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Résumé
Le but de ce projet était d'évaluer le risque lié à l'inhalation de radon et de ses descendants dans
les conditions de l'environnement domestique. L'objectif majeur était l'évaluation du risque pour
l'homme, ce qui implique l'association de différents thèmes scientifiques à travers une approche
pluridisciplinaire. Cinq thématiques scientifiques principales ont été abordées : étude des aérosols
radioactifs, modélisation dosimétrique, études chez l'homme, études chez l'animal et reconstruction
des doses, qui ont été réparties en cinq groupes de travail.
Dans le groupe Aérosol, des progrès ont été réalisés dans l'amélioration, l'étalonnage et
l'automatisation des techniques expérimentales destinées à la mesure intégrée en continu des valeurs
de la fraction attachée fp et du facteur d'équilibre F. Des mesures ont été réalisées afin de déterminer
les variations de distribution en taille de la fraction libre et de la fraction attachée des descendants du
radon dans des conditions de vie typiques. Les résultats de ces mesures ont été pris en compte par les
modélisateurs pour réactualiser les calculs de dose. Des mesures en chambre contrôlée ont été
réalisées afin de comprendre le comportement des aérosols dans les conditions de concentration
d'activité de l'environnement domestique. Des mesures ont été effectuées pour déterminer les taux de
neutralisation du 2I8Po, afin de comprendre la croissance des amas de particules avec le temps de
résidence ainsi que la croissance hygroscopique des particules de l'aérosol.
Dans le groupe Modélisation, le programme RADEP qui utilise le modèle dosimétrique
pulmonaire de la Publication 66 de la CIPR a été développé pour calculer la dose engagée pondérée
au poumon par unité d'exposition au radon (ELyPp), Le modèle de dépôt stochastique IDEAL a été
comparé avec le modèle de la CIPR et la concordance entre les deux modèles est excellente. Un
modèle dosimétrique déterministe RADOS a été développé. Ce modèle inclut toutes les générations
bronchiques alors que le modèle de la CIPR regroupe les 16 générations bronchiques en 3 régions. Les
premiers calculs utilisant RADOS montrent que les doses aux cellules básales et sécrétoires sont
légèrement inférieures à celles calculées par le modèle de la CIPR. Une analyse de sensibilité a été
effectuée afin d'identifier les paramètres qui affectent le plus l'équivalent de dose efficace Hw/Pp. Un
modèle de dépôt stochastique (RALMO) ainsi qu'un modèle de clairance dérivé du modèle de la CIPR
ont été développés pour le rat. Ces modèles serviront de base pour calculer l'équivalent de dose
délivrée à chaque rat dans les expérimentations animales.
L'objectif principal des études chez l'Homme était de réaliser des inhalations chez des
volontaires dans des conditions contrôlées afin de constituer une base de données expérimentales pour
le calcul des doses après inhalation de descendants du radon. Les propriétés spécifiques ses
descendants du radon étaient définies par leur appartenance à la fraction libre avec une taille d'environ
1 nm, ou à la fraction attachée dans laquelle les atomes des descendants du radon sont adsorbes sur les
particules de l'aérosol atmosphérique. Les études comportaient le mode de dépôt de la fraction libre, et
sa variation en fonction de l'âge et du sexe, le transfert des descendants inhalés vers le sang et la
comparaison du dépôt total des descendants du radon chez l'adulte et l'enfant. Il a été montré que la
période d'absorption dans le sang de la fraction libre des descendants du radon était nettement plus
courte que celle prédite par le modèle de la CIPR. Ces résultats devront être pris en compte pour le
calcul des doses après exposition au radon.
Dans le groupe des études animales, de nouvelles expériences ont été réalisées afin d'étudier
l'influence du débit de dose sur l'induction des cancers du poumon chez le rat. Les premiers résultats
montrent que pour des expositions cumulées relativement faibles, comparables à celles rencontrées
dans le cas d'expositions sur la vie entière dans des habitations à haute teneur en radon ou de celles
rencontrées dans certaines mines, le risque de cancer du poumon diminue avec la concentration en
énergie alpha potentielle, c'est à dire, le débit de dose. Ces données suggèrent qu'en termes de risque
d'induction de cancer du poumon, il existe une interaction complexe entre la dose cumulée et le débit
de dose, avec une combinaison optimale de ces deux paramètres. De la même manière, une
augmentation de la prolifération des cellules épithéliales liée au débit de dose a été observée à des
niveaux d'exposition relativement élevés, alors qu'aux faibles doses cumulées, aucune augmentation
de la prolifération cellulaire n'était observée.
Deux techniques ont été développées et utilisées dans des habitations par le groupe sur la
reconstruction des doses pour reconstruire les expositions du passé. Ces techniques impliquent la
mesure de l'activité alpha du 210Po à la surface des verres (piégeage de surface) et dans des matériaux
poreux (piégeage dans un volume). Des protocoles ont été développés afin de sélectionner les
matériaux les plus adaptés. Un questionnaire a été élaboré afin d'évaluer les paramètres qui
influencent le dépôt et l'accumulation du 210Po sur les surfaces à l'intérieur d'une pièce. Des modèles
informatisés permettant d'évaluer l'exposition passée au radon par l'utilisation des mesures de
piégeage de surface et le questionnaire ont été développés.

