to my clinical observations, I started bacteriological and animal experiments. As a paedia-
trician I have learned and also taught my students and assistents that: 'children are not only small 
adults'. This is because they have age dependent developing metabolism and organ function. And they 
do something that adults can't do anymore: they grow.  

These facts in mind, I started already in 1948 my animal experiments on Peteosthor not only with 
adult mice, guinea pigs and rabbits as usual, but in addition with growing ones. (3) 

I knew that Ra-224 was known as a bone surface seeking nuclide like Plutonium-239. But to my great 
surprise, I discovered by simple autoradiography on a photoplate the unexpected strong accumulation 
of radioactivity (Ra-224) in the growing zones of bones of the young animals. (4) This was the alarm-
signal, in addition with the proof of irreversible injury of the epiphysial cartilage with mitotic inhibi-
tion, cell oedema and cell damage. Immediately I decided to stop the Peteosthor injections as soon as 
possible and to follow-up all the patients injected with Ra-224. However Dr. Troch resisted and pro-
hibited me from continuing further animal experiments in the labs of his hospital. So I had to continue 
my experiments at the Institute of Microbiology in Göttingen. Nevertheless I could convince him to 
reduce the injection doses of Ra-224. 

From my experimental conclusion concerning the damaging effect of Ra-224 on the growth zones of 
bones, I was able to predict the radiation induced growth retardation in children injected with Ra-224, 
which was unfortunately later confirmed. I collected all the available informations and data, especially 
the dose and time of Ra-224 injections. 

In 1950, some months after I had left the Troch-Hospital suffering from an hepatitis B infection, I 
presented my experimental and clinical observations after Trochs presentation of 'excellent results' of 
his Peteosthor  therapy to the German Congress of Orthopaedics and issued the strong warning: 
'Peteosthor is dangerous. Following our extensive experimental studies I feel obliged to warn against 
it, at least from the point of view of a paediatrician.' (4) Our presentation and warnings were effective. 
The injections of Ra-224 in children and juveniles were stopped soon after. (Fig. 1a) 

After I returned to my Children's Hospital in Göttingen I continued to intensify the collaboration in a 
working group of 5 scientists of our University: 2 physicists (Prof. Witte and Dr. Harbers), Prof. 
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Poppe, radialogist of the surgical department, Prof. Schoen, expert of the Institute of Pathology and 
Prof. Bürgers, head of the Institute for Microbiology. The results of this working group were published 
fom 1951 onwards. Our lecture to the German Congress of Surgery in 1951 in München was so effec-
tive, that Dr. Troch was replaced at the hospital and the injections of Peteosthor containing high doses 
of Ra-224, were stopped for both chrildren and adults. (Fig. 1b) 

We then got complete access to the medical data of all patients injected with Peteosthor containing Ra-
224. By a governmental decision we also got access to the medical records in the archives of the hos-
pitals and the insurance company. 

The follow-up study 

Unfortunately my application to finance the follow-up of the patients treated with Peteosthor in their 
local hospitals was strictly refused by Mr. Bodemann, the president of the insurance company. With a 
small grant from the government I started my first personal follow-up with my wife in the winter of 
1954/55. We visited 42 former patients who had been injected with Ra-224 as children, or their fami-
lies. The results of these visits were shocking. We discovered not only the predicted radiation induced 
growth retardation but also 9 malignant bone tumours of which 7 had already been fatal. In 1955, after 
having received a grant from the German Committee for the fight against tuberculosis I was in a posi-
tion to start a formal follow-up program, inviting the Ra-224 exposed patients for examinations to our 
university hospital. Furthermore we tried to trace and contact all patients, who had been exposed to 
Radium 224 and their family doctors in order to inform them of the possibility of late radiation effects.  

Our results were published in 1956 (5) and at the same time as the International Congress of Paediat-
rics in Copenhagen. Furthermore I gave an official warning, published by the Drug Commission and 
the Scientific Advisory Board of the German National Chamber of Physicians, to German Physicians, 
not to use Peteosthor anymore. 

Of the numerous reactions of colleagues, I should like quote, in memory a few sentences of the letter, 
written by Otto Hug 1963, the Director of the Institute for Radiobiology at the Muenich University: 
Sehr geehrter Herr Kollege Spiess, 
mit ausserordentlichem Interesse und fast möchte ich sagen mit Erregung habe ich Ihren Artikel 
"Strahleninduzierte Knochentumoren nach Thorium-X-Behandlung in der Monatsschrift für Kinder-
heilkunde 110, Heft 3, 1962, gelesen. Ich wäre Ihnen ausserordentlich dankbar, wenn Sie mir weitere 
Sonderdrucke über das gleiche Thema zugehen lassen könnten und mir darüberhinaus sagen könnten, 
bis zu welchem Grade Sie oder Ihre Mitarbeiter beabsichtigen, dieses Material weiterhin systematisch 
zu untersuchen."..... 
"....Sollten Sie bei der Durchführung einer solchen Studie Hilfe brauchen, so wäre ich bereit, Sie in 
jeder Hinsicht zu unterstützen. Ich glaube mit Sicherheit sagen zu können, dass es gelänge dafür Mittel 
in erheblichem Umfange frei zu bekommen; denn dieses Material muss nicht nur nationale Stellen, 
sondern auch internationale Organisationen interessieren. Wir selbst haben insofern ein persönliches 
Interesse an dem ganzen Problem, als wir die Absicht haben unter Anlehnung an Ihre älteren Experi-
mente in grösserem Umfang bei verschiedenen Tierarten mit variierter Dosis und variiertem Tieralter 
die Wirkungen einer einmaligen Thorium-X-Gabe zu studieren. ..." 

Briefly in english: 'I have read your article 'Radiation-induced bone tumours following Ra-224 treat-
ment' with great interest and excitement. I would like to know, if you or your collaborators intend to 
follow this material systematically. Should you need any help in carrying out such a study, I will sup-
port you absolutely. We have the intention, following your earlier experiments, to study the reactions 
in different animals with different ages and different Thorium-X-doses. ....' 
This letter was the beginning of a 15 years long co-operation which was intensified after I was asked 
1967 to take over a chair of paediatrics, at the University in Munich. 

At this time we had already collected 1178 addresses of patients treated since 1946 with Peteosthor. 
We had data on Ra-224 doses, the time of injection and follow-up information for 802 patients. In 
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1967 I was invited to report on our results at 3 meetings: in Salt Lake City, Brussels and London. The 
first invitation, dated March 29th, came from Charles Mays to present a paper on 'Ra-224 induced tu-
mours in children and adults' at the International Symposium on 'Delayed Effects of Bone-seeking 
Radionuclides' to be held in Salt Valley, Idoha/ USA in September 1967. The second invitation dated 
April 20th came from Dr. Appleyard of EURATOM to report there on our Ra-224 study. Some weeks 
later, Dr. Robin Mole invited me to report in a meeting of the Committee on radiation protection of the 
British Medical Research Council in London. 

These three meetings were important because of the resulting financial support from EURATOM 
which covered a twenty year period from 1968. Robin Mole, a highly qualified radiophysicist, became 
our adviser. Chuck Mays became a good friend and, as a physicist, an intelligent co-worker on our 
follow-up study on the late effects of Ra-224. Until his sudden death 1989, he came for several weeks 
anually to our University Childrens Hospital in München as American physicist and qualified Scientist  

Because of personal animosity with a colleague of the Orthopaedic Clinic in Münster, who had sup-
ported Dr. Troch against my advice to stop the Peteosthor injections, I got no information on the fol-
low-up of his patients with ankylosing spondylitis. Consequently Otto Hug agreed with me to start a 
separate follow-up study on patients with ankylosing spondylitis treated with lower doses of Pete-
osthor or Ra-224. Fritz Schales became the project leader, he had just written his doctor-thesis on Tho-
rium X, he was followed by Dr. Roland Wick, one of the next speakers.  

It remains an unforgettable merit of Charles Mays to be a promoter for the collaboration of the differ-
ent research groups on Ra-224 and other radioactive nuclides. He was the most stimulating collabora-
tor in our, up to now, 56 year study on acute and late effects of Radium-224. Since 1950 we have pub-
lished, in our working group with 52 collaborators of different faculties and countries, 74 papers, 54 of 
them in english, mostly in American journals. 

Synopsis of major results 

At the beginning of 1950 we published our experimental results. I must emphasize that in the assess-
ment of a new drug, animal experiments are irreplaceable. They must be performed with different 
adult, pregnant and growing animals. Without such experiments I would never have discovered the 
radiation induced skeletal damage or been able to predict the horrendous late effects in patients in-
jected with Ra-224. 
Secondly I may summarize the clinical late effects which will be supplemented in the next lecture by 
Frau Nekolla, who has collaborated with our group over the last 12 years. 
Our study population comprises 899 persons, 278 females, 621 males, who received Peteosthor con-
taining Ra-224 injections mainly between 1946 and 1950 as children or juveniles, but after 1952, only 
as adults.

1. Skeletal late effects of Ra-224 injections: 
The radiation induced growth retardation was observed as predicted following the animal experi-
ments. The younger the age at injection of Ra-224 the more frequent and severe the degree of stunted 
growth. Significant reduction of height was observed in about 70 % of the examined patients injected 
with Ra-224 at 1-5 yrs; 44% injected at 6-14 yrs; and 12 % injected at 15-20 yrs. (6) 

Exostoses or benign osteochondromas: I observed accidentally in the existing x-rays of young patients 
injected with Ra-224. The younger the age of injection, the higher the incidence of exostoses. They 
occured only in growing individuals combined with growth retardation with an observed preponder-
ance in males. We have recorded 55 exostoses in 28 children and juveniles injected with Ra-224. Their 
development and growth, which depends on age is shown in Fig. 2. In our follow-up none of these 
radiation-induced exostoses have become malignant, although 36 of these children have suffered bone 
sarcomas elsewhere in the skeleton. (7) 
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Teeth breakage: This side-effect was reported in 12 % of our juveniles injected with Ra-224 and in 2 
% of the adult patients. Males and females were similar in sensitivity. Such radium-induced tooth loss 
has been observed also in the radium dial painters irradiated by Ra-226. The radiation damage to the 
dental tissue, can initiate extensive resorption of the dentine, especially at the gum line. Radiation-
induced caries may weaken the teeth and cause them to fracture with minimal trauma (8). 

Malignant bone tumour induction by Ra-224: This is the most severe skeletal late effect. We observed 
56 cases of malignant bone tumours in 55 patients. According to the data from German cancer regis-
tries, the expected number of bone sarcomas in the study cohort would normally habe been less than 
one over the entire observation period. Most of the malignant bone tumours were histologiacally 
proven osteosarcomas and fibrous-histiocytic sarcomas. One patient developed a second osteosarcoma 
within 2 years of the first. This observation induced my suggestion of a basic genetic disposition. (9) 

The bone sarcomas appeared in a temporal wave that peaked around 8 years after exposure (Fig. 2). 
Most of the malignant bone tumours occurred within 25 years after exposure, only 4 bone sarcomas 
have been diagnosed later than 25 years after the 1st Ra-224 injection, the last one 47 years after expo-
sure.

The importance of the protraction of the Ra-224 exposure - the so-called reverse protraction effect - I 
have supposed in my first paper on bone sarcoma induced by Ra-224 in 1956: not only the level of the 
Ra-224 dose but especially the length of the time between injections is important: With longer expo-
sure time, that is with increasing injection span, the bone tumour risk for patients at equal doses is 
higher.
In my Sun Valley paper 1967 I stated: 'the younger the age at injection, the higher the incidence of 
bone sarcoma' (10).  
A new analysis of our study was done between 1999 and 2000, published in Radiation Research and 
confirmed the significant increase in bone tumour risk with decreasing age at exposure (11, 12). 

2. Non-skeletal late effects of Ra-224 injections:
First I may report briefly on our investigation of genetic late effects. In 1973 we performed chromo-
somal tests in 19 former patients treated with Peteosthor for treatment of ancylosing spondylitis and 12 
injected for treatment of tuberculosis. Structural and numeric aberrations were discovered 15-25 years 
after Ra-224 injections (13)  

A special search for clinical malformations in the offspring of patients: This study was performed in 
2003; 303 children and 129 grand children of former patients injected with Ra-224 were examined but 
there was no proof of a radiation induced malformation. 

Cataracts: Cataracts occured at unusually early ages in our study group. Their incidence was found to 
increases significantly with the dose of Ra-224, up to 14 % (14). 

Non-skeletal malignancies: In contrast to the malignant bone tumours, non skeletal malignancies were 
observed with increasing frequency during the last decade (Fig 3).  
Up to now, in the 899 members of our cohort, we have observed 239 cases of malignant non-skeletal 
cancers versus 159 cases expected.  
217 of these cohort members were injected with Ra-224 as children or juveniles and for this sub-
group: 70 cases were observed versus 18 expected; in contrast to the remaining 682 members who 
were injected as adults there were 169 cases observed versus 141 expected. As in the bone tumours, 
the children and juveniles are more sensitive to the development of radiation induced non-skeletal 
malignancies. This is espacially significant in cancers of the breast, the urogenital tract (especially 
hypernephromas) and for most of the brain tumours. (especially Meningiomas) 

Brain tumours - mostly Meningiomas:  have been found to increase during the last few years: we ob-
served 11 meningiomas in 10 former patients. 6 of them were injected with Ra-224 as juveniles. 2 
patients developed astrocytoma. 
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The radiation-induction of meningiomas, especially at high doses (> 2000 rad), is well known (15). 
The average interval for tumour appearance is 46-56 years, with preference in younger age groups and 
an over representation of females. (Fig. 4). 

Multiple primary tumours: The frequency of these tumours has increased (as noted above also for non-
skeletal malignancies) during the last decade. 27 persons suffered 2 primary tumours with different 
latency times, 12 were injected as juveniles. 5 suffered 3 primary tumours, 3 of them were injected 
with Ra-224 as juveniles and 1 suffered 4 soft tissue malignancies. 

The Control group 

From the very beginning of our study I tried to establish a control group to our study group with the 
same diseases, but without injections of Ra-224. Accidentely we found a control group from the medi-
cal records of the Kinderheilstätte Wangen im Allgäu. In 1993 we had at our disposal, the medical 
records of 287 children treated between 1947 and 1952, predominantly for tuberculosis of the lung and 
lymph nodes without Ra-224 radiation. About 80 % of these former patients could be traced and have 
been under routine follow-up: 7 cancers in men and 15 cancers in women have been recorded so far.  
At present the most striking results are 2 cases of lung cancer which occurred in women vs. 0.7 es-
pected, p = 0.15 and 8 cases of mammary carcinoma (vs. 4.5 expected). An important result is the 
discovery of a correlation between the significantly increased breast cancer risk in the control group 
and the increased x-ray exposure due to multiple fluoroscopies during the pneumothorax therapy, as 
reported in adults by Boice. (16) 
However the breast cancer risk for those who solely received common diagnostic x-ray controls is, to 
date, only slightly increased. For a paediatrician, an interesting piece of information onlate effects of 
diagnostic x-rays performed during childhood. 
Furthermore, the striking breast cancer excess in the cohort of Ra-224 patients treated as children or 
juveniles is very likely to be caused by the Ra-224 treatment. 

I would like to close my presentation in the hope that I could pass on to you my message as a paedia-
trician:

'children are not only small adults'. 

At least relating to the -radiation of the bone seeking nuclide Ra-224; they react more sensitively 
than adults. 
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Abstract: Several thousand German patients suffering from ankylosing spondylitis, tuberculosis and
some other diseases, received multiple injections of the short-lived �-emitter 224Ra. The "Spiess
study" was initiated in the early 1950s to follow the health of 899 persons (278 female, 621 male)
who were treated mainly between 1945 and 1955. Most of the high dose patients and nearly all of
those treated as children or juveniles (n=217) were included in the study. In June 2003,  152 persons
were still alive. The most striking observed health effect, following 224Ra injections, was a temporal
wave of 56 malignant bone tumours with a maximum at about 8 years after exposure which has al-
ready been described in several publications. In 2000, a new analysis was performed because an im-
proved dosimetry resulted in modified bone surface doses. The estimated risk coefficient, averaged
over all ages at exposure, was found to be in agreement with earlier analyses. However, a statistically
significant increase of bone tumour risk with decreasing age at exposure was found. The earlier re-
sults, which indicated a reversed protraction factor, were confirmed. A significant excess of non-
skeletal solid malignancies has also appeared during the most recent observation decade. In 2004,
significant increases of cancer rates were observed for several sites: for breast cancer (31 cases ob-
served vs. 9.1 cases expected), soft tissue malignancies (11 vs. 1.0), thyroid carcinomas (7 vs. 0.9),
liver (8 vs. 2.3), kidney (13 vs. 4.6), pancreas (8 vs. 3.9), and bladder cancer (14 vs. 7.7). The 8-fold
excess relative risk of mammary cancers in those women exposed as children or juveniles is particu-
larly striking; moreover, 2 cases of breast cancer occurred in men. In 1993, a control group of tuber-
culosis patients not treated with 224Ra was established to rule out potential confounding factors – such
as chest fluoroscopy – which might bias the breast cancer excess. From the comparison it appeared,
that the 224Ra treatment is responsible for most of the mammary cancer excess.

1. Introduction

During the 1940s and 50s the pharmaceutical Peteosthor was administered to patients suffering from
ankylosing spondylitis, tuberculosis and some other diseases and was claimed to be an effective
treatement of such diseases by the physician Dr. Paul Troch. Peteosthor was a mixture of the short-
lived �-emitter radium-224 and traces of the red dye eosin and colloidal platinum where the latter was
supposed to "guide" the 224Ra to the affected tissue. In 1948, the paediatrician Heinz Spiess evaluated
– as part of an inquiry by German universities – the effectiveness of Peteosthor therapy and demon-
strated that a suppression of the growth of the tubercle bacillus would require doses of 224Ra that are
lethal. Spiess found  that, in animal experiments, the distribution of radium in the organism was the
same for Peteosthor and for pure 224Ra. In addition he pointed out that 224Ra caused growth retardation
in young rabbits. Repeated warnings about Peteosthors very serious, detrimental side-effects were not
heeded, until Spiess succeeded in stopping the treatment of children in the 1950s. The treatment of
adults with ankylosing spondylitis continued, although with much lower doses.

The "Spiess study" (Study I) established the follow-up of 899 patients who received several injections
of 224Ra, mainly between 1945 and 1955 (see Fig. 1). This Study I includes most of the patients who
were treated with high doses (mean bone surface dose: 30 Gy [1], mean specific activity: 0.66
MBq/kg), and almost all of those treated as children or juveniles. 455 patients (including 214 children
and juveniles) were treated for tuberculosis, especially bone tuberculosis; 393, mostly adults and in
the majority males, were treated for ankylosing spondylitis (see tab. I).
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In June 2003, when the most recent follow-up was completed, a total of 152 study persons (70
women, 82 men) were still alive (see tab. I). In 2003, the mean attained age of those still alive was 69
years.
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Fig. 1: Distribution of 224Ra patients in calendar year of 1st 224Ra injection, i.e. number of patients at
specified calendar year (upper panel: female patients, lower panel: male patients); hatched area:
patients still alive as of June 2003.

Tab. I: 224Ra patients: current status (in June 2003) and distribution of sexes, ages at exposure and
original diseases a (TB: tuberculosis; AS: ankylosing spondylitis)

total
899 (152)b

females males
278 (70) 621 (82)

age at exposure � 20 age at exposure > 20 age at exposure � 20 age at exposure > 20
106 (42) 172 (28) 111 (44) 510 (38)

TB AS TB AS TB AS TB AS
105 (41) – 124 (24) 24  (4) 107 (42) 1 117 (14) 368 (24)

a The numbers in last line do not add up to the totals because "other diseases" were not included
b The numbers in parentheses are the numbers of patients who are still alive

2. Results

2.1. Malignant bone tumours after 224Ra injection

The most prominent  detrimental side-effect of the 224Ra injections were 56 malignant bone tumours
which occurred in a temporal wave that peaked around 8 years after exposure. According to cancer
registry data, the expected number of bone sarcomas in the Study I cohort would have been less than
one over the entire observation period. Approximately half of the malignant bone tumours were os-
teosarcomas, the second most common histological type was fibrous-histiocytic sarcoma [1, 2]. The
bone-sarcoma excess has been described in several publications (e.g. [3-7]). Recently, a new analysis
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was performed [1], because a dosimetry reassessment by Henrichs et al. [8] led to changed bone sur-
face doses. For those patients exposed at a young age, the new dosimetric calculations indicate doses
substantially smaller than those previously assumed. Earlier analyses had led to the conclusion that
the excess bone-tumour risk does not substantially depend on age at exposure. However, with the new
dosimetric information, a significant increase of bone-tumour risk per unit dose with decreasing age at
exposure was derived.
The earlier analysis [7] provided risk estimates that included a reverse protraction factor for the car-
cinogenic effects of �-rays (i.e. higher bone-sarcoma risk for patients with longer exposure times at
equal total dose). Such an effect has also been reported for lung cancers induced by the decay of ra-
don and its daughters in the lungs of underground miners (see [9]). The new analysis confirms the
result of a reverse protraction factor, however, whereas in the previous analysis the dependence on
duration of exposure was postulated to be present even at low doses, a somewhat modified model has
been employed here. In agreement with microdosimetric considerations and general radiobiological
experience, the dependence of the excess bone tumour risk on dose-rate or duration is effective only
at higher doses, i.e. the initial slope is independent of dose-rate or duration of the exposure [1]. The
estimated risk coefficient, averaged over all ages at exposure, is in agreement with earlier analyses.

2.2. Non-skeletal malignancies following 224Ra injections

Here, and in the following, the expected numbers of cases were computed from the age and calendar
year distribution of study persons under observation and the calendar year and age specific incidence
rates from the Saarland Cancer Registry.

As of June 2003, the total number of observed malignant diseases was 301 vs. 182 expected cases.
During the most recent years of the follow-up, a significant excess of non-skeletal malignancies has
become apparent, i.e. apart from the 56 malignant bone tumours, 225 specified cases of non-skeletal
solid cancers have been observed and 20 other malignant diseases: 6 malignant neoplasms without
specification of site, 8 cases of leukaemia, 3 Non Hodgkin lymphomas and 3 multiple myelomas.
In the following, a 5 years minimum latency period for radiation induced cases is assumed.
Four of the 225 non-skeletal tumours occurred less than 5 years after first 224Ra injection. Assuming a
5 year lag period and excluding 12 cases of non-melanoma skin cancer, mainly basaliomas, 209 cases
were observed vs. 143 expected cases.
In fig. 2, the rate ratios or standardised incidence rates, SIR, i.e. the quotients of the observed and the
expected numbers of solid non-skeletal tumours (excluding non-melanoma skin cancer) with 90%
confidence intervals, are given for the entire 224Ra study cohort and for individual patient groups ac-
cording to gender, age at exposure or original disease.
It should be noted that the relative rate for women is 2.6-times the expected, but the relative rate for
men is close to 1. The rates are significantly increased both for women treated as adults and for
women treated as children or juveniles,.
Especially for women exposed at younger ages, there is a marked excess: the number of observed
cases is 5.5 times the number of expected cases. In this subgroup 19 breast cancer cases (vs. 2.4) have
been observed (see below).
For male persons treated as children or juveniles, the rate ratio is more than twice that expected. On
the other hand, the observed incidence rate of men exposed as adults is low compared to a "normal"
population.
The relative rate in the sub-cohort of former tuberculosis patients is significantly increased as well
because about half of these patients  were below 21 years of age at the time of 224Ra treatment.
However, in the cohort of ankylosing spondylitis patients or of persons who suffered from other dis-
eases, the number of cases is less than expected.
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Fig. 2: Rate ratios (standardized incidence rates), i.e. quotients of the observed and the expected
numbers of solid non-skeletal tumors (non-melanoma skin cancer excluded) with two-sided 90% con-
fidence intervals, for the entire 224Ra cohort, and different subgroups of patients according to gender,
age at exposure or original disease (accounting for a 5 years lag period).
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Fig. 3: Rate ratios for different sites of cancer with two-sided 90% confidence intervals (accounting
for a 5 years lag period for solid cancers and soft tissue malignancies and a 2 year lag period for
leukaemia).

A trend of overall enhancement can be recognised in fig. 3 which gives the rate ratios for different
sites of cancer with 90% confidence intervals.
One of the most interesting and important results during the recent years of follow up was the signifi-
cant increase of female breast cancer incidence (31 cases observed vs. 9.1 cases expected). Moreover,
2 cases of breast cancer occurred in men (vs. 0.2 expected cases). Furthermore, an apparent excess of
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certain other non-skeletal solid tumours has also emerged in recent years: The rates of soft and con-
nective tissue cancer (11 vs. 1), of thyroid carcinomas (7 vs. 0.9), of liver (8 vs. 2.3), of kidney (13 vs.
4.6), of pancreas (8 vs. 3.9) and of bladder cancer (14 vs. 7.7) appear to be significantly increased.
On the other hand, the observed number of lung cancer cases is considerably lower than expected
from a normal population (26 observed vs. 32.8 expected). The lung cancer "deficit" in the subgroup
of ankylosing spondylitis patients (12 vs. 22.0, p=0.01) is likely to reflect their low level of smoking.

In the following sections, some details are given for those cancer sites where significantly enhanced
rates have been observed. Reference is made to the revised dosimetry of Henrichs et al. [8] where
estimates of excess relative risk (ERR) per Sv are given.

Female breast cancer:
In the sub-cohort of female 224Ra patients treated as adults, breast cancer rates are less than 2fold, but
significantly, increased (12 vs. 6.8). In the small subgroup of only 106 female patients treated as chil-
dren or juveniles, the excess is striking – the relative rate being 8 (19 vs. 2.3).
Seven cases of breast cancer appeared relatively early, i.e. before the age of 45 years (see fig. 4). The
youngest woman incurring breast cancer (with age at breast cancer diagnosis 28 years) was only 2
years old when treated with relatively high doses of 224Ra.

For female breast cancer incidence, the point estimate of the ERR per Sv is estimated to be 0.8 for all
women of the study cohort, 0.2 for women treated as adults and 2.2 for women who were treated with
224Ra at younger ages. As in other epidemiological studies of radiation induced breast cancer, an ob-
vious age at exposure trend was observed. The risk estimates are of the same order of magnitude as
those e. g. for the A-bomb survivors where the ERR per Sv was estimated to be about 3 for those ex-
posed when younger [10].

A control group of 182 tuberculosis (TB) patients not treated with 224Ra was established to identify
potential confounding factors – such as chest fluoroscopy – which might bias the breast cancer ex-
cess. The control group consists of patients treated at a German sanatorium between 1944 and 1954,
with ages at treatment of between 8 and 21 years. Of the patients, 98 are female. In the TB compari-
son group, 8 mammary carcinomas were recorded, vs. 4.5 expected cases (p=0.09).
Strikingly, 4 of the 8 breast cancer cases in the controls received pneumothorax therapy, with cor-
respondingly high numbers of fluoroscopies. Only 26 women of the entire comparison cohort received
lung collapse treatment (with a mean number of 58 fluoroscopies per person). In this subgroup, 4
breast cancer cases were observed vs. 1 case expected (p=0.02). It is worth mentioning that another
woman who was also treated by pneumothorax therapy was diagnosed with an angiosarcoma of the
breast.
In the subgroup of persons not treated by pneumothorax therapy (with a mean number of 8 fluorosco-
pies per person), 4 breast cancer cases were observed vs. 3.5 cases expected. Therefore, the observed
excess in the TB comparison group is probably attributable to repeated fluoroscopic x-ray examina-
tions. In the 224Ra cohort, TB patients were generally not treated by pneumothorax therapy. Hence it
can be assumed that the 224Ra treatment is responsible for most of the mammary cancer excess.
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Fig. 4: Breast cancer incidence in the cohort of female 224Ra-patients treated as adults (upper panel)
and in the sub-cohort of those treated as children or juveniles (lower panel). The grey shaded
areas give the number of patients under observation as a function of attained age (i. e. the
person years at risk; left ordinate). The step function with the hatched range of standard er-
rors represents the cumulative number of mammary carcinomas (right ordinate); the expected
number of cases is indicated by the lower curve.

Malignant diseases of connective and other soft tissues:
Due to a reclassification of the malignant bone tumours in the 224Ra cohort [11], 3 malignancies for-
merly classified as bone tumours, are now included in the group of soft tissue cancer (2 sarcomatoses,
one myogenic sarcoma). The years of diagnosis date back several decades for these cases. In contrast,
the other 8 soft tissue malignancies were diagnosed in the 1980s or later (3 leiomyosarcomas, 1 mes-
enchymal tumour, 1 neurofibrosarcoma, 1 neurilemoma, 1 fibrous histiocytoma and 1 soft tissue sar-
coma). Considered separately, these 8 cases also amount to a significant excess (1.0 case expected,
p < 0.001).

Thyroid cancer:
Seven cases of thyroid cancer were observed versus 0.9 expected cases. Again, it is remarkable that
most of the thyroid cancer patients were treated with 224Ra at younger ages, i. e. 4 of them were chil-
dren during the 224Ra treatment, and another 2 were in their early 20s when exposed. The ERR is high
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and estimated to be about 3 per Sv. In the sub-group of patients treated as children or young adults
(age at treatment � 25 years), the point estimate of the ERR can be estimated to be about 7 per Sv.
For comparison: A-bomb survivors exposed when younger had a significantly higher risk than those
exposed when older. In fact, among a-bomb survivors over 20 years of age at exposure there was no
evidence of an excess of thyroid cancer at all. In the group of A-bomb survivors under 20 years of age
at exposure, the ERR is estimated to be about 6 per Sv [10].

Liver cancer:
Liver carcinomas developed in 8 patients, vs. 2.3 cases expected. Seven of the 8 cases have been ob-
served in male study persons.
However, liver cancer is frequently associated with pre-existing liver disease and it is known that
many 224Ra patients suffered from hepatitis during the 224Ra treatment. Unfortunately, there is neither
exact nor complete documentation. Three cases of liver cancer are associated with pre-existing liver
cirrhosis and one case is connected with liver fibrosis.

Cancers of urinary organs:
Both rates of bladder cancer and kidney cancer are significantly increased. In the entire 224Ra Study I
cohort, 14 cases of bladder cancer cases (vs. 7.7 expected cases; p=0.03; ERR / Sv = 0.4), and 13 kid-
ney cancer cases (vs. 4.6; p=0.001) have occurred. For female patients, the kidney cancer excess is
even more pronounced: 4 cases observed vs. 0.8 expected cases (p=0.01).
Again, it is striking that age at 224Ra exposure is a strong effect modifier, i.e. that persons treated with
224Ra as children or juveniles are at a considerably higher risk of incurring kidney cancer compared to
those who were older at 224Ra treatment. The ERR is estimated to be 0.8 per Sv for the entire 224Ra
study cohort. The point estimate of the ERR for those exposed as children or juveniles is considerably
higher, i.e. 2.6 per Sv (non-significant ERR for the older sub-group).
For comparison: In the A-bomb survivors’ cohort, the number of kidney cancers is small. Therefore,
there was no significant excess of kidney cancer. However, there was a significant trend for increas-
ing risk of kidney cancer with decreasing age at exposure as has been observed in the 224Ra study co-
hort [10].

Leukemias:
Leukemias have occurred in 8 patients vs. 3.8 expected cases (p=0.04) with one acute myeloid leuke-
mia (in an ankylosing spondylitis patient) diagnosed as early as 1.7 years after the first 224Ra injection.
If a latent period of 2 years is assumed then the statistical significance is lost (p=0.09). In the sub-
group of ankylosing spondylitis patients alone, 5 leukemia cases were observed vs. 2.2 expected
(p=0.07) (latent period=2 years: 4 vs. 2.1; p=0.16). Two of the 8 leukemias are chronic lymphocytic
leukemias which are not commonly assumed to be induced by radiation.

3. Conclusion

There is no doubt that the follow-up of the health of the 224Ra patients has produced very important
results connected with the detrimental side-effects of Peteosthor therapy. The study has already been
conducted over some 50 years. Nevertheless, the follow-up of the remaining 17% of the cohort should
be continued, so that a full evaluation of late effects of 224Ra treatment can be completed. The com-
pletion is especially important since some of the  side-effects (e.g. the increased rate of breast cancer
incidence) have only become apparent during the last 10 to 15 years of follow-up. It is to be hoped
that a continued follow-up into the future will not reveal any new side-effects but this must be thor-
oughly checked and monitored. Only when the complete story is known will it be possible to make a
fully informed assessment of the risks and benefits of medical procedures involving lower doses of
224Ra or similar substances.
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Abstract: An epidemiological study has been carried out on 1462 ankylosing spondylitis (AS) patients 
followed since 1971 at the GSF – National Research Center for Environment and Health. The aim of 
the study was to ascertain the late health effects occurring in these patients who had received repeated 
intravenous injections of the short lived -emitter 224Radium between 1948 and 1975 (excluding 
patients treated additionally with X-rays). The then usual therapeutic protocol consisted of a total of 
10 to 12 injections of 1.036 MBq (28 Ci) of 224Ra each, given at weekly intervals. This resulted in a 
cumulative -dose of 0.56 to 0.67 Gy to the marrow-free skeleton (bone surface dose: ~ 5.5 Gy) of a 
70-kg-man (standard man). These patients have been followed together with a control group of 1324 
ankylosing spondylitis patients not treated with radioactive drugs and/or X-rays. Up to August 2004, 
causes of death have been ascertained for 913 exposed patients and 971 controls (mean follow-up time 
~ 26 yr in the exposed group or ~ 24 yr in the control group). In the exposed group there has been a 
total of 251 malignant diseases (vs. 277.0 expected cases) and 233 cases (vs. 302.4 exp.) among the 
controls. In the exposure group 16 cases of kidney cancer (vs. 8.7 cases expected, p = 0.02), 6 cases 
of liver cancer (vs. 3.3 exp., p = 0.12), and 4 cases of thyroid cancer (vs. 1.1 exp., p = 0.03) were 
observed. The most striking observation, however, were the 16 cases of leukaemia in the exposure 
group (vs. 6.5 cases expected, p = 0.001) compared to only 10 cases of leukaemia in the control group 
(vs. 7.1 cases expected, p = 0.2). Further subclassification of the leukaemias demonstrated a high 
increase of myeloid leukaemia in the exposure group (10 cases obs. vs. 2.8 cases exp., p <0.001), and 
particularly, of myeloid leukaemia (7 cases observed vs. 1.7 expected, p = 0.002), whereas in the 
control group the number of observed cases is within the expected range (3 myeloid leukaemias vs. 
2.9 cases exp.). Out of these 7 cases of acute myeloid leukaemia, 4 cases have been observed at doses 
comparable to those of the 224Ra treatment practised currently with the pharmaceutical SpondylAT®
(10 injections of 1 MBq each), in one case the 224Ra-dose was the 0.6fold, in another case 1.6fold, 
whereas in one case the total dose could not be verified exactly. Similar higher incidences of leuk-
aemia have not been found in another group of patients treated with higher doses or dose rates of 
224Ra, observed by Spiess and co-workers. However, the enhanced leukaemia incidence in our exposed 
group is in line with results from animal experiments in mice having been injected with bone seeking 

-emitters given at low dose rates. 

1. Introduction 

In the years between 1946 and 1950 about 2000 patients, many of them children and juveniles, were 
treated for various diseases in a German hospital with repeated intravenous injections of Peteosthor,
an aqueous mixture of 224Ra with traces of eosin and colloidal platinum [1]. Positive therapeutic 
effects, however, were reported only for ankylosing spondylitis [2]. 

The method of treating ankylosing spondylitis with lower doses of 224Ra, without the completely in-
effective platinum and eosin, was first used on a large scale at the Orthopaedic University Hospital at 
Münster, and was then adopted by other institutions too. This second study of the later cohort of 
patients with lower doses was then started at the GSF [3–8] with the objective of evaluating and 
comparing the risk of bone tumours and other lesions, relating specifically to the dose range below the 
lowest dose of 9 Gy (bone surface dose) associated with a bone sarcoma in the earlier Study I [9-13]. 

in memoriam of the Most Honourable Prof. Dr. Wolfgang Gössner 
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2. Study Population 

This second study presented here includes most of the patients who were treated in West Germany for 
ankylosing spondylitis with minor amounts of Radium-224, and who are not included in Study I. Up to 
August 2004, the study consists of 1462 ankylosing spondylitis patients from 9 hospitals (Table I). 
The majority of the patients, most of them treated in the years 1948-75, received one series of 10 
weekly injections of about 1 MBq (~ 28 µCi) of 224Ra each. This was the usual dosage in the more 
recent treatment of ankylosing spondylitis; it led to a cumulative -dose of 0.56 Gy to the marrow-free 
skeleton of a 70 kg man, the mean surface dose to the bone being about 5.5 Gy. There were, however, 
also patients, who received more than 10 injections per series (in total up to 4 series) resulting thus in 
higher means for the total study group (see Table I). 

Tab. I: Follow-up status and exposure parameters of the ankylosing spondylitis patients

Exposure Group Control Group

Total number of patients 1585 1478 
 Treated with X-rays additionally 112 128 
 Deleted for other reasons 11 6 

Remaining patients 1462 1324 

Deceased patients, cause of death certified 913 971 

Mean injected amount of 224Ra (MBq/kg) 0.17 - 

Mean -dose to the skeleton (Gy) 0.67 - 

Mean injection period (weeks) 10.4 - 

Mean follow-up time (years)  26  24 

Number of person years 37683 31782 

Mean age of living patients (years)  67  71 

In addition a control group of ankylosing spondylitis patients has been established with roughly the 
same age distribution (see Fig. 1). This group has been assembled to provide comparative information 

on causes of death and on health 
problems potentially related to 
the basic disease itself or to its 
treatment with drugs. The control 
group has been drawn mainly 
from patients out of a hospital 
known to refuse the 224Ra treat-
ment on principle. Patients 
showing evidence of a treatment 
with radioactive drugs and/or X-
rays during the course of evalu-
ation were excluded in further 
assessments. 

Personal and treatment data have 
been drawn from the hospital 
records for the patients of the 
exposure and the control group. 
Information on the current status 

of the patients is obtained from re-examinations at different times after treatment and from question-
naires sent periodically to the patients. Causes of death were ascertained preferentially from hospital 
records, from reports of family doctors, or death certificates. For most of the cases where the cause of 
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death was a malignant disease, diagnoses from medical and/or histopathological reports were avail-
able. The underlying causes of death were classified and registered according to the 7th revision of the 
International Classification of Diseases (ICD) and to the Klinischer Diagnoseschlüssel (KDS). 

3. Results 

Tables II - III show the results for leukaemias and malignant diseases of bone and bone marrow. Dis-
eases of the haematopoietic tissue among all patients in the exposure group included 16 leukaemias as 
subtyped in Table II (compared to 10 in the control group), two cases of osteomyelofibrosis /-sclerosis 
and one case of myelodysplastic syndrome. 

Tab. II: Malignant diseases of the haematopoietic and lymphatic system 

Exposure group Control group 

Myeloproliferative diseases 13 3 

 Myeloid leukaemia (ICD9 205) 10 3 

  Acute myeloid leukaemia (ICD9 205.0) 7 2 

  Chronic myeloid leukaemia (ICD9 205.1) 3 1 

 Osteomyelofibrosis /-sclerosis (ICD9 289.8) 2 0 

 Myelodysplastic syndrome (ICD9 289.8) 1 0 

Lymphatic leukaemia (ICD9 204) 5 5 

 Chronic lymphatic leukaemia (ICD9 204.1) 4 4 

Leukaemia of unknown type (ICD9 208) 1 2 

Tab. III: Malignant diseases of bone and bone marrow 

Exposure Group Control Group 

Osteochondrosarcoma (ICD9 170) 0 1 

Osseous fibrosarcoma (ICD9 171) 1 0 

Osseous malign. fibrous histiocytoma (ICD9 170) 1 0 

Reticulum cell sarcoma (malign. lymphoma) (ICD9 200.0) 1 0 

Medullary plasmacytoma (myeloma) (ICD9 203.0) 2 2 

Table IV shows a comparison of observed and expected cases for some selected types of malignant 
diseases in patients of the exposure and control group. The table is focussed on diseases which are 
associated with the administration of higher doses of 224Ra (referring to Study I). The expected cases 
have been calculated for both, the exposure and the control group, on the basis of the age- and calen-
dar year specific incidence rates. As there is no cancer registry for all over Germany, data of the Saar-
land cancer registry as well as data from the Danish cancer registry were used. 

In contrast to results from the high-dose group (Study I), a significant excess has not been observed in 
the exposed group of Study II for cancers of stomach, liver, or the female breast. Lung cancer shows 
for both, the exposure and the control group, a remarkable deficit compared to a “normal” population. 
This observation may be due to different smoking habits of patients with ankylosing spondylitis, a 
disease in which the lung is compressed by the stiffened vertebral column. 
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Tab. IV: Observed and expected numbers of solid malignant tumours and leukaemias 

Exposure Group Control Group 

observed expected observed expected

All malignant diseases 251 277.0 233 302.4 
Digestive organs & peritoneum (ICD9 150-159) 69 74.0 80 84,3 

 Stomach (ICD9 151) 25 18.2 19 21.6 

 Liver (ICD9 155) 6 3.3 4 3.7 

Lung (ICD9 162) 42 54.6 40 62.0 

Female genital organs (ICD9 179-184) 10 5.4 7 4.4 

Female breast (ICD9 174) 5 6.2 4 5.0 

Urinary system (ICD9 188, 189) 34 25.3 21 28.2 

Bone & connective tissue 4 1.6 1 1.6 

Leukaemia (ICD9 204-208) 16 6.5 10 7.1 

 Myeloid leukaemia (ICD9 205) 10 2.8 3 2.9 

  Acute myeloid leukaemia (ICD9 205.0) 7 1.7 2 1,6 

  Chronic myeloid leukaemia (ICD9 205.1) 3 1.0 1 1.0 

 Lymphatic leukaemia (ICD9 204) 5 2.5 5 2.8 

Fig. 2 shows the rate ratios or standardised incidence rates, i.e. the quotients of the observed and the 
expected numbers of cases, and the two-sided 90% confidence intervals according to Poisson.
Whereas the rate ratios for cancers of the stomach, pancreas, kidney, and female genital organs seem 
slightly, but not significantly increased, there is a more obvious increase for thyroid cancer. 
Considerably high increases, however, have been observed for leukaemia, especially myeloid 
leukaemia (in particular acute myeloid leukaemia), whereas the rate for lymphatic leukaemia is not 
significantly increased. 

thyroid 4 0.03
female genital organs 10 0.05
kidney 16 0.02
pancreas 10
stomach 25 0.07
   lymph. leukaemia 5 0.11
   acute myel. leuk. 7 0.002
   myel. leuk. 10 < 0.001
leukaemia 16 0.001

0 1 2 3 4 5

Rate Ratios for different types of cancer observed
cases p

Fig. 2: Standardised Rate Ratios for different types of cancer in the exposed group (incl. two-sided 
90% confidence intervals from Poisson-statistics) 
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In addition to the 5 cases of malignant tumours of the bone and bone marrow (Table III), 16 cases of 
leukaemia have been observed in the exposed group. As can be recognised from Fig. 3 which gives the 
cumulated number of all leukaemia cases in the exposure and control group resp. vs. the age attained, 
this increase (16 cases observed compared to 6.5 cases expected, p = 0.001) is highly significant for 
the exposed group compared to the standard population. In the control group, only 10 cases of leuk-
aemia were observed compared to 7.1 cases expected, p = 0.2 (Fig. 3). The leukaemias occurred at 
latency times up to 34 years and spread over the whole period of observation. This is different from 
the appearance time for the leukaemias in the Japanese A-bomb survivors but is in line with the 
occurrence of non-skeletal solid malignancies. 
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Fig 3: Leukaemia incidence (all types) in the exposure (left panel) and in the control group (right 
panel). The grey shaded areas give the number of patients under observation as a function of attained 
age (i. e. the person years at risk; left ordinate). The step function with the hatched range of standard 
errors represents the cumulative number of leukaemia cases (right ordinate); the expected number of 
cases is indicated by the lower curve.

Further subclassification of the leukaemias demonstrates, as seen in Fig 4, a predominance of myeloid 
leukaemias in the exposure group (10 cases obs. vs. 2.8 cases exp., p < 0.001) and particularly of the 
acute myeloid leukaemias (7 cases obs. vs. 1.7 cases exp., p = 0.002), whereas the rate of lymphatic 
leukaemia is only slightly elevated (see Fig. 4). 
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Fig 4: Observed and expected incidence of myeloid leukaemia (left panel) and of lymphatic leukaemia 
(right panel) in the exposure group related to attained age (as in Fig. 3). 

4. Discussion 

In the group of patients treated with high doses of 224Ra (Study I), a significant excess of solid malig-
nant diseases has been observed for all cancer sites (even after excluding the malignant bone tumours) 
as well as for certain tumour types. In comparison, in Study II highly significant increases have been 
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found for leukaemia. In Study I, the high excess of female breast cancer is particularly striking. In this 
Study II, due to the high male/female ratio known from the basic disease ankylosing spondylitis, the 
quota of women is rather low, and thus the number of mammary carcinomas. A comparison with the 
general population shows no indication of an increase of breast cancer incidence in this study. 

Malignant tumours of bone and bone marrow, which are the most severe late effect in the higher 
exposed Study I patients, have been observed only in 5 patients of this Study II (see Table III). 
However, it is worth mentioning, that the types of bone tumours found here differ from those found in 
Study I: In Study I, most of the malignant bone tumours were osteosarcomas. This tumour type was 
not found here. In contrast, one osseous fibrosarcoma, one osseous malignant fibrous histiocytoma, as 
well as 3 tumours of the bone marrow (one reticulum cell sarcoma and two medullary plasmacytomas) 
have been recorded. This difference may suggest a damage especially of the bone marrow in the lower 
dose range. In addition, this is supported by the elevated incidence of leukaemias in the exposure 
group. Damages of the bone marrow caused by injected 224Ra have been discussed by other authors 
previously [14,15]. 

The findings in the present study are consistent with animal studies in which low dose rate exposures 
to bone-seeking -particle emitters have been demonstrated by different authors to induce leukaemias. 
In such studies varying amounts of 224Ra less than those found to cause a maximum yield of osteo-
sarcomas were seen to cause myeloid leukaemias instead [16]. In fact, the induction of myeloid leuk-
aemia in mice has been demonstrated down to dose rates of only a few mGy/day, not only from 224Ra,
but also from 239Pu [17,18], another -emitter that deposits preferentially on the bone surface. 

5. Epilogue 

It is with great sadness that we remember the unexpected death of Professor Dr. Wolfgang Gössner, 
who contributed so much to this study from its very beginning. As a clinical pathologist he was able to 
resolve many of the critical questions which arose on the assessment of the health effects of internally 
deposited radionuclides, as with the injection of 224Ra in humans. He was one of the pioneers of the 
use of mouse models in understanding human cancer. Through these studies he played a major role 
in developing our understanding of the aetiology of radiation-induced leukaemias and bone tumours. 
In acknowledgement of his efforts and his co-authorship of many of our publications we honour 
Professor Gössner by dedicating this paper to him, a publication to which he contributed substantially, 
but which he was not able to complete in the final version. We will always remember him as a patient 
tutor, an outstanding counsellor, and a challenging personality in science. 
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Abstract: In recent years there is a growing interest in the therapeutic use of -emitters for patient 
treatment. -particles have much higher energy and their range is only a few cell diameters. Their high 
LET and the limited ability of cells to repair DNA damage from -radiation explain their high relative 
biological effectiveness and cytotoxicity. Potential -emitting isotopes for therapeutic applications are 
224Ra, 223Ra, 213Bi and 211At. The treatment with -particles is focused upon targeted cancer therapy 
using radiolabeled monoclonal antibodies, on palliation of bone metastases or upon pain relief in 
patients with ankylosing spondylitis (AS). Examples for targeted cancer therapy are the treatment of 
melanoma with 213Bi and non-Hodgkin lymphoma with 211At. For metastatic bone pain palliation 223Ra
was applied in a phase I clinical trial. For amelioration of pain in AS-patients 224Ra-Chloride is used. 
This radiopharmaceutical is licensed for this particular application in Germany. Today there are some 
potential clinical applications for -emitters although most of them are in the state of scientific, non-
routine investigations. In-vivo dosimetry for risk assessment associated with this treatment is even 
more difficult to perform than for therapies using beta-emitting radiopharmaceuticals. 

1. Introduction

Historically, -emitters such as 131I are the most common radioisotopes for targeted radiotherapy 
(TRT). -particles have a relatively long path length (up to 5 mm) and a low linear energy transfer 
(LET) of approximately 0.2 keV/µm. The long range of the beta-emitters, however, results in a more 
pronounced cross-firing effect that may kill tumor cells but also contributes to non-specific toxicity to 
normal tissue within this range. These properties make beta-particles more suitable for treating poorly 
perfused bulky disease but less suited to target small-volume, minimal residual disease or 
micrometastatic disease [1].  

2. Radioisotopes

There is a growing interest in the therapeutic use of -emitters. -particles have much higher energy 
(ie. 4 to 9 MeV) compared to beta-particles but their range is only a few cell diameters (ie. 40 to 90 
µm). Their high LET (about 100 keV/µm) and the limited ability of cells to repair DNA damage from 

-radiation explain their high relative biological effectiveness (RBE) and cytotoxicity. For example, at 
doses of 1 to 2 Gy, -radiation may be 5 to 100 times more effective than beta- or gamma-radiation 
[1]. 
Possible -emitting isotopes for therapeutic applications are 224Ra (half-life: 3.66 days), 223Ra (11.4 
days), 213Bi (46 min) and 211At (7.2 hrs) with path lengths between 0.05 and 0.08 mm. 

Table I: -emitting isotopes for therapeutic applications 

Radionuclide Half-Life Particle Energy 
   

At-211 7.2 hrs 6.8 MeV 
Bi-213 46 min 8.4 MeV 
Ra-223 11.4 days 5.9 MeV 
Ra-224 3.66 days 5.7 MeV 
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3. Relative Biological Effectiveness

Only recently, -emitters have been studied more extensively in vivo, especially with respect to their 
deterministic biological effects and their acute radiotoxicity [2-4]. In a preclinical work using a human 
colonic cancer xenograft model in nude mice [3] it was shown that the toxicity and anti-tumor efficacy 
of TRT with 213Bi/213Po compared to the -emitter 90Y leads to almost identical blood and bone 
marrow doses for low- and high-LET radiation [3]. The same holds true for the maximum tolerated 
kidney doses as empirically determined in this model [4]. Thus, these in vivo data for -particles are 
in sharp contrast to the generally assumed relative biological effectiveness (RBE) factors of 3.5-12 or 
even higher, as derived from in vitro experiments or from radiation protection considerations. In 
contrast, Behr et al. suggest an in vivo RBE value with respect to bone marrow and kidney toxicity of 
close to 1 (0.8-1.0) as compared with low-LET radiation [3, 4]. 

Also, recent clinical data acquired with the 213Bi-labelled anti-CD33 antibody HuM195 in the 
treatment of patients with acute myeloid leukemia clearly support an in vivo RBE value concerning 
bone marrow toxicity of close to 1 as compared with low-LET radiation [5]. On the other hand, with 
respect to anti-tumor efficacy, Behr et al. [4] found RBE values of 2-3 as compared with low-LET 
radiation in the xenograft model [4] and 3.2 in the spheroid model [6]; this is again lower than 
anticipated from historical in vitro data, but nevertheless potentially opens a larger therapeutic window 
for -emitters by virtue of an enhanced therapeutic ratio [2]. 

Summarizing the deterministic effects, normal organs, such as the red marrow and the kidneys, seem 
to tolerate similar radiation doses of the high-LET -emitters and the low-LET -or -emitters in vivo, 
whereas the relative biological effectiveness in the tumor is approximately two- to threefold higher, 
but under no circumstances close to values predicted from in vitro experiments [2].  

Radionuclide therapy with -particle emitters has only just begun and more studies and analyses will 
be required to gain a comprehensive understanding regarding the clinical toxicity and efficacy of this 
novel treatment approach. Results obtained to date, however, have brought into question the relevance 
of information derived from most in vitro studies. 

3. Targeted Therapy – Clinical Trials and Applications 

224Ra
From the mid 1940s until 1990, 224Ra-radiumchloride has been used for treatment of different bone 
and joint diseases mainly in Germany. After World War II, 224Ra was introduced for the treatment of 
children and juveniles suffering from bone tuberculosis. For that purpose, it was first given in a 
mixture with platinum and eosin (named “Peteosthor”), later mainly as pure 224Ra-radiumchloride,
without any additives. The activities of 224Ra administered at that time were high (approximately 
50 MBq), with treatment durations ranging from 1 to 45 months [7].  

After the year 2000, pure 224Ra-radiumchloride has again been made available in Germany for the 
purpose of intravenous application for the therapy of ancylosing spondylitis (AS). Total activities of 
10 MBq (10 administrations of 1 MBq over 10 weeks) for AS therapy have been approved by the 
German “Bundesamt für Arzneimittel (BfArm)”. AS is a chronic inflammatory-rheumatic disease 
leading to a reduction of the range of movements and disability resulting in a reduced of quality of life 
in approximately one third of the patients. The spectrum of therapeutic modalities is limited; mainly 
non-steroidal antiphlogistics and physiotherapy have been used. The renaissance of the use of 224Ra-
Radiumchloride for the treatment of AS gave rise to reconsider the dosimetry of 224Ra and to assess 
the risk associated with this treatment [7]. 

In the work by Lassmann et al. [7] the dosimetry for alpha- and beta/gamma rays was performed 
according to the model proposed by the International Commission on Radiological Protection (ICRP) 
[8]. According to their calculations the highest absorbed dose (4.4 Gy) is reached on the bone surface 
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for treating a patient ten times with 1 MBq 224Ra i.v. The effective dose results is 2.5*10-7 Sv/Bq using 
a risk factor of 20 for -particles which is probably too high for therapeutic applications.  

The excess absolute risk associated with this treatment is estimated to be 0.2% for malignant bone 
tumors (with questionable significance), whereas the excess absolute risk for therapy related leukemia 
is approximately 0.4%.  

In 1998 - in the light of possible radiation related risks - the German Radiation Protection Board 
(SSK) set up criteria for the administration of 224Ra to patients suffering from AS [9]: 
- A low activity regimen (10 MBq, 10 administrations of 1 MBq over 10 weeks) should be applied; 
- Women of child bearing age should be excluded; 
- The therapy should not be repeated earlier than 10 yrs after a previous therapy; 
- The long-term follow-up of the patients including the set-up of a database on side-effects by the 

treating physician should be assured; 
- A prospective epidemiologic trial should be undertaken for a better risk assessment and an 

improved evaluation of the therapy benefit versus the associated risk. 

213Bi
Another successful example of the therapeutic use of -emitters is the use of HuM195, a humanized 
anti-CD33 monoclonal antibody that specifically targets myeloid leukemia cells in minimal disease. 
When labelled with the -emitters 131I and 90Y, HuM195 can eliminate large leukemic burdens in 
patients, but it produces prolonged myelosuppression requiring haematopoietic stem cell 
transplantation at high doses. To enhance the potency of native HuM195 yet avoid the non-specific 
cytotoxicity of -emitting constructs, the -emitting isotope 213Bi was conjugated to HuM195 and 
administered to patients [5]. Eighteen patients with relapsed and refractory acute myelogenous 
leukemia or chronic myelomonocytic leukemia were treated with 10.4 to 37.0 MBq/kg 213Bi-HuM195. 
No significant extramedullary toxicity was observed. All 17 evaluable patients developed 
myelosuppression, with a median time to recovery of 22 days. Nearly all the 213Bi-HuM195 rapidly 
localized to and was retained in areas of leukemic involvement, including the bone marrow, liver, and 
spleen [5].  

Absorbed dose ratios between these sites and the whole body were 1000-fold greater than those seen 
with -emitting constructs in this antigen system and patient population. Fourteen evaluable patients 
had reductions in circulating blasts, and 14 (78%) of 18 patients had reductions in the percentage of 
bone marrow blasts. This study demonstrates the safety, feasibility, and antileukemic effects of 213Bi-
HuM195, and it is the first proof-of concept for systemic targeted -particle immunotherapy in 
humans [5].  

223Ra
In a study by Nilsson et al. [10] the safety and toxicity of AlpharadinTM (223Ra) in patients with skeletal 
metastases from breast- or prostate cancer were studied in a phase I multicenter clinical trial with a 
total of 31 patients. 25 patients (10 breast- and 15 prostate cancers) received a single i.v. injection in 
the dose escalating part of the study, with 5 patients at each dose level at 46, 93, 163, 213, and 250 
kBq/kg b.w. [10]. Blood samples were drawn at 10 minutes, 1 h, 24 h, and 7 days after the injection 
and measured by a NaI-counter. Six prostate cancer patients received repeated dosing of either 50 
kBq/kg b.w.×  5 or 125 kBq/kg b.w.×  2. All patients were followed for at least 8 weeks after the final 
dose with weekly blood sampling [10].  

Nilsson et al. did not see any dose-limiting hemotoxicity in the dose escalating part of the study. They 
observed, however, mild and reversible myelosuppression with a nadir 2-3 weeks after the injection 
and recovery during the follow-up period. Pain relief was observed in more than 50% of the patients, 
for all time points [10]. 
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223Radium cleared rapidly from the blood; after 24 hours the blood activity level was below 1% of the 
initial level for all dose groups. Scintigraphic images (n = 6) obtained after 223Ra injection indicated 
accumulation in known skeletal lesions in accordance with 99mTc-MDP bone scans obtained prior to 
223Ra treatment. Intestinal excretion appeared to be the main route of elimination [10].  

The major shortcomings, however, of this approach are that there are no data given for dosimetry and 
no studies have been performed on long-term effects. For further evaluation of this treatment regimen 
a prospective clinical trial (phase II) is now underway. 

4. Conclusion

As a conclusion it can be stated that there are some potential clinical applications for -emitters
although most of them are in the state of clinical trials. In vivo internal dosimetry for risk assessment 
associated with this treatment is even more difficult to perform than for therapies using beta-emitting 
radiopharmaceuticals. The values of the relative biological effectiveness will have to be monitored 
closely using in vitro experiments. 
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Abstract: In order to assess the effectiveness and safety of [224Ra]radium chloride for treatment of 
ankylosing spondylitis, the Bundesärztekammer (German Medical Association) and the Kassen-
ärztliche Bundesvereinigung (National Association of Statutory Health Insurance Physicians) per-
formed a health technology assessment* based on the current state of scientific knowledge according 
to a comprehensive review of the scientific literature and experts’ opinions. Treatment with [224Ra]
radium chloride, as a rule, consists of ten intravenous injections once a week. In 2000, [224Ra]radium 
chloride was re-approved by the Bundesinstitut für Arzneimittel und Medizinprodukte (German 
Federal Institute for Drugs and Medical Devices) as a pharmaceutical product on condition that 
additional data from phase III clinical trials on efficacy and safety need to be submitted within 5 years. 
Systematic search and critical appraisal of the German and international scientific literature as well as 
review of experts’ opinions demonstrated that up to now [224Ra]radium chloride has not been 
evaluated in ankylosing spondylitis by prospective randomised controlled clinical trials against 
placebo or a reference treatment. Outcome data from non-randomised unblinded clinical investigations 
or extended case series without adequate control group on i.v. [224Ra]radium chloride in ankylosing 
spondylitis could provide only hints for some beneficial effects but no clear-cut objective evidence for 
therapeutic efficacy according to established evaluation standards. With regard to safety, results from 
two cohort studies suggested that there may be an increased risk for a number of malignancies 
including osteosarcoma, leukemia and breast cancer after [224Ra]radium chloride administration. 
Therefore, a positive benefit-risk ratio of [224Ra]radium chloride treatment in ankylosing spondylitis 
cannot be assumed for time being with mandatory reliability.  
Because therapeutic benefits of [224Ra]radium chloride in ankylosing spondylitis remain doubtful 
while long-term untoward radiation sequelae cannot be ruled out at a sufficient level of safety, we 
conclude that [224Ra]radium chloride should be applied solely within the limits of clinical studies and 
only to an extent required to provide valid information on efficacy and risks presently missing. 
* see  http://www.bundesaerztekammer.de/30/HTA/index.html  or  http://www.kbv.de/hta/hta.htm  
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Introduction

Radioimmunotherapy (RIT) uses monoclonal antibodies (MAbs) targeting various tumor associated 
antigens as carriers for cytotoxic radionuclides. While RIT has become a standard mode of treatment 
of non-Hodgkin´s lymphoma it is still in an experimental stage in solid tumors. At present two 
radiolabelled anti-CD20 antibodies are approved by the U.S. Food and Drug Administration for 
clinical use in the United States and one has been approved in Germany in 2004 (Y-90 Ibritumomat; 
Zevalin) for RIT of non-Hodgkin´s lymphoma. 

RIT of solid tumors remains a challenge because radiation doses that are effective in lymphoma are 
insufficient in epithelial cancer. Many factors have to be considered for designing optimal targeting for 
RIT in solid tumors as for example heterogeneity of antigen expression, modified antibodies, vascular 
and tumor permeability, route of administration, selection of the optimal radionuclide depending on 
the tumor size. 

Modified antibodies 

The majority of clinical trials have used whole IgG with a molecular weight of 150 kDa. Several 
studies, however, suggest that antibody fragments as F(ab)’2 or Fab with molecular weights of 100 and 
50 kDa respectively obtained by enzymatic digestion of whole IgG could be more suitable for RIT of 
solid tumors because of their ability to penetrate tumor tissue more rapidly and to clear rapidly from 
the circulation compared to the intact MAb. In the future engineered antibodies such as single chains 
(scFv) obtained by linking the variable light (VL) and variable heavy (VH) chain with amino acid 
linkes (25 kDa) or divalent diabodies (50 kDa) or even other bispecific constructs will be alternatives 
for intact MAbs (Figure 1). The fragments, however, must retain a sufficiently high affinity and an 
optimal circulation time, long enough for appropriate tumor targeting and short enough to reduce 
radiation absorbed dose to the whole body (1, 2). 

Figure1: Schematic presentation of antibody fragments obtained by enzymatic digestion or molecular 
engineering

Because of the heterogeneity of the antigen expression in tumor tissue the administration of a mixture 
of ligands reactive with different antigen determinants may lead to higher tumor localization and 
therefore better therapeutic results. 

87



The development of MAbs specific for mutant receptors found only on tumor tissue and not on any 
normal tissue may also improve the therapeutic outcome of RIT. 

Route of aministration 

Pretargeting of unlabelled MAb prior to the administration of the carrier for the radionuclide can 
reduce long-lasting high amounts of radioactivity in the blood during RIT with intact antibodies. 
Bispecific MAbs recognizing a tumor associated antigen with one arm and a low molecular weight 
chelate complex (hapten) carrying the radionuclide with the second arm have been used in clinical 
trials. After binding of the unlabelled MAb to the tumor target and clearance of the unbound MAb 
from the blood the radiolabelled carrier is injected. This small molecule has a fast penetration in the 
tumor tissue and is bound rapidly to the free binding site of the MAb. An improvement of this 
pretargeting system is a radiolabelled carrier with two haptens forming a divalent binding bridge to the 
tumor antigen (so called affinity enhancement system) (3). 

Another approach separating the slow MAb localization phase from the phase of radioactivity 
distribution is via the avidin / biotin system. This system is well suited for pretargeting because of 4 
binding sites of avidin for biotin with the high binding affinity of 1015 l/mol. In a 3-step approach the 
biotinylated targeting antibody is injected 24-36 h prior to the administration of avidin or streptavidin. 
After another 24 h radiolabelled biotin is injected (third step). This pretargeting system can be used in 
several modifications (4, 5). The pretargeting method showed improved tumor / nontumor ratios of 
radioactivity within a shorter time period than obtained with directly radiolabelled antibodies or 
fragments. These results suggest the use of this pretargeting system also for RIT. 

The locoregional administration of the radiolabelled MAb is an alternative for RIT to reduce systemic 
toxicity especially when using short-lived radionuclides. Intraperitoneal delivery of different MAbs for 
treatment of peritoneal carcinomatosis of ovarian, gastric and colon carcinoma resulted in a higher 
uptake of the activity in intraperitoneal lesions compared to intravenous injection. 

Good therapeutic results have been obtained by intracranial administration of radiolabelled antibodies 
for the local treatment of glioblastoma. The MAbs recognize the tumor-associated extra cellular matrix 
glycoprotein tenascin found particularly in gliomas. The results of two clinical trials were encouraging 
with respect to minimal toxicity and increased survival (6, 7). 

Intravesical administration of an iodinated MAb against a tumor associated antigen in bladder cancer 
showed that the MAb binds rapidly to the antigen at the tumor site but has not been absorbed 
systemically, thus preventing systemic toxicity (8). 

-emitting radionuclides for RIT 

By choosing the appropriate radionuclide, the range of the cytotoxic effect can be matched to the size 
of the tumor. For the radioimmunotherapy of malignancies with large tumor masses, -emitting 
radionuclides such as 131I, 188Re, or 90Y, with mean tissue ranges of 0.9 to 3.9 mm, have been coupled 
to MAbs. For selective irradiation of single tumor cells or small tumor cell clusters, the new approach 
of labelling tumor-specific MAbs with -emitting nuclides seems to be very promising (9-13). 

Alpha-particles are high-energy helium nuclei (5-8 MeV) with high linear energy transfer of about 100 
keV/µm. In contrast, the mean LET value for the -particle emitting 90Y is only 0.2 keV/µm. The 
mean range in tissue of -particles considered for clinical application is about 50-80 µm, that means 
only a few cell diameters, whereas the range of 90Y -particles is 3960 µm (Table 1, Figure 2).  

88



Table 1: Radiation characteristics of 213Bi -particles and 90Y -particles

213Bi 90Y

Mean energy (keV) 8237 935 
Mean range (µm) 72 3960 
Mean LET (keV/µm) 96 0.2 

Within a tumor cell cluster of 100 µm in diameter corresponding to 6 x 102 cells, 60 % of the -energy
but only 2 % of the -energy are absorbed. This implies that the number of -decays needed to 
achieve the same degree of cell kill is 1000 times less than that of -emitters. Alpha-emitter 
immunocunjugates haven proven to be powerful therapeutic agents in vitro and in vivo experimental 
studies.

Figure2: Range of - and -particles in tumor tissue 

Beside naturally occurring -emitters, -particle emitting radionuclides are produced from reactor 
irradiation, incorporated into a generator or produced from cyclotron irradiation. The radionuclide 
separation must result in a high-purity product with respect to chemical and radionuclide purity. The 
selection of a nuclide has to take into consideration daughter nuclides that are probably metabolised in 
another way than the parent isotope. Radionuclide therapy using -emitting radionuclides makes sense 
for treatment of micrometastatic disease and malignancies of the hematopoietic system. The 
radiopharmaceutical may be given directly into the tumor, in the tumor cavity or by the way of 
intraperitoneal (ovarian, gastric or colon cancer), intrathecal (malignant meningitis), or intravesical 
injection (bladder carcinoma) for treatment of tumors spread to the surface of body compartments. 
Table 2 lists the most promising -emitting isotopes for radionuclide therapy. Two of them, 213Bi and 
211At after conjugation to monoclonal antibodies, have already been used in clinical trials. 
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Table 2: -emitters for radioimmunotherapy 

Nuclide T½  (MeV) Range (µm) 
211At 7.2 h 6.8 65 
212Bi 1.1 h 6.0 54 
213Bi 46 min 7.8 72 
149Tb 4.1 h 4.0 28 
225Ac 10 d 6.8 68 

Astatine-211
211At decays via a branched pathway by the emission of 5.8 MeV -particles to 207Bi and by electron 
capture to 211Po which subsequently decays with a half-live of 520 ms by -emission (Figure 3). 211Po
emits 77-92 keV K x-rays that permit gamma counting and imaging. 211At is produced by cyclotron 
bombardment of natural 209Bi via the 209Bi ( , 2n) 211At reaction. 211At has been successfully attached 
to monoclonal antibodies and antibody fragments by a two-step labelling method. Experimental 
therapeutic studies with 211At attached to different carrier molecules are listed by Zalutsky et al. (14). 

Figure3: Decay scheme for 211At, 225Ac and 213Bi ( , , EC; -emission, -emission, electron capture 

Clinical trials with 211At 81C6-MAb 

Patients with brain tumors (malignant glioma and anaplastic oligodendroglioma) were treated with 
escalating activities of 211At-anti-tenascin-MAb81C6. After administration of the radiopharmaceutical 
directly into the tumor resection cavity the leakage of activity from the cavity was low with an average 
of 99 % of the 211At decays occurring within the cavity. No dose limiting toxicity has been observed at 
activities as high as 370 MBq. Even though the study was a phase I study encouraging responses have 
been observed. Of the 6 patients who have been followed for at least 1 year one died 6 weeks after 
treatment and 5 remained alive at 54, 60, 71, 79 and 82 weeks after therapy (14). 

(32 a)
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Bismuth-213 
213Bi with a half-live of 45.6 min is a decay product of 225Ac as shown in figure 2. An 225Ac/213Bi
generator has been developed that provides chemically reactive 213Bi for more than 10 days. The 
generator supplied by the Institute for Transuranum Elements of the European Commission in 
Karlsruhe consists of an organic ion exchanger resin enclosed in a plastic tube to which 225Ac is 
absorbed. 213Bi is eluted as the (BiI5)2- anion. The 440 keV photon emission of 213Bi enables the 
scintigraphic imaging of 213Bi labelled substances. Antibody coupled to the pentaacetic acid moiety 
CHX-“A-DTPA readily chelates 213Bi within 5-10 minutes (15).  

Different experimental studies have evaluated the therapeutic potential of 213Bi-coupled 
radiopharmaceuticals. For example, in a nude mice study with human colon carcinoma xenografts the 
therapeutic efficacies of 90Y- and 213Bi-labeled Fab-fragments were compared. The results showed that 
the -emitter was therapeutically more effective than the -emitter. The authors concluded that due to 
the short physical half-live 213Bi appears to be especially suitable in conjunction with small fragments 
(16).

In our own study we coupled 213Bi to an antibody which binds selectively to a mutant form of E-
cadherin (d9MAb) found in diffuse type gastric cancer. Using an intraperitoneal disseminated tumor 
model with the expression of the mutated E-cadherin in nude mice we found that 1 hour after 
intraperitoneal administration of the 213Bi-d9MAb 60 % of the injected dose per gram of tissue was 
accumulated in small intraperitoneal tumor nodules (17). First studies investigating the therapeutic 
efficacy showed that after intraperitoneal application of 7.4 MBq 213Bi-d9MAb the survival increased 
to 232 days compared to 23 days in untreated animals. After injection of 1.85 MBq 213Bi-d9MAb 90 % 
of the animals are still alive after 250 days p. i.. The therapeutic efficacy of this 213Bi-labeled d9MAb 
together with a low bone marrow toxicity suggest the locoregional therapy of diffuse type gastric 
cancer also in patients (18; Figure 4).  

Figure4: Survival of nude mice xenotransplanted with human gastric cancer cells expressing mutant 
E-Cadherin following  213Bi-d9MAb therapy 

Clinical trials with 213Bi anti-CD33-MAb 

Patients suffering from acute myeloic leukemia were treated with 213Bi labelled HuM195-MAb 
recognizing CD33, a differentiation antigen overexpressed in leukemic cells. Activities from 600 to 
3300 MBq (2 to 4 times daily) in 150 to 925 MBq fractions (2 to 4 days) were administered by a 5 
minute intravenous infusion. Fourteen of 15 evaluable patients showed a reduction in circulating blast 
and 14 of 18 patients had reductions in the percentage of the bone marrow blasts (19). Treated patients 
showed a myelosuppression lasting 12 to 41 days (median 22 days). Transient, low grade liver 

91



function abnormalities were seen in 6 patients. The maximum tolerated dose was not reached with the 
injected activities. 

Conclusion

A variety of experimental studies and the two clinical studies mentioned have demonstrated that  
-emitting radionuclides are effective for tumor therapy after coupling to appropriate carriers. 

Therefore -radioimmunotherapy is a promising new modality for treatment of a variety of 
malignancies, particularly if small volume minimum residual disease or micrometastases are present. 
The therapeutic effects may be further enhanced by the use of other radioisotopes such as 225Ac with 
multiple -particle emission. In the first experimental studies in xenograft models of disseminated 
human lymphoma and prostate cancer in mice the single injection of 225Ac-immunoconjugates at kBq 
levels induced tumor regression and prolonged survival without toxicity in a substantial fraction of 
animals. The high efficiency of the 225Ac-immunoconjugates can be explained by the long half-live of 
225Ac (10 days) and the fact that 225Ac-conjugates can act as “atomic nanogenerators” emitting 4  

-particles during decay (20, 21). 
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Abstract: Alpha-emitters like 213Bi are considered as ideal candidates for radioimmunotherapy (RIT) 
especially when targeting single cells or smaller cell clusters. In order to investigate the therapeutic 
potential of high LET alpha-emitters in malignant non-Hodgkin's lymphoma and solid tumours, 213Bi
was coupled to various monoclonal antibodies.  
Specific kill of lymphoma cells by 213Bi-labeled anti-CD20 (Rituximab) and anti-CD19 (HD37) 
radioconjugates was demonstrated in vitro. Additionally, in vivo stability, biodistribution and toxicity 
of the compounds were investigated in a mouse model. Further studies in CD19+ transgenic mice 
should reveal the role and mechanism of pre-injected cold antibody prior to RIT. A phase I trial using 
the 213Bi-labeled anti-CD20 antibody was conducted to determine safety and feasibility of alpha-
immunotherapy in patients suffering from NHL. The administration of 555 - 1665 MBq radiolabeled 
antibody was well tolerated and no dose limiting toxicity observed so far. The 440 keV gamma 
emissions of the isotope was used for continuous gamma scan imaging following therapy. Thus, 
radiation doses to individual organs were estimated.  
The impact of alpha-immunotherapy in the treatment of solid tumors was analyzed in ovarian and 
breast cancer. The anti-EpCAM antibody HEA125 has shown favorable affinity to EpCAM-
expressing solid tumors. Highly selective tumor cell targeting was demonstrated in SK-OV-3 ovarian 
cancer cells and in MCF7 / BT474 breast cancer cell lines. Cytotoxic activity of 213Bi-labelled 
HEA125-CHX-A”-DTPA was monitored in MCF7 breast cancer cells by measuring BrdU 
incorporation.
Studies are ongoing in lymphoma and solid tumors to evaluate the role of alpha-immunotherapy in 
anticancer therapy. Further investigations will focus on combination regimens with either 
chemotherapy or RIT using beta emitters.
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Radiotoxicity of Systemically Administered 213Bi-labelled Monoclonal Antibodies in 
Comparision to Thorotrast: Survival Study with Histologic Analysis in Mice 
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Abstract: In recent years radioimmunotherapy with beta- or alpha-particle emitting radionuclides has 
been used in experimental and clinical settings for cancer therapy. To assess possible late effects of the 
novel therapeutic modality together with the comparison of acute versus chronic alpha radiation a 
long-term animal experiment was performed. Some 390 animals (BALB/c, female, age 6-8 weeks, 
mean weight 16g) were therefore divided in four groups: Control (without treatment), two groups 213Bi
(t1/2=45 min, 1 MBq and 4.7 MBq per animal)-labelled anti-CD19 antibody and a Thorotrast group 
(300 µl 25% colloidal suspension of 232ThO2 per animal) The dose to the liver of the animals injected 
with Thorotrast corresponded to that of the 4.7 MBq group after about 200 days. 
The injected activity of 4.7 MBq and 1 MBq per animal did not show severe side effects or life 
shortening up to half a year. However, one year after treatment a significant reduction in survival of 
the 4.7 MBq group occurred. The Thorotrast group showed the same observation with an offset of 150 
days. Even the 1 MBq group  revealed a significant reduction of survival. In liver and lung significant 
morphological differences in all groups were observed compared to the control group. After one year 
liver and spleen tumors, mainly haemangiomas of the spleen, occurred in the 4.7 MBq group. These 
tumors are comparable to those in animals injected with Thorotrast. The overall toxicity in the 4.7 
MBq group was obviously not dominated by the development of malignant tumors. Most of these 
animals died due to cardiovascular diseases. Furthermore, unexpected effects were observed in this 
group concerning probably the microcirculation of the animals. 
The highest dose in this long-term experiment was more than 10 fold higher than the maximum 
activity applied in patients enclosed in our clinical trial using 213Bi if one considers body weight as a 
reference. Considering the bad situation of patients suffering from a refractory non-Hodgkin’s 
lympohma, the side effects and the onset of long-term toxicity seems manageable and reasonable. 
Nevertheless, the unexpected high amount of deaths related to cardiovascular diseases requires further 
experiments.  
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The European Radiobiology Archives (ERA), its Present Status, Relation to other 
Radiobiology Archives and Future Development 
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5 ENEA, Roma, I 
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Abstract. The European Radiobiology Archives (ERA) in cooperation with the US (National Radio-
biology Archives, NRA) and Japanese (Japanese Radiobiology Archives, JRA) aim to collect most of 
the information still available in Europe on long-term animal experiments – including some selected 
human studies suitable for comparison with animal data - and to make them available to the scientific 
community for further analysis. Presently, the archives contain a description of the exposure conditions, 
animal strains, etc from ~350.000 individuals, and data on survival and pathology are available from 
~200.000 individuals. These data are incorporated in an ACCESS 2000 database, which also includes 
means (forms with underlying computer code) for browsing through the data, searching for groups given 
certain treatments, using specific animal strains or age, etc. Other forms allow the selection of 
experimental groups, their evaluation by some statistical programs and their export for further detailed 
studies by interested scientists. The forms also allow researchers to combine groups and to pool diseases 
into larger classes, e.g. all malignant tumours, all lung tumours etc., features that are important when 
studies from different laboratories are to be evaluated. The use of the database is illustrated by an example 
on the selection and preparation for further analysis of data dealing with the effects of 224Ra. The 
collection of data will continue in the future, and the archives will liase with similar ventures such as 
the European ‘Pathbase’. The user interface will be developed further for accessibility and user 
friendliness and be continuously adjusted to the current state of the art of hardware and software. The 
archives are to be transferred to the Bundesamt für Strahlenschutz (BfS), Neuherberg, Germany under 
the sponsorship of the European Commission and in collaboration with the European Late Effect 
Project Group (EULEP). 

1. Introduction 

Three different sources supply the information on which the assessment of the risk from exposure to 
ionizing radiation and in particular from low doses relies, molecular/cellular biology, animal studies 
and epidemiology. Although our understanding of the mechanisms by which radiation acts on 
biological molecules and cells and causes cancer has made substantial progress, the quantitative 
evaluation of risks still depends primarily on the rather limited epidemiological data. Long-term 
animal experiments can bridge the gap between epidemiology and molecular biology for situations 
where human information is limited. However, animal experiments, and in particular those of a long-
term nature following cancer development, have become unfashionable in recent years since such 
studies

are very expensive so that even a relatively small study with 100 dogs or 5000 mice may cost up 
to approximately 10 million Euro, 
require special facilities which have fallen into disuse in recent years or have even been 
dismantled. Of more than 25 Institutes in Europe which carried out such studies 15-20 years ago, 
less than 5 are left today,
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demand special expertise to plan, measure and perform such exposures, keep the animals under 
standardized conditions and evaluate the gross and histopathological observations. Much of this 
knowledge base has now been lost in the Community as many experienced scientists have 
retired or become involved in other topics,
encounter increasingly legal and political obstacles so that the participation in such studies has, 
at least in some countries, become a hazard to the personal safety of the scientists.

A large store of information from former animal experiments is still available [1,3], much of which 
has not been evaluated fully. This now irreplaceable information must be preserved for the future, 
compiled in a form suitable for further evaluation and made available to those persons who are 
interested in and capable of carrying out such assessments. The cost of preserving this information is 
only a fraction of the original costs of performing the experiments. Indeed, as these experiments are 
unlikely ever to be replicated and have cost many thousands of millions of Euros, it is imperative to 
safeguard the data and, as far as possible, material from these studies for further examination. 

These considerations gave rise to the development of radiobiology archives in Europe (European Radio-
biology Archives, ERA), the USA (National Radiobiology Archives, NRA) and Japan (Japanese Radio-
biology Archives, JRA) integrated into the International Radiobiology Archives (IRA) [3-5]. The 
establishment of these archives involved: 

the collection of all data still available from long-term animal studies, 
the inclusion of some selected human studies suitable for comparison with animal studies, 
the agreement upon and the development of an appropriate data base structure, and  
the development of means for easy access and use of the archives.  

