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Abstract. Case-control studies are currently conducted in 3 European countries (Belgium, France and the 
United Kingdom) to estimate the risk of lung cancer and leukaemia in relation to internal exposure to uranium 
and plutonium amongst workers in the nuclear industry. The project requires calculating doses absorbed by the 
lung and the bone marrow for many hundreds of cases and controls internally exposed. In order to establish a 
common approach to dose reconstruction, a detailed dosimetry protocol and a database of individual exposure 
were set up and will be presented. The dose reconstruction relies heavily on bioassay data, which are usually 
urine analysis, extending back over 50 years in some cases. Inevitably, data obtained over such a time span are 
of variable quality. It is important to review the monitoring practices at the various laboratories and to assess the 
reliability of these data in order to estimate possible biases as well as random uncertainties. Another key step in 
the reconstruction process is to decide upon the likely intake regimes consistent with the data. Generally, 
chronic intakes will be assumed and acute intakes will be added only when their existence is supported by 
operational data. Biokinetic models are used both to calculate intakes from bioassay data and to convert intakes 
to doses. The ICRP publication 66 respiratory tract model will be used along with the latest systemic models 
described by ICRP. These will be supplemented by the Leggett 2005 model for plutonium. These various 
models will be implemented by the code IMBA-Expert. Since it is essential to obtain central estimates for the 
doses, a particular problem is encountered with datasets consisting only of values below the limit of detection. 
For these cases Bayesian statistics will be employed using a non-informative prior probability distribution. 
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1. Introduction 

Studies of workers in the nuclear industry have, up to now, mainly focused on the health effects of 
exposure to external photon radiation [1-4]. However, some workers, particularly those involved in the 
fuel cycle, are potentially subject to internal contamination by a number of radionuclides such as 
uranium and plutonium. Little information is available on the long-term health effects in populations 
exposed to plutonium  (Pu) and uranium (U) isotopes and these nuclear industry workers are therefore 
of interest for radiation protection because they allow the direct study of health effects of exposure to 
internal radiation. 
The present study arises from a multinational retrospective cohort study of cancer risk among radiation 
workers in 15 countries [2, 5-6], in which workers who had potential for exposure to internal 
contamination were excluded. These exclusions were motivated by the fact that assessment of 
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occupational radiation doses resulting from internal intake of long-lived transuranic nuclides is much 
more complicated than measurement of external photon radiation and was seen to have varied 
substantially over time and across facilities. The current study, within the alpha-risk project [7], uses a 
case-control design, which allows detailed dose reconstruction as well as the collection of individual 
data on potential confounders, in particular smoking. It is conducted in all cohorts with potential for 
substantial internal Pu and U exposure in Europe (and outside the Russian Federation), namely 
Belgium, France and the UK. The aim of the study is assessing the risk of lung cancer and leukaemia 
mortality in relation to internal contamination by specific radionuclides (uranium and plutonium) 
amongst workers in the nuclear industry, with appropriate adjustments for tobacco smoking habits and 
occupational external radiation doses.  
As part of this project, major efforts were put into dose reconstruction as the ‘internal dose’ from 
sources of radiation that have been taken into the body is impossible to assess directly. Hence, 
occupational plutonium and uranium doses are normally assessed using biological samples (most 
commonly urine or faeces) and mathematical models that describe absorption, distribution, 
metabolism and excretion (ADME) of these elements [8, 9]. The current paper presents the approach 
developed for the reconstruction of doses of many hundreds of radiation workers internally 
contaminated with radionuclides. The main focus was on doses from α particles in the case of 
contamination by uranium and plutonium and the major issue was to estimate individual dose to the 
lung and the active bone marrow from U and Pu isotopes in a comparable way, using available bio-
monitoring data which were not necessarily comparable between countries, facilities and time period.  

2. Principles  

Radionuclides taken into the body by inhalation, ingestion, absorption through the skin or direct entry 
through cuts or wounds may cause radiation doses to specific body organs. The type of intake is 
dependent on the work environment. The radionuclides will cause doses to specific organs, determined 
by the chemical properties, the physical form and the route of entry of the intake. Workers in an 
environment where there is the potential for significant intake of radionuclides are usually subject to a 
monitoring program for intakes and doses. This program includes activity measurement techniques 
such as whole body, lung and thyroid counting for γ/X emitting nuclides, and bioassay (urinalysis and 
faecal analysis) for radionuclides emitting α, β or low energy photon radiations.  