Summary
The aim of this project was to assess the risk due to inhalation of radon and its decay products
using an horizontal approach across a large scale research programme. The central objective was the
assessment of human risk which requires combination of several topics involving a multidisciplinary
approach. Five main topics were addressed: radioactive aerosol studies, modelling, human studies,
animal studies and retrospective assessment of radon exposure studies which were distributed between
five working groups.
In the Aerosol Studies Group, progress was achieved in improvement, calibration and
automation of experimental techniques for continuous and integrated measurements of the unattached
fraction fp- and eqilibrium factor F- values. Measurements were performed to determine the variation
of size distributions of unattached and aerosol-associated radon decay products under typical living
conditions. The actual results of these measurements are considered during updated dose calculations
by the modelling group. All aerosol groups performed controlled chamber studies to understand the
basic behaviour of airborne activity concentrations. Measurements were performed to determine
neutralisation rates of 218Po, to understand the cluster growth with residence time and to understand the
hygroscopic growth of aerosol particles.
In the Modelling Group, the programme RADEP has been developed to calculate the weighted
committed equivalent lung dose per unit exposure of radon progeny (Hw/Pp) which implements the
ICRP Publication 66 Human Respiratory Tract Model (HRMT). The stochastic deposition model
(IDEAL) has been compared with the deposition model used by the HRTM, and the agreement
between the two deposition models was excellent. A deterministic radon progeny dosimetry model
(RADOS) has been developed. This model includes all bronchial airway generations compared with
the HRTM that groups the 16 airway generations into three regions. Initial calculations with RADOS
show that the basal and secretory cell doses are slightly smaller compared with that of the HRTM. A
sensitivity analysis has been performed that has identified those HRTM model parameters that most
affect the HJPp. A stochastic rat deposition model (RALMO) and a clearance model for the rat based
on the HRTM have been developed. These models form the basis of what would be required to
calculate the equivalent dose to each of the rats used in the animal experiments.
The main objective for the Human Studies Group was to conduct inhalation studies with
human volunteers under well-defined conditions, to obtain a better experimental data base for dose
calculations for inhaled radon progeny. The specific properties of the airborne radon progeny were
characterised by two different modes to be studied, the unattached fraction, which has a size of about 1
nm, and the attached fraction where ambient aerosol particles are associated to radon progeny atoms.
The studies included deposition patterns of the unattached fraction and the dependence of deposition
on age and gender, the transfer or inhaled radon progeny to blood and the comparison of total
deposition of radon progeny for adults and children in the domestic environment. In particular, the
absorption half-time of unattached radon progeny from the respiratory tract to the blood was found to
be shorter than the ICRP default value of 10 hours. These results will influence the dose calculations
from inhaled unattached radon progeny.
In the Animal Studies Group, new series of experiments were carried out to investigate the
influence of exposure-rate on lung cancer induction in rats at relatively low cumulative exposures. The
preliminary results indicate that at relatively low cumulative exposures comparable to lifetime
exposures in high-radon houses or current underground mining exposures, the risk of lung cancer in
rats decreases with decreasing PAEC, i.e., exposure-rates. These data suggest that in terms of risk of
induction of lung cancer, there is a complex interplay between cumulative exposure and exposure rate,
resulting in an optimal exposure rate at a given exposure level. A positive dose rate response was seen
for proliferating epithelial cells at relatively high exposure levels. The response of proliferating
epithelial cells was found to depend on dose rate at higher doses, whereas at lower cumulative doses
no significant elevations in proliferation were observed.
Two techniques were developed and used in dwellings by the Retrospective Assessment of
Radon Exposure (RARE) Group to reconstruct radon exposures in the past. These techniques involve
the measurement of the alpha activity of 210Po on glass surfaces (surface traps) and within
porous/spongy materials (volume traps). Protocols were developed for selection of the most suitable
surface and volume traps. In addition a questionnaire was developed to obtain estimates of room
parameters which control the deposition and build up of 210Po on surfaces. Computer models have
been produced which make it possible to make a retrospective estimation of radon exposure in the past
using surface trap measurements and questionnaire information.
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1. Introduction

An association between an excess risk of lung cancer and exposure to radon and its decay
products has been demonstrated in uranium miners and other miners. In various countries,
measurements in dwellings have shown that in many homes, the radon concentrations are only one or
two orders of magnitude lower than in typical underground mine situations. The risk related to indoor
domestic exposure was estimated from the risk projections from underground miners data in
association with measurements of indoor radon concentrations. However, exposures and exposure
rates were generally higher in mines compared with generally lower exposures and exposure rates in
homes. Geographical epidemiological studies did not show an excess lung cancer risk for people
living in radon rich areas. Recently, the results of a meta-analysis including eight case-control studies
showed that the exposure-response trend was similar to model-based extrapolations from miners and
to relative risk estimates computed directly from miners with low cumulative exposures. These results
should be interpreted cautiously, until additional studies will be reported and the pooling of original
data from different studies completed. The role of domestic radon exposure in the occurrence of lung
cancer remains unclear.