A possible application of the database is outlined briefly in the third part of this publication. 

2. Content and Structure of the Database 

A major part of the development of the European Radiobiology Archives involved the collection of 
data from the different institutes and their input into the database. This task obviously depended on the 
cooperation of the institutions and scientists. This was not always easy as the original investigator may 
have left and the work was no longer supported by contracts or the original organisation. While some 
of the data obtained were already in computerized form even these had to be converted for 
incorporation into the standardized database and special computer programs had to be written for this 
purpose. Other data, consisting of handwritten papers, had to be introduced by hand, a procedure often 
impeded by poor legibility and missing information. A total of more than 8000 records had to be 
introduced in such a way. The laboratories, number of studies carried out and number of individuals 
involved are listed in Table I for the ERA, NRA and JRA.

Institute No Studies  No Individuals 
European Radiobiological Archives (ERA) 

1 AEA Technology Harwell Laboratory, UK 6 10084 
2 Centre d'Etudes Nucléaire, Fontenay-aux-Roses, F  21 25691 
3 Ente per le Nuove Tecnologie, l'Energia e l'Ambiente, Roma, I 5 9086
4 Deutsches Krebsforschungszentrum, Heidelberg, D 5 8428
5 GSF - Forschungszentrum für Umwelt und Gesundheit, Neuherberg, D* 11 20694 
6 Kernforschungsszentrum, Karlsruhe, D 1 1246
7 Medical Research Council, Chilton, UK 11 17401 
8 National Radiological Protection Board, Chilton, UK 1 1820
9 Studiecenter voor Kernenergie, SCK/CEN, Mol, B 12 24517 

10 Medical College St Bartholomew, London, UK 6 11385 
11 Organisatie Natuurwetenschappenlijk Onderzoek, TNO Rijswijk, NL 4 12789 
12 Universität Freiburg, Institut Biophysik, D 1 800
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Institute No Studies  No Individuals 
13 Swedish University of Agriculture, Uppsala, S 24 21509 
14 Ural Center for Radiation Medicine, Chelyabinsk, Russia  2 8026
15 European Late Effect Project Group 1 1334
16 University of Oxford, UK 3 3211
17 Universität Ulm Institut f. Arbeitsmedizin, D 10 114
18 Dr Daniel den Hoed Cancer Centre, Rotterdam, NL 1 387
19 Southern Ural Biophysics Institute, Ozyorsk, Russia 21 58207 
20 Universität München, Strahlenbiologisches Institut, D * 1 1081
23 CEA, DSV-DRR-SRCE-LRT, Bruyères-le-Châtel, F 1 1190

National (US) Radiobiological Archives (NRA) 
1001 Dept. Radiobiology, Univ. of Utah, USA 15 3347
1002 Institute of Toxicology, Davis, USA 4 7466
1003 Argonne National Laboratories, USA * 39 104129 
1004 Pacific Northwest National Laboratories, USA 6 9587
1005 Inhalation Toxicology Research Institute, USA 36 43376 
1006 Ernst O. Lawrence Berkeley Laboratory, USA 3 203
1007 Oak Ridge National Laboratory, USA 3 27450 
1008 Colorado State University, USA 3 2010
1009 Brookhaven National Laboratory, USA 2 3261
1010 University of Rochester, USA 8 187
1011 Chalk River Laboratories, Canada 3 7777

Japanese Radiobiology Archives (JRA) 
2001 National Institute of Radiological Sciences, Japan * 15 14366 
2002 Institute of Environmental Science, Japan 1 3986
2003 Dep. Environmental Medicine Hokkaido University, Japan 1 853
2004 Department Radiation Research Tokoku University, Japan 1 4032
2005 Dep. Radiation Biophysics, Tokyo University, Japan 1 126
2006 Dep. Radiological Health, Tokyo University, Japan 2 912
2007 Research Institute of Environmental Medicine, Japan 1 ?
2008 Dep. Experimental. Radiology, Shiga University, Japan 1 182
2009 Dept. Biology, Nara University, Japan 1 57
2010 Dep. Radiation Biology Osaka University, Japan 5 19000 
2011 Res. Inst. Adv. Science Technol. Osaka Pref. Univ., Japan 4 1546
2012 Res. Inst. Rad. Biology and Medicine Hiroshima Univ., Japan 3 1820
2013 Department of Applied Mathematics and Life Science, Japan 1 771
2014 Central Research Institute Electric Power Industry, Japan 1 560

Tab. I: Laboratories from the three archives participating in the archives their code, number of studies, 
and number of individuals. The actual number of individuals used was even larger since only those 
are listed for which information on exposure conditions could be obtained. * Laboratories which have 
supplied human data on Ra or Thorotrast.. 

The archives consist of:

a. A Website www.gsf.de/ERA containing information on all studies in the IRA with appropriate 
links to rapidly locate studies dealing with exposure to certain radiations, radionuclide, or 
chemical products or those using certain species/strains. Access to the confidential part of the 
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Website requires a password which can be obtained from an archivist1 by writing an E-Mail, letter, 
or calling him on the phone 

b. An ACCESS data base containing, in addition to information on studies, data on pathology, 
survival, clinical and radiological measurements, etc of individuals 

c. Information on the use of the ACCESS Database with a description and explanation of all 
tables and forms including the underlying Visual Basic object code; this is supplemented by the
Final reports to the European Commission for the contract FIR1-CT-2000-20097 1.9.2000-
31.12.2003, Update and Further Development of the European Radiobiology Archives (ERA) [1]. 

d. Two ENDNOTE databases on references for animal and human studies; 

A CD ROM containing items ‘a’ to ‘d’ (but without the data on the pathology and survival of 
individuals) can be obtained from the archivist after having first paid 50 Euro to the treasurer of 
EULEP [2]. It is free of charge for the contributors to the database. Data on individual animals can be 
obtained on application to the archivists and the advisory committee. For details write to an archivist 
and note the information given on the Website. 

The ACCESS database, a referential database consisting of more than 40 tables, has an hierarchical 
structure from laboratories downwards via studies, experimental groups and individuals with side 
branches characterizing the type of treatments, strain and age of animals, pathology, clinical chemistry 
etc of individuals. References related to the studies are also included. Certain tables need further 
explanation:

Diseases: In coding diseases, several aspects had to be taken into account. Diagnoses from different 
laboratories had to be standardized and provisions made to allow for the grouping of different 
diagnoses. Moreover, different coding systems used for rodents, dogs and man had to be incorporated. 

For rodents, an inventory of all diseases reported in the different studies has been elaborated with 
the help of the pathology committee of EULEP (European Late Effect Project Group). 
Terminology and criteria for pathological diagnoses among EULEP members were standardized 
and/or translated from other languages. When new rodent studies from NRA and JRA had to be 
added, this table was extended or modified. We are particularly obliged to Prof. Wolfgang 
Gössner for helping with this difficult task. All original names are preserved in a translation table. 
The disease codes of the "Janus" studies at the Argonne National Laboratory which could not be 
fitted with all details into the disease table are also included in a separate table. Some disease 
codes used by laboratories could only be guessed from abbreviations since the original 
information but not the diagnoses of the individuals had been lost. These original codes are also 
maintained in the database. Next, it is planned to link IRA to the PATHBASE developed at 
Cambridge under the sponsorship of EULEP. 

The US beagle dog data are coded according to the SNODOG system, which originally had been 
adapted from the SNOMED system for human diseases; these codes consist of seven character 
codes describing Topology, Morphology, Aetiology, Function, Disease and Procedure, each code 
starting with the respective capital letter. About 5000 of these codes have actually been used by 
the NRA. This approach thus differs basically from that of ERA and is less suited for searching 
and lumping diseases in the database. A more definite solution to this problem will have to wait 
until all beagle data are available for IRA 

The human data were originally coded in different versions of the WHO “International Classifi-
cation of Diseases” (ICD) and some in the German “Immich: Klinischer Diagnoseschlüssel” 
(KDS). For compatibility, they were all converted to comply with version 9 of the ICD. Since 

                                                          
1 Prof. Georg B. Gerber, B-2400 Mol, De Heylanden 7, Tel.(++32)-14-317903, 
e-mail: georg.gerber@pandora.be 
Dr. Roland R. Wick, GSF - Forschungszentrum für Umwelt und Gesundheit, Institut für 
Strahlenbiologie, D-85764 Neuherberg, Ingolstädter Landstrasse 1, Fax (++49)-89-3187-4627, e-mail: 
wick@gsf.de
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some laboratories used codes for disease combinations not specified by the WHO, a few codes 
unused in ICD9 have been utilized for this purpose. In addition, the database still contains all 
original coding as well as tables with all codes for ICD7, ICD8, ICD9 and KDS.

Diagnoses from different laboratories are frequently not directly equivalent, diseases in different 
strains or species are often not comparable, and analysis frequently requires pooled information (for 
diseases and groups); therefore, provisions were made in the database for grouping different diseases 
into families (all lung tumours, all malignant liver tumours etc), or large disease classes (all malignant 
tumours, all deterministic diseases etc.) and for combining experimental groups. As a rule, researchers 
comparing different studies, particularly those performed in different laboratories, are strongly urged 
to make use of grouped diseases for statistics in preference of individual diseases. 

3. The Use of the ACCESS Database 

The utilization of ACCESS databases is facilitated by ‘forms’ with an underlying computer code. The 
‘forms’ in the IRA allow a detailed inspection of the database by combining different elements from 
tables and help to select suitable experimental groups and extract data on individuals for export and 
statistics. While forms dealing with rodents have been finalized, those dealing with dogs and also 
some of those dealing with man await still outstanding information.  

After the Access database “IRAA.MDB” has been loaded, a switchboard appears which allows 
running ‘forms’ to: 

a. Browse, i.e. pass successively through an entire data set, for example the studies of all laboratories, 
the different rodent, dog or human diseases observed, etc. Browsing is useful for becoming 
familiar with the structure and composition of the Access database.

b. Search for specific experimental groups exposed to a certain radiation, radionuclide or chemical, 
groups belonging to a certain age class or using certain strain/species. Persons participating in 
certain studies can also be found or, conversely, studies or references in which certain persons 
participate obtained. Besides obtaining additional information on certain aspects of the database, 
these ‘forms’ help to find the experimental groups from which individuals can be selected for 
more detailed analysis. 

c. Select either 
Specific groups chosen as shown under ‘b’ or from the Web site. Groups can also be 
combined for improved statistical power, 
All individuals in the database or in specified studies suffering from a certain disease, disease 
family or disease class.  

d. Statistics contains some procedures to aid the scientists to review the selected groups before 
engaging in further study, namely: The Kaplan Meier product limit, including plots of the data, the 
non-linear regression analysis for several parameters of the Weibull distribution, also with plots, 
and the Peto test for incidental diseases, i.e. those are not cause of death. 

e. Export the selected groups into other programs such as EXCEL or in ASCII format for treatment 
by other statistical programs. Thereby, diseases can be lumped in disease classes and disease 
families.  

Procedures ‘d’, ‘e’, ‘f’ are obviously only accessible to those researchers who have obtained the right 
to data on individuals. 

In using the database for comparing experimental groups from different studies, attention has to be 
paid to several facts. Exposure parameters often are not always strictly equivalent. X and Gamma 
ray and neutron exposures were not always specified in Gy - doses in rad were converted to Gy - but 
in a few older studies still in Röntgen. For radionuclides, the choice of doses can be confusing because 
it depends on application and dosimetry (e.g. Bq/kg or total Bq applied or inhaled, body burden Bq, 
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WL etc). The extent of the pathology performed also varies between studies, some only noted 
whether a certain tumour (lung, bone, liver) was present and lumped the rest into a diagnosis “no 
lung/bone/brain tumour”, etc. Very few studies, except those on beagles, analysed the head/brain. 
Finally, authors often did not indicate which of several diagnoses was the cause of death or only an 
incidental observation. It must be emphasized that most statistical procedures are only valid for causes 
of death – many mistakes have been made in the literature by neglecting this point - ; the Peto test 
allows the investigation of incidental diseases and has, therefore, been incorporated into the statistics 
‘form’ of the database. Statistical power can sometimes be significantly increased by combining
control groups or closely related exposed groups but in doing this attention must be paid that other 
factors are similar and a statistical comparison between the groups to be combined has to be carried 
out.

The forms provided cannot foresee all possible applications; certain searches, and selections will 
require writing queries either as an SQL statement (Structured Query Language) or more simply by 
using the query grid provided in ACCESS. Since several tables need to be linked in this procedure and 
appropriate criteria be defined, some understanding of the database structure is required. Please refer 
to the information on the CD. For example, an SQL statement to find all experimental groups dealing 
with all nuclides of atomic number greater than Bi – nuclide codes between 210 and 430 - except Rn 
(nuclide code 290) - and for which data are available(status code ‘W’) - could be as follows: 

SELECT Group_Treat.LabId, Group_Treat.StudyId, Group_Treat.GroupId, 
Treat_Type.TreatmTrans, Study.StudyName, Strain.StrainTrans FROM (Strain INNER JOIN 
(Study INNER JOIN (Treat_Type INNER JOIN (Groups INNER JOIN Group_Treat ON 
(Groups.GroupId = Group_Treat.GroupID) AND (Groups.StudyId = Group_Treat.StudyID) AND 
(Groups.LabId = Group_Treat.LabID)) ON Treat_Type.TreatmTypeID = 
Group_Treat.TreatmTypeID) ON (Study.StudyId = Groups.StudyId) AND (Study.LabId = 
Groups.LabId)) ON Strain.StrainID = Groups.StrainID) INNER JOIN Status ON 
Groups.StatusCode = Status.StatusCode WHERE (((Treat_Type.TreatmTypeID) Between 210 And 
430 And Not (Treat_Type.TreatmTypeID)=290) AND ((Status.StatusCode)="W")) ORDER BY 
Treat_Type.TreatmTrans;

A hypothetical example based on risks of 224Ra shall illustrate how to proceed in using the database: 

a. Define the problem to be solved: then search for studies dealing with 224Ra on the Website 
and/or use the ‘form’ “Search” of the ACCESS database to find all 224Ra experimental groups 
for which individual data are available. For mice, these are studies 1, 2, 4, 7 at the GSF, 
Neuherberg, studies 1, 2, 3, 4 at the MRC, Harwell and, for dogs, study 14 at Utah University. 
In addition, study 100 at the GSF and the parallel study 100 at the Munich University deal 
with the epidemiology of patients injected with 224Ra for ankylosing spondylitis, tuberculosis 
and other diseases. In this context, studies dealing with 228Th could also be considered because 
this 228Th nuclide of ~1.9 y half life releases a continuous stream of 224Ra from its deposition 
site into the blood; these are studies 2 and 4 at the Deutsche Krebsforschungszentrum, 
Heidelberg, study 7 at MRC, Harwell and study 4 at Utah University involved 228Th. 

b. Evaluate all information on the studies and the groups (experimental design, strain, age, 
application, dose, pathology done) in the database and/or on the Website and decide which 
groups are suitable for the problem to be solved. Make an application to the archivists and/or 
the ERA Advisory Committee to obtain the individual data. Select the groups chosen using 
the ‘form’ “Select” which initially prepares a small table containing only studies and groups 
chosen and then adds, in a larger table, the details from survival and pathology. At this point, 
it is also possible to combine groups, e.g. controls from other studies, for greater statistical 
power, but this would be done only after having inspected carefully the data and possibly 
appropriate Kaplan Meier plots.
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Form ‘Statistics’ with Results of the Kaplan Meier Analysis 

Survival

0.00
0.10
0.20
0.30
0.40
0.50
0.60
0.70
0.80
0.90
1.00

0.00 200.00 400.00 600.00 800.00 1,000.00 1,200.00

Days

S
u

rv
iv

in
g

 fr
ac

ti
on MRC 0Bq/g 776d

MRC 69Bq/g 772d

MRC 138Bq/g 758d

MRC 278Bq/g 748d

GSF 0Bq/g 610d

GSF 18.5Bq/g 784d

GSF 92.5Bq/g 642d

GSF 185Bq/g 645d

c. The ‘form’ “Statistics” might be useful when other more refined statistical procedures are 
considered,. The Kaplan Meier calculation and plot for the selected groups with respect to 
survival (see Fig. 1), all malignant bone tumours and all leukaemias only allows a rapid 
evaluation of the general behaviour of the data. For the sake of simplicity, only one of the 
MRC data sets is shown.

d. The ‘form’ “Export” would then prepare the files for the special needs of the investigator. 
Export into an Excel file or an ASCII format file has been foreseen in this form. Other exports 
could also be easily implemented. While it is possible to leave only the original codes for 
diseases in the exported file, it could often facilitate later work to prepare some columns with 
lumped diseases, in particular, all malignant tumours, all leukaemias and for the present study 
all malignant and all benign bone tumours. 

Obviously, this example only crudely traces the steps appropriate for an analysis of the data in the 
database. Often, several trials and errors have to be performed before choosing the most suitable data. 

4. Conclusions and Future

The European Radiobiology Archive (ERA) has now attained a stage of development whereby nearly all 
information on long-term animal studies in Europe has been obtained. Most of the outstanding European 
data are now probably lost or are irrecoverable. Some data are still to be expected from the United States’ 
National Radiobiology Archives (NRA) and from an ongoing study detailed in the Japanese Radiobiology 
Archives. The user-friendliness of the database will be further developed and the database will be kept in 
line with changing developments of computer soft and hard ware and with the demands of research 
scientists. It is also intended to link ERA with the European animal pathology database “Pathbase” and 
other suitable databases. A proposal has been made to the European Commission to give the archives a 
permanent home at the Bundesamt für Strahlenschutz (BfS) in Neuherberg, Germany. 
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The Health Data Archive of East German Uranium Miners – A Promising Basis for 
Occupational Epidemiology 

M. Möhner, H.-G. Gille 

Federal Institute for Occupational Safety and Health (BAuA), Nöldnerstr. 40-42, 10317 Berlin,
Germany, e-mail: Moehner.Matthias@baua.bund.de 

Abstract: During World War II uranium attained an immensely military strategic importance. There-
fore, after the occupation of the Eastern part of Germany by the Soviet army a frantic search for ura-
nium started in the Ore Mountains (Erzgebirge) in Saxony. At first, under the military supervision of 
the Soviet NKVD the old silver mines were reopened . Later, new deposits were discovered and mined 
and concentrating plants as well as uranium mills were set up. Until its shutdown in 1990, more than 
200,000 t of yellow cake were produced in the Soviet stock company (later a Soviet-German stock 
company) with the code name “Wismut” (German name for bismuth) . It is estimated that more than 
500,000 employees were engaged in underground mining during this period. 
Since 1950 medical care of miners was provided by a special occupational safety and health service, 
called „Gesundheitswesen Wismut“, which was not under the management of the mining company. 
After this service finished its duty, its archives were pooled in the Archive of the Occupational Health 
Documents of the Uranium Miners (Gesundheitsdatenarchiv Wismut, GDAW). Since April 1997 this 
archive has been part of the Federal Institute for Occupational Safety and Health (FIOSH, German 
acronym BAuA).  
The GDAW contains more than 100 subarchives with medical records of different medical institutions 
(hospitals, outpatients’ and sanatorium clinics). Today more than 1,700,000 records and 300,000 x-
rays are already catalogued. Moreover, the GDAW contains a large archive comprising autopsy mate-
rial from over 30,000 autopsies (more than 400,000 slides and 60,000 tissue blocks) as well as surgical 
specimens (about 1,000,000 slides and 130,000 tissue blocks).  
The archive is used for inquiries from former miners or social courts concerning the compensation of 
occupational diseases. Beyond it, the GDAW is used as a source of information for planning and con-
ducting epidemiological studies not only concerning the cancer risk due to exposure to ionizing radia-
tion but also concerning the relationship between manifold exposures in the mining industry and other 
occupational related diseases, such as pulmonary diseases or musculoskeletal disorders.
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Characterization and Analysis of the Pathological Archives of the German Uranium 
Miners Study Including 5270 Cases of Lung Cancer Reviewed by Three Reference 

Pathologists

Th. Wiethege 1, H. Wesch 2, A. Eisenmenger 2, N. Becker 2, K.-M. Müller 1

1 Institute of Pathology of the Ruhr-University Bochum at the BG Hospital Bergmannsheil, Bürkle-de-
la-Camp-Platz 1, 44789 Bochum, Germany 
2 German Cancer Research Center (DKFZ), Im Neuenheimer Feld 280, 69120 Heidelberg, Germany 

Abstract: As part of the `Pathology` sub-study of the German Uranium Miners Study, specimens and 
autopsy records from the archives of the Central Institute of Pathology of the Wismut Uranium Mining 
Company in the former German Democratic Republic containing material of about 29,000 autopsies 
were analysed. Based on a subgroup of 19,271 men, the effects of exposure to mining pollutants, such 
as radon, uranium, and arsenic, were investigated. The analysed groups included 12,926 uranium 
miners (WLM > 0; group 3), 1,987 not exposed workers (WLM = 0; group 2), and 4,358 subjects most 
likely never employed by Wismut (group 1). Mean radon and radon daughter exposure was 
725 WLM. Mean exposure to long-lived radionuclides (LRN) was 9.7 kBq. The underground miners 
experienced an average exposure time of 11.8 years. 5,270 autopsy cases with autopsy diagnosis of  
lung cancer were re-examined by three reference pathologists. The data were analysed as  case-control 
study with death from cancer sites of interest as cases and death from cardiovascular diseases as 
controls using by means of logistic regression under the assumption that the exposure distribution in 
the reference deaths was the same as in the source population. The following major results were 
found:  
1. Based on the main cause of death or competing diseases, as given in the autopsy protocols, 8,882 
cases of malignant tumours were found (N = 6,402 for group 3; N = 889 for group 2; N = 1,581 for 
group 1). For lung cancers, a higher incidence was found for exposed Wismut workers (N = 4,526 / 
35% group 3; N = 377 / 19% group 2; N = 472 / 11% group 1). 
2. A significant association between the WLM-category and lung cancers was shown. Dependent upon 
the definition of the reference category, the odds ratio (OR) increased for groups with high exposure to 
a level of about 6 (reference: group 3 & >0-50 WLM), and up to 11 (reference: group 1). The OR  
increased continuously up to 1400 WLM and formed a plateau for higher levels. Death from lung 
cancer was not only significantly associated to  WLM categories, but also to long lived radionuclides 
(LRN) and arsenic when adjusted for WLM. 
3. In higher WLM categories (> 600 WLM), small cell carcinomas and squamous cell carcinomas 
showed an OR nearly twice as high as that of adenocarcinomas.  
4. For Wismut workers, the available data gave no indication for a causal relationship between 
silicosis and lung cancer. 

Acknowledgement: The investigations are supported by the Federal Office for Radiation Protection 
under grant St.Sch. 4057/4, St.Sch. 4118 and St.Sch. 4242. The data on job history and exposure of 
Wismut workers are supplied by the Hauptverband der gewerblichen Berufsgenossenschaften (HVBG) 
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The Autopsy Archive of Former Uranium Miners of the East German WISMUT 
Company – A Valuable Resource for Research on Ionizing Radiation in Interaction with 

other Carcinogens and Cancer 

B. Pesch 1, D. Taeger 1, Th. Wiethege 2

1 Berufsgenossenschaftliches Forschungsinstitut für Arbeitsmedizin (BGFA), Institute of Ruhr 
University of Bochum, Bürkle-de-la-Camp-Platz 1, 44789 Bochum, Germany, e-mail: pesch@bgfa.de 

2 Institute of Pathology of Ruhr University at BG-Kliniken Bergmannsheil, Bürkle-de-la-Camp-Platz 
1, 44789 Bochum, Germany, e-mail: thorsten.wiethege@rub.de 

Abstract: In East Germany, uranium mining was undertaken on a large scale for the Soviet nuclear 
industry from 1946 to 1989. Poor working conditions especially in the early years led to a high level 
of occupational diseases, in particular lung cancer. For WISMUT miners, comprehensive data is 
available on working histories and exposure to radiation and quartz dust. After German reunification, 
the autopsy archive of the Institute of Pathology in Stollberg was opened for research as part of the 
WISMUT Health Data Archive of the Bundesanstalt für Arbeitsschutz und Arbeitsmedizin. It contains 
protocols of about 30,000 persons (including 17,000 miners), 400,000 slides, 66,000 tissue blocks, and 
200 whole lungs. Now, the tissue repository is held in trust at BGFA and Institute of Pathology in 
Bochum, Germany. The source population of the cases is not defined. The archive contains tissues 
from many – but not from all - former WISMUT miners as well as from local people. For 12,923 
miners, median radon exposure was 621 WLM, including about 800 workers with exposure above 
1800 WLM. Smoking information is poor, but prevalence of smoking was high. A leading diagnosis 
was lung cancer in about 5,300 persons, mainly underground miners. A database has been developed 
by Wesch et al. [1] at Deutsches Krebsforschungszentrum to document relevant autopsy information 
on the cases. Histopathological classification of 5,270 lung cancer cases has been re-assessed by three 
pathologists. U.S. NIOSH conducted a study on the feasibility of research on pathologic types of lung 
cancer. Laboratory studies on the quality of the material for molecular-biological investigations are 
under way. A project is ongoing to investigate the interaction of radiation and crystalline silica on lung 
cancer development. A workshop was scheduled December 10, 2004 to discuss the resources, the 
findings, the pitfalls and challenges presented by the material and the future use of that archive in 
research. 

1. Uranium Mining in East Germany 

Uranium mining was undertaken on a large scale for the Soviet nuclear industry from 1946 to 1989. 
The WISMUT corporation became the third largest uranium producer worldwide, with a total of 
231,000 metric tons of uranium (produced as uranium oxide, so-called yellow cake) during the 
operational period. Wismut, the German name for bismuth, was used to conceal the uranium 
production. From 1946 to 1953, it was a Soviet stock corporation, from 1954 until German 
reunification a joint Soviet-German corporation with its own health care system. In 1990, the 
production was discontinued, and clean-up procedures were started with funding from the Federal 
budget.

Immediately after World War II, the Soviets started exploration, mining and processing of uranium in 
a historic mining region of the Ore Mountains (Erzgebirge). In the beginning, mining focused on the 
locations Johanngeorgenstadt, Aue and Schlema in the Saxonian part of Ore Mountains, later also on 
Ronneburg in Eastern Thuringia and Freital and Königstein near Dresden, among many other places. 
There was a variety of geological types of ore deposits, such as hydrothermal in the Ore Mountains, 
sedimentary metamorphose Paleozoic in Ronneburg or cretaceous sedimentary in Königstein. Mining 
was mainly performed underground up to depths of 2000 m, but also in open pits. The average grade 
of the ore was 0.4% uranium in the Ore Mountains and 0.08% in Thuringia. During processing, 
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uranium was enriched up to 40% per mass unit. In the early years, processing was performed in 
smaller plants near the mines. From the 1950ies, processing and chemical treatment was mainly 
concentrated in two large mills. In addition to mechanical hard rock mining, leaching with sulphuric 
acid has been employed (Königstein). Thus, the mining conditions varied considerably by region and 
calendar period. 

Within the first few years, more than 100,000 miners were recruited, among them many in forced 
labour. A total of about 300,000 to 500,000 persons contributed to the workforce between 1946 and 
1990. Dry drilling, insufficient ventilation, and the lack of protective measures resulted in high 
concentrations of respirable dust and ionising radiation during the first decade of operations. Since the 
mid 1950ies, mining technologies and health care have been improved. In the first decade of 
operations (‘wild period’) the annual exposure of hewers could exceed 200 WLM [2]. After a period 
of consolidation in the 1970s, the annual exposure of hewers to radon progeny was gradually reduced 
to 2 WLM. 

The so-called Schneeberg lung disease has been observed as occupation-related form of lung cancer in 
the ore mining since long and attributed to the effects of radon and its decay products in the 1920s [3]. 
Before 1945, guidelines were set up to define acceptable limits for radon exposure. The Soviet 
occupation paid no attention to the protection of miners when starting uranium mining at high 
volumes. The poor working conditions especially in the early years led to a high level of occupational 
diseases, in particular lung cancer and silicosis. A first report on the health impact has been published 
underground shortly before reunification [4]. Further information on the exposure conditions and 
health consequences of uranium mining in East Germany have been published elsewhere [5]. 

2. The Autopsy Archive as part of the WISMUT Archive of Health Data 

After reunification of Germany, the comprehensive Archive of Health Data (Gesundheitsdatenarchiv)
of the WISMUT company has been held in trust by the Federal Institute of Occupational Health 
(Bundesanstalt für Arbeitsschutz und Arbeitsmedizin, BAuA) [6]. A minor part of the tissue repository 
belongs to the Berufsgenossenschaften and is held in trust by Hauptverband der gewerblichen 
Berufsgenossenschaften (HVBG), Sankt Augustin, Germany. The autopsy archive of the former 
Institute of Pathology at Stollberg is part of that archive. It comprises a tissue repository and autopsy 
reports. It was opened for research and transferred to the German Cancer Research Center (Deutsches 
Krebsforschungszentrum, DKFZ) in 1993. From December 2003, the tissue repository is hosted at 
BGFA and the Institute of Pathology in Bochum, Germany, for a 5-year research project on the 
feasibility of the material for cancer research. Current focus of research is co-exposure to radiation and 
quartz dust. Research is also open for the scientific community. 

The Pathological Institute conducted autopsies of miners, their relatives and locals. The archive 
contains protocols (held at BAuA) and tissue samples of about 30,000 cases (including 17,000 miners) 
with an autopsy during 1957 until 1992. It comprises a collection of about 400,000 slides which are 
stained and therefore not suitable for molecular-genetic analyses under currently available methods. 
Further, about 66,000 tissue blocks are available since 1986 for about 4,600 cases (including 2,700 
miners with exposure data). Due to a shortage of paraffin in the former German Democratic Republic, 
it was recycled, which resulted in the loss of paraffin-embedded blocks starting? (or before)1986. In 
addition, about 200 whole lungs were collected.  

Lungs are the major organ of archived tissues. Lungs were removed according to the Gough-
Wentworth technique. Paraffin-embedded blocks and slices were taken from each lobe and from the 
main findings. As a precautionary measure against  tuberculosis, the lungs were fixed in 10% formalin 
for at least one week. The long-term fixation also affected proteins (denaturation) and gDNA 
(fractioning into sequences). As a consequence, high-output technologies such as microarrays for 
comparative genomic hybridization or for differential mRNA expression patterns are unlikely to be 
useful for  assaying the tissues for molecular markers of exposure or disease. 
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The archive contains tissues from many – but not all - former WISMUT miners as well as from local 
people, and, particularly, from people which had died from  an occupational lung disease (cancer or 
silicosis) (Table 1). A total of 28,974 cases underwent an autopsy. Among these, 12,347 cases had a 
diagnosis of cancer. The most frequent cancer site was the lung seen in 5,881 autopsy cases among 
which were  4,526 underground miners. The majority of lung cancer cases with exposure to ionising 
radiation had been hired during the ‘wild period’. Information on silicosis is based on findings of the 
pathologist and supported by information provided sometimes, but not always, from the clinician who 
applied for an autopsy. The WISMUT Archive of Health Data contains a collection of x-ray images 
which is a potential resource for research on silicosis and exposure to quartz dust. Information on a 
former tuberculosis is difficult to assess from the autopsy reports. 

Table 1. Distribution of selected diseases among the cases of the WISMUT autopsy archive 

Disease ICD-9 Total WISMUT
workforce
WLM = 0 

WISMUT
workforce
WLM > 0 

Cancer 140-208 12,237 899 6,402 
Lung cancer 162 5,881 377 4,526 
Cancer of the haematopoietic system 200-208 523 51 175 
Silicosis 502 5,771 55 4,759 
Total  28,974 1,987 12,926 

Exposure to radiation could be estimated from a detailed job-exposure matrix (JEM) for 12,923 miners 
and workers in the processing of the ore [2]. The JEM is available on request from Hauptverband der 
gewerblichen Berufsgenossenschaften (HVBG), Sankt Augustin, Germany. Median exposure to radon 
progeny was 621 WLM (10th percentile 21 WLM, 90th percentile 1578 WLM) (Table 2). For the 
subgroup of lung cancer cases, the median exposure level was 744 WLM (10th percentile 54 WLM, 
90th percentile 1640 WLM). In addition to ionising radiation, exposures to respirable quartz dust and 
arsenic are of concern for occupational lung diseases. A job-exposure matrix for arsenic, respirable 
dust and its content of crystalline silica is under development. 

Table 2. Distribution of WLM among the exposed WISMUT miners of the autopsy archive 

Percentile P10 P25 P50 P75 P90

All cases 21 174 621 1,108 1,578 
Lung cancer cases 54 261 744 1,168 1,640 

Medical exposure to radiation has to be taken into account. Miners with known or suspected 
tuberculosis, silicosis, or silico-tuberculosis had been enrolled in a surveillance programme with chest 
x-rays. Cases with lung cancer could have received deep x-ray irradiation as a palliative therapy or 
cobalt irradiation after resection. Overall, information on medical exposure to radiation is incomplete 
for the cases in the archive. A lung resection was usually mentioned in the autopsy protocols which 
allows to exclude such cases from the investigation of their tissues on occupational exposure to 
radiation and lung cancer. Information on exposure to coal dust is incomplete. The pathologists 
mentioned frequently ‘anthracosis’ in the autopsy protocols but the findings were not further specified 
as coal dust. The autopsy request form frequently lacks data on smoking and therapy. Tobacco 
smoking was prevalent according to the results from epidemiological studies in WISMUT miners [7]. 
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3. Research with the WISMUT Autopsy Archive (1993-2001) 

Research at DKFZ was conducted between 1993 and 2001. The procedure and results were published 
in the report of Wesch et al. [1] which will be available in the Internet (www.bmu.de). In brief, a MS 
ACCESS database has been developed to document relevant autopsy information on the cases 
extracted from the autopsy reports. The occupational history of the WISMUT cases has been included. 
Exposure to radiation (WLM, alpha and gamma radiation) without latency has been calculated based 
on the JEM. The job axis is very detailed. Exposure to the carcinogens was quantified for each job by 
shaft/department in a mine or processing plant for the calendar years 1946-1989. For both radiation 
and dust, measurements were lacking for the ‘wild years’. Exposure conditions have been 
reconstructed (such as dry drilling under insufficient ventilation) to estimate the exposure to radiation 
and dust for this period. 

As part of an observer agreement study, the histopathological type of 5,270 lung cancer cases has been 
classified according to WHO [8] by three German pathologists [9]. The results are included in the 
database of the archive. During the early years, a high percentage of small cell lung cancers occurred. 
Similar finding have been reported for the Colorado Plateau miners [10]. 

U.S. NIOSH conducted a pilot study on the feasibility of research on pathologic types of lung cancer 
regarding silicosis and dust exposure [11]. A collection of 2,700 histology slices from 292 autopsy 
cases were examined independently by four pathologists for the presence of lung cancer by subtype, 
pre-neoplastic lesions and silicosis. Exposure to radiation, quartz dust, asbestos and arsenic was 
assessed by three experts. It was concluded that research on the role of quartz dust on lung cancer by 
interacting biologically with other carcinogens is feasible on the basis of this archive. 

4. Proposed research with the WISMUT Autopsy Archive (2003-2008) 

On December 3, 2003, the archive was transferred to BGFA and Institute of Pathology in Bochum for 
a five-year project on the suitability of the material for cancer research with focus on exposure to 
quartz dust and radiation. For lung cancer cases, the information on the histological subtype will be 
used to estimate their relative occurrence by exposure level. A corresponding analysis was performed 
among WISMUT lung cancer cases diagnosed between 1991 and 1995 by Kreuzer et al. [12]. Table 3 
presents these results of this study and the corresponding distribution of the histological subtypes from 
the archive. Cumulative exposure to radon turned out to be associated with a higher relative higher 
occurrence of small cell lung carcinoma (SCLC). Data on exposure to quartz dust will be available 
soon. A diagnosis of silicosis was associated with a relative higher occurrence of adenocarcinoma 
(odds ratio 0.92, 95% CI 0.69-0.99). In lung cancer cases with a high exposure to radon and a 
diagnosis of silicosis, there is no predominant subtype with respect to the SCLC and adenocarcinoma. 
The findings will be further evaluated with the data of the archive for other subtypes, respirable quartz 
dust, and the temporary course of exposure. 

Table 3. Association of histological subtype of lung cancer (small cell lung carcinoma compared with 
adenocarcinoma) with cumulative exposure to radon in WISMUT miners from the autopsy archive 
(1957-1990) and from a case-control study (1991-1995) [12] 

WLM Time period of 
diagnosis

Small cell lung 
carcinoma 

Adenocarcinoma Odds ratio1

95% CI 
> 0; < 43 1957 - 1990 130 119 1 

1991 - 1995  12  23 1 
43 - 899 1957 - 1990 690 530 1.2 (0.9 -   1.6) 

1991 - 1995  32  21 3.8 (1.4 - 10.2) 
900 +  1957 - 1990 666 357 1.7 (1.3 -   2.3) 

1991 - 1995  11  19 1.6 (0.5 -   4.9) 
1 Risk estimates for data from the archive not adjusted 
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Initial molecular-biological studies performed with tissues of the archive could only investigate 
subsets of the samples with PCR methods available in the 1990s due to the limited quality of the 
material [13]. In order to investigate the biological interaction of radiation and crystalline silica in lung 
cancer development, laboratory studies are also under way on the feasibility of the archived tissues 
with newly developed molecular-biological methods. Currently, a subset of tissue samples is being 
tested with a variety of methods such as linker-adapter PCR and tissue arrays. First results indicate 
that specific PCR methods for difficult samples such as linker-adapter PCR based on the amplification 
of a whole genome [14] and sequencing parts of the genomic DNA could be successfully applied in 
most of the samples selected randomly for this pilot study.  

Based on literature and databases, candidate genes will be selected for molecular signatures which 
could characterize the histological subtypes of lung cancer, lung development and major cancer 
pathways in relation to exposure. Lung cancer recapitulates lung development which is guided by a 
highly conserved genetic program [15]. Different subtypes of lung cancer were found related to 
different stages in lung development where Adenocarcinoma corresponded to later stages [16]. Cancer 
is thought to originate from stem cells which are more radiosensitive and less efficient in DNA repair 
[17] but lack immunogenicity [18]. One may hypothese that radiation and quartz dust have different 
target cells and thus act at different steps in the course of lung cancer development. Radiation could 
have especially the radiosensitive stem cells as targets. Radiation was found associated with the 
development of small cell cancers. As stem cells lack immunogenicity, the more differentiated cells of 
later stages could be the target for disturbances in signalling pathways by dust. Severe dust exposure 
might result in a high load of the immune system. A hypothesis could be that this might have an 
impact on the signalling pathways necessary for the differentiation of progenitor cells. This hypotheses 
seems to be supported by the relative higher occurrence of adenocarcinoma in silicotic persons in the 
archive. The activity of candidate genes which can characterise the steps in lung cancer development 
could be investigated to prove these hypotheses in samples from lung cancer cases with different 
exposure levels.

A workshop was scheduled December 10, 2004 at BGFA and Institute of Pathology in Bochum to 
present the resources for research with the archive and the findings, but also to discuss the hypotheses 
and pitfalls and challenges presented by the material and the future use of that archive in cancer 
research. 
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Abstract: A pathologist’s 1974 publication reported medical information for 42 radium workers, 
including identification of a variety of systemic diseases and other conditions putatively associated 
with osteonecrosis. In 1983, the same author prepared another article concluding that 6 of the 42 
radium workers with background or below-background radium burdens had radium-induced 
osteonecrosis. The pathologist based this conclusion on the premise that none of the workers had the 
systemic diseases that had previously been reported in the 1974 publication. In 1992, the pathologist 
testified as an expert witness in civil litigation and acknowledged that the systemic diseases and other 
conditions reported in his 1974 article caused or could have caused the 6 workers’ osteonecrosis. The 
purpose of this document is to reconcile the confusion created by the foregoing publications 
concerning the relationship between background radium burdens and osteonecrosis. 

1.  Introduction 

In 1974, Dr. William D. Sharpe, a pathologist, published an article entitled “Chronic Radium 
Intoxication:  Clinical and Autopsy Findings in Long-Term New Jersey Survivors,” which included 
medical information regarding 42 New Jersey radium dial workers [1].  The medical information 
indicated that the workers had various systemic diseases and other conditions commonly associated 
with osteonecrosis.

In 1983, Sharpe published a related article entitled, “Chronic Radium Intoxication: Radium 
Osteonecrosis and Cancer in Relation to Radium-226 Burdens,” in which he discussed, inter alia, 14 
of the 42 New Jersey radium workers who had radium body burdens that were at or below background 
levels [2]. Sharpe claimed in the second article that 6 of the 14 workers with background-level burdens 
had osteonecrosis that he associated with their radium employment.  His 1974 article notwithstanding, 
Sharpe reasoned that the workers had no systemic diseases associated with osteonecrosis and, 
therefore, their radium ingestion must have caused their necroses. Specifically, Sharpe concluded that 
the workers’ necroses “constitute objective evidence of injury from internally deposited 226Ra and 
228Ra at any level that was measurable above background (0.0042 µCi)” [2]. Sharpe acknowledged, 
however, that “an individual bone infarct cannot on histologic grounds alone and without clinical 
information or radio-assay data be reliably identified as a radium-related rather than as ischemic or 
aseptic necrosis of the bone from other causes” [2]. 

In 1992, Sharpe testified as an expert witness for plaintiffs claiming various diseases as a result of 
alleged exposure to radium while removing petroleum pipe scale containing naturally-occurring 
radioactive material [3]. During Sharpe’s cross-examination he admitted, based on the medical 
information contained in his 1974 article and relevant medical treatises, that the 6 workers did, in fact, 
have systemic diseases and other conditions that caused or could have caused their osteonecrosis – 
independent of their relatively insignificant radium burdens.   

Unfortunately, other scientists have relied upon Sharpe’s 1983 unsupported conclusion that very low-
level radium burdens were the cause of the workers’ necroses, apparently unaware of the workers’ 
systemic diseases reported in Sharpe’s 1974 article [4]. The purpose of this document is to reconcile 
Sharpe’s 1974, 1983 and 1992 disparate statements by showing that Sharpe’s 1983 failure to identify 
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or consider the systemic diseases reported in his 1974 article as self-sufficient, etiologic explanations 
for the workers’ necroses is erroneous.   

2.  Data 

Information regarding the 6 workers with background radium burdens in whom Dr. Sharpe identified 
osteonecrosis is set forth in Table I below. The first column of the table contains the unique case 
numbers assigned the radium workers and used in Sharpe’s articles to protect their anonymity. The 
second column indicates the radium burden for the corresponding worker. The burdens were generally 
measured by whole body or breath radon testing. The parenthetical label “(Sharpe)” in the second 
column identifies the radium burden listed in Sharpe’s article for each worker. The parenthetical label 
“(ANL)” identifies the radium burden recorded in the Argonne National Laboratory radium worker 
files [5]. The third column contains the “necrosis ratio,” an artificial value devised by Sharpe to 
represent the number of histologic blocks that contained necrosis divided by the total number of 
blocks examined microscopically. According to Sharpe’s article, the necrosis ratio was directly related 
to the extent of osteonecrosis [2]. The fourth column contains the radium workers’ systemic diseases 
and other conditions related to osteonecrosis which were derived from the 1974 Sharpe publication 
[1], containing data regarding the  workers’ family history, medical history, clinical history, autopsy 
report and other relevant information.  

Tab. I:  Case numbers, 226Ra burdens (µCi), necrotic ratios, and osteonecrosis-related disease status 
for the 6 radium workers identified by Sharpe as having radium-induced osteonecrosis 
______________________________________________________________________________ 

Case No. 226Ra burden (µCi)       Necrosis ratio        Disease status per Sharpe 
______________________________________________________________________________ 

5286           <0.0042 (Sharpe)          0.038    Chronic alcoholic,  
  0.001 (ANL)                              arterioschlerotic disease 

5045           0.0042 (Sharpe)          0.186    Arterioschlerotic disease     
  0.005 (ANL)  

5145           <0.0042 (Sharpe)          0.070                Obesity, fatty liver, probable 
  0.004 (ANL)      gout, arterioschlerotic disease 

5008           0.0042 (Sharpe)          0.025                       “Heavy alcohol intake,” obesity,  
  0.004 (ANL)      arterioschlerotic disease  
                     
5318           <0.0042 (Sharpe)          0.343    Chronic myelocytic leukemia, fatty 
  0.004 (ANL)      liver, smoker, arterioschlerotic disease 

5352           <0.002 (Sharpe)          0.041    Diabetes mellitus, arterioschlerotic
            0.001 (ANL)        disease 

3.  Discussion 

As discussed below, the workers’ systemic diseases and other conditions listed in the fourth column of 
Table I can fully account for their osteonecroses – independent of the workers’ insignificant radium 
burdens.  It is orders of magnitude more likely that these conditions resulted in the osteonecrosis rather 
than the radium exposure, especially in light of the workers’ relatively low radium burdens. 
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There is a wide variety of “other causes” – systemic diseases and other factors that have been 
associated with osteonecrosis [6], including alcoholism, corticosteroid therapy, fatty liver disease, 
pancreatitis, arterioschlerotic disease, diabetes mellitus, obesity, gout and others [7, 8, 9]. Dr. Sharpe 
concurred in his 1992 trial testimony that the “type of osteonecrosis … discussed in [his] article can be 
caused by a variety of diseases.” Indeed, Sharpe conceded that “any disease that interferes with the 
blood supply to the bone can cause osteonecrosis,” and that the osteonecrosis he observed is associated 
with a “long list of diseases” [10]. 

Regarding the causal relationship between Case 5286’s chronic alcoholism and osteonecrosis, Sharpe 
readily admitted that alcoholism is associated with osteonecrosis [11], and then conceded that the 
osteonecrosis in Case 5286 had been caused by his alcoholism and not by his “minute” exposure to 
radiation [12]. Regarding the causal relationship between arterioschlerotic disease and osteonecrosis, 
Sharpe acknowledged that “there’s a large amount of medical literature which states that … 
arterioschlerotic cardiovascular disease can cause osteonecrosis,” and that the literature supporting the 
etiologic relationship is “beyond anyone’s capacity to read.  There’s so much of it” [13]. Sharpe then 
agreed that the arterioschlerotic disease of Case 5045 had caused her osteonecrosis [14]. 

Regarding Case 5145, Sharpe disputed his own reported clinical finding that the worker had “probable 
gout,” but acknowledged that the worker’s obesity, fatty liver, and arterioschlerosis constituted 
multiple explanations for the worker’s osteonecrosis [15]. Similarly, Sharpe disputed that Case 5008’s 
“heavy alcohol intake” could have caused his osteonecrosis [16], but conceded that the worker 
unquestionably had arterioschlerosis [17].  

Sharpe agreed that Case 5318 had leukemia and conceded that the leukemia had caused the 
osteonecrosis [18]. Case 5352 had been diagnosed with diabetes mellitus, a disease which Sharpe 
acknowledged as a cause of osteonecrosis [19]. Assuming, however, that the worker’s diabetes was 
controlled, Sharpe was equivocal about the causal relationship between the worker’s diabetes and 
osteonecrosis: Question: “It could have contributed to his osteonecrosis?” Answer: “If he had diabetes, 
I have to assume it (a causal relationship). I don’t think it did, but it could have” [20].  The uncertain 
etiologic effectiveness of the worker’s diabetes notwithstanding, Sharpe did not dispute that the 
worker had arterioschlerosis. In fact, Sharpe noted that it was listed on his death certificate as a reason 
for his demise [1]. 

4.  Conclusion 

Sharpe concluded in his 1983 paper that the osteonecroses he observed in the 6 workers were radium-
induced. Two important factors fatally belie his conclusion. First, the radium burdens measured in the 
workers’ bodies were at or below background levels (i.e., the same as would be measured in 
unexposed persons). Second, Sharpe mistakenly assumed in his 1983 article (but correctly admitted in 
his 1992 trial testimony) that the 6 workers’ necrosis-causing diseases, which he had reported in his 
1974 publication, were not present in the workers. These diseases, as Sharpe acknowledged in his trial 
testimony, fully account or could fully account for the workers’ necroses, independent of their radium 
burdens. Thus, Sharpe’s 1983 finding that the necroses “constitute objective evidence of injury from 
internally deposited 226Ra and 228Ra at any level that was measurable above background (0.0042 µCi)” 
[2] must be rejected. 
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Abstract: The equivalent dose to bone marrow in children is dominated by natural sources, notably 
from radon isotopes and their short-lived decay products and from 210Po and 226Ra.  The short half-
lives of 222Rn and 220Rn are such that at normal exposures the concentration in bone marrow has to be 
modelled mathematically.  One important feature in the marrow of older children, though not in 
infants nor in the fetus, is the presence of fat cells in which radon is sixteen times more soluble than in 
the surrounding haemopoietic tissue.  At the UK average radon exposure of 20 Bq m-3 the equivalent 
dose rate to bone marrow is ~120 µSv y-1 . To measure the local activity concentration and the spatial 
distribution of long-lived -emitters in the body, special techniques for low level -particle 
autoradiography in autopsy tissues have been developed at Bristol.  These techniques have been 
applied in the analysis of 210Po and 226Ra in bone, in teeth and in fetal tissues, and the results used to 
estimate the respective equivalent dose rates. 
Natural -particle activity in children’s teeth (mainly 210Po): We have carried out a major geographical 
survey of -activity in permanent teeth extracted from children and juveniles.  This showed that the 
dominant 210Pb-supported 210Po accumulates in the outer enamel of teeth and that activity 
concentration on this surface best harbours a measure of cumulative exposure.  Average activity 
concentrations were around 10 Bq kg-1, with higher activity concentration found in teeth from children 
living in urban areas and in proximity to major motorways in the UK.  An association with indoor 
radon concentration by postcode has also been observed.  Overall, while there is a baseline presence of 
210Po in teeth originating from dietary sources, there is clear evidence of increased levels associated 
with vehicle exhaust pollution and with indoor radon exposure.  The measurements in children’s teeth 
can be seen as a surrogate for exposure levels in bone and bone marrow and hence as a basis for the 
risk assessment of childhood leukaemia. 
Dose to the fetus: We estimate an accrued equivalent dose to haemopoietic tissue in the fetus of ~106 
µSv for mean radon exposures of 20 Bq m-3.  This, however, corresponds to very few -particle hits to 
haemopoietic stem cells in utero.
Risk estimates: The UK COMARE 4th Report (1996) suggests that 14% of the incidence of childhood 
leukaemia could be linked to natural background high-LET radiation in the UK, ~9% due to 210Po and 
5% to radon isotopes.  Such estimates are difficult to verify in a case-control study design, but reports 
of geographical associations between radon and childhood leukaemia continue to emerge. Higher risks 
are predicted in areas of high traffic density or elevated indoor radon exposure.  
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Abstract: A number of groups of workers have been exposed to -particle-emitting radionuclides, of 
particular importance being the radium dial painters, underground hard rock miners exposed to radon 
and its decay products, and, more recently, plutonium workers. These occupationally exposed groups 
are of interest because they allow the direct study of the health effects of exposure to alpha-emitters 
and the comparison with the level of such effects present among groups exposed predominantly to 
external sources of low-LET radiation. Hence, these worker groups are important in testing the 
assumptions that underlie radiological protection. The radium dial painters experienced a pronounced 
excess of bone cancers and cancers of the paranasal sinuses and mastoid air cells, while a clear radon-
related excess of lung cancer is present among the underground hard rock miners. There is little 
evidence for a radiation-related excess risk of other cancers being present in these groups. A number 
of groups of workers have been exposed to plutonium in the weapons and civil nuclear industries. The 
group of plutonium workers at the Mayak nuclear facility in Russia is especially important because of 
the large numbers exposed to high levels. The Mayak workers have pronounced plutonium-related 
excess risks of lung, liver and bone cancers, and possibly of other solid tumours, but not leukaemia. 
Where organ-specific internal doses have been derived, which is presently confined to the lung, risk 
coefficients are compatible with predictions based on standard models. However, further 
investigations of the Mayak workforce are required before reliable risk estimates for plutonium 
exposure may be derived, but this group of workers has the potential of generating definitive risk 
coefficients for health effects arising from exposure to plutonium. 

1. Introduction

The epidemiological study of workers exposed to -particle-emitting radionuclides allows a direct 
check on the risks of consequent adverse health effects and the assumptions underlying radiological 
protection involving alpha-emitters [1, 2, 3, 4]. In particular, the relative biological effectiveness of 
short-range -particles (4He2+ nuclei) emitted from radionuclides deposited (usually heterogeneously) 
within the body may be assessed through a comparison with groups exposed to external sources of 
low-LET radiation. Several groups occupationally irradiated by -particles are especially important in 
this respect: the dial painters exposed to radium, underground hard rock miners exposed to radon and 
its decay products, and nuclear workers exposed to plutonium. Studies involving these groups will be 
reviewed, and particular attention will be paid to recently reported studies of workers exposed to 
plutonium. 

2. Radioisotopes of radium

Four radioisotopes of radium occur naturally on Earth as component radionuclides in the radioactive 
decay chains of the primordial radionuclides 232Th, 235U and 238U. Radium-226 (an -emitter with a 
half-life, t½, of 1600 years) and 228Ra (a -emitter with a t½ of 5.75 years, uptake of which leads to 
irradiation of tissues by a number of short-lived -emitters) are the two radioisotopes with relatively 
long half-lives and these have been used commercially in luminous paints resulting in occupational 
exposures. When radium enters the bloodstream from the gastro-intestinal (GI) tract or lungs it 
principally deposits on the bone surface and ultimately in the bone volume [1]. The dial luminisers in 
the USA (mainly young women) were particularly heavily exposed (to either 226Ra alone or a mixture 
of 226Ra and 228Ra) during 1915-1929 through inadvertent ingestion of radium-based paint they were 
applying to clock, watch and instrument dials, and this group of dial painters has been the subject of 
extensive epidemiological study [5]. A pronounced excess risk of bone cancer has been found among 
the US dial painters, especially among those employed before 1930, and a notable excess risk of 
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cancers of the paranasal sinuses and mastoid air cells is also apparent [1, 2, 3, 4]. This latter risk is 
attributable to migration of 222Rn (t½ = 3.82 days), formed on the decay of 226Ra in the bone, to the 
frontal sinuses and mastoid cells, which are irradiated by the -emitting decay products of radon [1, 2, 
3, 4]. Dial painters in the UK experienced much lower intakes of radium than their US counterparts, 
and only one death from bone cancer (in an individual with an estimated skeletal dose of 0.85 Gy) has 
occurred among approximately 1200 women, although only 0.17 death would be expected in this 
group [6]. Evidence for a radium-related excess of other cancers among the dial painters is much less 
clear. For example, an excess risk of leukaemia is not apparent in the luminisers [7], although it has 
been suggested that cases among the heavily exposed US dial painters arose earlier than expected [8]. 
Evidence exists for an excess of breast cancer amongst the luminisers, but this may be due to external 
irradiation from the paint pots placed in front of the women during their work [2]. 

Carnes et al. [9] studied mortality among 820 female workers employed in the US luminising industry 
before 1930 and followed up to the end of 1990. Among these women, with an average skeletal dose 
from radium during the study period of 8.6 Gy, 46 bone cancers were observed (all with assessed 
skeletal doses in excess of 10 Gy), an approximately one hundred-fold excess over expectation based 
on US national rates. An approximate summary excess absolute risk (EAR) coefficient of ~300 bone 
cancer deaths per 104 person-year·Gy may be derived from the data of Carnes et al., although the 
uncertainties associated with the derivation of this risk estimate must be taken into consideration, 
particularly in respect to the pertinent tissue dose [3]. These authors [9] found that the EAR of bone 
cancer could be described by the sum of a quadratic term for the accumulating skeletal dose of 226Ra 
and a linear term for the accumulating dose of 228Ra. In addition, the excess relative risk (ERR), but 
not the EAR, was greater for those exposed as teenagers, an age associated with active bone growth. 
For cancers of the paranasal sinuses and mastoid air cells, 19 cases were observed, a substantial excess 
over expectation. Carnes et al. [9] found that the dose-response for these head cancers was described 
by a function of the accumulating skeletal dose of 226Ra that was between linear and quadratic. The 
absence of any significant dependence upon the skeletal dose of 228Ra is consistent with the action of 
the decay products of 222Rn (the immediate decay product of 226Ra) on the relevant sensitive cells. Age 
at first exposure was not a significant factor in the risk of cancers of the paranasal sinuses and mastoid 
air cells, which attain adult cranial dimensions early in life. 

3. Radon and its decay products

Three radioisotopes of the noble gas radon occur naturally on Earth in the radioactive decay chains of 
232Th, 235U and 238U, and the most important of these is 222Rn which decays (t½ = 3.83 days) into a 
series of short-lived radionuclides, including the -emitters 218Po and 214Po. The inhalation of radon 
and its decay products leads to internal irradiation of the bronchial epithelium, and this ubiquitous 
exposure produces an effective dose which is, in general, the largest component of the annual dose 
received by a member of the public [3]. Underground hard rock miners (e.g. uranium, iron and tin 
miners) are particularly exposed to radon and its progeny during the course of their work, and past 
occupational exposures have been high with individual lung doses in excess of 1 Gy being common 
[10]. Radon-related excess risks of lung cancer have been reported from studies of many groups of 
miners, but no consistent evidence for other cancers being related to radon exposure has been found 
[10, 11]. Several comprehensive reviews of the evidence regarding the excess risk of lung cancer 
among underground hard rock miners has been published [1, 10, 12], and the overall information 
concerning the radon-related risk of lung cancer among these miners is one of the strongest pieces of 
evidence for a carcinogenic effect found in cancer epidemiology [10]. 

Lubin et al. [12, 13] conducted an analysis of pooled data from 11 cohorts of underground hard rock 
miners, including around 2700 lung cancer deaths among about 68 000 miners. They found a linear 
relationship between cumulative exposure to radon and its decay products and the risk of lung cancer, 
a decrease in the ERR coefficient with increasing attained age and time since exposure, but no 
variation with age at first exposure. Evidence was also found for a decrease in the ERR with 
increasing exposure rate, although it was unclear whether this effect might be confined to high 
cumulative exposures. When focussing upon miners with low cumulative exposes to radon (exposures 
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comparable to those found in residences in high radon areas) Lubin et al. [14] reported results from 
which may be derived an overall ERR of 2.4 (95% CI: 0.4, 5) Gy-1 internal lung dose, although the 
conversion from cumulative exposure to radon and its progeny to internal lung dose is complex 
leading to additional uncertainty in this risk coefficient [10]. The investigations of the BEIR VI 
Committee [10] broadly confirmed the findings of Lubin et al. [12, 13], and two risk models were 
produced by the Committee in which the ERR of lung cancer depended on time since exposure, 
attained age and either the duration of exposure or the average concentration over the period of 
exposure to represent the exposure rate effect. The BEIR VI Committee concluded that the risk arising 
from the combined exposure to radon and tobacco smoke was greater than the sum of the individual 
risks but less than the product of these risks, i.e. that a submultiplicative interaction exists. 

The information concerning the effects of occupational exposure to radon and its progeny will be 
enhanced by the findings of studies of further groups of underground miners, notable among these 
being the uranium miners of the former East Germany. 

4. Plutonium

Plutonium exists naturally on Earth only in minute quantities, but since the middle of the 20th century 
it has been produced artificially, principally through the capture of neutrons by the nuclei of 238U
present within an operating nuclear reactor. The plutonium so generated is then extracted from the 
irradiated uranium by chemical dissolution and separation of the elements in a nuclear reprocessing 
plant. This was first achieved during the later years of the Second World War when plutonium was 
produced in the USA for the manufacture of nuclear weapons, and 239Pu was the basis of the atomic 
bomb exploded over Nagasaki in August 1945. Since the mid-1940s many workers have been exposed 
to plutonium during its production both in the weapons industry and during commercial nuclear fuel 
reprocessing operations. Inhalation is the most important pathway of occupational exposure and the 
dose to the lung subsequent to deposition depends upon the physical and chemical properties of the 
plutonium compounds inhaled, i.e. the residence in the lung prior to clearance or transfer to blood [1]. 
The assumptions underlying the estimation of the lung dose – the dosimetry model and the properties 
of the inhaled material – are important factors determining the doses used in an epidemiological study 
and, hence, the risk per unit dose that may be derived from a study. Insoluble plutonium compounds 
accumulate with time in the lymph nodes that drain the lungs [1]. When plutonium enters the 
bloodstream it preferentially deposits and is retained for a protracted period in the liver and on bone 
surfaces (and thence, with time, within the bone volume) [1]. Experimental studies with laboratory 
animals have demonstrated that plutonium can cause lung, liver and bone cancers, and possibly (from 
mouse experiments) leukaemia although the evidence for this is much less clear [1, 4]. 

At the Los Alamos installation in New Mexico, the first nuclear fission (“atomic”) bombs were 
developed in the Manhattan Project and some workers were exposed to plutonium as a consequence. 
Voelz et al. [15] investigated the mortality experience to the end of 1994 of 26 white men who were 
particularly highly exposed to plutonium during their work at Los Alamos during 1944-1945. Annual 
organ-specific doses from deposited plutonium were calculated from urinalysis data and the dosimetry 
models presented in ICRP Publication 30. The median effective dose to these workers at the end of the 
follow up period was estimated to be 1.25 Sv, with a range of individual effective doses of 0.1 Sv to 
7.2 Sv [15]. Cause-specific mortality rates were compared with age- and calendar period-adjusted 
mortality rates for US white males, and with those for a cohort of 876 unexposed men employed at 
Los Alamos during 1944-1945. An unsurprising “healthy worker effect” was found for all causes other 
than cancer: the standardised mortality ratio (SMR) with US white males as a reference population 
was 0.33 (95% confidence interval (CI): 0.09, 0.83). No particularly unusual results were found for all 
cancers or lung cancer. However, it is notable that one death from bone cancer occurred among this 
group of 26 men, a statistically significant finding for either reference group; the SMR when compared 
to the number expected from the mortality rates for US white males was 96.4 (95% CI: 2.5, 557). This 
man died in 1989, and the dose to the bone surface from plutonium to the end of 1987 was assessed to 
be 0.44 Gy. The unusual occurrence of a bone cancer death among this small group of plutonium 
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exposed workers, representing an almost one hundred-fold excess over expectation, is suggestive of a 
role for plutonium in the development of this bone tumour. 

Wiggs et al. [16] examined mortality to the end of 1990 among 15 727 white men employed for any 
time at Los Alamos during 1943-1977, and they also considered the sub-cohort of 2030 workers first 
employed during 1943-1945. The numbers of deaths from all causes other than cancer, all cancers and 
lung cancer were significantly less than expected from mortality rates for US white males in both the 
cohort as a whole and the sub-cohort of early workers. No unusual SMRs were reported for specific 
cancers – the one bone cancer death among the 26 Manhattan Project workers that were considered by 
Voelz et al. [16] is submerged within a much larger dataset. For those 3775 workers monitored for 
exposure to plutonium, 8 lung cancer deaths and 1 bone cancer death among 303 workers with a 
cumulative systemic plutonium deposition (lagged by 10 years) assessed to be in excess of 74 Bq (the 
2 nCi limit of detection) represent non-significant excesses when compared with the 3472 workers 
with assessed body burdens <74 Bq.   

The 5413 white males employed for at least two years at the Rocky Flats plutonium processing facility 
near Denver, Colorado, during 1952-1979 were the subject of a study by Wilkinson et al. [17], who 
considered mortality to the end of 1990, particularly in relation to systemic plutonium deposition 
estimated from urinalysis results. Significant deficits of mortality due to all causes other than cancer, 
all cancers and lung cancer in comparison with rates expected on the basis of US white males were 
reported. No unusual cancer SMRs were found, although the 7 deaths from benign and unspecified 
neoplasms (found to be intra-cranial tumours) represent a significant excess over expectation: SMR = 
3.76 (90% CI: 1.77, 7.07). Non-significant excesses of all cancers, lung cancer and leukaemia 
occurred in exposed (cumulative body burden 74 Bq) plutonium workers when compared to 
“unexposed” (cumulative body burden < 74 Bq) workers who supplied a urine sample, although this 
excess mainly occurred in the intermediate rather than the high ( 185 Bq) exposed group. 

Recently, Brown et al. [18] conducted a case-control study of lung cancer mortality nested within a 
cohort of 16 258 Rocky Flats workers employed for at least six months at the facility during 1952-
1989. The 180 lung cancer deaths during 1952-1996 were each individually matched by age, sex and 
birth year to four controls alive at the age of death of the matched case. Internal cumulative lung doses 
were dominated by exposure to plutonium and 241Am. Assessed annual internal doses were based upon 
urinalysis and lung-count data and calculated using the methodology of ICRP Publication 30. Smoking 
frequency information, of considerable importance in any study of lung cancer, was available from 
telephone interviews with the relatives of study subjects (80% of the information was obtained in this 
way), medical records or interviews with fellow workers. Smoking data were available for 68% of 
cases and 84% of controls. As would be predicted, lung cancer was found to be positively associated 
with smoking frequency. The principal results of the study as they relate to internal lung dose and 
other, potentially modifying, occupational factors are summarised in Table I. The odds ratios (ORs) 
for lung cancer mortality (adjusted for cumulative external dose, period of joining and duration of 
employment) are elevated for all categories of cumulative internal lung dose – ORs are greatest for 
intermediate dose groups and significant for the 21-32 mGy internal lung dose category. 
Unfortunately, the authors do not present the results of any analyses of trends of OR with lung dose. 
Additional adjustment for the number of years of non-zero internal lung dose was carried out to 
address uncertainties in the dosimetry methodology, and, perhaps surprisingly, this adjustment yielded 
elevated ORs that were statistically significant for all dose categories. Brown et al. [18] state that the 
inclusion of smoking data for 730 subjects with such information “did not confound by 10 percent or 
greater the relation between cumulative lung dose and lung cancer”. This is an interesting study, and it 
would be useful to have available further details of the analyses and results. 
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Tab. I: Adjusted odds ratio (and 95% confidence interval) for lung cancer mortality during 1952-1996 
by category of lagged cumulative internal lung dose for Rocky Flats workers employed during 1952-
1989 [18]. The reference category is those workers with a zero assessed internal lung dose. 

Cumulative Internal Lung Dose1 (mGy) Odds
Ratios, OR 
(Ca = 180, 
 Co = 718) 0 1-5 6-20 21-32 33-47 48+

OR2

(95% CI) 
1

(ref.) 
1.42 

(0.87, 2.33) 
1.60 

(0.83, 3.10) 
2.71 

(1.20,6.09) 
2.30 

(0.96, 5.53) 
1.48 

(0.56, 3.89) 

OR2, 3

(95% CI) 
1

(ref.) 
1.77 

(1.04, 3.02) 
3.31 

(1.31, 8.38) 
6.09 

(2.03, 18.31) 
5.54 

(1.69, 18.19) 
3.59 

(1.02, 12.68) 

OR2, 4

(95% CI) 
1

(ref.) 
1.41 

(0.55, 3.58) 
1.73 

(0.64, 4.65) 
2.94 

(0.95, 9.05) 
2.32 

(0.71, 5.60) 
1.76 

(0.50, 6.28) 

1Lagged 10 years. 
2Adjusted for cumulative external dose, period of joining, employment duration. 
  (Employment duration OR = 0.96 (95% CI: 0.94, 0.98).) 
3Also adjusted for number of years of non-zero internal lung dose. 
  (Number of years of non-zero internal lung dose OR = 0.97 (95% CI: 0.94, 0.99).) 
4Also adjusted for age at first internal lung dose, for 510 subjects with a non-zero internal lung dose. 
  (Age at first internal lung dose OR = 1.05 (95% CI: 1.01, 1.10).) 

               

Plutonium was first produced in any quantity at the Hanford facility in Washington State. Wing et al.
[19] investigated cause-specific mortality among 26 389 radiation workers employed for at least six 
months at Hanford during 1944-1978, in relation to potential exposure to plutonium. Among these 
workers, 8153 deaths (2265 involving cancer) occurred before 1995. They reported that only 377 
workers (1.4% of the study group) had plutonium deposition confirmed by monitoring, which is a 
surprisingly low number. As a consequence, bioassay data were not used in the study, and three 
surrogate plutonium exposure categories were used to assess exposure effects. Workers in the two 
plutonium-exposed categories had low adjusted mortality rates when compared with those for workers 
in the unexposed category, particularly for cancer, and the rates were lower for workers assessed to be 
routinely exposed to plutonium than in the non-routinely exposed workers. Some weak evidence was 
found for a greater increase in the adjusted cancer mortality rate with duration of work at older ages 
for routinely exposed workers than that for workers assessed to be unexposed. The results of this study 
must be considered as preliminary only. 

In Great Britain, plutonium has been produced for military and then also for civil purposes since 1952 
at the Sellafield nuclear complex in Cumbria. Omar et al. [20] studied workers employed at Sellafield 
for any time during 1947-1975 and examined mortality to the end of 1992 and registered cancer 
incidence during 1971-1986. Annual organ-specific doses from plutonium were calculated from 
urinalysis data and the dosimetry models presented in ICRP Publications 30 (for the lung and GI tract) 
and 48 (for systemic organs) [21]. A total of 14 319 workers were followed up for an average of 29 
years. Of these, 10 382 were radiation workers, and 5203 radiation workers were also monitored for 
exposure to plutonium (4609 of whom had plutonium doses assessed). Radiation workers who were 
not monitored for exposure to plutonium had a mean cumulative whole-body external dose of 63 mGy, 
while for plutonium workers the mean cumulative external dose was 197 mGy. For plutonium workers 
with plutonium doses assessed, the mean cumulative bone surface dose up to 1990 was 36 mGy, the 
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lung dose 10 mGy (assuming “class Y” material inhaled), the liver dose 4.5 mGy and the red bone 
marrow dose 2.9 mGy. SMRs for all causes other then cancer and for all cancers were not unusual for 
any group of workers, although the SMRs for all causes other then cancer were significantly below 1.0 
when the population of Cumbria was used as the reference group. Plutonium workers did not exhibit 
an unusual pattern of SMRs for those cancers of greatest interest in relation to exposure from 
plutonium (although the SMR for cancer of the liver and gall bladder, 0.19, was significantly low), 
while the SMRs for pleural, breast and ill-defined and secondary cancers were significantly elevated. 
These raised rates should be treated with caution given the number of comparisons made and the 
possibility of other exposures (e.g. asbestos). The 3 observed leukaemia registrations among the 
plutonium workers were significantly less than expected on the basis of rates for England and Wales. 
Omar et al. [20] examined the variation of SMR with the lagged cumulative external dose for all 
radiation workers, and with the lagged cumulative external dose combined with the lagged cumulative 
organ-specific plutonium dose for plutonium workers. Unfortunately, the internal dose was not 
considered separately by the authors. The trend of SMR with cumulative external dose was 
significantly positive for leukaemia (dose lagged 2 years) and for ill defined and secondary cancers 
(dose lagged 10 years). By comparing the two sets of trend results, there is an indication of a positive 
trend in the lung cancer SMR with the internal lung dose from plutonium, but this tentative inference 
must be treated with caution.  

By far the most important source of epidemiological evidence on the health effects of exposure to 
plutonium is the workers of the Mayak nuclear complex in Russia, purely because of the high levels of 
exposure experienced by many of these workers. The Mayak establishment is located at Ozyorsk, 
Chelyabinsk, in the Russian Federation and was the main production facility for weapons plutonium in 
the former USSR. Operations at Mayak commenced in 1948 and exposures to external radiation and 
plutonium were particularly high before 1959. The most recent group available for study is 21 790 
workers (of whom 16 458 are men and 17 318 were monitored for exposure to external radiation) 
employed at Mayak before 1973, of whom 13 628 were employed before 1959 [22]. The average 
length of follow up is now 31 years and vital status is known for 90% of the cohort. Unfortunately, 
urinalysis results are available for only 40% of the 15 049 workers assessed to have been potentially 
exposed to plutonium, although there is an extensive database of plutonium concentrations in tissues 
sampled at autopsy [22]. Annual organ-specific doses from plutonium have been calculated on the 
basis of a model developed by the Southern Urals Biophysics Institute, modified in collaboration with 
dosimetrists from the University of Utah [23]. It should be noted that this model generates doses that 
may be quite different from the doses calculated using ICRP models [23]. Six surrogate plutonium 
exposure categories based upon work histories have been developed to deal with absent dose estimates 
[24]. Workers monitored for exposure to external sources of radiation have a mean external dose of 
800 mGy, while workers monitored for exposure to plutonium have a mean internal lung dose of 240 
mGy and a mean plutonium body burden of 1.84 kBq [22]. It will be appreciated from these figures 
why the Mayak workers are such an important source of information. 

Recently, Gilbert et al. [22] examined lung cancer mortality among 21 790 Mayak workers employed 
during 1948-1972. The study was based upon 655 lung cancer deaths during 1955-2000. A 
pronounced positive dose-response relationship was apparent for the group of workers either 
monitored for exposure to plutonium or assessed to be unexposed; the ERR of lung cancer varied 
linearly with the cumulative dose to the lung from plutonium (lagged 5 years), the increase in the ERR 
with internal lung dose was greater for women (by a factor ~4) and displayed a marked reduction with 
attained age. The ERR coefficient with respect to internal lung dose, for an attained age of 60 years, 
was 4.7 (95% CI: 3.3, 6.7) Gy-1 for men and 19 (95% CI: 9.5, 39) Gy-1 for women, after adjusting for 
the effect of external dose as a linear variable. The dose-response for men using six internal lung dose 
categories is illustrated in Figure I. Gilbert et al. [22] were able to derive the ratio of the ERR·Gy-1 for 
plutonium lung dose to that for the external dose, giving an estimate of the relative biological 
effectiveness for lung cancer of 33 (95% CI: 14, 98). Smoking data (ever/never classification) were 
available for most workers employed before 1959, but adjustment for smoking status for this sub-
cohort – for whom the overall relative risk (RR) for smoking was 9.6 (95% CI: 5.7, 17) – had little 
impact upon ERR coefficients for either men (74% smokers) or women (3.4% smokers), although this 
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adjustment markedly narrowed the difference in the baseline lung cancer risk between men and 
women. For those workers assessed to be exposed to plutonium but who were not monitored, a 
monotonically increasing ERR of lung cancer mortality was found across increasing surrogate 
plutonium exposure categories. This categorical dose-response is illustrated in Figure II. The authors 
compared the ERR·Sv-1 for plutonium-related lung cancer mortality among the Mayak workers – 0.23 
(95% CI: 0.16, 0.33) Sv-1 for men and 0.93 (95% CI: 0.46, 1.9) Sv-1 for women – with the equivalent 
risk coefficients for the Japanese atomic bomb survivors exposed between the ages of 15 and 60 years: 
0.40 (95% CI: 0.032, 0.86) Sv-1 for men and 1.40 (95% CI: 0.76, 2.2) Sv-1 for women. (When making 
this comparison it must be borne in mind that the wR of 20 implicit in the derivation of the sievert 
relates to low LET radiation received at low doses or low dose-rates.) The Mayak ERR coefficient for 
men may also be compared with the appropriate ERR·Sv-1 that may be obtained from the underground 
hard rock miners exposed to radon decay products: 0.34 Sv-1 if the dose is received at a low dose-rate 
and 0.17 Sv-1 for a high dose-rate [22]. Finally, Gilbert et al. [22] made estimates of the number of 
lung cancer deaths among the Mayak workers that may be attributable to radiation exposure: for men, 
145 (24%) of lung cancers were estimated to be due to internal exposure and 59 (10%) to external 
exposure, while for women, 35 (57%) were due to internal exposure and 5 (8%) to external exposure.  

Fig. I: Excess relative risk (and 95% confidence interval) of lung cancer mortality during 1955-2000 
among male Mayak workers employed during 1948-1972 and monitored for exposure to plutonium or 
assessed to be unexposed, by six categories of five-year lagged cumulative absorbed dose to the lung 
from plutonium [22]. Mean dose for categories supplied by Dr E S Gilbert (personal communication, 
2004).
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Fig. II: Excess relative risk (and 95% confidence interval) of lung cancer mortality during 1955-2000 
among Mayak workers employed during 1948-1972 and not monitored for exposure to plutonium but 
assessed to be exposed, by surrogate plutonium exposure category [22]. The ERR was calculated for 
an attained age of 60 years, and there was no evidence of a difference by sex except for the combined 
exposure categories 4 and 5, for which the ERR was greater for women. 

The risk of mortality from bone cancer and liver cancer before 1997 among 10 797 Mayak workers 
employed during 1948-1958 was investigated by, respectively, Koshurnikova et al. [25] and Gilbert et
al. [26]. Nineteen bone cancers together with 4 deaths from tumours sited in soft tissues close to bone 
surfaces, and 60 liver cancers were included in the analyses. Of 2207 workers with measured 
plutonium body burdens, the mean dose to the bone surface was 3.8 Gy and the mean dose to the liver 
was 0.6 Gy. For these workers monitored for exposure to plutonium, notable dose-responses were 
found using three categories of plutonium body burden, and these are illustrated in Figure III. For 
workers not monitored for exposure to plutonium, significantly raised RRs were found for that group 
with the primary place of work in the plutonium production plant (i.e. those workers assessed to have 
the highest potential exposure to plutonium): 4.1 (95% CI: 1.2, 14) for bone cancer mortality and 2.8 
(95% CI: 1.3, 6.2) for liver cancer mortality [25, 26]. In these analyses the relative risk was stratified 
by age, calendar period and sex, and adjusted for external dose as a linear variable. 
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Fig. III: Relative risk (and 95% confidence interval) of mortality from bone cancer and liver cancer 
during 1948-1996 among Mayak workers employed during 1948-1958 and monitored for exposure to 
plutonium, by three categories of plutonium body burden [25, 26].

Shilnikova et al. [24] examined leukaemia and solid tumour mortality among 21 557 Mayak workers 
employed during 1948-1972. Seventy-seven deaths from leukaemia (of which 11 were due to chronic 
lymphatic leukaemia, CLL) and 1730 deaths from other cancers occurred before 1998. Among 25% of 
workers monitored for exposure to plutonium the average plutonium body burden was 2.1 kBq. 
Unsurprisingly, given the findings of the studies considered above, Shilkinova et al. [24] found strong 
evidence for a plutonium-related excess risk of lung, bone and liver cancer mortality; but they also 
found a smaller, statistically significant, effect of plutonium exposure upon the risk of mortality from 
other solid tumours. This finding needs to be investigated in more detail before it can be properly 
interpreted.

Interestingly, Shilnikova et al. [24] no indication of any significant effect of plutonium exposure upon 
the risk of leukaemia mortality, despite clear evidence of a radiation-related excess risk of leukaemia 
mortality due to external irradiation, particularly from external exposure in the period three to five 
years prior to death. The authors estimated that: for lung, bone and liver cancers, 183 (27%) deaths 
were due to plutonium exposure while 121 (18%) deaths were due to external radiation exposure; for 
other solid tumours, 37 (4%) deaths were attributable to plutonium exposure and 99 (9%) deaths to 
external irradiation; and for leukaemia (excluding CLL), 1 (2%) death was due to plutonium exposure 
and 25 (38%) deaths to external radiation exposure. 

In summary, owing to the large number of workers exposed to high levels of plutonium, studies of the 
Mayak workforce are capable of providing direct estimates of the risks to health of exposure to 
plutonium. Results to date are broadly reassuring in that they are generally compatible with the 
predictions of standard risk models. Of interest is the apparent absence of a plutonium-related excess 
risk of leukaemia, which is compatible with the findings of studies of the dial painters exposed to 
radium [7]; it may be that (in humans, if not in mice) -particles emitted from the bone surface do not 
reach the cells in the red bone marrow that are sensitive to the induction of leukaemia. However, a 
number of matters are still the subject of scientific investigation, not least of which is the values of the 
organ-specific plutonium doses that should be used to derive risk estimates. 

0

5

10

15

20

25

30

35

40

0 - 1.48 (reference) 1.48 - 7.40 7.40+

Plutonium Body Burden Category (kBq)

R
el

at
iv

e 
R

is
k 

(R
R

) 
of

 M
or

ta
lit

y

Bone Cancer
Liver Cancer

125



5. Conclusions

Epidemiological studies of groups of workers exposed to alpha-emitters have provided important 
evidence of the consequent risks of cancer. The radium dial painters exhibit large excess risks of bone 
cancer and cancers of the paranasal sinuses and mastoid air cells, although reliable dose estimates to 
relevant cells are difficult to assess so that accurate risk coefficients cannot be derived. Underground 
hard rock miners, who inhaled radon and its decay products, have been extensively studied, leading to 
the conclusion that only for lung cancer is the radon-related risk materially elevated. Radon dosimetry 
is complex, but risk coefficients for radon-induced lung cancer have been derived. 