2.1 Monitoring practices 

The routine monitoring of workers is conducted by urinalysis in all participating facilities with 
documented limits of detection or reporting levels. Faecal analyses are often not performed routinely 
but after incidents. Workplace studies can provide useful information on the characteristics of the 
contaminants. Personal and environmental air samplers are also used in some places.  

2.1.1 Plutonium 

Monitoring of plutonium in urine has been conducted over the years by a variety of techniques: Pu 
mass measurement, total alpha measurement which evolved in the multi-actinides determination 
technique, alpha track counting and alpha spectrometry. Large uncertainties are expected when 
reconstructing doses from records with only Pu mass measurements as the conversion between mass 
and activity requires the knowledge of the isotopic composition of the contaminant.  
Faecal monitoring has generally been used following suspected incidents. However in some facilities 
it has been used on a routine or campaign basis. 
In-vivo (lung monitoring) for 241Am associated with plutonium has been used in some facilities for 
reassurance purposes or routinely. 
It is known, especially for Pu bioassays, that early assays may not have been reliable in certain 
facilities and hence, this study excludes workers for whom the only available monitoring data is from 
an early “unreliable” period.  
 

2.1.2 Uranium 

Several techniques have been used to measure exposure to uranium, depending upon the exposure 
material, depleted, natural or enriched uranium. In urine, the following methods have been used: 
chemical separation and gross alpha measurements, fluorimetry, delayed neutron activation, alpha-



spectrometry, inductively coupled plasma mass spectrometry (ICP-MS) and kinetic phosphorescence 
analysis (KPA). At some facilities, in-vivo (lung) monitoring has been used for reassurance or routine 
monitoring. 
Modern uranium analytical techniques are relatively sensitive and the limit of detection could 
potentially be less than excretion from normal dietary intake of uranium in some areas. In order to 
discriminate between non-occupational, i.e. dietary, excretion of uranium and that resulting from 
occupational exposures a ‘Reporting’ limit is sometimes employed. Results less than the reporting 
limit may be recorded only as being less than this limit. Results from surveys, at the various sites, of 
levels of uranium in urine arising from dietary intake, are used to correct occupational monitoring data 
for uranium. 
Natural and depleted uranium exposures have generally been measured by fluorimetry with results 
reported in terms of mass. The sensitivity of this technique, particularly in early days, was poor. 
Recently, the use of ICP-MS has strongly improved the sensitivity of uranium mass measurement in 
some facilities. 
Measurement of enriched uranium has generally been made by separation and gross-α counting or 
delayed neutron activation. In gross α measurement following separation the total radioactivity in the 
urine from uranium isotopes is directly measured. Delayed neutron activation measures the amount of 
fissionable 235U present. In order to determine the total uranium activity, it is necessary to calibrate the 
measured results using a material similar to that being assayed, taking into account the difference in 
specific activity of the standard and exposure material. 
Since the 1990’s α-spectrometry has been widely used to measure uranium activity irrespective of the 
enrichment (natural, depleted or enriched).  

2.2 Work history 

Reconstruction of dose depends on the characteristics of contaminants which are related to the work 
environment. For each worker involved in the study, a minimal knowledge of the nature of the 
contaminants and their physical and chemical characteristics is required: radionuclide types, chemical 
compounds, solubility and aerosol parameters (median particle size, dispersion). The information can 
be found in records, especially after incidents if reports are well documented. If no records are 
available, the characteristics of the contaminants have to be defined from the activity of the worker in 
each workplace he has been involved. In addition, doses from exposure to external photon radiation 
are taken into account in the dose assessment of each individual worker.  

Workers employed at more than one participating facility or employed more than once at the same 
facility are identified and their occupational and dosimetric history reconstructed. Such workers are 
assigned to the facility of last employment. External and internal radiation doses received before 
employment in a participating facility, and in non-participating facilities, are obtained where available. 

For each worker, in addition to characteristics of the contaminants, the specificities of the 
contamination (intake regime and route of intake) need to be defined. The assumed intake regime will 
consist of one or more periods of constant chronic intake, depending on the work history plus acute 
intakes to be identified from operational data. A maximum-likelihood fitting procedure will be used 
to estimate the magnitude of the intake. Plant-specific model parameter values will be used as the 
default for these workers, but in some cases it may be possible to infer individual-specific model 
parameters, where sufficient data (eg faecal, in-vivo, air-sampling results) are available. Furthermore, 
it may be possible to use different model parameters for different phases of the intake regime.  