2. Objectives

It has been emphasised by different scientific committees that more certain understanding of
the risks of indoor radon will not come from epidemiological research alone. Therefore, the aim of this
contract was to assess the risk due to inhalation of radon and its decay products using an horizontal
approach across a large scale research programme. The central objective of this contract was the
assessment of human risk which requires combination of several topics. The objectives of this contract
involved a multidisciplinary approach addressing five main topics: radioactive aerosol studies,
modelling, human studies, animal studies and retrospective assessment of radon exposure studies
which were distributed between five working groups.
The objective of the Aerosol Studies Group was to determine the properties and behaviour of
the radon decay products in order to provide improved characterisation of the indoor atmosphere. The
studies were focused on the size distribution of the unattached and aerosol-associated radon decay
products and the amount of the unattached activity which are two of the most important parameters in
all models used for calculating lung doses.
The activity of the Aerosol Studies Group was divided into four work-packages :
- The objective of the WP 1.1 was the aerosol characterisation of the short-lived radon decay
products in homes,
- The objective of the WP 1.2 was the monitoring of aerosol parameters during experiments
with human volunteers and animal studies,
- The WP 1.3 was dealing with chamber experiments,
- The WP 1.4 was dealing with inter-comparison of methods.
The dose to the human lung from radon and its decay products can be estimated using
mathematical models for lung physiology, deposition and clearance of radon progeny in the respiratory
tract. The Modelling Group developed two complementary modelling approaches. One used the model
based on the new ICRP dosimetric model for the respiratory tract (ICRP Publication 66, 1994), and the
other used a stochastic model which included the clearance process and radiation interaction at the cellular
level.
11

The work-package of the Modelling Group (WP 2) was divided into four activities:
- The WP 2.1 was dealing with the development of two dosimetric models, RADEP and IDEAL,
for radon dosimetry,
- The objective of the WP 2.2 was the determination of the significance of aerosol and biological
parameters in modelling by a sensitivity analysis,
- The objective of the WP 2.3 was to give guidance on designing and interpreting the results of
experiments performed by the other groups,
- The objective of the WP 2.4 was to obtain a better estimate of the uncertainty analysis of the
effective dose per unit exposure.
The main objective of the Human Studies Group was to conduct inhalation studies on human
volunteers under well defined experimental conditions., in order to provide a better definition of radon
progeny specific parameters, including the deposition pattern of the unattached fraction and the
dependence of deposition on age and gender, leading to a better definition of these parameters.
The work-package of the Human Studies Group was distributed in four main topics :
- The objective of the WP 3.1 was to investigate the total and regional deposition in the
respiratory tract of unattached radon progeny associated with ultrafine clusters, dependent on the size of
the clusters, breathing pattern, gender, age and smoking habits of the subject,
- The objective of the WP 3.2 was to investigate the effect of aerosol composition on the
transfer of deposited radon progeny in the respiratory tract to the blood,
- The objective of the WP 3.3 was to compare cast penetration measurements,
- The objective of the WP 3.4 was to measure the deposition in the human respiratory tract by
characterising the inhaled and exhaled air with respect to radon progeny concentration and size
distribution and to compare the results obtained with human volunteers in a walk-in radon chamber and in
the natural domestic environments.
The main objective of the Animal Studies Group was to assess the effect of exposure-rate at low
cumulative exposure for the induction of lung cancer in rats. The extent to which early biological
dosimetric markers, such as nuclear aberrations and cell proliferation might be used to predict late effect
from exposure to radon and its progeny in the different compartments and target cells of the respiratory
tract was also investigated.
The work-package of the Animal Studies Group was distributed in four main topics :
- The WP 4.1 was dealing with long-term experiments on lung cancer induction at relatively
low cumulative exposures. Studies were conducted at 360 mJ h m"3 (100 WLM) cumulative exposures
which have been shown to result in a 10% lung cancer incidence, at different potential alpha energy
concentrations (PAEC) of 3.1 mJ nV3 (150 WL), 1 mJ m"3 (50 WL) and 0.3 mJ m 3 (15 WL),
respectively,
- The objective of the WP 4.2 was to investigate the potential synergistic effects of other
airborne pollutants such as environmental tobacco smoke under different experimental conditions:
- The objective of the WP 4.3 was to compare lung cancer induction after exposure to radon
and its progeny with that observed after gamma irradiation,
- The objective of the WP 4.4 was the improvement of biological dosimetric markers.
The main objective of the RARE Group (Retrospective Assessment of Radon Exposure) was
to provide data for the retrospective reconstruction of indoor radon exposure. The studies were
focused on techniques allowing to measure long-lived radon decay products either by measuring 210Po
in indoor glass surfaces (surface traps) or in porous materials (volume traps).
12