Of considerable importance are the data for the Mayak workforce, which have become available for 
study over the past decade. These workers offer a real possibility of providing reliable risk estimates 
for exposure to plutonium. Continued investigation is necessary to address outstanding issues, 
including the estimation of organ-specific internal doses. 
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Abstract: The study presents recent findings in an extended cohort of miners, now including nearly 
10 000 uranium and 2 000 tin miners and followed up to 1999. A total of 30 cases of leukaemia were 
observed among Czech uranium miners, corresponding to standardized mortality ratio of  1.5, 90%CI: 
1.0-2.1. The risk is analyzed in relation to cumulated dose from radon, external gamma radiation and 
alpha radiation from long lived radionuclides contained in mining aerosol. Doses to red bone marrow 
were estimated using measurements of external gamma activities since the early 1960s and 
measurements of long lived radionuclides in the aerosol since the 1970s. The red bone marrow dose 
from inhaled long lived radionuclides is estimated by applying respiratory tract model and relevant 
biokinetic models. The substantial point is that the dose is cumulated even after the underground work 
has stopped. Another important point is the difference of the exposure by job category. By 
extrapolating available exposure data and applying models based on ICRP-66 and ICRP-68, individual 
doses were estimated using working histories, job matrix, and time since exposure. The cumulated red 
bone marrow dose includes external gamma radiation, dose from radon and its progeny, and 
committed equivalent dose from long lived alpha-emitters in dependence on the individual length of 
follow-up. The mean cumulated dose is 158 mSv. Among uranium miners, about 52% of the total dose 
is due to inhalation of uranium and its decay products with aerosol in mines, about 33% is due to 
gamma radiation, and some 15% of the dose is from radon and its progeny. The risk coefficient 
(excess relative risk per sievert) corresponding to these estimates in the present study is  3.1 (90%CI: 
1.3 – 5.4). The estimated risk is subject to a considerable uncertainty, due to small numbers and the 
uncertainty in the estimated dose. However, the magnitude of the risk is consistent with estimates from 
other studies.  

1. Introduction 

Leukaemia is one of the most sensitive cancers in relation to ionizing radiation. It is surprising that in 
studies of uranium miners, risk of leukaemia in relation to cumulated radon exposure was not 
observed. The joint study of eleven cohorts by Darby et al [1] concluded that there is no leukaemia 
risk from radon. However, when the risk among Czech uranium miners was analyzed in dependence 
on duration of exposure, the trend was significant. These results, published in 1993, were based on 10 
cases [2]. Since then the original cohort of 4320 miners has been extended by other two cohorts of 
miners, now including nearly 10 000 uranium and 2000 tin miners and the follow-up is longer by 10 
years. 

2. Materials and methods 

The study population includes a total of  9974 uranium (cohort S and N) and 2001 tin miners described 
elsewhere [3, 4]. Main characteristics of cohorts are given in Table I. The subcohort of tin miners [4] 
include men who were employed in 1952 or later at one of tin mines located in North Bohemia. This 
study was included as a low exposed control group as exposure to gamma and long lived radionuclides 
in tin mines was zero and exposure to radon was considerable lower than that in West Bohemia 
uranium mines. Exposure estimates for external gamma and long lived radionuclides in uranium mines 
were derived from earlier reports [5] and from data provided by Czech mining company DIAMO 
(Table II). 
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Tab. I: Characteristics of the study cohorts 

 type of  period of cohort leukaemia 
  cohort  mine  exposure size kPY 1 cases O/E 2 95%CI 3

    S uranium 1948-63 4 348 118 23 1.6 1.0-2.4 
    N uranium 1969-84 5 625 144 7 1.2 0.5-2.5 
    C tin    1952-89 2 001   55 4 0.8 0.2-2.0 

  total   11 974 317 34 1.3 0.9-1.8 
1 person-years in thousands 
2 observed / expected numbers 
3 95% confidence interval 

Tab. II: Mean annual intake of long lived radionuclides (LLRN) and external gamma 1998-2003 (data 
provided by the Dosimetric service of DIAMO, Dolní Rožínka) 

   LLRN  gamma 
 hewers 623 Bq 3.0 mSv 
 others 420 Bq 1.1 mSv 

Using linear regression, it can be derived that the annual intake of LLRN (in Bq) is approximately a 
250 multiple of the external gamma (95%CI: 200 – 300). As no data on long lived radionuclides in 
Czech uranium mines are available before 1980, we could only assume that the annual ratios LLRN / 
gamma were the same as in the later periods. This way, annual exposures were estimated in the 1960s 
and 1970s. Estimates in 1950s were extrapolated using data on aerosol measured since 1950 and 
taking into account expert judgement of higher content of uranium in Jáchymov mines. Summary of 
typical annual levels of exposures are given in Table III, where bold figures are based on 
measurements and other figures were extrapolated. 

Tab. III: Typical annual exposures in Czech uranium mines 

     mining        Rn +progeny. external gamma long lived -emitters a
  period     area    hewers       others hewers  others    hewers   others  
  1950-9 Jáchymov 20 WLM  10 WLM 15 mSv  8 mSv   3.0 kBq 2.0 kBq 
  1960-9 P íbram 10 WLM    5 WLM 12 mSv  7 mSv   2.5 kBq 1.5 kBq 
  1970-9 P íbram   2 WLM    1 WLM   5 mSv  2 mSv   1.2 kBq 0.7 kBq 
  1980-9 P íbram   1 WLM 0.5 WLM   4 mSv  2 mSv   1.0 kBq 0.5 kBq
  1990-9 D.Rožínka   1 WLM 0.5 WLM   3 mSv  1 mSv   0.7 kBq 0.4 kBq 
a annual intake 
b WLM is time-integrated exposure measure, ie. the product of time in working months (170 hours) 

and working levels (1.3 105 MeV ), 1WLM=3.54 mJh m-3

bold figures in table are based on measurements, other extrapolated 

In estimating the equivalent dose from radon and its progeny, we used the same conversion as Jacobi 
and Roth [6], ie.  1 WLM ~ 0.34 mSv. Doses from long lived alpha emitters were estimated similarly 
as in [6]. We assumed equal contribution of activity of radionuclides Th-230, Ra-226, U-234, U-238 
and type M absorption in the lungs. Due to wet drilling in Czech mines, activity median aerodynamic 
diameter (AMAD) was assumed 5µm. For easier computations, the committed equivalent dose 
conversion C(t) was approximated by: 
 C(t) ~ 0,386 t – 0,00245 t2 , 
where t is time (in years) since respective exposure (Figure 1).  
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Fig. 1: Committed equivalent dose conversion by time since exposure and its approximation 

Quantitative relation of the three dose components (for present mining conditions) is illustrated in 
Figure 2. For ten year exposure of the hewer, dose after 10 years since first exposure is about 100mSv 
(65% - long lived alpha emitters, 30% - external gamma a 5% - radon and its progeny), but after 30 
years since first exposure the total dose is 120 mSv (71% - long lived alpha emitters, 25% - external 
gamma a 4% - radon and its progeny). 

Fig. 2: Estimated cumulated equivalent dose after 10 year exposure of the hewer 

Estimated cumulated dose that reflect: 
- duration of exposure, 
- period of exposure, 
- job (hewers / others), 
- time since exposure 
were implemented according to individual working history of cohort members. For each miner, 
appropriate time dependent dose estimates are calculated from time of first exposure till the end of 
follow-up (ie. date of death, loss of follow-up, or 31 December 1999). Because of minimal latency 
period for leukaemia, the individual dose during follow-up is considered with a lag of two years. In 

Total
 annually 

LLRN 0.7 kBq 

gamma 3 mSv 

Rn 1 WLM
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addition, the total cumulated dose is split according to the time since exposure. Due to small numbers 
of cases we used only two windows 2-19 and 20+. 

In each time instant during follow-up, leukaemia risk (ie. observed cases of leukaemia compared to 
person-years from all cohort members at risk) was evaluated in relation to dose using several models 
of relative risk (RR): 

 RR = 1 + b D ,     (M1) 
 RR = 1 + b1 D + b2 D2 ,     (M2) 
 RR = 1 + b2-19 D2-19 + b20+ D20+ ,    (M3) 

where D denotes cumulated dose at current time of follow-up lagged by 2 years, D with subscripts 
denote dose in the respective time windows and parameters b are regression coefficients. Estimation of 
the parameters was based on the assumption that observed numbers O in dose categories have the 
Poisson distribution with parameter 

i E RR , 

where E is the expected number of leukaemia derived from national mortality data according to 
calendar year and age. Multiplicative parameter  i  is an intercept allowing baseline mortality in the 
cohort to differ from the general population. Unknown parameters in all models were estimated by 
maximum likelihood method using the AMFIT module of the Epicure software [7]. 

3. Results

By the end of 1999, a total of 34 cases of leukaemia were observed in the joint cohort, 30 of them 
among uranium miners corresponding to an increased mortality in terms of ratio of observed to 
expected numbers O/E=1.5 with confidence interval (95%CI) 1.0-2.1, whereas the mortality from 
leukaemia among tin miners was not elevated O/E=0.8, 95%CI:0.2-2.0 (Table I). 

The distribution of leukaemia subtypes (Table IV) approximately follows that in the general 
population of the Czech Republic, being about half for the myeloid subtype and slightly more than 1/4 
for the chronic lymphatic subtype. 

Tab. IV: Leukaemia subtypes in the combined study of uranium and tin miners
  leukaemia subtypes cases % % population a

  acute lymphatic     2   6       8 
  chronic lymphatic   10 29     24 
  myeloid   16 47     52 
  other subtypes, incl. unspec. lymphatic     6 18     16 
a proportion in Czech population 1995-99 

In terms of mean cumulated doses, the highest value - 290 mSv is estimated in the S cohort 
corresponding to higher exposures in the early period of mining and longer time since exposure. On 
the other hand, doses among tin miners reflect only doses from radon - mean dose 17 mSv (Table V). 

Tab. V: Mean estimated cumulated doses (mSv) from radon, external gamma and long lived 
radionuclides in the study cohorts 
  cohort Rn gamma LLRN total 
      S 53    94   143 290 
     N   2    20     33   56 
     C 17      0       0   17 

As a whole, the distribution of individual cumulated equivalent doses (at the end of follow-up) is 
approximately log-normal with mean 134 Sv and variation coefficient 1.20. Because of cumulated 
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internal deposition of radionuclides on bone surfaces, this dose increases with time since exposure. For 
instance, 20 years after first exposure, the mean cumulated dose is 188 mSv, whereas the mean 
corresponding to the first 20 years is only 74 mSv. Relative risk of leukaemia among uranium miners 
in terms of ratio of observed and expected numbers in the above periods is in line with mean 
equivalent doses (Table VI) raised due to long lived alpha emitters in uranium mines.  

Tab. VI: Leukaemia in the cohort of uranium miners by time since first exposure 

  cases O/E  95%CI mean dose a

  years since 1-19     7 1.0 0.4 - 2.1     74 mSv 
  1st exposure 20+   23 1.7 1.1 - 2.6   188 mSv 

U miners total   30 1.5 1.0 - 2.1   117 mSv 
a mean cumulated dose during follow-up weighted by PY (lag=2 years) 

Fig. 3: Relative risk of leukaemia by categories of estimated cumulated equivalent dose  
(O/E = observed/expected, solid lines = linear models, dashed line = linear-quadratic model, 
bold line = final model, best estimate of intercept) 

The dependence of relative risk in the study on cumulated equivalent dose is shown in Figure 3. Linear 
trend with dose is statistically significant (p=0.010) with ERR/Sv=4.1 (90%CI: 0.9-12.3). The 
intercept corresponding to this model is  0.80 (Table VII), suggesting some difference between the 
occupational cohort and the general population. The estimated intercept largely reflects the form of the 
model. If departure from linearity at very high doses (>0.4 Sv) is excluded, the intercept is  0.90  and 
for the linear-quadratic model  1.10 (M1 and M2 are not statistically different, p=0.14). It can be 
concluded that the best estimate of the intercept is a combination of all the above figures, ie. 0.93. 
When this value of intercept is fixed, the ERR/Sv is  3.1 (90%CI: 1.3-5.4) and time specific risk 
coefficients (Model 3) are  4.9 (90%CI:0.4-11.1) and  1.5 (90%CI:-2.5-6.1) for exposures in previous 
2-19 years and exposures before 20 years, respectively. This large difference in time specific 
estimates, however, is not significant (p=0.50). 
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Tab. VII: Models of relative risk estimated from the study of uranium and tin miners 

  Parameter 
 Model estimate   95%CI Intercept    p 
   M1 Linear b  =  4.1  0.9 – 12.3    0.80 0.010 
   M1 Linear <0.4 Sv b  =  2.4 -0.8 – 11.1    0.90 0.278 
   M2 Linear-quadratic b1 = -2.3 -6.4 – 6.7     1.10 0.012 
  b2 =10.6 -1.5 – 21.8 
Preferred models 
   M1  Linear  b    =  3.1  1.3 – 5.4 0.93 (fixed)
   M3 Linear 2 TSEW1 b-19 =  4.9  0.4 – 11.1 0.93 (fixed)
  b20+=  1.5 -2.5 – 6.1 
1 TSEW – time since exposure windows 

The evaluation of the risk was based on all cases without distinguishing leukaemia subtypes. We 
preferred all types combined as a separate simple comparison of the risk for chronic lymphatic 
leukaemia (CLL)  and for other subtypes (nonCLL) was not suggesting any difference in relation to 
duration of exposure (Table VIII). Duration of exposure in this model was modified in accounting 
non-hewer years as 1/2. The relative risk for work over 10 years is 5.0 for CLL and 3.1 for other 
subtypes. 

Tab. VIII: Leukaemia subtypes in the S+N study and relative risk by categories of exposure duration 

 <10y >10y RR* 90%CI 
  nonCLL   16     6  3.1 1.5–6.2 
  CLL     4     4  5.0 1.3–17.6 
  total   20   10  3.5 1.8–6.4 

*relative risk for modified exposure duration of >10 years in comparison to <10 years 

4. Discussion 

First analyses related to leukaemia in the Czech cohort of uranium miners were conducted by Ševc in 
1984 [8]. There were 7 incident cases of leukaemia by 1980. The increased risk (O/E=2.2) was not 
associated with cumulated exposure from radon progeny. In his report, Ševc suggested possible 
influence of components other than radon that are more or less constant in time, ie. external gamma 
and long lived radionuclides of uranium series. In one of earlier reports [9], Ševc estimated an annual 
dose in the range 10-20 mSv corresponding to committed equivalent dose, including external gamma. 
In fact, in comparing the early and late periods of uranium mining, radon levels decreased 20 times 
(mainly due to ventilation measures), but gamma and long lived radionuclides by about 4 times 
reflecting mainly higher content of uranium in the ore in the early years of mining. Further results 
related to leukaemia in the Czech S study were reported in 1993 [2]. Leukaemia risk was not related to 
radon and its progeny, but to duration of exposure (p=0.04). A large joint study of eleven cohorts of 
miners by Darby [1] based on 69 cases of leukaemia, however, did not find any relation to radon 
exposure. Unfortunately, no analyses in terms of duration of exposure were conducted in this large 
study. 

The issue of the absence of non-exposed group in occupational cohorts is usually solved by estimating 
background rates from the cohort. In large cohorts with many cases, the rates can be estimated without 
any external comparison using observed incidence in the cohort and its extrapolation to zero according 
to the model. Such estimates obviously depends on the model used. However, when the numbers are 
limited, it is better to use a priori information based on large populations, for instance national 
mortality data. In order to eliminate potential differences between the ‘unexposed cohort’ and the 
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general population, we used a uniform correction of external expected numbers by estimating a 
multiplicative intercept term in the Poisson regression.  

The present estimates of doses are subject of uncertainty, which includes the composition of inhaled 
aerosol and its chemical characteristics. Further research is needed for more precise quantification of 
doses, particularly the components from long lived radionuclides.  

In comparison to other results, the present finding of ERR/Sv=3.1 is consistent with ERR/Sv=3.9 
(time-averaged and adjusted for non-linearity) reported for males in the Life Span Study [10]. For 
comparison, risk estimates from the Life Span Study corresponding to adult male population were 
estimated directly from the available database (r12leuk.dat) of RERF [11]. For males of age at 
exposure 20 or more the ERR per unit adjusted marrow dose is 2.6 (90%CI: 1.5-4.3) and time since 
exposure specific estimates are ERR/Sv-19=3.9 (90%Ci: 2.1-6.5) and ERR/Sv20+=1.6 (90%CI: 0.5-3.2), 
which are relatively close to our estimates. 

Temporal differences in leukaemia risk found in our study are in line with findings of a study of 
ankylosing spondylitis patients treated with radium [12]. The risk in that study, based on 13 cases of 
leukaemia, was also substantially increased 20 years since first injection. 

The issue of radiogeneity of chronic lymphatic leukaemia (CLL) could not been investigated fully, as 
the number of observed cases is limited in the present study. However, separate results for CLL and 
nonCLL in dependence on duration of exposure do not suggest any different dose response and 
therefore justify our analyses based on all subtypes combined. According to most studies of radiation 
induced leukaemia, CLL is not considered to be related to ionizing radiation. This negative conclusion 
can be partly affected by low numbers of cases, as for instance in the Life Span Study [10]. In the 
present study, where the main contribution of the dose was from alpha irradiation, it is appropriate to 
make a comparison to similar studies. In a study of patients after cerebral angiography with thorotrast, 
Travis [13] reported the relative risk of 9.3 (95%CI: 0.9-356.6) for CLL and 15.2 (4.4-149.6) for 
nonCLL for Danish and Swedish patients. Although the risk for CLL was not significant (with two-
sided test), the risks are similar in magnitude and substantially different from other malignancies.  

5. Conclusions 

The present results of follow-up show that increased risk of leukaemia among uranium miners is 
significantly associated with cumulated doses which mainly reflect exposures to long lived 
radionuclides in aerosol form and external gamma, whereas the contribution from radon to the dose is 
marginal. The increased mortality is mainly observed decades after exposure and is consistent with 
estimated internal dose to red bone marrow. 
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Abstract: From 1949 – 1989 there had been extensive uranium mining in the Saxony and Thuringia 
area, Germany, conducted by the Wismut company. The overall workforce is unknown but estimated 
to some 400,000 workers. A cohort of 59,001 male workers has been established and a follow-up until 
December 31, 1998 has been conducted. 2,388 lung cancer cases have been observed.  The cohort will 
be described. Results on the risk of lung cancer due to exposure to radon and its progeny will be 
presented for this cohort. In a first step the Wismut data was analysed utilizing the BEIR VI models to 
study whether those give an adequate description of the German data. The recommended values for 
the model-parameters were used and in a second step new values were estimated. The German 
uranium miners cohort is of comparable size as the 11 cohorts analysed in BEIR VI and therefore 
presents an excellent basis to refine current knowledge.
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Abstract: In the Life Span Study (LSS) of Japanese atomic bomb survivors, which is one of the prin-
cipal data sets used to estimate the risk of cancer following exposure to ionising radiation, the highest 
excess relative risk (ERR) was observed for leukaemia (Pierce et al., 1996). Given that one can as-
sume a similar dose-response relationship for miners exposed to radon and its decay products, a do-
simetric approach has been developed to estimate the risk of leukaemia among miners on the basis of 
the LSS (Jacobi et al., 1995; Jacobi et al., 1999). Surprisingly, so far results of cohort studies of miners 
have not supported these risk calculations (Darby et al., 1995). Yet, the power of these calculations is 
relatively low, due to the small numbers of observed leukaemia cases. The present study aims at veri-
fying the relationship between occupational exposure to radon and risk of leukaemia using a large 
scale industry based case-control study of uranium miners in the Eastern part of Germany. 
The medical records of the former workforce of the shut uranium mines are stored in a Health Data 
Archive, operated by BAuA. The records of the 360,000 miners, who were mainly involved in mining 
after 1950, will form the study base, i.e. the cohort of Wismut employees, involved in mining for at 
least several months between 1950 and 1989. Leukaemia cases were ascertained by record linkage of 
the study base with the Common Cancer Registry of the six Eastern states of Germany. Finally, 377 
leukaemia cases and 980 individually matched controls were included in the study, i.e. up to three 
controls per case. The cumulative exposure for each subject was estimated using occupational records 
in combination with a detailed job-exposure-matrix (JEM) established by the Statutory Accident In-
surance Company for the mining industry in collaboration with HVBG. This JEM contains estimates 
not only for radon progeny but also for -radiation and long-lived radionuclides (LRN). No mention-
able difference in cumulative exposure to radon progeny between cases and controls could be ob-
served. Concerning -radiation as well as LRN cases had a slightly higher mean cumulative exposure 
in comparison to controls. Using conditional logistic regression models a dose-response relationship 
between leukaemia risk and radon progeny could not be confirmed. Yet, a significantly elevated risk is 
seen in the category  400 mSv (OR = 2.21 [1.25 – 3.91]90%) when  combining -radiation and LRN. 
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German Uranium Miners Study - Determination of Mining Pollutants in Tissue Samples 
and Prediction of the Uranium Organ Content According ICRP-Models

A. Eisenmenger 1, K. Viehl 1, T. Wiethege 2, K.M. Müller 2, H. Wesch 1

1 German Cancer Research Centre, Department of Medical Physics in Radiology,  
Im Neuenheimer Feld 280, 69120 Heidelberg, Germany
2 Institute of Pathology at the Professional Associations´ Hospital Bergmannsheil,  
Bürkele-de-la-Camp-Platz 1, 44789 Bochum, Germany 

Abstract: Tissue samples of 210 uranium miners and not exposed workers from the German uranium 
miners study, 92 of them with a lung tumour, and 17 external control subjects, 7 with lung tumour, 
were examined for mining pollutant content (ng/gdw of U, Th, As, Pb, Co, Cd, Cr, Ni, Fe, Cu, Zn) by 
means of high resolution mass spectrometry (ICP-MS). Paraffin embedded tissue samples of lungs, 
lymph nodes and liver were taken from the archive of the former Central Pathological Institute 
Stollberg of the SAG/SDAG Wismut; unfortunately no bone and not sufficient kidney samples were 
available. Additionally, the measured uranium content of the tissue was modelled on basis of 
individual job case histories (JEM) according to the ICRP Publications 66 -69.  

Statistical analyses of co-variance showed a significant correlation between uranium dust intake (kBq 
238U) and 238U or 232Th depots of lungs and lymph nodes, and between As intake (mg AsO3) and 75As
depots. The depots of 238U and 75As in lungs as well as 232Th and 59Co in lymph nodes were also 
correlated to the year of first exposure. Further correlations were not determined, beside one for 111Cd
to lung tumour; especially no significant relation of lung tumour incidence to 238U or 75As organ 
content was found. 

The measured 238U lung depots are overestimated by the ICRP standard model parameters (single 
intake at start of every time slice of the JEM, 5 µm AMAD, 1.5 m³/h breathing rate) for class S 
compounds by up to two orders of magnitude for the mean of the intake categories. Much better 
results were achieved by a class S model with a four times increased transfer rate from lung to blood. 
For class M standard model the lung depots are underestimated by up to two orders of magnitude. 

The complete report will be published soon at the homepage of the Federal Environment Ministry: 
www.bmu.de  

The investigations are supported by the Federal Office for Radiation Protection under grant 
St.Sch. 4281. The data on job history and exposure of Wismut workers are supplied by the Haupt-
verband der gewerblichen Berufsgenossenschaften (HVBG) 
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A Twenty-year Follow-up Study on Health Effects - Following Long-term Exposure to 
Thorium Dusts 

X.A. Chen 1, Y.E. Cheng 1, H. Xiao 1, G. Feng 2, Y.H. Deng 2, Z.L. Feng 2, L. Chen 1, X.M. Han 2,
Y.J. Yang 1, Z.H. Dong 1, R. Zhen 1

1 Laboratory of Industrial Hygiene, Ministry of Health, P.O. Box8018 Beijing 100088, China  
e-mail: chenxing_an@hotmail.com 
2 Hospital of Baiyun Obo Rare-earth Iron Mine Baiyun Obo, Baotou 014080, China   

Abstract: A twenty-year follow-up study was carried out at Baiyun Obo Rare-earth Iron Mine in China, This 
mine has been mined since 1958. Its ore contains 0.04% of ThO2 and 10% of SiO2. Objective: The purpose 
of this study is to investigate possible health effects in dust-exposed miners following long-term exposure to 
thorium-containing dusts and thoron progeny. Methods: By using the negative high voltage exhaled thoron 
progeny measurement system to estimate the miner s thorium lung burden. Results: The highest thorium 
lung burden among 1158 measurements of 638 miners was 11.11Bq. The incidence of stage O+

pneumoconiosis was increased among dust-exposed miners. An epidemiological study showed that the lung 
cancer mortality of the dust-exposed miners was significantly (P<0.005) higher than that of the controls. 
Conclusion: It is suggested that the difference results long-term exposure to thorium-containing dusts 
(carcinogens are ThO2 and SiO2) and thoron progeny. This is the first evidence in humans of the 
carcinogenicity after long-term inhalation of thorium-containing dusts and thoron progeny. The total 
person-years of observation for the dust-exposed miners and the controls were 62712 and 34672 respectively. 

1. A project from National Natural Science Foundation of China. Project no. 3860285 (1987.1 1992.12) 
2. A project from IAEA. Project no. 7715/RB (1993.12.15 1994.12.15) 
3. A project from IAEA Project no. 11526 RBF (2000.12.15 2001.12.15) 

1. Introduction 

Baiyan Obo Rare-earth Co-existence Iron Mine is one of the largest rare earth mine in the world. It has been 
mined since 1958. Its ore contains not only iron, rare-earth elements and silica dioxide but also thorium at a 
concentration of 0.04% SiO2 is at a concentration of 10%. Air concentrations of thorium-containing dusts in 
working place are quite high. For expample, in the crushing worshop its air concentration is in the range 9.30

875.0 mg m-3, the average is 188.7 mg m-3. (Equivalent value of thorium in air is in the range 0.015 1.41 
Bq m-3, the average is 0.30 Bq m-3.) The air  potential energy concentrations of thoron short-lived 
daughters in the crushing working area are in the range 4.20 102 6.77 104MeV L-1, the average is 1.08

104 MeV L-1, It is higher than that of short-lived radon daughters by a factor of about 10. High gamma-ray 
exposures only appeared in mining workshops. The highest value was 2.31 Gy h-1.
Since 1982, the relationship between thorium lung burden and health effects on miners has been investigated 
in this mine. The total number of miners and staff members in this mine in 2001 was 6983. Among them, 
3016 miners were exposed to this dust and 3967 miners and staff members were not exposed. 

2. Methods 

The method used to measure exhaled thoron activity was developed in 1982 from the experience of Argonne 
National Laboratory in the U.S.A.[1]. It is based on electrostatic collection onto a negatively charged Mylar 
disc of the daughter 212Pb,85-88% of which is positively charged. The exhaled thoron activity is expressed as 
the activity of the freely emanating 224Ra (the parent of 220Rn) that would support concentration measured at 
the subject s mouth. A conversion factor of 3.7 Bq emanating 224Ra equivalent activity at the mouth to 37 Bq 
of 232Th was used to estimate the thorium lung burden [2].The counter background is extremely low (6 
counts.d-1).The overall uncertainty is strongly dependent on the emanating 224Ra and ranges from 0.013 to

0.07  Bq as the emanating 224Ra ranges from 0.037 Bq to 3.70 Bq(Table 1).  
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Table 1. The basic performance of the electrostatic measurement system 
Item Value 
Counter background (counts.min-1) 0.003 
Minimum detection limit of thoron outside the body(Bq) 0.007 
(zero activity 3 )
Lower limit for the detection of thorium contamination in  0.068 
the miners’lungs (Bq)(224Ra at the mouth)  
Overall uncertainty depends on the value of the emanating 0.037-3.7 
224Ra at the mouth (Bq) ( 0.013-0.070) 
Median variance coefficient(%) 17

A total of 1301 measurements of exhaled thoron activity were carried out on 781 individuals during the 
period 1983-1994. Of these ,1158 measurements were performed on 638 thorium miners, and 143 
measurements were made on 143 unexposed workers(controls). In addition, during this period,1158 medical 
examinations were performed on these same 638 dust-exposed miners[3]. As epidemiological study on the 
mortality rates of lung cancers in the dust-exposed miners and dust-unexposed miners was carried out in 
2001[4].

3. Results 

3.1 Thorium lung burden estimates of the dust-exposed miners and of the dust-unexposed miners 

The average value of thorium lung burden estimates for 1158 measurements of 638 dust-exposed miners was 
1.60 Bq, while the average value of thoriun lung burden estimates of 143 dust-unexposed miners was 0.30 
Bq. Of the 638 exposed miner for whom measurements were performed in the period from 1983 to 
1994,585(91.7%)of them had a thorium lung burden less than 2.22 Bq. The highest value determined here 
consisted of a thorium lung burden of 11.11 Bq. 

Table 2. Summary of values for thorium lung burden estimates performed on miners (638 subjects) 
Thorium lung burden estimates (Bq) Number of subjects 

11.11 1 

8.89 11.07 5

6.67 8.85 2

4.44 6.63 2

2.22* 4.41 43

2.19 585
*1 investigation level=2.22Bq 

3.2 Estimated thorium lung burdens and relationship to radiography of the dust-exposed mines[3]

Table 3. Likely threshold for lung burden from thorium-containing dusts in the induction of stage O+

pneumoconiosis 
Likely threshold 

Workshop Miners Cases 
Thorium 
(Bq) for dust(mg) Year 

Crushing 31 8 1.52 940* 1984 
Crushing 94 26 1.30 803 1987 
Mining 86 4 1.26 780 1988 
Crushing 64 12 1.22 756 1994 

* The data in this figure were derived as follows: l mg natural thorium=4.037 Bq; 1.52 Bq thorium = 0.377 
mg.A concentration of thorium of 0.377 mg× 2500 (the percentage of thorium in the dusts is 0.04%) = 941 
mg of dusts. 
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Our results showed that there would be a likely threshold of inhaled thorium containing dusts for inducing 
stage 0+ pneumoconiosis (only fibrosis but no nodules apparent on the X ray film). O+ is a stage between 
stage 0, (normal), and stage 1 (pneumoconiosis). 
The likely threshold is the lowest value of thorium and dust lung burden of the miners suffering from 
pneumoconiosis stage 0+ (Table 3). 

3.3 Lung cancer mortality among dust-exposed miners and dust-unexposed miners[4]

An epidemiology study on lung cancer mortality of the dust-exposed miners and dust-unexposed miners 
(controls) was performed in 2001. The main results are listed in Table 4. 

Table 4. Standard mortality ratios (SMRs)of lung cancers (1977-2001.3) 
Group Expected Observed SMR 95%Limits 
Dust exposed miners 4.406 27 6.13 4.41-8.52 
Controls 4.201 8 1.90 0.94-3.84 

Table 4 showed that the SMR of the dust-exposed miners and of the dust-unexposed miners were greater 
than 1. The SMR of the dust-exposed miners was much higher than that of the controls. The probability that 
27 or more lung cancers would occur in the dust-exposed group, given the expected numbers and that a total 
of 35 occurred, is 0.0015.[5] The high SMR for lung cancers among dust exposed miners likely resulted from 
the inhaled thorium-containing dusts (carcinogens are ThO2 and SiO2) and its short-lived thoron progeny. 
The total person-years of observation of the dust exposed miners and the unexposed miners were 62712 and 
34672 respectively. 
Since 1994, 36 years after the initial operation of this mine, 10 additional lung cancers have appeared in 
dust-exposed miners. The probability that all ten of these would appear in the dust-exposed group, given the 
expectations in both groups during only this recent period, is 0.0066. 

Table 5. Standard mortality ratios (SMRs) of lung cancers (1977 1993.12)[3]

Group Expected Observed SMR 95%Limits 
Dust-exposed miners 3.301 17 5.15 3.36-7.89 
Controls 3.480 8 2.30 1.17-4.51 

Table 5 shows that even before 1994 the SMRs for both the dust-exposed and dust unexposed miners were 
greater than 1. The SMR for the dust-exposed miners was more than that for the controls, and the probability 
that 17 or more lung cancers would occur among the dust-exposed miners given the expectations in both 
groups and that 25 total lung cancers appeared was marginally significant(p=0.04).[5] 

3.4 Estimated thorium lung burdens and relationship to haematologic and hepatic parameters of the 
dust-exposed miners[6]

During the period 1983-1994, 1158 measurements of the four hematological parameters (haemoglobin, white 
blood cells, neutrophils and lymphocytes) and four hepatic parameters (thymol turbidity test, glutamic 
pyruvic transaminase, thymol flocculationtest and alkaline phosphatase) were performed on 638 
dust-exposed miners, no adverse effects were observed. None of of the above mentioned 638 exposed miners 
had a thorium lung burden estimate higher than 11.11 Bq. 

3.5 Follow-up Study (1983-1990) of the clearance of thorium dioxide from the lung of a miner having a 
high thorium lung burden[7]

Since 1983, a seven year follow-up study has been carried out using the exhaled thoron progeny 
measurement system to observe the clearance of thorium dioxide from the lung of a miner before and after 
leaving work. The results indicate that 44% of the initial lung burden was clearing with a half-time of 112 d 
and 56% was clearing with a half-time of 2553372days (~7000years). The longer half-time was attributed to 
the dusts (being surrounded by fibrotic tissues) in this miner's lung. In which, only thoron gas, but not dusts, 
could move away from the sites of deposition. In 1985, this subject suffered from stage 1 pneumconiosis. His 
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X ray film, showed an increase of veins and grains in the pulmonary area. Scattered small nodules appeared 
on the middle and lower lobes of the lung. 

3.6 Health protection measures and results 

The authors suggested this mine to apply the following protection measures.(1)Devices for ventilation and 
prevention of dusts should be improved.(2)Instructions for use of the individual protection appliances should 
be promoted.(3)Participation in popular sports should be encouraged. It was observed that in this mine the 
amount of thorium deposited in the lungs of dust-exposed miners who habitually run was generally 
low.(4)Job rotation is suggested for those having an estimated thorium lung burden higher than 4.44Bq. 
These measures achieved positive results. 

4. Conclusion 

This study showed that the highest thorium lung burden of the dust-exposed miners in this mine was 11.11Bq. 
The number of cases of pneumoconiosis of stage O+ in the crushing workshop was much higher than that of 
the mining workshops. Epidemiological studies showed that the excess lung cancers of the dust-exposed 
miners have clearly appeared since 1994, 36 years after the mining of this mine, although there was some 
prior evidence of excess lung cancers before 1994. Long-term exposure to thorium-containing dusts 
(carcinogens are ThO2 and SiO2) and thoron progeny resulted in inducing excess lung cancers, contrary to 
the most recent findings from an American thorium processing plant.[8] High rate of smoking among the 
Baiyan Obo miners (80%)[9]and  high gamma exposure in mining workshops might enhance the 
carcinogenic effect of inhaled thorium-containing dust and thoron progeny in inducing excess lung cancers. 
This is the first evidence in humans of the carcinogenicity after long-term inhalation of thorium-containing 
dusts and thoron progeny. 
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Abstract: The paper presents an overview of recent studies relevant to irradiation of the respiratory 
tract from airborne 239Pu in Mayak worker cohort. Using unpublished data of alpha-activity monitoring 
at Mayak Production Association the source term associated with 239Pu is characterized. 
Concentrations of alpha-emitters in the workplace atmosphere exceeded the regulatory maximum 
permissible level by a factor of 1,000 until 1960s. No individual respiratory protection was used until 
mid-1950s. This resulted in extremely high plutonium exposures to workers, particularly during the 
first decade of Mayak operation (1948-1958). Thereafter both nonstochastic and stochastic health 
effects in this population occurred, primarily in the lung. As of December 31, 2000, in Mayak worker 
cohort, which consisted of 18,833 workers at the main plants hired in 1948-1972 (14,075 males and 
4,758 females), 121 cases of plutonium pneumosclerosis (65 males and 56 females) and 592 lung 
cancer deaths (532 males and 60 females) have been registered. Retrospective analysis associated with 
the 45-year clinical follow-up showed that plutonium pneumosclerosis developed only at extremely 
high levels of 239Pu deposition. The average absorbed lung dose from Pu in the group of workers 
diagnosed with plutonium pneumosclerosis was 4.02±0.52 Gy and median dose was 2.19 Gy. A study 
was conducted to quantify plutonium microscopic distribution in the pulmonary region of human 
respiratory tract (24 deceased Mayak workers). It was concluded that Pu distribution was highly 
nonuniform. At death, 44% of the total Pu activity in lung was associated with pulmonary sclerosis, 
primarily in parenchyma. A significant portion of plutonium was retained in non-diseased lung 
parenchyma (41% by activity) for long times. Epidemiological analyses have shown that absorbed -
radiation dose to lung in the range 0.2-0.5 Gy resulted in significantly higher mortality from lung 
cancer (the relative risk adjusted for smoking and gamma dose = 3.53, 95% CI: 1.73–7.17). 

1. Introduction

Because of the wide application of plutonium (Pu), its large inventory worldwide and its known high 
toxicity, radiation protection researchers, practitioners, and regulators are concerned with the health 
risks of human exposure to Pu. The main route of Pu intake is inhalation, therefore the respiratory tract 
is one of the primary targets for developing radiogenic disease following exposure to this nuclide. At 
chronic inhalation of plutonium associated with its significant deposition and retention in the 
respiratory tract, exposure to the lung as a critical organ comes to the forefront. 

The pattern of radiation injury of the lung following Pu inhalation is well described with data from 
numerous animal studies [e.g. 1, 2]. It was shown that one of the most significant non-cancer effects in 
the lungs following the radionuclide incorporation is radiation pneumonitis and fibrosis 
(pneumosclerosis). Pneumonitis is an inflammatory response, while pneumosclerosis defines 
progressive injury of alveolar capillaries with their subsequent replacement with connective tissue 
resulting in the impairment of ventilation function of the lung according to restrictive lung disease 
pattern [3]. At absorbed dose to lung from internally deposited 239Pu of 1-2 Gy, rats had higher 
incidence of pneumosclerosis, and its severity intensified with further increase of dose [4]. 

The most significant late somatic effect of Pu is development of tumours. Data from studies on 
biological response to plutonium clearly indicate its high carcinogenicity. High risk of lung cancer 
following incorporation of different 239Pu compounds is shown in many animal studies [e.g. 2, 5]. 
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Thus, in both Russian and Western scientific literature vast experimental animal data on stochastic and 
non-stochastic effects in mammalian lung following 239Pu incorporation have been accumulated. 
However, to obtain a better scientific basis for assessing the risk of developing radiation-induced 
disease in the human lung from inhaled Pu, utilization of all clinico-epidemiological and dosimetric 
data for plutonium workers at Mayak Production Association (Mayak PA) is needed. The objective of 
this paper is to present an overview of recent studies conducted at Southern Urals Biophysics Institute 
(SUBI) relative to irradiation of the respiratory tract to airborne 239Pu (hereinafter referred to as Pu) in 
Mayak PA worker cohort. 

2. Materials and Methods 

The Mayak PA commissioned in 1948 was the first Russian nuclear enterprise for manufacturing 
weapons-grade plutonium. Mayak PA included three main facilities: uranium-graphite production 
reactors, a radiochemical plant for extraction of Pu from fuel elements irradiated in reactors, and a 
chemico-metallurgical plant for obtaining purified metal plutonium. In order to describe pattern of 
occupational exposure at chronic Pu inhalation, unpublished data on alpha-activity monitoring at 
Mayak PA accumulated at SUBI Radiation Hygiene Department are introduced. The major component 
of alpha-activity in work environment was dispersed Pu compounds. 

Air monitoring at the main and auxiliary facilities at the chemico-metallurgical plant was conducted 
routinely by SUBI hygienists from 1950 till 2000. Most air samples were collected at stationary 
installations located in designated rooms (major and auxiliary facilities) away from the worker 
respiration zones. In the recent years of Mayak PA operation up to 1,000 air samples were analyzed 
yearly. Air samples are available for most workrooms at chemical division (Pu conversion), 
metallurgical division (Pu finishing), and auxiliary facilities (corridors and non-production 
rooms/offices) at the chemico-metallurgical plant. Similar monitoring was performed at the 
radiochemical plant, though much sparser data set is available because past radiation protection 
practices regarded gamma-radiation as the primary occupational health hazard and Pu as the secondary 
one at this plant.  In addition to the air sampling data from stationary installations, aerosol 
concentration in worker respiration zone was measured occasionally using portable devices. Data sets 
of alpha-activity monitoring also included levels of alpha-active contamination of process equipment 
surfaces and premises, working clothes and boots, and hands/skin, and detailed information on 
refinements in the process technology and worker protection etc. 

The cohort of Mayak PA workers hired to the three main (reactor, radiochemical, and chemico-
metallurgical) facilities in 1948 to 1972 consists of 18,833 individuals, including approximately 25% 
females. The cohort and data sources associated with epidemiological, clinical and dosimetric follow-
up have been described in several publications [e.g. 6, 7, 8]. Essential characteristics of the population 
are given in Table I.  

Tab. I:  Characteristics of Mayak PA worker registry (as of December 31, 2000) 

 Year of hire 
Parameter
 1948-1958 1959-1972 Total 

Number of workers 12,549 6,284 18,833 
 Males 8,953 5,122 14,075 
 Females 3,596 1,162 4,758 
Mean cumulative -radiation dose for workers 
with available individual film badge data (Gy) 1.19 0.18 0.87 
Mean Pu body burden for workers  
with available bioassays (kBq) 2.86 0.50 1.89 

144



As of December 31, 2000, vital status is known for 90% of the workers included in the cohort. Data of 
individual film badge monitoring for external radiation are available for 83.2% of workers. The 
remaining individuals were employed at workplaces where individual monitoring for external 
radiation exposure was not required in accordance with work environment and radiation safety 
regulations. As seen from Table I, the mean external dose to workers in the cohort was 0.87 Gy, 
although the distribution was not normal. The highest levels of gamma radiation were observed in 
radiochemical plant workers. 

Among workers who were at risk of Pu exposure, estimates of Pu body burden from life-time bioassay 
measurements of Pu in naturally excreted urine are available for 5,740 persons (40% of total number 
of cohort members employed at radiochemical and chemico-metallurgical plants). However, it should 
be noted that the bioassay sampling was not random, since workers at higher potential risk of exposure 
to Pu were top priority to be included in the program. A total of 4,488 individuals have Pu body 
burdens above the detection limit of the measurement method used (0.26 kBq in compliance with 
standard urinalysis procedures for Mayak PA workers). The mean Pu body burden in the cohort was 
1.89 kBq with maximum of 202 kBq. The highest Pu burdens, as well as committed -radiation doses 
to major organs of radionuclide deposition, occurred among workers at chemico-metallurgical plant. 

Retrospective analyses of clinico-radiological and functional characteristics in workers at 
radiochemical and chemico-metallurgical plants, comprising the group of patients with verified 
clinical diagnosis of plutonium pneumosclerosis over the 45-year course of clinical follow-up, was 
performed. The distinctive feature of plutonium pneumosclerosis is the predominant growth of 
connective tissue in the alveolar septa resulting in the impairment of ventilation function of the lung 
according to restrictive lung disease pattern, with degree of manifestation depending on absorbed 
alpha radiation lung dose.  This group also included workers with the diagnosis of “pneumosclerosis 
of mixed aetiology” implying that additional factors like dusts, chronic bronchitis etc. played a role in 
developing fibrosis [9, 10]. 

The distribution of Pu activity in specific anatomic compartments of the lung was measured by 
autoradiography. Twenty four lung specimens of deceased Mayak PA workers were selected for this 
purpose from the Russian Human Radiobiology Tissue Repository maintained at SUBI. The approach 
to analyse these lung samples used conventional quantitative alpha-particle autoradiography 
complemented with stereological sampling and analysis techniques. Methods used for the Pu 
microdistribution study have been recently described by Hahn et al. [11] 

Epidemiological analyses of lung cancer mortality were done using nested case-control study design. 
The source cohort of 18,833 workers was restricted to workers initially hired at Mayak PA in 1948-
1958 with available information on levels of radiation exposure (both external and internal) and 
known smoking status. Since background mortality from lung cancer, smoking rates and radiation 
doses varied considerably in male and female workers, analyses were confined to males. Controls (4 
controls: 1 case) were matched for a year of birth (± 5 years) to eliminate changes in lung cancer 
mortality with time. Table II provides some characteristics of the male cases (239) and controls (936), 
separately for each plant. 

Relative risks in categories of absorbed lung alpha dose have been calculated by conditional logistic 
regression using the software package EPICURE (PECAN) [12]. 

3. Results 

3.1. Source term for Pu exposure 

The initial period of Mayak PA commissioning and operation (1948-1960s) was associated with an 
extremely adverse radiation environment notable for very high levels of Pu compounds dispersed in 
the air of workrooms, the absence of elementary means of respiratory protection until mid-1950s, 
along with the potential of exposure to external gamma-rays due to the presence of residual 
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contamination of the products with uranium fission fragments. Taking into account the extremely short 
time given by the government for establishing nuclear weapons in the former USSR, the main factors 
were lack of experience in operating of nuclear facilities, imperfection of technologies, 
underestimation of the potential radiation risks for humans by both management and workers, and 
neglect of radiation safety measures. Four years after Mayak PA was commissioned, levels of 
exposure to external gamma-radiation sources dropped significantly with the construction of necessary 
shielding and process refinement. But this was not the case with Pu, which constituted the main 
occupational hazard, particularly during 10-15 years after initiation of industrial Pu extraction. It 
should be noted that though monitoring for alpha-emitters in Mayak PA facilities had been initiated in 
early 1950s, clear understanding of high toxicity of Pu and the consequent need for adequate safety 
measures came only with the first deaths among Mayak PA workers associated with plutonium 
pneumosclerosis in late 1950s.  

Tab. II: Cases (A) and controls (B) separately for each Mayak PA main plant, male workers only 

Parameter Reactors Radiochemical Chemico- 
  plant metallurgical plant 

A – Cases    
Number of cases 92 77 72 
Mean absorbed lung dose from Pu (Gy) 0.00 0.24 1.56 
Mean external -radiation dose (Gy) 1.13 2.91 1.12 
Number of smokers 88 76 70 
Number of non-smokers 4 1 2 
B – Controls    
Number of controls 477 325 162 
Mean absorbed lung dose from Pu (Gy) 0 0.08 0.25 
Mean external -radiation dose (Gy) 1.00 2.27 0.63 
Number of smokers 340 244 122 
Number of non-smokers 137 81 40 

The concentrations of alpha active aerosols in the air of industrial premises at the two divisions of old 
chemico-metallurgical facility (operated in 1949-1971) from studies of SUBI Radiation Hygiene 
Department are shown in Figure 1. Annual average alpha active aerosol concentrations have been 
reduced to current Russian regulatory permissible level for concentration of relatively soluble 239Pu 
compounds of  0.03 Bq/m3 that was established in 1976 [13].  

Alpha-active aerosols were present in the air of workrooms in the form of vapour, fume or dust. The 
reasons of high air contamination with alpha-active aerosols during the early years of Mayak PA 
operation were the low automation and mechanization of processes, resulting in a large percentage of 
manual operations, repairs, and emergency work. Additionally the ventilation system for the 
workrooms was ineffective. Only in early 1950s did control of many processes become remote. A 
three-zone facility layout, which would ensure that access to process equipment was limited to special 
repairs zone, was lacking.  This contributed to alpha-activity spreading practically throughout the 
facilities. Consequently workrooms, building units, equipment, clothes, footwear and hands were 
contaminated and became in turn secondary sources for intake of industrial plutonium compounds. 

The most important factor for high plutonium intake was the absence of elementary respiratory 
protective devices until 1958, when respirators were universally implemented at major Mayak PA 
workplaces. Nominal protective efficiency of the respirator provided their proper use is 99.5% at air 
concentrations not exceeding 200 permissible levels. There are some indications that it could be lower 
at higher concentrations and taking into account the fact that in practice cases of respirator 
misapplication and loose fitting occurred.   
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Fig. 1: Time history of alpha-active aerosol concentration in the air of workrooms at the two major 
divisions of Mayak chemico-metallurgical plant: chemical division (full line with squares) and 
metallurgical division (dotted line with triangles). Fine dotted line shows the year (1958), when 
respirators were universally introduced at Mayak PA. 

Thus, the period of highest Pu exposures to Mayak PA workers, which was associated with both high 
levels of alpha-active aerosols in the air of the facilities and an absence of elementary means of 
respiratory protection, was from 1948/1949 (radiochemical plant started uranium reprocessing in 
December, 1948; chemico-metallurgical plant received the first product in February, 1949) until 1958. 
However, only in mid-1960s was the situation with airborne Pu considered to be improved. In the 
early 1970s, when a modern chemico-metallurgical facility was put into operation, a system of reliable 
radiation safety measures was implemented. From that time on, under conditions of routine work 
process, there was practically no possibility of Pu inhalation above permissible levels. Regarding the 
radiochemical plant, the commissioning of the stand-by plant provided a safer process for plutonium 
extraction in early 1960s, overcoming the many shortcomings of the first uranium reprocessing 
facility. 

3.2. Plutonium pneumosclerosis in Mayak PA workers 

Retrospective clinical analysis in the course of 45 years of follow-up has confirmed that individuals 
exposed to high doses of internally deposited Pu develop pronounced fibrotic lesions in the lungs or 
plutonium pneumosclerosis (PPn) [9, 10]. 

In the cohort of Mayak PA workers 121 cases of PPn (65 males and 56 females) have been verified. 
The mean absorbed Pu lung dose in this group amounted to 4.02 ± 0.52 Gy, while the median lung 
dose was 2.19 Gy (see Table III). 

Tab. III:  Absorbed doses of internal radiation from incorporated plutonium-239 and external gamma-
radiation in workers diagnosed with plutonium pneumosclerosis 

Dose Mean ± SE Median Range 

Absorbed internal radiation dose from Pu (Gy) 4.02±0.52 2.19 0.05 – 28.61 
Absorbed external gamma-radiation dose (Gy) 0.93±0.14 0.60 0.00 – 13.25 
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Basic symptoms of the disease are given in Table IV. The predominant location of fibrotic lesions in 
the upper regions of the lung, typical for PPn, is associated with nonuniform pulmonary distribution of 
Pu due to slower lymph flow in these regions. Development of sclerotic lesions in pulmonary tissue 
leads to a disorder of ventilation function of the lung, consistent with the patterns for restrictive lung 
disease with various degrees of severity. At histological examination, morphologic characteristics of 
radiation fibrosis associated with predominant sclerosis of alveolar septa were ascertained. The 
process of pneumosclerosis development directly involves the main cellular components of gas-blood 
barrier, with the destruction of capillary endothelium playing a key role in its damage. 

Tab. IV: Basic symptoms and signs of plutonium pneumosclerosis 

Symptoms 
Dry cough 
Asthenia
Fatigue

Signs
Dyspnoea 
Tachycardia 
Pulmonary ventilation function disorder 
Lesions at X-ray examination (fibrosis) 
Cardiopulmonary decompensation (in the most severe cases) 

Preliminary results of the case-control study using logistic regression (data not shown) also indicate 
that relatively high absorbed lung dose from internally deposited Pu is required to induce plutonium 
pneumosclerosis (0.54 Gy with 50% probability). 

3.3. Pu microdistribution in the lungs of Mayak PA workers 

To describe adequately the health effects from inhaled Pu, the nonuniformity of Pu microdistribution 
in the lung should be considered. Pu microdistribution was quantified in 24 lungs from deceased 
Mayak PA workers. This group of workers (19 males and 5 females) was hired at Mayak PA between 
1948 and 1957, i.e., during the period of the most unfavourable exposure conditions, and was 
employed at workplaces associated with a significantly elevated risk of Pu exposures for a median of 8 
years. Pu body burdens measured at death by radiochemistry ranged from 0.73 to 118 kBq with a 
median of 9.0 kBq. Post-mortem Pu lung contents varied from 0.10 to 3.95 kBq with a median of 0.46 
kBq. Variability of the relative lung contents at death (1.3-57.7%) could be explained, at least 
partially, by different physicochemical properties of the inhaled Pu aerosols at different Mayak PA 
workplaces. For example, workers at radiochemical plant were primarily exposed to Pu nitrates while 
workers employed at chemico-metallurgical plant were generally exposed to Pu oxides and metal [14].  

All females in the group were non-smokers, and all males were smokers. They died at a median age of 
56 years, with cardiovascular disease being predominant cause of death. Workers were selected to 
exclude cases of significant pulmonary disease, primarily lung cancer. Three workers with the highest 
Pu burdens (> 95 kBq) in the group were females hired at chemico-metallurgical plant in the first 5 
years of its operation. Two of them died of liver hemangiosarcoma, which has been proven to be 
related to Pu exposure [15]. 

The fractions of the total number of Pu particles and total Pu activity in the preselected normal and 
diseased lung compartments are shown in Figure 2 for the average of all 24 cases. For comparison, 
average volumes of the respective compartments as a percentage of total lung volume are also 
presented.
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Fig. 2:  Fraction of total lung volume (white bars), total number of Pu particles in the lung (bars with 
diagonal hatch), and total lung activity in Pu particles (dark bars) in eight preselected anatomical 
compartments of the organ (average for all 24 workers).  

As seen from Figure 2, the major portions of Pu particles and its associated activity in the lung were 
present in parenchyma (41% of Pu activity) representing alveolar-interstitial region and two scar 
compartments (in total 44% of Pu activity).  These latter two compartments represent pulmonary 
sclerosis locations. Using the data presented the concentration of Pu activity in a volume unit was 
calculated for each anatomical compartment of the lung. The highest Pu concentration, which is 
proportional to the local alpha dose rate assuming equal density of the compartments in the lung, was 
observed in the scar compartments and lymphoid tissue. Pu activity concentration in sclerotic lesions 
of parenchyma (parenchymal scar) was one order of magnitude higher than in the non-diseased area of 
this region. Concentration of Pu activity in parenchyma was higher than in the region of larger airways 
(bronchovascular tissue), but lower than in conducting bronchioles. It was concluded that Pu 
microdistribution was highly nonuniform, which is consistent with observations in experimental 
animals [e.g. 16]. 

The data demonstrate that at death, which occurred on average decades after cessation of occupational 
exposure to airborne Pu, a significant portion of Pu is retained in parenchyma that was regarded as 
normal. Light microscopic examination did not detect any visible lesions in the gas-blood exchange 
area. This indicates a much longer retention of this radionuclide in the alveolar-interstitial region 
compared with the default predictions of ICRP Publication 66 Human Respiratory Tract Model [17]. 

The compartments of parenchymal and non-parenchymal scars were particularly important because 
they accumulated a large fraction of Pu particles. The parenchymal scars were focal thickenings of the 
alveolar septa with fibrous tissue. In cases of diffuse fibrosis of the alveolar septa, this corresponded to 
the histological pattern of plutonium pneumosclerosis [3]. So it is most likely that the parenchymal 
scarring is induced by plutonium, which is consistent with animal studies [e.g. 18]. The non-
parenchymal scars were probably related to the accumulation of Pu particles in the lymphoid tissues 
adjacent to the airways with killing of lymphoid cells and subsequent fibrosis. However, in these scars 
black particles of carbon or brown particles of cigarette smoke or coal dust were frequently observed 
in these sclerotic intrapulmonary lymph nodes. This might suggest that induction of these scars could 
not be totally ascribed to Pu. 
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It can be speculated that sequestration of a large amount of Pu particles in scars would greatly reduce 
the radiation exposure of the critical target cells and tissues for lung cancer. On the other hand, some 
animal studies indicate that there may be a role of fibrosis in radiation-induced lung cancer. The 
aggregation of particles, particularly around the bronchioles, with subsequent inflammation and 
fibrosis promoted lung tumour formation in rats [18]. Tokarskaya et al. [19] in a study on lung cancer 
incidence in Mayak PA worker population ranked PPn second among 11 risk factors for lung cancer 
after smoking. In the Pu microdistribution study, in two of 24 Mayak worker lungs, epithelial 
hyperplasia, which is believed to be precursor for lung cancer, was observed around pronouncedly 
thickened alveolar septa. A better understanding of the pulmonary scarring in Mayak PA workers 
population is necessary to obtain more biologically significant dose estimates for Mayak PA worker 
population from one side and to improve our knowledge on Pu-induced carcinogenesis. 

3.4. Lung cancer mortality in Mayak PA worker cohort 

It is evident that the gravest late health effect of Pu inhalation is lung cancer. In the cohort of Mayak 
PA workers 7,315 subjects died (as of December 31, 2000), including 592 deaths from lung cancer 
(532 males and 60 females). 

Relative risks in the subcohort of males hired at Mayak PA in 1948-1958 were computed in categories 
of -radiation lung dose, with the adjustment for smoking and cumulative external -radiation dose. 
The total number of cases and controls and the fraction of smokers in each category are given in 
Table V. Table VI summarizes the estimated relative risks and the 95% confidence intervals. It should 
be noted that the relative risk of lung cancer adjusted for smoking and gamma dose is significantly 
increased at absorbed -radiation dose to lung in the range 0.2-0.5 Gy and higher. The relative risk of 
lung cancer in smokers was estimated as 14.6, which is in good agreement with the results obtained in 
other studies [20, 21]. External -irradiation was not clearly related to lung cancer risk as was Pu 
exposure or smoking, although in the two of six categories of external irradiation the relative risk was 
significant.

Tab. V: Number and fraction of smokers for cases and controls by -radiation lung dose categories 

Lung dose from Pu (Gy) Cases Smokers (cases) Controls Smokers (controls) 

0 - < 0.05 142 138 754 549 
0.05 - < 0.2 23 23 139 99 
0.2 - < 0.5 22 21 42 35 
0.5 - < 1.0 12 12 17 14 
1.0 - < 2.5 19 18 7 5 
2.5 ++ 23 22 5 4 

Tab. VI: Relative risk of lung cancer by -radiation lung dose categories and smoking, adjusted for 
external irradiation 

Categories (lung dose (Gy)/smoking) Mean lung dose (Gy) Relative risk adjusted 95% CI 

0 - < 0.05 0.006 1.0  
0.05 - < 0.2 0.100 0.66 0.22 – 1.38 
0.2 - < 0.5 0.34 3.53 1.73 – 7.17 
0.5 - < 1.0 0.76 3.70 1.24 – 9.79 
1.0 - < 2.5 1.38 26.5 8.65 – 100.3 
2.5 ++ 3.48 45.3 14.0 – 198.1 
Non-smokers  1.0  
Smokers  14.6 6.74 – 38.7 
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1. Introduction 

Lung cancer due to inhalation of plutonium at the working place is a potential occupational health 
hazard. From worker studies in the US and in Western Europe, only limited information has been 
obtained on this hazard [1-4], from studies of workers of the Mayak Production Association in 
Southern Urals in the Russian Federation, however, significant results have been reported and 
quantitative estimates of risk per dose have been made. 

The risk estimation of radiation induced lung cancer mortality among Mayak workers has been the 
topic of several analyses. In a first cohort study [5], lung cancer mortality was significantly associated 
with the lung dose due to incorporated plutonium. For lung doses below 30 Sv, the dose response was 
compatible with a linear non-threshold function. In more recent analyses [6, 7] of extended cohorts 
with longer follow-up, smoking information was taken into account. The excess relative risk per unit 
dose due to the alpha radiation of male workers was estimated to about 4 Gy-1.

The previous analyses of lung cancer mortality among Mayak workers assumed risk models that were 
multiplicative in relative risks due to smoking and radiation, either explicitly or implicitly by not 
taking smoking information into account. The BEIR VI committee, however, found for uranium 
miners an indication for a sub-multiplicative action of smoking and radon exposure on lung cancer 
mortality [8]. Also, the previous analyses assumed that after a lag time the excess relative risk does not 
depend on time after exposure. Again this is in contrast to what was found for uranium miners: BEIR 
VI found a decrease of excess relative risk with time after exposure. The exposure of Mayak workers 
and of miners differs in so far, as Mayak workers were exposed to plutonium, and miners to radon. 
Nevertheless, both exposures have in common that lung tissues are exposed to alpha radiation. It is 
therefore of interest to analyse the Mayak worker data with models that are not multiplicative in the 
relative risks due to smoking and radiation and that allow for variations of the risk with time after 
exposure.

In the present paper, lung cancer mortality in the Mayak worker cohort is analysed with the TSCE 
model of carcinogenesis [9, 10]. Model versions are analysed, in which the interaction of smoking and 
radiation is multiplicative or sub-multiplicative in relative risk. Radiation and smoking were allowed 
to act on different model parameters, resulting in various patterns of excess relative risk on time after 
exposure.

2. Methods and Materials 

Mayak Worker Cohort for lung cancer mortality 

All workers were exposed to gamma and less to neutron radiation. The annual external dose estimates 
are based on original records of film-badge monitoring data, corrected for the energy dependence of 
the sensitivity of the film badges [11]. Average annual doses of external gamma radiation were about 
1 Gy in the period 1949-51, and decreased to about 0.1 Gy in the late 50ies and to about 0.01 Gy in the 
early 70ies. Neutron doses, Hp(10), were estimated with the help of relations between neutron dose 
and gamma dose that were specific for different work areas. ICRP60 radiation weighting factors were 
used [12]. Neutron doses were considerably smaller than gamma doses. Numerical values of both 
radiation types were added to obtain external doses in Sv.  
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The workers in the radiochemical and plutonium production plants were exposed by incorporated -
emitters, mainly due to inhalation of plutonium (239Pu) compounds. Internal doses received by workers 
in the radiochemical plant were due to the inhalation of plutonium nitrate, and those received by 
workers in the plutonium production plant mostly due to the less soluble plutonium dioxide. A 
systematic program for monitoring plutonium exposures of Mayak workers began in 1970. The 
assessment of the plutonium doses is based on measurements of -activity in urine samples. Body 
burden and annual lung dose are estimated retrospectively for every year since hiring using a 
biokinetic model for the estimation of the accumulation of plutonium in the lung [13]. In order to 
make the internal doses comparable to the external dose, a radiation weighting factor of 20 was 
assumed for plutonium. 

Lung cancer mortality among 5058 male workers of the Mayak Production Association has been 
analysed with two-step clonal expansion (TSCE) model of carcinogenesis. The cohort consists of all 
Mayak workers with known smoking status, who were employed in the period 1948-72, and who 
either had the plutonium concentration in urine measured or who worked in the reactors, where 
plutonium exposure was negligible. Those who died during the first two years after the first urine 
sampling were excluded. The follow up extended until the end of 1998. During this time, 2176 
workers died, including 244 lung cancer cases. The vital status is known for 4788 (95 %) of the 
workers.

The smoking rate was about 73% in all of the three plants. The highest contribution of lung cancer to 
all death (14.3 %) was found among workers in the plutonium production plant, who also received the 
highest plutonium doses (in average 8.7 Sv). Their external dose, however, was relatively small (in 
average 0.3 Sv). The highest external exposures occurred among the workers of the radiochemical 
plant with a mean value of 1.4 Sv. The cohort included 128 reactor workers, who also worked at other 
work places, where there was a potential of exposure to plutonium. Their average internal lung dose 
was 0.3 Sv, with a 95% range of 0.0-2.7 Sv. In general, there is no correlation between the internal and 
the external dose in the cohort 

TSCE model 

In the TSCE model, there is a pool of Ns susceptible cells, which can be initiated to become 
intermediate cells in the process of carcinogenesis. Such a initiation may consist of several mutations 
or epigenetic events, which are lumped together in the model to one step with an effective initiation 
rate (t), where t is the age of the worker. The intermediate cells divide with a rate of (t) and 
differentiate or are inactivated at a rate of (t). A primary intermediate cell together with its daughter 
cells forms a clone of intermediate cells, i.e., a preneoplastic lesion. The process of clonal growth of 
intermediate cells is called promotion. In the model, intermediate cells mutate with the transformation 
rate µ(t) to malignant cells. Once a malignant cell is produced, it is assumed to lead within a given 
time (tlag) to death. A rigorous solution of the TSCE model with piecewise constant parameters has 
been given by Moolgavkar and Luebeck [14]. 

The model solution is expressed in terms of the following parameters combinations 

sNX
     (1)

q = 2/)4( 2

µ.

The parameters q and µ were found to be relatively independent of smoking status and radiation 
exposure. Therefore, exposure dependencies of X and  were tested to find the preferred model. 
Maximum-likelihood techniques were used to determine the model parameters. 
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3. Results 

The preferred TSCE model has the following dependencies of X and :

))1900(1()1( ,0 byXdXXX byjextextj   (2) 

)]})/exp((1[1{ int,int0 jlevlevsmj ds ,

where dext,j and dint,j are the external and internal dose at age j, by is the birth year, s is equal to 1 for a 
smoker and 0 otherwise, and X0, Xext, Xby, 0, sm, lev and int are fit parameters. 

Allowing for a birth-year dependence of the parameter X improved the fit significantly. In the model, 
the birth-year dependent factor in X applies directly to the lung cancer mortality rate. In order to derive 
the total birth-year dependence, the frequency of smokers in a birth-year cohort has to be taken into 
account, because smoking influences drastically the mortality rate. In the preferred model, smoking 
affects the promotion rate . The data set has not enough statistical power to separate an effect of 
smoking on the parameter X, i.e. on the initiation rate, transformation rate or the number of susceptible 
cells. Similarly, there is not enough power to separate an effect of the alpha radiation on these model 
parameters. 

The excess relative risk per lung dose is in the preferred model 0.12 (95% CI: 0.08; 0.17) Sv-1. This 
risk estimate is significantly lower than the risk estimates in previously published analyses with 
conventional relative risk models [7-9]. 

According to the preferred TSCE model, most of the lung cancer deaths are found to be due to 
smoking. The second main factor is the interaction of smoking and internal radiation. This is in 
accordance with previously published analyses with conventional relative risk models. 

The preferred TSCE model is sub-multiplicative in relative risks due to smoking and radiation. A 
multiplicative TSCE model version with a dominant action of the alpha radiation on the model 
parameter X reproduced the risk estimates of the previous analyses with excess relative risk models. 
However, the multiplicative model fits the data less well as the preferred TSCE model. 

4. Discussion 

Table I. Some main characteristics of models for lung cancer mortality after inhalation of 
radionuclides emitting alpha radiation. 

Cohort, Exposure Model Interaction of smoking and 
radiation

Dependence on time 
after exposure 

Miners, radon BEIR VI [8] Sub-multiplicative Decreasing 

Mayak workers, 
plutonium TSCE, preferred Sub-multiplicative First increasing, then 

decreasing 

Mayak workers, 
plutonium TSCE, multiplicative Multiplicative Slowly increasing 

Mayak workers, 
plutonium 

Excess relative risk [5-
7] Multiplicative Constant 
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Table I summarizes some main characteristics of models for lung cancer mortality after inhalation of 
alpha radiation emitting radionuclides. The preferred model of the present work has two main 
characteristics in common with the BEIR VI model: relative risks of smoking and radiation are sub-
multiplicative and the relative risk decreases for longer times after exposure. The excess relative risks 
models applied previously to the lung cancer mortality among the Mayak workers, however, are 
multiplicative in the risks of smoking and radiation. In these models the excess relative is constant 
after some lag time after exposure. The TSCE model version which mimics these characteristics 
results in a similar risk estimation as the excess relative risk models. Further work is needed to explore 
how the modelling of the interaction of smoking and radiation and of time dependencies of the relative 
risks influences the best estimate of the relative risks in the cohorts. 
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Plutonium Dosimetry: The Need for Collaborative Research 

A.E. Riddell 

Westlakes Research Institute, The Princess Royal Building, Moor Row, Cumbria  CA24 3LN, UK 

Abstract: Considerable advances in quantifying the extent of, and risks from, plutonium exposures 
have been made since work involving this element began more than sixty years ago. Since direct 
measurement techniques are not sensitive enough to measure routine occupational exposures to 
plutonium, systems involving biological functions/models and bioassay sampling programs to control, 
and later estimate, exposure were rapidly developed. Over time, increasingly complex biological 
models have been developed to describe the time course of plutonium in the body so that dose may be 
better estimated. There are, however, still considerable uncertainties associated with individual 
plutonium dose estimates. While occupational exposures are measured and controlled by dose, it is 
usually the health risks of exposure that concerns the individual, policy makers and the general public. 
Epidemiological studies continue to be carried out on plutonium worker populations in order to 
quantify the risks per unit dose. However, the reliability of risk estimates for studies of specific worker 
populations are limited by the size of the population and uncertainties in dose estimates for that 
population. Different methodologies are often used to derive worker doses for each epidemiological 
study and this makes direct comparison of risk estimates between studies is difficult. Similarly, 
inconsistencies in dosimetry methodology limit the possibility of increasing the power of 
epidemiological research studies by combining information for worker populations. The need for 
further international collaboration to resolve these issues, and hence to derive definitive risk estimates 
for plutonium exposure, is explored.  
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Pathology of Liver and Lung Cancer in Thorotrast Patients and Mayak Workers 

Y. Ishikawa 1, R. Machinami 2, M. Fukumoto 3, M. Kojiro 4, T. Mori 5, Y.V. Zaytseva 6,
A. Nifatov 6

1 Dept. Pathol., JFCR Cancer Institute, Tokyo 
2 Dept. Pathol., Kawakita General Hospital, Tokyo 
3 Inst. Develp Aging Cancer, Tohoku Univ., Sendai 
4 1st Dept. Pathol., Kurume Univ., Kurume 
5 2nd Dept. Pathol., Yokohama City Univ., Yokohama 
6 Southern Urals Biophysics Inst., Ozyorsk 

Abstract: Thorotrast is an X-ray contrast medium composed of thorium (Th) dioxide.  Patients with 
its injection suffered from liver cancer after long latencies because half of injected Th deposited in the 
liver.  The patients were also exposed to Rn-220, derived from systemic Th deposits. Mean alpha-
particle doses to liver and lung were 8.2 and 0.44 Gy (40 years, assumed) , respectively.  Workers 
exposed to inhaled plutonium at the Mayak nuclear facility in Russia developed lung cancers. 
Interestingly, the workers suffered also from liver cancer. Mean alpha-particle doses to liver and lung 
were 0.60 and 0.15-0.48 Gy, respectively.  Remarkably, in both the populations there was a common 
increased histology for liver cancer, angiosarcoma, which is extremely rare in the general population, 
and angiosarcoma may be an index tumor for alpha-particle liver carcinogenesis. Russian-Japanese 
reappraisal of histology is on-going for liver and lung cancers. 
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An Observation on the Clearance of Thorium Dioxide from Lung of a Miner 

X.A. Chen., H.J. Xiao, Y.E. Cheng 

National Institute for Radiological Protection, Chinese Center for Disease Control and Prevention, P.O. 

Box 8018, Beijing 100088, China, e-mail: cye1132@vip.sina.com 

Abstract: In this account we report the results of exhaled thoron activity measurements and thorium 

lung burden estimates performed on a subject during the period 1983 to 1990. Our findings are very 

interesting in that they point clearly to a very very slow turnover of part of the intake by the lung. In 

view of the rarity of such data for human subjects, except for those injected with Thorotrast, the 

investigations and results are presented in some detail. The subject was a miner in the crushing 

workshop of Baiyun Obo Iron and Rare Earth Coexistence Mine during the period 1958-1992. In 1983, 

we had found that the thorium lung burden of this subject was the highest in this mine. The follow-up 

study of his thorium lung burden before and after his leaving the dust post has been carried out since 

then. The method used to measure the exhaled thoron activity was developed from experience gained 

in 1982 at the Argonne National Laboratory in the USA. It is based on the electrostatic collection onto 

a negatively charged Mylar disk of the daughter Pb-212, 85%-88% of which is positively charged. The 

exhaled thoron activity is expressed as the activity of freely emanating radium-224 (the parent of 

radon-220), concentration measured at the subject’s mouth. A conversion factor of 3.7 Bq emanating 

radium-224 equivalent activity at the mouth to 37 Bq thorium-232 was used to estimate the thorium 

lung burden. The subjects’s exhaled thoron activity was measured using this method 15 times at 

different intervals during the period from 1983 to 1990. The relevant thorium lung estimates were also 

obtained. There were three estimates obtained before the subject left the dust post, and 15 after that 

time. By using Dr Edward G Damon’s computer program (RSI), we got the result of the fit is  

44exp(-0.693X/112)+56exp(-0.693X/2553372) 

The standard deviation of regression is 8.31792. The results indicate that 44% of the initial lung 

burden was clearing with a half-time of 112 days and 56% was clearing with a half-time 2553372 days 

(~7000 year). 
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Workplace Exposure to Materials Containing Norm in Bavaria

R. Mallick, K. Coy 

Bavarian Environmental Protection Agency, Bürgermeister-Ulrich-Straße 160, 86179 Augsburg, 
Germany, e-mail: ronzon.mallick@lfu.bayern.de 

Abstract: The German Radiation Protection Ordinance regulates the assessment of effective doses at 
workplaces using thoriated tungsten welding rods, thoriated incandescent gas mantles or thorium 
alloys. This study identifies users of the above mentioned products in Bavaria and assesses effective 
doses at these workplaces. Besides these regulated  workplaces further exposures in the non-nuclear 
industry involving naturally occuring radioactive materials (NORM) were investigated.
Only a few companies handling the mentioned products could be identified and the total effective 
doses at these workplaces are in the range between 62 µSv/a and 3.0 mSv/a. Further workplaces like 
the refractory materials industry, coal fired power stations and Bavarian quarries involving granite, 
feldspar and kaolin show total effective doses to workers of 2 to maximum 500 µSv/a.  

1. Introduction 

The German Radiation Protection Ordinance as amended and implemented in 2001 constrains the 
effective doses to workers in workplaces involving the processing or use of thoriated tungsten welding 
rods, thoriated incandescent gas mantles and thoriated alloys to 6 mSv/a as intervention level and 20 
mSv/a as dose limit [1]. In a research project the Bavarian Environmental Protection Agency 
identified industries in Bavaria working with these materials and assessed the effective doses thereof.  
Besides these designated workplaces other activities in the non-nuclear industry involving NORM, 
e.g. refractory material industry (zirconium oxide), coal fired power stations (fly ash) and quarries 
involving granites, feldspar and kaolin were examined. The dose limits for occupationally exposed 
persons are as above; for individuals of the public exposure e.g. caused by the disposal of wastes must 
not exceed 1 mSv/a [1].  

2. Workplaces and effective doses 

Workplaces using thoriated tungsten welding rods 

In Bavaria only few welders could be found still using thoriated welding rods. The majority of the 
metal industry has changed to non radioactive electrodes over the last years. Two workplaces using 
thoriated welding electrodes were investigated in two ways: the annual effective doses were calculated 
using occupancy data of AC, DC welding and grinding of electrodes obtained from the companies by 
means of questionnaires and exposure data published by the “Vereinigung der Metall-
Berufsgenossenschaften” [BGI 746, 2]. The results are presented in Table I. In addition aerosol 
samples were taken by means of personal and high-volume air samplers [Figure 1] prior to the 
gamma-spectroscopic evaluation of the filters. Workplace air activity concentrations and 
corresponding doses are presented in Table II for company 3 of Table I. The second company 5 has 
changed to none thoriated electrodes a short time before the measurement. 

The calculated effective doses for using thoriated welding rods are in the range of 0.02 - 0.49 mSv/a. 
The thorium air activity concentrations received by the high-volume air samplers are in the range of 
2.1 to 2.9 mBq/m³. The effective dose obtained with these air activity concentrations are about 62 
µSv/a and compares well with the calculated dose for this company of 99 µSv/a. The analysis of the 
filter of the personal air sampler worn by the welder yielded a thorium air activity concentration of 0.8 
mBq/m³ and an effective dose of up to 50 µSv/a. The effective doses are calculated with a welding 
time of 200 h/a DC welding and grinding of 30 electrodes per year. 
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While dose assessments carried out by the Bavarian Environmental Protection Agency by means of 
faeces and urine analyses of about 30 welders in 2000 yielded effective doses in the range of 0.7 - 
7.6 mSv/a [3], the studies performed more recently resulted in doses below 1 mSv/a presumably due to 
the lower welding time and grinding of only a few electrodes. 

Tab. I:  Effective doses calculated with data of the BGI 746 

Company Calculated Exposure [mSv/a] 
Welding Grinding Total 

DC     AC   
1 0.011 0.185 0.044 0.240 

2 0.008 0.109 0.087 0.204 

3 0.012 — 0.087 0.099 
4 0.009 — 0.058 0.067 

5 0.030 0.420 0.035 0.485 

6 0.008 0.109 0.029 0.146 

7 0.008 0.109 0.029 0.146 

8 0.008 — 0.015 0.023 

Fig. 1: Personal and hi-vol air samplers used for the measurement of air activity concentrations in 
welding workplaces 
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Tab. II: Specific activities in a welding rod and a swarf sample and the total effective dose in welding 
company 3

Sample Specific Activity [Bq/kg] 
Ac-228 Ra-224 Pb-212 Bi-212 

welding rod (WT4) 14.500 11.100 10.500 14.000 

swarf (company 3) 3.300 4.190 4.050 4.840 

Welding Company 3 Th-232 Air Activity Concentrations [mBq/m³] 
Welding Grinding Total 

high volume air sampler 
personal air sampler 

2.30
0.77

2.78
—

Effective Dose [mSv/a] 
high volume air sampler 
personal air sampler 

0.020 
0.007 

0.025 to 0.042 
0.062 
0.049 

Workplaces using thoriated gas mantles 

Usage of gas mantles, manufactured in Germany by one producer only, is limited to camping gas 
lanterns and street illuminations. Here, apart from a few individual installations, gas lights with
(thoriated) gas mantles are used to a larger extent only in “Old Town” streets. In Bavaria only one 
minor demonstration object is known.  
Table III lists specific activities of radionuclides of some gas mantles for camping lanterns used in the 
past.

Tab. III: Specific activitiesof different gas mantles and the effective doses received  by handling of gas 
mantles

Sample Specific Activity [Bq/kg] 
Ac-228 Ra-224 Pb-212 Bi-212 

gas mantle 1 1871 2106 1832 1615 

gas mantle 2    643    608    622    580 

gas mantle 3    797    903    869    774 

gas mantle 4    485    345    318    319 

Street Lighting Company Effective Dose [mSv/change] 
external internal total [mSv/a] 

 storage box 
(15 cm) 

replacement
(wipe test) 

40 gas mantles/employee 

 < 0.0001 0.04 1.6

In Table III the effective doses near the storage boxes and the results of a wipe test are listed, too. The 
local dose rate at the surface of the storage boxes is in the range of 0.4 - 0.8 µSv/h depending on the 
amount of gas mantles in the box. The wipe test showed a surface contamination at the socket of the 
gas mantles of 1.7 Bq/cm² (total alpha) and up to 39 Bq release during the initial burning. As the spent 
gas mantles are very fragile, dust can be inhaled during replacement (total activity up to 2000 Bq per 
gas mantle). The worst case inhaled fraction of the total activity is 2 Bq per change (1 per mill) 
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resulting in an effective dose of 0.04 mSv per change. 40 gas mantles are replaced by one employee 
per year in this company. He receives an effective dose of 1.6 mSv/a. 
Today gas mantles for camping equipment work equally well with non radioactive additives like 
yttrium. 

Workplaces in the thorium processing industry 

The manufacture of thoriated tungsten alloys for various applications has been optimised considerably 
by protection measures over the last years. Table IV shows the maximum exposures received 
according to the regular monitoring programmes.  

Tab. IV: Effective doses at workplaces with thoriated alloys.  

Effective Dose Company Th-232 Air Activity 
Concentrations [Bq/m³] External [µSv/h] Total [mSv/a]

1 2 - 1700 0.07 – 13.0 1.0 - 1.8 
2 70 — 1.8 - 3.0 

Refractory Materials Industry 

Since zirconium oxide is used in the production of fire resistant materials (e.g. furnace linings, 
laboratory ceramics, foundry moulds), processing and use of these material may cause exposure to 
radiations from uranium and thorium isotopes as natural constituent of zirconium minerals. Because of 
its high price, however, most iron foundries in Bavaria are using pit-iron sand instead of zirconium. 
The concentration of these nuclides in some zirconium oxides and fire resistant materials are listed in 
Table V. Exposure of workers involved in the manufacture of refractory material amounted to annual 
effective doses of max. 1.7 µSv/a consisting of 0.3 µSv/a external dose (due to the storage of 
zirconium oxide) and up to 1.4 µSv/a internal dose (due to opening the storage bags and inhaling the 
zirconium dust). The company examined uses zirconium oxide only once a year. 