2.3 Assignment of intake regimes  

The reconstruction of intake and dose for the alpha-risk (WP3) work is likely to rely heavily on urine 
analysis results, often extending over many years. One of the key tasks will be to assign intake 
regimes in order to fit each dataset. For each intake regime, the route of intake has to be defined. 
Intake regimes might consist of one or more acute intakes, one or more chronic intakes or a 
combination of these. The following method of assigning intake regimes was established.  
External evidence should be used to provide dates for acute intakes. This evidence would come from 
reports of incidents in which the worker was involved, from air-sampling data, from nose-blow results 



and from special monitoring (eg in-vivo, faecal results). Not all reported incidents lead to acute 
intakes. Criteria are required to decide which incidents will be treated as the dates for acute intakes 
and which will not. It has been agreed that any incident that resulted in follow-up bio-monitoring (ie 
several bioassay measurements over a short time period after the incident) being performed should be 
assigned an acute intake date if that monitoring yielded above limit of detection results. Furthermore, 
personal air-sampling results above a given level or nose-blows above a given level and not 
invalidated by a subsequent negative bioassay results should be used to set the dates of acute intakes.  
When all acute intake dates have been set, then chronic intakes should be assigned to each phase of a 
worker’s career involving a potential risk of internal exposure. Just one chronic intake would be 
required if the worker did the same job in the same facility throughout his career, but a sequence of 
chronic intakes would be required for a more complex work-history.  

2.4 Dose reconstruction model 
Individual dose to the lung and active bone marrow from internal contamination with plutonium and 
uranium are estimated for cases and controls. For each worker, each year, each nuclide and each 
radiation type, absorbed dose to the bronchial (secretory and basal cells), bronchiolar and alveolar 
regions of the lung - with related uncertainty- and absorbed dose to the bone marrow - with related 
uncertainty - are provided for the epidemiological study.  
 
The International Commission on Radiological Protection (ICRP) human respiratory tract model is 
used to describe particle deposition in airways, transfer of material to blood, and lung dosimetry, 
following inhalation of material [10].  However, it should be noted that the characteristics of inhaled 
contaminants, such as solubility and particle size are important factors in the calculation of dose to the 
lung. Unfortunately, it is rarely possible to determine them at the individual level, especially in places 
such as research laboratories where workers are susceptible to be exposed to many different types of 
nuclides and compounds. Some default values for aerosol parameters and absorption rates are 
available from ICRP. However, the recommended ICRP default solubility parameter values are not 
considered to give unbiased estimates of dose for many common plutonium and uranium compounds 
as they were designed for radiation protection purpose when no material-specific information is 
available. For workers with detailed information (e.g. urine and faecal measurements), individual 
solubility and absorption parameters are estimated where possible. 
The mathematical models and functions that are commonly used to describe plutonium and uranium 
absorption, distribution, metabolism and excretion (ADME) are those recommended by the ICRP. 
Models of ADME that are believed to reflect best current knowledge are used for this study. At the 
present time, the latest plutonium model by Leggett [11] and the ICRP publication 69 [12] uranium 
model appear to be the most appropriate. Doses are calculated using ICRP publication 23 [13] 
reference organ/tissue masses, radionuclide transformation data from ICRP publication 38 [14] and 
dosimetric models from ICRP publications 30 [15] and 66 [10]. Intake and dose assessments are 
performed using the IMBA software package [9].  
 

3. Achievements and future developments 

A first survey was carried out in the participating facilities to assess the availability of bio-assay data 
in facility records in different time periods. Data necessary for the conduct of the study are associated 
with intake regime (route of intake, date), characteristics of material that enters the body 
(radionuclides, chemical form, solubility), aerosol particle size (median, dispersion) and bioassay data 
(frequency of monitoring, limits of detection, etc) for various types of measurements such as urine and 
faeces measurements. The survey showed that, in all facilities, acute intakes are well-documented with 
incident reports. Route of intake and date of incident is generally available for these acute intakes. If 
no incident is reported, chronic inhalation is assumed. In cases where the time of intake was unknown, 
chronic intake over the worker history could also be used. 