The work-package of the RARE Group was distributed in three main topics :
- The WP 5.1 was dealing with investigations in dwellings involving all the partners of the
group. This part of the work was conducted within the context of both epidemiological studies and
indoor radon progeny size characterisation studies,
- The WP 5.2 was dealing with investigations in radon chambers. The objective was to
investigate the influence of surface geometry, air movement, local turbulence and aerosol sources on
the deposition / plate-out behaviour of radon progeny,
- The WP 5.3 was dealing with inter-comparison, calibration and modelling of retrospective
techniques.
The characteristic of this contract was to pool the expertise of laboratories working on
different fields of radiation protection. Collaborations were developed with other groups of the
Nuclear Fission Safety Programme involved in research on carcinogenesis induced by alpha particles
and dosimetry of alpha-emitters, such as the Inhalation of Radionuclid.es, Internal Dosimetry and
Molecular Mechanisms of Radiation Carcinogenesis programmes. Collaborations were also
developed with the different epidemiology programmes such as, Uranium Miners Studies in Europe,
Studies of Lung Cancer Risk and Radon Exposure in Dwellings and also the Case-control study in
the population of Schneeberg and Schlema (Germany). Thus, in the perspective of the reduction of
exposures, this horizontal programme using a multidisciplinary approach will provide a significant
amount of information on the risk estimate of indoor exposure to radon and its decay products.
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3. Progress and Results
3.1. Progress and Results of work-package N° 1
Title: Aerosol Studies
Head of project / work-package N°l :

Pr. Dr. J. Porstendorfer
Dr. A. Reineking

Partners:
University of Gottingen:

Pr. Dr. J. Porstendorfer, Dr. A. Reineking, Dr. J. Wendt

University of Brest:
University of Barcelona:
University of Lund:

Pr. G. Tymen, Dr. C. Huet
Pr. X. Ortega, Dr. A. Vargas, Dr. M. Porta
Dr. M. Bohgard, Dr. P. Eklund, Dr. A. Gudmundsson,
Dr. B. Roos, Dr. C. Samuelsson

3.1.1. Aerosol characterisation in homes
3.1.1.1. Unattached fraction and equilibrium factor
One of the objective of the Aerosol Group of Brest was to characterise the time variation of
the unattached fraction and the equilibrium factor of radon daughters. Experiments were carried out in
different dwellings located in different places of France and of Spain. Measurements performed at
Milizac were done under different aerosol conditions (natural aerosol, cigar smoke, candles...)
whereas those in Spain were carried out only with the natural aerosol. In Milizac, the particle
concentration with aged aerosol was often found below 5 000 cm"3; then the mean unattached fraction
of PAEC was 0.31 and the equilibrium factor was 0.16, 69% of 218Po, 23% of 214Pb and 8% of 214Bi
were free. Particle concentration highly increased (up to 600 000 cm"3) with aerosol sources and
unattached fraction became negligible (< 5%) whereas equilibrium factor rose values around 0.75 in
the case of cigar smoke. For the dwellings in Spain different particle concentrations in correlation with
atmospheric conditions were observed. In spite of differences in the conditions, a good agreement was
found between the different dwellings; indeed, the correlation between the unattached fraction and the
equilibrium factor can be described by the following relationship: fp = 0.0188*F13288.
The Aerosol Group of Barcelona measured radon, radon progeny and attached radon progeny
concentration continuously (1 hour) in four sites in the Mediterranean area of Catalonia. These four
sites have been chosen according to their radon concentration and their geographical site. As a
consequence the sites have a quite different aerosol characteristics. One of the aims of these studies
were to estimate the effective dose per unit radon exposure on the Northeast Mediterranean littoral
using the best expression to correlate F and fp.
The distribution of F and fp values at the different sites were fitted by either log-normally or
normally form. Depending on the parameter distribution the mean, standard deviation, geometric mean
and geometric standard deviation are summarized in Table 1.

14

Table 1. Mean, standard deviation, geometric mean and geometric standard deviation of F and fp
for each site of the Mediterranean Littoral.