Coal fired power stations 

In Bavaria seven power stations are operated with coal and materials like fly ash and boiler slag were 
accumulated. The specific activities of the radionuclides are in the range of 30 to 300 Bq/kg for the fly 
ash and of 30 to 200 Bq/kg for the boiler slag. The effective dose by inhalation of fly ash was 
estimated up to max. 0.28 mSv/a (see Table V). 

Granite, kaolin and feldspar mining and processing 

Dust, sludge and granite samples from different granite quarries in the east-bavarian mountains like 
the “Fichtelgebirge”, “Oberpfälzer Wald” and “Bayerischer Wald” were analysed for their specific 
radionuclide activities. Exposures of quarry workers due to inhalation of these dusts (30 to 130 Bq/kg) 
resulted in maximum doses of 0.3 mSv/a. Figures 2 and 3 show the radionuclide distribution of some 
granite and dust samples. 

Doses to workers in the kaolin and feldspar mining may range from 0.4 to 0.7 mSv/a. The activity 
concentrations of both Uranium-238 and Thorium-232 decay series in feldspar dusts are about 30 to 
500 Bq/kg each. Figure 4 shows the radionuclide distribution of some feldspar dust samples.  

In Table V the specific activities and resulting effective doses of the above mentioned workplaces in 
the refractory industry, power stations and quarries are presented. 
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Fig. 2: Specific activities of some granite samples in Bavaria; OW = “Oberpfälzer Wald”, BW = 
“Bayerischer Wald” and FG = “Fichtelgebirge”; A - S = different companies 

Fig. 3: Specific activities of some granite dust samples in Bavaria; OW = “Oberpfälzer Wald”, BW = 
“Bayerischer Wald” and FG = “Fichtelgebirge”; A - S = different companies 
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Fig. 4: Specific activities of some feldspar dust samples in Bavaria; mv = mean value; a - c = different 
companies

Table V: Specific activities of NORM; the effective doses are calculated using dust concentrations 
measured on site

Sample Specific Activity [Bq/kg] Effective Dose [mSv/a] 
Ra-226 Th-232 K-40 external internal total 

Granite, Kaolin and Feldspar Mining and Processing  
granite dust       

   Bayerischer Wald    30-120 40-110 900-1400 0.08-0.15 0.003-0.10 0.25 

   Oberpfälzer Wald 130 70 1.200 0.2-0.3 — 0.30 

   Fichtelgebirge 40-110 60-80 1130-1280 0.2-0.3 0.0005 0.30 

kaolin and feldspar dust 240-480 30-430 1260-1520 0.12-0.23 0.17-0.29 0.52 

Coal Fired Power Stations 
fly ash 75-240 20-150 60-980 0.03-0.08 0.002-0.277 0.36 

boiler slag 50-260 20-110 105-730 0.03-0.08 — — 

Refractory Materials Industry 
   Effective Dose [µSv/a] 

zirconium oxide 4100-8300 410-480 20 0.26-0.28 1.4 1.68 

abrasive slurry 1-460 1-120 20-30 — — — 
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3. Conclusion 

Investigations on different workplaces in the non-nuclear industry involving NORM and regulated by 
the German Radiation Protection Ordinance have shown that occupational exposures to radiations 
from NORM in Bavarian industries do not exceed the dose limit of 20 mSv/a, or even the intervention 
level of 6 mSv/a. As a matter of fact nearly all workplaces could be kept within 1 mSv/a, the dose 
limit for individuals of the public. Excessive doses, however, are possibly received due to higher 
occupancies involving thoriated welding rods or thoriated gas mantles. 
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Use of Encapsulated DTPA, an Effective Strategy for Plutonium Decorporation in Rats 

B. Le Gall 1, G. Phan 2, G. Grillon 1, E. Rouit 1, H. Benech 2, J.R. Deverre 2

1 Laboratoire de Radiotoxicologie CEA-DSV-DRR-SRCA, BP 12, 91680 Bruyères le Châtel, France 
2 Service de Pharmacologie et d’Immunologie CEA-DSV-DRM, 91191 Gif sur Yvette, France 

Abstract: After systemic administration plutonium is mainly retained in liver and in skeleton. 
Diethylenetriamine pentaacetic acid (DTPA) is the only molecule available to date to decorporate 
plutonium in contaminated individuals. However, its efficacy is limited due to its limited distribution 
in blood and biological fluids. To optimise its efficacy, an administration early after contamination 
and/or repeated injections are recommended. In a recent study we have shown that encapsulation of 
DTPA in conventional and long circulating (stealth) liposomes could increase the half-life of the 
chelate in biological fluids as compared to free DTPA. In addition these formulations allowed the 
penetration of in the liver and prevent the subsequent Pu deposition in bone [1].  
A complementary approach consist in decreasing liposome diameter to improve the accessibility of 
DTPA to the different liver cellular compartments. For this purpose, we formulated multilamellar 
liposomes (diameter about 1µm and polydisperse) and liposomes of 100nm. Rats were intravenously 
injected with 238Pu-phytate, a colloidal form of Pu mainly retained in liver (both in hepatocytes and in 
Kupffer cells). One hour after Pu administration, rats were treated by a single injection of free DTPA, 
multilamellar liposomes with DTPA or DTPA encapsulated in 100nm liposomes. Pu content was 
determined in excreta and the main retention organs up to 2 weeks post-injection.  
Both types of liposomes containing DTPA were more efficient to decorporate Pu than the free 
molecule although the DTPA dosages in liposomes were 3 or 5 times lower. Treatment with free 
DTPA enhance the Pu urinary excretion but does not modify the Pu faecal excretion as compared to 
untreated rats. However, we observed a decrease in Pu faecal excretion, after liposomes administration 
which is associated with a large increase in the Pu amount in urine. Furthermore, the 100nm liposomes 
lead to significant decrease in the Pu liver retention as compared to untreated rats. Multilamellar and 
100nm liposomes prevented the Pu bone deposition. 
The new therapeutic strategy used in this study could be efficiently used in contaminated patients to 
avoid long term retention of Pu in the body and the subsequent deleterious consequences.
[1] G. Phan et al, 2004, Targeting of DTPA encapsulated in liposomes to rat liver: an effective strategy 
to prevent deposition and increase urine elimination of plutonium in rats. Int. J. Radiat. Biol., vol. 80, 
no. 6, 413-422. 
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The Influence of the Th-232 Ingestion to the Excretion Rates with Feaces and Urine 
after Welding with Thoriated Electrodes 
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1 Department of Safety and Radiation Protection, Forschungszentrum Juelich, Leo-Brandt-Straße 1, D-
52425 Jülich, Germany, e-mail: p.ostapczuk@fz-juelich.de
2 Bepartment of Safety-Engineering, Bergische University of Wuppertal, Gauss-Straße 20, D-42097 
Wuppertal, Germany 

Abstract: Faeces and urine samples from one TIG welder with 30 years welding experience with 
thoriated electrodes (test person, TP) and one control person (CP), both working in the same factory 
were collected quantitatively in two survey phases. In the first phase with 5 days the test person was 
working with thoriated electrodes. The second phase without any welding activity was started 7 days 
after last welding. The Th excretion rate with urine and faeces measured by alpha-spectrometry for TP 
was in phase one significant higher than for CP. In phase two no differences in the excreation rates for 
both persons were observed. Based on data collected between 1997 and 1999 from persons without 
any professional contact to thorium incorporation the “natural” excreation rate of Th-232 with urine 
and faeces due to ingestion by food was calculated. The statistical analysis of these data have 
demonstrated that the data are log-normal distributed. The calculated daily “normal” mean excreation 
rate for Th-232 with faeces was 5.6 mBq with the range from 4.0 to 7,9 mBq. The calculated value for 
urine was 0.08 mBq/day with the range from 0.05 to 0.17 mBq/day. Therefore in faeces a 
concentration of Th-232 higher than 7.9 mBq/day will be found, than with 50% probability exist an 
elevated incorporation by inhalation or ingestion of Th-232. Below this value one has to assume that 
the Th-232 content is caused by natural ingestion. Here also some regional changes are possible. 
In case of urine due to problems with the chemical blank the mean value of 0.08 mBq/day is probably 
too high. New investigations will be done to verify the “normal” excreation rate of Th-323 with urine. 
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Cancer Dose-Response Analysis of the Radium Dial Workers 

D.G. Hoel, B.A. Carnes 
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e-mail: hoel@musc.edu 

Abstract: Bone (46 deaths) and head (19 deaths) cancers have been analyzed using Cox proportional 
hazard models with cumulative dose treated as a time dependent covariate. For bone cancers, the best 
models separate the 226Ra and 228Ra isotopes and use a single linear dose-response function with a 
threshold dose at about 9Gy. Covariates for age-at-first exposure and a tumour latency of 5 years were 
also important. Head carcinomas depend only on 226Ra, and the best-fitted dose-response function is 
linear with a threshold at about 5 Gy. For head carcinomas, the inclusion of covariates for age-at-first 
exposure and tumour latency into the model was not necessary.    

1.  Introduction 

There has been a long history of evaluation of cancers induced in the radium dial painters (see Fry for 
an overview [1]).  In a previous conference proceedings on Radium and Thorium, Rowland presented 
dose-response analyses of cohort of dial painters followed through 1990 [2]. Carnes et al. subsequently 
provided a more sophisticated analysis using time dependent models [3]. Stebbings has more recently 
summarized the health effects observed in the cohort including the specific cancers, namely head and 
bone, which are the two cancers for which risk modeling has been done [4]. 

Carnes et al. analyzed the cancer mortality of radium dial workers using hazard models with dose 
incorporated as a time dependent covariate [3]. Using a dose term that describes the accumulation of 
dose over time provided an appropriate and important departure from previous analyses based on total 
dose.  In addition, by treating the two primary radium isotopes 226Ra and 228Ra separately, they made it 
possible to incorporate information on the biological effectiveness of the individual isotopes into the 
risk models. 

The purpose of this paper is to extend and modify the analysis by Carnes et al. [3]. We shall include 
tumour latency values that provide adjustments for wasted doses. Secondly, we limit radium 
accumulation to an individual’s work years rather than assuming it accumulates for the duration of 
life.  After incorporating these two modifications, we then proceed to evaluate the shape of the cancer 
dose-response functions. 

2. Materials and methods  

Our data on dial painters came from a database developed and maintained by the Center for Human 
Radiobiology (CHR) at Argonne National Laboratory (ANL) [5].  Our study population (n=755) was 
restricted to those women first exposed to radium before 1930, and who were employed as dial 
painters [3].  Files generated from computer code developed at ANL provided yearly estimates of an 
individual's accumulating radium burden  (226Ra and 228Ra) following initial exposure. For each 
isotope, an individual's cumulative skeletal dose dt at time t was converted to dt/dT where T is the age 
at death or loss of follow-up [3]. The ratios for all individuals were pooled and then fitted to a ratio of 
Weibull functions for each isotope. Specifically, let  
                                                    F(t) = 1 – exp{ - [t/(a + bt)]

c
}                 (1) 

and estimate  a,  b and c  where  dt/dT = F(t)/F(T).  When the empirical function for each isotope is 
multiplied by the total skeletal dose received by an individual for that isotope, it permits skeletal dose 
at any time since first exposure to be estimated for that individual. Using the estimated parameter 
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values obtained by Carnes et al. one finds that dt/dT is approximately equal to t/T. In our application 
we define T to be the total time than an individual was occupationally exposed, and also assume that dt
remains constant at the value dT for all t greater than T.  This modification produces a ramp type 
function of cumulative exposure rather than the continuously increasing exposure function used by 
Carnes et al. [3].   

A proportional hazard function with dose expressed as a time dependent covariate was used for our 
analyses.  Let  (t, z(t))  be an individual's cancer mortality rate at time t since first exposure with z(t) 
depending upon cumulative dose and additional factors such as age-at-first exposure. The hazard 
model used is: 
                                                         (t, z(t))  = 0 (t) h(z(t))                        (2)   

where 0 (t) is the hazard function for the control population and h(z(t)) is the relative risk term 
containing the only parameters that are estimated in a Cox proportional hazard model.  The two 
traditional endpoints (response variables) used in the analysis of the dial painter data (i.e., death from 
or diagnosis of bone sarcoma and/or head carcinoma) were also used in this analysis (3).  All other 
causes of death were treated as censored observations. The deviance score ( i.e.  -2 log (likelihood 
function) ) was used as a quality-of-fit measure and is presented for each model. The difference in 
deviance scores is distributed as chi-square with the degrees of freedom equal to the number of 
additional parameters in a nested model. The addition of a single parameter should reduce the 
deviance of a model by 3.8 if it provides a significant improvement. The models are of the general 
form: 

                                                        h(z(t)) = 1 + f(dose) exp{-  dose +  age}          (3) 

where  dose = 226Ra + 228Ra  and  age = the individual’s age of first exposure. We refer to the 
inclusion of a cell-killing term as multiplying the dose function f(dose) by the term exp{-  dose} with 

> 0. Models are also used with the individual isotopes 226Ra and 228Ra in place of the dose. A tumour 
latency time of 5 years is used in the models. To fit the models, maximum likelihood procedures were 
used by applying the EPICURE statistical software package [6].  

3. Results and discussion 

Table I gives the summary cohort data by cumulative dose intervals. A total of 46 bone sarcoma 
deaths and 19 head carcinomas were observed with 3 individuals having both. 

Tab. I: Summary data for the radium dial painter cohort 

Lower
Interval (Gy) 

Mean Bone 
Dose (Gy) 

Subjects Person Years 
at Risk 

Bone Cancer Head Cancer 

0
0.01
0.25
1.0
5.0
10
20
30
40
50

100

0
0.14
0.56
2.4
7.1

14.3
25.6
34.8
44.3
65.7

142.8 

154
96

161
152
38
39
25
20
16
34
20

9070
5658
9594
9175
2321
2195
1200
963
608

1225
517

0
0
0
0
0
3
4
8
6

17
8

0
0
0
0
0
3
3
2
2
4
5

TOTAL 755 42,526 46 19
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The relative risk estimates at each dose group greater than 20Gy relative to the risk for the 10-20Gy 
interval is given in Figure 1.   
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Fig. I  Estimated relative risks at individual dose intervals.  The risks are compared to the risk for 
cancer at the 10-20 Gy interval which was the first interval to exhibit bone and head cancer.  

The results of the Cox proportional mortality analyses applied to bone sarcoma events are given in 
Table II for the model choices examined. Based upon the deviance scores, we see that a simple linear 
no threshold function of dose provides an inadequate description of the data when compared to other 
model choices. Using dose, the best fitting model is a simple linear model with a threshold at 9 Gy and 
no cell-killing term.  Although models with a threshold value ranging from 7 to 11Gy are essentially 
equivalent, they provide a statistically significant improvement over the comparable non-threshold 
model.  The inclusion of an age at first-exposure term provides a significant improvement to the fit of 
all the models presented in Table II.  Further, the use of a 5-year tumour latency value produces a 
better fit than models with a latency term of either 0 or 10 years. Finally, the substitution of dT (final 
cumulative dose) for dt (time-dependent dose) degrades the fit of the model.  For example, this 
substitution increases the deviance value of the preferred model from 376.7 to 379.4 .  

Next, dose in the models was separated into the two individual isotopes 226Ra and 228Ra (see Table II). 
The conclusions for the individual dose models are similar to those using summed dose except that the 
model thresholds fall in the range of 5Gy to 8Gy. These models also reveal that: 1) the risk coefficient 
for 228Ra is a factor of about 3 greater than the coefficient for 226Ra, 2) including parameters for both 
isotopes provides a better fit than simply summing the two doses (deviance score of 370.8 versus 
376.2 with one additional parameter), and 3) the inclusion of thresholds eliminates the need for the 
cell-killing term.  
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Tab. II: Bone sarcoma dose-response models 

                 MODEL Statistical
Deviance

Cell-killing term 
included

Dose= Ra226+Ra228 
Linear in Dose
Quadratic in Dose 
Linear–Quadratic in Dose 
Linear in Dose with a 9 Gy threshold 

Individual Isotopes Used 
Ra226 and Ra228 Linear 
Ra226 and Ra228 Quadratic  
Ra226 and Ra228 Linear-Quadratic 
Ra226 and Ra228 Linear with a 7 Gy threshold 

398.2 
392.3 
391.5 
376.7 

386.5 
387.0 
380.8 
371.4 

398.2 
378.9 
379.7 
376.2 

386.5 
373.9 
373.9 
370.8 

Given the importance of age at first exposure in the models, we provide a basic data summary in Table 
III and in Table IV we summarize the effects of age in the model. As reported by Carnes et al (3), 
there is a clear increase in bone cancer susceptibility in women who were first exposed at less than 16 
years of age and a very much reduced risk for those first exposed over the age of 25. 

Tab. III: Age at first exposure to radium

Age Number PYR Ave. Dose
(Gy) 

  Bone
Sarcoma 

% Bone  
Sarcoma 

   Head 
Carcinoma 

% Head 
Carcinoma 

  <16 
16-19
20-24
  >24 

   103 
   417 
   159 
     76 

  5,822 
23,542 
  9,129 
  4,033 

   10.3  
   12.3 
     9.1 
   10.5 

     7 
   31 
     7 
     1 

   6.8 
   7.4 
   4.4 
   1.3 

      4 
      9 
      4 
      2 

    3.9 
    2.2 
    2.5 
    2.6 

Tab. IV: Relative risk of age at first exposure for bone sarcoma  

Age at first exposure Relative Risk 95% Confidence Interval 
      <16 years 
       16 to 19 
       20 to 24 
         >24 

   1.00 
   0.47 
   0.40 
   0.07 

0.21 to 1.09 
0.14 to 1.15 
0.01 to 0.58 

Tab. V: Head carcinoma dose-response models 

                 MODEL Statistical
Deviance

Cell-killing term 
included

Linear in Dose 
Quadratic in Dose 
Linear–Quadratic in Dose 
Linear in Dose with a 5 Gy threshold 
Ra226 and Ra228 Linear 
Ra226 Linear 
Ra226 and Ra228 Quadratic 
Ra226 and Ra228 Linear with a 5 Gy threshold 
Ra226 Linear with a 5 Gy threshold 

159.1 
152.8 
152.8 
151.1 
157.5 
157.9 
153.3 
149.7 
150.3 

153.6 
151.8 
151.8 
149.5 
151.8 
152.1 
152.8 
148.1 
148.6 
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Finally, the corresponding analyses for head carcinomas are provided in Table V.  The principal 
finding of these analyses is that the mortality risk of head carcinomas is only affected by 226Ra and not 
by both isotopes. The threshold values in these analyses range from 3Gy to 7Gy.  Finally, neither age 
at first exposure, choice of cancer latency value or cell-killing term made significant improvements to 
the fit of the models to these data. 

Although our modifications extended the analysis of Carnes et al., we arrived at the same basic 
interpretation of the data. First, both isotopes are needed for the prediction of bone sarcoma risks with 
228Ra estimated to be about three times as effective as 226Ra.  Second, the risk for head carcinomas 
appears to derive only from exposure to 226Ra.  Third, the radiation-induced risk of bone sarcomas 
exhibits an age dependence with a period of greatest risk that is consistent with the ages when skeletal 
growth is still occurring.  Fourth, regardless of endpoint, we demonstrate that a dose term that mimics 
the protracted accumulation of dose is better than using a total dose (accumulated either at the end of 
employment or for the duration of life).  Our extension of the Carnes et al analyses demonstrate that 
the best and simplest description of the cancer risks in the dial painter data is achieved by models 
using a simple linear dose-response function with a threshold of either 5Gy (head carcinoma) or 7Gy 
(bone sarcoma) cumulative bone dose. It should be noted that the inclusion of a threshold in the 
models used for bone sarcomas and head carcinomas eliminated the need for a cell-killing term. 

Finally, UNSCEAR (7) reported an approximately cubic (exponent for dose = 3.15) relationship with a 
cell-killing term for bone sarcomas.  With our more complex model we also observe a cubic (2.94) 
estimate with the inclusion of a cell-killing term as well as the age at first exposure.  The fit (deviance 
= 376.9) is not as good as our linear threshold model (deviance score of 376.9 versus 370.8) using 
separate isotopes. For head sinus carcinomas UNSCEAR found acceptable fits for linear, linear-
exponential and quadratic-exponential functions. They remark that a threshold was not statistically 
significant. As shown in Table V we see a  statistical improvement with the inclusion of a 5 Gy 
threshold.
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Abstract:  As part of a lifespan cancer study done in rats (Hahn et al. 2003), four square (5 mm x 5 
mm) DU wafers were implanted in the leg muscles of rats for biokinetic studies.  Twenty-four hour 
urine samples were collected periodically , and DU was analyzed in these samples, kidneys and 
eviscerated carcass.  The daily DU urinary excretion rate increased steeply during the first 30 d after 
implantation, peaking at 60-90 d at 3-10 x 10-3 %/d.  During the first 150 d, the average excretion rate 
was 2.4 x 10-3 %/d, decreasing thereafter to about 1 x 10-3 %/d.  Serial radiographs made of the wound 
sites showed that, as early as 1 w after implantation, surface corrosion and small, dense bodies were 
present near the original implant, presumably DU, which continued to increase with time.  During this 
3-mo period, connective tissue capsules also formed around the implants, and are hypothesized to have 
reduced the access of DU to tissue fluids by limiting the diffusion rate of dissolved chemical forms of 
DU from the wound site.  Using a model of wound-site retention being developed by a committee of 
the U. S. NCRP, the DU wound retention could be described by a two-component exponential 
function in which 0.5% of the DU was retained with a half time of 80 d and the remainder with a half 
time of about 300 y.   

1. Introduction 

Depleted uranium (DU) armor-penetrating weapons have been used in several ground wars fought 
during the last 15 years.  These weapons have been shown to be effective against hard-armored tanks 
and vehicles.  However, during these conflicts, combatants in or on the vehicles when struck by the 
DU munitions have sometimes incurred wounds containing DU fragments.  Because the fragments 
have been numerous and not amenable to surgical removal, the question has arisen whether such DU-
contaminated wounds carry a long-term health risk to the individual.  Recent studies in rats implanted 
with DU fragments have shown that the possibility of wound-site tumors cannot be ruled out, although 
it is not clear what roles are played by the physical size of the implanted fragments, the chemical 
characteristics of the DU, or its radioactive properties [1,2].   

It has been recognized that exposure of soldiers to DU in wounds needs to be monitored.  The U.S. 
Veterans Administration has been following and continues to follow the health of soldiers wounded 
with DU during the 1991 Persian Gulf war [3-8]. As part of the monitoring, repeated measurements of 
DU excretion in urine have been made, which have demonstrated the persistent,easily measurable 
urinary excretion of DU for more than 10 years after exposure [3-8].  However, the interpretation of 
the bioassay data in terms of estimating the amount of deposited and retained DU has remained 
elusive.  This experimental animal study was designed to provide data to improve the technical basis 
for describing the biokinetics of DU present as implanted metal fragments, principally in muscle 
tissue.

2. Materials And Methods 

Six adult male Wistar rats received an intramuscular surgical implant of four DU wafers (5 mm x 5 
mm x 1.5 mm; containing 0.75% Ti), two in each leg (biceps femoris).  During the experimental 
lifetime of each rat, which varied between 300 and 664 d after implantation, 24-h urine collections 
were obtained with the rats in metabolism cages.  Urine samples were collected prior to DU 
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implantation to measure the contribution of soluble dietary uranium sources to the urine.  This average 
U contribution, which was equivalent to 0.56 ± 0.39 x 10-6 d-1 of the average total DU implanted in a 
rat, was subtracted as a blank value from the urinary DU measurements post implantation.  
Additionally, the metabolism cages were washed after each urine collection, and the U content of these 
samples folded into DU urine data, taking into account the presence of obvious faecal contamination 
in the cage washes.  For information, the DU urinary excretion levels exceeded twice the blank levels 
by 2 to 5 d post implant.  At death, the kidneys were dissected and the carcass was depelted and 
eviscerated.  The wound sites containing the residual DU were removed from the carcass, fixed in 
neutral buffered formalin and examined for gross and microscopic pathology.  The wound sites were 
not analyzed for DU content.   

The urine and cage wash samples as well as one kidney and the eviscerated carcass were analyzed for 
U content using kinetic phosphorimetric analysis (KPA 11, ChemchekInstruments, Richland, WA; 
lower limit of detection of 50 ng/L).  Prior to KPA, each sample was ashed at 550°C, and the ash 
digested in concentrated nitric acid, 3M hydrofluoric acid and 0.2M boric acid; final aliquots were 
diluted to 1M nitric acid for KPA. 

The total amount of DU excreted in urine during the experimental lifetime of each rat was obtained by 
linear interpolation between successive urine collections, and cumulative summing.  The total amount 
of DU excreted in urine was assumed to represent 90% of the total amount of DU absorbed to blood, 
which was based on analysis of the data from Hahn et al. [1].  Thus, the wound retention of DU was 
reconstructed  as Wound(t) = Implant – U Absorbed(t), where the U Absorbed(t) =  [Urine(t)/0.9]. 

The date from the reconstructed wound retention and cumulative absorption into the systemic 
compartment were used to develop parameter values for a wound model that is being developed by a 
committee of the the U.S. National Council on Radiation Protection [9].  This model, shown 
schematically in Fig 1, describes the wound site in terms of five notional compartments, which are 
based on physical and chemical properties of the contaminating radionuclide.  These are Fragment, 
Soluble, Particles Aggregates & Bound State (PABS), Trapped Particles & Aggregates (TPA), 
and Colloid and Intermediate State (CIS).   

Fig. 1  Schematic representation of the draft NCRP wound model. 
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Material leaves the wound site compartments either as particles via Lymph Nodes or as solubilized 
radionuclide via Blood.  The Blood compartment provides the interface with the radioelement-specific 
systemic biokinetic model, in this case for uranium.  Because of the lack of analytical data for U 
uptake and retention in the various systemic organ compartments typical for U, the systemic organs 
have come combined for this modeling as a single compartment, and the total amount of U allowed to 
accumulate.   

3. Results and Discussion

The DU urinary excretion data for the six experimental animals in this study are shown in Fig 2,
expressed as the fraction of the total DU implant mass excreted per day.  During the first 30 days after 
implantation, the DU excretion rate increased rapidly by two orders of magnitude to peak levels (3-10 
x 10-5 d-1) about 2-3 months after implant.  During the first 150 days, the average excretion rate was 
2.4 x 10-5 d-1; this rate decreased thereafter for the remainder of the collection period.  By 600 d, the 
rate was about 1.0 x 10-5 d-1.

Fig.  2:  U urinary excretion in rats implanted with DU metal fragments 

There was significant variability in U urinary excretion rate within and among the experimental 
animals.  This likely is due to a combination of biological variability, analytical measurement 
uncertainty, and uncertainty due to the methods used to reconstruct the data.  Nevertheless, the general 
pattern of excretion is consistent with the observed wound-site phenomena described below. 

In the study of Hahn et al. [1], several rats were selected for serial radiography at 3-4 weeks after 
implantation; additionally all rats were radiographed on the day of implantation and at death.  These 
radiographs, together with information obtained from gross and microscopic pathological examination, 
have provided a basis for describing the phenomena that occurred at the wound site after implantation.   
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The radiographic appearance of the DU implants changed markedly soon after implantation.  By 21 
days, small, dense radio-opaque blebs were seen to extend from the previously smooth, sharp edges of 
the fragments, giving the appearance that the fragments had increased in size.  By 1 year, the profiles 
of the fragments were rounded with no sharp corners and a fine irregular edge.  Examination of the 
wound sites at death showed that the DU fragments had progressively corroded in vivo such that at 
death, the fragment surfaces were pitted and the tissue surrounding the fragment contained significant 
amounts of shards and particulates, presumably DU metal and oxide fragments.   

Concurrent with the corrosion of the DU metal fragments was the progressive formation of a 
connective tissue capsule that completely surrounded each fragment.  These capsules, typically 0.1-0.2 
mm thick, but up to 0.5 mm, were characterized by fibrosis, inflammation, degeneration and 
mineralization [1].  The fibrous tissue capsules contained large numbers of black shards along with 
smaller black particulates ranging downward to <4 µm.   

Based on these observations, the following mechanisms are hypothesized to be responsible for the 
observed U urinary excretion pattern in rats.  It is well recognized that metallic uranium corrodes 
readily in water.  Thus, the DU fragments began to corrode in the neutral pH, aqueous chemical 
environment within muscle tissue as soon as they were deposited there.  The corrosion products 
consisted principally of particles and shards of DU, probably as various low-valence oxides (e.g., UO2,
U4O9 and U3O8).  The progressive corrosion led to an increase in surface area of the particulate forms 
of DU, and concomitantly, an increased rate of oxidation to soluble UO2

2+ ions.  This increased 
dissolution rate was reflected in the 100-fold increase in urinary excretion rate during the first 2 
months after exposure.  At the same time, a foreign-body reaction occurred in the rat muscle, leading 
to a progressive walling off of the fragment and associated shards and particles.  During the 2-3 month 
post-implantation period, the urine excretion rate peaked, then slowly decreased for the remainder of 
the experiment.  It is reasonable to postulate that the encapsulation was relatively contiguous by 3 mo 
after implantation, and the capsule probably continued to thicken slowly during the remainder of the 
time.  This capsule would have produced an effective barrier against diffusion of soluble U species, 
and, through localized chemistry, may have predisposed the U toward more insoluble chemical forms 
such as uranyl phosphate.  This could have occurred if the fibrous connective tissue, which was little 
vascularized, had an altered extracellular fluid chemistry such that there was a depletion of normally 
present bicarbonate, which is considered to facilitate oxidation of U in lower valence states to UO2

2+

[10].  However, no data exist to address this speculation. 

The NCRP wound model was applied to the cumulative systemic absorption of DU, reconstructed as 
previously described, for each of the six individual rats in the Hahn et al. study [1] for reconstructing 
the wound-site retention of DU.  Fitting the values of the intercompartment transfer rates was done 
using SAAM II software (SAAM Institute, Seattle, Washington, U.S.A.), which numerically solves 
the set of differential equations based on the supplied model, and minimizes the differences between 
the model-calculated values and the data.  Based on physical, chemical and biological arguments, the 
NCRP model (Fig 1) was simplified by 1) eliminating the CIS compartment because U as UO2

2+ has 
little tendency to hydrolyze and small masses of U are released per unit time; 2) eliminating the 
transfer from TPA to PABS because the formation of an intact fibrous capsule around the DU implant 
significantly reduces the probability that particulate U can leave the wound site.   

Fits of the wound retention for each of the six rats could be adequately represented by two-component 
negative exponential equations.  The average wound site retention was: 

 R(t) = 0.50 e-0.0086t + 99.48 e-0.0000065t 

Where R(t) is the retention of DU at the wound site as percentage of the implanted amount, t is time 
after implantation in days.  This indicates that 0.5% of the DU was retained with a half time of 81 d 
and 99.48% was retained with a half time of 292 y.  The remaining 0.02% was estimated to be 
associated with the lymph nodes draining the wound site, and were not considered part of the wound.   
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Thus, the retention of DU metal at an intramuscular site is very long.  Without surgical intervention, 
the fragment and its associated corrosion products can be estimated to remain for the life of the 
individual.  Nevertheless, it is clear that a small fraction of DU is continuously excreted in urine, 
probably also for the lifetime of the individual.  This is supported by the data from McDiarmid et al. 
[7], in which DU continues to be measured in soldiers with identified DU fragments more than 10 
years after exposure.   

The results of this study, interpreted using the NCRP draft wound model have provided a basis for 
interpreting the bioassay data from individuals who have DU metal in their bodies.  Although 
interspecies scaling is uncertain for many radioelements, the similarities in U biokinetics among 
various animal species and humans indicates that the results from this rat study should be useful. 
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Abstract: This work was performed to assess a possible health risk of depleted uranium (DU) for 
residents and KFOR personnel serving on the Balkans. Therefore, the environmental behaviour and 
bioavailability of DU material have been explored. In order to investigate the environmental impact of 
DU ammunition, leaching experiments were carried out. DU penetrators were buried in soil filled in 
columns. The soil was irrigated (16 mm/week) and the uranium isotopes 238U and 235U which were 
washed out and transported into the eluate were determined by Inductively Coupled Plasma Mass 
Spectrometry (ICP-MS). After one year, an average of 1.7% of the original DU material corroded. 
About 40% of the corrosion products were located on the surface of the penetrator, 60% were 
recovered in the soil. On the other hand, only very small amounts of the DU material could be found 
in the eluate (about 1 ppm per year) suggesting a low solubility of DU and the corrosion products 
and/or a strong sorption to the soil. In another part of the study, the solubility of DU material in human 
body fluids was investigated to assess the bioavailability after oral intake and inhalation of DU 
particles. Therefore, DU corrosion products were powdered and incubated in artificial gastric juice and 
simulated lung fluid. About three-fourths of the DU material was dissolved in artificial gastric juice 
after 30 minutes. This fraction could not be increased, even when the incubation time was extended to 
120 minutes. The dissolution of DU material in artificial lung fluid showed a distinct bi-phasic course 
with a readily soluble fraction and a fraction of very low solubility. These findings suggest that the DU 
corrosion products consist mainly of two types of uranium oxides, hexavalent and fast soluble 
compounds and tetravalent compounds with low solubility. Additional measurements with Time-of-
Flight Secondary Ion Mass Spectrometry (TOF-SIMS) of DU corrosion material support this 
conclusion. The resulting inhalation dose coefficients are in between those for Type M and Type S 
material. 

1. Introduction 

Depleted uranium (DU) ammunition was used so far in four military conflicts: Iraq (1991), Bosnia 
(1994), Kosovo (1999) and Iraq (2003). From the end of the Kosovo conflict in June 1999, an 
investigation has been implemented by the German Ministry of Defence to evaluate the potential 
health risk caused by DU for residents as well as for German KFOR personnel serving on the Balkans. 
When DU penetrators hit hard targets or when DU material catches fire, a certain amount of DU 
aerosol is produced which can, in principle, be inhaled and cause toxicological effects. Most 
penetrators, however, might miss their intended targets. Consequently, these projectiles are buried at 
various levels in the ground and may cause environmental contamination due to corrosion and 
dispersion in the soil and ground water, where the DU can be incorporated into the food chain.  
The health risk due to the presence of depleted uranium (DU) in the environment and the spatial 
distribution of DU in the conflict regions of the Balkan have been investigated intensively [1-13]. 
Only a few studies, however, have been published on the environmental behaviour of uranium derived 
from DU projectiles [14-19]. During the Kosovo conflict in 1999, about 31,000 rounds of 30 mm 
diameter, corresponding to 8.4 tons DU, were fired [4]. Considering a hit rate of about 10% only [5], 
the vast majority of the rounds will be present in the soil, possibly leading to a contamination of the 
groundwater as a result of corroding and leaching of the DU ammunition. Projections of exposure over 
the next 1000 years indicated a gradual increase in groundwater contamination over the next 100 years 
before reaching a steady concentration [5]. For a better risk assessment due to DU projectiles in the 
soil, the leaching rates of the DU material corroding in the soil have to be known. Results of mobility 
studies with natural uranium [20-22] might not be valid for DU, because the corrosion of DU 
projectiles in the soil may be different from the weathering of uranium minerals. Moreover, a DU 
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penetrator does not consist of pure DU but an alloy of DU with 0.75% titanium in order to slow down 
the oxidation rate [7]. For this reason, the leaching of DU ammunition was investigated in column 
experiments and compared to the leaching of natural uranium in the same soil. 
In addition to the environmental studies, experiments were performed in order to assess the potential 
health risk of DU material being inhaled or ingested. DU may show both chemical toxicity and 
radiotoxic effects [1]. The chemical toxicity of uranium, including the toxic effects on kidney 
function, is well established [23-25]. Health effects in general are correlated to particle size, particle 
solubility, rate of intake and rate of elimination. Therefore, the biokinetics of DU in the human body 
has to be known, including the different ways of intake and uptake, the distribution within the body, 
the retention and the excretion. Until now, no detailed information about DU uptake is available for 
the specific situations, i.e. inhalation of DU aerosol or ingestion of corroded DU material, e.g. by 
children playing with penetrators lying on the ground. The current dose coefficients for inhalation or 
ingestion of uranium are derived only from the situation at the workplace [26-28]. Consequently, 
bioavailability experiments with DU material were performed. With the help of in vitro experiments 
the solubility of powdered DU corrosion products in artificial gastric and pulmonary fluid was 
measured. These results were used to validate and estimate new dose coefficients for DU material. 

2. Material and methods 

2.1. Environmental experiments 
The soil material was taken from the plough horizon of a field at the Klostergut Scheyern 
Experimental Station, Germany, ca. 40 km north of Munich (11° 27’ E, 48° 30’ N). The soil type was 
a silty-loamy parabrownearth (FAO: luvisol). The content of natural uranium was 3.9 mg kg-1 being in 
the typical range of soils [29].  

Fig. 1: Longitudinal section of a leaching column 

The columns were plastic tubes of 190 mm diameter and 400 mm height (for details see Fig. 1). At a 
height of 250 mm from bottom, a plastic frit of 8 mm thickness covered with gauze was fixed together 
with a funnel for collecting the seepage water into a bottle. The soil was filled on the filter sand up to a 
height of 100 mm. After settling down within two weeks, some soil was added to keep the soil surface 
25 mm below the edge. The dry soil mass was about 3.3 kg in each column. The total 238U mass 
(natural uranium) including the gravel was about 17 mg per column. The columns were installed in a 
climated laboratory, the temperature being controlled to 21 ± 1 °C and the relative humidity to 55 ± 
10%. According to the mean precipitation at Scheyern, the columns were irrigated weekly with 16 mm 
synthetic rainwater of pH 6 consisting mainly of 0.09 mmol/L NH4NO3, 0.08 mmol/L (NH4)2SO4 and 
0.05 mmol/L CaSO4. The rainwater dropped through about 80 cannulas of a rain simulator distributed 
over the cross section of the column. As a vegetation cover, a mixture of grass species suitable for 
shady sites was selected.  

grass

soil, height 100 mm, dry mass ca. 3 kg

funnel to collect the seepage water 

PVC tube, inner diameter 190 mm    

gravel

PVC frit 

penetrator
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Different treatments of the columns were introduced using two columns for each treatment: (1) 
control, no DU ammunition, (2) almost complete penetrators in the middle of the cross section of the 
column in a depth of 1-2 cm below the soil surface (abbreviated "DU-P top"), (3) fragments in the 
same position near the soil surface ("DU-F top") and (4) fragments in the middle of the cross section 
of the column in a depth of 8-9 cm below the soil surface, i.e. 1-2 cm above the gravel ("DU-F bottom 
"). The weight of the almost complete penetrators varied between 264 and 294 g, that of the fragments 
between 145 and 195 g. All penetrators and fragments were found in Kosovo in 2001, i.e. after one or 
two years of corrosion. To achieve uniform conditions for the corrosion in the soil, each DU penetrator 
was cleaned by nitric acid before installing into the columns. 
The effluents of the columns were filtered to 0.45 µm. In the filtrate, the pH value, the electric 
conductivity and the redox-potential were recorded weekly. The uranium isotopes 235U and 238U were 
determined by Inductively Coupled Plasma Mass Spectrometry (ICP-MS). In the concentration range 
of 10-100 ng/L, the experimental uncertainty was about 2% for 238U and 15% for 235U. At higher 
concentrations, the uncertainty was smaller. The limits of detection were 0.01 ng/L for 238U and 1 ng/L 
for 235U [30]. 
The observation period was 1 year. At the end, the columns were destroyed and the soil was sampled 
in 5 layers of about 2-3 cm thickness. The soil surrounding the DU ammunition was sampled 
separately, and the mass loss of the DU round was determined after mechanically removing the 
corrosion products. After dissolving the corrosion products in nitric acid, 235U and 238U were 
determined by gamma spectrometry, taking line 144 keV for 235U and line 1001 keV of 234mPa for 238U.
In the soil samples, 235U and 238U were also determined by gamma spectrometry with experimental 
uncertainties of 5-10%. 

2.2. Bioavailability experiments 
Eight fragments of DU penetrators with masses between 144 and 265 g were collected in Kosovo. 
Total alpha activities were determined by liquid scintillation spectrometry (LSS) with pulse shape 
analysis (PSA) with a Wallac Quantulus 1220 (PerkinElmer) and by ICP-MS (Finnigan MAT Element 
1). Isotopic compositions were determined by alpha spectrometry (EG&G Ortec Soloist vacuum 
chamber, mounted with PIPS detectors with 450 mm2 area) and gamma spectrometry with HPGe 
detectors. In order to obtain DU oxide powder, parts of the corrosion layer from the DU penetrators 
were removed and pounded to a fine powder with a porcelain pestle. 
Artificial gastric juice was freshly prepared as described by Hamel et al. [31]. Five portions of 50 mg 
DU corrosion powder were weighted into 100 ml polyethylene bottles. Fifty ml of simulated gastric 
juice were added and the samples were once shaken gently to obtain a homogeneous suspension. The 
bottles were shaken gently at 37 C. After 30, 60 and 120 minutes, respectively, the dissolution 
process was stopped by removing the residue by filtration (0.22 µm). In addition to LSS the uranium 
concentration of the solutions was determined by ICP-MS (Thermo Finnigan Element 1). 
Artificial pulmonary fluid was prepared according to Gamble [32]. Twelve to 15 mg of the powder 
was weighted into 15-ml-centrifugue vials. Twelve ml of Gamble solution were added. The vials were 
shaken gently at 37 C. After 1.1, 4.6, 7.1, 23, 78, 150, 311 and 1180 hours, the vials were 
centrifugated (3000 rpm, 5 min). An aliquot of 0.75 ml solution were removed, filtered (0.22 
µm) and their uranium concentration determined by LSS. Since the pH of Gamble solutions increases 
slowly by time, the pH of the remaining solution were rechecked and adjusted (if necessary) with 1 M 
HCl. The removed liquid was substituted by fresh Gamble solution and the experiment resumed. 

3. Results and discussion 

3.1. Environmental experiments 
The  238U concentration in the effluents of the control columns varied between 10 and 50 ng L-1 during 
the observation period, the isotopic mass ratio 235U/238U was found to be close to 0.007, the value 
characterizing natural uranium. The corresponding leaching rates of  238U from natural uranium 
amounted on average to 4-6 ng per week. The columns with DU ammunition also started with an 
isotopic mass ratio of 0.007. Two months later, however, the value decreased within a few weeks to 
0.002, typical for the DU ammunition used in Kosovo [9]. At the same time, the 238U concentration in 
the effluents of all columns with DU ammunition increased to values about 1 µg L-1 or greater, 
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corresponding to leaching rates of 100 ng per week up to more than 1000 ng per week. Obviously, this 
238U was leached predominantly from the DU ammunition. The much higher leaching rates of DU as 
compared to natural uranium are not surprising, because much more DU (145-294 g) was present in 
the columns than natural uranium (ca. 17 mg). The accumulated amounts of 238U in the effluents are 
summarised in Fig. 2. The differences between the treatments are quite pronounced and the temporal 
variability of the leaching is extremely large. After one year, about 100 µg 238U was transferred to the 
effluent of the columns containing DU material. The maximum was about 300 µg for the column with 
the whole penetrator (294 g) in a depth of 1-2 cm below the soil surface (DU-P top). This corresponds 
to about 1 ppm of the penetrator mass (Tab. I).  
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Fig. 2: Mass of 238U in the seepage water accumulated over the observation period of one year. 
Treatments: control = no DU ammunition; DU-P top = penetrator (294 g) in a depth of 1-2 cm below 
the soil surface; DU-F top = fragment (ca. 170 g)  in a depth of 1-2 cm below the soil surface; DU-F 
bottom = fragment (ca. 170 g)  in a depth of 8-9 cm below the soil surface, i.e. 1-2 cm above the 
gravel. For each treatment, the data of one column are presented. 

Tab. I: DU penetrators after one year of corrosion 

 ratio of  
initial mass 

 ratio of  
corroded mass 

DU corroded 1.7  0.7 [%] DU in corrosion
products

40  7 [%] 

  DU sorbed on soil 60  10 [%] 

DU in effluent max. 1 ppm   

After one year of observation the columns with DU ammunition were destroyed. The soil was sampled 
in various layers, and the mass loss of the DU ammunitions was determined. All rounds were covered 
by black (probably UO2) and yellow (probably U3O8) corrosion products. The soil intimately 
surrounding the penetrators was also black coloured. The mass losses of the penetrators are 
summarised in Tab. I. On average, 1.7% of the initial mass was corroded. 
Assuming that the corrosion continues in the same way as in the first year, a mean total corrosion time 
of about 70 years can be estimated from the mass loss. Relating the corroded mass to the surface of the 
penetrators (between 24 and 40 cm²) resulted in corrosion rates between 0.056 and 0.189 g cm-2 a-1
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with a mean of 0.113 g cm-2 a-1. These values are clearly smaller then those given by Erikson et al. 
[14] for the aqueous corrosion of DU penetrators.  
The corroded 238U was found quantitatively within the column: on average, 40% in the corrosion 
products sticking to the penetrator and ca. 60% in the soil (Tab. I). The latter part contained corrosion 
products attached to the soil surrounding the penetrator as well as 238U physico-chemically sorbed to 
the soil. No attempt was made to separate these fractions. For the sake of simplicity, the term "sorbed" 
is used for both fractions, i.e. for all 238U found in the soil. Concerning the distribution of 238U in the 
soil, 72-97% were found close to the penetrator, 2-12% in the soil layer containing the ammunition 
(thickness 2-3 cm), and the rest in deeper layers if present. In the gravel, <1% of the 238U activity was 
found. Due to the strong sorption of uranium to the soils investigated, the total amount of eluted 238U
(maximum 1 ppm) was negligible compared to the 238U inventory as well as to the mass loss of the 
ammunitions. Assuming constant conditions for corrosion and leaching in the future, it would last 
about one million years to leach all the corroded DU. Since the conditions will change with time, this 
extrapolation is not valid for such a long time. It demonstrates, however, that DU in soils with high 
uranium sorption remains a source of 238U dissolved in the seepage water for many years as shown 
also by model calculations for an area contaminated by uranium in the USA [5].  

3.2. Bioavailability experiments 
In order to estimate the effects of DU material on human health after ingestion or inhalation, one has 
to know about the bioavailability and, therefore, also about the physical and chemical properties of the 
material. By using Time-of-Flight-Secondary-Ion-Mass-Spectrometry (TOF-SIMS) analysis the DU 
corrosion powder was investigated with respect to the oxidation state of the containing compounds 
(details are not shown here). The experiments demonstrated that the DU corrosion material consists 
mainly of two types of uranium oxides, hexavalent and tetravalent compounds. The diameters of the 
DU particles were estimated to be less than 10 µm. 
Fig. 3 represents the ratios of dissolved DU material in artificial gastric juice after incubation times of 
30, 60 and 120 minutes, respectively. The results obtained from uranium determinations by ICP-MS 
agreed very well with those obtained by LSS. On average, about 70% of the uranium from the DU 
powder was dissolved. No influence of the incubation time within the observed range was observed. 
This means that about 70% of the ingested DU material is in principle available for the human body, 
and may be resorbed from the small intestine to blood with a fractional absorption factor (f1 value) of 
0.02 for people older than 1 year [33]. Compared to a bioavailability of 100%, which is currently 
recommended by the ICRP [33], the resulting dose coefficients and consequently also the effective 
dose after DU ingestion will be slightly reduced assuming a reduced bioavailability of 70%. 
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Fig. 3: Ratio of total U dissolved in artificial gastric juice after 30, 60, 120 minutes of incubation, 
analysed with ICP-MS (black columns) and LSS (grey columns). Mean values of 5 experiments   SD. 
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Fig. 4: Ratio of total U dissolved in artificial pulmonary fluid. Mean values of 8 experiments  SD. 

The results of the bioavailability experiments with artificial pulmonary fluid are given in Fig. 4. The 
time dependent resolution pattern resulted in a distinct bi-phasic course. The DU material dissolved 
quite readily at the beginning, up to ca. 10 h, whereas afterwards the increase in solubility was still 
very low. These findings and the results from the TOF-SIMS analyses suggest that the DU corrosion 
products consist of two types of uranium oxides, fast soluble compounds (hexavalent compounds) and 
compounds with low solubility (tetravalent compounds). This is also in good agreement with the 
results from Kashparov et al. [34] who showed that the weathering rate and thus the solubility for 
U3O8 (hexavalent compound) is significantly higher than for UO2 (tetravalent compound). 
The internal radiation dose by inhalation of radioactive materials depends strongly on the dissolution 
of materials in the human lung. In the present work, the human respiratory tract model (HRTM) 
recommended by ICRP [33] was utilized to calculate the deposition and clearance of inhaled 
materials. The absorption of dissolved materials into blood is usually treated as instantaneous and was 
described in HRMT by a fraction fr dissolving relatively rapidly at the rate sr, and a remaining fraction 
(1-fr) dissolving more slowly at the rate ss. According to the rapid dissoluble fraction, materials are 
classified as three types: F (fast), M (moderate) and S (slow). The reference absorption parameters for 
these three types of material were listed in Tab. II. The ICRP biokinetic and dosimetric models for 
uranium were adopted to model and calculate the retention functions, urinary excretion and dose 
coefficients of DU [26-27]. 

Tab. III shows the dissolution parameters of the DU materials determined by experimental samples. 
The parameters of fr vary between 0.28 and 0.53, with an average value of 0.37. The parameters of sr
are between 2.8 d-1 and 16.6 d-1, the mean value amounting to 6.6 d-1. Due to the short period of 

Tab. II: Default absorption parameters for Type F, M, S materials [33] 

  Type F Type M Type S 

Fraction dissolution rapidly fr 1 0.1 0.001 

Rapid dissolution rate sr (d-1) 100 100 100 

Slow dissolution rate ss (d-1) - 0.005 0.0001 
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investigation, a reliably parameter for ss cannot be determined; therefore, the default parameter of 
0.0001 d-1 for the type S material was adopted. This corresponds to a radioactive half-life of 7000 
days. The parameters of the dissoluble material, obtained in the present study, agree well with other 
investigations of different uranium compounds [35]. 
The inhalation dose coefficients for 238U are also presented in Tab. III, together with the respective 
dissolution parameters obtained above. It can be seen, that they only vary between 3.6 10-6 Sv Bq-1

and 5.4 10-6 Sv Bq-1. As expected, dose coefficients are lower when the rapidly dissoluble fractions 
are larger. Provided that the slow dissoluble material does not dissolve at all (i.e. ss = 0), an effective 
dose would be 5.9 10-6 Sv Bq-1 based on the mean values of fr and sr, i.e. the dose would increase only 
by approximately 20%. Assuming that the material is completely insoluble, the dose coefficient would 
increase only two-fold as 9.2 10-6 Sv Bq-1.
The doses were calculated by the IMBA computer program [36]. The particle size AMAD (Activity 
Median Aerodynamic Diameter) was assumed to be 1 µm, with a geometrical standard deviation ( g)
of 2.5, a density ( ) of 3 g cm-3 and a shape factor ( ) of 1.5. The reference physiological parameters 
for a standard employed person were adopted. The inhalation dose coefficients of 238U for member of 
the public are 5.0 10-7 Sv Bq-1 for type F, 2.9 10-6 Sv Bq-1 for type M, and 8.1 10-6 Sv Bq-1 for type S 
[37]. The mean value of 4.8 10-6 Sv Bq-1 for the DU material obtained in the present study is between 
the values for type M and type S and is almost half as much as the previous assumption for DU 
(8.1 10-6 Sv Bq-1) as type S material published by UNEP [6]. 

Using the absorption parameters determined above, the retention functions in lung and the daily 
urinary excretion rates were calculated. Fig. 5 shows the retention of DU in human lung. For 
comparison, the retention functions for type S uranium and completely insoluble material (i.e. all 
absorption parameters equal to zero) are also shown. Following assumptions are made in the 
calculations: A particle size (AMAD) of 1 µm; intestinal absorption factors (f1 values) of the material 
deposited in lung: DU (f1 = 0.02), Type S (f1 = 0.002), "No Absorption" (f1 = 0.002). 
As expected, the retention for DU is lower than those of type S material and insoluble material. This is 
due to effect of rapidly soluble fraction of uranium compounds in the DU material, which is removed 
within very short time from the lung. The curves for type S and completely insoluble material differ 

Tab. III: Dissolution parameters for different DU samples and inhalation dose coefficients for 238U

Sample fr sr (d-1) ss (d-1)
Dose coefficient 
for 238U
(Sv Bq-1)

1 0.53 3.1 0.0001 *) 3.6 10-6

2 0.32 6.4 0.0001 *) 5.1 10-6 

3 0.42 2.8 0.0001 *) 4.4 10-6 

4 0.28 8.6 0.0001 *) 5.4 10-6 

5 0.33 16.6 0.0001 *) 5.1 10-6 

6 0.34 5.7 0.0001 *) 5.0 10-6 

7 0.35 5.7 0.0001 *) 4.9 10-6 

8 0.39 3.8 0.0001 *) 4.6 10-6 

Mean 0.37 6.6 0.0001 *) 4.8 10-6

*) The present investigation period is too short to provide a quantitative value for ss, therefore in the 
present work the dissolution rate for type S material is adopted.
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only after long periods. That is because of the fact that the type S material for this component is 
assumed to have a half time of 7000 days. 
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Fig. 5: Retention of inhaled uranium in human lung. DU = Mean absorption parameters (Tab. III); 
"No Absorption" = complete insoluble. 

The daily urinary excretions are represented in Fig. 6 for the same three cases as in Fig. 5. As 
expected, the excretion for DU is in the beginning higher than that for slow soluble compounds. After 
the complete absorption of the rapidly soluble component, the excretion for DU is identical with the 
type S uranium. Since the urinary excretion is the most important for estimation of incorporated DU 
material, it is suggested to investigate the material properties of this inhalable DU material more 
thoroughly and more comprehensively. These properties determine substantially the excretion 
function. These characteristics can vary substantially for different exposure scenarios. 
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Fig. 6: Urinary excretion for inhaled uranium. DU = Mean absorption parameters (Tab. III); "No 
Absorption" = complete insoluble material. 
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It should be pointed out that the use of in vitro measured results to represent the real mechanism of the 
DU material in the human lung is inevitable. There are many other factors and even cellular effects 
that can affect the results [35]. However, such investigations provide valuable information, which 
could otherwise not be obtained and they allow at least an approximate assessment to this important 
aspect. The parameters for the dissolution of DU material implied that it behaves as a mixture of fast 
dissoluble (hexavalent) and slow dissoluble (tetravalent) uranium compounds. The inhalation dose 
coefficients are between those for type M and type S material. 
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Abstract: External or internal contamination from radioactive elements during military operations or a 
terrorist attack is a serious threat to military and civilian populations.  External radiation exposure 
could result from conventional military scenarios including nuclear weapons use and low dose 
exposures during radiation accidents or terrorist attacks. Alternatively, internal radiation exposure 
could result from depleted uranium exposure via DU shrapnel wounds or inhalation. The long-term 
health effects of these types of radiation exposures are not well known.  Limited data exist to permit 
an accurate assessment of risks for carcinogenesis and mutagenesis from depleted uranium (DU) 
embedded fragments or inhaled particulates.  Ongoing studies are designed to provide information 
about the carcinogenic potential of DU using in vitro and in vivo assessments of morphological 
transformation, cytogenicity, mutagenicity, and carcinogenicity. 
Initially we have used a human cell model (human osteoblast cells HOS) to evaluate the carcinogenic 
potential of DU in vitro by assessing morphological transformation, genotoxicity (chromosomal 
aberrations), mutagenic (HPRT loci), and genomic instability. As a comparison, low dose- cobalt 
radiation, broad beam alpha particles, and other military-projectile metals, i.e., tungsten mixtures are 
being examined. Published data from our laboratory have demonstrated that DU exposure in vitro to 
immortalized HOS cells is neoplastically transforming, mutagenic, genotoxic, and induces genomic 
instability. In vitro data demonstrate that radiation-specific damage is involved in the DU carcinogenic 
process in vitro. Furthermore evaluation of the mutational spectrum of DU-induced HPRT mutations 
suggests a differential response between DU and cobalt irradiated cells.  
To better assess the risk from low-dose radiation or DU, we have developed three in vivo mouse 
models for mutagenesis and carcinogenesis. First we developed an in vivo leukemogenesis model 
using murine hematopoietic cells (FDC-P1). This approach was used to determine if internal exposure 
to embedded DU pellets could induce leukemia in mice. Intravenous injection of FDC-P1 cells into 
low-dose irradiated (Cobalt radiation 200 cGy, whole body) syngeneic DBA/2 mice was followed by 
the development of leukemias in 90% of all irradiated mice within 120 days. For the first time, we 
have demonstrated leukemic transformation of hemopoietic cells in mice implanted with DU pellets 
(75% induction rate within 140 days). Secondly the Big Blue transgenic mouse model was used to 
assess DU mutagenesis. The Big blue mouse carries the LacI gene in all tissues. Data demonstrated 
that internalized DU resulted in a significant increase in the mutagenic frequency in the LacI gene in 
the testes of exposed male mice. Lastly, a p53-deficient mouse model was used to assess DU induced 
carcinogenicity.  Internalized DU result in development of bladder carcinoma in 75% of all animals 
exposed within 90 days of initial exposure.  
These results suggest that long-term exposure to internalized DU could potentially be critical to the 
development of neoplastic disease in humans and additional studies are needed. 
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Abstract: Studies on underground miners have shown an increased risk of lung cancer after exposure 
to high doses of radon and radon daughters. However, in the range of typical indoor radon exposures, 
there are still some uncertainties about the strength of the association between radon exposure and the 
risk of lung cancer. Since 1990, population-based epidemiological studies have been performed in 
various countries in North America, Europe, and China. 

The pooled analysis of two large German case-control studies on the lung cancer risk due to radon in 
homes is described. The analysis is based on an extended dataset compared to previous publications, 
including 2,963 lung cancer cases and 4,232 population controls. A linear increase in the relative lung 
cancer risk of 0.10 (95% CI –0.02 to 0.39) is found. The risk estimates tend to be higher when 
measurement error in the radon concentrations is reduced. 

Furthermore, an outlook is given on the activities regarding the pooling of radon studies worldwide. 

1. Introduction 

Based on studies of uranium miners it is well established that the radioactive gas 222Rn and its progeny 
are human carcinogens [1, 2]. Radon exposure also occurs in houses, however. The amount of 
exposure to the general population depends on geological characteristics of the soil beneath the house 
as well as on building characteristics such as the presence of holes and cracks in the basement or the 
presence of draught-proof windows. Indoor radon exposures in a country typically show a right-
skewed distribution, i.e. most houses have low radon levels, whereas a small percentage of houses 
shows high radon concentrations. 

First assessments of the lung cancer risk deriving from indoor radon exposure were based on 
ecological studies. Such studies, also called geographical correlation studies, are based on aggregated 
data and correlate average radon levels within geographical regions to the lung cancer incidence in 
these regions. It is well known in epidemiology that ecological studies can lead to misleading results. 
This was convincingly demonstrated for the radon case by a re-analysis of the Swedish nationwide 
study after aggregation of the individual data [3]. 

Thus, epidemiological studies based on individual data are necessary for the risk assessment. The 
literature on individual case-control studies on the relationship between indoor radon exposure and 
lung cancer [4-28] shows a broad spectrum of results. The reason for this is found in different study 
designs, different radon measurements, different methods of analysis, different ranges of radon 
concentrations, but most importantly small sample size in most of the studies. Combined analysis may 
overcome at least the problem of sample size [12, 16, 19, 20]. 

In the following the most important findings of the pooled analysis of the two German studies are 
summarized [30]. This pooling is unique because the original studies had an identical study design.

2. Methods 

The studies were performed in West Germany from 1990 to 1996 [14, 28] and in East Germany 1990 
to 1997 [15, 29]. The pooled analysis uses an extended database containing 2,963 cases and 4,232 
controls. Incident lung cancer cases up to 75 years of age with a histologically or cytologically 
confirmed diagnosis were identified via hospitals. Controls were selected from the German 
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registration offices and frequency-matched to the cases by sex, age and region. Former uranium 
miners were excluded. Around 80% of the study population were male. All cases and controls were 
interviewed face-to-face.  

Radon measurements were carried out for 1 year using alpha-track detectors in the living room and the 
bedroom in houses occupied in the last 5-35 years. The analysis was based on the time-weighted 
average over the last 5-35 years, with an adjustment for radon-relevant changes to the houses. Radon 
measurements covered 70% of the time window of interest. Missing radon measurements were 
imputed by the study-specific average radon exposure among controls. 

Odds ratios (OR) and asymptotic 95% confidence intervals (CI) were calculated via conditional 
logistic regression. Linear trends in relative risk per 100 Bq/m³ were estimated in a condititonal 
regression and expressed as excess odds ratios (EOR). All risk estimates were adjusted for smoking 
and asbestos exposure, the two main confounders. Smoking was modelled taking cumulative amount 
smoked (packyears) and time since cessation into account. 

3. Results 

A statistically significant elevated OR was found for radon concentrations above 140 Bq/m³ with an 
OR of 1.40 (CI 1.03 to 1.89) (see Table I). The overall excess odds ratio (EOR), i.e. the linear increase 
of the relative lung cancer risk per 100 Bq/m³, was 0.10 (CI -0.02 to 0.30). 

Tab. I: Lung cancer risk due to indoor radon exposure, based on time-weighted average radon 
exposure in the last 5-35 years. Pooled German case-control data (2,963 cases, 4,232 controls), 1990-
1997 [30] 

N cases/controls Adjusted relative risk 95% confidence interval

Categorical risk 
estimatesa

Odds ratio 

<50 Bq/m3 1,532 / 2,177 1.00 Reference 
50-79 Bq/m3 997 / 1,498 0.97 0.85, 1.11 
80-139 Bq/m3 314 / 410 1.06 0.87, 1.30 
>= 140 Bq/m3 120 / 147 1.40 1.03, 1.89 

Trend estimate per 
100 Bq/m3 b

Excess odds ratio 

2,963 / 4,232 0.10 -0.02, 0.30 
a Categorical relative risks estimated by odds ratio in a conditional logistic regression, stratifying for 
age, sex and region, and adjusting for smoking by log (packyears+1), three categories for ex-smoking 
and a binary indicator for smoking of other tobacco products, and for a binary indicator of 
occupational asbestos exposure.
b Trend estimate is the excess odds ratio of lung cancer per 100 Bq/m³ increase in radon exposure, 
estimated in a conditional linear risk model using the same stratification and adjustment variables. 

When the analysis was restricted to less mobile participants (which occupied only one home during 
the 5-35 years before interview), the EOR per 100 Bq/m³ increased to 0.14 (CI -0.03 to 0.55). The 
increased risk nearly completely depended on the analysis of the bedroom measurements with 
EOR=0.13 (CI 0.00 to 0.33), whereas the analysis of the living room measurements showed a 
negligible risk. When the study was analysed by histological subtype, the strongest risk was found for 
small cell carcinoma (EOR=0.29, CI 0.04 to 0.78). For squamous cell carcinoma and other histologic 
types, the risk estimate was lower (EOR=0.10, upper CI limit 0.46, and EOR=0.17, CI -0.08 to 1.14), 
and for adenocarcinoma, no increase in risk was observed (EOR=0.00, upper CI limit 0.25). 
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4. Discussion 

An excess relative risk per 100 Bq/m³ of EOR=0.10 was found in this study which is very close to the 
result of the meta-analysis of 8 studies with EOR=0.09 [19] and the result of the pooled analysis of 7 
North American studies EOR=0.11 [16, 31]. The results of the pooling of 13 European radon studies, 
which includes an earlier version of the data presented here, yields a similar excess odds ratio of 
EOR=0.08 [12]. Furthermore, all these results from indoor studies fit nicely to the predicted 
EOR=0.12 based on data of low exposed miners [1]. This impressively demonstrates that the 
heterogeneity found in many smaller individual studies mainly was due to lack of sufficient power. 

The observed increase in risk estimates when restricting the analysis to subjects living only in one 
home in the last 5-35 years or by using bedroom measurements can be explained by a reduced error in 
exposure assessment. A reduction of measurement error can also possibly be achieved by analysing 
glass objects in the household via surface monitors [32, 33]. Here an even higher EOR was found [5]. 
However, it is still open how these measurements are influenced by the presence of tobacco smoke 
[34]. Errors in exposure measurement can also be accounted for in the statistical analysis. Such 
methods lead to increased risk estimates for the German radon studies [35]. In the pooled analysis of 
the European indoor radon studies, the risk estimate also increased after taking into account 
uncertainties in the reconstruction of past radon exposure. The corrected risk estimate was EOR=0.16 
[12]. 

With respect to histological subtypes the German analysis reproduces what has been found in other 
indoor studies [9, 11, 21, 22] as well as in studies on uranium miners [1, 36, 37, 38] with a higher risk 
for small cell carcinoma. This is especially true in comparison to adenocarcinoma, for which no 
increase in risk was found.  

In conclusion, the German pooling study supports the result of the North American pooling study [16] 
qualitatively and quantitatively. It is also in line with the overall results of the European pooling study 
[12], of which it forms part. Finally, a worldwide pooling project will follow with about 12,000 cases 
and 21,000 controls, which is expected to be finished in 2006. 
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Abstract: Studies of radon-exposed underground miners predict that residential radon is the 
second leading cause of lung cancer mortality; however, case-control studies of residential radon 
have not provided unambiguous evidence of an association. Owing to small expected risks from 
residential radon and uncertainties in dosimetry, large studies or pooling of multiple studies are 
needed to fully evaluate effects. We pooled data from 2 case-control studies of residential radon 
representing 2 large radon studies conducted in China. The studies included 1,050 lung cancer 
cases and 1,996 controls. In the pooled data, odds ratios (OR) increased significantly with greater 
radon concentration. Based on a linear model, the OR with 95% confidence intervals (CI) at 100 
Becquerel/cubic-meter (Bq/m3) was 1.13 (1.01,1.36). For subjects resident in the current home 
for 30 years or more, the OR at 100 Bq/m3 was 1.32 (1.07,1.91). Results across studies were 
consistent with homogeneity. Estimates of ORs were similar to extrapolations from miner data 
and consistent with published residential radon studies in North American and Europe, suggesting 
long-term radon exposure at concentrations found in many homes increases lung cancer risk. 

1. Introduction 

Studies of underground miners demonstrate that inhalation of high levels of radioactive radon gas 
(more precisely 222Rn) increases risk of lung cancer.1 The ubiquitous presence of radon in homes, 
although at concentrations generally below those in mines, raises concern about the contribution 
of radon to lung cancer risk in the general population. Extrapolations using miner-based models 
suggest radon may be the second leading cause of lung cancer, which may, for example, be 
responsible for 7% of lung cancers in Germany,2 4% in the Netherlands,3 20% in Sweden,3 11% 
in Norway4 and 10–15% in the United States.1,5 To assess validity of these estimates, 
investigators have conducted epidemiological studies of residential radon and lung cancer in 
many countries.  

There are inherent difficulties in identifying excess lung cancer risks from residential radon. The 
expected risk is small and radon dosimetry has substantial uncertainty due to the need to 
characterize exposures many years prior to lung cancer diagnosis.6,7 Uncertainties are linked to 
use of current radon measurements in rooms as indicators of past concentrations, to adjustment 
for structural and other modifications of homes over time, and to accounting for population 
mobility since current residents of prior homes of study subjects may have different lifestyle 
patterns that alter concentrations. Consequently, large numbers of subjects with accurate exposure 
assessment are needed. 

Meta-analyses of published results and pooling of original data from multiple studies offer 
approaches for addressing sample size limitations. While epidemiologic studies of residential 
radon and lung cancer have seemingly produced equivocal evidence of an increased risk, 
meta-analyses have found statistically significant excess risks from residential radon.8,9

Cooperative workshops to guide pooling of studies have been underway.10–13 The first of these 
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efforts, the pooling of 7 North American radon studies, was recently been completed14 and 
showed increased risks with radon exposure. 

There have been 2 case-control studies of lung cancer and indoor radon conducted in China, 1 
study in Shenyang an urban area in northeastern China15,16 and 1 study in eastern Gansu 
province,17 which used 1-year radon detectors and personal interviews to obtain data on smoking 
and other risk factors. The current report pools the data from these 2 studies. 

2. Material and Methods 

Following recent practice14,18 we assume the disease-relevant exposure time window (ETW) is 
5–30 years prior to disease incidence for cases or interview for controls and assess exposure 
within this period. Analysis of miners indicates that exposures 5 to 30 years prior to lung cancer 
have the greatest impact on risk.1

Shenyang case-control study 

The Shenyang study included all incident lung cancer cases recorded with the Shenyang Cancer 
Registry and diagnosed between September 1985 and September 1987.15,16 Nearly all cases were 
interviewed within 1 month of diagnosis. Five percent of cases who were too ill for interview or 
had died were excluded. An expert panel of pulmonary disease physicians and pathologists 
reviewed all diagnostic material. Controls were randomly sampled from the general population 
and matched on sex and age to cases. A total of 520 female and 729 male cases and 557 female 
and 788 male controls were interviewed. 

The radon component of the study enrolled females only and did not begin for 6 months, so that 
not all females were included in the radon component. Radon measurements were obtained from 
78% (308 of 397) and 91% (356 of 391) of eligible cases and controls, respectively. For the 
current analysis, we were able to retrieve data on 301 cases and 355 controls. We searched 
documentation and computer .les but were unable to determine the reason for the loss of the 8 
subjects. 

Radon was measured in 1 home for each subject. Alpha-track detectors were placed for 1 year in 
the current home, if the subject had resided there at least 5 years. If that criterion was not met, 
detectors were placed in the previous residence, provided it was located in Shenyang, accessible 
and the subject lived there for 5 years or more. Subjects resided in the measured home for a 
median of 24 years. Two detectors were placed in each home, 1 in the bedroom and 1 in the 
living room. Two measurements were obtained for 95% of subjects. The mean of both 
measurements, when available, was used in analysis, otherwise the single measurement was used. 
We omitted 2 subjects (controls) with extreme radon values (1,219 and 1,659 Bq/m3) that were 
more than 50% greater than the next largest value and 4 standard deviations from the mean. 

Original analyses did not characterize radon within an ETW. For this pooling, we calculated 
time-weighted average (TWA) radon concentration for the 5–30 year ETW. This resulted in the 
deletion of 16 cases (mean 91.9 Bq/m3) and 13 controls (mean 61.6 Bq/m3) who resided in their 
measured homes for precisely 5 years prior to enrollment, and therefore had no measurements 
within the ETW. Thus, 95% of cases (285 of 301) and 95% of controls (338 of 355) remained. 
For unmeasured years within the ETW, we inserted the mean radon concentration of control 
homes when calculating TWA radon concentration, an approach that is approximately unbiased 
with rare diseases and data missing at random.19
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Gansu case-control study 

The Gansu study included all incident cases of lung cancer occurring in 2 rural prefectures of 
Gansu Province between June 1994 and April 1998.17 A substantial proportion of the population 
lived in a unique style of underground dwellings where concentrations of radon are high.20 Study 
personnel identified cases by visiting all relevant medical facilities. An expert panel of 
pathologist, radiologists and clinicians from the Gansu Department of Health reviewed all 
diagnostic material. Investigators enrolled 886 lung cancer cases (656 males and 230 females). 
Because half of the cases, although incident, were identified retrospectively, 464 (52.4%) cases 
were deceased and next-of-kin were interviewed. Controls were randomly selected from 1990 
population census lists and matched by age in 1995, sex and prefecture to an expected distribution 
of case ages, which was determined from a review of 1991 medical records. There were 1,765 
(455 females and 1,310 males) control subjects. Next-of-kin were interviewed for 71 (4.0%) 
deceased controls. 

For each subject, 2 alpha-track detectors (1 in the living room and 1 in the bedroom) were placed 
for 1 year in each home occupied for 2 or more years during the 30 years prior to the enrollment 
date and located within the 2 prefectures. Eighty-eight percent (775 of 881) of cases and 95% 
(1,669 of 1,765) of controls had at least 1 measurement within the 5–30 year ETW period. 

We used mean radon concentrations for control homes within prefecture and construction style to 
impute concentrations for unmeasured time periods.19

Statistical analysis 

We computed odds ratios (OR) and 95% confidence limits (CI) using standard logistic regression. 
For the Shenyang data, we adjusted analyses for age and an index of air pollution (defined in 
reference 16), categorized by tertiles. For the Gansu data, we adjusted for age, prefecture of 
residence, sex and socioeconomic factors, which were characterized by ownership of a color 
television (2 levels) and number of large domestic animals (3 levels; 0, 1, 2).17 Age categories 
were common across studies (7 levels: <45, 45–49, 50–54, 55–59, 60–64, 65–69 and 70 years). 
We adjusted both studies by a smoking risk variable (4 levels: 40 years smoking 20 cigarettes 
equivalents per day; 30 years smoking 10 cigarettes equivalents per day; other smokers and 
never-smokers) with subjects assigned their highest risk category. Pooled ORs were further 
adjusted for study. After excluding subjects with missing data, there were 275 cases and 333 
controls from Shenyang, and 753 cases and 1,641 controls from Gansu. 

We fit a linear excess odds ratio (EOR) model, OR = 1+ x, where x is TWA radon concentration 
and  is the EOR per Becquerel per cubic-meter (Bq/m3), and computed likelihood based 95% 
confidence intervals (CI). We evaluated variation of radon effects across other factors (effect 
modification) by fitting category-specific EORs, 1+ j xj, where xj is radon concentration and j is 
the EOR/Bq/m3 within level j, using a likelihood ratio test. 

Preliminary analysis indicated that coverage of the ETW and residential mobility may be 
confounding variables. In Gansu controls, radon levels were higher in subjects with less than 
complete coverage and higher in subjects with higher mobility. In Shenyang controls, radon was 
uncorrelated with coverage but positively correlated with number of residences. We additionally 
adjusted EOR models for mobility within the ETW (1, 2, 3 homes) and coverage (<20, 20–24, 

25 years). 

197



Study-specific results differ slightly from previously published results due to different 
categorizations for adjustment factors. 

3. Results 

For Shenyang subjects, cases and controls had similar ages at enrollment, and exposure to indoor 
pollution (Table I). For Gansu subjects, cases were younger, more likely deceased, owned a color 
television and had fewer large domestic animals. Age differences in the Gansu study were due to 
the selection of controls based on ages in 1995 and an extension of the case enrollment period. 
Age differences did not effect results since analyses adjusted for age at enrollment. 

Tab. I: Numbers of lung cancer cases and controls, and demographic information for studies in 
China 

Shenyang1 Gansu 
Females Females Males

Cases Controls Cases Controls Cases Controls 
Total subjects 285 338 205 427 563 1,232 
Age at enrollment (y) 56.2 56.7 53.7    55.3 55.8 56.62

Age at enrollment (%)     
<45     7.3    6.8 17.1    11.5 13.3     11.5 

45 49     7.6    7.4 17.6    16.4 8.2     15.3 

50 54    20.3    19.7 18.5    20.4 20.6     14.7 

55 59    31.6    27.4 14.6    17.1 19.2     16.5 

60 64    22.6    23.6 17.6    15.5 21.5     17.9 

65 69    10.6    15.1 10.7    12.4 11.7     21.5 

70+   3.9     6.8 5.5 5.52

Ownership of color TV (%)   31.7     17.32 33.4 19.02

Number of large domestic animals 
(%) 

    

0   24.9 32.3   22.7     30.2 
1   22.4 33.5   28.9     30.9 

2   52.7     34.22   48.3     38.92

Indoor air pollution index (%)3     
I    34.9    36.9     
II    21.1    20.7     
III    44.0    42.3     

Type of respondent (%)       
Subject   100.0   100.0 48.8    97.0 48.3     95.5 
Proxy     0.0     0.0 51.2      3.02 51.7 4.52

1 Includes only subjects with measurement data within the 5 30 year exposure time window (ETW).  
2 p < 0.01 for test of homogeneity of distributions in cases and controls.  
3 Categories based on tertiles in controls.

In Gansu controls, nearly all males (91.0%) smoked, while nearly all females (90.2%) did not, 
and in Shenyang controls 36.8% of females smoked (Table II). Among smokers, tobacco 
consumption was generally light. Means for number of cigarettes smoked per day and duration of 
use were 10.7/days and 30.2 years for Gansu males, 5.4/days and 22.1 years for Gansu females, 
and 17.3/day and 34.7 years for Shenyang females. ORs increased with increasing tobacco use in 
Shenyang females 
and Gansu males. 
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Tab. II: Numbers of subjects, odds ratios (or) for lung cancer and a smoking risk variable for the 
Shenyang and Gansu China residential radon studies1

Shenyang Gansu Pooled studies
Females Males

Cases Controls OR
Cases Controls OR Cases Controls OR

OR 95% CI p2

Never 
smoked

113 213 1.003 181 385 1.003  28  110 1.003 1.003

Ever
smoked

162 120 2.95  23  42 1.14 521 1,104 1.98 2.28 (1.8,3.0) 0.04

Smoking risk4

I 54  61 1.79 20  36 1.30 310  749 1.73 1.77 (1.3,2.3)
II 75  42 4.00   3   6 0.61 171  314 2.61 2.93 (2.2,4.0)
III 33  17 5.545   0   0  40   41 3.855 4.475 (2.8,7.1) 0.32
1 ORs adjusted for age, sex (both studies), air pollution index (Shenyang), prefecture and socioeconomic factors 

(Gansu). Pooled ORs additional adjusted for study.  
2 P-value for test of homogeneity across studies.  
3 Reference category for ORs.  
4 Variable defined as III, 40 or more years smoking 20 or more cigarettes equivalents per day; II, 30 or more years 

smoking 10 or more cigarettes equivalents per day; I, other smokers, with subjects assigned their highest risk 
category.  

5 P < 0.001 for test for trend in ORs.

Tab. IIII: Odds ratio (or) of lung cancer by time weighted average radon concentration within 
the 5-30 year exposure time window (ETW) prior to enrollment1

Radon concentration, Bq/m3

<100 100 149 150 199 200 249 250 299 300 Total

Shenyang study
Cases 101 138 14 10 3 9 275 
Controls 131 152 20 15 4 11 333 
Mean   70.9   121.5 173.1 218.4 272.3 475.0   122.4 
OR     1.002      1.29    1.16    0.75    1.06    1.05  
95% CI  (0.8,2.0) (0.5,2.7) (0.3,2.0) (0.2,5.8) (0.4,3.0)  
Gansu study 
Cases  63  85 184 171 111 139  753 
Controls 167 235 334 357 252 296 1,641 
Mean    69.5 128.4   177.4   223.0   274.5   411.3    227.8 
OR      1.002    1.00      1.46      1.17      1.28     1.56  
95% CI  (0.6,1.6) (0.9,2.3) (0.7,1.8) (0.8,2.1) (1.0,2.5)  
Pooled studies
OR 1.002 1.12 1.42 1.13 1.27 1.52  
95% CI  (0.8,1.5) (1.0,2.0) (0.8,1.6) (0.8,1.9) (1.1,2.2)  
1 ORs adjusted for age, sex, smoking risk, years in ETW, number of homes (both studies), an indoor pollution index 

(Shenyang), prefecture and socioeconomic factors (Gansu). Pooled model adjusted for study. 
2 Referent category for ORs. 

Shenyang females tended to be more mobile than subjects from the more rural Gansu study areas. 

Within the 5 30 year ETW, Shenyang females on average lived in 2.0 residences, with 1 

measured per subject, while Gansu subjects resided in 1.7 residences for both females and males, 
with 1.2 residences measured per subject. Radon measurements covered 67.2% and 67.7% of the 
ETW for cases and controls in Shenyang, respectively, and 71.8% and 79.1% of the ETW for 
Gansu cases and controls. The arithmetic mean (AM), geometric mean (GM) and geometric 
standard deviation (GSD) for radon were 115.7, 91.2 and 1.93 Bq/m3 for Shenyang detectors, 
respectively, and 222.9, 176.2, and 2.08 Bq/m3 for Gansu detectors. Measurements exceeded 150 
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Bq/m3 for17.4% of Shenyang homes and 65.7% of Gansu homes. AMs for TWA radon 
concentrations for cases and controls were 122.1 and 122.7 Bq/m3 for Shenyang, respectively, 
and 232.3 and 225.7 Bq/m3 for Gansu. 