3.1 Database  

A common database was constructed to hold the data required for intake and dose assessments in a 
standardised format. Some of the information required for dose reconstruction relates to the 
characteristics of the plant/workplace/activity and may be entered only once and applied to all workers 



involved in the workplace/activity. This includes the characteristics (chemical form, solubility type, 
etc) of the isotopes present in various work environments and the measurement techniques 
implemented within specific time periods. On the other hand, some data are specific to individuals. 
Tables were created to hold information on work history, characteristics of each event (acute versus 
chronic intake), results of bioassay and in-vivo measurements and estimated doses for each worker. 
These tables and their relationships are shown in Figure 1. 
Automation of dose reconstruction was made possible to a certain extent, by the creation of a program, 
which was written specifically for the purpose of the study, to directly export data from the database 
into the IMBA software.  

3.2 Uncertainty analysis 

Important sources of uncertainties were identified. Uncertainties on intake regime (acute versus 
chronic) and date of intake, on the characteristics of the contaminant (solubility, particle size), 
uncertainties related to the measurement technique and to the sampling protocol and approach in 
different time periods will be quantified. Measurement errors will be characterised, by site and time 
period, as a function of the various methods used to measure activity in the samples and taking into 
account possible problems related with sample collection. In order to assess the uncertainty on the 
recorded activity results, a detailed review of the historical practices is necessary.  
  
Uncertainties on biokinetic parameters (particle clearance from the lungs) and characteristics of the 
contaminant (aerosol size distribution, lung solubility) will be expressed as probability distributions. 
These will be derived empirically from sources available in the literature. For example, aerosol 
distributions for various workplaces have been documented by Dorrian and Bailey [16], and inter-
subject variation in particle clearance from the lungs is described by ICRP [10]. The uncertainties on 
parameters represent prior distributions in a Bayesian framework, and so the uncertainty on dose is 
obtained from the Bayesian posterior distribution of dose, D, conditional on observed monitoring data, 
M; i.e. the distribution P(D|M). The latter will be calculated for every subject in the study using the 
WELMOS Method (a Monte Carlo procedure developed by Puncher and Birchall [17]. The method 
has been implemented in a software tool, the IMBA Uncertainty Analyser, which uses the dosimetry 
code IMBA Professional Plus [18] to calculate bioassay predictions and dose coefficients. The code 
has been engineered so that parameters that may be shared between workers in the same  facility (lung 
solubility and aerosol parameters) can be distinguished from non-shared, or individual specific, 
parameters (intakes and particle clearance from the lungs), in the distributions of doses. 

3.3 Methodology for workers with bioassay records but no above threshold results 

A methodology to assign doses for workers with bioassay records but no above threshold results was 
agreed upon in order to prevent exclusion of these workers. Potentially they could represent an 
important part of the study population and their exclusion from the epidemiological study may lead to 
selection bias and hence affect resulting risk estimates. It is proposed that doses for these subjects will 
be calculated using IMBA, based on the number of below threshold readings and using a non-
informative Bayesian prior distribution [19].  The intake regime will be assumed to consist of one or 
more periods of constant chronic intake, depending on the work history. Plant-specific model 
parameter values will be used as the default for these workers.  

4. Conclusions 

A major target for insoluble forms of U and Pu compounds, following inhalation, is the lung which is 
therefore one of the main organs of interest when studying health effects of U and Pu. The conduct of 
a case-control study of lung cancer nested within cohorts of U and Pu workers is a unique opportunity 
to disentangle the roles of radiation (external and internal), smoking and other lung carcinogens in the 
aetiology of lung cancer among nuclear industry workers. The dosimetry study was set up, as part of 
the case-control study, to develop an approach for dose reconstruction of the participating workers, 
with the objective of estimating comparable doses between workers employed in different countries, 
facilities and time period.  
Although the bone marrow is not the most highly irradiated target organ, evidence from external 
irradiation studies shows that leukaemia is one of the neoplasms with the highest risks related to 



external radiation. There has been considerable interest and concern about radionuclide exposure, in 
particular depleted uranium (DU) exposure of civilians and military personnel in the Balkans and Iraq, 
and the risk of leukaemia. The conduct of a leukaemia case-control study among uranium workers, 
with much better individual monitoring for uptakes of uranium isotopes, provides a useful approach to 
investigate a possible relationship between U exposure and leukaemia. Reconstruction of dose to red 
bone marrow was also considered in our study for a relatively small number of cases and controls.   
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Figure 1 :  Structure of the dosimetry database 
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