Site

F

fp

Mean

a

geometric
mean

-

-

-

0.23

1.40

0.06

1.43

0.43

0.15

-

-

-

0.73

1.09

0.03

0.02

-

-

0.10

-

—

-

-

0.13

1.49

Number of
measurements

Mean

a

geometric
mean

A (80)

0.17

0.03

~

B(55)

-

—

C(60)

—

D(236)

0.39

The fp, F- distribution clearly show, that a log-power equation of the form:
Ln(l/fp) = a*(Ln(l/F))b
fits the data much better than the common power form fp = a*Fb.
From dose calculations performed by the Barcelona Group in collaboration with the Modelling
Group should be pointed out that if using old dosimetric models (e.g. James 1988) it is better to
estimate the effective dose by measuring the radon concentration. However, if using the new model it
is better to measure the radon progeny concentration because a linear expression trough origin fits the
effective dose. From these dose modelling can also be concluded that in actual calculations - based on
findings of the human studies group of PSI (see blood clearance) - the unattached activities is less
important for the dose conversion factors compared to results of older dose models.
Characterisations of the indoor aerosol (number size distribution and particle concentration) and
determinations of some radon parameters (unattached fraction, equilibrium factor and activity size
distribution) have been performed by the Aerosol Group of Lund in five dwellings during the
deposition experiments of the human studies group. For background aerosol particles the mean value
for the unattached fraction fp was 0.16 (range 0.08 - 0.34 and the mean F values was 0.45 (range 0.27
- 0.62).
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3.1.1.2. Size distributions of the unattached radon progeny
The key results of the Gottingen Group concerning the size distributions of the unattached
short-lived radon decay products derived from screen based measurements under typical living
conditions until June 1999 are the following:
•

The maximum diameter of the radioactive clusters are smaller than 5 nm and the median
diameters ranged between 0.5 and 3 nm. The distributions are narrow with geometric standard
deviations of og < 1.4.

•

There are indications of four discrete modes depending on atmospheric conditions (humidity,
radon gas concentration, aerosol composition) and on the chemical behaviour of the different
nuclides (Po, Pb, Bi). Two modes with median diameters AMD of 0.55 nm and 0.82 nm can
perhaps be correlated with neutral species and the third one (AMD = 1.34 nm) with charged
clusters. In one room a fourth mode with a median diameter of 3 nm was measured for 214Pb.
In most cases the diffusion coefficients of 218Po and 2I4Bi are larger than the diffusion
coefficient of 214Pb. These findings put the question to know the question if the different
chemical nature of these nuclides may effect neutralisation processes.

•

With the final results it was tested if the different evaluated discrete modes of 218Po and 2I4Pb
the size distributions can probably be explained by the charge status of the clusters. The evaluated
charge fractions of the different nuclides agree with results from controlled chamber studies and with
data published in the literature. During the last months of the current radon project this findings have
been supported by some test measurements in a room with an operating air cleaner using an unit based
on diffusion- and electrodeposition processes Further measurements are under progress to proof this
investigations.
The information of the amount of the electric charge of the different short-lived nuclides and
the variation with time and locality is important to interpret the evaluated size distributions and to
prove the validity of the methods of size fractionating methods. Besides this the charge information is
essential to understand basic processes in cluster formation processes and to interpret physicochemical reactions in the aerosol field of nanometer particles and processes on cellular level; e.g.
interaction with genes.
The Brest group performed size distribution measurements in a test house in Milizac, Brittany
(France) using a granular bed based technique. Due to the low indoor aerosol concentration a fairly
high percentages of unattached 218Po and 214Pb were investigated for aged aerosol conditions. From
numerous experiments, the AMD for 218Po and 214Pb ranged from 0.5 to 1.25 nm with respective mean
diameters of 0.8 and 0.77 nm. Obviously, the variation of the diameters may be attributed to different
types of nuclides. It is likely that modes below 1 nm concern neutral daughters whereas diameters
above 1 nm are charged clusters as suggested by Reineking et al. (1998). Nevertheless, further studies
on the charge fraction of nanometer radon decay products are needed to confirm these hypotheses.
Measurements of the unattached activity size distribution has been done by the Barcelona group
during the intercomparison campaign with the Brest group using a diffusion tube based technique.
Partial agreement has been obtained in the results. Analysis of the data has been done with different
deconvolution methods.
In order to estimate the unattached size distribution different deconvolution techniques have
been used: EMAX, Twomey, EVE, Randomwalk (Barcelona), Randomwalk (PSI). The results
obtained by the different methods are presented in Table 2.
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Table 2. Results of the 218Po unattached size distribution using different deconvolution techniques
from the data obtained by the groups of Brest and Barcelona in the intercomparison carried out
in the radon chamber of Barcelona.