ORs for lung cancer generally increased with radon concentration in Gansu, while ORs for 
Shenyang subjects were generally near 1 and did not exhibit a trend (Table III).  

For the pooled data, the EOR at 100 Bq/m3 and 95% CI were 0.133 (0.01,0.36) (Table IV). The 
EOR was significant for the Gansu data, 0.175 (0.02,0.49), but not for the Shenyang data, -0.019 
(-0.13,0.43), although homogeneity of EORs was not rejected (p=0.29). Figure 1a shows ORs 
plotted at category means and the pooled linear OR model. 

Tab. IV: Excess odds ratio (EOR) for radon concentration overall and by years covered by radon 
detectors and residential mobility within the 5-30 year exposure time window (ETW) prior to 
enrollment1

Pooled studies Shenyang Gansu p4Model for 
EOR 100 Devi- 

ance2
Cases 100 Devi- 

ance2
Cases 100 Devi- 

ance2
Param- 
eters3

Overall 
(95% CI) 

0.133 
(0.01,0.36) 

 -0.019 
(-0.13,0.43) 

 0.175 
(0.02,0.49) 

1 0.29 

Years in ETW 
25 0.319  106 0.177  358 0.355    

20 24 -0.134  39 -0.134   74 -0.097    

<20 -0.072 10.215 130 0.330 3.95 321 -0.128 7.085 3 0.58 
Homes 

1 0.332  106 0.173  243 0.372    
2 -0.071  100 -0.134  362 -0.029    

3 0.099 6.395  69 0.431 3.36 148 0.031 3.96 3 0.56 
1 Based on the linear odds ratio model: OR(x) = 1 + x, where x is the mean radon concentration within ETW. Models 

adjusted for age, sex, smoking risk, years in ETW, number of homes (both studies), an indoor pollution index 
(Shenyang), prefecture and socioeconomic factors (Gansu). Pooled model adjusted for study.  

2 Change in deviance relative to overall model.  
3 Number of parameters used to model EOR. 
4 P-value for test of homogeneity of EOR parameters across studies.  
5 Test of homogeneity (change in deviance) relative to overall model without effect modi.ers statistically signi.cant, p < 

0.05. 

Table IV also shows EORs by coverage and number of homes in the ETW. For Shenyang, EOR 
was increased, but not significantly, in subjects with complete coverage (or resident in 1 home in 
the ETW), 0.177 (-0.12,2.04). For subjects with less than 20 years coverage or resident in 3 or 
more homes, EORs were 0.330 (-0.16, ) or 0.431 (-0.17, ), respectively. The latter 2 estimates 
were unstable due to the narrow range of exposures, since mean coverage of the ETW was less 
than 9 years, implying that a single imputed mean value was used for 16 years in the TWA radon 
calculation. For Gansu, EORs were significantly elevated only for subjects with complete 
coverage, 0.355 (0.09,1.08), or resident in 1 home in the ETW, 0.372 (0.08,1.28). In the pooled 
data, EORs varied significantly by coverage and number of homes. EORs were 0.319 (0.09,0.88) 
with complete coverage and 0.332 (0.08,0.96) for subjects resident in 1 home. EOR patterns were 
homogeneous across studies. 

The most accurate dosimetry likely occurs for subjects with complete coverage and 1 home in the 
ETW. Restricting data to these subjects and for radon categories <100, 100–149, 150–199, 
200–249, 250–299, 300 Bq/m3, ORs and 95% CIs were 1.00, 1.50 (0.8,2.9), 1.21 (0.3,5.2), 2.43 
(0.6,10.0) and 1.39 (0.5,4.5) (the upper 2 categories were merged due to few subjects), 
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respectively, for Shenyang, and 1.00, 0.99 (0.6,1.8), 1.34 (0.8,2.4). 1.37 (0.8,2.4), 0.89 (0.46,1.74) 
and 1.91 (1.1,3.3) for Gansu. For the pooled data, ORs and 95% CIs were 1.00, 1.18 (0.8,1.8), 
1.44 (0.9,2.3), 1.53 (0.9,2.5), 1.05 (0.6,1.9) and 1.93 (1.2,3.1), with an EOR of 0.315 (0.07,0.91). 
Figure 1b shows ORs and the EOR estimate for the restricted data. 

We evaluated EORs for radon by categories of sex, indoor smokiness and cigarette smoking 
variables for all subjects and for subjects with complete coverage and resident in 1 home in the 
ETW, and found no significant variation. EORs differed significantly only for type of respondent, 
with EORs at 100 Bq/m3 of 0.086 and -0.090 (p=0.01) for subject and surrogate respondent, 
respectively, and 0.382 and -0.096 (p=0.01) among subjects with complete coverage. 

    

Fig 1: Odds ratios (OR) of lung cancer for categories of radon concentration for the Shenyang 
and ansu case-control data, and ORs and the fitted linear odds ratio model (solid line) and 95% 
confidence limits (dashed lines) for the pooled data. Results shown for all subjects (a) and for 
subjects with complete coverage of the 5–30 year exposure time window and resident in 1 home 
(b). Each OR is plotted at its category-specific mean concentration. 

4. Discussion 

The pooling of 2 Chinese radon studies showed an excess risk of lung cancer with increased 
residential radon concentration. Restrictions on the data suggestive of improved exposure 
assessment increased estimates of excess risk. The EORs at 100 Bq/m3 were 0.133 (0.01,0.36) in 
the complete data and increased to 0.315 (0.07,0.91) in subjects with complete coverage and 
resident in 1 home within the ETW. These EORs were similar to estimates in a pooling of North 
American radon studies, 0.106 (0.00,0.28) for subjects with dosimetry based on long-term 
detectors and 0.205 (0.03,0.50) for subjects with complete coverage.14 EORs were similar to the 
extrapolation from miner data, which estimates at EOR at 100 Bq/m3 of 0.117.1

Variations of the EORs with other factors were similar to results in the North American pooling.14

Both analyses found similar EORs for never-smokers and ever-smokers, and no significant 
variation of effects of attained age. These patterns differed from those in miner studies, where 
exposure-response trends were significantly lower among ever-smokers and at older ages at 

Radon concentration (X), Bq/m3
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diagnosis.1 The reasons for these differences have not been explored but may relate to the higher 
exposures in miners, cessation at retirement of exposure to occupational lung cancer risk factors 
and lung irritants, such as arsenic and silica dusts, or incomplete control of the effects of cessation 
of radon exposure or of tobacco consumption. 

The EOR for radon was nearly identical for males and females in the Chinese and North 
American pooled analyses. This result has important implications for radon risk assessment in the 
general population. The current practice for estimating attributable risk for lung cancer from 
residential radon assumes exposure to radon multiplies the background lung cancer rates by the 
same factor for males and females, and applies the miner-based risk model to males and to 
females. This contrasts with an assumption of an additive translation of radon effects, where the 
excess lung cancer risk from radon in males is added to the background lung cancer risk in 
females.21,22 The pooled analyses provide empirical evidence supporting the proportionality 
assumption and a similar attributable risk from radon for both sexes. 

A positive EOR was observed for subject respondents but not for next-of-kin respondents. Radon 
is a physical measurement, and the placement and reading of the radon detectors are not likely 
influenced by vital status. Differences by type of respondent may be related to accuracy of the 
information used for adjustment and for residential histories, with greater uncertainty from 
next-of-kin respondents perhaps resulting in a bias towards the null in that subgroup. This 
variation was again similar to the findings in the North American pooling. 

The Gansu study included nearly 3 times the number of lung cancer cases and had higher mean 
exposures than the Shenyang study, and thus played a dominant role in the pooled results. 
However, use of original data allowed parallel, as well as pooled, analysis under consistent 
definitions of variables and with application of a consistent methodology, in contrast to 
meta-analysis of published results. As in the original analysis of the Shenyang data,16 we found 
no overall association of radon exposure and risk of lung cancer. We did find however positive, 
albeit not significant, risk patterns with radon exposure, particularly in restricted subsets of the 

data. In the current analysis, dosimetry was based on a 5 30 year ETW with the mean of control 
detectors used to impute gaps, while the original dosimetry used only measured radon without 
imputing unknown values and without accounting for duration of residency. For a (relatively) rare 
disease such as lung cancer and assuming that missingness is noninformative, the imputation 
approach we applied is unbiased.19 The original dosimetry was equivalent to assigning an 
individual’s observed radon to unmeasured homes within the ETW, whereas our analysis imputed 
population mean values. The former approach may have increased error by using a single value to 
estimate radon in the entire ETW and may bias results towards the null.23,24 

In contrast to the Gansu data, mean coverage of the ETW for the Shenyang subjects was the same 
in cases and controls; however, coverage was positively correlated with radon levels in cases and 
nearly uncorrelated in controls. Consequently, in controls, deriving ETW-based exposures from 
original measurements uniformly adjusted values across all coverages independent of 
concentrations. In cases, subjects with lower coverage were more likely to also have lower radon 
levels and so were differentially influenced by the imputation in ETW calculations. Original 
analyses did not account for potential confounding due to coverage since there was no a priori 
reason to posit that coverage was related to both radon exposure and disease risk. 

We deleted 2 Shenyang controls whose radon measurements were more than 50% greater than the 
next largest value and more than 4 standard deviations from the mean, although there was no 
indication values were invalid, except for their extremity. The subjects were influential. For the 
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Shenyang data, the EORs changed from -0.019 to -0.060 with the 2 extreme concentrations 
included. For subjects with complete coverage of the ETW, EORs changed from 0.177 to 0.020 
when the outliers were included. It is noteworthy that if we excluded 20 subjects with 
concentrations of 300 Bq/m3 or above (the highest category of Table IV) or 14 subjects in the 
restricted data, EORs were -0.010 overall and 0.935 in the restricted data. Inclusion of the 2 
extreme Shenyang exposures reduced the pooled estimate from 0.133 (0.01,0.36) with p=0.29 for 
the test of homogeneity to 0.102 (-0.01,0.31) with p=0.05 for the test of homogeneity overall, and 
from 0.315 (0.07,0.91) with p=0.60 for the test of homogeneity to 0.278 (0.06,0.82) with p=0.27
for the test of homogeneity in subjects with complete coverage and 1 residence. 

Uncertainties in radon dosimetry limit precise estimation of risk in residential studies. 
Uncertainties arise from use of current measurements of radon in air to reflect past levels, which 
may differ due to changes in living patterns, structural alterations or normal yearly random 
variation. Uncertainty is also increased due to imputation of concentrations for gaps in the ETW, 
homes that no longer exist, homes located outside the study area, homes occupied briefly and not 
measured or the owner’s refusal to allow measurements.6,7,23,24 Time or movement within the 
home may be ignored or inadequately characterized.25–27 Investigators have addressed 
uncertainties by explicitly adjusting risk estimates under various probability models,23,24,28–30

conducting sensitivity analyses,31 limiting study participants to long-term residents26,32 or using 
improved dosimeters.33–35 Analyses have suggested that accounting for uncertainties may increase 
estimates of EORs 50–100%.23,24,28,29,31 A similar impact of uncertainties was reported for the 
Gansu study, based on modeling temporal and spatial variability in radon levels using data from a 
3-year study of 55 houses.30

In summary, the estimates of the EOR from 2 different areas of China, 1 rural and 1 urban, were 
consistent with homogeneity and were similar to summary estimates from studies in North 
America and Europe and to extrapolations from miners. These analyses provide additional 
evidence that residential radon increases lung cancer risk in the general population. 
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Abstract: The application of the ICRP Human Respiratory Tract Model [1] to the inhalation of short-
lived radon progeny yields a dose-exposure conversion factor for indoor exposures which is roughly a 
factor of 3 higher than that derived from epidemiological studies. Although other lung dosimetry 
models predict dose-conversion factor which are lower by about a factor of 2 than the ICRP-value, any 
further reduction down to the epidemiology-derived estimate seems to be most unlikely. Thus the 
discrepancy between dosimetry-based and epidemiology-derived estimates of the dose-exposure 
conversion factor can only be reconciled by reducing the present value of the radiation weighting 
factor for alpha particles of 20 by about a factor of 2-3. Indeed, such a smaller value would be 
consistent with maximum RBE-values for in vitro oncogenic transformation, which range from 3 to 
10. Alternative explanations are that the intra-and inter-subject variabilities of biological parameters 
involved in lung dosimetry and the non-uniform radon progeny activity distributions on bronchial 
airway surfaces may affect lung cancer incidence. Indeed, stochastic dose calculations indicate that the 
inherent variability of morphological and physiological parameters, affecting deposition, clearance and 
dosimetry, can cause significant fluctuations of cellular doses. This raises the question, whether lung 
cancer risk is better correlated with the average dose received by a group of individuals, as is current 
practice, or with the higher doses received by a small fraction of individuals for the same exposure 
conditions. Furthermore, radon progeny accumulations at carinal ridges in bronchial airway 
bifurcations lead to highly non-uniform exposure conditions. Thus cells located at carinal ridges 
receive significantly more cellular hits and thus higher cellular doses than those along the cylindrical 
airway portions, leading to correspondingly higher transformation frequencies at these sites. This 
suggests that lung cancers may originate primarily at bronchial bifurcation sites. 

1. Introduction 

The application of the ICRP Human Respiratory Tract Model [1] to the inhalation of short-lived radon 
progeny yields a dose-exposure conversion factor for indoor exposures, expressed in mSv/WLM, 
which is roughly a factor of 3 higher than that derived from epidemiological studies [2]. In the ICRP 
approach, doses are calculated to sensitive target cells in the bronchial, bronchiolar and alveolar-
interstitial regions, and then multiplied with radiation and tissue weighting factors to obtain effective 
lung doses. Although ICRP [3] has recently confirmed a value of 20 for the radiation weighting factor 
for alpha particles, it also recognised that this value may not apply to the specific exposure situation of 
radon progeny alpha particles in the bronchial epithelium. 
With respect to the dosimetric approach, there are two obvious explanations of the discrepancy 
between the ICRP approach and epidemiology. Either the doses predicted by the ICRP model are too 
high, or the two conversion factors, particularly the radiation weighting factor wR, are too high. Thus 
three aspects of this discrepancy will be discussed in the present study: (i) Do other dosimetric models 
predict lower doses, or would it be more sensible to reduce the radiation weighting factor? (ii) What 
range of doses will be expected in a specific individual (intra-subject variability) or in a group of 
individuals for the same exposure conditions (inter-subject variability) due to the effect of the 
observed variability of morphometric and physiological parameters? And (iii) how will non-uniform 
surface activities on bronchial airways and the resulting non-uniform irradiation of sensitive target 
cells affect lung cancer risk?        

206



2. Dose-exposure conversion factor 

In radon lung dosimeter, the sequence of events, ranging from inhalation of short-lived radon decay 
products to the energy deposition at the cellular level comprises four major components: (1) 
Mathematical description of the morphology of human bronchial airways by a system of bifurcating 
cylindrical tubes. (ii) Air and particle transport through the lungs and deposition of inhaled radon 
progeny on bronchial airway surfaces during a full breathing cycle for specific respiratory parameters. 
(iii) Bronchial clearance from the initial deposition sites, competing with radioactive decay, leading to 
steady-state surface activities for the alpha-emitting radon progeny 218Po and 214Po. (iv) Interaction of 
alpha particles emitted from these nuclides with sensitive target cell nuclei in bronchial epithelium. 
Average bronchial doses, obtained by averaging over all bronchial airway generations and both basal 
and secretory cells, can then be related to lung cancer incidence. 
A comprehensive sensitivity analysis of dose-exposure conversion factors for typical indoor exposure 
conditions, based on the ICRP lung model and a radiation weighting factor of 20, yielded a range of 
values between 8 and 33 mSv/WLM, with an average value of 14.5 mSv/WLM [4]. While the 
application of generation-based airway models with the same wR-value produces consistently smaller 
values, e.g. 8.0 - 11.5 mSv/WLM [5] or 6.2 - 7.6 mSv/WLM [6], any further reduction down to the 
epidemiology-derived estimate of 3.88 mSv/WLM [2] seems to be most unlikely. Thus, the 
discrepancy between dosimetry-based and epidemiology-derived estimates, assuming that the tissue 
weighting factor remains the same, can be only reconciled at present if wR adopts values between 5.5 
and 11.6.  
Oncogenic transformation of cells by alpha particles, which is a necessary intermediate step in the 
sequence of events leading to carcinogenesis, may presently be the most relevant cellular effect for 
simulating cancer formation. Since the value of the radiation weighting factor for alpha particles is a 
judgement based on maximum RBE (relative biological effectiveness) values, RBE values for in vitro
oncogenic transformation in immortalized cells lines, irradiated by alpha particles with varying LET 
(linear energy transfer) and dose, may provide some guidance for the magnitude of the radiation 
weighting factor applicable to radon-induced bronchial tumours. While the most detailed information 
is presently available for C3H 10T1/2 mouse embryo fibroblasts [7-10], immortalised rat tracheal 
epithelial (RTE) cells [11-13] are more relevant for in vivo transformation in human bronchial 
epithelium. Maximum RBE-values for in vitro oncogenic transformation are compiled in Table I.   

Tab. I: Maximum RBE values for in vitro oncogenic transformation in different immortalised cell 
lines, irradiated by alpha particles with varying LET and dose.  

__________________________________________________________________________________ 

                       Cell line                                            LET                                          RBE                          
                                                                            (keV µm-1)
__________________________________________________________________________________ 

                 C3H 10T1/2  [7]                                  50 - 250                                         3*   
                 C3H 10T1/2  [8]                                     84.5                                             9                       
                 C3H 10T1/2  [9]                                     147                                            10  
                 C3H 10T1/2  [10]                                50 - 250                                        10*  
                 RTE  [11]                                               85.4                                            2.4   
                 RTE  [12]                                               87.5                                            6.3  
                 RTE  [13]                                               85.4                                            10  
__________________________________________________________________________________ 

* Average value over the whole range of reported LET values 
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Due to differences in cell line, LET and dose, maximum RBE values are in the range from 3 to 10 
[14]. All measurements with varying dose indicate that maximum RBE values are observed for the 
lowest doses used in the respective experiments. Although the application of in vitro transformation 
data to in vivo carcinogenesis in bronchial tissue requires several extrapolations, e.g., single cells vs. 
interacting cells in tissue or immortalised cells vs. primary cells, these smaller wR values are consistent 
with the reported range of RBE values from 4 - 8 for lung cancer incidence in rats exposed to radon 
progeny [15].     

3. Intra-and intersubject variability 

Due to the inherent biological variability in a specific individual (intra-subject variability) or in a 
group of individuals for the same exposure conditions (inter-subject variability), target cell 
populations may experience significant variations in absorbed dose. The three major sources of 
biological variability affecting bronchial dosimetry are: (i) Lung morphometry, i.e., the asymmetric 
and stochastic nature of the human airway system, with variable diameters, lengths, branching angles, 
and number of bronchial and alveolar airway generations [16], leading to variable deposition fractions 
in individual airways [17], mucociliary clearance velocities [18], and depths of bronchial target cells 
[19]. (ii) Respiratory parameters, i.e., variable breathing frequencies, tidal volumes, and breathing 
asymmetry [1], causing variable deposition fractions in individual airways. (iii) Bronchial histology, 
i.e. variable thickness of mucus layer and depth of basal and secretory cells [19] producing variable 
cellular doses. In the present study, Monte Carlo techniques have been used to simulate the 
experimentally observed variability of anatomical and physiological parameters on particle deposition 
and clearance and, finally, on bronchial dose. In contrast to the commonly used deterministic models, 
e.g. the ICRP model [1], this stochastic dosimetry model produces cellular dose distributions. This 
raises the question, whether lung cancer risk is correlated with average values or with the maximum 
values of the dose distribution for the same exposure conditions?    

Fig. 1: Mean weighted epithelial doses, produced by 218Po and 214Po alpha particles for 1 nm unit 
density particles (unattached fraction) in generations 4 (A) and 10 (B), and for 200 nm unit density 
particles (attached fraction) in generations 4 (C) and 10 (D) for typical indoor exposure conditions, 
illustrating the effect of intra- and inter-subject variability of bronchial epithelial doses.   
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Mean weighted epithelial doses in airway generations 4 (bronchi) and 10 (bronchioles), obtained by 
weighting the computed basal and secretory cells by the volumetric densities of their cell nuclei in 
bronchial epithelium [19], are presented in Figure 1. The relative contributions of attached and 
unattached radon progeny to the epithelial cell dose are based on the following ration: 218Po:214Pb:214Po 
equals 1.0:0.1:0.0 for the unattached fraction, and 0.8:0.4:0.2 for the attached fraction. The dose 
distributions plotted in Figure 1 represent conditional probability density functions, i.e. they are 
normalized to a total probability of one.  
Since computed epithelial cell doses can mathematically be approximated by lognormal distributions, 
corresponding median and geometric standard deviations of the mean weighted epithelial doses for all 
bronchial airway generations in the stochastic lung model are listed in Table I.  
Inspection of Figure 1 and Table II reveals two significant features of the computed dose distributions: 
(i) Doses produced by the unattached fraction are highest in the large bronchi, while the contribution 
of the attached fraction is highest in the peripheral bronchioles, due to differences in particle diameters 
and related deposition fractions. (ii) The dispersion of the dose distributions increases with rising 
penetration into the lung for the unattached fraction, but varies only slightly for the attached fraction. 
In general, the combined geometric standard deviations for both fractions vary between 2 and 3 
throughout the whole bronchial tree.   

Tab. II: Median and geometric standard deviation (GSD) of mean weighted epithelial doses produced 
by 218Po and 214Po alpha particles (attached and unattached fractions) for typical indoor exposure 
conditions.

__________________________________________________________________________________ 

Mean weighted epithelial dose [mGy/WLM] 
__________________________________________________________________________

                                                                     1 nm                                     200 nm  

     Generation number                 Median            GSD                  Median            GSD 
__________________________________________________________________________________ 

                   1                                      20.4                2.04                      0.59                4.65
                   2                                      32.6                2.34                      1.58                2.39
                   3                                      34.5                2.50                      1.86                2.31
                   4                                      28.5                2.50                      1.71                2.42
                   5                                      25.0                2.19                      1.67                2.43
                   6                                      20.2                2.19                      1.68                2.43
                   7                                      16.2                2.06                      1.78                2.55
                   8                                      10.8                2.10                      1.79                2.71
                   9                                      6.84                2.58                      2.14                2.78
                 10                                      3.59                3.42                      2.60                2.81
                 11                                      2.32                4.46                      3.99                2.53
                 12                                      0.97                5.50                      4.67                2.29
                 13                                      0.39                6.39                      5.14                2.27
                 14                                      0.14                7.04                      5.67                2.23
                 15                                      0.06                7.24                      6.40                2.31
                 16                                      0.04                7.77                      6.96                2.42
                 17                                      0.02                5.12                      7.49                2.68
                 18                                        --                     --                       9.87                 2.60  
                 19                                        --                     --                       11.6                 3.08       
                 20                                        --                     --                       13.3                 3.01 
__________________________________________________________________________________ 
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4. Non-uniform surface activities 

Experimental studies [20] and fluid dynamics simulations [21] of attached and unattached radon 
progeny deposition in bronchial airway bifurcation models have indicated that particle deposition 
patterns are relatively non-uniform within a Y-shaped bifurcation, exhibiting distinct hot spots at the 
carinal ridge. Depending on particle size and flow rate, maximum local deposition enhancement 
factors, defined as the maximum ratio of the deposition densities in a given surface element to that for 
the whole bifurcation, which is equivalent to uniform deposition, range from 40 (unattached ) to 100 
(attached) [22]. While non-uniform deposition patterns in tubular airway segments become more 
homogeneous by mucociliary action, the slowing down or even complete stasis of mucociliary 
clearance at carinal ridges will further increase the accumulation of radon progeny [23].      
A Monte Carlo code for the calculation of microdosimetric spectra and hit probabilities for alpha 
particles emitted from uniform and non-uniform source distributions in a cylindrical airway geometry 
[24] was recently extended to incorporate Y-shaped bronchial airway bifurcation geometries [14]. In 
order to assess the effect of multiple hits, dose dependent specific energy spectra were calculated by 
solving the compound Poisson process by iterative convolution. Such spectra are plotted in Figure 2 
for target cells located at different depths in bronchial epithelium at the carinal ridge of a symmetric 
airway bifurcation for both uniform and non-uniform 218Po and 214Po surface activity distributions. 
Non-uniform irradiation conditions are characterised by a carinal ridge surface activity ratio of 7 and a 
uniform distribution along the tubular parts of the bifurcation [25]. The exposure conditions refer to an 
average cumulative exposure of 580 WLM reported for the Colorado uranium miners [26]. In case of 
non-uniform surface activities, the mean specific energy increases significantly with decreasing depth, 
illustrating the effect of multiple alpha particle hits, while multiple hits do not play a major role in case 
of uniform surface activities.   
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 Fig. 2: Dose-dependent specific energy spectra for target cells located at 10, 20, and 40 µm depth in 
bronchial epithelium at the carinal ridge of a symmetric airways bifurcation for both uniform and 
non-uniform 218Po and 214Po surface activity distributions.

To evaluate the biological consequences of non-uniform surface activities and resulting cellular energy 
distributions, transformation frequencies per surviving cell were calculated for bronchial target cells 
by applying the probability-per-unit-track length approach [27]. Number of alpha particle hits and 
related transformation frequencies for a target cell located at 20 um depth in bronchial airway 
generation 4 are listed in Table III for both uniform and non-uniform irradiation conditions. Due to the 
wide spacing in time of alpha particle hits, which is particularly appropriate for chronic low level 
exposures, calculated transformation frequencies for multiple hits represent the cumulative effects of 
single alpha particle interactions (uncorrelated case). Thus transformation frequencies for multiple cell 
traversals are roughly proportional to the number of hits. Consequently, transformation frequencies are 
higher for non-uniform distributions than for uniform distributions for the same total exposure. If, 
however, cellular transformation depends on the total energy deposited during the whole exposure 
period (correlated case), which may be more relevant for acute or short-term exposures, then 
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transformation frequencies are smaller for non-uniform exposures due the increased effect of cell 
killing.

Tab. III: Number of alpha particle hits (Nhit) and transformation frequencies for single (TFsingle) and 
multiple (Nmultiple) hits in a target cell located at 20 µm depth in bronchial airway generation 4 for 
uniform and non-uniform activity distributions in cylindrical and bifurcation airway geometries. 
Exposure conditions refer to chronic indoor and occupational uranium miner exposure scenarios. 
__________________________________________________________________________________ 
                                                   20 WLM, 70 years                                580 WLM, 4 years                    
                                   Cylinder                  Bifurcation                                Bifurcation 
                                   Uniform         Uniform      Non-uniform       Uniform         Non-uniform 
__________________________________________________________________________________ 

         Nhit                     4.1 x 10-4         1.5 x 10-3         1.9 x 10-2           0.42                    5.04                
              TFsingle                3.8 x 10-4         3.8 x 10-4         3.6 x 10-4           3.8 x 10-4           3.6 x 10-4         
        TFmultiple              1.6 x 10-7         5.9 x 10-7         6.7 x 10-6           1.6 x 10-4           1.8 x 10-3

                                                                                                                                       (4.8 x 10-4)* 
__________________________________________________________________________________ 
*Transformation frequency based on the total energy deposited by multiple alpha particle hits  

5. Conclusions 

Based on the results presented in this study, the following conclusions can be drawn: 
(i) Current lung dosimetry models predict dose-exposure conversion factors which are a factor 2-3 
higher than the ICRP epidemiology-derived value. Both estimates can be reconciled by reducing the 
current radiation weighting factor for alpha particles by that same factor. Indeed, a factor of about 2-3 
is consistent with RBE-values for in-vitro oncogenic transformation and lung cancer incidence in rats.   
(ii) Inter-subject variability of lung morphometry, breathing parameters and target cell location 
produces lognormal distributions of bronchial epithelial cell doses. Thus the question arises, whether 
lung cancer risk is correlated with the average dose received by a group of individuals or with the 
higher doses received by a fraction of individuals for the same exposure conditions.  
(iii) Radon progeny accumulations at carinal ridges in bronchial airway bifurcations lead to highly 
non-uniform exposure conditions. Cells located at carinal ridges receive significantly more cellular 
hits and thus higher cellular doses than those along the cylindrical airway portions, leading to 
correspondingly higher transformation frequencies. This suggests that lung cancers may originate 
primarily at bronchial bifurcation sites, which raises again the question, whether lung cancer risk is 
related to the average bronchial dose or the higher doses received by a small fraction of cells located at 
carinal ridges   
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Abstract: Biophysical processes in airways related to the inhalation of radon progenies may be 
appropriately computed by numerical models. Due to the complexity of airway geometry, fluid and 
particle dynamics, highly complex numerical approaches are required. In this study, computational 
fluid dynamics (CFD) simulations of airflow, particle deposition, alpha-tracks of deposited radon 
progenies and cellular alpha-hit probabilities are presented. There are experimental evidences that 
bronchogenic carcinomas originate mainly in the vicinity of the carina ridge of large bronchial airways 
where primary hot spots of deposition have been found. In case of uranium miners, more than ninety 
percent of the registered lung cancer formations have occurred in this region of the lung. However, 
current lung deposition models do not take into consideration the inhomogeneity of deposition within 
the airways. In the present study, our computer programme generates the three-dimensional 
morphologically realistic geometry of the large central airways. The flow fields within these airways 
are simulated by the FLUENT computational fluid dynamics (CFD) code at wide range of flow rates. 
Large number of attached and unattached radon progeny trajectories is simulated by a particle 
trajectory code to determine the proper deposition, activity patterns and alpha-track distributions on 
the surface of the airways. Three-dimensional distributions of all the six types of bronchial epithelial 
cells and cell nuclei are constructed. Finally, the number of alpha-hits and hit probability distributions 
are quantified in these epithelial cell nuclei, cells and cell surroundings. Computed deposition, activity 
and hit probability patterns are strongly inhomogeneous at all realistic parameter selections and are 
sensitive to the shape of the geometry. Hot spots of alpha hits are found at the carina region of the 
bifurcations and at the inner sides of the daughter airways during inhalation and, with lower intensity, 
at the top and bottom sides of the parent airways during exhalation. In the hot spots, the cellular doses 
are about two orders of magnitude higher than the average values. Thus, even in the so-called low 
dose range, there are thousands of epithelial cells in the central airways, which receive large doses and 
multiple alpha-hits. New measuring techniques will render it possible to compare some of these results 
with experimental findings [1-3]. 
[1] Jani P., Nagy A., Czitrovszky A. (1998) J. Aerosol Sci. 29, 419-420. 
[2] Jani P. et al. (2002) J. Aerosol Sci., 33, 5, 697-704. 
[3] Szymanski W.W., Nagy A., Czitrovszky A., Jani P. (2002) Meas. Sci. Technol., 13, 303-307. 
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Radon Exposure in Homes: Is the Contribution of 220Rn (Thoron) to Dose 
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Abstract: 222Rn (half-life 3.8 d) which emanates from the soil or building material into the indoor air 
has enough time for diffusion into the room and to become well mixed in the room atmosphere. In 
contrast, 220Rn (Thoron) which has the short half-life of only 56 s has a lower emanation from soil and 
may be prevented by simple diffusion barriers on top of the building material to enter the room 
atmosphere. In general, the effective dose resulting from Thoron is estimated to be only about 10% of 
that of Radon (UNSCEAR 2000) and is therefore often not considered in the dose estimates at all. 
But there are circumstances in which the contribution of Thoron to the inhalation dose is much higher. 
Such a case was investigated at the Loess plateau of Gansu, China, in a pilot study. The dwellings in 
that area are cut directly into the porous loess or built of adobe on the loess ground. The enhanced 
emanation from the porous building material and the large emanating surface caused considerably 
concentrations of Thoron and Thoron decay products. In 6 different dwellings measurements were 
performed for 1 day. The mean Thoron concentrations ranged 40 – 490 Bq/m3 (Thoron gas) and 0.9 – 
13 Bq/m3 (Thoron EEC), whereas the mean Radon concentrations ranged 44 – 220 Bq/m3 (Radon gas) 
and 26 – 190 Bq/m3 (Radon EEC). If we compare the decay product concentration of Thoron and 
Radon on the dose relevant basis of the potential alpha-energy concentration (PAEC) (which is 
expressed in J/m3) we have to take into account that the Thoron/Radon PAEC ratio is higher by a 
factor of 13.7 than the Thoron/Radon EEC ratio. This means for our case that the contribution of 
Thoron to the inhalation dose has the same order of magnitude as the contribution of Radon. 
Therefore, Thoron should not be neglected in inhalation dose assessments for dwellings with the same 
exhalation characteristics as the dwellings in this study.

1. Introduction

Usually, talking about radon exposure is talking about the exposure by the radionuclide 222Rn. But 
there is another radioactive radon isotope, 220Rn (thoron), which -as follow product of the primordial 
232Th- emanates from the soil (or building material) and may enter the indoor atmosphere as well. The 
thoron progenies are radioactive ( -emitters) and attach to a large extend to aerosol particles (see 
Figure 1) which may be deposited in the human respiratory tract. So, what are the potential reasons for 
neglecting the contribution of thoron to the inhalation dose, low source term, low radiation impact or 
low exhalation? 

The source term for both radon nuclides is very similar. In the mean, the soil activity concentration of 
232Th (40 - 50 Bq/kg) is comparable with the soil concentration of 238U (30 - 40 Bq/kg), which is the 
mother nuclide of 222Rn [1]. The comparison of the radiation impact of both nuclides is made on the 
base of the potential alpha energy which is for an atom the sum of the alpha energies emitted during 
the decay of this atom until the stable 208Pb or the long lived 210Pb. In Table I the alpha energies per 
decay are given [2]. Whereas the contribution of thoron itself is low compared to radon, the thoron 
progeny have a much higher potential alpha energy than the radon progeny. Because the resulting 
inhalation dose is mainly caused by the progenies, the radiation impact of thoron is more than a factor 
of 10 higher than the impact of radon. So, if thoron arrives at the indoor atmosphere it will affect dose. 
But there is an obstacle to reach the atmosphere: Because of the short half-life of 56 s, the time for 
diffusion out from the soil or building material is very limited. Diffusion barriers as sealed sole plate, 
non-porous plaster, ground-coating plus wall-paper may prevent thoron more likely to enter the room 
atmosphere than radon (3.8 d half-life). Therefore in homes where such barriers cover the soil and 
walls the relative contribution to the inhalation dose is low. In general, the effective dose resulting 
from thoron in those homes is estimated to be only about 10 % of that of Radon [3]. But there are 
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other homes with bare soil floor and walls directly made from mud or stone. Many people, mainly in 
the developing countries, live in these simple homes from which only few measurements of thoron are 
reported [4, 5].  

Fig. 1: Decay diagrams of primordial Thorium and Uranium and the fate of their progenies in the 
atmosphere. The main contributions to the exposure by inhalation originate from the daughters of 
thoron and radon (nuclides framed in light grey) which may deposit in the human lung. 

Here we present measurements of a pilot study of thoron, radon and their progenies in cave dwellings 
in rural China. More than 30 million people in China live in cave dwellings. Increased radon levels 
already gave reason for a case study on lung cancer in this area [6, 7]. The potential contribution of 
thoron to the exposure should be tested in this investigation. 
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Tab. I: Comparison of the potential alpha energies per Bq activity of thoron, radon and their short 
lived progenies. The relation of the dose relevant progenies is 13.7 J (thoron): 1 J (radon), reflecting 
the high radiation impact of thoron. 

Thoron Potential alpha energy Radon Potential alpha energy

 10-10 J  10-10 J 
220Rn 2.65 222Rn 14700 
216Po 0.0053 218Po 5.79
212Pb 691 214Pb 28.6
212Bi 65.6 214Bi 21.0
212Po 6.2 10-9 214Po 2.9 10-6

757 55.4

2. Materials and methods 

In the Pingliang area of the province Gansu/China, a loess soil layer with a thickness of more than 
200 m covers the primary rocks. Single room caves are cut in this porous loess with the size of about 
8 m in depth, 4 m in height and 2.5 m in width. Floor, ceiling and walls consist of the original loess; 
only occasionally the walls are covered partly with paper. The door and windows appear only on one 
side, which constricts the air exchange. One family uses several caves, some as living room, and one 
as kitchen. In Figure 2 the entrance of two cave dwellings is shown.  

Fig. 2: Entrance of two cave dwellings, the left cave is use as living/sleeping room with a heatable 
bed (kang) beneath the window; the right cave is used as kitchen. 
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Fig. 3: Instrumentation for the measurement of Thoron, Thoron progeny and other parameters inside 
a cave dwelling used as kitchen. 

Thoron (and Radon) gas which emanates from the walls was measured by a RAD7 (Durridge Inc., 
USA) in the room atmosphere at different distances from the wall. The Alphaguard (Genitron Inc., 
Germany) was used to determine the Radon concentration and general parameters as air temperature, 
humidity and pressure in the room center. Two Working Level Monitors (WLM, [8]) measured the 
concentration of thoron (and radon) progeny close to the wall (0.065 m distance) and in the room 
center (see Figure 3). 

3. Results and discussion 

The highest thoron concentrations were measured close to the wall of the cave dwelling reflecting the 
fast decay of the nuclide and the slow transport close to the boundary layer. In a few centimetres 
distance from the wall, the concentration declined to a certain mean level of the room concentration 
(Figure 4). This mean concentration was surprisingly high and was above the concentration of radon. 
For the long living radon a uniform concentration profile was observed.  
The high thoron concentrations gave rise to high concentrations of the thoron progenies. The time 
course of the concentration in the same dwelling is shown in Figure 5. On the base of the PAEC, the 
concentration of thoron daughters was always significantly higher than the radon daughter 
concentrations at 0.065 m distance from the wall. Concentration differences between wall vicinity and 
room center were found as well for the thoron progenies. 
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Fig. 4: Concentration profiles of thoron and radon near the wall of the cave dwelling. 

0,0E+00

1,0E-06

2,0E-06

3,0E-06

4,0E-06

5,0E-06

20.7.04 12:00 21.7.04 0:00 21.7.04 12:00

time

P
o

te
n

ti
al

 A
lp

h
a 

E
n

er
g

y 
C

o
n

ce
n

tr
at

io
n

(P
A

E
C

) 
 [

J 
m

-3
]

   Radon -wall-  Thoron -wall-
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Tab. II:  Mean concentrations (1 day in general) of radon and thoron and their progenies (in 
EEC and PAEC) in the center of 6 different dwellings. The type of dwelling refers to the 
classification by Wang et al. [6]. 

Dwelling Type 222Rn (Radon) 220Rn (Thoron) 

Gas EEC  PAEC Gas EEC PAEC 

[Bq m-3] [Bq m-3] [10-7 J m-3] [Bq m-3] [Bq m-3] [10-7 J m-3]

1 CD 189 60.6 3.41 205 3.9 2.9 

2 BH 44.1 26.2 1.47 40.4 1.9 1.4 

3 CD 89.5 - - 485 - - 

4 OCCD 221 32.2 1.81 88.2 0.9 0.7 

5 UGCD 127 45.2 2.54 - 2.6 2.0 

6 ACD 163 194 10.9 164 12.9 9.8 

The mean concentrations at room center are summarized in Table II for all investigated dwellings. The 
thoron gas and the thoron progeny concentration (PAEC) were found to be always in the same order of 
magnitude as the radon gas and radon progeny concentration (PAEC). For the investigated dwellings 
the contribution of thoron to the radiation exposure of the inhabitants is about of the same height as the 
exposure by radon. Therefore, for the inhalation dose assessment, the thoron exposure should be taken 
into account as well. 

4. Conclusions 

Thoron must be included in the indoor dose assessment in dwellings with similar indoor conditions 
like in the investigated dwellings. High thoron concentrations can be expected mainly in the following 
situations:

– bare soil floor, 
– bare stone walls, 
– mud walls, 
– porous constructing material, 
– high thorium concentrations. 

Because of the high thoron concentrations the influence of thoron on the radon measurement should be 
considered. This is especially important for passive dosimeters which are deployed close to the wall 
where very high thoron concentrations may occur. 
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Abstract: Many natural and technologically important radioisotopes emit alpha particles; the 
assessment of their radiological health consequences is of high relevance in radiation protection. 
Therefore we have analyzed such charged particle tracks produced in the biological model substances 
DNA and water with high spatial resolution, and their yields of SSBs, DSBs and DNA-fragments. This 
was done with the aim to understand the underlying reasons of the high relative biological 
effectiveness of alpha particles in cellular inactivation, mutations and transformations. Such primary 
damages are supposed to play a (still unknown) role in radiation carcinogenesis. To find indications on 
those early properties of alpha particle tracks of importance for later carcinogenesis we have also 
analyzed - in a top-down strategy – the carcinogenic potential of alpha particles in several organs 
using the Two Stage Clonal Expansion model. Among them are lung cancer from radon in humans 
and rats, liver cancer from Thorotrast in humans, and bone cancer from 224Ra in mice. An action of 
radiation on the initiating and the promoting event has been found in all cases. Similarities and 
differences between the various applications will be highlighted. 

1. Introduction 

The cancer risk attributed to radiation with -particles is – for purposes of radiation protection – based 
on epidemiological studies [1], mostly the atomic bomb survivors’ data, and the underground miners 
which were exposed to radon and its progeny. The Thorotrast patients which were exposed to -
radiation from 232Th in several organs, most notably the liver, and various data sets with incorporated 
radionuclides can provide additional input from observation of radiation-related cancers in humans. 
They helped to define concepts like the LNT-hypothesis and the radiation weighting factor wR, which 
are operationally simple and plausible, but they are neither proven, nor even likely to hold in detail. In 
principle, the emerging scientific understanding of the carcinogenic processes and of radio-biological 
effects in cells, organs and whole organisms should help to make the necessary extrapolations more 
reliable and sound. For such an undertaking, a quantitative, mathematical description of the most 
relevant processes is indispensable. 
One approach to that goal is a biophysical simulation starting from the tracks of ionisation and 
excitation events in the biological material due to radiation as it is realized in the Monte Carlo code 
PARTRAC. From superposition of such tracks with relevant targets yield of primary damages to DNA 
like SSBs, DSBs and DNA fragments are determined depending on the radiation quality [2]. Further 
potentially relevant landmarks on the progression to cancer have been focused in the simulation of 
deletion mutations [3] and cell inactivation [4]. Presently, however, there is still a substantial gap to be 
closed between such simulation end points and carcinogenesis. 
Biologically based mathematical models try to be a first step in the other direction. They are not aimed 
at giving a true picture of all the details of the carcinogenic processes. But they can be a useful tool to 
test quantitatively various working hypotheses at least about the rate-limiting processes with both 
epidemiological and animal experimental data. While all such models for solid cancers involve several 
mutational events, not all include the consideration of the possibility of a growth advantage of 
intermediate (initiated) cells [5, 6, 7]. One of the latter types, the two stage clonal expansion (TSCE) 
model, is used here as an example. Its parameters are dependent on the exposure rate as a function of 
age, so it can use the full dosimetric information in protracted exposure situations. These model 
parameters can be fixed from knowledge about the cancer process, or are estimated by fitting the 
resulting risk function to epidemiological or experimental animal data. Implicit information in such 
data on, say, age-at-exposure, protraction, or fractionation effects helps to separate the various 
components of the model. The identification of such effects helps to understand how the model 
distinguishes between various types of radiation actions in the framework of such models. 
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2. Biophysical simulation of radiation effects from light ions in PARTRAC 

In the biophysical simulation code PARTRAC, tracks of ionisations and excitations due to interactions 
of an -particle as well as of secondary electrons are superimposed on a DNA target model (Fig. 1, 
left panel). The DNA target comprises 333000 chromatin fiber elements of 18 kbp and describes the 
genome in a human cell nucleus. Recently, the track structure modelling capability of the code has 
been extended to further light ions by applying scaling laws to He cross section data; this method 
gives reasonable results above a specific energy of about 5 MeV per nucleon. Earlier calculations for 
He ions with energies ranging from 2 to 100 MeV [4] have been complemented by simulations for B, 
N and Ne ions. Calculated and corresponding experimental yields of DSBs per cell nucleus as a 
function of the LET of the radiation are presented in the right panel of Fig. 1. The yields per Gy 
increase for He ions up to the maximum possible LET up to a value which is about 25% higher than 
the rather LET independent yields for the other ions. For a consideration of low dose effects, however, 
it is more adequate to focus on radiation effects per track. Since dose is proportional to LET, the 
increase in the number of DSBs per track with rising LET is supra-linear for He ions and about linear 
for the other ions. An increasing contribution to this enlargement originates from a higher fraction of 
DSBs in close vicinity. For low LET values the majority of DSBs is found on separate chromatin fiber 
elements, thus, the number of fiber elements carrying DSBs (red symbols in Fig. 1) is close to the 
calculated DSB yield (blue symbols in Fig. 1). For high LET values, however, the number of fiber 
elements with DSBs is less than half the total DSB yield. Clusters of several DSBs within a small 
piece of a chromatin fiber are in general not resolved experimentally. Thus, it is adequate to compare 
measured data on DSBs per track [8] with the calculated number of 18 kbp chromatin fiber elements 
bearing DSBs. Due to the excellent agreement the calculated result can be taken as a useful basis for 
the simulation of subsequent steps, particularly repair and signalling, in the biological processing of 
the radiation damage. 

Fig. 1: Track of a 5 MeV -particle crossing a 6 kbp section of a chromatin fiber element (left panel); 
calculated and measured yields of dsbs after irradiation with He, B, N and Ne ions [8] (right panel).  
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Fig. 2: Sketch of the steps and rates in the TSCE model.

3. The two stage clonal expansion model for -radiation 

The two-stage clonal expansion (TSCE) model (Figure 2) is a generalization of Knudson’s recessive 
oncogenesis model [9] and can be understood as a mathematical formalization of the initiation-
promotion-progression paradigm of carcinogenesis. Initiation (abbreviated by I) is described as a 
Poisson process whose rate depends on the exposure rate, promotion (P) is described by a birth-death 
process, where the effective clonal expansion rate (the difference between birth and death rates) can be 
dependent on the exposure rate, and progression is described by a rate (transformation T) which can 
also be exposure rate dependent, and by a lag time. The two rates I and T could be the induction rates 
for single somatic mutations. But, more generally, each of them can be interpreted as effectively 
combining several distinct molecular events. Specifically the event “initiation” comprises all processes 
needed before a cell obtains a net clonal growth advantage. “Lag time” comprises the process from a 
single malignant cell to the end point of interest (usually a diagnosed cancer, or death from cancer). 
The assumption of a fixed lag time can be replaced by a frequency distribution of individual times. 
Such a refinement in the model is used for data, which allow to estimate the respective quantity [10, 
11], or if independent knowledge of the process can be obtained. A critical step when using the model 
is to only estimate those parameters which are identifiable in principle [12, 13], because they modify 
the risk function in a way that can be detected from the data. A more detailed discussion of the 
interesting patterns observed in relative risk as a function of radiation action and of their possible 
interpretation is given in ref. [14]. Mathematically exact solutions for the hazard function and the 
survival function of the TSCE-model have been found for piecewise constant exposures [15] which 
can be solved by fast recursive calculations [13]. 

3.1 Action on carcinogenesis by -particles 

The TSCE-model by itself does not fix the dependence of its parameters on exposure rate. The rate 
limiting events initiation and transformation could be mutations. Therefore linear dependence on 
exposure rate with -particles is usually assumed, unless other dependencies are strongly suggested by 
the data. It is known that -particles increase the cell turnover rate [16] and thus have the potential to 
increase clonal expansion of altered cells (p. 45 in [17]). This can be taken into account in the TSCE-
model by allowing a dependence of the effective clonal expansion rate on the exposure rate. 
Experience with analysis of data with radon-exposure suggested [18, 19] that such action is levels at 
higher exposure rates. Therefore a two-parameter function with a linear term, and the levelling 
expansion rate was used as the standard parameterization when testing for this effect. A way to test for 
the statistical significance of an effect is, to turn fit data with all effects allowed, and then to turn one 
effect off explicitly, and record the change in deviance. If the effect is described with one parameter, a 
significant effect (95% level) is one which changes the deviance by 4 or more. The 99% level is 
reached at a change of 7 or more. When the effect is described with 2 parameters, the corresponding 
numbers are 6 and 9. In Table I the estimated deviances and the changes in deviance for a number of 
applications of the TSCE model to data sets with -exposure are listed. As can be seen, the initiation 
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effect is significant in most cases. The promoting effect is strongly significant in all cases. The 
significance of the transforming effect is mixed and in general weak. The models give a fairly 
complex dependence of hazard on age, age at exposure, time since exposure, protraction etc. While it 
is possible to understand the influence of the various radiation actions in ideal situations [14], 
epidemiological data are never, and experimental animal data rarely, designed to test precisely for 
such effects. Unknown quantities, like the smoking behaviour of miners, can in principle modify 
results in a hard to predict way. Therefore we consider it necessary to study various data sets, with 
different potential problems, and to trust only such features of the models, which are suggested by a 
range of results.

Table I: Comparison of various models showing their deviance. For the IPT model with radiation 
action allowed on initiation, promotion and transformation the absolute value is given, for the others 
the difference to the value for the IPT model (positive differences indicate a less good fit).

radon minersa Swedishb GSF micec

Model
Czech French Chinese Colorado Thorotrast 224Ra

spont. +126.7 +30.0 +404.4 +239.3 +423.4 strong 
IPT 5161.3 1719.6 9881.6 4041.0 2366.2 4462.7 
no T +5.4 +4.2 +4.1 +0.0 weak +0.0
no I +8.1 +1.2 +31.6 +3.7 strong +280.3
no P +56.3 +16.2 +92.4 +117.8 +15.2 +192.3 

a from Ref. [20], b from Ref. [21], c from Ref. [22]  

3.2 Estimated dependences of initiation and transformation on exposure rate 

For these events which are considered to be connected to mutations, the exposure rate which doubles 
the event rate is a quantity which can be estimated from cancer incidence data. A set of parameters 
which were estimated in various model fits is given in Table II. The estimated values for the French 
and Czech miners agree quite well, but the Colorado miners have a substantially higher doubling 
exposure rate. In radon-exposed rats (PNNL, CEA, AEA), the doubling exposure rates are 
comparable, or lower. In the 4th column, the exposure rates are converted to organ dose rates (with 
additional uncertainties) to allow a crude comparison between the various exposure rates. It should be 
noted, that in all the analysis the risk was calculated from the exposure, not from the organ dose, as the  

Table II: Mutational events: Estimated doubling exposure rates and their 95% confidence bounds

initiation 95% conf.  dose rate transformation 95% conf. 

Czech miners 3.3 WLM/y (1.7, 12.4) 16.6 mGy/y 20 WLM/y (10.5, 230) 

French miners 3.8 WLM/y >0.59  19 mGy/y 14 WLM/y (6.5, 1100) 

Colorado miners 170 WLM/y >64.5  850 mGy/y large >15 

PNNL ratsa

PNNL+CEA+AEA ratsb
3 WLM/w  

0.8 WLM/w 
22 mGy/w  
6 mGy/w 

large 
large 

Thorotrast patients 0.3 ml  5 mGy/y  large 
224Ra mice (0.00325 µCi/kg) 0.9 mGy/w large 

using 1 WLM 5 mGy lung dose for humans and 7.4 mGy for rats, Ref. [23]; 25 ml Thorotrast 400 mGy,  
Ref. [24], 1 µCi/kg averaged over 3.5 days 280 mGy/w, see Ref.[22], a see Ref. [25]. b see Ref. [26] 
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exposures are closer to the recorded or measured quantities. The organ dose calculation is required 
here only to compare between different types of exposure. In all cases, the doubling exposure rate for 
transformation is substantially higher than for initiation, if there is an estimated effect on 
transformation at all. This strongly suggests that these two events are of a different nature. 

3.3 Estimated dependences of promotion on exposure rate 

As discussed above, the dependence of promotion on exposure rate was described with two 
parameters. This is better presented in Figure 3 separately for humans and rodents, as the baseline 
clonal expansion rates are quite different, due to the different life-expectancies. The low exposure 
radon studies (Czech and French) agree well at low dose rates, but differ strongly at high ones. The 
high exposure Colorado study gives much lower expansion rates, the clonal expansion rates for liver 
cancer in the Thorotrast study lie in between, closer to the Colorado study. The two rodent studies 
(radon and fatal lung cancer in rats (PNNL) and 224Ra bone cancer in mice) differ in the baseline rates, 
but give surprisingly similar dose-rate dependence. 

Fig. 3: Estimated dependence of the clonal expansion rate on organ dose in several applications of the 
TSCE-model to human (left panel) and rodent (right panel) cancer incidence.

3.4 Cancer promotion by radiation induced cell killing? 

An effect of high -radiation on initiation or transformation of cells is no surprise because its 
mutational action is well known. A promoting action, however, is less expected. But is should be kept 
in mind, that there is radiobiological evidence for radiation-induced perturbations of cellular 
proliferation, as summarized by BEIR [17]. A quantitative framework was looked for, which may give 
a radiation induced clonal growth advantage to initiated cells. By definition they have already a clonal 
advantage over normal cells. It has been proposed [27] that alpha-particles promote cancer induction 
via direct or indirect [28, 29] cell killing, and growth advantage of spontaneously and radiation related 
initiated cells. Such proposed mechanisms can and should be experimentally tested. The advantage of 
intermediate cells in replacing inactivated cells in their neighbourhood, compared to the replacement 
probability of normal dividing cells is denoted as g. Estimated values for lung, and for liver cancer are 
presented in Table III.
The proposed mechanism would have interesting consequences which are actually observed 
experimentally: 

1. Tumours induced by the increased promotion of initiated stem cells show no genetic 
‘fingerprints’ of radiation, as the mutations in the stem cells occurred spontaneously. The cells 
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inactivated by radiation disappear from the tissue, and thus their radiation induced DNA-
modifications will not show up in the tumour. 

2. The observed better transfer of relative risk factors (and not of absolute risk) between 
populations and between animal species [30] becomes plausible: the organ specific 
spontaneous mutation rates are promoted by cell inactivation proportionally. 

3. Cell inactivation by radiation has a wide shoulder for low LET. A possible promoting action 
of cellular inactivation would then lead to supra-linear (y = a+bDn, n > 1) cancer risk 
functions at low dose rates. 

In view of these considerations it may be that research on in-vitro cellular processes within individual 
cells is not sufficient for quantitative radiation related risk assessment. Only considerations of low 
dose effects on at least pieces of tissues with intact inter-cellular communications will overcome the 
problems. The clearly simplified mechanism is an example how signalling and cooperation between 
cells could play a major role in understanding the cancer risks from radiation. 

Table III: Estimate of the excess cell replacement probabilities for lung and liver cells from radiation 
induced cell inactivation rates and radiation induced clonal expansion , estimated with the TSCE-
model. N is the number of potentially dividing next neighbours of a potentially dividing cell.

lung liver
basal secretory 

exposure rate 120 WLM/y  12 mg Thorotrast 
dose rate 200 mGy/y 
N 6 12
[y-1] 0.3 1.2 0.3
[y-1] 0.27 0.3

g 0.15 0.04 0.08
lung: see Ref. [27], liver: see Ref. [26]  

3.5 Protraction effects of -particles

The TSCE-models discussed here are non-linear. The protraction effects in the models are quite 
complex. As an example, Figure 4 gives the estimated excess relative risk at an advanced age in rats, 
as a function of exposure rate, for various exposure durations, all starting at early adulthood. The 
inverse protraction effect (more effect after longer lasting exposure) occurs because the clonal 
expansion rate changes the expected number of intermediate cells (in some approximation) 
exponentially. At low exposure rates, the age-at-exposure effect dominates, and gives a smaller effect 
with longer exposure. The two protraction patterns flip over at about 15 WL, which corresponds to a 
lung dose rate of about 16 mGy/day. Similar patterns (and a similar flip-over dose rate was found in 
bone cancer in mice [22]. 

4 Conclusions 

The two approaches to a better understanding of cancer induced by -radiation are not yet connected: 
The endpoints of the Monte-Carlo modelling of physical tracks, and the input needed for hypothetical 
quantitative models of carcinogenesis are still too far apart. But we are confident that a more 
quantitative understanding, or at least description of radio-biological effects, will help to bridge the 
gap. Of special interest are all those effects, like bystander, hypersensitivity, adaptive response, 
epigenetic events etc, which can lead to a non-linear exposure response. Such integration work is 
attempted in the European project RISC-RAD. 
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Fig. 4: Protraction effects in the TSCE-model for the radon-exposed PNNL rats [25].
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Abstract: Two-mutation carcinogenesis models of mice injected with Pu-239 and Ra-226 have been 
derived as an extension of previous modellings of beagle dogs injected with Pu-239 and Ra-226 and 
dial painters that ingested radium. In all cases the data could be fitted adequately using no more than 
five free model parameters. Apart from three parameters for the background, these include two dose-
related parameters: a linear mutation coefficient that is equal in both mutational steps and a usually 
non-zero cell-killing coefficient in the second mutational step. After a simple scaling the animal 
models compare reasonably well with each other and with the model for the radium dial painters. 
From the toxicity ratio of beagle models for Pu-239 and Ra-226, together with the human model for 
Ra-226, an approximate model for the exposure of humans to Pu-239 has been constructed. Relative 
risk calculations with this approximate model are in good agreement with epidemiological findings for 
the plutonium-exposed Mayak workers. This promising result may indicate new possibilities for 
estimating risks for humans from animal experiments 

1. Introduction 

Through nuclear weapons, accidents and waste, humans may be exposed to radioactive plutonium. It 
is well-known that such an exposure increases the risk for bone cancer, but the exact relation between 
dose, dose rate, age at exposure and the bone cancer incidence is unknown. This is especially true for 
low doses and dose rates. 
To gain insight in these relations extensive animal experiments have been conducted in the past with 
(among others) beagle dogs and mice injected with Pu-239. These have been compared with similar 
experiments in which Ra-226 was used. From this comparison a so-called toxicity ratio for Pu-239/Ra-
226 could be derived (see for example Lloyd et al. [1]) that indicates the relative effectiveness of 
plutonium for inducing bone cancer. With the toxicity ratio the effect of plutonium in humans can in 
principle be estimated from the effect of radium in the radium dial painters [2]. 
In foregoing papers [3, 4, 5] we have used the beagle and dial painter data to derive multistage cancer 
models for the induction of osteosarcoma (a specific form of bone cancer). This was done for beagles 
injected with Ra-226 or Pu-239 and humans mainly exposed to Ra-226. From the beagle models a 
toxicity ratio for the induction of mutations for Pu-239 relative to Ra-226 was derived. In this paper 
we extend these analyses in two ways: (1) we derive preliminary models for osteosarcoma induction in 
mice injected with either Ra-226 or Pu-239 and compare these with the models for beagles and 
humans, and (2) we use the toxicity ratio to derive an approximate model for Pu-239 in humans from 
the dial painter model. This approximate model is then used to calculate relative risks and compare 
these with recent estimates for the Mayak workers [6]. 

2. Materials and methods 

For the beagle and dial painter data used we refer to Bijwaard et al. [5]. In short, the beagle data 
consist of beagles injected with Ra-226 at the University of California at Davis (UCD, see e.g. Raabe 
et al. [7]) and beagles injected with either Ra-226 or Pu-239 at the University of Utah (see e.g. Lloyd 
et al. [1] and references therein). The Utah beagles were divided over three ages at injection: juveniles, 
young adults and matures. The UCD beagles were all young adults at the time of injection. In total, 
991 beagles are included. For the dial painters the data of Leenhouts and Brugmans [3] are used, 
which were taken from Rowland [2]. This involves 1575 humans that ingested radium. 
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Added to these data are two sets of mouse data: (1) 900 female CF1 mice of which 690 were injected 
with different amounts of Pu-239, taken from Finkel and Biskis [8], and (2) 700 female SPF ICR mice 
of which 300 were injected with different amounts of Ra-226, taken from Dvorak et al. [9]. All 
exposed mice were injected at an age of 10 weeks and divided over several dose groups (see also 
Table I). 

Tab. I: Summary of data from Finkel and Biskis [8] (mice injected with Pu-239) and Dvorak et al. [9] 
(mice injected with Ra-226). 

Pu-239 [8] Ra-226 [9] 
strain CF1 SPF ICR

gender female female 
age at injection 10 weeks 10 weeks 

dose groups 12 4
controls 210 400

exposed mice 690 300
total 900 700

osteosarcoma 66 65
max. dose 1.50 MBq/kg 2.61 MBq/kg 

For each data set equations for the uptake and retention of either Ra-226 or Pu-239 are needed to 
estimate the (time-dependent) dose rate to the sensitive bone cells. For beagles and dial painters these 
equations can be found in Bijwaard et al. [5] and Leenhouts and Brugmans [3], respectively. The 
equations for the CF1 mice injected with Pu-239 come from Taylor et al. [10]. The equations for the 
SPF ICR mice injected with Ra-226 are also taken from this paper, but these were originally derived 
for C57BL/Do mice. Unfortunately, no retention equations for Ra-226 in SPF ICR mice could be 
found in the literature, but it is expected that the difference with C57BL/Do mice is small. 

The development of bone cancer is modelled with the two-mutation carcinogenesis (TMC) model that 
is illustrated in Fig. 1. We assume S(t) sensitive bone cells at age t that can be transformed to cells in 
an intermediate state with net mutation rate 1 by a Poisson process. The number of these intermediate 
cells expands with a net rate . In addition, the intermediate cells can divide into one intermediate and 
one malignant cell with a second net mutation rate 2. The malignant cells are assumed to develop into 
a fatal tumour in a lag time tlag.

S
1 2 tlag

M T

Fig. 1: Schematic representation of the TMC model: S sensitive normal cells can be transformed into 
intermediate cells (I) at mutation rate 1. The intermediate cells expand at rate  or become malignant 
(M) at mutation rate 2. The malignant cells grow into tumours in a lag time tlag.

For the mutation rates 1, 2 biologically motivated equations are used following Chadwick and 
Leenhouts [11] and Leenhouts and Chadwick [12]. For the densely ionizing alpha-radiation of Ra-226 
and Pu-239, the dose-response for mutation induction is linear with an exponential cell-killing term 
that acts at high dose rates. Apart from the radiation-induced mutations, a background “spontaneous” 
mutation rate, bg, operates due to other sources of radiation, chemical substances, etc.  
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This leads to the following equ rates:ation for the radiation-dependent mutation 

 (1) 

here d(t) is dose rate, bg the background mutation rate, p  the cell-killing coefficient, a  the linear 

g, parameter searches were 

. Modelling results for beagles, dial painters, and mice 

he beagle and dial painter models are discussed extensively in Bijwaard et al. [5]. In short, it was 

 this study the best model fit for the mice injected with Pu-239 was achieved with bg=1.10 10-5 yr-1,
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mutation coefficient, and i=1,2 stands for first or second mutation. The net growth of intermediate 
cells, , is taken to be dose independent. This dose independence is assumed because there is no 
indication that the radiation affects cell proliferation at the relatively low exposure rates involved [13].   
For the number of sensitive bone cells S(t) estimates from Marshall and Groer [14] (1011) and Polig 
and Jee [15] (6 109) were used for humans and beagles, respectively. For mice, no estimate could be 
found in the literature and hence the same number as for beagles was used though scaled with the 
relative weight of the animals. This resulted in 1.5 107 bone cells at risk. 
To solve the TMC model for the free parameters bg, ai, pi, , and tla
conducted with the algorithm VFSR [16] to find a Maximum Likelihood Estimate. The significance of 
the free parameters was investigated with likelihood ratio tests. 

3

T
found that the Utah and UCD beagles injected with Ra-226 could be fitted jointly in a single model, in 
which the linear mutation coefficients ai are equal in both mutations (a1= a2= a) and the cell-killing 
coefficient pi is only significant in the second mutation (p1=0). A very similar type of model with 
equal linear mutation coefficients (a1= a2= a) and no cell killing in the first mutation (p1=0) was 
found for the beagles injected with Pu-239. The coefficients a and p2 were, however, much larger for 
Pu-239 than for Ra-226, which is related to the larger number of osteosarcoma induced by Pu-239. 
The toxicity ratio for mutation induction (i.e. defined as the ratio of coefficients a for Pu-239 over Ra-
226) was 8.3. 

In
a1= a2=2.41 10-5 Gy-1, p2<1.50 10-2 yr/Gy, =4.02 yr-1, and tlag=0.597 yr. Examples of this model fit 
are given in Figure 2. It can be seen that the data are fitted adequately (within their error bounds). 
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Fig. 2: Examples of the model fit for four (out of twelve) groups of CF1 mice (data from [8]) injected 
with different amounts of Pu-239. 
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Surprisingly, likelihood ratio tests indicated that it was not necessary to include p2 in the model: it was 
ossible to set p  to 0 without any loss of significance. To compare this solution with the solution for 

with Pu-239. 
he mouse parameters have been scaled with a lifetime factor of 6 (see text). For the beagles the 

p 2
the beagles injected with Pu-239, the parameter values can be scaled with the ratio of beagle lifetime 
over mouse lifetime ( 6). If we assume that the total number of cell cycles in a mouse life is 
approximately the same as in a beagle life (see also Raabe et al. [17]), then the cell cycle time is 6 
times faster in a mouse than in a beagle. For a comparison per cell cycle instead of per unit of time, we 
need to divide the mutation and expansion rates by 6 (as there are 6 times more cell cycles in the same 
time for a mouse than for a beagle). By similar reasoning we should multiply the lag time by 6. Note 
that implicitly a scaling for size has already taken place through the inclusion of different numbers of 
cells at risks for the different species. The result of the crude scaling is given in Table II. 

Tab. II: Comparison of model parameters derived from fits of mice and beagles injected 
T
solution for young adults is used because all mice were also injected at young adult age. 

Parameter Mice (scaled) Beagles (young adults) 
bg [yr-1] 1.83 10-6 3.72 10-8

a [Gy-1] 4.02 10-6 5.25 10-6

p2 [yr/Gy] <1.50 10-2 2.98 10-1

 [yr-1] 0.670 0.459 
tlag [yr] 3.58 2.31

Except for the backgroun on rate  differences betw e mouse and beagle parameters 
re relatively small regarding the crude scaling applied. The high  for the mice may be due to the 

was achieved with bg=5.37 10-6 yr-1,
=a =4.62 10-6 Gy-1, p =8.94 10-3 yr/Gy, =2.74 yr-1, and t =0.654 yr. In this case the cell killing in 

d mutati bg the een th
a bg
fact that female mice have a high baseline incidence of bone cancer [10]. It is unclear why p2 is not 
statistically significant in the mouse model (see Discussion). 

For the mice injected with Ra-226 the best model fit 
a1 2 2 lag
the second mutation (p2) is significant, similar to what we found for the beagles and the radium dial 
painters. The model fit for all groups is given in Figure 3. It can be seen that the data are fitted 
adequately (within their error bounds). 
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Fig. 3:Fit for all groups of SPF ICR mice (data from [9]) injected with different amounts of Ra-226. 
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To compare this solution with both the beagles injected with Ra-226 and the radium dial painters, the 
parameters can be scaled with the ratio of lifetimes (identical to what has been done for mice injected 
with Pu-239), which is 30:5:1 for humans:beagles:mice. This leads to Table III. 

Tab. III: Comparison of model parameters derived from fits of mice, beagles (young adults), and 
humans exposed to Ra-226. The mouse parameters have been scaled with a lifetime factor of 30 and 
the beagles with a factor 5 (see text). 

Parameter Mice (scaled) Beagles (scaled) Humans  
bg [yr-1] 1.79 10-7 0.73 10-9 0.96 10-9

a [Gy-1] 1.54 10-7 1.31 10-7 0.34 10-7

p2 [yr/Gy] 8.94 10-3 3.56 10-2 7.01 10-2

 [yr-1] 9.13 10-2 7.26 10-2 3.00 10-2

tlag [yr] 19.6 11.8 5.0 (fixed) 

From Table III it can be concluded that after scaling, the parameter values for mice and beagles are of 
the same order of magnitude as for humans. There is also good agreement between the mouse and 
beagle solutions, except for the background mutation rate (which may be due to the high natural bone 
cancer incidence in female mice) and the cell-killing coefficient. This is very similar to what was 

e 
uman model than the scaled mouse model. This suggests that for the derivation of an approximate 

s of mice involved. 

f Pu-239 in humans is the radium dial painter model given in the 
st column of Table III, with the radiation dependent parameters a and p2 scaled with the toxicity ratio 

of 8.3. Bo  ar e toxici is expected e plutonium 
is more effect ducing s, it will be mo e in cell killing doses. To test 
the validity proxim  we can do a f culation using realistic input doses and 
compute h elativ e relative risks mpared with ep cal findings. 
For example, nikova  give relative risks for bone cancer in the plutonium-exposed 
Mayak work  highest dose group in that pape rdens > 7.4 kB

sk of 7.9 ( ce interval 1.6-32). This group consisted for 75% of wor e plutonium 

rom the lungs to the blood, the retention of 
 this purpose, the ICRP 30 model [19] is used. 

found for the Pu-239 models. Finally, for all parameters the scaled beagle model is closer to th
h
model for Pu-239 in humans, the toxicity ratio derived from the beagle models (8.3) is more 
appropriate than the toxicity ratio of 5.2 that can be derived from the mouse models. Apart from that, 
the mouse toxicity ratio may be influenced by differences between the two strain

4. An approximate TMC model for Mayak workers 

The basis for an approximate model o
la

th parameters e scaled with th ty ratio because it  that just lik
ive in in  mutation re effectiv  at higher 

 of this ap ate model orward cal
azards and r

r
e risks. Th  can be co idemiologi

 Koshu
rs

 et al. [6]
e . The

confiden
r ( bubody q Pu-239) has a relative 

kers from thri
production plant. To calculate the relative risk for this group with our approximate model, we need to 
take into account that the Mayak workers inhaled most of the plutonium, whereas our models are 
based on injected plutonium. What is needed is the fraction of inhaled plutonium that is transported to 
the blood. From thereon the plutonium can be treated as if it were injected.  
Romanov et al. [18] compare three biokinetic models for the transport of plutonium in the body of a 
Mayak worker from the plutonium production plant. From their Figure 2 it can be concluded that for 
this worker all models give fairly similar patterns of uptake with a more or less constant fraction of 
approximately 55% of the plutonium outside the lungs shortly after inhalation (during the working 
period), increasing over twenty years after exposure to a fraction of approximately 80%. This pattern 

as been implemented in our model. h
Apart from a model for the transport of plutonium f

lutonium in the human bone needs to be modelled. Forp
This assumes that 45% of the plutonium in the blood deposits on the bone, and that it remains there 
with a half-life of 50 years. This human retention is, in fact, very similar to that in mice and beagles. 
Finally, the Mayak workers inhaled the plutonium over the duration of their employment and they did 
not receive the entire body burden at once. Since the working period is not given in Koshurnikova et 
al. [6], forward model calculations are performed for a range of working periods from 1 year to 40 
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years. Furthermore, we assume that the body burden was exactly 7.4 kBq (as a best estimate) and that 
the body weight was 75 kg. This leads to the relative risk patterns given in Figure 4. 
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Fig. 4: Comparison of relative risks calculated with the approximate TMC model for plutonium in 
humans and the estimate from epidemiological data of Koshurnikova et al. [6]. Several employment 
durations (not given in [6]) are tested with age 25 at first employment. Since only workers that began 

ork between 1948 and 1958 are included in [6], the relative risk is indicated forw  ages between 72 
nd 82. For these ages an employment duration between 10 and 20 years fits the epidemiology best. 

Despite the crude assumptions made, it can be seen in Figure 4 that the approximate model for 
plutonium in humans yields estimates for the relative risk that agree with the epidemiological estimate 
of Koshurnikova et al. [6]. The agreement is especially good if the employment duration is between 10 
and 20 years. 

5. Discussion 

The new model fits for mice injected with Pu-239 and Ra-226 are still rather preliminary, and need to 
be confirmed with model fits of other mouse data sets that are currently underway. However, it is 
striking that they are of a similar form as found previously for beagles and humans, except for the 
smaller (and perhaps absent) cell-killing coefficient (p2). Strong cell killing in the second mutation rate 
at high dose rates usually leads to a decrease in the slope of the cumulative incidence curves, because 
fewer bone tumours are induced. It can be seen in Figure 2 that the fitted incidence curves for the mice 
are very steep for the high dose groups, and that they do not require any reduction in their slopes to fit 
the data. Two possible explanations for these steep curves are: (1) female mice are known to be very 
sensitive to bone cancer induction and the exposure to radiation enhances this strongly such that nearly 

 the model fits that do exhibit a strong cell-killing effect, this effect usually occurs in the second 

econd mutation. In a previous study of very large data sets of rats exposed to radon [20], 
 was also found that cell killing affected the second mutation much stronger than the first. If we 

s is not an artefact of the simplifications used in the model, the biological interpretation 

a

all mice die of bone cancer, or (2) mice sensitive to other diseases die early in life such that for older 
ages nearly all mice die of bone cancer. With regard to the latter explanation it should be noted that the 
mice of Finkel and Biskis [8] suffered from an intestinal infection that seriously reduced the 
population before they reached the age for injection (10 weeks). Especially in this data set the cell 
killing is reduced or even absent. 
In
mutation. For the dial painters a slightly better fit was found with equal cell killing in both mutations 
(see [5]), and for some of the beagle fits an only slightly worse fit was found with similar models. 
However, when cell killing is limited to only one of both mutations, there is a clear preference for cell 
killing in the s
it
assume that thi
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must be that initiated cells in the last stages of cancer induction are killed rather effectively by high-

sing only five free model parameters. 
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LET -emitters. 
The dial painter model with cell killing in the second mutation has been translated in a rather simple 
way to an approximate model for the Mayak workers. Even though this model agrees with the relative 
risk reported by Koshurnikova et al. [6], two important shortcomings need to be mentioned. Firstly, 
Koshurnikova et al. [6] report rather wide confidence intervals for the relative risk, and with the 
assumptions used in the modelling, the relative risk calculated here, can be expected to have a large 
error bound as well. Secondly, the Mayak model is derived indirectly from the dial painter data and 
most dial painters were women (more than 90%), whereas most Mayak workers were men (72% in the 
group with body burdens > 7.4 kBq). However, the background bone cancer incidence is only about 
20% lower for women [21]. If we assume that the difference in radiation-induced bone cancer is of 
similar size, the effect on the relative risk will be small compared to the effect of the other 
approximations already made. 

6. Conclusions

Two-mutation model fits of mice injected with Pu-239 and Ra-226 have been derived as an extension 
of earlier modellings of beagles and radium dial painters. From the animal and human models an 
approximate model for the exposure of humans to Pu-239 has been deducted. This approximate model 
has been compared with epidemiological findings for the Mayak workers. The following conclusions 
can be drawn from this study: 

1. All animal and human data used in this study can be fitted adequately (within their error 
bounds) u

2. Apart from the background parameters bg, , and tlag, the dose-related parameters include a 
linear mutation coefficient a that can be taken equal in both mutation steps, and usually a cell-
killing coefficient p2 0.

3. After a simple scaling from laboratory animals to humans it is found that the beagle model is a 
better proxy to the radium dial painter model than the mouse model. 

4. The approximate model for the exposure of humans to Pu-239 (derived from the dial painter 
model and the toxicity ratio of the beagle models for Pu-239 and Ra-226) predicts relative 
risks for the Mayak workers that are in good agreement with epidemiological findings. 

5. The promising results for the Mayak workers may indicate new possibilities for risk estimates 
for humans from animal experiments. 
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Osteosarcoma Induction by Bone-Seeking Radionuclides: Are the Cells Themselves to 
Blame for the Tumors? 

M.J. Atkinson, M. Rosemann, W. Goessner 

Institute of Pathology, GSF National Research Center for Environment and Health,
85764 Neuherberg, Germany 

Abstract: Incorporation of bone-seeking alpha particle emitting heavy metal radionuclides is known 
to increase osteosarcoma incidence. It has long been assumed that the carcinogenic effect is due to 
DNA damage in the osteoblast cells residing at or near the bone surface. However, histopathological 
examination of the tumors, as well as our own molecular genetic studies, show that there is no 
apparent difference between radiation-induced and sporadic tumors. Moreover, the cellular origin of 
bone tumors formed after irradiation suggests more primitive cells, some distance from the bone 
surface, may be targeted (Goessner, Radiat Prot Dosimetry, 105, 39-42 2003). In order to reconcile 
these discrepancies we have reexamined 223R uptake by bone cells. We conclude that sequestration of 
223Ra by the intracellular iron-storage protein ferritin leads to the local concentration of radionuclide 
within target cells. It is not clear if the carcinogenic action is directly caused by mutation of target 
cells or if it is an indirect result of reactive hyperplasia of non-targeted cells. 

237



Multilocus Inheritance Deteermines Predisposition to Alpha-Radiation Induced Bone 
Tumorigenesis

M. Rosemann 1, V. Kuosaite 2, L. Quintanilla-Martinez 1, J. Favor 3, M.J. Atkinson 1

1 Institute of Pathology, GSF National Research Center for Environment and Health, 
85764 Neuherberg, Germany 
2 Department of Comparative Medicine, GSF National Research Center for Environment and Health, 
85764 Neuherberg, Germany 
3 Institute of Human Genetics, GSF National Research Center for Environment and Health,  
85764 Neuherberg, Germany 

Abstract: Incorporated bone-seeking alpha-emitters are potent inducers of bone-tumors. To elucidate 
the influence of a potential congenital predisposition, we performed genetic mapping of susceptibility 
loci in mouse strains that differ in their osteosarcoma incidence following incorporation of 
Thorium227. In a whole-genome screen of 169 backcrossed F2 mice, derived from inbred BALB/c 
and CBA/Ca strains, we determined 5 susceptibility loci that govern alpha-induced osteosarcoma 
predisposition to various degrees. The major susceptibility locus overlaps with one already found in a 
previous study using different strains. This locus  harbours the Rb1 tumor-suppressor gene, at which a 
functional promotor polymorphism was found in one of the strains. A susceptibility allele at the Rb1 
locus in conjunction with high-risk alleles at the remaining 4 modifier loci confers a shortened latency 
time and 100% osteosarcoma incidence following Thorium227 incorporation. In 10 mice inheriting 
exclusively low-risk alleles only one osteosarcoma was found, arising after an exceptionally long 
latency time. Inheritance of distinct combinations of BALB/c and CBA/Ca alleles at the susceptibility 
loci confer more extreme phenotypes in terms of susceptibility or resistance than observed in either of 
the two parental inbred strains. From the present study we demonstrate that additive effects of multiple 
alleles, each making only a minor phenotypic contribution, can combine and significantly alter tumor 
risk. This mechanism can be of particular importance in genetically heterogeneous populations such as 
man.
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Mechanisms of Liver Carcinogenesis in Patients Injected with Thorotrast 

M. Fukumoto1, Y. Kuwahara1, L. Wang1, D. Liu1, T. Shimizu1, I. Wada1, Y. Ishikawa2 T. Mori3

1Department of Pathology, Institute of Development, Aging and Cancer, Tohoku University,  
Sendai 980-8575, Japan, e-mail: fukumoto@idac.tohoku.ac.jp 
2Department of Pathology, Cancer Institute, Tokyo 170-8455, Japan 
3Department of Pathology, Yokohama City University, School of Medicine, Yokohama 236-0004, Japan 

Abstract: Thorotrast, a previously used radiological contrast medium, is known to induce liver tumors consisting 
of hepatocellular carcinoma (HCC), intrahepatic cholangiocarcinoma (ICC), and angiosarcoma (AS) at nearly the 
same instance. Pathological specimens from Thorotrast patients are valuable for assessing the relevance of long-
term exposure to low dose -particles to radiation carcinogenesis. We analyzed mutations of the p53 and the K-ras
genes, microsatellite instability (MSI), and loss of heterozygosity (LOH) in pathological specimens from 
Thorotrast-induced ICC. The major p53 mutation observed in Thorotrast ICC was the transition type, suggesting 
that reactive oxygen species are not likely involved in gene mutations of Thorotrast cancers. MSI frequency in 
Thorotrast ICC was significantly higher than that in non-Thorotrast ICC. MSI was partly attributed to the 
inactivation of the hMLH1 mismatch repair gene via methylation of its promoter region. Thorotrast ICC shared 
LOH pattern with non-Thorotrast HCC and ICC. Furthermore, we could assess the distribution and the quantity of 
deposited thorium using an imaging plate and a BAS image analyzer. Thorotrast was always phagocytosed by 
macrophages and the distribution of thorium deposits was not always consistent with that of apoptotic cells. We 
conclude that Thorotrast ICC is developed through complex carcinogenic steps including genomic instability and 
mutations of crucial genes occurred during remodeling of the liver architecture. 

1. Introduction 

Thorotrast is the trade name of a 25% colloidal suspension of radioactive 232ThO2 that dominantly emits -
particles; it was used as a radiographic contrast agent from the 1930s to the 1950s. After intravascular injection, 
More than half of the total amount of injected Thorotrast is stored in the liver, and has been known to induce liver 
cancers, especially intrahepatic cholangiocarcinoma (ICC) decades after injection (1). In Japan, more than 80% of 
primary liver cancer is hepatocellular carcinoma (HCC), which arises from liver parenchymal cells, while ICC 
arises from epithelial cells of the bile duct. Considering that primary angiosarcoma (AS) in the liver is quite rare in 
general population and is also observed among the Mayak workers who inhalated plutonium, AS is thought to be 
one of the index tumors induced by radiation (2). Therefore, identification of genetic changes specific to 
Thorotrast-induced ICC (Thorotrast ICC) and AS (Thorotrast AS) could contribute to the risk assessment of 
internally deposited -emitters, as well as to a better understanding of the late effect of radiation. The development 
of cancer is thought to be a consequence of multiple carcinogenic steps including genetic changes, such as the 
activation of proto-oncogenes and the inactivation of tumor suppressor genes (TSGs). Mutations of the K-ras
oncogene and those of the p53 TSG in tumors are commonly observed events but often occur independently. A 
persistently increased rate of gene mutations, that is, genomic instability is observed in cell populations many 
generations after exposure to radiation (3). Genomic instability may contribute to mutations of cancer associated 
genes (Fig. I). 
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Fig. 1: The critical step of carcinogenesis is the anomalous changes of cancer associated genes such as mutational 
activation of protooncogenes and inactivation of tumor suppressor genes. Genomic instability may precede these 
mutational changes resulting in mutation prone characteristics.  
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Microsatellites are a class of short tandem repeats that are found widely and evenly distributed throughout the 
entire genome. Allelotyping of microsatellites can be used to assess loss of heterozygosity (LOH) in various 
malignancies. LOH in a chromosomal locus is thought to be indicative of the presence of putative TSG in that 
region (4, 5). The DNA mismatch repair (MMR) system is one of the stabilizing mechanisms of the genome and 
the anomaly of the MMR system has recently been known to cause genomic instability characterized by 
alterations of the length of microsatellite sequences. This type of alteration is termed microsatellite instability 
(MSI) and is thought to be an early event in carcinogenesis (6). 

2. Materials and method 

Archival tissue sections of ICC and adjacent non-tumor tissues from patients who had been intravascularly 
injected with Thorotrast (Thorotrast ICC) were analyzed. As a negative control for Thorotrast injection, a set of 
surgically resected non-Thorotrast ICC was studied; these did not receive radiation or chemotherapy. Mutation 
profiles of exon 12 of the ras gene and that of exons from 5 to 8 of the p53 gene were analyzed, respectively (7). 
We previously performed genome-wide scans of LOH in non-Thorotrast HCC and ICC (4, 5) and found 43 
markers for which LOH frequency is significantly high (>30%) either in ICC or in HCC. These were divided into 
3 groups: HCC-specific markers (22 loci), ICC-specific markers (12 loci) and markers of which frequent LOH 
was commonly found in both cancers (9 loci). These 43 markers were adopted to carry out LOH analysis in 
Thorotrast ICC. In order to quantify the similarity of an LOH pattern to the ICC- or HCC-specific pattern, we 
defined a liver cancer index (LCI). In terms of genetic changes, liver cancers with positive LCI are classified into 
ICC and those with negative LCI into HCC, respectively (8). We defined the case as an MSI-positive (MSI+) 
tumor if a tumor had more than 2 loci with MSI out of 5 loci examined by PCR. MSI+ tumors with more than 
40% of MSI loci were defined as MSI-high (MSI-H). Among the MMR genes, hMLH1 and hMSH2 are well 
characterized in relation to MSI. In sporadic cancers with MSI+, a tight correlation is demonstrated between the 
presence of hypermethylation in the hMLH1 promoter and MSI. The methylation status of hMLH1 and hMSH2
was assessed by methylation specific PCR (MSP) after sodium bisulfite treatment of DNA (9). On histological 
sections, Thorotrast distribution was analyzed by an imaging plate, and in situ detection of fragmented DNA was 
determined by terminal deoxynucleotidyl transferase (TdT)-mediated dUTP nick end labeling (TUNEL) (10). 

3. Results and discussion 

Mutational profile of the p53 and K-ras genes (7) 
Compared with non-Thorotrast ICC, the frequency of K-ras gene mutations was lower (Thorotrast : non-
Thirotrast = 0.4% : 9.8%), and that of p53 gene mutations was higher in Thorotrast ICC  (Thorotrast : non-
Thorotrast = 27.2% : 10.3%) . Multiple and different types of p53 mutations were found in different parts of the 
same liver, and clonal mutations could be observed in non-tumorous parts of the liver in some cases. A-G 
transitions are suggested to be characteristic to Thorotrast ICC, since 66.7% of p53 mutations in Thorotrast ICC 
were A-G (T-C) transitions. Mutations of the p53 gene tended to be observed in less differentiated subtypes, 
especially in tumors with massive necrosis or fibrosis. These suggest that p53 mutations happened at the late stages 
of carcinogenic steps induced by Thorotrast.  

LOH of Thorotrast ICC (8) 
Genetic changes in Thorotrast ICC revealed LCI values in between non-Thorotrast HCC and ICC, and similar to 
those for cholangiolocellular carcinoma (CoCC) which is thought to develop from a stem cell that can differentiate 
into either bile duct epithelial cells or hepatocytes (2). Among 9 common loci, 6 loci showed high LOH frequency 
in Thorotrast ICC and LOH at 3 particular loci, D4S1538, D16S2624 and D17S1303 were also commonly shared 
by all the liver cancer subtypes, including Thorotrast ICC and CoCC, suggesting that minimally required genetic 
changes for the development of hepatobiliary cancers are common among different carcinogenic causes including 
radiation exposure. Genome-wide scanning of LOH analysis in Thorotrast AS revealed higher LOH frequency 
than Thorotrast ICC, suggesting that direct genetic insult is more involved in carcinogenesis of AS than ICC (11).  

MSI of Thorotrast-induced intrahepatic cholangiocarcinoma (9) 
Compared with non-Thorotrast ICC, Thorotrast ICC showed a significantly higher frequency of MSI. 
Mononucleotide repeats are useful for the identification of the MSI-H group of tumors (12). In non-Thorotrast ICC, 
60% of MSI+ cases were MSI-H, and BAT25 or BAT26 with mononucleotide repeats showed MSI in these MSI-
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H cases. However, in Thorotrast ICC, MSI was not found at any of mononucleotide repeat loci, and, MSI and 
LOH in non-tumorous parts could be found in Thorotrast cases but not in non-Thorotrast cases (Fig. 1). In non-
Thorotrast ICC, methylation of either the hMLH1 or hSMH2 promoter region was not related to MSI of the tumors. 
On the other hand, the degree of MSI in Thorotrast ICC was significantly associated with the degree of hMLH1
hypermethylation. These suggest that Thorotrast induced MSI partly through hypermethylation of the hMLH1
promoter and that the underlying mechanism which induces the MSI phenotype is different between Thorotrast 
ICC and non-Thorotrast ICC.  

Thorotrast deposits and histological characteristics of the liver (10) 
( Deposited Thorotrast focally aggregates to from congromerates and the distribution of each conglomerates was 
global in the liver . Conglomerates of Thorotrast were mainly observed in the cytoplasm of macrophages in the 
fibrous connective tissues adjacent to blood vessels, irrespective of tumor and non-tumor parts. Thorotrast laden 
macrophages were also found in the blood vessels. The numbers of positive cells for TUNEL staining, that is, cells 
with DNA strand breaks, were not significantly different between cells inside and outside of the range of -particle 
exposures from deposited Thorotrast. Total exposure dose was significantly proportional to the amount of 
Thorotrast deposition, indicating that the latency period for carcinogenesis is fairly constant among the cases. 
MSI+ phenotype and LOH frequency were not associated with histological classification, the latency period or 
Thorotrast deposition in the liver. Since Thorotrast-laden livers were continuously exposed to -particles, it is 
possible that MSI found in Thorotrast ICC is partly due to clonal expansion of the cells with microsatellite 
mutations that occurred after DNA strand breaks. 

Conclusion (Fig. 2) 
Although the range of -particles is short, bystander effects and redistribution of some part of the deposited 
Thorotrast by phagocytotic macrophages may cause effects of -particles throughout the liver. Histologically 
inflammatory reactions and dysplastic changes adjacent to frank tumors are prominent in Thorotrast ICC, 
indicating that -particles emitted from deposited Thorotrast continuously kill parenchymal cells to induce 
remodeling of hepatic architecture. In contrast to non-Thorotrast ICC, almost cases of Thorotrast ICC are 
peripheral in location and are thought to arise from a stem cell towards hepatocytes and cholangiolar epithelial 
cells. These suggest that the target of exposure to radiation is different from the target for carcinogenesis. The total 
exposure dose was significantly proportional to the amount of Thorotrast deposition, indicating that incubation 
period is more important than total doses for induction of cancers. Considering that A-G transitions can be induced 
by DNA replication error, almost all p53 mutations in Thorotrast ICC may result from endogenous process but not 
from exogenous carcinogenic agents. We conclude that inflammatory process during remodeling of the liver and 
cell to cell interaction contribute to radiation-induced carcinogenesis more than direct insults to DNA.  
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Fig. 2: Carcinogenic process by internal exposure to a-particles. Radiation induced cancer is a consequence of 
complex biological reactions to the radiation exposure including predisposition of target cells toward cancer, cell 
to cell interaction and inflammatory process. 
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It is interesting to study methylation and transcription status of specific genes, especially those involved in RER 
after irradiation, and to clarify whether MSI occurs at early stages and is maintained further, or fluctuates, during 
radiation-induced carcinogenesis. Since we found that high frequencies of LOH at D8S1119 and D13S317 are 
specific to Thorotrast ICC, we may infer from the assessment of LOH and LCI values for liver cancers from 
patients residing in radionuclide-contaminated areas whether radiation is the main cause of carcinogenesis. 
Although high incidence of ICC is characteristic to Thorotrast liver cancers, relative risk of AS by internally 
deposited -particle emitters including plutonium is far more than that of ICC. Further pursuit of this line of 
research on radiation-induced AS is underway in our laboratory. 
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The Molecular and Cellular Action Mechanism of the Treatment of Chronic 
Rheumatoid Diseases with Radon 

D. Harder 

University of Göttingen, Medical Physics and Biophysics, Göttingen, Germany 

Abstract: Controlled clinical studies have validated the application of radon and its progeny in 
balneologic treatments of chronic rheumatoid diseases such as rheumatoid arthritis and spondylitis 
ankylosans (Morbus Bechterew). These studies have revealed the achievement of therapeutic aims 
such as pain relief, the improvement of joint function and the reduction of medication by pharmaca 
which have associated side effects. On the other hand, dosimetric evaluations of these alpha-particle 
emitters have shown effective dose values per treatment course well below the annual natural radiation 
exposure of 2,4 mSv. The largest organ doses per treatment course are about 30 mGy in the epidermis. 
High interest is therefore devoted to the biological mechanism(s) by which small alpha-particle doses 
can have significant anti-inflammatory effects. 
Seven years ago, immunologic investigators have discovered that the phagocytosis of apoptotic cells 
by immature dendritic cells (e.g. Langerhans cells in the epidermis) or by monocytes increases the 
secretion of anti-inflammatory and immunoregulatory cytokines, such as TGF-  and IL-10, by these 
phagocytic cells. At the same time, their secretion of pro-inflammatory cytokines such as TNF-  and 
IL-12 is decreased. A key role of the presentation of phosphatidylserine on the surface of the apoptotic 
cells for the initiation of this reaction has been identified. The dendritic cells, after migration into the 
draining lymph nodes, can switch the “polarity” of T-helper cell production away from the cellular 
immune response, thereby reducing pain generation and auto-immune tissue destruction by 
macrophages. Furthermore, TGF-  production reduces the extravasal transendothelial migration of 
monocytes into the adjacent tissues, thereby reducing macrophage production. 
In the light of this knowledge, a biological mechanism for the anti-inflammatory effects of radon 
treatment can be established if it can be shown that alpha particle doses of about 30 mGy (80 alpha 
particles per mm²) are a sufficiently potent source of apoptotic cells, e.g. of apoptotic keratinocytes in 
the epidermis. The high probability of apoptotic cell response (“programmed cell death”) in cells hit 
by high-LET alpha particles and the amplification of the apoptotic yield via the “bystander effect” 
appear to comply with that requirement. Furthermore, in experiments with lung fibroblasts exposed to 
alpha-particle doses from 4 to 190 mGy, the production of TGF-  has been directly observed, and in 
radon-treated patients, who showed relief from Morbus Bechterew symptoms, an increase of the TGF-

 serum level has been demonstrated. Further experimental or physiological observations of the 
production of anti-inflammatory cytokines by low doses of alpha particles are certainly needed. But 
the presently available results, together with the existing body of evidence for anti-inflammatory 
cytokine production by low doses of X-rays and by UV-B, already support the conclusion that the 
biological mechanism of radon treatment of chronic rheumatoid diseases is represented by the anti-
inflammatory reaction pathway triggered by alpha particle-induced cell apoptosis. 
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Effect of Uranium on Proliferation and Mortality of the Major Constitutive Cell Types 
of the Skin: Influence on Skin Barrier Integrity 
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Abstract: The skin is the initial barrier against mechanical, chemical or biological external stresses. It 
is a complex, multilayered organ. The upper layer is the epidermis that is mainly constituted by 
keratinocytes. The fibroblast is the major cell type of the dermis which is underlying the epidermis. In 
the case of an external contamination, uranium is able to diffuse through the skin [1-3] and can affect 
skin barrier integrity after chronic topical exposure[1, 3]. Our study tried to elucidate the cellular 
mechanisms leading to this skin alteration after uranyl nitrate contamination. Proliferation rate and 
mortality of primary cultures of rat skin fibroblasts and keratinocytes contaminated in vitro with 
different concentration of depleted-uranyl nitrate or 233-uranyl nitrate were measured. The huge 
difference between 233U and depleted-U specific activities, respectively 3.57x108Bq.g-1 and 
1.45x104Bq.g-1, allowed to distinguish cellular radiotoxicity and chemotoxicity of uranium. 
Concerning fibroblasts, a significant radiotoxicity of the emitted alpha particles of 233U was observed 
with no chemotoxicity for the lowest concentrations, i.e. 2µM and 4µM, of uranyl nitrate. 
Keratinocytes were more sensitive to both uranium radiotoxicity and chemotoxicity than fibroblasts. 
This can be explained by the about three times higher ability of keratinocytes to incorporate uranium 
compared to fibroblasts. This greater capacity of epidermal cells than dermal cells to incorporate 
uranium was confirmed in vivo for the hairless rat following a uranyl nitrate topical contamination. As 
a conclusion, the important toxic effect of uranium on keratinocyte demonstrated in our study can 
explain the previous observations [1, 3] that epidermis was atrophied and so skin permeability 
increased after an in vivo chronic topical exposure of rat skin to uranyl nitrate. These results are of 
great importance concerning radiation protection of exposed workers and public, and are not taken into 
consideration by ICRP recommendations at the present time. 

1. Introduction 

The skin is the initial barrier against mechanical, chemical or biological external stresses. Skin 
contamination of workers directly engaged in uranium processes can be considered as a highly 
probable occupational risk [4, 5]. In the case of an external contamination, uranium is able to diffuse 
through the skin and induce renal failures that can lead to death [1-3]. The most hydrosoluble uranium 
compounds, such as the uranyl nitrate, were proved to be the most toxic and this toxicity increased 
with the time and the area of exposure [6]. 
Chronic topical exposure of rat skin in vivo to uranyl nitrate induced a severe alteration of all the 
cutaneous structures [1] leading to a decrease of skin thickness. Ubios and colleagues [3] proved that 
this loss of skin barrier integrity increased its permeability and would favour the uptake of uranium. 
The aim of our study was to elucidate the cellular mechanisms leading to the skin alteration observed 
after uranyl nitrate contamination. The skin is a complex, multilayered organ. The upper layer is the 
epidermis that is mainly constituted by keratinocytes. The fibroblast is the major cell type of the 
dermis which is underlying the epidermis. Three hypothesis would explain the decrease of skin 
thickness observed by de Rey and his colleagues [1]: (i) a disturbance of fibroblasts and/or 
keratinocytes proliferation, (ii) an increase of fibroblasts and/or keratinocytes mortality, (iii) a 
disturbance of keratinocytes differentiation. An emphasize was made on the duality of uranyl nitrate 
toxicity. In this way, we tried to make distinction between radiotoxicity and chemotoxicity of uranyl 
nitrate by using depleted uranyl nitrate that have a low specific activity (1.45 104 Bq.g-1) and 233-
uranyl nitrate that have a high specific activity (3.57 108 Bq.g-1). Proliferation rate and mortality of 
primary cultures of rat skin fibroblasts and keratinocytes contaminated in vitro with uranyl nitrate 
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were measured. Terminal differentiation of keratinocytes in corneocytes was evaluated. Fibroblasts 
and keratinocytes uptake of uranium was quantified. 

2. Materials and methods 

Cell cultures 
Fibroblasts and keratinocytes were isolated from a skin biopsy of a three-weeks-old male Hairless rat 
OFA hr/hr (Charles River Laboratories, France) using a previously described procedure [7]. Cultures 
were grown in 5% CO2 at 95% humidity. Fibroblasts were maintained in 75 cm2 cell culture treated 
flasks in a medium composed of DMEM supplemented with 10% (vol/vol) foetal calf serum, L-
glutamine (0.29 mg.ml-1), HEPES buffer (10 mM), penicillin (50 IU.ml-1), streptomycin (50µg.ml-1),
and amphotericin B (1.25 µg.ml-1) (all from Invitrogen, France). Keratinocytes were grown in plastic 
100 mm/collagen-coated dishes (Iwaki, France) in a medium composed of Ham’s F12 / low glucose 
DMEM (3/1) medium supplemented with 5% (vol/vol) foetal calf serum, L-glutamine (0.29 mg.ml-1),
HEPES buffer (10 mM), penicillin (50 IU.ml-1), streptomycin (50µg.ml-1), amphotericin B (1.25 
µg.ml-1) (all from Invitrogen, France) and epidermal growth factor (10 ng.ml-1), cholera toxin (0.1 
nM), hydrocortisone (0.4 µg.ml-1), insulin (5 µg.ml-1) and adenine (200 µM) (all from Sigma, France). 

Cell contaminations 
24 hours before contamination, 300000 fibroblasts were seeded per 75 cm2 culture flask and 500000 
keratinocytes were seeded per 100 mm-collagen-coated dish. Each cell type was exposed to different 
uranyl nitrate concentration for two different uranium isotopic composition ([233UO2(NO3)2] = 2 µM ; 
4 µM and [depleted-UO2(NO3)2] = 2 µM ; 4 µM ; 0.5 mM ; 1 mM). 233UO2(NO3)2 was purchased from 
CERCA (France) and depleted-UO2(NO3)2 was purchased from Merck (USA). 

Proliferation and survival of cells 
Cellular proliferation and survival analyses were performed in three or more separate experiments, by 
scoring at least 200 cells at each time. Discrimination between viable and dead cells (including dead 
cells in the supernatant) was performed on fibroblasts and keratinocytes after trypan blue staining. 
Keratinocytes in primary culture were able to terminally differentiate in corneocytes. During cell 
scoring, corneocytes were easily identified as dead cells that lost their nucleus. An index of 
differentiation of keratinocytes was calculated as the number of corneocytes divided by the number of 
surviving keratinocytes. The results were expressed as mean values with their standard deviation (SD) 
of a minimum of three independent experiments. Means were compared using Mann Whitney’s test 
with alpha = 0.05. 

Uranium cell content quantitation 
The U-233 content of the samples was determined by liquid scintillation counting with a Tri-Carb 
2700TR (Perkin Elmer, France). Keratinocytes and fibroblastes samples were digested with 2 ml 
Soluene-350 (60° C, over-night) (Perkin Elmer, France) and then mixed with 18 ml Hionic-Fluor, a 
scintillation liquid purchased from Perkin Elmer (France). Calibration curves in each matrix studied 
were used to quantify U-233 activity in the samples, and so no quench correction was required. 
Means and standard deviation of U-233 content were calculated for a minimum of three samples. 
Means were compared using Mann Whitney’s test with alpha = 0.05. 

3. Results and discussion 

Proliferation and mortality of fibroblasts 
Figure 1 illustrates proliferation and mortality of fibroblasts during 72 hours of depleted uranyl nitrate 
contamination (Figure 1a,b) or 233-uranyl nitrate contamination (Figure 1c,d). As indicated in Figure 
1, no significant alteration of fibroblasts proliferation (Figure 1a) or excess of mortality (Figure 1b) 
was observed after contamination with 2 µM and 4 µM of depleted uranyl nitrate. Although, after 72 
hours, fibroblasts proliferation was respectively reduced by 17% and 35% for 2 µM and 4 µM of 233-
uranyl nitrate contaminations compared to control cells (Figure 1c). This altered cell proliferation was 
partly explained by a cellular mortality that reached 29.6  2.0 % after 72 hours of exposure to 2 µM 
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of 233-uranyl nitrate and 34.4  3.1 % after 72 hours of exposure to 4 µM of 233-uranyl nitrate 
(Figure 1d). For low concentration of uranyl nitrate in culture media, there wasn’t any chemotoxic 
effect of uranium on fibroblasts, but a radiotoxic effect appeared when using the high specific activity 
isotope of uranium : U-233. For the highest concentrations of depleted uranyl nitrate, i.e. 0.5 mM and 
1 mM, a strong decrease of fibroblasts proliferation was observed. This alteration of proliferation was 
related to an increase of cellular mortality that reached 37.6  6.8 % after 72 hours of exposure to 0.5 
mM of depleted uranyl nitrate and 54.9  7.7 % after 72 hours of exposure to 1 mM of depleted uranyl 
nitrate (Figure 1a, b). 

Fig. 1: Plotted graphics represent the fibroblasts surviving fraction normalised to time 0 (mean  SD 
of three independent experiments) as a function of time of exposure to depleted uranyl nitrate (a) or 
233-uranyl nitrate (c). Bars represent the percentage of dead fibroblasts (mean  SD of three 
independent experiments) as a function of time of exposure to depleted uranyl nitrate (b) or 233-
uranyl nitrate (d). * p<0.05 (statistical significant difference with control cells). 

Proliferation and differentiation of keratinocytes 
Figure 2 illustrates proliferation and differentiation of keratinocytes during 72 hours of depleted uranyl 
nitrate contamination (Figure 2a,b) or 233-uranyl nitrate contamination (Figure 2c,d). Keratinocyte 
proliferation is strongly decreased after a contamination with 0.5 mM and 1 mM depleted uranyl 
nitrate, all cells died after 72 hours of exposure (Figure 2a). The alteration of proliferation is less clear 
after a contamination with 2 µM and 4 µM of depleted uranyl nitrate (Figure 2a). Although, a 
significant effect on keratinocytes differentiation was observed 24 hours, 48 hours and 72 hours after 
contamination, for both concentration of depleted uranyl nitrate (Figure 2b). The indexes of 
differentiation of keratinocytes, 24 hours after contamination with 2 µM and 4 µM of depleted uranyl 
nitrate were 4.6 and 3.5 higher than non contaminated control cells, respectively. Concerning 233-
uranyl nitrate, the indexes of differentiation of keratinocytes, 24 hours after contamination with 2 µM 
and 4 µM were 2.4 and 2.4 higher than non contaminated control cells, respectively (Figure 2d). These 
values were smaller than those observed for depleted uranyl nitrate; it was due to the significant 
decrease of the normalised keratinocytes surviving fraction observed 24 hours after contamination 
with 2 µM and 4 µM of 233-uranyl nitrate (Figure 2c).  
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On the contrary of what was observed for fibroblasts, a biological effect, i.e. terminal differentiation, 
appeared for keratinocytes for the lowest concentration of uranyl nitrate in culture media. The terminal 
differentiation of keratinocytes is tightly regulated by the extracellular calcium concentration. An 
increase of calcium concentration in culture medium triggers this differentiation process [8-13]. 
Uranium is known to disturb calcium physiology [14-18], this disturbance could be responsible for the 
triggering of keratinocytes terminal differentiation observed in our study. 

Fig. 2: Plotted graphics represent the keratinocytes surviving fraction normalised to time 0 (mean 
SD of three independent experiments) as a function of time of exposure to depleted uranyl nitrate (a) 
or 233-uranyl nitrate (c). Bars represent the index of differentiation of keratinocytes (mean  SD of 
three independent experiments) as a function of time of exposure to depleted uranyl nitrate (b) or 233-
uranyl nitrate (d). * p<0.05 (statistical significant difference with control cells). 

Fibroblasts and keratinocytes uptake of uranium 
The uranium content of fibroblasts and keratinocytes reached a steady state within the first 24 hours of 
exposure and was maintained until the 72nd hour of contamination. The uranium content of cells 
depended on culture medium concentration of uranium (Figure 3). 72 hours after the beginning of the 
uranium contamination, uranium content of keratinocytes was 3.4 and 3.3 times higher than uranium 
content of fibroblasts for uranium concentration in culture media of 2 µM and 4 µM, respectively 
(Figure 4). Then, radiation doses delivered to keratinocytes were higher than doses delivered to 
fibroblasts. It partly explained the greater sensitivity of keratinocytes than fibroblasts to uranium, in 
term of decrease of proliferation (Figure 1 and Figure 2). Furthermore, the keratinocytes terminal 
differentiation triggered by uranium (Figure 2b,d) required a post-mitotic arrest of cells to be engaged. 
This post-mitotic arrest contributed to the decrease of keratinocytes proliferation too. 
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Fig. 3: Representation of fibroblasts (a) and keratinocytes (b) uranium 233 uptake as a function of 
time of exposure (mean  SD of three independent experiments). 

To assert the results obtained in vitro concerning the uranium content of keratinocytes and fibroblasts, 
an evaluation of uranium content of dermal and epidermal cells was made after an in vivo topical 
exposure to uranium. A morphometric analysis of dermal and epidermal cells on rat skin slices (data 
not shown) enabled us to calculate dermal and epidermal cellular density. Then, an approximation of 
the uranium content of dermal and epidermal cells was obtained. After an in vivo topical 
contamination with 14 µg of uranyl nitrate : the uranium content of epidermal cells was 4.1 times 
higher than the uranium content of dermal cells (Figure 4). Though, radiation doses delivered in vivo
to epidermal cells were higher than doses delivered to dermal cells. This value obtained after an in
vivo contamination is in the same range as the values obtained after an in vitro contamination. The 
alteration of proliferation and the triggering of terminal differentiation of keratinocytes observed after 
uranium exposure in vitro, seem to be the cellular mechanisms underlying the decrease of epidermal 
thickness and the resulting increase of skin permeability [3] induced by a chronic topical exposure of 
rat skin in vivo to uranium. 

Fig. 4: Comparison of uranium content of dermal and epidermal cells after in vitro or in vivo 
contamination (mean  SD of three independent experiments). * p<0.05 (statistical significant 
difference between cell types). 

These results are of great importance concerning the health effects of superficial skin contamination 
by uranium. (i) Concerning skin doses calculation, dosimetrists always considered that the alpha 
emitters are deposed at skin surface and then calculate doses delivered to basal keratinocytes layer [19-
21]. Thus, they underestimate doses delivered to skin target cells because they doesn’t take into 
account the diffusion of the radionuclide through the skin layers and the possible retention of this 
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alpha emitter by the epidermal and dermal cells. (ii) Concerning skin barrier integrity, previous studies 
have shown that an alteration of the epidermal layer, especially stratum corneum, can hugely increase 
skin permeability and then increase the uptake of uranium or other environmental pollutants [2, 22-
24]. At the present time, these problems are not taken into consideration by ICRP recommendations 
dealing with radiation protection of exposed workers. 
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Abstract: Some data are available in the literature on the toxicological effects of uranium on kidney. 
However, there is a lack of information concerning the effect of uranium ingestion on other organs 
such as intestine, liver and central nervous system. A research program was launched on the effects of 
uranium on intestinal barrier, xenobiotic detoxication, steroid metabolisms and neuroinflammation. At 
first, we have investigated the transfer of uranium throughout the gastrointestinal barrier. Uranium 
absorption occurred exclusively along the small intestine : we did not revealed any in vivo absorption 
of uranium by buccal cavity, stomach and large intestine. Complementary ex vivo experiments suggest 
that transcellular pathway was involved in intestinal passage of uranium, but further experiments are 
required to determine the nature of transporters. The passage of uranium in liver consecutive to its 
absorption may have biological consequences on hepatic functions, such as the detoxification of 
xenobiotics (medical drugs) and metabolisms of steroids (cholesterol, bile acids, vitamin D). The 
second objectives of this present work were thus to study, at 1 and 3 days following an acute 
administration in rats, the uranium effects on enzymatic activity and expression of hepatic 
cytochromes P450 (CYPs) implicated in these metabolisms. Uranium contamination induced a marked 
stimulation of mRNA expression and enzymatic activity of CYP3A1 (x6) and CYP27A1 (x6) 
respectively. These results demonstrate that hepatic CYPs are biological targets of uranium, which 
may lead to drug metabolism perturbation or pathologies (lipidic diseases, vitaminosis). Thirdly, 
inflammatory status of CNS was studied at 1 and 3 days following acute uranium administration since 
recent works have suggested an effect of uranium on central nervous system. Immunohistochemical 
study on coronal slices indicated an inflammatory reaction, visualized by microglia cells and astrocyte 
staining in blood vessels and in limbic areas at 3 days after administration. An increase of TNF , c-jun 
and c-fos mRNA appeared as soon as at 1 day after contamination in the hypothalamus. Uranium 
administration seems thus to affect brain inflammatory status, which might lead to neurological 
dysfunction. 
In conclusion, it appeared that uranium have toxicological effects on not fully explored tissue targets, 
liver and CNS, that may be lead at long term to liver pathologies or neurological deficits. 
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Hepatic and Renal Effects of Uranium on Xenobiotic Biotransformation Enzymes in the 
Rat
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Paquet, P. Voisin, J. Aigueperse, P. Gourmelon, M. Souidi 
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Service de RadioBiologie et d’Epidémiologie, Laboratoire de RadioToxicologie Expérimentale, BP 
n° 17, F-92262 Fontenay-aux-Roses CEDEX, France 

Abstract: Depleted uranium has several civilian and military applications that may lead, with its 
natural presence in high concentration in various areas, to contamination of human population mainly 
by chronic ingestion. Currently, the accumulation of this radionuclide in various organs (bone, kidney, 
liver...) after an acute or chronic contamination is described and can lead to a chemical and/or 
radiological toxicity. Cellular and molecular effects of uranium contamination on important metabolic 
functions in the liver and the kidney, as the detoxication of xenobiotics, are not shown in the literature. 
The aim of this present study was thus to evaluate possible biological effects on xenobiotic 
biotransformation cytochromes P450 (CYPs) enzymes after chronic exposure to depleted uranium. 
The experiments were carried out in Sprague-Dawley rats after a chronic contamination by depleted 
uranium through drinking water at 40 mg/L. The expression of CYPs mRNA and the associated 
nuclear receptors was analysed by real time PCR. 
This study showed that a chronic contamination by uranium up-regulated the expression of the main 
xenobiotic-metabolizing CYPs in the liver and the kidney. Indeed, the mRNA expression of CYP3A1 
and CYP3A2 was significantly increased in the liver (3 and 1,5 fold; p<0.01) and the kidney (9 and 6 
fold; p<0.05) for the rats contaminated by uranium. The expression of PXR and CAR implicated in the 
regulation of these CYPs was also significantly elevated. The up-regulation of these nuclear receptors 
could contribute to the overexpression of CYP3A1 and CYP3A2 in these tissues. Moreover, an 
increased mRNA expression of CYP2B1 (3 fold; p<0,01), probably due to the overexpression of CAR, 
was observed in the kidney. 
Uranium probably affects the expression of drug-metabolising CYPs through the nuclear receptors 
PXR and CAR. These results suggest that the stimulating effect of uranium on these CYPs could lead 
to hepatic and/or renal toxicities during a drug treatment and then have consequences on the whole 
organism. Further investigations on xenobiotic-metabolizing enzymes (phase I, II and III) are 
undertaken to address this question.
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Chronic Exposure to Uranium Effects the Central Nervous Xystem of Rats 

C. Bussy, P. Lestaevel, F. Paquet, P. Gourmelon, P. Houpert 

Institut de Radioprotection et de Sûreté Nucléaire, Département de Radioprotection de l’Homme, 
Service de Radiobiologie et d’Epidémiologie, BP 166, 26702 Pierrelatte, France 

Abstract: A crucial problem for general public living in areas exposed to nuclear 
contamination (battlefield, nuclear-accident-area…) is chronic internal contamination by 
radionuclides such as uranium. Uranium is a heavy metal with radiological properties. In that 
way, its neurotoxicity may be both radiological and chemical. Actually, irradiation at low 
doses are known to affect the central nervous system (CNS) as well as heavy metals such as 
lead or methyl-mercury. In humans, as early as 1949, states of depression or agitation were 
described after industrial contamination by uranium compounds. Recently, it was shown that 
uranium could enter the CNS under particular chronic exposure.
Thus to study the radiological and chemical potential effects of uranium on the CNS, rats were 
contaminated by drinking water for 1.5 months with 40 mg.L-1 of enriched or depleted uranium and 
their health status, anxiety, memory capacities and sleep were assessed at the end of this period.  
The results showed that the food and water intakes, and the body weight gain, the whole measured 
weekly, were similar in control and contaminated groups of rats. Likewise, the spontaneous 
locomotion measured in an open field after the 1.5 months exposure wasn’t affected. On the contrary, 
exposure to 4% enriched uranium for 1.5 months increased the anxiety and reduced the spatial 
working memory capacities of the rats, although exposure to depleted uranium did not. As the same, 
electroencephalic activity measurement showed that 1.5 months exposure to enriched uranium affects 
the sleep-wake pattern of the rats, with a clear increase of the paradoxical sleep (PS) amounts mainly 
due to an increase of  the number of PS episodes, as previously described in human depression or 
models of chronically stressed rats. 
The observed effects shouldn’t be due to suffering since the rats were healthy during all the 
experimental period. One explanation is that these effects could be radiological rather than chemical 
since they were not all observed after exposure to depleted uranium. But in this case we cannot 
exclude that such effects could appear after exposure to higher amounts of depleted uranium or to 
exposure for a longer time since the specific activity of the enriched uranium used here was only 4 
times higher than that of depleted uranium. 
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The Forthcoming ISO-Standard for the Monitoring of Workers 

K. Henrichs 

Siemens AG, Corporate Radiation Safety, D 81730 Munich, e-mail: Klaus.Henrichs@siemens.com 

Abstract: In support of relevant ICRP-recommendations there is a need for the further standardisation 
of procedures for monitoring workers potentially exposed to radioactive material. Various 
international and national exercises using questionnaires and case studies revealed considerable 
differences in the reliability of monitoring programmes and their results. An international standard 
would provide substantial help for those setting up monitoring programmes. It would also help in the 
management of radiation protection for workers employed in various countries and also form the basis 
for certification and accreditation. For these reasons, ISO started a project to prepare a suitable 
standard, which has been drafted by an international working group and is now in the final voting 
process.
This standard addresses criteria to determine the necessity of monitoring and corresponding 
requirements ensuring that a minimum exposure will be detected.  
Other topics addressed are aspects of the design of a monitoring programme, e.g. the frequency of 
measurements, and quality assurance. Additionally, requirements are given for reporting and 
documenting the monitoring programme and associated measurements. . 
An important principle for standardising the design of a monitoring programme was to find a balance 
between the resources needed for a certain programme and the need for monitoring to be effective. 
Additionally, the standard must of course be flexible enough to allow for its adaptation to national 
regulations.

Other authors of the standard 
P. Berard,  CEA, Paris,    France 
C. Cossonnet,  IPSN, Fontenay-aux-Roses,  France 
A. Dalheimer,  BfS, Berlin,    Germany 
J. Gill,   HSE, Bootle,   United Kingdom 
B. Le Guen, EdF, Paris,    France 
A. Luciani, ENEA, Bologna,  Italy 
T. Momose,  JNC, Tokai-mura,   Japan 
T. Rahola,  STUK, Helsinki,  Finland 

1. Introduction

In the course of employment, individuals may work with radioactive materials that, under certain 
circumstances, could be taken into the body. Radiation protection programmes therefore may require 
means for the assessment of intake and dose.  
The purpose of monitoring in general is to verify and document that each worker is protected 
adequately against risks from radionuclide intakes and the protection complies with legal 
requirements. Therefore, it forms part of the overall radiation protection programme, which starts with 
an assessment to identify work situations in which there is a risk of internal contamination of workers, 
and to quantify the likely intake of radioactive material and the resulting committed effective dose 
received. Decisions about the need for monitoring and the design of the monitoring programme should 
be made in the light of such an assessment.  
According to their different purposes and goals, one has to distinguish between routine monitoring,
special monitoring, confirmatory monitoring and task-related monitoring. All these can be performed 
for an individual worker (individual monitoring) or they can relate to measurements made in the 
working environment (workplace monitoring).
Routine monitoring is involves a programme of regular measurements where intakes and doses 
exceeding certain predefined levels cannot be excluded. These levels should be well below legally 
relevant limits; selection of the levels should take into account uncertainties, for example in activity 
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measurement and dose assessment. If a high value is chosen, intakes representing considerable 
fractions of dose limits could be overlooked, whilst low values may result in unnecessary effort and 
expense. The basis for routine monitoring programmes is the assumption that working conditions, and 
thus incorporation probabilities, remain reasonably constant.  
Special monitoring is performed to quantify significant exposures following actual or suspected 
abnormal events. Therefore in comparison to routine monitoring, the time of intake is usually much 
better known and additional information may be available, which helps to reduce the uncertainty of 
assessment. The purposes of dose assessment in such cases include: assistance for decisions about 
countermeasures (e.g. decorporation therapy); compliance with legal regulations; and identifying the 
need for improvements of conditions at the workplace. In most cases, special monitoring is performed 
individually. When here there is reason to suspect that exposure limits could be exceeded, it may be 
appropriate to extend the measurements in order to derive individual retention and excretion 
parameters rather than use default parameter values. 
Confirmatory monitoring may be required to check the assumptions underlying the procedures 
previously selected. It may consist of workplace or individual monitoring, e.g. as occasional 
measurements to investigate the potential accumulation of activity in the body. 
Task-related monitoring applies to a specific operation. The purpose and the dose criteria for carrying 
out task-related monitoring are identical to those for routine monitoring.  
Individual monitoring gives information needed to assess the exposure of a single worker by 
measuring individual body activities, excretion rates or activity inhaled (using personal air samplers).  
Workplace monitoring provides exposure assessments for a group of workers assuming identical 
working conditions i.e. incorporation probabilitiy as well as all factors influencing the resulting doses. 
It is mainly used in cases where individual monitoring is not appropriate and it may also be needed in 
those cases where individual monitoring is not sufficiently sensitive. In some cases results of 
workplace monitoring are needed to support individual dose assessments (e.g. air monitoring may 
provide information on the time of an incorporation event). 

2. Basic aspects 

The exposure in a certain body region (e. g. in an organ, here called “target”) resulting from 
radioactive decays in any part of the body (here called “source”) is the product of  
- the dose to the source tissue per single disintegration in the source, the so-called specific effective 

energy SEE 
- and the number of disintegrations in the source during the time period of interest. 
The first factor reflects the physical aspects i. e. the emission and the transport of radiation energy 
within the body. It therefore depends on the emission characteristics of the radionuclide (type of 
radiation, energy), as well as the structure and absorption characteristics of the body tissues. The 
calculation of the SEE requires the modelling of the human body and makes use of Monte-Carlo-
techniques to simulate the stochastic processes of radiation transport. SEE-values are available for 
standardized anthropomorphic phantoms, based on CT- or NMR-pictures for various ages and both 
genders.
The second factor is, by definition, the time integral of the activity in the source region of the body. It 
depends on the physical half-life of the radionuclide and the biokinetics of the incorporated material, 
that is its distribution and time dependent retention in body organs and tissues. The biokinetics will be 
influenced by the chemical characteristics of the naterial incorporated, and the age and health status of 
the individual. Models describing the retention and excretion of numerous radionuclides have been 
published by the International Commission on Radiological Protection, ICRP (2, 3).  
For radionuclides identified on the basis of their lung absorption characteristics as as default Types F, 
M or S, dose coefficients (in Sv Bq-1) have been published which give the dose to the tissues of 
interest as well as the effective dose per unit intake . The most important sources of such coefficients 
are the data compilations of the ICRP (2,3). 
As the variability in the biokinetics of a radionuclide generally exceeds considerably that of the SEE, 
the dosimetry for an individual worker mainly requires the following information 
- incorporated radionuclide, 
- assessed amount of activity incorporated, 
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- chemical form  
- route of intake (inhalation, ingestion, wound, skin) 
- i for inhalation the activity median aerodynamic diameter (AMAD). 
On the basis of this information, the dose is calculated as the product of the assessed intake and the 
appropriate dose coefficient taken from literature, assuming that the worker is adequately described by 
the reference models. 
Only if the exposure approaches or even exceeds legal limits, it is necessary to investigate and take 
into account more individual parameters, such as the distribution of the material in the body, retention 
functions and excretion rates. The actual AMAD and derivation of material specific data such as  
absorption parameter values from in-vivo or in-vitro studies may also be important. 
In the context of monitoring, the amount of activity incorporated is not directly available. 
Retrospectively, it must be derived from measurement results such as body or organ contents , or 
excretion rates. In general, such measurements are interpreted with the same biokinetic models as used 
for the calculation of the dose coefficients. But this requires the knowledge of another important 
parameter, i. e. the time between the intake and the measurement. This time is in many cases 
(especially in the case of routine monitoring) not reliably known; therefore assumptions are required, 
which may lead to additional uncertainties.  

3. Designing a monitoring programme 

3.1. The need for a monitoring programme 
The criteria for the necessity of a monitoring programme or for the selection of methods and 
frequencies of monitoring usually depend upon: legislation; the purpose of the radiation protection 
programme; the probabilities of potential radionuclide intakes; and the characteristics of the materials 
handled. Factors determining the need for a monitoring programme are the magnitude of likely 
exposures (without taking into account the protective effect of respiratory protective equipment) and 
the need to recognise incorporation events should they occur.  
The first step is an analysis of each work process identifying radionuclides and compounds handled, 
probability of releases, duration of potential exposures, aerodynamic characteristics (AMAD), and 
other factors influencing the potential exposure of workers. 
For this determination of probabilities of potential radionuclide intakes results of earlier monitoring 
measures can be used, such as measurements of airborne activities or individual measurements. If 
there is no better information available, the following rule of thumb gives an order of magnitude for 
potential intakes:  

Likely annual intake = 10-4 * mean activity handled daily * working days per year 
When handling extraordinarily volatile material a factor of 10-3 should be applied, extra protection 
measures can be taken into account reducing it by a factor of 10. 

The next step is the calculation of the likely exposures on the basis of standard dose coefficients for 
the materials identified. On the basis of the resulting likely annual exposures the workers are classified 
according to Fig. 1 into the groups “no”, “low” and “high”.  
For workers classified as “no”, there is no need for a routine monitoring programme, only if there are 
significant changes of work processes or information questioning the assumptions of the assessment 
the need for a monitoring shall be reconsidered. 
Workers classified as “low” shall be monitored allowing the quantification of their annual exposures; 
but the monitoring is not necessarily based on individual measurements. Collective measurements, 
measurements of airborne activities by means of fixed monitors or simple procedures such as nose 
blow samples may be regarded as sufficient.  
 Workers classified as “high” must be monitored individually, allowing a reliable assessment of the 
annual dose and ensuring that the need for protective actions is recognised in time. 
The process of assessment and especially the underlying assumptions shall be verified regularly and 
whenever significant changes of the work processes could influence the incorporation probability of 
workers and the interpretation of the experimental data (confirmatory monitoring). 
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Fig. 1: Identification of incorporation probabilities and classification of workers 

3.2. Routine workplace monitoring 
Workplace monitoring includes collective monitoring (i.e. individual monitoring of selected workers 
representing groups of workers), and measurements of airborne activity and surface contamination in 
the workplace. Surface contamination is not directly related to individual exposure but may indicate 
increased incorporation probabilities.
Continuous monitoring of airborne radioactive material is important, because inhalation is generally 
the main exposure pathway for workers. The main objectives of monitoring airborne activity are: 
- to help to assess the internal exposure of workers after inhalation; 
- to rapidly detect abnormal or deteriorating conditions, thereby making it possible to take the 

appropriate protective action, for example, the use of respiratory protective equipment; and 
- to provide information for setting up individual monitoring programmes for workers. 

The establishment of an air-monitoring system in order to detect and assess collective or individual 
exposure requires knowledge of the conditions at the workplace and the materials handled there. The 
design of the system needs to be tailored to the level of incorporation probability. The results of air-
monitoring, can be used to estimate the intake of a radioactive substance by workers but reliance on 
measurement of airborne activities alone may lead to errors in exposure estimates. This is true when 
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sources of air contamination are localised or change position over time, often because of worker action 
or movement. Workplace air-monitoring results may be considered as representative provided 
- they reliably do not underestimate the intakes as measured by in vivo or in vitro individual 

measurements; and 
- they are confirmed by  by the use of individual air-sampling devices or the use of individual 

excretion measurements;  

The measurement of nose blow activity is another way to detect the inhalation of -emitting particles; 
a positive result from such a measurement can be used as an indicator for further individual 
investigations for all the workers in the group. Such a measurement can also be useful for reducing the 
uncertainty in the time of an intake for dose assessment. 

3.3. Individual routine monitoring 
The methods to be applied for monitoring workers depend primarily on the type of radionuclides 
potentially incorporated and on their biokinetics. -emitters in most cases will be monitored by 
measuring body or lung contents directly. Monitoring intakes of - and -emitters individually 
generally requires excretion analyses; the limited sensitivity of the available methods in some 
circumstances often makes it necessary to measure airborne activity concentrations.  
Routine monitoring is established to quantify normal exposures, i.e. where there is no evidence to 
indicate that acute intakes have occurred; or where chronic exposures cannot be ruled out. 
Measurements in a routine monitoring programme are made at pre-determined times and are not 
related to any known intake events. Decisions therefore have to be made in advance concerning 
methods, frequencies, and the underlying biokinetic models.  
The following general requirements shall be observed when specifying a routine monitoring 
programme:
- the consequences resulting from an unknown time interval between intake and measurement shall 

be limited so that  
- on average over many monitoring intervals intakes are not underestimated, and 
- the maximum underestimate on a single intake does not exceed a factor of three; and 

- the detection of all exposures that may exceed 1mSv/a will be identified.  

The measurement frequency required for a routine monitoring programme depends on the retention 
and excretion of the radionuclide, the sensitivity of the available measurement techniques and the 
uncertainty that is acceptable when estimating intake and committed effective dose:  
For in vivo measurements 

e(50) * DL / R( T) * 365 / T < 1 mSv/a 
For in vitro measurements 

e(50) * DL / E( T) * 365 / T < 1 mSv/a 

with  e(50)  = dose coefficient,  
DL  = detection limit,  
R(t)  = retention function at time t since incorporation,  
E(t) = excretion rate at time t since incorporation, 

T  = time interval for routine monitoring. 

The maximum potential underestimation shall not exceed a factor of three. Assuming that a single 
intake occurred at the mid-point of the monitoring interval this requirement means: 

R( T/2) / R( T) < 3 
E( T/2) / E( T) < 3 

The maximum overestimation is in nearly all cases greater than the maximum underestimation. The 
constraint on the maximum underestimation of a single intake allows a considerable overestimation. 
Therefore it is generally recommended, to define a similar constraint on the overestimation.
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The objectives of a monitoring programme and the way it is to be organised shall be documented 
including the basis for interpreting the results. The monitoring programme shall be reviewed by means 
of confirmatory monitoring after any major modifications have been made to the installation, to 
operations, or to the regulatory requirements. 
Other elements of importance for the design of a monitoring programme are 
- the definition of maximum tolerated deviations from the predefined frequencies of measurements, 
-  clear rules for collecting samples of urine or faeces (recommended by ISO: 24 hours sampling 

periods for urine, 3 days for faeces) 
-  regulations to avoid contaminations (as well for in vitro as for in vivo measurements) 
-  the definition of action levels for protective actions.  

3.4. Reference levels 
Reference levels are the values of quantities above which a particular action or decision shall be taken. 
The purpose of setting these levels is so that unnecessary, non-productive work can be avoided and 
resources can be used where they are most needed. Reference levels include the recording level, above 
which a result has to be recorded, lower values being ignored; and the investigation level, above which 
the exposure estimates have to be confirmed by additional investigations and the causes or 
implications of the exposure have to be examined (see Table 1). 
The recording level shall be set at a value corresponding to an annual dose no higher than 1 mSv of the 
annual dose limit, the investigation level at a value corresponding to an annual dose no higher than 6 
mSv of the annual dose limit.

Table I: Reference levels for monitoring internal exposures 
Level Meaning 

Recording level The recording level is the level at or above which monitoring 
results have to be recorded. It shall be set at a value 
corresponding to an annual dose no higher than 1 mSv. Results 
falling below this level may be shown as “below recording 
level”.

Investigation level The investigation level is the level at or above which 
investigation has to be made into the uncertainty associated with 
the measurements in order to refine the monitoring result. It 
shall be set at a value corresponding to an annual dose no higher 
than 6 mSv.  

3.5. Quality assurance 
The continued effectiveness of any monitoring programme relies on those in charge implementing its 
various components, including the adoption of an effective quality assurance programme based on ISO 
17025 (4) and ISO 12790-1 (5). 
The nature and extent of a QA programme should be appropriate to the number of workers monitored, 
and the magnitude and probability of exposures expected in the workplaces to be covered by the 
monitoring programme. Quality assurance includes quality control, which involves all those actions by 
which the adequacy of equipment, instruments and procedures of the laboratories are assessed against 
established requirements.
The QA programme should ensure that relevant assumptions (e. g. radionuclide, chemical form, 
AMAD, ) on which the individual monitoring programme and subsequent evaluations are based, are 
verified by adequate measurements (confirmatory monitoring).  
Reviews or audits shall be conducted when one of the following conditions prevails: 
- Following the implementation of a new monitoring programme or substantial programme 

element. 
- When significant changes are made to parts of the monitoring programme, such as significant 

reorganisation or procedural revision. 
- To verify implementation of previously identified corrective actions. 
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In addition, laboratories performing in vivo or in vitro measurements and/or assessments for internal 
dosimetry should participate in national or international intercomparison exercises. Intercomparisons 
allow participants to compare the results of measurements or dose assessments made under clearly 
defined conditions with reference values and with the results of other laboratories. The benefits that 
may be derived from participation include: 
- Measurements on phantoms or samples containing known quantities of radionuclides enable 

participants to determine the accuracy of their procedures. 
- Intercomparisons with unknown quantities of radionuclides in real biological samples or in 

humans enable the participants to compare their results with those obtained by other laboratories 
or techniques. 

- Intercomparisons of the results of interpretation of monitoring data from case studies are useful in 
improving the reliability of the results and they facilitate the harmonisation of methods nationally 
and internationally. 
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Abstract: Using ICRP biokinetic models, this paper examines the feasibility of assessing doses from 
inhaled Th nitrate and dioxide given the likely variations in the: size distribution of the aerosol; 
absorption characteristics of Th and its decay products; dietary excretion of Th. It is concluded that 
chest monitoring has little practical value for either compound although thoron in breath 
measurements can be used for confirming doses of less than 6 mSv y-1 from either acute or repeated 
intakes of Th dioxide. Provided dietary excretion rates are low, doses of less than 1 mSv y-1 after acute 
intake and 6 mSv y-1 after repeated intake can be assessed for Th nitrate from urine assay and from Th 
dioxide from faecal assay. The method of choice for assessing doses from exposure to both nitrate and 
dioxide is from faecal assay. Interpretation of urine data for Th nitrate using ICRP default values could 
underestimate doses appreciably.  

1. Introduction

In a variety of industrial processes, workers are potentially exposed to thorium nitrate and dioxide 
where the radionuclides are in, or near, secular equilibrium. In these circumstances there may be a 
requirement to demonstrate that committed effective doses (referred to hereafter as doses) are below 
the maximum permitted annual doses for Category B workers, 6 mSv [1, 2]. Preferably the annual 
doses should be below 1 mSv in order to confirm good working practices and take account of any 
additional dose from external irradiation [1, 2]. 

This paper considers for both acute and repeated exposures whether these objectives can be achieved 
by lung monitoring, the measurement of thoron in breath, or the assay of thorium in urine or faeces. It 
is based on an NRPB report carried out under the EU's Fifth Framework Program [3] 

2. Methods and procedures

2.1. Biokinetic models and parameter values 

The advice and guidance in this paper is based on, and takes account of : 
the suite of biokinetic models recommended by the International Commission on Radiological 
Protection (ICRP), notably the human respiratory tract model [4], the systemic model for Th [5] 
and the model for the gastrointestinal tract [6]. 
the variability in size distribution of the aerosol within the respirable range, nominally 1 to 10 µm 
AMAD [4]; for assessing deposition characteristics in the respiratory tract, the exercise level used  
is that recommended for occupational exposure [4].  
the uncertainty in the absorption parameter values for Th nitrate and dioxide from the lungs to 
blood [3] and the default values for uptake from the gastrointestinal tract to blood [7]. 
the relationship between 232Th and its decay products in the lungs at known times after exposure 
[3, 8].  
realistic values for the minimum detectable amounts (MDAs) obtained by the various monitoring 
procedures, and the rates of Th excretion after dietary and environmental intakes [3, 9], referred to 
hereafter as the reference level (RL). 
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2.2. Presentation and interpretation of data 

The data are expressed graphically. For an effective dose of 6 mSv after acute exposure, each graph 
shows the range of the amounts of Th in the lungs, urine or faeces at a given time after intake; these 
ranges reflect the variability in the parameters referred to above.

If the measured amounts, MDAs or RLs are below the lower curve for the lungs, urine or faeces, then 
it can be concluded with reasonable certainty that the dose is less than 6 mSv using this monitoring 
procedure.

If the measured amounts, MDA or RL lie between each set of curves for the lungs, urine or faeces, 
then the dose can still be 6 mSv. However, due to the uncertainty in the biokinetics of Th nitrate and 
dioxide, the difference between the values on the upper and lower bounds of the curve at any given 
time will also indicate the potential range of doses relative to 6 mSv. The potential maximum dose will 
be represented by the ratio of the measured amount to the minimum value of the curve multiplied by 
the dose specified (6 mSv); similarly the potential minimum dose can be calculated from the ratio of 
the measured amount to the maximum value of the curve multiplied by the specified dose. 

If the measured amounts, MDA or RL lie above each set of curves then doses will be greater than 6 
mSv with the range governed by the ratios of activities indicated by the upper and lower curves 
multiplied by the specified dose. 

The retention of Th in the lungs or the daily excretion rates for any other dose, say 1 mSv, can be 
deduced from the figures by simple proportion. 

The data for acute exposure can also be used for confirming doses of less than 6 mSv after repeated 
exposures if it is assumed that this can be approximated by a single intake at the mid-point of the 
monitoring interval [10, 11]. However in this case, the dose from intakes during each monitoring 
interval of 't' days must be less than 6t/365 mSv. If the residual activity in the body or excreta from 
intakes during the preceding monitoring interval cannot be discounted, then the curves can be used to 
calculate the minimum value at the end of the current monitoring interval in order to determine the 
upper estimate of the dose.  

2.3. Minimum detectable amounts and reference levels 

Dose assessments from inhaled Th based on lung monitoring involve measurements of the photon 
emitting decay products 228Ac, 212Pb, 214Bi and 208Tl. The MDA for 232Th, assuming secular 
equilibrium and that the biokinetics of 232Th and decay products are the same, is about 20 Bq [8, 12]. 
However, due to the more rapid absorption of the decay products into the blood and the uncertainty in 
the emanation rate of thoron in breath, this value may be underestimated appreciably [3]. A review of 
the procedures used for thoron in breath measurements shows that on the basis of the same 
assumptions concerning secular equilibrium, the MDA for 232Th in the lungs is typically in the range 1 
to 10 Bq [3, 8]. However, for the reasons discussed above, these values could again be underestimated. 

Dose assessments from urine and faecal assay are based usually on measurements of 228+232Th by alpha 
spectrometry or measurements of 232Th by mass spectrometry. The difficulties in interpreting 228Th 
data due to the different absorption kinetics of the decay products [3] and variability in the 228Th:232Th
ratios in excreta [13] suggests that measurements of 232Th are more meaningful. Whilst the amounts in 
this paper are given primarily in Bq, they can be converted easily to mass (1 ng = 4.05 µBq 232Th).

The MDAs for 232Th in urine using alpha spectrometry and mass spectrometry are about 10-4 Bq d-1

[13] and 10-6 Bq d-1 [9] respectively. The MDAs for faeces using these techniques are about an order 
of magnitude higher, namely 10-3 Bq d-1 and 10-5 Bq d-1 respectively. However, the amounts of 232Th
excreted as a consequence of dietary and environmental intakes can be considerably higher, and they 
are also subject to inter and intra-subject variation [3]. Most reported values of dietary urinary 
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excretion  [3,9] are in the range 2.10-5 to 4.10-4 Bq d-1 (5 to 100 ng d-1 of 232Th). However, recent work  
has shown that  values in the range  2.10-5 to 2.10-6 Bq d-1 (0.5 to 5 ng d-1) can be identified when high 
resolution mass spectrometry is used and reagent blanks are low [14].  The reported range in the 
dietary faecal excretion rate [3, 9] is 2.10-3 to 2.10-2 Bq d-1 (0.50 to 5.0 µg d-1 of 232Th). However, if 
appropriate, the dosimetric curves that follow can also be used for assessing the viability of monitoring 
procedures if the dietary excretion rates are outside this range. 

3. Dose assessment for inhaled thorium nitrate 

The particle size distributions and range of absorption parameter values considered for Th nitrate [3], 
and the values for ICRP default Type M [4] are shown in Table I. 

Table I: Parameter values considered 

Parameter        Range                 ;       Type M 
AMAD (µm)       1 :   5 :    10          ;            5 
Absorption parameter values  
 Rapid fraction fr    0.03           0.30       ;           0.1 
 Rapid rate sr d

-1    0.2             20         ;          100 
 Slow rate ss d

-1    10-4               10-4       ;          5.10-3

Uptake from GI tract (f1)   5. 10-4       5. 10-4    ;          5.10-4

3.1. Acute exposure 

The amounts of 232 Th in the lungs, and urine and faeces at given times after acute exposure which 
correspond to an effective dose of 6 mSv are shown in Figures 1a, 1b and 1c respectively. The upper 
and lower bounds of the curves represent the maximum and minimum values at all times after 
exposure when each set of absorption parameter values for Th are combined with the different values 
for size distribution of the aerosol, ie the curves represent the upper and lower bounds of 6 different 
combinations of parameter values. The curve for default Type M is included for comparison.  

3.1.1. Lung monitoring 

The data in Figure 1a show that even if the absorption parameter values for 232Th and decay products 
were, incorrectly, assumed to be the same, then doses of less than 6 mSv cannot be confirmed with 
reasonable certainty with an MDA of 20 Bq. In practice the situation is considerably worse. The decay 
products are absorbed from lungs to blood much more rapidly than Th such that the assessed dose 
from lung monitoring could be underestimated by an indeterminate factor up to 100 or more [3]. In 
addition, if Th is not in secular equilibrium, the amounts of the decay products may also be 
appreciably less than their equilibrium values [15] resulting in further underestimates of dose. Thus, 
assessment of dose from lung monitoring is not considered appropriate for confirming doses less than 
6 mSv (or even 20 mSv ). 

If Type M biokinetics had been assumed, then the lung content would be similar to that for the most 
restrictive parameter values considered. 

3.1.2. Thoron in breath. 

If the decay chain is in secular equilibrium and the absorption rates for the decay products are assumed 
to be the same as 232Th, then doses below 6 mSv could, in principle, be confirmed if the MDA is about 
1 Bq. However, as explained above, the 'realistic' MDA is likely to be substantially above this value 
due to the rapid absorption of the decay products and hence doses of less than 6 mSv cannot be 
confirmed by this procedure. 
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Fig. 1: Lung retention and excretion of 232Th after acute inhalation as nitrate and dioxide giving a 
committed effective dose of 6 mSv.
The values for default Types M and S and the ranges for realistic MDAs and RLs are shown. 
For mass conversion, 1 mBq 232Th = 0.25 µg 232Th. 
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3.1.3. Urine and faecal assay  
It can be deduced from the urinary excretion curves in Figure 1b that: 

the range of values can differ by up to an order of magnitude or more at early times after intake, 
and by about 4 fold at later times.  
provided the RL is about 2.10-5 Bq d-1 (5 ng d-1), doses less than 1 mSv can be confirmed with 
reasonable certainty from measurements up to about 1 month after exposure, and doses less than 
6 mSv up to more than 6 months after exposure; doses of  less than 1 mSv from measurements  
made up to 6 months after exposure can be confirmed if the RL is about 4.10-6 Bq (1 ng) d-1 [9]. 
The minimum assessed doses for different values of the RL and time after exposure can also be 
obtained from the figure. 
if default Type M biokinetics had been assumed, then the doses could be underestimated by up 
to 20 fold at 1 d and 5 fold at 30 d [3].  

It is noteworthy that the masses of 232Th inhaled which result in a urinary excretion of 10-4 Bq d-1 (25 
ng d-1) 30 d after exposure can range from 2 to 30 mg [3], thus reflecting a realistic exposure scenario. 

It can be deduced from the faecal excretion curves in Figure 1c that: 
the range of values can differ by up to an order of magnitude at given times after exposure  
doses less than 1 mSv can be confirmed with reasonable certainty up to about 2 weeks after 
exposure and doses less than 6 mSv up to 2 months after exposure provided the RL is towards 
the lower end of the range, 2. 10-3 Bq d-1 (0.5µg d-1).
if default Type M biokinetics had been assumed, then it is probable that the dose would be 
overestimated.  

It is noteworthy that the masses of 232Th inhaled which result in a faecal excretion of 10-2 Bq d-1 (2.5 
µg d-1) 30 d after exposure can range from 10 to 30 mg [3], thus reflecting a realistic exposure. 

3.2. Repeated exposure 
Based on an assumed mid-point intake it can be deduced from Figures 1a, 1b and 1c that: 

chest monitoring cannot be used to confirm annual doses are less than 6 mSv even if the 
radionuclides in the lungs remain in secular equilibrium 
thoron in breath could be used to assess  annual doses of less than 6 mSv for monitoring 
intervals up to 365 d if the MDA is about 1 Bq; however the more rapid absorption of the decay 
products referred to previously suggest that the realistic value may be higher, and hence this 
procedure may be impractical 
urine assay could be used to confirm that annual doses are less than 6 mSv and 1 mSv  
provided the RL is less than 10-4 Bq d-1 (25 ng d-1) and 2 10-5 Bq d-1  (5 ng d-1) respectively.  
faecal assay can be used to confirm  doses of less than 1 mSv with a monitoring interval of 90 d 
if the dietary excretion rate is less than about 4.10-3 Bq d-1 (1 µg d-1) ie annual doses of less than 
6 mSv with repeated monitoring. If the dietary excretion rate approaches 10-2 Bq d-1 (2.5 µg d-1),
then annual doses of less than 6 mSv cannot be confirmed. 

4. Thorium dioxide 

The particle size distributions and range of absorption parameter values considered for Th dioxide  [3], 
and the values for ICRP default Type M [4] are shown in Table II. 

Table II: Parameter values considered 

Parameter        Range                  ;  Type S 
AMAD (µm)   1 :    5 :    10                    5 
Absorption parameter values  
 Rapid fraction fr                  10-6          10-2            ;   10-3

 Rapid rate sr d
-1  0.2           20             ;   100  

 Slow rate ss d
-1 10-6               10-6           ;   10-4

Uptake from GI tract (f1) 2.10-4          2.10-4                ;   2.10-4
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4.1. Acute exposure 

The amounts of 232 Th in the lungs, and urine and faeces at given times after acute exposure which 
correspond to an effective dose of 6 mSv are shown in Figures 1d, 1e and 1f respectively. The bounds 
of the curve were calculated in the same way as described for Th nitrate (section 3.1). The curve for 
ICRP default Type S is included for comparison. 

4.1.1. Lung monitoring 

The data in Figure 1d show that even if the biokinetics of 232Th and decay products were the same,  
doses of less than 6 mSv  cannot be confirmed with reasonable certainty. The amount predicted to be 
in the lungs is less than the MDA. In practice the situation is worse. Due to alpha recoil and the 
diffusion of thoron from the particles [16], the underestimate of dose could be up to 4 fold for particles 
between 1 and 5 µm AMAD [3], and will probably be greater for size distributions less than these. In 
addition, dis-equilibrium of the Th decay chain will again increase the underestimate of the assessed 
dose. Hence, lung monitoring is inappropriate for inhaled Th dioxide. 

It is noteworthy that even if absorption parameter values of Th and decay products were the same, a 
lung content of 20 Bq (5 mg 232Th) 30 d after exposure would correspond to an acute intake of about 
100 mg, which would be unlikely in many accident scenarios. 

4.1.2. Thoron in breath 

Under ideal circumstances, the MDA for 232Th based on thoron in breath measurements, 1-10 Bq [3,8] 
is lower than for lung monitoring, 20 Bq. The data in Figure 1d show that for an MDA of 1 Bq, the 
technique is potentially useful for confirming that doses are less than a few mSv if measurements are 
made fairly soon after of exposure. However, based on the uncertainty of the emanation rate of thoron 
in breath, the absorption kinetics of the decay products and the state of equilibrium of the decay chain, 
an MDA of 10 Bq may be more realistic in some circumstances. Under these conditions doses of less 
than 6 mSv cannot be confirmed. 

4.1.3. Urine and faecal assay  

It can be deduced from the urinary excretion curves in Figure 1e that: 
doses of less than 6 mSv cannot be reported unless  the dietary excretion rates are below about  
10-5 Bq d-1 (2.5 ng d-1); measurements of such low rates are possible [9] but are unlikely to be 
attained by many laboratories. 
if default Type S biokinetics had been assumed, then the maximum dose could be 
underestimated by 10 fold at 1 d and up to 50 fold at later times.  

It is noteworthy that the masses of 232Th inhaled which result in a urinary excretion of 10-4 Bq d-1 (25 
ng d-1) 30 d after exposure can range from 75 to 1000 mg [3]. The upper value at least should be 
considered improbable in most accident scenarios. 

It can be deduced from the faecal excretion curves in Figure 1f that: 
the range of values are almost independent of the biokinetic parameter values considered 
doses of less than 6 mSv can be confirmed with reasonable certainty up to a few months after 
exposure provided the RL is less than about 10-2 Bq d-1 (2.5 µg d-1). For dietary excretion levels 
that approach 2.10-3 Bq d-1 (0.5 µg d-1), doses of less than 6 mSv  can be confirmed with 
reasonable certainty up to about 6 months after exposure. 
doses appreciably less than 1 mSv can be confirmed with reasonable certainty during the first 
week or so after exposure. The maximum dietary excretion rate considered, 2.10-2 Bq d-1 will still 
be appreciably below the lower values for the curve at these times, 1/6 of those for 6 mSv. 
if default Type S biokinetics had been assumed, then the doses would be  similar to those 
predicted by the range of  parameter values considered.  
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It is noteworthy that the masses of 232Th inhaled which result in a faecal excretion of 10-2 Bq d-1 (2.5
µg d-1) 30 d after exposure are about 7 mg [3], thus reflecting a realistic exposure scenario. 

4.2. Repeated exposure 

Urine and faecal assay  

Based on an assumed mid point intake, it can be deduced from Figures 1d, 1e and 1f that: 
chest monitoring cannot be used to confirm doses are less than 6 mSv  
thoron in breath measurements can be used to confirm  annual doses of less than 6 mSv only if the 
MDA approaches 1 Bq. This is unlikely based on dis-eqilibrium of the decay chain and the more 
rapid absorption of the decay products; an MDA of 5-10 Bq is more likely.  
urine assay cannot be used to confirm that annual doses are less than 6 mSv.  
faecal assay could be used to confirm, with reasonable certainty, doses of less than 1 mSv  with  a 
monitoring interval of 90 d if the dietary excretion rate is less than about 4 10-3 Bq d-1 (1 µg d-1) ie  
annual doses less than 6 mSv could be confirmed with repeated monitoring under these conditions. 
If the dietary excretion rate approaches 2.10-3 Bq d-1 (0.5 mg d-1), then annual doses of less than 
6 mSv can be assessed with monitoring intervals of 6 months or 1 year. 

5. Discussion and conclusions 

The most recent guidance on the interpretation of individual monitoring data [11] is considered 
inadequate since 

assignment of Th nitrate to default Type M and Th dioxide to default Type S does not take 
account of the appreciable differences in the absorption kinetics of each of these compounds after 
inhalation
no indication is given of the likely error in dose assessment if the absorption parameters are 
different from the defaults 
no account is taken of the effect of mass on biokinetic behaviour 
differences in absorption characteristics of Th and its decay products are not considered 

The work described here has attempted to rectify this situation, with particular emphasis on 
confirming  that annual doses are below 6 mSv  or 1 mSv , which is the objective of the vast majority 
of monitoring programmes. Information has been presented here which permits deductions to be made 
on the most effective monitoring method and the periods over which it is effective after both acute and 
repeated exposure.

It is concluded that: 
lung monitoring is of no value for confirming low doses from inhaled Th nitrate and dioxide. 
However, thoron in breath measurements are of potential use for assessing low doses from 
inhaled dioxide provided the MDA is known to be about 1 Bq or less. 
provided dietary excretion is low, both urine and faecal assay can be used with advantage for 
confirming low doses from inhaled nitrate after acute intake exposure; after repeated intakes 
urine analysis is likely to be more advantageous. 
faecal assay can be used to confirm low doses from inhaled dioxide provided dietary excretion 
rates are known to be low; urine assay has no practical value in this context 
interpretation of lung monitoring data for inhaled Th nitrate and dioxide based on the 
assumption that the absorption kinetics of Th and its decay products are similar will 
underestimate the dose; this could be by a substantial amount for nitrate.  
interpretation of urinary excretion data for nitrate and dioxide based on ICRP default parameter 
values could underestimate the dose; for dioxide this could be substantial. 
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Abstract: This paper describes a study carried out to consider whether internal doses to workers 
potentially exposed to uranium hexafluoride/uranyl fluoride (UF6/UO2F2), and uranium tetrafluoride 
(UF4) as a result of routine procedures or accidental intakes could exceed 6 mSv y-1. Dose coefficients 
for four uranium isotopes are calculated using material-specific absorption parameter values as well as 
default ICRP Type M and S parameter values for comparison. Consideration is given to enrichments 
of 5%, 20% and 93% uranium-235 by mass, and exposure by inhalation (1, 5 and 10 µm AMAD), 
ingestion and wound contamination. 

For inhalation, doses in excess of 6 mSv y-1 could reasonably be attained in the absence of respiratory 
protection and containment of dust-raising procedures. In a reasonable worst case assessment scenario, 
assuming 20% enrichment (as representative of a mixture of enrichments) and default Type M, the 
annual intake of uranium for a committed effective dose of 6 mSv would be only about 6.5 mg. For 
the same enrichment and general chemical form, doses of 6 mSv could be attained by: ingestion of 300 
mg (f1 = 0.02); or direct entry into the blood of 6 mg. While some of the parameter values of the 
original study may be site-specific, the underlying data, such as dose coefficients, and the general 
principles applied, can be used in similar situations.  

1. Introduction 

The aim of this paper and its accompanying report [1] is to provide information on the assessment of 
internal dose from uranium compounds which will assist employers in making judgements concerning 
whether workers need to be classified under Regulation 20 of the Ionising Radiations Regulations, 
1999 [2]. The chemical forms of uranium covered in this study are uranium hexafluoride (UF6), uranyl 
fluoride (UO2F2) and uranium tetrafluoride (UF4). Uranium hexafluoride will be rapidly oxidised in 
the atmosphere to uranyl fluoride; thus in this report exposures to UF6 are taken to be equivalent to 
exposures to UO2F2. It is considered that radioactivity could potentially enter the body by inhalation, 
wound contamination or ingestion. 
Under working conditions, particular problems involved in the assessment of intake and dose arise 
from the: 

variability in the enrichment of both uranium compounds, from 5% to 93% 235U by mass;  
range of particle sizes associated with the different processes; 
different exposure routes; 
different biokinetic behaviour of UF6/UO2F2 and UF4.

In order to provide information which can be used for evaluating whether workers should be 
classified, this paper uses appropriate dose coefficients to derive intakes which result in a 6 mSv 
committed effective dose. These intakes are expressed as radioactivity and mass, for each route of 
exposure and enrichment. 

2. Composition of enriched uranium by mass and radioactivity 

Three enrichments based on an analysis of real-life plant material are considered, namely: 5%, to 
represent general low enrichment material; 93% to represent highly enriched uranium; and 20% as an 
arbitrary mixture of enrichments. The values of 5 and 20% are consistent with the data available from 
analyses of floor sweepings obtained from the site. The proportions by mass of 234U and 236U for each 
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enrichment were also derived from these data, and 238U was assumed to account for the remainder of 
the mixture. The relative proportions by activity were derived using the radioactive half-lives of each 
isotope and are also given in Table I. For comparative purposes the same data are also given for 
natural uranium. 

Tab. I:  Composition of the uranium-bearing dust by mass and radioactivity for different enrichments 

Radionuclide U-nat 5% 235U 20% 235U 93% 235U
Mass %     
234U 0.5 10-2 4.5 10-2 1.8 10-1 8.4 10-1

235U 0.72 5 20 93 
236U  3.1 10-2 1.2 10-1 5.7 10-1

238U 99.27 94.9 79.7 5.6 
    

Radioactivity %     
234U 48.9 86 94 96 
235U 2.2 3.3 3.6 3.7 
236U  6.1 10-1  6.6 10-1  6.7 10-1

238U 48.9 9.8 2.2 3.4 10-2

Specific activity 
Bq mg-1 25.2 121 446 2028 

3. Application of models 

The biokinetic models for the respiratory tract [3], systemic uranium [4] and the gastrointestinal tract 
[5] recommended by the International Commission on Radiological Protection (ICRP) have been used 
to calculate dose coefficients (dose per unit intake, DPUI) and intake limits. These models are implicit 
in UK [2] and European Legislation [6], as well as in the current basic safety standards recommended 
by the International Atomic Energy Agency [7]. A new model for the gastrointestinal tract is in the 
process of development [8], but was not sufficiently advanced to be used in this study. 

For occupational exposure, the reference aerosol has an activity median aerodynamic diameter (AMAD) of 
5 µm. This value is supported by measurements made at many industrial premises [9, 10, 11]. Due to 
uncertainties in aerosol size, the possibility of aerosols of 1 µm and 10 µm AMAD have also been taken 
into account.

4. Inhalation 

In ICRP Publication 68 [12], UF6 and UO2F2 are assigned to absorption Type F (fast), and UF4 to
absorption Type M (moderate). In Publication 71 [13] it was reported that some preparations of UF4

indicated Type F behaviour and others Type M behaviour according to the criteria proposed. In this 
report UF6 and UO2F2 are considered as default Type F and UF4 as default Type M. However, in 
addition material-specific absorption data derived from human (UF6 [14]), and animal studies (UF4

[15]) have also been used for intake and dose assessment. This is consistent with the ICRP 
recommendation that material-specific data should be used whenever possible for calculating dose 
coefficients and interpreting bioassay data [3, 13, 16]. Absorption parameter values (Table II) are 
expressed in ICRP terminology, namely the rapidly dissolving fraction fr, the rapid dissolution rate sr and 
the slow dissolution rate ss.
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Tab. II: Absorption parameter values 

Compound 
Rapid fraction 
fr

Rapid rate 
sr (d-1)

Slow fraction 
1-fr

Slow rate 
ss (d-1)

Type F 1 100 - - 
Type M 0.1 100 0.9 5x10-3

UO2F2 1 1.5 - - 
UF4 0.51 0.10 0.49 7.4x10-3

Regional deposition values for aerosols of 1, 5, and 10 µm AMAD were calculated with the computer 
code LUDEP developed at NRPB [16] and are given by Fell et al. [1].  

Dose coefficients, or doses per unit intake (DPUI), expressed here as µSv Bq-1, for uranium isotopes 
present in aerosols of 1 µm and 5 µm AMAD have been published previously for Types F and M 
materials [12, 6, 7]. Nevertheless these values have been recalculated for this report to include a small 
additional contribution (typically about 2%) arising from the energy of the recoiling nucleus following 
alpha decay. The same computer code (PLEIADES) that generated the published values has been used 
to derive these updated values, and the results for the material-specific absorption parameter values 
(Table II), together with results for an aerosol of 10 µm AMAD. Results are shown in Table III. 

Tab. III: Dose coefficients (dose per unit intake DPUI, µSv Bq-1) for inhaled compounds of uranium 

DPUI (µSv Bq-1)
Type/ Isotope AMAD = 1 µm AMAD = 5 µm AMAD = 10 µm 
Type F default  
234U 0.56 0.65 0.54 
235U 0.52 0.61 0.51 
236U 0.53 0.62 0.52  
238U 0.50 0.59 0.49 
UF6/UO2F2
234U 0.38 0.25 0.14 
235U 0.35 0.23 0.13 
236U 0.36  0.23  0.13  
238U 0.33 0.21 0.12 
UF4
234U 2.0 1.4 0.69 
235U 1.8 1.2 0.70 
236U 1.9 1.2 0.73  
238U 1.6 1.1 0.64 
Type M default  
234U 3.1 2.1 1.4 
235U 2.8 1.8 1.2 
236U 2.9  1.9 1.3 
238U 2.6 1.7 1.1 

Dose coefficients were then calculated for the mixtures representing the three enrichments from the 
given composition of the aerosol (Table I) and the dose coefficients of the constituent radionuclides 
(Table III). Intakes, in terms of mass and radioactivity, which correspond to a committed effective 
dose of 6 mSv for all combinations of enrichment, absorption parameters and AMAD have been 
calculated and are given by Fell et al.[1]. Due to restrictions of space only results for 5 µm AMAD are 
give here. Dose coefficients (and intakes) for 1 and 10 µm AMAD are within a about factor of two of 
those for 5 µm AMAD. Note that the dose coefficient is insensitive to enrichment.
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The calculated intakes of uranium following inhalation of UF6/UO2F2 (5 µm AMAD) based on 
material-specific data and on default Type F parameters which result in a committed effective dose of 
6 mSv are shown in Table IV. Similarly, the intakes following inhalation of UF4 (5 µm AMAD) based 
on material-specific data and on default Type M are shown in Table V. The tables illustrate that the 
likelihood of receiving doses in excess of 6 mSv is influenced strongly by the enrichment. For an 
aerosol of 5 µm AMAD, the masses for UF6/UO2F2 range from 12 mg (93%) to 203 mg (5%), and for 
UF4 from 2 mg (93%) to 36 mg (5%). 