Deconvolution Method

Brest

Barcelona

EMAX

Monodisperse 0.85 nm

Monodisperse 0.55 nm

Twomey

EVE

RW (Barcelona)

Diameter = 0.87 nm

Diameter = 0.87 nm

Diameter = 0.90 nm

a = 1.2

Diameter = 0.55 nm

a = 1.2

d,= 0.45nm

a =1.4

f, = 85%

d2 = 1.20nm

a = 1.4

f2 = 15%

a = 1.2

a = 1.08

RW (PSI)

Monodisperse 0.99 nm

Monodisperse 1 nm

Although there is not total agreement in the results, improvements in the measurement system and
deconvolution techniques should be carried out, the most probably value for the unattached size
distribution is a monodispersal distribution ranging from 0.85 nm to 1 nm.
3.1.1.3. Size distributions of the aerosol-associated radon progeny
From the measurements of the Aerosol Group of Gottingen the following conclusions can be
made:
The size distributions of the different short-lived decay products are nearly identical; not only
for an aged aerosol but also during steady state conditions of aerosol production. The median
diameters AMAD of the accumulation modes are equal. The tendency of decrease of the
geometric standard deviation during the decay process due to ageing processes (deposition,
coagulation) have to be confirmed by additional measurements.
In low and moderate ventilated rooms without any additional aerosol sources or sinks (aged
aerosol') about 40 - 90% of the aerosol-attached activities corresponds to the accumulation
mode with AMADs between 200 - 400 nm and ag ranging between 1.5 and 4.0. The remaining
activity corresponds to particles in the nuclei mode size range with diameters between 10 and
100 nm. The correct determination of the AMAD and shape in this size range and the dynamic
with time and atmospheric conditions are essential tasks for future aerosol size measurements.
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The current measurements show that at stable air conditions in low or moderate ventilated
rooms (v < 0.5 h"1) there is no indications of particles in the coarse mode size range with
diameters between 1 and 10 \im. However, actual measurements at working places (higher air
movement) and re-evaluation of former measurements in living room with unstable air
conditions show a significant amount in the coarse mode region (about 10 - 20%) with median
diameter around 5 (J.m. These findings are essential for correct dose estimations and must be
experimentally confirmed in future radon research projects.
Size distributions measured during steady state conditions of aerosol production are sometimes
(smoking, smoulding fumigating sticks, stove heating) similar to size distributions of an aged
aerosol. However, other burning processes like burning candles yield significantly smaller
sizes with AMADs less or equal 100 nm.

The size distributions of the intercomparison campaign of the groups of Brest and Gottingen
were analysed under different aerosol conditions. A good agreement was found for cigar smoke and
fumigating sticks with AMAD between 200 and 300 nm. For burning candles, some differences were
observed. Different hypotheses were given to explain this disagreement, but need further
investigations to be confirmed.
Additionnal measurements were carried out by the Aerosol Group of Brest in Milizac with the
same aerosol sources and cooking. During the same period, number size distributions of indoor aerosol
were also investigated. They confirmed the results obtained with cigar smoke and fumigating sticks
during the intercomparison. With burning candles different size distributions were found indicating the
very high variability of this source. During the period of cooking, bimodal activity size distributions
were observed with a nucleation mode around 35 nm representing 10% of the total activity and an
accumulation mode around 200 nm. The fraction of the activity in the nucleation mode indicated the
production of particles in this range, also confirmed by the studies of the number size distributions.
The Aerosol group of Lund used a DMPS-system (Differential mobility particle sizer) for
measurements in the particle diameter range 3 - 800 nm and one faster scanning instrument SMPS
(Scanning mobility particle sizer) for the range 15 - 800 nm. Under typical living conditions number
size distributions were measured. The evaluated activity median diameters varied between 150 and
300 nm in all cases.
A data set of parameters of the activity size distributions (single values) of measurements
performed by the groups of Gottingen and Brest during the last 10 years was prepared for the lung
modelling group at NRPB. This data set will be used to study the effect of the variation of aerosol
parameters on the change of dose conversion factors.

3.1.1.4. Particle hygroscopic growth
The hygroscopic growth of the particle on which the progenies are attached can influence the
deposition probability. Hygroscopic growth data were compiled and measurments were performed by
the Aerosol Group of Lund. These data show that, typically, the atmospheric aerosol size distributions
are bimodal with respect to hygroscopic properties and can be divided in a "less-hygroscopic" and a
"more-hygroscopic" fraction. The fraction of less-hygroscopic particles vary between 0 and 0.6
depending on meteorological situation and on location (distance from the sea is an important factor).
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At a relative humidity of 90% the growth factor of the more-hygroscopic fraction is typically
between 1.4 and 1.6. The instrumentation does not allow us to study at relative humidities which occur
in the human lung (often assumed to be in the order of 99.5 %). Estimations can be made by
extrapolation in some cases. A 100 nm dry ammonium sulphate particle (occur in marine air) will
grow 1.8 at 90% RH, 3 at 97.5 and 4.5 at 99.5% RH (Ferron et al., 1993).
In the laboratory hygroscopic growth of some typical aerosols were studied with the tandem
DMA-instrument. Preliminary results show that cigarette smoke was partly hygroscopic with a growth
factor 1.1-1.2 for the major part and 1.5-1.7 for a minor part at 93% relative humidity, a food frying
simulation showed a slight growth (1.1) and particles generated from vacuum-cleaning were even less
hygroscopic (less than 1.05). More data have to be collected in order to get a general knowledge of
these sources.
Test measurements with a tandem - DMA method under real living conditions show that the
background aerosol (no apparent domestic sources) consisted, in most cases, of a dominating more
hygroscopic group and a smaller less hygroscopic group. The particles at the peak of the less
hygroscopic group was estimated to grow between 1.1 and 1.6 at RH = 99.5%. The variation in growth
for the more hygroscopic group as a function of the particle diameter indicates that different particle
sizes have different chemical composition (external mixing).
Very little growth was found at RH = 70 % indicating a deliquescent behaviour, similar to the
outdoor aerosol where inorganic salts are believed to be the hygroscopically active fraction. A strong
correlation was found between growth of indoor and outdoor particles.
When the fraction of the activity in the nucleation mode is large e.g. when burning a candle,
the radiation dose may increase. Candle burning particles were found to be highly hygroscopic,
G = 1.7 - 1.9 at RH = 95%. The Kelvin effect (small particles) depresses the particle growth at high
RH's and extrapolation to growth in the lungs would give a growth factor between 2 - 3 . This means
that taking the hygroscopic growth into account yields a reduction of the radiation dose in this case.
The larger particles from the black smoke when a candle is burning unsteady (carbon black) were
found to be hydrophobic (growth factor < 1.05%).