Tab. IV: Uranyl fluoride and default Type F: dose coefficients (DPUI) and intakes for effective doses 
after inhalation (5 µm AMAD) 

Intake for 6 mSv 
Enrichment 

DPUI
µSv Bq-1 kBq mg 

UO2F2    
5% 235U 0.25 24.5 203 
20% 235U 0.25 24.2 54 
93% 235U 0.25 24.1 12 
Default Type F    
5% 235U 0.64 9.3 77 
20% 235U 0.65  9.3 21 
93% 235U 0.65 9.3 4.6 

Tab. V: Uranium tetrafluoride and default Type M: dose coefficients (DPUI) and intakes for 
committed effective doses of 6 mSv after inhalation (5 µm AMAD) 

Intake for 6 mSv 
Enrichment 

DPUI
µSv Bq-1 kBq mg 

UO2F2    
5% 235U 1.36 4.4 36 
20% 235U 1.38 4.3 9.7 
93% 235U 1.39 4.3 2.1 
Default Type M    
5% 235U 2.05 2.9 24 
20% 235U 2.08 2.9 6.5 
93% 235U 2.09 2.9 1.4 

In the absence of specific information on the relative amounts of UF6/UO2F2 and UF4 present in the 
working environment, and whether or not the absorption kinetics of UF4 would be altered by 
association with other dust particles, a realistic conservative scenario is an aerosol of 20% enrichment 
with Type M biokinetics ie an intake of 2.9 kBq or 6.5 mg of uranium. Note, annual intakes of this 
magnitude could be received from air concentrations of only a few µg m-3 (2000-h exposure); further 
information about air concentrations is given by Fell et al. [1]. 

In summary, for inhalation, on the basis of the relatively low masses and associated air concentrations, 
doses in excess of 6 mSv from intakes by inhalation in the absence of adequate containment and 
respiratory protection cannot be excluded on the basis of inhaling an unreasonably large mass of 
material. 
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5. Uptake from contaminated wounds 

A wound model is currently being developed by the National Council on Radiological Protection and 
Measurements (NCRP) in the USA [18]. For the purpose of this assessment instantaneous direct entry 
into the blood of soluble material is assumed. It is recognised that there are differences in the tissue 
distribution of uranium after injection into the blood as divalent (UF6/UO2F2) and tetravalent (UF4)
forms [19]. However, after inhalation of these and other compounds, uranium is complexed in the 
blood primarily as citrate and bicarbonate regardless of the chemical form of the intake [20]. It is 
assumed here that after leaching of uranium from a wound site into the blood, the ICRP systemic 
model for uranium [4] will apply for assessing tissue distribution and excretion. The values for 
uranium isotopes calculated using the computer code PLEIADES are given in Table VI. 

Tab. VI: Dose coefficients (DPUI) for direct entry into blood of isotopes of uranium. 

Isotope DPUI (µSv Bq-1)
234U 2.3 
235U 2.1 
236U 2.2 
238U 2.1 

The dose coefficients for mixtures of uranium isotopes with the mass and radioactive compositions 
given in Table I are shown in Table VII. The table also shows the intakes required for a committed 
effective dose of 6 mSv.  

Tab. VII: Dose coefficients (DPUI), and intakes for committed effective doses of 6 mSv after direct
entry into blood. 

Intake for 6 mSv 
Enrichment 

DPUI
µSv Bq-1 kBq mg 

5% 235U 2.3 2.6 21.9 
20% 235U 2.3 2.6 5.9 
93% 235U 2.3 2.6 1.3 

Table VII shows that the dose coefficient is insensitive to enrichment. To achieve effective doses of 
6 mSv, 2.6 kBq of uranium would need to be absorbed, irrespective of the enrichment. In terms of 
mass this represents 22 mg, 5.9 mg and 1.3 mg for enrichments of 5%, 20% and 93% respectively. It 
should be noted that the values in Table VII are based on the amounts entering the blood which are 
expected to be lower than those deposited at the wound site.

6. Ingestion 

The value recommended currently for the fractional uptake of uranium from the gastrointestinal tract 
(f1) after ingestion of soluble or moderately soluble compounds is 0.02 [12], and hence this value 
should apply to UF6/UO2F2 and UF4. However, in a review of human exposures it was concluded that 
the values could range from 0.001 to 0.05 [21]. Thus, ingestion dose coefficients for uranium isotopes 
for f1 values of 0.001, 0.02 and 0.05 are given in Table VIII. 
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Tab. VIII: Dose coefficients (dose per unit intake DPUI, µSv Bq-1) for ingested isotopes of uranium 

DPUI µSv Bq-1

Isotope f1 = 0.001 f1=0.02 f1=0.05
234U 0.0061 0.049 0.12 
235U 0.0063 0.047 0.11 
236U 0.0058  0.047  0.11  
238U 0.0056 0.045 0.11 

The dose coefficients for different enrichments using the data in Table VIII and in conjunction with 
the compositions in Table I are shown in Table IX. 

Tab. IX: Dose coefficients, intakes for effective doses of 6 mSv after ingestion. 

Intake for 6 mSv 
f1 Enrichment 

DPUI
µSv Bq-1 kBq mg 

5% 235U 0.0061 991 8203 
20% 235U 0.0061 985 1024 

0.001

93% 235U 0.0061 983 419 
5% 235U 0.0485 124 2209 
20% 235U 0.0488 123 276 

0.02

93% 235U 0.0489 123 113 
5% 235U 0.1186 50.6 485 
20% 235U 0.1194 50.3 60.5 

0.05

93% 235U 0.1196 50.2 24.8 

Table IX shows that, for a given gut uptake factor (f1), the dose coefficient is insensitive to 
enrichment, but the mass of uranium required for a dose of 6 mSv varies significantly with both 
enrichment and f1 value. With an ICRP default of 0.02 representing uptake of uranium from the 
gastrointestinal tract, the amounts of uranium that need to be ingested for an effective dose of 6 mSv 
are about 2200 mg, 300 mg and 100 mg for enrichments of 5%, 20% and 93% respectively. These 
values are substantially higher than for intakes by inhalation and wound contamination. 

7. Discussion and Conclusions 

This paper, and the accompanying report [1], have been designed to provide advice on the assessment 
of internal dose to assist employers in determining whether effective doses of 6 mSv could be attained 
after intakes of enriched UF6/UO2F2 and UF4 following inhalation, wound contamination and 
ingestion.

From the results of this study it is concluded that committed effective doses of 6 mSv could result 
from intakes by inhalation of 10-25 kBq uranium isotopes in the form of uranyl fluoride or 3-4 kBq in 
the form of uranium tetrafluoride. Depending on the degree of enrichment (range 5% to 93% 235U
considered) these activities correspond to masses of 5-200 mg and 1-40 mg respectively. Hence the 
possibility of annual intakes resulting in doses greater than 6 mSv cannot be excluded simply by 
consideration of the mass involved. While measurements are not available for the site relevant to 
this report, other studies of accidental inhalation of uranium have reported intakes of 40-50 mg 
U [22, 23].

For contaminated wounds it was calculated that committed effective doses of 6 mSv could result from 
uptake to blood of about 2 kBq uranium isotopes. Depending on the degree of enrichment this 
corresponds to masses of 1-20 mg uranium.  However, since only a fraction of the material deposited 
at the wound site would be absorbed into blood, larger masses would need to be deposited in the 
wound.
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For the ICRP default value of 0.02 representing fractional absorption from the gastrointestinal tract, it 
was calculated that committed effective doses of 6 mSv could result from ingestion of about 100 kBq 
uranium isotopes. Depending on the degree of enrichment this corresponds to masses of 100-2200 mg 
uranium, considerably more than for intakes by inhalation. 

The chemical toxicity of uranium and its potential to cause to kidney damage should also be taken into 
account when planning protection of a workforce exposed to uranium. At low enrichments there may 
be cases where chemical toxicity is more important than radiation dose [1]. 
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Biossay Measurements for the Evaluation of Occupational Exposure during the 
Decontamination of a Phosphoric Acid Production Unit 

K. Kehagia, V. Koukouliou, S. Bratakos, K. Potiriadis 

Department of Environmental Radioactivity, Greek Atomic Energy Commission, P.O. Box 60092, 
15310 Agia Paraskevi, Greece, e-mail: vkoukoul@gaec.gr 

Abstract: During the last years there is an increased interest in the decontamination and 
decommissioning of industries where enhanced concentration of natural radionuclides in the by-
products, wastes, equipment and the residuals are observed. The site remediation and clean up of an 
abandoned phosphate fertilizer Greek industry was an important issue.  
The area and the materials have been characterized by means of in situ and laboratory measurements. 
The gamma dose rate was up to 60µSv/h. Specific activities in collected scale samples, varied from 
1Bq/g up to 50Bq/g for Ra-226, and from 0.1Bq/g up to 5Bq/g for U-238. Significant internal 
exposure might result from inhalation during mechanical operations such as sawing, cutting, grinding 
and polishing of scale contaminated components. Based on gamma and alpha spectrometric 
measurements of collected samples from raw materials, like sludge, dust and air filters, the estimation 
of the total effective dose to workers (worst case scenario), during the decontamination process, was 
up to 9mSv. Taking into account this estimation, a radiation protection system for the assessment of 
internal exposure has been applied for the 6 workers that participated at the decontamination process. 
The total duration of the internal contamination monitoring program, was 3 months. The system 
included, determination of Ra-226 and Uranium isotopes in 24hours urine samples on a monthly basis. 
Uranium and Radium have been determined by -spectrometry, after radiochemical separation. The 
U-238 activity in the workers urine sample lies between 0.31mBq/l to 9.01mBq/l and the Ra-226 
activity between 2.3mBq/l  to 110mBq/l.  
The methodology followed, the measurement results and the dose estimation will be presented.   
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AMS, an Ultrasensitive Methode to Measure Long-Lived Radionuclides 

G. Korschinek 

Fachbereich Physik, E15, Technische Universität München 

Abstract: Accelerator mass spectrometry (ams) is at the moment the most sensitive method to 
determine concentrations of long lived radionuclides. This is due to the combination of an excellent 
mass separation with a total rejection of molecular background in conjunction with an efficient 
isobaric suppression.
In this talk I will describe the principles of ams. Examples, from the small "table top machine" until 
the large facility and their applications, will be shown. Isotopes used in ams as well as potential 
candidates will be discussed. 
An upcoming method, rims, will be briefly compared with ams. 

278



Precise Detection of Long-lived Radionuclides at the mBq to nBq Level using Multi-
collector Inductive Coupled Plasma Mass Spectrometry 

A. Gerdes  

Institut für Mineralogie, Abteilung Petrologie und Geochemie, J.W. Goethe Universität, 
Senckenberganlage 28, 60054 Frankfurt, Germany, e-mail: gerdes@em.uni-frankfurt.de 

Abstract: Multi-collector Inductive Coupled Plasma Mass Spectrometry (MC-ICPMS) is a powerful 
tool for measuring long -lived radionuclides in the environment and assessing their intake by humans 
from urine assay since ultra trace levels can be detected. Moreover, high sample throughput combined 
with high precision and accuracy makes it superior to many other techniques. It is emphasised that 
sample preparation in a clean-air facility using only purified reagents and acids is crucial for such 
measurements. For homogeneous samples, the elemental concentration and isotope composition can 
be determined with an uncertainty of usually 0.2 to 5% using the isotope dilution method, e.g. isotope 
measurements relative to a well characterised 233U or 242Pu tracer. Using an enrichment factor of about 
500 for urine, the limit of detection for 236U is about 2 x10-19 gml-1 (0.2 agml-1) and for 238U about 1 
x10-14gml-1 urine. Based on urine assay, the proposed methodology allows the assessment of the initial 
intake of up to a few micrograms of poorly soluble non-natural uranium particles in the lung even 
years after exposure applying ICRP-recommend default parameter. Using the IAEA 381 Irish sea 
water reference this study also shows that MC-ICP-MS is capable to analyse the 240Pu/239Pu isotope 
ratio at plutonium concentrations in the range of 10-13 to 10-16 gml-1 with an accuracy precision of 1 
to10%.

1. Introduction 

Ingestion of soluble uranium (water, food) is common to all humans. Only a small fraction (< 1-2%) 
enters the systemic circulation and more than 90% of it is excreted via the urine within 1-2 days. The 
urinary uranium concentration is typically in the range of 0.5 to 30 ng L-1 but can be as high as several 
µgL-1. Inhalation of uranium by members of the public is usually negligible, but its importance may 
increase in accidental or occupational exposure. After the inhalation of some oxides formed during 
fires and explosions, the uranium may remain in the lungs for years [1] and only tiny fractions, which 
can be as small as one part per million of the initially inhaled fraction may be excreted per day in urine 
over several years. Thus exposure to low-level radioactive dust released into the environment 
accidentally or by the use of depleted uranium (DU) munitions in the military theatre demands precise 
screening of humans and the local environment using sensitive methods of analysis. Given the clear 
difference in isotope composition between natural and depleted uranium (Tab. 1) the smallest 
contamination of non-natural uranium can be resolved using modern mass spectrometers.
Plutonium isotopes, largely man-mad, are present in the environment usually at low concentration in 
the range of a few to some hundred femtogram (10-15gg-1). To monitor plutonium isotopes and 
understand their pathways in the biosphere and the human body even more sensitive methods are 
needed.

Tab. I: Isotope composition of natural and depleted uranium 

ratio   238U/235U 234U/238U 236U/238U

Natural Uranium  137.88   ~ 5 x 10-5   < 10-8

Depleted Uranium  ~ 500     < 10-5   > 3 x 10-6
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Conventional -spectrometry is often not sensitive enough for the analyses of long-lived radionuclides 
in biological as well as in environmental samples. Various other analytical techniques have the 
capability of precise uranium and plutonium isotope measurements at very low concentrations. Among 
them are accelerator mass spectrometry (AMS), resonance ionisation mass spectrometry (RIMS), 
inductively coupled plasma mass spectrometry (ICP-MS) and thermal ionisation mass spectrometry 
(TIMS). Each method has advantages and disadvantages. TIMS analyses usually yield the most 
precise isotopic ratios while ICP-MS has a more than 10 times higher sample throughput. Multi-
collector ICP-MS (MC-ICP-MS), such as the Thermo-Electron Neptune instrument at Frankfurt, 
combines the advantages of both instrument types. It can be described as a hybrid, which consist of 
90% of a modern TIMS with the ionisation and sample introduction system of an ICP-MS. The more 
efficient ionisation in the plasma allows the study of a wide range of isotope systems with usually 
significant decreases in detection limits. 

Concern has arisen over the possibility of exposure to depleted uranium during and after the Gulf war, 
in Kosovo, and in the recent Iraq conflict. Associating depleted uranium with health problems must be 
based on evidence of exposure. This had led various countries to developing screening programs with 
analytical protocols for total uranium assay and uranium isotope analyses, usually based on urine 
assay [e.g. 2-6]. Of the different protocols and equipment applied [2-10], MC-ICP-MS has been shown 
to be the most sensitive, accurate and precise. However, a wider use of such advanced techniques 
should be considered as questions have arisen about the sensitivity of the methods employed in the 
past. This paper will briefly demonstrate the capability and performance of the newest type of MC-
ICP-MS, highlighting several advantages compared to single collector ICP-MS and first generation 
MC-ICP-MS.

2. Materials and methods 

A broad range of samples have been analysed over the last two years during and after developing 
analytical protocols for uranium and plutonium isotope analyses at our laboratory in Frankfurt. This 
includes biological samples such as urine, hair, bone, liver, lung and kidney as well as environmental 
samples such as drinking water, top-soil and dust. The samples also includes highly contaminated 
ones, for instance wipes of tank top debris and penetrator channels, which have been collected from 
the Uranium Medical Research Centre field team after coalition operation Iraqi Freedom in early 
October 2003.  

High precision mass spectrometry requires dissolution of the material of interest. For environmental 
samples this is often a routine procedures in most Earth Science departments. The addition of an 
enriched isotope tracer before dissolution is usually the most precise way for determination of isotope 
concentration. For this purpose three differently enriched 233U (99.46 to 99.95 %) tracers, diluted to 
different concentrations, were each accurately calibrated against a natural uranium solution (NU-C) 
made out of pure uranium metal [2]. A pure 242Pu tracer (99.99%), calibrated against the NU-C 
solution and the IAEA reference 381, was used for plutonium analyses. Soil, dust and water samples 
were dried at 100° C before leaching in hot aqua regia for more than 24 hours in Savillex PFA beakers 
at about 100° C.  

Digestion of biological material, however, is a much more challenging process. For uranium and/or 
plutonium isotope analyses about 50-1000ml of urine, acified with 50 ml concentrated nitric acid per 
litre of urine , was transferred to a pre-cleaned polypropylene beaker and left on a stirring hotplate at 
about 80° C after adding calcium nitrate. 10-30pg of a 233U and/or 242Pu tracer were added to allow 
precise determination of isotope concentration by isotope dilution. Both the sample and the tracer were 
precisely weighed. Uranium and plutonium were co-precipitated with calcium phosphate by adding 
ammonium phosphate and ammonium hydroxide. The supernatant was decanted and the insoluble 
phosphate cleaned and extracted by repeated centrifugation with Milli-Q H20. The precipitate was wet-
ashed 1-3 times with a 3:1 HNO3:H2O2 mixture at about 120° C over night in Teflon vessels in order to 
destroy remaining organic material. The white inorganic residue was dissolved in 3M nitric acid for 
uranium purification using a pre-washed ion exchange column with 0.8 ml Eichrom UTEVA resin 
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(particle size 50-100µm). Plutonium was purified using Eichrom’s TEVA resin (particle size 50-
100µm). To minimize sample contamination, the entire procedure were performed in a clean-lab 
facility and only acids purified twice by sub-boiling two-bottle distillation and deionised Milli-Q water 
(resistivity > 18 M , Milli-Q, Bedford, USA) were used. All reagents and beakers were pre-cleaned 
and polypropylene beaker and columns with resin were disposed of after use. A beaker containing 
Milli-Q H2O instead of urine and an in-house urine standard were processed alongside with the 
samples as procedural blank and reference solutions, respectively.  

Uranium and plutonium fractions from soils and waters were also purified by ion-exchange 
chromatography using Eichrom’s UTEVA and TEVA resin, respectively. For plutonium analyses, 
samples were usually passed twice through TEVA columns (0.6 and 0.1 ml resin bed). A very efficient 
purification is desirable to minimize possible isobaric interferences, caused by molecular ions (oxides, 
hydrides etc.) and also to prevent precipitation of high salt contents in the introduction system of the 
ICP-MS, e.g. at the skimmer cones, which would significantly reduces ion beam intensity. Isotope 
analysis was carried out using a double-focusing MC-ICPMS Neptune (Thermo-Electron, Bremen) 
equipped with a retarding potential quadrupole lens and a secondary electron multiplier for ion 
counting. The Neptune allows simultaneous detection of up to 9 isotopes over a dynamic range of up 
to 10 orders of magnitude. Eluted uranium and plutonium were converted to nitrate and dissolved in 1-
2 ml of 2% HNO3-0.2% HF. For introduction of the solution, a desolvating nebuliser (Aridus, CETAC 
Technologies, Nebraska 68144 USA) was used. For routine analyses, up to 30 unknowns can be 
analysed overnight using a Cetac autosampler. The estimated chemical recovery based on 233U or 242Pu
ion beam intensities, was usually better than 70% for uranium but more variable (10-80%) for 
plutonium isotopes. The limit of detection was constrained by both the instrument and the chemical 
processing. For the Neptune, the detection on a Faraday cup was limited by the noise on the amplifier 
which was < 10 fgg-1 for any uranium and plutonium isotopes in solution, whilst the limit of detection 
for the ion counter was < 0.02 fgg-1. For naturally abundant isotopes, the detection limit was 
compromised by chemical blanks, which were for 238U, 0.5 to 10 and 7 to 20 pg for the soil and urine 
method, respectively. At lower blank levels, for instance for less abundant isotopes, memory effects 
influence the detection limit. This can be caused by contamination of the introduction systems after 
running solutions with high isotope concentrations. A main issue here is the relative slow washout of 
the Aridus nebuliser system. Careful cleaning of all relevant parts and longer wash steps before 
running low-level samples allows routine detection limits (3 times the standard derivation of the 2% 
nitric blank; n>10) for 236U and Pu isotopes below 0.03 fgg-1.

Reproducibility of isotope analyses depends mainly on isotope abundance. For a 8ppb CRM950a 
solution for instance, the reproducibility (n=14) of the 235U/238U, 234U/238U and 236U/238U (= 4.5 x 10-8)
over several days were better than 0.1, 0.4 and 5%, respectively. Instrument sensitivities at the times 
of analysis were 250-450 Vppm-1 or 16000-28000 cs-1ppt-1 (counts per second per 1 x 10-12 gg-1).
Abundance sensitivity at –2 amu, e.g. tailing of 238U at 236U, was < 30ppb. With about 80ppb at +1 
amu, 238U tailing has only a minor influence on mass 239. More important is hydride formation, which 
was in the range of 500-700 ppb. All measurements were made relative to a natural uranium 238U/235U
value of 137.88, a results of application of mass bias correction using the CRM112A natural uranium 
standard. According to the amount of uranium and plutonium isotopes in solution, different 
measurement protocols have been developed to allow most accurate and precise isotope determination. 
Analysis times of samples ranged from 5-7mins depending on the protocol used. Each analysis was 
followed by a 4 min wash and a 4 min blank (2% HNO3-0.2% HF) analysis. An 8ppb CRM112A 
solution was run every 3 unknowns to check machine conditions. Accuracy and precision were 
monitored using CRM112A and CRM950a as well as internal urine standards of natural and depleted 
uranium composition. The in-house urine standards were prepared from natural urine very precisely 
mixed with diluted uranium solutions made by dissolving pure metals. 
Off-line data processing included corrections for drift on ion counter gain (generally < 1 %) and 
instrumental mass bias (< 1% amu-1), as well as for tracer impurities and procedural blank. Reported 
uncertainties are the results of quadratic weighted additions of the main error sources, such as 
uncertainties of all applied corrections, analytical precision and the reproducibility of the 8ppb 
CRM112A solution. 
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3. Results and discussion 

Mass scans from m/z 235.4 to 237.5 and 238.5 to 241.6 using the secondary electron multiplier 
showed that except for U1H+, no polyatomic interferences seemed to conflict with low-level MC-ICP-
MS uranium and plutonium isotope analysis, respectively. This is to a certain degree related to the 
high degree of purification of the uranium and plutonium fraction, and to the use of a desolvating 
nebuliser, which diminished as well the U1H+formation. Peak tailing from 238U was reduced due to the 
retarding potential quadrupole lens by about 1-2 orders of magnitude compared with a single collector 
ICP-MS and other MC-ICP-MS not having such an option. The limit of detection for 236U and 
plutonium isotopes could be thus lowered by about 2-3 orders of magnitude compared to previous 
studies [e.g. 11-13]. A decontamination factor for uranium of >1000 was not anymore necessary for 
low-level plutonium isotope analysis.  

Fig. 1: 238U/235U ratio versus 238U in urine samples analysed by MC-ICP-MS after chemical 
separation and purification of the uranium fraction. Concentrations as during analysis. Actual urinary 
uranium concentration range from 5 to 40 ngL-1. Solid symbol = in-house standard made of natural 
urine doped with natural and depleted uranium solution. Two lines represent field of average 
238U/235U ratio (137.85 +/- 2  %) of 19 urine analyses, which is identical to natural uranium. Error 
bars are 2  standard deviation. 

Figures 1 and 2 show the results of uranium isotope analyses of a batch of 27 urine samples analysed 
during an overnight run in fully automatic mode. The amount of uranium in 1 ml solution during 
analysis ranged from 0.3 to 6 ng. This refers to 5 to 39 ngL-1 total urinary urine content. The mean 
238U/235U ratio of 19 analyses was 137.85 +/- 0.5% (2 ), which was indistinguishable from natural 
uranium (Tab. 1). The data suggests that accuracy and reproducibility analysing sub-ng- to ng-levels 
of uranium using MC-ICP-MS was around 0.5 % (2 ) or better. This is similar or even smaller than 
the estimated uncertainty for each individual analysis. Seven samples and our doped in-house urine 
standard have a 238U/235U clearly distinguishable from the natural ratio indicating the presence of 
depleted uranium. The percentage of depleted uranium from the total urinary uranium ranged from 0.5 
to 10 based on the assumption that the 238U/235U of the end-members was 137.9 and ~500. The 236U
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content in 1 ml solution during analyses in samples with natural 238U/235U was about 0.07 fg, which is 
indistinguishable from zero or below the limit of detection for most of them. Whether some of the 19 
samples actually contained traces of 236U needs further evaluation. However, the 8 urines identified by 
having a non-natural 238U/235U have clearly elevated 236U/238U. This indicates that the 236U/238U is a 
similarly sensitive and thus additional indicator for the presence of depleted uranium in urine as the 
238U/235U ratio. 

The presented data shows that the proposed methodology has the capability to detect urinary excretion 
of depleted uranium in the low fg/ml range or at fractions down to 0.5% of the total urinary uranium 
concentration. This allows the assessment of up to a few micrograms of insoluble non-natural uranium 
particles in the lung several months or even years later using IRCP-recommended default parameter 
for occupational and non-occupational exposure [14-15]. Using an enrichment factor of about 500 for 
urine, the limit of detection for 236U is about 2 x10-19 g/ml (0.2 ag/ml) and for 238U about 1 x10-14g/ml 
urine.

Fig. 2: 236U versus 238U in urine samples analysed by MC-ICP-MS after chemical separation and 
purification of the uranium fraction. 238U and 236U concentrations are given in fg and ng per ml final 
solution prepared for analysis and are not equal to the actual concentration in the sample. The latter 
varies in the studied samples from 5 to 40 ngL-1 total uranium. Solid symbol = in-house standard 
made of natural urine doped with natural and depleted uranium solution. Line represent average 236U
concentration (0.07 fgml-1 +/- 1  %) of 19 urine samples with natural 238U/235U ratio (see Fig. 1). 
Error bars are 1  standard deviation. 

The IAEA 381 Irish sea water reference, processed through TEVA columns and diluted to the required 
concentration, was used in this study to demonstrate the capability of analysing the 240Pu/239Pu isotope 
ratio at 239Pu concentrations over the range of 10-13 to 10-16 gml-1 (Fig. 3). The sensitivity of the MC-
ICP-MS for any plutonium isotope at time of analysis was about 21 counts per second (cps) per 10-15

gml-1, which relates to a total of about 8800 counts for 0.6 ml of a 1 ppq (10-15gml-1) solution during 
the 7 minutes analysis. Procedural blanks for 239Pu were in the range of about 0.05 fg and thus nearly 
indistinguishable from the instrumental blank. Therefore, the limiting factor for detection was mainly 
counting statistics of the Neptune and not polyatomic interferences, 238U peak tailing or contamination 
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during sample processing. Figure 3 shows that at lower concentrations the 240Pu/239Pu ratios seem to 
drift towards lower values. This might be explained by some over-corrections on 240Pu, as its signal (3-
5 cps) was more than 4times smaller than that of 239Pu. Nevertheless, this is the first study where such 
a precision and accuracy on the 240Pu/239Pu isotope ratio could be demonstrated at this level of 
plutonium concentration.

Fig. 3: Plot of 240Pu/239Pu versus 239Pu concentration for 18 MC-ICP-MS analyses from several 
aliquots of the IAEA reference 381 after chemical separation and purification of the plutonium 
fraction. 239Pu concentrations are given in fg per ml solution prepared for analysis and are not equal 
to the actual concentration in the IAEA 381. Error bars are 2  standard deviation. 
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Abstract: Over the last few years the Task Group of Committee 2 of ICRP on Internal Dosimetry 
(INDOS), in conjunction with the Task Group on Dose Calculations (DOCAL), has prepared a series 
of publications that have given dose coefficients for intakes of radionuclides by infants, children and 
adults. Most recently Publication 88 has been issued that gives doses to the embryo, fetus and 
newborn child from intakes of radionuclides by the mother. A document is presently being completed 
that will give doses to the child from intakes of radionuclides in mothers' milk (Publication 94). This 
document, to be published early in 2005, will complete the programme of work of Committee 2 on 
dose coefficients for members of the public. 

The emphasis of work on internal dosimetry by Committee 2 has turned to occupational exposure. A 
comprehensive revision of advice on dose assessment and monitoring for occupational intakes of 
radionuclides is being prepared by INDOS and DOCAL. It is intended to replace Publications 30, 54, 
68 and 78 by a series of publications that will cover both dosimetry and bioassay interpretation. The 
first report will cover radionuclides of the 31 elements covered in the series of publications on dose 
coefficients for members of the public. Subsequent publications will cover additional elements.  

This series of publications will be accompanied by a supporting Guidance Document that will give 
more comprehensive advice on the interpretation of bioassay data. The development of this document 
will draw from work carried out in an EC supported program, IDEAS that has examined how to 
improve the assessment of bioassay data. 

1. Introduction 

Committee 2 of ICRP has the responsibility for developing reference biokinetic and dosimetric models 
and reference data for workers, members of the public and patients. It also provides dose coefficients 
for the assessment of internal and external radiation exposure. From its early years through to the mid 
1980s ICRP was principally concerned with providing data and dose coefficients for workers who are 
occupationally exposed to radionuclides. The requirement for age-dependent biokinetic models and 
dose coefficients that could be used for assessing doses to the population as a whole became apparent 
in the aftermath of the Chernobyl accident in 1986. It was realised that, whilst some countries had 
developed age-dependent models there were none that were generally accepted around the world. Such 
models are essential for assessing doses to the public from intakes of radionuclides in foods and 
drinking water, for making comparisons with dose limits and for informing decisions on the 
acceptability for consumption of foods that may be marketed in many countries. 

2. Dose Coefficients for the Public 

The need for international agreement on the assessment of the consequences of intakes of 
radionuclides led to the decision by ICRP in the late 1980s, to set up a Task Group of Committee 2 to 
develop “age-dependent” biokinetic models from which dose coefficients for intakes of radionuclides 
by various age groups in the population could be calculated. This Task Group on Internal Dosimetry 
(INDOS) has worked closely with the Task Group on Dose Calculations (DOCAL). 

For the development of age-dependent models for the public there was a need to include anatomical 
and physiological information, such as age dependent masses and dimensions of organs and tissues 
and differences in composition and rates of turnover of the skeleton. For a number of the most 
important elements and their radioisotopes, physiologically-based recycling models were developed, 
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based on available human and animal data, to take account of the recycling between blood and body 
tissues. These models provide a more realistic approach to the calculation of doses to individuals of 
different ages than had been possible using simple compartment models as had been used in 
Publication 30 [1]. These recycling models also have the important advantage that they specifically 
include excretion parameters and are therefore much more appropriate for the interpretation of 
bioassay data. 

It is not practicable to calculate doses to all age groups in the population and therefore six age groups 
were chosen that were considered to be representative of the whole population and which took account 
of any changes in biokinetic parameters with age and also mass related effects on dose calculations. 
The age groups were 3-month-old infants, 1-, 5-, 10-, 15- year old children and adults (nominally a 
person in the mid 20s). 

Table 1:   Summary of Current ICRP Publications on Dose Coefficients for Workers and Members of 
the Public from Intakes of Radionuclides 

ICRP
Publication
No. (year) Application Intake Contents 

56 (1989)[2] Publica Inhalation
and
ingestion

Age-dependent systemic models, and dose 
coefficients for selected radioisotopes, for H, C, Sr, 
Zr, Nb, Ru, I, Cs, Ce, Pu, Am and Np. wT values 
from ICRP Publication 26. 

67 (1993)[5] Publica Ingestion Age-dependent systemic models, and dose 
coefficients for selected radioisotopes, for S, Co, Ni, 
Zn, Mo, Tc, Ag, Te, Ba, Pb, Po and Ra. Updated 
systemic models are given for Sr, Pu, Am and Np. 
Publication 60 wT values used in this and subsequent 
reports. Update of ingestion dose coefficients in 
Publication 56. 

68 (1994)[14] Workers Inhalation
and
ingestion

Effective dose coefficients for workers, for about 
800 radionuclides. Applies Human Respiratory 
Tract Model (HRTM). 

69 (1995)[6] Publica Ingestion Age-dependent systemic models, and tissue dose 
coefficients for selected radioisotopes, for Fe, Sb, 
Se, Th and U. 

71 (1995)[7] Publica Inhalation Tissue dose coefficients for selected radioisotopes of 
elements covered in ICRP Publications 56, 67, and 
69, plus Ca and Cm for which age-dependent 
systemic models are given. Applies HRTM. 

72 (1996)[8] Publica Inhalation
and
ingestion

Effective dose coefficients for members of the 
public for radioisotopes of the 31 elements covered 
in ICRP Publications 56, 67, 69, and 71, plus 
radioisotopes of the further 60 elements covered in 
ICRP Publications 30 and 68. 

88 (2001)[11] Embryo and 
fetus

Inhalation
and
ingestion
by the 
mother 

Dose coefficients for the offspring for intakes by the 
mother (worker or public) before or during 
pregnancy of radionuclides of the 31 elements 
covered in Publications 56, 67, 69 and 71. 

aAge-dependent dose coefficients (3 months, 1-, 5-, 10-, and 15-years and adult) 
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The first series of age-dependent dose coefficients was issued in 1989 as Publication 56 [2] for the 
most radiologically significant radioisotopes of a limited range of 12 elements. This used the tissue 
weighting factors given in ICRP Publication 26 [3] and a Quality Factor, Q of 10 for alpha particles. 
Subsequent publications giving age-dependent dose coefficients for radionuclides of further elements 
used the tissue weighting factors, wT recommended in ICRP Publication 60 [4] and a radiation 
weighting factor, wR for alpha particles of 20. Ultimately a total of 31 elements were covered in the 
Publication 56 series which comprised Publications 56, 67, 69, 71, and 72 [2, 5-8]. The contents of 
these publications are summarised in Table 1.  

These dose coefficients have been adopted for use worldwide and are included in the European 
Directive on Basic Safety Standards [9] and the International Basic Safety Standards [10] as well as in 
many national regulations and codes of practice.

Work on the development of dose coefficients for the public is being completed with publications on 
doses to the offspring following intakes of radionuclides by the mother before, during or after birth. 
Information given in these publications is also applicable to the offspring of women who are 
occupationally exposed.

2.1 Doses to the Embryo and Fetus 

ICRP Publication 88 [11] gives dose coefficients for the embryo, fetus and new-born child following 
intakes of radionuclides by the mother before and during pregnancy. It covers intakes by female 
members of the public and women who are occupationally exposed. It gives dose coefficients for 
selected radionuclides of 31 elements (the Publication 56 series) for a range of intake scenarios both 
by inhalation and ingestion.  

In the case of infants, children and adults an assessment of the dose received from exposure to a 
radionuclide can be reasonably based on a single (acute) intake. This dose does of course depend upon 
both the body mass and the kinetics of the radionuclide(s) at the specific age as well as the route of 
intake. In the case of the embryo and fetus, however, the dose to the offspring can depend critically 
upon the time at which the intake by the mother occurred and whether there is a single intake or 
chronic exposure, as in the diet. For acute exposures, intakes by the mother are taken to occur at the 
time of conception and after 5, 10, 15, 25 and 35 weeks of the pregnancy and at six months and 2½ 
years before conception. For continuous exposure, intakes are taken to occur during the year of 
pregnancy, starting from conception and for one or 5 years up to the time of conception. This range of 
intake patterns was chosen to allow doses to the offspring to be calculated for essentially any pattern 
of intake by the mother.  
Doses to the embryo, fetus and new-born child arise from a number of sources: from activity 
transferred to the embryo and fetus across the placenta, from exposure to radiations arising from 
maternal tissues including the placenta, and from activity retained in the new-born child at birth. 
Committed doses to the offspring are given in Publication 88 up to age 70 years after birth. 

The dose calculations have shown that, in general, doses to the offspring are similar to or less than 
those to the reference adult. Comparison is made with the reference adult because ICRP does not 
calculate doses separately for males and females. For a few radionuclides, however, the dose to the 
offspring can exceed that to the adult. This applies to 3H, 14C, 35S and 59Fe, to radioisotopes of I and to 
radioisotopes of the alkaline earth elements including 45Ca, 89Sr, 90Sr, 224Ra and 226Ra. For 
radioisotopes of iodine and the alkaline earth elements, the greatest doses result from intakes during 
the last trimester of the pregnancy when there is the greatest fetal demand for iodine by the thyroid and 
for calcium, as well as other bone-seeking radionuclides, by the developing skeleton. There is no 
significant uptake of iodine by the fetal thyroid until the 11th week of gestation. Whilst in most of these 
cases the doses to the offspring exceed those to the reference adult by a factors of up to about 3, in the 
case of some bone-seekers, such as 89Sr and 45Ca, the difference can be around a factor of 10 for 
intakes towards the end of the period of pregnancy. 
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2.2 Doses to the Offspring from Radionuclides in Mothers' Milk 

A document is currently being prepared that will give doses to the offspring from intakes of 
radionuclides in mothers’ milk (Publication 94). It will give reviews of biokinetic data and models for 
35 elements. A main text will cover information on breast milk production, a discussion of the 
procedures adopted for model development, a description of the acute and chronic intake scenarios 
adopted, and a discussion of relevant dosimetric parameters. It will also include a brief discussion of 
the doses calculated for selected radioisotopes of the elements considered in the report. 

Specific sections will cover the 31 elements for which age-dependent systemic models have been 
developed (see Table 1) and four additional elements (Na, Mg, P, and K). Each section will include a 
summary of the available data on transfer of the element to milk and a description of the model 
adopted. Dose coefficients will be given for the offspring of a female member of the public (effective 
doses to the offspring per unit intake by the mother) for selected radionuclides and, as with Publication 
88 [11], for a number of ingestion and inhalation intake scenarios. 

As doses to the offspring can arise from exposures in utero and from radionuclides retained in the 
new-born child at birth (as given in Publication 88) and as a consequence of their transfer in mothers’ 
milk, these different sources of exposure of the offspring will be compared.  

The results of preliminary calculations show that for most of the radionuclides considered, doses to the 
infant from radionuclides ingested in breast-milk are small in comparison with doses to the reference 
adult [12]. On the basis of the models developed in this report, it is only in the cases of tritiated water, 
45Ca, 75Se and 131I that infant doses may exceed adult doses, by ratios of between 1 and 3, applying to 
maximum transfer occurring after maternal intakes by ingestion shortly after birth. Ratios of infant to 
reference adult doses are generally lower for intakes by inhalation than for ingestion. Comparisons 
with Publication 88 doses to the offspring due to in utero exposures show that in most cases these are 
more important than doses that may result from breast feeding; exceptions include 60Co, 131I and 210Po.  

It is expected that this report will be issued early in 2005 and will bring to a close work on the 
development of dose coefficients for the public. 

3. Occupational Exposure 

The emphasis of work on internal dosimetry by Committee 2 has now turned to occupational 
exposure. It is intended to replace Publications 30, 54, 68 and 78 [1, 13-15] by a series of publications 
that will cover both dosimetry and bioassay interpretation. This series of publications will take account 
of new recommendations by the Commission on tissue weighting factors. It will incorporate an update 
of nuclear decay data being prepared [16] as a replacement for Publication 38 [17]. It will be the first 
implementation of a new Human Alimentary Tract Model (HATM) [18]. It will also apply updated 
reference anatomical and physiological data given in Publication 89 [19]. 

The new publication will also use new values for specific absorbed fractions obtained from modelling 
studies with voxel phantoms [20,21]; both male and female voxel phantoms are being developed. 
These phantoms are based on computed tomography (CT) and magnetic resonance images (MRI) 
obtained from high resolution scans of individuals. They consist of a large number (millions) of 
volume elements known as voxels each with the physical characteristics of an organ or tissue. Priority 
has been given in the first instance to the development of adult male and female phantoms that will be 
compatible with the data in Publication 89 [19]. These new models will replace the mathematical 
phantoms currently used to calculate doses to tissues from both internal and external radiation sources. 

The first report is scheduled for completion around the end of 2006. It will consist of a General 
Introduction followed by a series of sections giving detailed reviews of biokinetic data for each 
element covered, recommended models for dosimetry and bioassay interpretation, dose coefficients for 
selected radionuclides, and tabulated data for bioassay interpretation.  
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The information provided for each element will include a listing of the important radionuclides for 
which dose coefficients and information for bioassay interpretation will be included. The half-lives of 
the isotopes covered will be tabulated together with a summary of their physical decay scheme.  

For inhalation, there will be a brief review of the extent of available information on various chemical 
forms of each element and of the dissolution characteristics in the respiratory system of different 
chemical forms of the element. Information will be included on absorption parameter values for use in 
the Human Respiratory Tract Model [22]. Material specific values will be proposed for compounds for 
which there is sufficient information and where results from different studies are reasonably 
consistent. When this is not the case, assignment of the compounds to the default Types Fast, 
Moderate and Slow will be recommended.  

For ingestion of radionuclides, human and animal data will be reviewed and recommendations given 
on appropriate values of fractional absorption of radionuclides to blood,  termed fA in the new ICRP 
Human Alimentary Tract Model,  HATM [18] to be published during 2005. Values of fA will be 
specified for different chemical forms, where this is warranted by the available data, and fA values will 
also be required for inhaled radionuclides entering the alimentary tract following escalation from the 
respiratory tract.  

Transfer of various chemical forms of radionuclides from wound sites is not being specifically 
reviewed. However, an NCRP Task Group is completing a comprehensive examination of relevant 
studies. Four default categories for wound retention of initially soluble substances have been defined 
together with parameters for insoluble particles and fragments. In reviewing the experimental data, 
various chemical forms of elements/radionuclides had been allocated to these categories on the basis 
of either the results of human observations, studies in experimental animals or their chemical 
characteristics. The information in the NCRP report is likely to be adopted for the ICRP report as far 
as is possible. 

A comprehensive review of systemic models for various elements is being undertaken. A central 
feature of these reviews is the requirement to provide models that are appropriate for both dosimetry 
and for bioassay interpretation. In a number of cases this is likely to result in modifications to the 
long-term retention functions in current models and advice on the timescale over which the models 
can be reasonably applied. A number of the present models are appropriate for dosimetry purposes but 
can substantially overestimate intake when used to assess bioassay data at long times after exposure. 

4. Interpretation of Bioassay Data 

For practical protection, the interpretation of bioassay data is of fundamental importance yet it has 
become apparent from a number of recent national and international intercomparison exercises that 
dose assessments using the same set of bioassay data can give estimates of intakes and doses that may 
vary by up to orders of magnitude. The discussion of problems associated with the interpretation of 
urine and faecal monitoring data was a key feature of many papers presented at a Workshop on 
Internal Dosimetry of Radionuclides, held in Oxford in September 2002 and published in Radiation 
Protection Dosimetry [23]. Some of the difficulties noted included the choice of the appropriate set of 
biokinetic and dosimetric models, identification of the time of intake, knowledge of the characteristics 
of the intake (particle size, solubility) and the pattern of the intake (acute and/or chronic). Other issues 
that need to be addressed include how best to deal with rogue or suspect data and measurements at 
around the limit of detection of the technique used as well as the selection of the most appropriate 
measurement information when a number of data sets are available. 

The present system of dose assessment from bioassay data generally relies first on the calculation of 
the intake of a radionuclide either from direct measurements (eg. external monitoring) or indirect 
measurements (eg. urine, faeces, air samples). The effective dose is then calculated from the dose 
coefficients recommended by ICRP, and also given in the EU Basic Safety Standards [9] and 
International Basic Safety Standards [10]. A paper by Berkovski et al [24] has indicated an alternative 
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approach. The paper demonstrates that there can be significant advantages in calculating the 
committed effective dose directly from functions that relate it directly to the specific measurement and 
the time of the intake. This could be the whole body or organ content, a urine or faecal sample or even 
an environnmental measurement. This could simplify the procedure normally used for assessing 
bioassay data and reduce the opportunities for misreading tabulations of data. Care is still needed in 
the choice of the most appropriate measurement data.  

This approach requires provision of different tables for interpreting measurement data but provided the 
most up to date models are adopted, the use of “dose per unit content” functions can facilitate the 
interpretation of monitoring data. It has also been shown that there can be some additional advantages 
in this approach. For example, for a number of chemical forms of radionuclides the “dose per unit 
content” is largely insensitive to the choice of inhaled particle size for a wide range of measurement 
times following an intake. The need to make a decision on the appropriate activity median 
aerodynamic diameter (AMAD) of an inhaled aerosol may not therefore be necessary [24]. Similar 
considerations apply to the choice of absorption Type as defined in the HRTM. 

The functions that have previously been given in ICRP publications on bioassay interpretation [13, 15] 
will also need to be included as in a number of countries it remains essential to estimate the intake as 
well as to give the effective dose. Thus graphical data giving retention and excretion as a function of 
time will be included together with tabulations of temporal data on excretion and organ retention. The 
Guidance Document will give detailed advice on the use of the data provided, together with specific 
illustrative examples. It will also draw from an interlaboratory project set up under the EC Framework 
Programme V in response to concerns about the variations in the interpretation of bioassay data. The 
project, called IDEAS, was designed to assess the difficulties in the interpretation of a number of sets 
of monitoring data and then to develop advice for improving such assessments. This analysis and the 
subsequent advice and recommendations is  providing an important input into the work of ICRP. 

The development of a draft of the guidance document is a current priority of the ICRP Task Groups 
involved and it is expected that a consultation document will be posted on the ICRP web site in 2005. 

5. Conclusion

The last few years has seen the completion of a comprehensive programme of work on the 
development of dose coefficients for members of the public. The focus for work on internal dosimetry 
by Committee 2 has turned to the development of biokinetic and dosimetric models for workers who 
are occupational exposed. The need for models that are explicitly developed for both dosimetry and 
the interpretation of bioassay data is presenting new challenges for Committee 2, as does the provision 
of practical guidance on the interpretation of bioassay data. 
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Abstract: A new biokinetic and dosimetric model of the human alimentary tract will be published by 
ICRP during 2005. It will replace the Publication 30 model in all future calculations of dose 
coefficients for radionuclide ingestion or inhalation. While the Publication 30 model was intended for 
the calculation of doses to workers, the new model has age-dependent parameter values for transit 
times and dimensions. It also allows for the calculation of doses from radionuclides retained in the 
walls of alimentary tract regions in the limited number of cases for which data are available. Doses are 
calculated to epithelial stem cells in the mucosal lining of the various regions, taking account of the 
energy of electron and alpha particle emissions and hence the extent of their penetration to the target 
layers. For the colon, the region of the alimentary that is generally at greatest risk of radiation-induced 
cancer, this approach results in large decreases in doses from beta-emitting radionuclides (eg. 90Sr,
106Ru) compared with values obtained using the Publication 30 methodology. Doses from alpha-
emitting radionuclides in the gut lumen are zero in the new model. While it is generally accepted that 
the epithelial stem cells are the targets for cancer induction, recent findings of early mutational 
changes in human colon epithelial cells and experimental observations of bystander communications 
between cells suggest that the effect of wider targets may need to be considered. Widening the 
assumed target in the colon from the stem cells at a depth of 280-300 m (standard assumption) to 
include cells at 200 – 300 m increases the dose from 90Sr and 106Ru by less than 5% and the dose 
from 239Pu remains zero. The extreme assumption that all epithelial cells are targets (0-300 m) 
increases the colon dose from 90Sr by 24% and from 106Ru by 8%, with negligible changes in 
committed effective dose. The 0-300 m colon dose from 239Pu is similar to that calculated using the 
Publication 30 model and results in a small (2%) increase in committed effective dose. 

1. Introduction 

A new biokinetic and dosimetric model of the human alimentary tract has been prepared by a task group 
of the International Commission on Radiological Protection (ICRP), chaired by Henri Metivier (IRSN). 
The ICRP Human Alimentary Tract Model (HATM) will be published during 2005, to replace the ICRP 
Publication 30 model [1]. The HATM will be used in all future calculations of dose coefficients by ICRP 
[2]. A key development is the explicit calculation of doses to target regions for cancer induction within 
each alimentary tract region. Doses are calculated for radionuclides in the contents of the regions and the 
model also allows for the inclusion of doses from radionuclides retained in or in transit through mucosal 
tissues. The targets relating to cancer induction are taken in each case to be the epithelial stem cells, 
located in the basal layers of the stratified epithelia of the oral cavity and oesophagus and within the 
crypts that replenish the single cell layer epithelium of the stomach and small and large intestines. 
Because of the short-range of alpha particles in tissues (< 50 m), doses from alpha-emitting 
radionuclides in transit through the gut lumen are zero in the new model. It is only in situations of 
radionuclide retention in mucosal tissues that alpha particles can reach the target layers. However, 
although it is generally accepted that stem cells are the targets for cancer induction, some uncertainty has 
been raised by observations of dysplastic cells on the lumenal surface of the colon between apparently 
normal crypts [3,4]. Bystander communication of damage signals between cells may also be relevant to 
the assessment of doses to target cells [5,6]. 
This paper outlines the main differences between the ICRP Publication 30 gut model and the HATM.  
Changes in estimated doses for alpha and beta-emitting radionuclides are discussed and the effects of 
uncertainties in target cell assumptions are considered. The information presented draws on material 
prepared for the ICRP HATM report.   
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2. ICRP Publication 30 model 

The Publication 30 model of the gastrointestinal tract was developed specifically to calculate doses to 
workers, either from the direct ingestion of radionuclides or following their inhalation as particles with 
subsequent escalation from the lungs to the alimentary tract. The model took account of transit of 
ingested materials through four regions of the alimentary tract: the stomach, small intestine, upper 
large intestine and lower large intestine. The absorption of radionuclides to blood was specified by 
values of fractional uptake (f1) from the small intestine. Transit times were based largely on 
information from clinical studies using barium meals; reference was also made to studies using 
materials labelled with iron-59 or lanthanum-140 [7]. Mean residence times were taken to be 1 hour 
for the stomach, 4 hours for the small intestine, 13 hours for the upper large intestine and 24 hours for 
the lower large intestine.
In the Publication 30 model, doses were calculated separately for the mucosal layer of each of the four 
regions considered.  For penetrating radiations, the average dose to the wall of each region was used as 
a measure of the dose to the mucosal layer. For non-penetrating radiations, the specific absorbed 
fraction for the mucosal layer was taken to be equal to 0.5v/M where M is the mass of the contents of 
that section of the tract and v is a factor between 0 and 1 representing the proportion of energy 
reaching sensitive cells. The factor of 0.5 was introduced because the dose at the surface of the 
contents will be approximately half that within the contents for non-penetrating radiations. For 
electrons, v was taken to be 1. For  particles, a value of 0.01 was used on the basis of an acute 
toxicity study in rats in which the LD50 for ingested yttrium-91 was estimated as about 12 Gy, while an 
absorbed dose to the mucosal surface of more than 100 times greater from 239Pu had no effect [8]. 

3. Key features of the ICRP HAT model 

The main features of the HATM can be summarised as follows: 
- Inclusion of all alimentary tract regions. Doses are calculated for the oral cavity, oesophagus, 

stomach, small intestine, right colon, left colon and rectosigmoid (including the rectum). Colon 
doses are combined as a mass-weighted mean.  

- Age-dependent parameter values for the dimensions of alimentary tract regions and associated 
transit times of contents through the regions. 

- Gender-dependent parameter values of dimensions and transit times for adults.
- Transit times for food and liquids, as well as for total diet, for the mouth, oesophagus and 

stomach.  
- Default assumption that total fractional absorption, fA, of an element and its radioisotopes to 

blood occurs in the small intestine, ie. fSI = fA.
- Model structure to allow for absorption in other regions, in situations where information is 

available (Fig. 1). 
- Model structure to allow for retention in the mucosal tissues of the walls of alimentary tract 

regions, and on teeth, in situations where information is available (Fig. 1). 
- Explicit calculations of dose to target regions for cancer induction within each alimentary tract 

region, considering doses from radionuclides in the contents of the regions, and considering 
mucosal retention of radionuclides where appropriate. 
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Fig. 1: Structure of the HATM. The dashed boxes are included to show connections with the 
respiratory tract model and systemic models 

More extensive and reliable data on gut transit have become available since ICRP Publication 30 was 
issued, obtained by techniques including non-invasive scintigraphy [9]. The oral cavity and 
oesophagus will normally receive very low doses from ingested radionuclides because mean transit 
times are fractions of a minute. However, these regions were included for completeness, because a 
specific tissue weighting factor, wT, was assigned to the oesophagus in Publication 60 [10], and 
because retention in the mouth, on teeth for example, can result in a substantial increase in dose to the 
oral mucosa. In general, the alimentary tract regions of greatest importance in terms of dose and 
cancer risk are the stomach and particularly the colon [9, 10]. While the small intestine may receive 
greater doses than the stomach, it is not sensitive to radiation-induced cancer and is not assigned a 
specific wT value. Doses are calculated separately for the right colon, left colon and rectosigmoid. This 
partitioning of the colon for the purposes of dose calculations is predicated on the availability of transit 
time data. The rectum is taken to be part of the rectosigmoid because of difficulties in determining 
transit times separately and because the rectum does not have a specific wT value. Table I summarises 
transit times used for the stomach, small intestine and colon in the HATM.  

Tab. I: Default transit times for the stomach, small and large intestines 

Transit time, h Region

3-month infant 1 y 5-15 y Adult male Adult female 

Stomach* 1.25 1.2 1.2 1.2 1.6 
Small intestine 4 4 4 4 4 
Right colon 8 10 11 12 16 
Left colon 8 10 11 12 16 
Rectosigmoid 12 12 12 12 16 

*Values given for the stomach are for total diet: 75 min for infants, 95 min for adult females and 70 
min for all other groups.  The HATM report also gives separate values for solids and liquids for the 
stomach for these groups.
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Colon transit times are generally shorter in infants and children than in adults and, on this basis, the 
application of the Publication 30 model in a number of ICRP publications considering radionuclide 
ingestion by infants and children will have overestimated doses [eg. 11].  In adults, mean transit times 
for the stomach and colon are about one-third greater in females than males.  Slightly smaller masses 
in females (eg. 10% lower mass of colon tissue) will compound the resulting difference in dose per Bq 
ingested, but females will generally have lower intakes.  
An important development in the HATM is the methodology used to calculate doses to the various 
regions from non-penetrating alpha and electron radiations, taking account of the location of the target 
tissue in the mucosal layer of the wall of each region. The targets relating to cancer induction are taken 
in each case to be the epithelial stem cells, located in the basal layers of the stratified epithelia of the 
oral cavity and oesophagus and within the crypts that replenish the single cell layer epithelium of the 
stomach and small and large intestines [12]. Absorbed Fractions for electrons are calculated using the 
MCNP general purpose Monte Carlo Code [13] and for alpha particles on the basis of an algebraic 
relationship between stopping-power in soft tissue and alpha particle energy [14]. This is done using 
simple representations of alimentary tract anatomy. All tubular regions of the alimentary tract are 
treated as simple cylinders with target cells for cancer induction forming a continuous layer at a 
specified depth below the lumenal surface. The stomach is similarly treated as a sphere. Age-
dependent dimensions are specified. Table II shows the assumed target cell depths in each region and 
the mass of the target tissue in adult males. 

Tab. II: Target cells depthsa and masses for target each region of the HATM for adult males 

Region Target cell depth, m Target cell massb , g 

Oral cavity 190-200 0.23 
Oesophagus 190-200 0.091 
Stomach 60-100 0.62 
Small intestine 130-150 3.6 
Right colon 280-300 1.3 
Left colon 280-300 1.2 
Recto-sigmoid 280-300 0.73 

aApplied to all ages.
bcomputed from the length and diameter of each section (or radius for stomach) and the 
depth and thickness of the  target cells, assuming a tissue density of 1 g cm-3 .

4. Comparison of doses using HATM and Publication 30 model 

Figure 2 shows the variation of Specific Absorbed Fraction (SAF: Absorbed Fraction per unit mass) 
with electron energy for the example of the right colon of the HATM, compared with the energy 
independent value for the upper large intestine (ULI) of the Publication 30 model. Above about 
1 MeV, the HATM SAFs are about a factor of five lower than the Publication 30 value, with greater 
differences at lower energies. Comparisons for the stomach show much closer agreement between the 
two approaches. Absorbed Fractions for alpha particles are zero for all sources within the lumen 
because alpha emissions from all important radionuclides (eg. 239Pu, 210Po) have a track length of 
50 m or less in the body. The assumption for the stomach that target cells are closer to the lumenal 
surface (Tab. II) might suggest that some energetic alpha particles could reach this layer. However, 
taking account of the presence of a protective mucus layer in the stomach, ignored in calculations for 
electrons, it appears reasonable to assume that AFs for alpha particles in the lumen are zero for all 
regions.
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Fig. 2: Comparison of values of Specific Absorbed Fraction (SAF)  for a source in the lumen of the right 
colon (HATM) and upper large intestine (Publication 30) of adult males. 

Table III compares doses calculated using the HATM and Publication 30 models for the examples of 
ingestion of 90Sr, 106Ru and 239Pu, considering committed equivalent doses to the stomach and colon 
and committed effective doses, for ingestion of unit activity by adult males. In each case, standard 
systemic models were used to calculate doses to body tissues from the fraction of the ingested 
radionuclide absorbed to blood [15, 16]. For the beta-emitting nuclides, 90Sr and 106Ru, the substantial 
reduction in colon doses in the HATM reflect reduced SAFs (Fig. II). For 239Pu, there is no direct dose 
to alimentary tract regions using the HATM; all dose is due to absorbed 239Pu assumed to be deposited 
in general soft tissues in the systemic model [15]. The extent to which differences in equivalent doses to 
the tissues of the alimentary tract affects the effective dose, E, depends on the relative contribution of 
these tissues to E. For 90Sr, E is dominated by skeletal doses (bone surfaces and red bone marrow) and 
there is little difference in values of E calculated using the HATM and Publication 30 model. For 106Ru, 
doses to alimentary tract regions contribute significantly to E such that the value obtained using the 
HATM is about half of that using the Publication 30 model. For 239Pu, as for 90Sr, doses to alimentary 
tract regions make only a small contribution to E, the dominant contributors being liver and skeletal 
tissues. 

Tab. III: Comparisona of ingestion dose coefficients derived using the HATM and ICRP Publication 
30 model

Equivalent dosesa

Radionuclide
Stomach Right Colonb Left colonc

Effective

Dosea

90Sr 1.0 0.2 0.1 -6% 
106Ru 1.2 0.2 0.1 -60% 
239Pu 0.8 0.4 0.2 Nil 

aEquivalent doses compared as a ratio (HATM : Pub 30), effective doses as a fractional change (%). 
bCompared with the upper large intestine of the Publication 30 model. 
cCompared with the lower large intestine of the Publication 30 model. 
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5. Target cell depths and colon doses 

Cancers are generally considered to originate from stem cells, the cells which possess unlimited 
reproductive capacity. These are transformed by carcinogenic agents so that their differentiation 
patterns are altered in such a way that cell renewal predominates over differentiation, leading to 
growth of an abnormal cell population [12]. Stem cells in stratified squamous epithelia, as in the lining 
of the mouth and the tongue, and the oesophagus, are taken to be located in the basal cell layer, 
adjacent to the basement membrane, as assumed by ICRP for skin [17]. In the stomach, stem cells are 
thought to be located towards the upper regions of the gastric pits, renewing the epithelial layer by 
both upward flow of daughter cells towards the lumenal surface of the stomach and downward flow 
into the gastric glands [18, 19]. For the small intestine, there is good evidence that the stem cell layer 
lies immediately above the Paneth cells in the base of the crypts [20]. In the colon, the site where most 
intestinal cancers arise, the stem cells are situated at the very base of the crypts, as deduced from a 
variety of cell kinetic, mutational and regeneration studies in mouse models [12].
It has been suggested that tumours in the human colon may originate in cells on the intercryptal plate 
rather than, or in addition to, stem cells at the base of the crypt [3,4]. Thus, studies indicated that most 
early neoplastic lesions of the colon contain dysplastic cells only at the orifices of crypts and on the 
lumenal surface between crypts. Analysis showed loss of the APC gene and high expression of -catenin 
in such dysplastic cells but not in cells within the crypts. Mutations in the APC gene are the earliest 
genetic alterations in the genesis of colorectal tumours and appear to be required to initiate clonal 
evolution, involving over-expression of -catenin [4]. This suggestion of target cells on the lumenal 
surface is contentious.  In normal tissue, differentiated epithelial cells on the intercryptal surface would 
have a very limited life-span of a few days, destined to be lost into the intestinal lumen in the normal 
process of cell renewal. To develop into a tumour, these dyplastic cells would need to escape this process 
to allow time for progression to malignancy, involving a number of mutational events [21]. However, 
although this scenario seems highly unlikely, the possibility cannot be excluded that daughter cells of the 
stem cells, situated at higher cell positions in the crypt, are also target cells, perhaps to a lesser degree. 
The post-irradiation phenomenon of bystander signalling between irradiated and non-irradiated cells 
has been extensively studied in cultured cells but much less so in whole tissues [22]. The in vitro
cellular end-points used to reveal this gap-junction or culture medium-mediated activity include: cell 
death, apoptosis; transient change in gene expression; and gene/chromosomal mutation. Studies of 
in vivo bystander effects have included chromosome instability in mouse bone marrow cells, 
subcutaneous growth of human colon adenocarcinoma in mice, and liver tumour induction by 239Pu in 
hamsters [5, 23, 24]. The cellular mechanisms involved are most uncertain and the implications for the 
assessment of cancer risk at low doses remain a matter of speculation [25, 26]. However, the potential 
for such communication between cells may have implications for the specification of targets for cancer 
induction by short-range internal emitters. 
Table IV compares colon doses for different assumed target locations, normalised to the default 
assumption that they form a continuous layer at a depth of 280 – 300 m from the lumenal surface.  
Thus, uncertainties in the depth of the crypts and hence the depth of the stem cells, represented by 
columns 2 and 3, result in differences of less than 10% for 90Sr and 106Ru.  For 239Pu, there is no dose 
to the colon wall from activity in the lumen and thus no change with changing assumptions regarding 
stem cell depth. Similarly, widening the target to include cells at higher positions up the crypts (200 – 
300 m), results in changes in colon dose from 90Sr and 106Ru of less than 10%. The extreme 
assumption that the target may include all epithelial cells from the base of the crypts to the lumenal 
surface (0 – 300 m) only increases the dose from 90Sr by 21% and 106Ru by 8% and makes negligible 
differences to committed effective doses. The dose from 239Pu to the 0 – 300 m layer represents an 
increase by a factor of three relative to the dose to the colon resulting from activity absorbed to blood, 
and is similar to the value obtained using Publication 30 methodology. The corresponding increase in 
committed effective dose from 239Pu is only 2%. Table IV also shows the effect of calculating dose 
only to cells within alpha particle range of the lumen (0 - 40 m), showing that, in this even more 
extreme case, doses from 239Pu can be increased by a factor of about 24, with a 14% increase in 
committed effective dose. As discussed above, it is most probable that only the stem cells have the 

298



capacity to sustain the mutations necessary for transformation to malignancy without being lost in the 
normal process of epithelial renewal.  

Tab. IV: Differences (%) in dose coefficients (h) for the colon compared to the default casea, resulting 
from considerations of target depth in the mucosa, considering ingestion by adult males 

Assumed location of the target region – depth from lumen, mNuclide

220 – 240 340 - 360 200-300 0-300 0-40 
90Sr 7% -6% 5% 21% 48% 
106Ru 3% -2% 2% 8% 16% 
239Pu 0% 0% 0% 317% 2392% 

a default case assumes a target depth of 280 – 300 m.

6. Conclusions 

The most important developments in the new ICRP model of the human alimentary tract are its wider 
applicability to children and adults and the calculation of doses from non-penetrating radiations to 
epithelial stem cells. The model also allows for the inclusion of doses from radionuclides retained in 
the gut wall in those limited cases for which data may be available. Doses to the colon from beta-
emitting radionuclides in the lumen will be substantially lower than calculated using the Publication 
30 model and doses from alpha emitters will be zero. Doses are generally insensitive to assumptions of 
a wider target, including committed and differentiated cells, as well as stem cells. It is only with 
extreme assumptions, regarding all epithelial cells as potential targets, or only cells on the lumenal 
surface as targets, that doses from alpha emitters are substantially increased. Nevertheless, more 
information is required on cells at risk for cancer induction, and the in vivo implications of bystander 
effects, to increase the confidence with which these extreme assumptions can be dismissed. The 
dosimetric approaches adopted in the new model are readily amenable to change in target cell 
assumptions to accommodate future changes in the understanding of radiation carcinogenesis at the 
mechanistic level.  
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Abstract: The past two decades have seen wide interest in the application of alpha-particle emitting 
radionuclides for targeted endoradiotherapy and a large number of compounds labeled with 211At (T½ 
7.21 h), 212Bi (T½ 1 h) or 213Bi   (T½ 0.78 h) have been studied.  Knowledge of the biokinetic 
behaviour of such agents is important both for their optimal clinical exploitation and for general 
radiological protection purposes. Animal studies of the distribution and retention of 211At compounds, 
including ionic astatide, substituted aromatic compounds and labelled monoclonal antibodies, have 
provided new information on the biochemistry of astatine. With respect the thyroid gland the uptake of 
the astatide ion has been shown to be very much lower than that of the iodide ion.  Less information is 
available for 212Bi-labelled radiopharmaceuticals. The available data for both 211At and 212Bi
radiopharmaceuticals are reviewed. Cautious generic biokinetic models for inorganic and simple 
organic compounds of 211At and 212Bi; for [211At]-, and [212Bi]-biphosphonates and for [211At]-, and 
[212Bi]-monoclonal antibodies, are proposed for use in general radiological protection when 
compound-specific data are not available.   

1. Introduction

In recent years there has been considerable interest in the potential of radiopharmaceuticals labelled 
with alpha-particle emitting radionuclides for targeted endoradiotherapy of various types of tumour. 
There has been particular interest in the development of monoclonal antibodies and phosphonate 
complexes labelled with, for example, cyclotron-produced 211At (T½ 7.21 h), or generator-produced 
212Bi (T½ 60 min) or 213Bi (T½ 47 min)[1,2] [1-17].  Astatine is a particularly attractive nuclide for 
therapy since its decay scheme results in the emission of two alpha-particles per disintegration; one of 
5.87 MeV from 211At itself and a second, of 7.45 MeV, via electron capture and the subsequent decay 
of 211Po [2].  Although, as yet, such radiopharmaceuticals have found little clinical application, a good 
knowledge of their biokinetic behaviour is important for the radiological protection of research staff, 
and also for patient dosimetry. Because in comparison to 211At there is very little information on 
radiopharmaceuticals labelled with 212Bi or 213Bi, this report concentrates on 211At.  The data for a 
number of [211At]-compounds are reviewed briefly and generic biokinetic models are proposed that, in 
the absence of adequate, compound-specific information ,could be applied for radiological protection 
purposes.

There are as yet no human data on the biokinetics of astatine or astatine compounds, however, a 
considerable body of animal data on the biokinetics of various compounds labelled with 211At has now 
been published [1-14].   This information comes predominantly from studies in relatively small 
numbers of mice, with a few studies in rats and monkeys. The results often show large coefficients of 
variation which means that the uncertainties associated with the biokinetic models proposed are also 
quite large.

For this report the original data have been reviewed, and where necessary recalculated.  For some 
comparisons tissue uptake data are expressed as standardized uptake values (SUV), defined as the % 
injected dose (ID) per g tissue divided by the % ID per g body weight. This form of presentation 
expresses the activity concentration in any given tissue as a fraction of the concentration that would 
result from uniform distribution of the administered radioactivity throughout the body mass.  Except 
where indicated, the biological half-times of retention (Tb) in the tissues have been calculated 
assuming mono-exponential loss over the whole observation period.  When no statistically significant 
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loss was observed the Tb is shown as ; in all other cases the Tb shown was significant at least at the 
5% confidence level.   

2. [211At]-Astatine labeled radiopharmaceuticals 

2.1. Inorganic astatine compounds 

Although the [211At]-astatide ion appears to have little potential as a radiopharmaceutical, it is likely to 
be released in vivo from other [211At]-compounds. No information is yet available concerning the 
inhalation or ingestion of elemental astatine or of astatine compounds. However, because of its very 
high specific activity, 1.3 fg/Bq, elemental 211At inhaled as the vapour would be expected to associate 
rapidly with water in the airways and be absorbed into the systemic circulation as the At– ion. In the 
absence of information on the absorption of ingested astatine, ICRP Publication 30 [18] assumed for 
radiological protection purposes that the absorption of all soluble inorganic or organic compounds of 
astatine from the gastrointestinal tract will be essentially complete.  

Astatide is likely to be released in vivo from 211At-labelled radiopharmaceuticals, thus knowledge of 
its biokinetics is important. Further, since astatine is volatile, its vapour may be released into a work 
environment during radiopharmaceutical preparation [19].   

Biodistribution studies in mice[1, 6] suggest that 95% of intravenously (i.v.) injected [211At]-astatide is 
cleared from the blood within ~ 0.5 h of intake; the radioactivity becoming more or less uniformly 
distributed throughout the body tissues, Table I; only stomach, spleen and lung showing uptakes that 
were, respectively about 2-, 5- and 7-times the average body concentration [1]. Over the period 0.5 to 
48 h post injection the retention in all the tissues studied approximated to a mono-exponential 
clearance with an average Tb of 22±3 h [1].  The thyroid uptake of 211At  in mice ranged from 1.5 – 
2.2% of the injected dose (ID) over the 24 h observation period; in contrast, simultaneously injected 
[131I] iodide rose from 4±2% ID at 1 h to 13±5%ID at 24 h [6].   

Whole body gamma counting of tumour-bearing C57Bl mice suggested that over 48 h the overall 
retention of 211At-astatide was biphasic with Tbs of 3.4±0.2 h and 26.1±3.5 h, respectively, the longer 
phase appearing to account for about 75% of the ID [1]; elimination occurred predominantly via the 
urine. Data for normal mice [9] are broadly consistent with these observations [6]. 

On the basis of the above information a conservative biokinetic model for inorganic astatine is 
proposed for general radiological protection purposes in which astatide entering the systemic 
circulation is cleared rapidly from the blood and becomes distributed throughout all body tissues, 
except thyroid, from where it will be eliminated, predominantly in the urine, with a single Tb of 30 h. 
It is further assumed that of the radioactivity leaving the blood, fractions of 0.10, 0.02 and 0.01 are 
deposited in the lungs, stomach, and spleen, respectively and eliminated with a Tb of 30. Thyroid 
uptake is assumed to be 2 % ID with a Tb of 100 h.  Using this model about 95% of the 211At will 
decay in the body.  A fraction of 0.20 of the activity entering the systemic circulation is assumed to 
rapidly enter the urinary bladder. 

2.2 Organic astatine compounds 

Limited animal data are available for a small number of [211At]-labelled organic compounds, ranging 
from simple aromatic compounds to labelled monoclonal antibodies and phosphonate complexes. 
Table I lists the initial SUVs and the Tbs for the retention of 211At in the liver, spleen, lungs, kidneys, 
stomach, heart and skeleton of mice after intravenous injection of 3 relatively simple astatinated 
aromatic compounds; namely 3-[211At]-astatobenzoic acid (AtBA); 2,4-dimethyl-3-[211At] 
astatobenzoic acid (AtDMBA) and 3-[211At]-astatoaniline (At-aniline).   
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Table I also presents similar data for four potential [211At]-radiopharmaceuticals. 4-[211At]-Astato-N-
piperidinoethylbenzamide (At-PAB), a potential agent for melanoma therapy, studied in normal balb/c 
mice at from 1 - 24 hours after i.v. injection [8]; meta-[211At]-astatobenzylguanidine (MABG), a 
potential agent for the neuroblastoma therapy, studied in the tumours and 14 other tissues of athymic 
mice bearing a human neuroblastoma xenograft [4]; 6-[211At]astato-2-methyl-1,4-napthoquinol-bis-
diphosphate (At-MNDP), a possible agent for more general endoradiotherapy, studied in C57Bl mice 
bearing a transplanted rectal adenocarcinoma and [211At]astatobenzamide-N-3-hydroxypropylidene-
3,3-biphosphonate ([211At]-ABPB), a compound intended for the treatment of skeletal tumours [9, 10]. 

Tab. I.   The uptake of  211At and 212Bi in some mouse tissues following intravenous injection. SUV = 
standardised uptake value. 

Compound Liver Spleen Lungs Kidneys Stomach Heart Bone All tissues 
 SUV SUV SUV SUV SUV SUV SUV Tb [h.] 
Astatide 1.0 4.5 7.1 2.8 2.2 2.1 0.5 25±9 (17-44) 
AtBA 0.5 2.8 4 1.6 10 - - 9±2 (7-11) 
AtDMBA 0.6 3.2 4.3 1.8 11 - - 6±1 (5-7) 
AtAniline 0.4 0.2 1.5 1.8 0.4 0.7 0.09 15±6 (12-25) 
AtPAB 1.9 2.9 2.6 1.5 7.5 0.9  7±6 (6-21) 
m-AtBG 1.5 0.8 1.0 0.6 0.9 2.8 0.2 (9- )
MNDP 0.7 1.6 2.8 1.5 1.1 0.9  33±28 (17-89) 
ABPB 0.2 0.2 0.8 0.6 0.9  4.1 Soft tissues 9-

33; Bone 
Labelled antibodies   
81C6 2.0 1.4 5.6 1.9 0.7 2.2 0.6 1±0.5(0.3) 

41±12(0.7) 
Hu-anti-
Tac

2.8 2.4(0.3) 
26(0.7)

1.7  3.5 1.7(0.4) 
(0.6)

1.6 1.6(0.3) 
32(0.7)

Within the experimental uncertainties, the data for the first six of these substances, Table I, are not 
greatly different from those for astatide. Thus for general radiological planning purposes, the 
biokinetic model suggested above for inorganic astatine could also be applied, as a default, to these 
relatively simple, low molecular mass (lmm) organic compounds of 211At.  This model is shown in 
Table II. 

The biodistribution studies in Balb/c mice over 22 h following i.v. injection of the bone-seeking 
compound, [211At]-ABPB, indicated deposition of 60 ± 12% of the [211At]-ABPB in the skeleton, 9 ± 
3% in muscle, 2% in the liver and lungs; with a further 4% in the kidneys; the remaining being activity 
distributed throughout the rest of the body.  The limited number of time points studied renders it 
difficult to assess the retention half-times, but except for lungs, kidney and stomach which appear to 
have Tbs of about 8 h, the retention appears to be prolonged so that the majority of the 211At may well 
decay in situ.  The high and prolonged uptake in bone places this substance in a different category to 
the other three agents considered and a separate generic model for 211At-labelled biphosphonate 
complexes is proposed in Table II. 
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Tab. II. Default Generic Models for 211At compounds (211At T½ = 7.21 h.). 

Tissue Inorganic [211At] [211At]-Biphosphonates  [211At]-Antibodies 
 FS Tb[h] a Ã/A0 FS Tb[h] a Ã/A0 FS Tb[h] A Ã/A0

Thyroid 0.02 100 1.0 0.194 - - - - - - - - 
Kidneys 0.02 30 1.0 0.167 0.04 30 1.0 0.334 0.10 70 1.00 0.941
Liver 0.07 30 1.0 0.585 0.02 30 1.0 0.167 0.10 70 1.00 0.941
Lungs 0.10 30 1.0 0.837 0.02 30 1.0 0.167 0.15 70 1.00 1.412
Spleen 0.01 30 1.0 0.084 - - - - 0.05 70 1.00 0.471
Stomach 0.02 30 1.0 0.167 - - - - 0.04 70 1.00 0.376
Skeleton - - - - 0.6 100 1.0 5.810 - - - - 
RoB 0.57 30 1.0 4.771 0.32 30 1.0 2.678 0.55 70 1.00 5.177
UBC 0.20 3 1.0 0.610 0.1 3 1.0 0.305 0.20 3 1.0 0.610

FS = Fraction of total activity in organ; Tb [h] = Biological half-time in hours; a = Fraction of total 
activity; Ã/A0 [h.] = Cumulated activity. RoB = Tissues in the rest of the body. UBC = Urinary 
bladder contents.  

2.3 [211At]-labelled antibodies 

A number of studies of the uptake and retention of different types of 211At-labelled monoclonal 
antibody, or antibody fragments, in normal or tumour-bearing mice have been reported.  However, 
because of the few time points studied comparative analysis of the data is difficult. Zalutsky et al. [14] 
have published a dosimetric study in athymic mice carried out over the period from 0.5 to 48 h post 
injection of the chimeric antibody 81C6, labelled with N-succinimidyl-3-[211At]astatobenzoate,. This 
study is used here to illustrate the biokinetics of a labeled antibody fragment. The data given in Table 
1 are derived from the original authors’ calculations who concluded that the retention could best be 
described by bi-exponential functions.  
For only 1 other antibody, humanized anti-Tac (Hu-anti-Tac), an antibody to the -chain of the IL-2 
receptor, labeled with a similar chelate (3-[211At]astato-4-guanidinomethylbenzoate), were sufficient 
data available for periods less than 2 h post injection to identify any bi-exponential clearance [13].  
The data for this preparation, as analysed by the present authors, are shown in Table I.  In contrast to 
81C6, only for liver, lungs and kidneys could a bi-exponential clearance be tentatively identified; for 
the other tissues studied the clearance approximated to a mono-exponential function over the period of 
0.08 to 18 h post injection. 

The studies with other [211At]-antibodies involved fewer time periods, and a variety of different 
labelling techniques [6, 12-14].  Detailed data for these substances do not present a clear picture and 
for this reason are not shown here.  However, tissue uptakes were broadly similar to those of 81C6 and 
Hu-anti-Tac; the Tbs for the tissue retention of 211At from these preparations, ranged from about 3 to 
40 h.    

There is, as yet, insufficient information for a detailed comparison of the biokinetic behaviour of a 
range of [211At]-labelled antibody preparations and to propose a detailed generic model for such 
substances.  Therefore, only a cautious default model is proposed in Table II.  This model assumes that 
of the 211At entering the systemic circulation, fractions of 0.15, 0.10, 0.10,0.05 and 0,04 are deposited 
instantaneously in the lungs, liver, kidneys, stomach and spleen, respectively, and retained there with a 
Tb of 70h. This Tb is about ten times the physical half-life of 211At and means that means that >99% of 
the decays will occur in situ.  It is further assumed that a fraction of 0.20 of the activity entering the 
systemic circulation is rapidly excreted into the urinary bladder.  It is emphasized that the proposed 
model for [211At]-labelled antibody preparations is a default one which should only be used when 
compound-specific information is not available. 
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3. Bismuth-212 Radiopharmaceuticals 

In comparison to 212At the information on 212,213Bi-labelled radiopharmaceuticals is very limited. Some 
release of inorganic bismuth from the breakdown of [212Bi] - radiopharmaceutical is to be expected in 
vivo, thus knowledge of the biokinetic behaviour of inorganic bismuth is important.  

3.1. Inorganic 212Bi compounds 

The ICRP Publication 30 (1980) [13] biokinetic model for bismuth assumed that of the activity 
leaving the systemic circulation 40%, is deposited in the kidney, 30% becomes uniformly distributed 
throughout all other tissues and 30% is directly excreted.  Elimination of activity from all tissues was 
assumed to be bi-exponential with fractions of 60% and 40% being excreted with biological half-times 
of 14.4 h and 120 h, respectively. In the absence of new information, this model remains valid. 
However, for isotopes such as 212,213Bi with half-lives of 1 h or less, excretion from all tissues could be 
assumed to occur with a single Tb of 10 h. 

3.2 [212Bi]-Biphosphonates

Hassfjell et al., (15, 16) studied the biodistribution of [212Bi]-1,4,7,10-tetraaza-cyclododecane-
1,4,7,10-tetra(methylene-phosphonic acid ([212Bi]-DOTMP) in young normal female Balb/c mice and 
in 5 tumour-bearing female nude mice. The data from the two strains of mouse appear to be 
comparable and combining the data enables the following biokinetic model to be derived. Clearance 
from the blood is very rapid, about 98% in 0.25 h; within this period fractions of about 0.45, 0.01, 
0.007 and 0.003 are deposited in the skeleton, kidneys, liver and lungs, with the remainder of the 
radioactivity becoming more or less uniformly distributed throughout the remaining tissues.  The 
radioactivity in the skeleton appears to remain constant over the first 24 hours post intake, in the other 
tissues from 1 h onwards the retention appears to be mono-exponential with biological half-times that 
appear to be very long (10 to 30 h) compared with the 1 h. half-life of 212Bi; thus effectively the 
isotope can be assumed to decay in situ.  Urinary excretion in 2 mice was 33 and 40% ID at 1 h.; the 
compound appears to be excreted unchanged in the urine. Based on these data the biokinetic model 
shown in Table III was defined. 

3.3 [212Bi]-monoclonal antibodies 

Garmestani et al. [20] labelled the monoclonal antibody B3, using either 205,206Bi-BF-PEPA 
(2-(p-isothiocyanatobenzyl)-1,4,7,10,13-pentaazacyclo-pentadecane-N, N’, N’’, N’’’, N’’’’- 
pentaacetic acid) or 205,206Bi-CHX-A’’ [21] as bi-functional chelating agents. The 
biodistribution of these substances was studied at 0.5, 1, 2, 4, and 24 h. post injection in nude 
mice bearing the A431 tumour. The results indicated that for both radiopharmaceuticals 
clearance from the blood was bi-exponential with 50% of the activity beings removed with a 
Tb of 0.3-0.5 h. For both radiopharmaceuticals, the biological half-times of the second 
compartments of the blood clearance, as well as those derived for the other tissues measured, 
were very long compared to the physical half-time of 212Bi and 213Bi; thus from a dosimetric 
point of view these radionuclides will largely decay in situ.  Considering the uncertainties 
inherent in the data, the behaviour of these two radiopharmaceuticals could well be described 
by the single model shown in Table III. 
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Tab.  III. Biokinetic models for [212Bi]-labelled compounds (212Bi T½ = 1.00 h).

Tissue Inorganic [212,213Bi] [212Bi]-Biphosphonates  [212Bi]-Antibodies 
 FS Tb[h] a Ã/A0 FS Tb[h] a Ã/A0 FS Tb[h] a Ã/A0

Skeleton - - - - 0.45 10 1.00 0.589 0.02 10 1.00 0.026
Kidneys 0.40 10 1.00 0.524 0.01 10 1.00 0.013 0.02 10 1.00 0.026
Liver - - 1.00 - 0.007 10 1.00 0.009 0.15 10 1.00 0.012
Lung - - 1.00 - 0.003 10 1.00 0.004 0.04 10 1.00 0.052
RoB 0.30 10 1.00 0.393 0.53 10 1.00 0.694 0.74 10 1.00 0.968
UBC 0.30 10 1.00 0.393 0.40 2 

10
0.8
0.2

0.403 0.40 2 
10

0.8
0.2

0.403

FS = Fraction of total activity in organ; Tb [h] = Biological half-time in hours; a = Fraction of 
total activity; Ã/A0 [h.] = Cumulated activity. RoB = Tissues in the rest of the body. UBC = 
Urinary bladder contents.

4. Discussion 

It is not yet clear which, if any, of the [211At] or [212Bi] or [213Bi]-labelled radiopharmaceuticals 
discussed here or elsewhere in the literature are likely to achieve significant clinical importance; 
therefore the aim of this contribution has been to review the available biokinetic data with a view to 
proposing generic biokinetic models that could be applied for the general planning of the radiological 
protection of persons working with such radiopharmaceuticals.  Cautious generic models are proposed 
in Tables II and III for simple inorganic or low molecular mass compounds, for diphosphonate 
complexes and for monoclonal antibody preparations labeled with of 212Bi or 211At.

The review of the comparative data for [211At]-astatide and [131I]-iodide in mice [6] showed that in 
contrast to the continuous uptake of iodide over the 24-h observation period, the uptake of astatide into 
the thyroid gland did not exceed 3% ID over this period. When information on thyroid uptake was 
provided for other [221At]-labelled compounds the uptake was also less than 3% ID.  In studies of the 
biodistribution of [211At]-astatide in rats the thyroid uptake was about 3 % ID between 1 and 4 h post 
injection [21]; with [211At]-labelled human serum albumin the thyroid uptake was 4.1 % at 4 h post 
injection, but for several other [211At]-labelled organic compounds thyroid uptake did not exceed 1% 
ID.  This much lower thyroid uptake may reflect the ca. 1.5 times greater radius of the astatide ion as 
compared to that of iodide [22]. The thyroid therefore does not appear to be one of the most highly 
irradiated tissues [14].  

The formulation of these generic models follows the approach of ICRP in developing models for 
groups of radiopharmaceuticals for which there are insufficient good biokinetic data, or clinical 
interest, to justify the development of physiologically realistic radiopharmaceutical-specific models 
[23].  These models are proposed for use where too few biokinetic data are available to develop a 
radiopharmaceutical-specific model.  It is considered unlikely that any of these generic models would 
underestimate the dose delivered to any critical organ or tissue of a worker following accidental 
exposure to such radiopharmaceuticals by more than a factor of 2 or 3.   
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Abstract: The chemical speciation of a trace element in blood plasma represents an important control 
on the clearance rates of that element into tissues and urine. However, because the chemical speciation 
analysis of elements present at ultra-trace levels in matrices such as blood plasma is notoriously 
difficult, if not impossible, to achieve by experimental measurement, a thermodynamic model has 
been developed to explore the speciation of actinides amongst the normal inorganic and organic 
constituents of blood. The model that has been developed requires as input, total concentrations of 
approximately 60 components including those of essential elements and naturally occurring amino- 
and carboxylic acids, as well those for the actinides of interest. In addition, the model is able to 
account for metal-protein interactions and as a result data for the iron-binding protein transferrin (TF) 
have been incorporated. The associated thermodynamic database contains approximately 8,000 
chemical reactions with associated equilibrium constant data so that relevant competing equilibria 
between metal ions and ligands can be accounted for and equilibrium species concentrations 
calculated. To date, this is the most comprehensive model of its type that has been developed and, 
while the authors are under no illusions regarding the veracity of the absolute species concentrations 
and their identities calculated by the model, the trends indicated for the binding of Pu(IV) to TF and 
citrate give important information and indicate the need for clarity with respect to a number of issues. 
For example: 
1. The model indicates that plutonium in blood plasma is bound to a significant extent (> 98%) by TF 

with the remainder being bound as a Pu(IV)-citrate complex of identity [Pu.citrate.(OH)2]
–
. However, 

the identities of the Pu(IV)-TF species formed as well as the concentration of the predominant Pu(IV)-
citrate complex are quite sensitive to the saturation of TF with other trace elements viz. Fe(III) and 
Al(III). Therefore, it is important to give due consideration to the biological status of other trace 
metals when considering actinide speciation in biological fluids. 
2. The role(s) of TF and citrate in controlling/facilitating cellular deposition of Pu(IV) need(s) to be 
given further and rigorous consideration. Experimental evidence indicates that TF facilitates only the 
entry of Fe(III) into cells and reduces the cellular uptake of Pu(IV) as compared with its uptake from 
TF free media. In addition, evidence for other metals, e.g. Al(III), indicates that citrate complexes may 
be subject to cellular uptake via active mechanisms utilising so called mono- and dicarboxylate 
transporters within cell membranes. 
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Clearance of Inhaled Polydisperse (U, Pu) O2 Mixed Oxide Particles from the Rat and 
Baboon Lungs: Effect of Absorption Parameters on Calculation of Dose Coefficient 

S. Rateau-Matton1, E. Rouit1, M.C. Abram1, G. Grillon1, E. Ansoborlo2

1 CEA/DSV/DRR/SRCA/Laboratoire de Radiotoxicologie, CEA/DAM/DIF, BP n° 12, 91680 
Bruyères-le-châtel, France, e-mail: sandrine.matton@cea.fr 
2 CEA/DEN/DRCP/CETAMA, Valrho Marcoule, BP 17171, 30207 Bagnol s/ Cèze, France 

Abstract: In case of inhalation, risk assessment would be performed taking into account the 
recommendation of the International Commission of Radiological Protection (ICRP) Human 
Respiratory Tract Model (HRTM) described in Publication 66 (ICRP66, 1994). Use of material 
specific absorption parameter values is recommended when available, for dose calculation in order to 
provide a more realistic risk assessment.  
The aim of this study was to provide specific absorption parameter values (fr , ss) and Dose Per Unit 
Intake (DPUI) after in vivo experiments performed during 6 month period on rats and baboons in order 
to validate experimental model and apply it to human exposure. Animals were exposed (inhalation) to 
MOX aerosols containing 2.5 to 7.14 % Pu (w/w) made according to the industrial process. The 
amount of Pu and Am in the lungs, liver, femurs and kidneys were measured by radiochemical 
analysis and X and � -ray spectrometry. Daily urinary and faecal excreta were collected during 6 
months.  
Previous studies performed both in rats and baboons have shown that absorption parameters for MOX 
compounds were always higher than those of PuO2 and these specific parameters fr and ss (for Pu and 
Am) were very close to the default values recommended by ICRP for default Type S (fr: 10-3, ss: 10-4

d-1). In order to evaluate the impact of these absorption parameter values on dose calculation, specific 
dose per unit content coefficients (DPUI) were calculated for each species. DPUI values for Pu and 
Am were very close to default values recommended by ICRP (1.4 10-5 Sv/Bq).
In conclusion, this work contribute to support the usefulness of experimental data in radioprotection to 
estimate level of radiological exposition of worker. Results obtained with baboon experiments suggest, 
after treatment of data with LUDEP 2.3 software, that this model can be used to estimate level of 
exposition in human.

309



Observations on the Relative Biological Effectiveness (RBE) of Alpha Particles 

N.D. Priest1, D.G. Hoel2

1 Middlesex University, Enfield, London, UK 
2 Medical University of South Carolina, Charleston, SC, USA  

Abstract: The concept of RBE is an essential feature of the radiological protection system.  For the 
purposes of radiological protection dosimetry it is assumed that the radiation dose delivered to tissues 
by alpha-particles, a high-LET radiation, is 20 times more toxic – with respect to the production of late 
effects – than low-LET radiations, which include ionizing electromagnetic radiations (EMR) and beta-
particles.  That alpha-particles are generally more toxic than beta-particles and EMR is not contested, 
but the appropriateness of the deployment of a single weighting factor of 20 for all tissues, at all 
irradiation doses has not been demonstrated to be appropriate and has recently been contested.  In 
general few studies have been conducted to measure RBE in vivo. More commonly the relative 
toxicity of different radiation types has been inferred either from in vitro studies or from the post-
analysis of results of disparate toxicity studies undertaken using similar animal models. For example, 
alpha: beta toxicity ratios have been derived by comparing the toxicity of 90Sr (90Y) and 226Ra 
(daughters) in rodents and beagles and by comparing the toxicity of 144Ce and 239Pu in beagles.  
Similarly, EMR; alpha toxicity ratios have been demonstrated in rats using X-irradiation and 239Pu. 
Such comparisons are prone to misinterpretation.  This because these studies do not achieve the same 
spatial and temporal distribution of dose within either the target tissue or the body more generally – 
the latter may be important with respect to immune and non-targeted effects on response.  They may 
also be conflated by uncertain daughter dosimetry. An exception is a study of the RBE EMR: tritium 
beta-particles which determined an ICRP-compatible value of about 1 in CBA/H mice.  In this study 
both the EMR and the beta-particles gave an approximately uniform body dose and the temporal 
distribution of dose was matched.  In contrast, other studies are conflated by differences in 
radionuclide deposition and retention patterns and by differences in irradiation period and intensity.  In 
order to circumvent these problems two large toxicity studies were conducted at the Harwell 
Laboratories of the UKAEA.  These used either 45Ca- or 242Cm-labelled fused clay particles (FAP), 
which for one study were inhaled by and the other study were intravenously injected into CBA/Ca 
(CBA/H) mice.  Both of these radionuclides have a T½ of 143d and the use of a common carrier 
resulted in no differences in radionuclide deposition, redistribution and retention. Moreover, the 
specific activity of the FAP was adjusted such that each particle delivered the same dose and the 
number of particles delivered remained constant.  Finally, the mean track length of the beta-particle is 
similar to that of the alpha-particle.  It follows that in so far as it is possible with radionuclides both 
the alpha- and beta- dose were delivered with the same spatial and temporal distributions of dose.  The 
results of the studies are currently still being analysed, but it is clear that the alpha-: beta- toxicity ratio 
is much less than 20 for all end points (including lung tumours, liver tumours, lymphoma and murine 
AML).  For pulmonary tumours the indicated RBE is 2.0 (95% CIs = 0.35 and 3.6) over the lung dose 
range 0 to 5Gy.  Similar toxicity ratios are indicated for liver tumours and lymphoma but, beta-
radiation seemed to be more effective at producing AML than alpha-radiation.  Given that an EMR: 
beta-particle RBE determined in Canada for essentially the same strain of mouse was about 1, our 
results suggest that the ICRP weighting factor for alpha-particle irradiation may be too high. 
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Long-term Behaviour of Injected Plutonium in Healthy Women 
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1 Institute for Social and Health Sciences, Middlesex University, Enfield EN3 4SF, U.K. 
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Abstract: Six healthy women (ages 35-57) received injections of 237Pu and 244Pu as Pu(IV) citrate. 
Early patterns of excretion, retention in blood and uptake by liver were based on the radioactivity of  
237Pu. Later samples of blood and excreta up to 8-9 years after injection have been analysed for 244Pu
by inductively-coupled plasma mass spectrometry or by accelerator mass spectrometry. The 
observations are compared with predictions from Leggett’s modified version [9] of the current ICRP 
model for systemic plutonium. The predictions generally fall within the estimated range (95% 
confidence limits) of inter-subject variability suggested by our observations. Comparisons with other 
data suggest that an early excess of urinary excretion, relative to that in men, may be reversed in the 
longer term. 

Introduction

We have described elsewhere [1,2] the use of injected 237Pu for biokinetic studies in humans, and 
questioned certain assumptions in the current ICRP model [3] for plutonium. In particular, sex-related 
differences emerged in the early excretion patterns, and there were discrepancies between the observed 
[1] and postulated [3] patterns of retention in blood. The 45.7 d half-life of 237Pu curtailed these 
observations to several weeks or months and prevented evaluation of the model in the longer term. For 
this, a long-lived tracer was required and, simultaneously with the 237Pu, the six women in the group 
received intravenous injections of 244Pu (half-life 8.26 x107 y).  This had followed the injection of 
244Pu into male subjects by the National Radiological Protection Board (NRPB), and the use of mass 
spectrometry to investigate its long-term urinary excretion [4,5]. We now report studies of the late 
retention in blood and excretion patterns of 244Pu in the women. 

Methods

Details are given elsewhere [1] of ethical clearance procedures and of the volunteers’ physical and 
haematological characteristics. 244Pu was provided by AEA Technology’s Fuel Services Business at 
Harwell. Its radioactive composition was such that the injection of 1 ng 244Pu (0.66 mBq) would give a 
calculated Committed Effective Dose of only 30 µSv, of which 99% arose from isotopic impurities. 
The preparation [1] of the mixed injection solution of 237Pu and 244Pu as Pu(IV) citrate ensured the 
same speciation of these tracers: isotopic ratios in urine samples between 20 and 84 d were consistent 
with that in the injected mixture. 

Sample collection and treatment
During the first 21 d, most subjects gave complete collections of urine and faeces, and blood samples 
(20 mL) were taken from each on 11 occasions; at ~6 and ~12 wk, blood was again sampled and there 
were 3-day excretion collections [1]. Sampling was maintained, with much reduced frequency, up to  
4-5 y in two subjects and to 8-9 y in the others. 242Pu was added to each sample as a recovery tracer. In 
samples intended for ICPMS (inductively-coupled plasma mass spectrometry), plutonium was first co-
precipitated with CaMg(PO4)2.;  the precipitate was ashed and redissolved in nitric acid, and the 
solution was subjected to anion exchange to extract the plutonium. An additional ion-exchange 
separation was performed to remove residual lead, which would interfere in ICPMS for 244Pu. Similar 
procedures were applied to ashed faeces. Excretion samples for analysis by AMS (accelerator mass 
spectrometry) were ashed, and the ash was treated as detailed elsewhere [6]. Blood samples for AMS, 
after addition of 3 pg  242Pu and 5 ml 8M HNO3,  were dried and ashed at 500ºC for 24 h; processing 
of the residue followed the procedures applied to ashed excretion samples [6].   
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Mass spectrometry
High-resolution ICPMS was performed by AEA Technology, Harwell with a Micromass
PlasmaTrace 2 double-focussing instrument. AMS was performed with the 14UD tandem accelerator 
at the Australian National University, Canberra; the procedures were essentially those described 
elsewhere [6,7], with certain refinements. With either method, the mass of 244Pu present was 
determined relative to that of the 242Pu, added to each sample in known quantity prior to processing.  

Results

The results will be presented here mostly in graphical form and, for data from analyses for 244Pu in 
urine and faeces, will generally represent daily averages from collections over 3 or more days; detailed 
tabulations, with results for individual samples, will be given elsewhere, together with comments on 
possible errors [8]. Data for early samples analysed by gamma-ray spectrometry of  237Pu were given 
previously [1]. 

Figure 1. Concentrations of 237Pu ( ) and 244Pu ( ) in  whole blood from Subject I. 

Treatment of data 
The basic data (concentrations in blood, or excretion rates) were treated as follows: 

A representative function was fitted describing the data for each individual subject; usually this 
empirical function was the sum of several power and/or exponential terms. It was assumed that 
the function would be valid, in the absence of short-term fluctuations in the quantity represented 
and of random experimental errors. An example, for the blood samples from one subject, is 
shown in Figure 1, where the fitted function ( % of injection kg-1 at time t days) is: 

7.64 e-1.83t + 5.55 e-0.392t + 1.24 e-0.096t + 0.28 t-0.467.

      To indicate the central tendency of the collective data for all subjects, their individual functions 
were evaluated at intervals; for each time-point the geometric mean of the six values was 
calculated, and a single representative function was fitted to these means. The process was 
restricted to the times up to ~4½ y, during which results were available for all six subjects. 

     Based on the spread of the six individual functions about the central tendency, 95% confidence 
limits were calculated. If the six subjects form a representative group, it might be expected that 
the functions applicable to most healthy women would fall within the envelope bounded by these 
limits. 
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Figure 2. Levels (% of injection kg-1) in blood from women G – L, with central  tendency.
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Figure 3. Urinary excretion (% of injection d-1) by women G – L, with central tendency.
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Figure 4. Faecal excretion (% of injection d-1) by women G – L, with central tendency. 
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Data and central tendencies
The data at time t days after injection are given in Figures 2-4, where the central tendencies, estimated 
as described, can be represented as follows. 

Concentrations in blood:
    9.59 e-1.76t + 4.26 e-0.462t + 2.17 e-0.190t + 0.32 e-0.057t + 0.054 t-0.739 + 0.080 t-0.610 + 0.40 t-0.528  …..(1) 

Daily urinary excretion:
    2.25 e-1.64t + 0.520 e-0.425t + 0.153 e-0.112t + 0.037 e-0.0256t – 1.35 t-0.860 + 0.768 t- 0.688                         …..(2)

Daily faecal excretion:
    45.56 t-2.400 – 92.53 t-2.041 + 68.85 t-1.713 – 25.36 t-1.508 + 5.49 t-1.380 + 0.029 t-0.453                                …..(3)

Figure 5. Levels in blood from Leggett’s model ( ), and estimated  95%  range  ( ) in women. 

Figure 6. Urinary excretion from Leggett’s model ( ), compared with estimated  95% range in 
women ( ). Other symbols show data for three men in another study [5]. 

0.001

0.01

0.1

1

10

100

0.01 0.1 1 10 100 1000 10000
days

%
 k

g-1

0.001

0.01

0.1

1

1 10 100 1000 10000
days

%
 d

-1

314



Estimated confidence limits and comparisons with quantities predicted by revised model
Confidence limits applicable to Equations 1–3, estimated as described, are shown in Figures 5-7, 
compared with the concentrations in blood and excretion rates predicted from Leggett’s revised 
model [9]. 

Figure 7. Faecal excretion from Leggett’s model ( ), compared with estimated 95% range in 
women ( ).

Discussion

As well as including structural changes to the ICRP’s currently adopted model [3], the modified 
version [9] takes into account data which have become available in the interim. Since those data 
include many of the observations presented here, it is not surprising that, in general, its predictions fall 
within the 95% confidence envelopes which the variability of our data would suggest (Figures 5-7), if 
indeed our six subjects can be regarded as representative. However, the predictions do not always fall 
comfortably within these envelopes; one reason is that the model must accommodate observations, or 
reasonable inferences, concerning the behaviour of plutonium in some 15 compartments additional to 
those to which our data immediately relate.  But there is another possible reason: the modelling takes 
account also of long-term urinary excretion in three male subjects [5], and there is evidence [1, 10] of 
sex-related differences in the biokinetic behaviour of plutonium.  

In our studies [1] the differences appeared most strikingly in the excretion rates of 237Pu by these 
women at 6 - 12 weeks, compared with those for the four of our male subjects for whom data were 
available at that stage (Figures 8 & 9). They were not seen in the earliest data, although Taylor [10] 
noted that they had become highly significant at 18-21 days. In the present context, the issue is 
whether such differences persist in the longer term. 

Figure 9 shows, at various stages up to 5 y,  the estimated average urinary excretion rates of 244Pu in 
the six women, compared with those in the three men of another study [5] for whom there is an 
adequate record over this period. At 12 weeks the mean rate in these three was 60% greater than for 
the four men given 237Pu [1] and approached that for the women; however, when the result [5] is added 
for a fourth man (excluded from the averages in Figure 9 because his sampling ceased after 16 
months),  the difference between the two male groups loses significance (P=0.13, permutation t test). 
The later comparisons in Figure 9 and those in Table 1 (where the data for all five male subjects in the 
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earlier study [5] have been included) point to a probable reversal of the earlier excess in the women; 
the later results for two of those men imply excretion rates well outside the 95% range suggested for 
women (Figure 6).  

Figure 8. Faecal excretion of 237Pu at 6 weeks: evidence of sex-related differences (P<0.01). 

Figure 9. Urinary excretion of injected plutonium in four men receiving 237Pu [1], in six women 
receiving 237Pu and 244Pu in the present study, and in three men with 244Pu from another study [5] 

While Leggett’s model gives estimates of long-term urinary excretion broadly according with our data, 
functions proposed by several others [11-13] do not, each predicting values which at 1000 d fall 
roughly 50% below the –95% confidence limit in Figure 6. Figure 9 suggests that the shortfall is likely 
to be greater for male subjects. 

Differences in blood chemistry, particularly as regards iron transport, would offer one plausible 
explanation for differential behaviour between the sexes. It seems likely also that, among women, 
there would be age-related effects. In this regard we note that three of the four postmenopausal women 
were receiving hormone replacement therapy, and that during the first weeks the exception (Subject J) 
was by far the closest to our six male subjects in her renal clearance rates [1]. For the female group as 
a whole, the average rate [1] reached a minimum during the first day (attributed to the clearance of Pu 
as citrate); this was followed by a recovery during the following 2 years to an essentially constant 
daily level of ~0.25 kg whole blood, implying a continuing change during this period in the balance of 
metabolites in the circulation. In the model [9] the long-term rate of ~0.2 kg d-1 was influenced by the 
data of Figures 2 and 4.
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Table 1. Urinary excretion of 244Pu (% of injection d-1) in two studies, and inter-subject ranges 

6 women [this study]  3 – 5 men [5] 

days mean* range  n days mean* range  P†

156-189 0.0062 0.0044-0.0087  3 160-175 0.0084 0.0058-0.0106  0.07 
287-354 0.0045 0.0041-0.0054  5 290-323 0.0074 0.0033-0.0143  0.04 
509-594 0.0034 0.0030-0.0045  5 470-568 0.0071 0.0041-0.0121  <0.01 
1033-1197 0.0031 0.0015-0.0043  3 1111-1155 0.0041 0.0026-0.0050  0.15 
1616-1853 0.0023 0.0014-0.0036  3 1583-1943 0.0043 0.0041-0.0050  <0.01 

* where multiple results exist for individuals during the specified periods they have been averaged; the means    
shown are the means of those averages. 

† significance of excess (men>women), from permutation t test. 
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Abstract: Recent works show that the current ICRP-66 Human Respiratory Tract (HRTM) dosimetry 
model and the ICRP-67 systemic model require modifications to describe the biokinetics and dosimetry 
of plutonium applicable to Mayak Pu workers. For instance, a much longer pulmonary retention term was 
observed in postmortem data, which would result in a higher dose to lung. A tissue and excreta bioassay 
data set of 21 workers was provided by Southern Urals Biophysics Institute (SUBI) and used in the 
present study. The autopsy results for most workers presented pneumosclerosis and some degree of liver 
degeneracy. This dataset was used to test the HRTM and two systemic biokinetic models for human 
exposure to plutonium and to assess the individual variability of model parameters. Workplace specific 
reconstruction of intake patterns during the several steps of Mayak operations and the use of uncertainty 
methods were employed in the calculation. The fitted biokinetic parameters are presented, showing that 
this fitting technique for limited data has proven to be efficient. 

1. Introduction 

Autopsy datasets typically consist of some tissue measurements, which are sometimes accompanied by 
bioassay data obtained during or after the occupational exposure period. The problem starts when such 
sparse datasets are used for fitting parameters in biokinetic models. For the particular case of inhalation 
of plutonium the ICRP Human Respiratory Tract Model (HRTM) [1] and a plutonium biokinetic model, 
like the one proposed by Leggett [2], could be used for data fitting. Considering that the HRTM [1] 
contains 69 parameters and that Leggett’s Pu systemic model [2] has 32 more, it is clear that the 
modeling process must be constrained for both respiratory tract and systemic models. 
In this work a small database containing in vitro bioassay data and autopsy measurements for 21 subjects 
has been used. The selection criteria for the subjects were: male and female, smoker and nonsmoker, the 
subjects had worked in workplaces dealing with plutonium reprocessing, conversion and metal finishing. 
No possible association between radiation and primary cause of death was observed in any subject; 
however, the autopsy results show lung lesions except two subjects, and liver lesions in 15 subjects. 
Table I shows more details. 

2. Method 

The HRTM [1] with its default Type S absorption parameters was chosen as the starting respiratory tract 
model for data fitting. Since the period from cessation of work with Pu exposure until death was 
normally large and the times when the urine samples were collected long after the end of exposure, there 
was no information for fitting short-term components of absorption rates. Accordingly, all mechanical 
removal rates and all absorption rates from the HRTM [1], excepting the dissolution rate associated with 
particles in their “transformed” state st as defined by ICRP [1], and whose initial value was 0.0001 d-1,
were kept constant at the default values. To model intakes, the following were used: (a) the highest 
accumulation levels occurred between 1948 and 1952; (b) an exponentially decreasing intake pattern, 
obtained from workplace data, which describes exposures collectively, was used. However, we intend to 
use individual-specific patterns of intake during later phases of this study; (c) a study on dispersion of 
aerosols conducted at the workplaces concluded that the average AMAD was about 5 µm. 
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Tab. I: Autopsy reports for 21 Subjects which were used in this study 

Primary Causes of Death: 
Cardiovascular disease 
(myocardial infarction, cerebral infarction, chronic ischemic heart disease etc.)    10 
Cancer: rectal, esophageal, stomach, pancreas, or pleura (mesothelioma) 
with metastases to several other organs          9 
Other (rheumatism, asphyxia (drowned))         2 

Lung Lesions at Autopsy (Excepting 1 subject without available histology and 2 subjects without 
significant lung lesions): 
Pneumosclerosis of various etiology (usually moderate)      14 
Emphysema            6 
Chronic bronchitis (bronchiectases, emphysema, peribronchial sclerosis)     3 
Metastases of squamous cell carcinoma or adenocarcinoma      2 
Carcinomatosis of pleura          1 

Liver Lesions at Autopsy (Excepting 2 subjects without available histology and 6 subjects without 
significant liver lesions): 
Fatty degeneration of hepatocytes         7 
Metastases of adenocarcinoma          4 
Cirrhosis            3 
Interlobular and/or perivascular sclerosis         2 
Hepatitis            1 

Two Pu systemic models were tested, viz.: that of Leggett (2003) [2] and that of Luciani and Polig (2000) 
[3]. The latter model is similar to Leggett’s model. Both models have the same number of skeletal 
compartments with slight differences in the removal rates. Luciani and Polig’s [3] model is based on the 
Pu systemic model published in ICRP Publication 67 [4] and has two liver compartments. In contrast, 
Leggett’s [2] model has an extra mid-term liver component with transfer rates to the long-term 
compartment and to blood. The crucial difference between the models is that Leggett’s model has two 
blood compartments rather than a single one. 

The Luciani and Polig [3] model was published as an alternative to the systemic model originally 
presented at ICRP Publication 67 [4], which has a “non-physiological” feature, i.e., a direct urinary 
excretion pathway from the “Intermediate Turnover” compartment (ST1) to the urinary bladder contents. 
It must be pointed out that the (Blood Skeleton)/(Blood Liver) fraction ratios are 0.5 and 3.4 for 
Leggett’s [2] and Luciani and Polig’s [3] systemic model respectively. These values clearly indicate 
different uptake distributions between liver and skeletal compartments. 

The fitting method was the most generalized and flexible possible and it was done for all data from each 
case individually. It allows the fitting of individual compartment rates or the grouping of rates into fitting 
groups. Since the liver and the skeletal compartments are the most important in the systemic uptake of 
plutonium, the fitting of rates going from plasma to these compartments was designed to have the 
following choices: i) fitting individual compartmental rates independently; ii) grouping compartments 
into fitting groups, where the resulting rates are interdependent; iii) grouping all compartments which 
receive activity directly from blood into a single corresponding skeletal or liver group. These fitting 
choices are very important since it is known that the uptake to or retention by the systemic compartments 
could be influenced by the health conditions of the subject, e.g., less fractional uptake to the liver 
compartments due to liver disease [5]. In all cases the total removal rate from the blood compartment was 
kept constant and equal to the original value given by either Leggett’s or Luciani’s systemic model. 

The fitting involves solving the differential equations for calculating activities in compartments using the 
initial parameters. The differential equation solver is controlled by a nonlinear optimization program GN 
[6] to fit the data by minimizing residuals. GN chooses either damped Gauss-Newton or Levenberg-

319



Marquardt trust regions. It computes finite-difference derivatives and does Jacobian updates, which are 
used in the next iteration to solve the differential equations using new values of the fitted parameters. The 
GN program was developed by Kenneth Klare, of Los Alamos National Laboratory in 1986 to solve 
some difficult ill-scaled, unconstrained, nonlinear optimization problems. It is robust and efficient 
without requiring derivative formulas. The fitting method allows general specification and grouping of 
parameters of the forward biokinetic calculation to be varied in minimizing  2 by the GN program. 

Due to versatility of the method, several fitting tests using individual compartment rates and grouping 
compartments, which receive activity directly from blood into a single corresponding skeletal or liver 
group, were carried out keeping the total removal rate from the blood compartment constant. These tests 
showed that, due to the scarcity of data, fitting refinements like varying rates entering or leaving mid- and 
long-term compartments for soft tissue, liver, or urinary bladder provided no improvements in the fit 
results. For these reasons, the following parameters were fitted: a) intake, b) st, c) the total uptake for the 
group of compartments receiving activity from the blood to the skeleton, here called Fbone, and the total 
uptake for the group of compartments receiving activity from the blood to the liver, called Fliver.

3. Results and Discussion 

In order to test the HRTM [1] along with Leggett’s [2] and Luciani and Polig’s [3] systemic models, 
using their default parameters, only the intake was initially fitted. As a result, in no case was the ratio of 
the measurement result to the corresponding fitted value within an acceptable range (data not shown).  

The next fitting iteration was to fit the intake and the st parameter simultaneously. Due to space 
restrictions the tabular results will not be shown. The results showed that the lung measurements were 
well fitted, i.e. the (lung measurement)/(fit value) ranged between 0.99 and 1.03. The fitted st values 
ranged from 7 x 10-6 to 5.2 x 10-4 d-1. However poor fits were found for bone, liver, total body and urine 
data, which showed measurement/fit ratios ranging between 0.18 and 3.8, 0.80 and 1.23, 0.61 and 2.23, 
and 0.30 and 8.66 respectively. This indicated that neither systemic model could fit the data when their 
default parameters are used. 

A 2 analysis for the 21 cases was carried out. The uncertainties assumed for autopsy data were 5% for 
lung and liver, 20% for skeleton, and 15% for total body. The urine data consisted of replicate 
measurements and the uncertainty was calculated from the observed sample standard deviation divided 
by the square root of the number of measurements. Using either Luciani’s or Leggett’s model and fitting 
intake, st, Fbone, and Fliver, the average 2 per degree of freedom over the 21 cases was 1 (this condition 
was in fact used to adjust the uncertainties).  However, if only intake and st were fit, the average 2 per 
degree of freedom was 6.9 using Luciani and 5.4 with Leggett models (Number of Degrees of Freedom 
from 3 to 7), indicating that the data are not statistically consistent with the models. Thus, individual 
variations of systemic model parameters are in fact being observed, rather than the apparent variations 
being due to measurement uncertainty.  

Table II shows the results when the intake, st, and the total uptake for the group of compartments 
receiving activity from the blood to the skeleton (Fbone) and to the liver (Fliver) are fitted. The systemic 
models, indicated as Leggett and Luciani referring to Leggett (2003) [2] and Luciani and Polig [3] 
respectively. The closer Fbone and Fliver are to 1, the less the original model needs to be modified to fit the 
data. As explained earlier, the columns lung/fit, liver/fit, bone/fit and total/fit refer to the measured to the 
calculated value ratio for the corresponding compartments, where total refers to the total body. The 
parameter nU corresponds to the number of collections of urinary measurements obtained for each 
worker (Case No) for long times after the end of exposure. Each collection can comprise more than one 
urinary sample result and the average values are grouped by average observation dates. The columns 
MaxU/fit and MinU/fit refer to the measured to the calculated value ratio for the highest and lowest 
urinary excretion value. 
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Tab. II:  Fitting st  and Liver and Bone Groups 

Case  Systemic   st (d-1)    Fliver       Fbone    lung/   liver/  bone/   total/   nU  MaxU/  MinU/    
  No    Model  (x 10-4)       fit       fit  fit        fit       fit          fit        
           
  1 Leggett    0.28    0.81    1.33   1.00    1.00     1.01     0.98     2 1.25       0.72    
  1 Luciani    0.31    1.08    0.80   1.01    1.00     1.07     0.92    2 1.26       0.72    
  2 Leggett    0.84    0.76    1.55   1.00    1.00     1.01     0.99    3 1.31       0.85    
  2 Luciani    0.89    1.06    0.96   1.00    1.00     1.08     0.91    3 1.35       0.87    
  3 Leggett    1.88    1.15    0.80   1.00    1.00     0.95     1.10    1 0.68       0.68    
  3 Luciani    1.93    1.97    0.70   1.00    1.00     0.98     1.03    1 0.92       0.92    
  4 Leggett    0.60    0.47    2.38   1.00    1.00     0.98     1.02    2 1.33       0.60    
  4 Luciani    0.65    0.62    1.53   1.00    1.00     1.01     0.99    2 1.34       0.59    
  5 Leggett    0.16    1.21    0.98   1.00    1.00     1.00     1.01    2 1.11       0.91    
  5 Luciani    0.19    2.32    0.91   1.00    1.00     1.01     0.97    2 1.11       0.91    
  6 Leggett    1.50    0.94    1.33   1.00    1.00     0.95     1.05    4 1.29       0.61    
  6 Luciani    1.59    1.51    0.94   1.00    1.00     1.03     0.96    4 1.31       0.63    
  7 Leggett    0.55    0.75    1.26   1.00    1.00     1.01     0.98    1 1.01       1.01    
  7 Luciani    0.59    0.86    0.72   1.00    1.00     1.05     0.92    1 1.06       1.06    
  8 Leggett    1.87    0.90    1.07   1.00    1.00     1.04     0.95    1 1.24       1.24    
  8 Luciani    1.80    1.49    0.84   1.00    1.00     1.08     0.90    1 1.91       1.91    
  9 Leggett    2.13    1.18    1.14   1.00    0.99     0.95     1.05    2 1.05       0.94    
  9 Luciani    2.24    2.42    1.02   1.00    1.00     1.03     0.97    2 1.05       0.94    
10 Leggett    1.00    1.38    0.66   1.00    1.00     0.98     1.04    5 1.09       0.79    
10 Luciani    1.10    3.05    0.64   1.00    1.00     1.04     0.93    5 1.10       0.79    
11 Leggett    0.93    0.69    1.45   1.00    1.00     1.02     0.97    3 1.45       0.35    
11 Luciani    0.96    0.92    0.82   1.00    1.00     1.13     0.87    3 1.54       0.37    
12 Leggett    0.64    0.94    1.17   1.00    1.00     1.01     0.99    3 1.73       0.72    
12 Luciani    0.72    1.31    0.74   1.00    1.00     1.08     0.89    3 1.64       0.67    
13 Leggett    0.42    1.02    0.96   1.00    1.00     0.98     1.04    2 1.29       0.48    
13 Luciani    0.46    1.44    0.66   1.00    1.00     1.01     0.97    2 1.33       0.50 

Case  Systemic   st (d-1)    Fliver       Fbone    lung/   liver/  bone/   total/   nU  MaxU/  MinU/    
  No    Model  (x 10-4)       fit       fit  fit        fit       fit          fit        
             
14 Leggett    1.83    0.60    1.72   1.00    1.00     1.02     0.99    4 1.63       0.73    
14 Luciani    1.90    0.74    1.04   1.00    1.00     1.04     0.90      4 1.92       0.82    
15 Leggett    0.24    0.33    2.23   1.00    1.00     1.01     1.01    4 1.83       0.61    
15 Luciani    0.27    0.35    1.16   1.00    1.00     1.02     0.97    4 1.87       0.62    
16 Leggett    1.65    0.67    1.67   1.00    1.00     0.99     1.02    1 0.99       0.99    
16 Luciani    1.70    0.90    1.00   1.00    1.00     1.06     0.94    1 1.05       1.05    
17 Leggett    0.19    0.98    1.45   1.00    1.00     0.99     1.03    3 1.45      -0.86   
17 Luciani    0.22    1.64    1.21   1.00    1.00     1.00     1.01    3 1.48      -0.88   
18 Leggett    2.55    0.68    1.24   1.00    1.00     1.08     0.91      4 1.38       0.76    
18 Luciani    2.57    0.84    0.66   1.00    1.00     1.18     0.81    4 1.48       0.82    
19 Leggett    1.25    1.15    0.78   1.00    1.00     0.93     1.11    3 1.15       0.85    
19 Luciani    1.33    1.97    0.56   1.00    1.00     1.04     0.95    3 1.22       0.90    
20 Leggett    3.52    1.27    0.67   1.00    1.00     0.99     1.01    2 1.04      -0.08   
20 Luciani    3.68    2.47    0.59   1.00    1.01     1.06     0.90    2 1.24      -0.09   
21 Leggett    0.47    1.15    1.00   1.00    1.00     0.95     0.99    3 1.27       0.72    
21 Luciani    0.52    2.03    0.79   1.00    1.00     1.03     0.93    3 1.25       0.72    
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It can be seen that the measurement/fit ratios are in general very close to 1 for both systemic models. 
More specifically, the bone/fit ratios for the Leggett [2] systemic model range from 0.93 to 1.08, while 
for Luciani [3] the values are 0.98 and 1.18. The liver/fit ratios for the Leggett model range from 0.99 to 
1.00, while for Luciani the corresponding values are 1.00 and 1.01. It must be pointed out that for each 
individual case, the fitted st values do not change significantly with the systemic model, and range from 
1.6 x 10-5 to 3.7 x 10-4 d-1, with a central value of 1.2 x 10-4 d-1 similar to that expected for Type S 
material, which is 1x10-4 d-1. Moreover, the correlation between the calculated st values and 
Khokhryakov’s [7] aerosol transportability groups could be observed for all cases. 
The Fliver coefficients fitted with the Leggett model are in average 33% smaller than those fitted using the 
Luciani model, while the Fbone coefficients fitted with the Leggett model are in average 45% higher. 
These numbers show once more that the fitting technique is very consistent since they are in accordance 
with the different (Blood Skeleton)/(Blood Liver) fraction ratios shown earlier, which are 0.5 and 3.4 
for Leggett’s [2] and Luciani and Polig’s [3] systemic model respectively.  

4. Conclusions 

1. 2 values do not vary significantly when using either systemic model. 
2. The fit parameters st differ by only 7% between the Luciani and Leggett systemic models. 
3. Correlation between fit parameters st and the SUBI aerosol transportability groups was observed 

for both systemic models as shown in another published study [7].  
4. Due to the scarcity of data, fitting refinements (like varying rates entering or leaving mid and 

long-term compartments for soft tissue, liver, or urinary bladder) provide no improvements over 
fitting st , Fliver , and Fbone.

5. No correlations between the extent of liver lesions reported in autopsy and Fbone/Fliver or Fliver
alone were found. 

6. To produce better dose reconstruction estimates, we intend to employ individual intake patterns, 
which best describe the real exposure conditions of every individual. 

7. This fitting technique for sparse data has proven to be efficient. 
8. Both Leggett and Luciani systemic models were used in this work as starting systemic models to 

test the fitting technique, which proved to produce consistent results. Since Leggett’s model 
incorporates more features than Luciani’s and has been widely used by the scientific community 
it will be employed on the individual dose reconstruction estimates using the available datasets 
for the Mayak workers. 
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Accumulation and Distribution of Uranium in Rats after Chronic Exposure by Ingestion 

F. Paquet1, P. Houpert1, E. Blanchardon2, O. Delissen1, C. Maubert1, B. Dhieux1, A.M. Moreels1,
P. Gourmelon3

1 IRSN/DRPH/SRBE Laboratoire de Radiotoxicologie Expérimentale, BP 166, 26702 Pierrelatte 
Cedex, France 
2 IRSN/ DRPH/SDI/ Laboratoire d’évaluation de la dose interne, BP17, 92262 Fontenay aux Roses, 
France
3 IRSN/ DRPH. BP17, 92262 Fontenay aux Roses, France 

Abstract: Data describing the biokinetics of radionuclides after contamination come mainly from 
experimental acute exposures of laboratory animals. These data were compiled to form different 
specific models that could be used for dose calculations in humans. In case of protracted exposure, the 
models recommend an iterative use of the functions of retention and excretion, i.e. to consider that a 
chronic exposure should be treated as a sum of acute intakes.  
The work presented here aimed at testing this hypothesis. It comprises an experimental study 
conducted to provide data after chronic intake and a modelling part, aimed at comparing our 
experimental data to those calculated from an iterative use of “acute” biokinetics models for rats.  
Experiments were performed with 56 male Sprague Dawley rats, exposed during their whole life to 40 
mg.L-1 of uranium nitrate, dissolved in mineral water. Animals were euthanatized at 1, 3, 6, 9, 18 or 24 
months after the beginning of contamination. Urine, faeces and all tissues were removed, weighted, 
mineralised and then analysed for U content by Kinetics Phosphorescence Analysis (KPA) or by ICP-
MS.
Experimental data showed that uranium accumulated in most organs, following a sinusoidal function. 
In this pattern, peaks of activities were observed at 1-3 months and 10 months after the beginning of 
exposure. Additionally, accumulation was shown to occur in tissues such as teeth and brain that are 
not usually described as target organs.  
Modelling part showed that the accumulation of uranium after chronic exposure is overestimated by 
the iterative use of models designed primarily for acute exposure. These differences indicate that 
protracted exposure to uranium may induce different biokinetic processes when compared to acute 
contamination, and that calculation of dose resulting from chronic intake of radionuclides may need 
specific models that are not currently available.  
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Scientific Challenges to Radiation Protection Policy – The Work of a NEA Task Group 

H. Métivier 

2 Allée des Hautes Futaies, Soisy Sur Seine 91450, France 

Abstract: At time as challenges in radiological protection sciences seem to be growing, particularly in 
areas such as genetic susceptibility, bystander effects, long term effects of chronic and non-cancers 
effects, it is important to arise some questions linked to internal exposure.  

The NEA's Committee on Radiation Protection and Public Health (CRPPH) has decided recently to 
establish an Expert Group on the Implications of radiological protection sciences (EGIS) to address 
sciences at teh service of mid- and log-term policy needs. 

During its first meeting, this TG had selected a preliminary list of subjects and themes. Some will be 
described here in the context of internal exposure;  

Are the mechanisms of tumour induction the same for external and internal exposure? 
Could we predict the risk for ingestion of low exposure of long-lived radionuclides?  
Are the treatment of decorporation reducing the risk? 
Is chronic exposure the sum of acute exposure? 
Are we able to predict biokinetic and dosimetry for the new compounds used in the new 
researchs? 
Is the concept of dose valuable for alpha emitters when tissue reaction is observed? 

Many questions which probably need more experimentations in the future. 

324







List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

AFTING, Prof. Dr. Ernst-Günter

Director, GSF-National Research Center
Ingolstädter Landstr. 1
NEUHERBERG    85764
GERMANY

AGUADO CASAS, Dr. Juan Luis

Huelva University
Facultad CC Experimentales, Dpto Física Aplicada
HUELVA    21071

+34959019781
+34959019777
aguado@uhu.es

Telephone (Work):
Fax:
E-Mail:

SPAIN

ATKINSON, Dr. Michael

GSF-Pathology
Ingolstaedter Landstrasse 1
NEUHERBERG    85764

08931872983
atkinson@gsf.de

Telephone (Work):
E-Mail:

GERMANY

BALÁSHÁZY, Dr. Imre

KFKI Atomic Energy Research Institute
Konkoly Thege M. Ut 29-33
BUDAPEST    1121

+36-1-3922222
+36-1-3922500
ibalas@sunserv.kfki.hu

Telephone (Work):
Fax:
E-Mail:

HUNGARY

BARTUSKOVÁ, Ms., Eng. Miluše

National Radiation Protection Institute, Regional Centre Ostrava
Syllabova 21
OSTRAVA    703 00

+420 596 782 934
+420 596 782 934
miluse.bartuskova@sujb.cz

Telephone (Work):
Fax:
E-Mail:

CZECH REPUBLIC

BECK, Dr. Roswitha

Klinikum Rechts Der Isar
Ismaninger Str. 22
MÜNCHEN    81675

0043 89 4140 4560
0043 89 4140 4897
roswitha.beck@lrz.tu-muenchen.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

BECKER,  Janine

GSF
Ingolstädter  Landstraße 1
NEUHERBERG    85764

08931872899
janine.becker@gsf.de

Telephone (Work):
E-Mail:

GERMANY

BERGS,  Sylveer M.M.

Thermo Electron GmBH
Im Steingrund 4-6
DREIEICH    63303

0421-5493-328
0421-5493-258
sylveer.bergs@thermo.com

Telephone (Work):
Fax:
E-Mail:

GERMANY

BERTELLI, Dr. Luiz

Los Alamos National Laboratory
Mailstop E546
LOS ALAMOS, NM    87545

505-664-0292
505-665-2052
lbertelli@lanl.gov

Telephone (Work):
Fax:
E-Mail:

USA

BIJWAARD, Dr. Harmen

RIVM
Antonie Van Leeuwenhoeklaan 9
BILTHOVEN    3721 MA

+31 302742356
+31 302744428
harmen.bijwaard@rivm.nl

Telephone (Work):
Fax:
E-Mail:

NETHERLANDS

BODEN,  Wolfgang

VKTA
Postfach 510119
DRESDEN    01314

0351/2603341
0351/2603190
mandy.franke@vkta.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

BOUVIER-CAPELY, Dr. Céline

IRSN
Bp 17
FONTENAY-AUX-ROSES    F92262

33 1 58 35 83 44
33 1 58 35 93 65
celine.bouvier@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

BUROW, Dr. Mechthild

Forschungszentrum Jülich GmbH
Leo-Brandt-Straße
JÜLICH    52425

02651-616137
02461-612166
m.burow@fz-juelich.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

325



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

BUSSY,  Cyrill

IRSN
DRPM, Bât 53, Sitetricastin
PIERRELATTE    26702

33 4 75 50 43 81
33 4 75 50 43 26
cyrill.bussy@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

CARLISLE, Dr. Sara M.

AECL
Chalk River Laboratories
CHALK RIVER, ONTARIO    K0J 1J0

(613) 584-8811-3667
(613) 584-8217
carlisles@aecl.ca

Telephone (Work):
Fax:
E-Mail:

CANADA

CHEN, Prof. Xing-An

National Institute For Radiological Protection,CCDC.
2 Xinkang Street,Deshengmenwai,PO.Box8018,
BEIJING    100088

00861062351420
008662389748
chenxing_an@hotmail.com

Telephone (Work):
Fax:
E-Mail:

CHINA

CHENG,  Yong-E

National Institute For Radiological Protection,
Chinese Center for Disease Control

BEIJING    100088
2 Xinkang Street, Deshengmenwai, Bejing

086 10 62389870
086 10 62389748
cye1132@vip.sina.com

Telephone (Work):
Fax:
E-Mail:

CHINA

CIORBA, Lecturer Daniela

Babes-Bolyai University
Kogalniceanu,1
CLUJ-NAPOCA    3400

40 264 405300
40 264 591906
ciorbad@yahoo.com

Telephone (Work):
Fax:
E-Mail:

ROMANIA

CORDES, Dr. Nils

Bundeswehr Institute Of Radiobiology
Neuherbergstrasse 11
MUNICH    80937

08931683634
cordes@radiation-biology.de

Telephone (Work):
E-Mail:

GERMANY

COSMA, Professor Constantin

Babes-Bolyai University
Kogalniceanu, 1
CLUJ-NAPOCA    3400

40 264 405300
40 264 591906
amsoc@phys.ubbcluj.ro

Telephone (Work):
Fax:
E-Mail:

ROMANIA

COSSONNET,  Catherine

IRSN
Bp 17
FONTENAY-AUX-ROSES    F92262

33 1 58 35 8038
33 1 58 35 9365
catherine.cossonnet@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

COY,  Klaus

Bayerisches Landesamt Für Umweltschutz
Bürgermeister-Ulrich-Str. 160
AUGSBURG    86179

0821/9071-5307
0821/9071-305307
klaus.coy@lfu.bayern.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

DANESCU-MAYER, Dr. Joana

BfS
Ingolstädter Landstr.1
OBERSCHLEIßHEIM    85764

+4918883332253
+4918883332205
jdanescu-mayer@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

DANG, Dr. H.S.

3/A Madhusudan
Deionar Baug, Deonar
MUMBAI    400088

HARMINDERD@YAHOO.COME-Mail:
INDIA

DÖRR, Dr. Med. Harald

InstRadBioBw
Neuherbergstr. 11
MÜNCHEN    80937

089/3168 2764
089/3168 2635
haralddoerr@bundeswehr.org

Telephone (Work):
Fax:
E-Mail:

GERMANY

326



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

DOS SANTOS SILVA, Dr. Isabel

London School Of Hygiene And Tropical Medicine
Keppel Street
LONDON    WC1E 7HT

+ 44 20 7927 2113
+ 44 20 7580 6897
isabel.silva@lshtm.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

DUBLINEAU, Dr. Isabelle

Institut De Radioprotection Et De Sureté Nucléaire
Bp N° 17
FONTENAY-AUX-ROSES CEDEX    F92262

33 1 58 35 83 48
33 1 58 35 84 67
isabelle.dublineau@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

DUFFIELD, Professor John

UWE
Coldharbour Lane
BRISTOL    BS16 1QY

+44 117 344 3815
john.duffield@uwe.ac.uk

Telephone (Work):
E-Mail:

UK

ECKERMANN, Dr. Keith F.

Life Sciences Division
OAK Ridge National Laboratory
OAK RIDGE    TN 37830

eckermankf@ornl.govE-Mail:
USA

EISENMENGER, Dr. Andreas

Deutsches Krebsforschungszentrum Heidelberg
Im Neuenheimer Feld 280
HEIDELBERG    69120

+49 6221 42 2600
a.eisenmenger@dkfz.de

Telephone (Work):
E-Mail:

GERMANY

EMMANEUL, Mr. Okhenoboh

Ohikhojo International Nigeria Limited
4 Shoneye Str
OFF MABAYOJE STR, OSHODI    23401

2348037178610
ohikhojo@yahoo.com

Telephone (Work):
E-Mail:

NIGERIA

FATTIBENE,  Paola

Istituto Superiore Di Sanità
Viale Regina Elena 299
ROMA    00161

00390649902248
paola.fattibene@iss.it

Telephone (Work):
E-Mail:

ITALY

FLORE, Mrs. Alexandra

Babes-Bolyai
Kogalniceanu, 1
CLUJ-NAPOCA    3400

40264 405300
40264 591906
alexandraflore@hotmail.com

Telephone (Work):
Fax:
E-Mail:

ROMANIA

FRIEDL, Dr. Anna

Strahlenbiologisches Institut, LMU München
Schillerstr. 42
MÜNCHEN    80336

anna.friedl@irz.uni-muenchen.deE-Mail:
GERMANY

FRIEDLAND, Dr. Werner

GSF-Institute Of Radiation Protection
Ingolstädter Landstr. 1
NEUHERBERG    85764

+49 89 3187 2767
+49 89 3187 3363
friedland@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

FRITSCH, Dr. Paul

Laboratoire de Radiotoxicologie
SRCA/DRR/DSV/CEA

BRUYÈRES-LE-CHÂTEL    91680
Bp 12

paul.fritsch@cea.frE-Mail:
FRANCE

FUKUMOTO, Prof. Manabu

Tohoku University,  IDAC
4-1 Seiryo-Machi, Aoba-Ku
SENDAI    980-8575

81-22-717-8507
81-22-717-8512
fukumoto@idac.tohoku.ac.jp

Telephone (Work):
Fax:
E-Mail:

JAPAN

GERBER, Prof. Georg

EULEP
De Heylanden 7
MOL    2400

00-32-14-317903
georg.gerber@pandora.be

Telephone (Work):
E-Mail:

BELGIUM

GERDES, Dr. Axel

Institut Für Mineralogie
Senckenberganalage 28
FRANKFURT AM MAIN    60054

06979828711
gerdes@em.uni-frakfurt.de

Telephone (Work):
E-Mail:

GERMANY

327



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

GERSTMANN, Dr. Udo

GSF
Ingolstädter Landstr. 1
NEUHERBERG    85764

089-3187-2239
gerstmann@gsf.de

Telephone (Work):
E-Mail:

GERMANY

GIUSSANI, Dr. Augusto Marco

Università Degli Studi Di Milano
Via Celoria 16
MILANO    20133

+390250317432
+390250317630
augusto.giussani@unimi.it

Telephone (Work):
Fax:
E-Mail:

ITALY

GOODHEAD, Professor Dudley T

Medical Research Council
Harwell
DIDCOT    OX11 0RD

+44-1235-841084
+44-1235-841200
d.goodhead@har.mrc.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

GÖSSNER, Prof. Dr. Wolfgang

GSF-National Research Center For Envir onment And Health
Ingolstädter Landstr. 1
NEUHERBERG    85764

goessner@gsf.deE-Mail:
GERMANY

GREITER,  Matthias

GSF
Ingolstädter Landstraße 1
NEUHERBERG    85764

089/3187-3068
matthias.greiter@gsf.de

Telephone (Work):
E-Mail:

GERMANY

GROSCHE, Dr. Bernd

Bundesamt Für Strahlenschutz
Ingolstädter Landstr. 1
OBERSCHLEIßHEIM    85762

+4918883332250
+491888103332250
bgrosche@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

GUEGUEN,  Yann

IRSN
Bp 17
FONTENAY-AUX-ROSES    F92262

33 1 58 35 83 44
33 1 58 35 93 65
yann.GUEGUEN@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

GUILMETTE, Dr. Raymond

Los Alamos National Laboratory
(None)
LOS ALAMOS, NM    87545

505-665-5059
505-665-2052
rguilmet@lanl.gov

Telephone (Work):
Fax:
E-Mail:

USA

HAGEN,  Ulrich

HARDER, Prof. Dr. Dietrich

Universität Göttingen
Med. Physics&Biophysics

GÖTTINGEN    37075
Konrad-Adenauer-Str. 26

0049-551-22612
0049-551-2097253
d.b.harder@gmx.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

HARRISON, Dr. John David

National Radiological Protection Board
Chilton
DIDCOT, OXON    OX11 0RQ

+44 1235 822802
+44 1235 833891
johnd.harrison@nrpb.org

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

HEEGER, Dr. Steffen
Richard-Wagner-Str. 56
MANNHEIM    68165

+49-6151-723048
s.heeger@dkfz.de

Telephone (Work):
E-Mail:

GERMANY

HEIDENREICH, Prof. Wolfgang

GSF-Forschungszentrum Für Umwelt Und Gesundheit
Ingolstädter Landstr. 1
NEUHERBERG    86764

+49-89-3187-3032
heidenreich@gsf.de

Telephone (Work):
E-Mail:

GERMANY

HENRICHS, Dr. Klaus

Siemens AG
Corporate Radiation Safety
MÜNCHEN    81730

+49 89 636 40183
klaus.henrichs@siemens.com

Telephone (Work):
E-Mail:

GERMANY

328



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

HENSHAW, Professor Denis Lee

H H Wills Physics Lab, Uiniversity Of Bristol
Tyndall Avenue
BRISTOL    BS8 1TL

+441179260353
+441179251723
d.l.henshaw@bris.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

HERMANN,  Manfred

OSRAM GmbH
Hellabrunner Str. 1
MÜNCHEN    81536

089 6213 3409
089 6213 3463
m.hermann@osram.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

HOEL, Prof. David

Med. Univ. Of South Carolina
135 Cannon Street
CHARLESTON    29425

843-876-1152
843-876-1126
hoel@musc.edu

Telephone (Work):
Fax:
E-Mail:

USA

HOFMANN, Prof. Werner

University Of Salzburg
Hellbrunner Str. 34
SALZBURG    A-5020

+43-662-8044-5705
+43-662-8044-150
werner.hofmann@sbg.ac.at

Telephone (Work):
Fax:
E-Mail:

AUSTRIA

HÖLLRIEGL, Dr Vera

GSF
Ingolstädter Landstrasse 1
NEUHERBERG    85764

089-3187-3219
089-3187-2517
vera.hoellriegl@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

HORNHARDT, Dr. Sabine

BfS
Ingolstaedter Landstr. 1
OBERSCHLEISSHEIM    85764

01888-333-2212
01888-333-2205
shornhardt@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

HORNIK, Dr. Sakiko

Bundesamt  F. Strahlenschutz
Ingolstädter Landstr.1
OBERSCHLEISSHEIM/NEUHERBERG    D-85764

01888-333-2331
01888-333-2305
shornik@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

HUBER, Dipl. Ing. Erich

BMWA
Nauheimer 5/6
WIEN    1120
AUSTRIA

HURTGEN, Dr. Christian

SCK-Cen
Boere Vany 200
MOL    2400

churtgen@tekeen.beE-Mail:
BELGIUM

ISHIKAWA, M.D. Yuichi

Dept. of Pathology, The Cancer Institute
Japanese Foundation for Cancer Research

TOSHIMA-KU, TOKYO    170-8455
1-37-1 Kami-Ikebukuro

ishikawa@jfcr.or.jpE-Mail:
JAPAN

JACOB, Dr. Peter

GSF-Forschungszentrum Für Umwelt Und Gesundheit
Ingolstädter Landstr. 1
NEUHERBERG    86764

+49-89-3187-4008
jacob@gsf.de

Telephone (Work):
E-Mail:

GERMANY

JOHNSON,  Ralph H.

Schmeltzer, Aptaker & Shepard, PC
2600 Virginia Avenue, NW, Suite 1000 - The Watergate
WASHINGTON, DC    20037

202-333-8800
ifn@saslaw.com

Telephone (Work):
E-Mail:

USA

KIEFER, Prof. Dr. Jürgen
Am Dornacker 4
WETTENBURG    35435
GERMANY

KORSCHINEK, Dr. Gunther

Fachbereich Phy sik E15, Technische Universität München
James-Franck-Strasse 1
GARCHING    84747

089/28914257
089/28914280
korschin@ph.tum.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

329



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

KOUKOULIOU, Dr. Virginia

Greek Atomic Energy Commission
Agia Paraskevi
ATTIKI    15310

00302106506777
00302106506748
vkoukoul@eeae.gr

Telephone (Work):
Fax:
E-Mail:

GREECE

KREISHEIMER,  Michael

Bundesamt Für Strahlenschutz
Ingolstädter Landstr. 1
OBERSCHLEISSHEIM    85764

089 31603 2254
mkreisheimer@bfs.de

Telephone (Work):
E-Mail:

GERMANY

KREUZER, PD Dr. Michaela

Federal Office For Radiation Protection
Ingolstaedter Landstr. 1
NEUHERBERG    85764

01888-333-2251
01888-333-2005
mkreuzer@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

KRIEGER, Dr. Hanno

Klinikum Ingolstadt
Krumenauerstr. 24
INGOLSTADT    085051

08418802860
hanno.krieger@klinikum-ingolstadt.de

Telephone (Work):
E-Mail:

GERMANY

LANKENAU,  Harald

EDVimS
Haferkampstraße 37
VAREL    26316

0151 12758923
04451 862149
harald.lankenau@ewetel.net

Telephone (Work):
Fax:
E-Mail:

GERMANY

LASSMANN,  Michael
Josef-Schneider-Str.2
WÜRZBURG    97080

093120135878
lassmann@nuklearmedizin.uni-wuerzburg.de

Telephone (Work):
E-Mail:

GERMANY

LAURIER, Mr. Dominique

IRSN
BP N°17, Route Du Panorama
FONTENAY-AUX-ROSES    92262

0158359978
0158358467

Telephone (Work):
Fax:

FRANCE

LEDER,  Frank

Sächsisches Staatsministerium für Umwelt
und Landwirtschaft

DRESDEN    01097
Wilhelm-Buck-Str. 1

0351/564-2301
0351/564 2037
Frank.Leder@smul.sachsen.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

LE GALL, PhD Beatrice

CEA
Bp 12
BRUYÈRES-LE-CHATEL    91680

01-69-26-56-63
01-69-26-70-45
beatrice.le-gall@cea.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

LI, Dr. Weibo

GSF-Forschungszentrum Für Umwelt Und Gesundheit
Ingolstädter Landstraße 1
NEUHERBERG    D-85764

0049 89 3187 3314
0049 89 3187 3373
wli@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

LITTLE, Dr. Mark

Imperial College Faculty Of Medicine
Norfolk Place
LONDON    W2 1PG

+44 20 7594 3312
+44 20 7402 2150
mark.little@imperial.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

LÜDER, Dr.

Sanitätsamt Der Bundeswehr
Dezernat V 2.3 Medizinischer Strahlenschutz

MÜNCHEN    80637
Dachauerstr. 128

089/1249-7593
089/1249-7509

Telephone (Work):
Fax:

GERMANY

330



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

LUDWIG,  Thomas

Berufsgenossenschaft Der Feinmechanik
und Elektrotechnik

KÖLN    50968
Gustav-Heinemann-Ufer 130

+492213778422
+492213778424
ludwig.thomas@bgfe.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

MACHINAMI, Professor Rikuo

Kawakita General Hospital
Asagaya Kita 1-7-3, Suginami-Ku
TOKYO    166-8588

03-3339-2121
03-3426-5206
machinami-tky@umin.ac.jp

Telephone (Work):
Fax:
E-Mail:

JAPAN

MALATOVA, Dr. Irena

National Radiation Protection Institute
Srobarova 48
PRAGUE    100 00

++420267082611
++420267311452
irena.malatova@suro.cz

Telephone (Work):
Fax:
E-Mail:

CZECH REPUBLIC

MALLICK, Dr. Ronzon

Bayerisches Landesamt Für Umweltschutz
Bürgermeister-Ulrich-Str. 160
AUGSBURG    86179

0821/9071-5340
0821/9071-5554
ronzon.mallick@lfu.bayern.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

MCGEOGHEGAN, Mr. David

Westlakes Scientific Consulting Ltd
Westlakes Science & Tech Park,  Moor Row,
CUMBRIA    CA24 3LN

01946 514157
01946 514166
david.mcgeoghegan@westlakes.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

MEINEKE, Dr. Viktor

InstRadBioBw
Neuherbergstr. 11
MÜNCHEN    80937

089/ 3168 2749
089/3168 2635
viktormeineke@bundeswehr.org

Telephone (Work):
Fax:
E-Mail:

GERMANY

MÉTIVIER, Prof. Henri
2 Allée des Hautes Futaies
SOISY SUR SEINE    91450

metivier.henri@wanadoo.frE-Mail:
FRANCE

MILLER, Dr. Alexandra C.

AFRRI

MILLERA@afrri.usuhs.milE-Mail:

MÖHNER, Dr.rer.nat Matthias

Federal Institute for Occupational Safety  and Health
Head, Unit "Epiddemology, risk assessment"

BERLIN    10317
Nöldnerstr. 40-42

030/515484161
030/515484170
Moehner.Matthias@baua.bund.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

MONCHAUX, Dr. Georges

IRSN
Avenue Du Général De Gaulle
CLAMART    92140

33 1 58 35 70 48
33 1 58 35 79 71
georges.monchaux@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

MORI,  Takesaburo
1-2-403 Nagata-Minami-Dai Minami-K
YOKOHAMA    232-0075

+81-45-715-9113
+81-45-715-9129
tmori14@sea.plala.or.jp

Telephone (Work):
Fax:
E-Mail:

JAPAN

MÜLLER, Dr. Kerstin

Institut Für Radiobiologie Der Bundeswehr
Neuherbergstr. 11
MÜNCHEN    80937

089/31683269
089/31682635
kerstin2mueller@bundeswehr.org

Telephone (Work):
Fax:
E-Mail:

GERMANY

MÜLLER, Dr. Walter
Unterföhringerstr. 46
ISMANING    85737

089/967050
967050

Telephone (Work):
Fax:

GERMANY

331



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

MÜSCH,  Martina

GSF
Ingolstädter Landstr. 1
NEUHERBERG    85764

089-3187-3299
089-3187-3323
muesch@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

NEKOLLA, Dr. Elke Anna

Federal Office For Radiation Protection
Ingolstaedter Landstr. 1
NEUHERBERG    85764

01888 333 2327
01888 333 2305
enekolla@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

NEWTON, Dr Donald

Middlesex University
126 Kennington Road
OXFORD    OX1 5PE

(44)1865739539
drd.newton@virgin.net

Telephone (Work):
E-Mail:

UNITED KINGDOM

NIKULA,  Tuomo

Kotop Technoloqg München

tuomo.nikula@t-online.deE-Mail:

NOßKE, Dr. Dietmar

Bundesamt Für Strahlenschutz
Ingolstädter Landstr. 1
OBERSCHLEIßHEIM    85764

01888-333-2330
01888-333-2305
dnosske@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

NUCCETELLI,  Cristina

Istituto Superiore Di Sanità
Viale Regina Elena 299
ROMA    00161

++39 0649902732
++39 0649387075
nuccetelli@iss.infn.it

Telephone (Work):
Fax:
E-Mail:

ITALY

OEH, Dr. Uwe

GSF
Ingolstädter Landstraße 1
NEUHERBERG    85764

089-3187-4247
089-3187-2517
uwe.oeh@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

OESTREICHER,  Ursula

Bundesamt Für Strahlenschutz
Ingolstädter Landstr. 1
OBERSCHLEIßHEIM    85764

01888-333-2213
01888-10 333 2205
uoestreicher@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

PAQUET, Dr. Francois

IRSN
Bp 166
PIERRELATTE    26702

33 4 75 50 43 81
33 4 75 50 43 26
francois.paquet@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

PARETZKE, Prof. Herwig G.

GSF-Forschungszentrum Für Umwelt Und Gesundheit
Ingolstädter Landstr. 1
NEUHERBERG    85764

+49-89-3187-4006
paretzke@gsf.de

Telephone (Work):
E-Mail:

GERMANY

PESCH, Dr. Beate

Berufsgenossenschaftliches Forschungsinstitut F. Arbeitsmedizin
Institut Der Ruhr-Universität Bochum

BOCHUM    44789
Buerkle-De-La-Camp-Platz 1

pesch@bgfa.deE-Mail:
GERMANY

PETITOT, Dr Fabrice

IRSN
Site Du Tricastin BP166
PIERRELATTE    26702

+33 4 75 50 75 41
+33 4 75 50 43 26
fabrice.petitot@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

PETOUSSI-HENSS, Dr. Nina

GSF- National Research Centre For Environment And Health
Ingolstädter Landstrasse 1,
NEUHERBERG    D-85764

+49-89-31872791
+49-89-31872517
petoussi@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

332



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

PHIPPS, Mr. Alan

NRPB
Chilton
DIDCOT    OX11 0RQ

44 1235 822755
44 1235 833891
alan.phipps@nrpb.org

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

PRIEST, Prof. Nick

Middlesex University
Queensway
ENFIELD    EN3 4SA

+442084115229
+442084116580
n.priest@mdx.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

PRÖHL, Dr. Gerhard

GSF, ISS
Ingolstädter Landstr. 1
NEUHERBERG    85764

089-3187-2889
089-3187-3363

Telephone (Work):
Fax:

GERMANY

RAHOLA, Ms. Tua

STUK
Laippatie 4
HELSINKI    00880

+358 9 7598 8510
+358 9 7598 8610
tua.rahola@stuk.fi

Telephone (Work):
Fax:
E-Mail:

FINLAND

RATEAU-MATTON, PhD Sandrine

CEA
Bp 12
BRUYERES-LE-CHATEL    91680

01-69-26-62-40
01-69-26-70-45
sandrine.matton@cea.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

REDLICH, Dr. Torsten

Bundeswehr Medical Office
Dachauer Str. 128
MUENCHEN    80637

+49 89 3168 4133
torstenredlich@bundeswehr.org

Telephone (Work):
E-Mail:

GERMANY

RIDDELL, Mr. Tony

Westlakes Scientific Consulting Ltd
Westlakes Science & Tech Park, Moor Row
CUMBRIA    CA24 3LN

01946 514157
01946 514166
tony.riddell@westlakes.ac.uk

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

ROMANOV, Dr. Sergey

Southern Ural Biophysics Institute
19, Ozerskoe Shosse
OZERSK    456780

+7 (351) 717-5464
+7 (351) 717-2550
roma@telecom.ozersk.ru

Telephone (Work):
Fax:
E-Mail:

RUSSIAN FEDERATION

ROSEMANN, Dr. Michael

GSF Institute Of Pathology
Ingolstaedter Landstrasse 1
NEUHERBERG    85764

089-31872628
089-31873360
rosemann@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

ROTH, Dr. Paul

GSF-Forschungszentrum Für Umwelt Und Gesundheit
Ingolstädter Landstr. 1
NEUHERBERG    86764

+49-89-3187-4007
+49-89-3187-2517
roth@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

RÖßLER, Dr. Ute

BfS
Ingolstädter Landstr.1
OBERSCHLEISSHEIM    85764

018883332233
uroessler@bfs.de

Telephone (Work):
E-Mail:

GERMANY

RÜHM, Dr. Werner

Strahlenbiologisches Institut
Schillerstr. 42
MÜNCHEN    80336

089-218075-838
w.ruehm@lrz.uni-muenchen.de

Telephone (Work):
E-Mail:

GERMANY

333



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

SAIGUSA,  Shin

National Institute Of Radiological Sciences, Japan
4-9-1 Anakawa, Inage-Ku
CHIBA    2638555

+81-43-251-2111 (Ex.6473)
+81-43-206-3281
saigusa@nirs.go.jp

Telephone (Work):
Fax:
E-Mail:

JAPAN

SASAKI, Dr. Fumio

Aichi Cancer  Center Hospital
Dept. Of Diagnostic Radiology, 1-1 Kanokoden

NAGOYA    464-021
Chisusa-Ku

isotope@aichi-cc.jpE-Mail:
JAPAN

SCHAFFRATH RSOARIO,  Angelika

GSF Institute Of Epidemiology
Ingolstädter Landstr. 1
NEUHERBERG    85764

++49 - 89 - 3187 3660
rosario@gsf.de

Telephone (Work):
E-Mail:

GERMANY

SCHIRMER, Dr. Andreas

Bundeswehr - Strahlenmessstelle Nord
Humboldtstrasse
MÜNSTER    29633

05192/136/347
05192/136/506
AndreasSchirmer@bwb.org

Telephone (Work):
Fax:
E-Mail:

GERMANY

SCHLATTL, Dr. Helmut

GSF, Institut Für Strahlenschutz
Ingolstädter Landstr. 1
NEUHERBERG    85764

089/3187-2791
helmut.schlattl@gsf.de

Telephone (Work):
E-Mail:

GERMANY

SCHMID, Prof. Ernst

BfS, OBERSCHLEISSHEIM

SCHNEIDER, Pd Katharina

GSF
Ingolstädter Landstrasse 1
NEUHERBERG    85764

089/31872203
katharina.schneider@gsf.de

Telephone (Work):
E-Mail:

GERMANY

SCHRÖDER,  Heike

Uni Bremen
Zentrum Für Umweltforschung U. U-Technologie

BREMEN    28359
Leobener Strasse

0421/2187617
0421/218-7616
heisch@uni-bremen.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

SEIDL, Dr. Christof

Nuklearmedizinische Klinik, Klinikum R.D. Isar
Ismaninger Strasse 22
MÜNCHEN    81675

089/4140-4558
089/4140-4897
christof.seidl@lrz.tum.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

SENEKOWITSCH-SCHMIDTKE, Professor Dr. Reingard

Nuklearmedizinische Klinik, Klinikum R. D. Isar D. TUM
Ismaninger Straße 22
MÜNCHEN    81675

0 89 - 41 40 45 50
0 89 - 41 40 48 97
senekowitsch@lrz.tum.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

SPIESS, Prof. Dr. Med. Heinz

Poliklinik München
Pettenkoferstr. 8a
MÜNCHEN    80336

089/  5160-3675
089/  5160-3698
prof.spiess@lrz.uni-muenchen.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

STATHER, Dr. John  W.

National Radiological Protection Board
Fermi Avenue
CHILTON, DIDCOT, OXON    OX11 0RQ

01235 822621
01235 822620
john.stather@nrpb.org

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

STEIN, Dr.

Sanitätsamt Der Bundeswehr
Dezernat V 2.3 Medizinischer Strahlenschutz

MÜNCHEN    80637
Dachauerstr. 128

089/1249-7593
089/1249-7509

Telephone (Work):
Fax:

GERMANY

334



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

STEPHAN, Dr. Günther

Bundesamt Für Strahlenschutz
Ingolstädter Landstr. 1
OBERSCHLEIßHEIM    85764

01888-333-2330
01888-333-2305

Telephone (Work):
Fax:

GERMANY

STRADLING, Dr. Neil

NRPB
Chilton
DIDCOT    OX11 0RQ

44 1235 822693
44 1235 833891
neil.stradling@nrpb.org

Telephone (Work):
Fax:
E-Mail:

UNITED KINGDOM

STREFFER, Professor Christian

University Of Essen
Universitätsstraße
ESSEN    45117

0201-492616
streffer.essen@t-online.de

Telephone (Work):
E-Mail:

GERMANY

SZOKE, Mr. István

KFKI Atomic Energy Research Institute
Konkoly-Thege M. U. 29-33
BUDAPEST    1121

+36 1 3922222
szoke@sunserv.kfki.hu

Telephone (Work):
E-Mail:

HUNGARY

TAPIO, Dr. Soile

Bundesamt Für Strahlenschutz, SG 1.2
Ingolstädter Landstrasse 1
OBERSCHLEIßHEIM    85764

01888/333 2258
01888/333 2205
stapio@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

TAYLOR, Professor David M.

Cardiff University
17 Pant Poeth
BRIDGEND,    CF31 5BD

+44 (0) 1656648971
davtay@globalnet.co.uk

Telephone (Work):
E-Mail:

UNITED KINGDOM

TOMASEK, Dr. Ladislav

National Radiation Protection Institute
Srobarova 48
PRAGUE    100 00

+420 26708 2708
+420 26731 1366
ladislav.tomasek@suro.cz

Telephone (Work):
Fax:
E-Mail:

CZECH REPUBLIC

TSCHENSE, Dr. Annemarie

Federal Office For Radiation Protection
Ingolstädter Landstr. 1
MUNICH    D

+49 89 1888 3332261
+49 89 1888 3332885
atschense@bfs.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

TSCHIERSCH, Dr. Jochen

GSF-National Research Center
Ingolstaedter Landstr. 1
NEUHERBERG    D-85758

089 31872763
089 31873363
tschiersch@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

URBAN, Prof. Dr. Manfred

Forschungszentrum Karlsruhe GmbH
Hermann-Von-Helmholtz-Platz 1
EGGENSTEIN-LEOPOLDSHAFEN    76344

07247-824660
manfred.urban@hs.fzk.de

Telephone (Work):
E-Mail:

GERMANY

VAN BLADEL, Dr. Lodewijk

Federal Agency For Nucleair Control
Ravensteinstreet 36
BRUSSELS    1000

32(0)2 289 21 93
lodewijk.vanbladel@fanc.fgov.be

Telephone (Work):
E-Mail:

BELGIUM

VAN KAICK, Prof.Dr.Med Gerhard

DKFZ
Im Neuenheimer Feld  280
HEIDELBERG    69120

06221422600
06221422595
g.vankaick@dkfz.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

335



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

VOCINO, Dr. Ing. Vincenzo

Joint Research Center - ISPRA
Via Enrico FERMI 1
ISPRA VARESE    21020

0039 0332 789279
0039 0332 789413
vincenzo.vocino@cec.eu.int

Telephone (Work):
Fax:
E-Mail:

ITALY

WAKEFORD, Dr. Richard

BNFL
1100 Daresbury Park

WARRINGTON    WA4 4GB
Daresbury

richard.wakeford@bnfl.comE-Mail:
UNITED KINGDOM

WALSH, Dr. Linda

LMU
Schillerstr 42
MUNICH    80336

(089)218075821
linda.walsh@lrz.uni-muenchen.de

Telephone (Work):
E-Mail:

GERMANY

WANG, Prof. Zuoywan

National Institute of Radiation Protection
2 Xinkang Str. Deshenosanwi Beijing
BEIJING (PEKING)    10088

++86 10 6238991
++86 10 6238 9921
wzuoyuan@publics.bta.net.cn

Telephone (Work):
Fax:
E-Mail:

CHINA

WEINMÜLLER, Dr. Karl

OSRAM GmbH
Hellabrunner Str. 1
MÜNCHEN    81536

089 6213 3410
089 6213 3463
k.weinmueller@osram.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

WEISS,  Wolfgang

Leiter FB Strahlenschutz und Gesundheit
Bundesamt für Strahlenschutz

NEUHERBERG    85764
Ingolstädter Landstr. 1

GERMANY

WESCH, Dr. Horst
Friedrich Ebert Strasse 19
DOSSENHEIM    69221

+49 6221 87680
h.wesch@medidok.de

Telephone (Work):
E-Mail:

GERMANY

WETZEL, Dr.Med. M.Sc. Hermann

Bundesärztekammer
Herbert-Lewin-Platz 1
BERLIN    10623

+49-(0)30-400456-443
+49-(0)30-400456-681
hermann.wetzel@baek.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

WICK, Dr. Roland R.

GSF / Institut Für Strahlenbiologie
Ingolstädter Landstr. 1
NEUHERBERG    85764

2518
wick@gsf.de

Telephone (Work):
E-Mail:

GERMANY

WIEDENHOFER,  Arno

Bayerisches Landesamt für Gesundheit und
Lebensmittelsicherheit (LGL),  GE 5 Sachgebiet Umweltmedizin

OBERSCHLEIßHEIM    85764
Dienststelle Oberschleißheim, Veterinärstr. 2

089/31560166
Arno.Wiedenhofer@lgl.bayern.de

Telephone (Work):
E-Mail:

GERMANY

WIETHEGE, Dr. Thorsten

Institute Of Pathology - Ruhr-University Bochum
Bürkle-De-La-Camp-Platz 1
BOCHUM    44789

0234-302-4960
0234-302-4816
thorsten.wiethege@rub.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

WÖRNER, Dr. Jörg

NUKEM Hanau
Rodenbacher Chaussee 4
HANAU    63457

06181 592646
06181 592680
joerg_woerner@nukem.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

YANN, Dr. Gueguen

IRSN
BP N°17, Route Du Panorama
FONTENAY-AUX-ROSES    92262

0158359978
0158358467
yann.gueguen@irsn.fr

Telephone (Work):
Fax:
E-Mail:

FRANCE

336



List of Participants

Nov 29 - Dec 1, 2004  / Neuherberg, Germany

ZANKL,  Maria

GSF - Forschungszentrum Für Umwelt Und Gesundheit
Ingolstädter Landstr. 1
NEUHERBERG    85764

089/31872792
089/31872517
zankl@gsf.de

Telephone (Work):
Fax:
E-Mail:

GERMANY

ZAYTSEVA,  Yekaterina

Southern Ural Biophysics Institute
19, Ozerskoe Shosse
OZERSK    456780

+7 (351) 717-5017
+7 (351) 717-2550
zaytseva@fib.ozersk.ru

Telephone (Work):
Fax:
E-Mail:

RUSSIAN FEDERATION

337