3.1.2. Monitoring of aerosol parameters during experiments with human volunteers and animal
studies
During the week before the second contractor meeting in Ambazac, intercomparison
measurements were performed at the rat exposure facilities of CEA and University of Limoges in
Razes (France). All aerosol groups participated at this exercise. One goal of these measurements was
to compare different experimental techniques. However, main point of emphasis was to characterise
the airborne activity concentration during exposure to improve dose calculations of rats.
The following questions were of further interest: influence of rats on atmospheric conditions
during exposure (e.g. aerosol production, change of particle size, increase of plate-out rates), particle
production by radiolysis, background exposure (see positive effects at low doses!), day/night variation.
From chamber measurements without and with rats can be concluded that 31 rats yielded a
slightly increase of the median diameter of the aerosol-attached activities from 195 to 221 nm. There
is only a small influence of the rats on the particle number concentration. Continuous measurements of
fp-, F and Co values in a room with a local radon source show an inhomogenity of the airborne activity
concentrations of the radon decay products. During exposure of rats in the chambers the homogenity
must be checked by measurements.
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Additional measurements with rats are necessary to determine the size distributions of the
unattached radon decay products.

3.1.3. Chamber studies
Controlled chamber studies were performed by the Aerosol Group of Gottingen to determine
diffusion coefficients and neutralisation rates of 218Po in ordinary room air and ultra pure synthetic air
and nitrogen. The purpose was to study the influence of humidity and radon gas concentration Co on
the different neutralisation processes: small ion recombination, electron transfer and electron
scavenging.

From the experimentally determined neutralisation rates, it can be extrapolated that for typical
room air conditions (R.H. = 50%, T = 20°C) electron transfer mechanism has a considerable influence
on the neutralisation process only for small radon gas concentrations, e.g. one third of the resulting
neutralisation rate at 50 Bq m"3 corresponds to this effect. At higher activities the influence of water
radiolysis (electron scavenging) dominates at 2500 Bq/m3 the neutralisation. This effect is 12 times
higher than the neutralisation by electron transfer. The neutralisation by small ion recombination is
small for all conditions and only for higher radon gas concentrations (Co > 5000 Bq m"3) in the same
order of magnitude than the electron transfer mechanism, but always small compared to the electron
scavenging process.
A walk-in radon chamber of 20 m3 has been set-up by the Aerosol Group of Barcelona. The
license to run this facility has been obtained from the Spanish Nuclear Safety Council.
Several experiments have been carried out in the radon chamber to control the equilibrium
factor and the unattached fraction. In the experiments the particle concentration has been ranged from
0 particle cm'3 to more than 106 particles cm'3 in the diameter range from 12 nm to 700 nm. The count
median diameter has been ranged from 40 nm to 90 nm. The particles used in the experiments have
been generated atomising salt solutions. Depending on the aerosol particles generated inside the
chamber the equilibrium fraction has ranged from 0.05 to 0.6 and the unattached fraction from 0 to
0.9.
All the chamber experiments have been carried out under controlled environmental conditions of
temperature and relative humidity. In some experiments the relative humidity ranged from 50% to 90%
which produces changes in the aerosol properties and consequently to the equilibrium factor and
unattached fraction.
During the Contract the radon chamber has been used in two main topics: calibration of the
different devices developed and in the inter-comparisons carried out in Barcelona.
Besides detailed studies of aerosol growth processes a novel three stage impactor for time
integrated measurements based on track-etch technique for sampling of radon progenies was further
developed, tested and calibrated in the radon chamber of the Aerosol Group of Lund. The sampler
divides the airborne activity in three different size bins, where collection takes place onto different
substrates:
a wire screen collects particles smaller than 4 nm,
a multi-nozzle impactor cuts off all particles greater than 60 nm,
and a filter collects the remaining particles, 4 - 6 0 nm.
The airflow through the sampler is 3 - 4 lpm.
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3.1.4. Intercomparison of methods
During the week after the NRE-VI meeting in Montreal the EML of US-DOE organised in
New York an inter-comparison of measurement methods for radon progeny and associated aerosol
size distributions in a well-controlled radon chamber (June 12-15, 1995). The group of Gottingen
participated with a low-pressure cascade impactor for the determination of the aerosol-associated
activities. From this side-by-side measurements can be concluded that the best agreement was found
between the two low-pressure impactors and that all diffusion based measurements tended to result in
larger sizes than the test aerosol size and those obtained from the impactors.
The groups of Brest and Gottingen finished the inter-comparison of data evaluation methods
(EVE vs SIMPLEX) concerning size distribution measurements of aerosol-attached activities. Besides
input data of side-by-side measurements in Brest (May 1997) data of measurements at working places
are included. The evaluation of the size distributions in the diameter range of the nuclei and coarse
mode is the main point of emphasis (see 3.1.1 and contribution of the Brest group).
In collaboration with the radon groups of the PSI, the Universities of Brest and Barcelona,
AEA and US-DOE different data evaluation methods (non-linear optimisation procedures) for the size
determination of measurements with diffusion samplers were compared. These studies were organised
by Dr. Butterweck-Dempewolf from PSI. Results are discussed in the report of the Human Studies
Group.
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3.2. Progress and Results of work-package N°2
Title: Modelling
Head of Project / work-package N°2:

Dr. A. Birchall

Partners:
NRPB (UK):
University of Salzburg:

Dr. A. Birchall, Dr. J. W. Marsh
Pr. Dr. W. Hofmann, Dr. R. Bergman

3.2.1. Development of Dosimetric models
3.2.1.1. Development of RADEP
3.2.2.1.1. Description
RADEP (RAdon Dose Evaluation Program) is a PC program that has been developed to
calculate the weighted committed equivalent dose to lung (w,ung Hlung) per unit exposure of radon
progeny (Birchall and James, 1994).
Throughout the rest of this report the weighted equivalent dose to lung i.e. wlung Hlung is given a
'short-hand' symbol of Hw The symbol Pp is also used to represent potential alpha energy exposure in
terms of WLM. Thus H^/Pp represents the weighted committed equivalent lung dose per unit exposure
of radon progeny in units of mSv per WLM. The WLM is the commonly used unit for exposure, even
for domestic exposures (ICRP, 1993). An annual domestic exposure of 200 Bq m"3 of 222Rn gives rise
to 0.88 WLM assuming 80% occupancy and a equilibrium factor of 0.4.
To calculate Hw/Pp, RADEP uses the International Commission on Radiological Protection
(ICRP) Publication 66 Human Respiratory Tract Model (HRMT), (ICRP, 1994). Details of the
implementation of the HRTM for radon dosimetry has been described by Marsh and Birchall (1998a).
However, the following points on RADEP should be made:
Absorption from lung to blood is represented by a single rate constant sr, and it is assumed that
the radon progeny are not bound to the RT components. Thus in the HRTM fr=l and fb = 0.
Hygroscopic growth is included, and for simplicity it is assumed that the particle grows
instantaneously by a given factor as the particle enters the nose or mouth.
RADEP has been extended to deal with women and children.
RADEP has been restructured to separate it into (i) an input/output module and (ii) a
calculation module. The calculation module can be used to perform an uncertainty analysis (work
package 2.4). A new input/output interface has been written in visual BASIC to aid quality assurance
of the calculation module.
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3.2.2.1.2. Current best estimate ofHJPp; (Marsh and Birchall 1998a)
The aerosol group (Reineking et al. 1997) has recommended 'best estimates' for aerosol parameter
values, which typically characterise the radon progeny measured in the home. Using these aerosol
parameter values (Table 1, Work package 2.2) with the default HRTM parameters for a male adult at
home; and assuming a 10 hour absorption half-time for the radon progeny, the estimate Hw/Pp is 15
mSv per WLM. With these values Hw/Pp contributes to more than 99% of the effective dose per WLM.
The regional absorbed doses are given in Table 3.
Table 3. Lung regional absorbed doses assuming the default values for home conditions.
Region or target tissue

Absorbed dose per WLM (mGy/WLM)

Bronchial basal cells (Dbas)

5.4

Bronchial secretory cells (Dsec)

12.4

Bronchial (BB) (0.5Dbas+ 0.5 D S J

8.9

Bronchiolar (bb)

9.1

Alveolar interstitial (AI)

0.33

3.2.1.2. Development of Stochastic lung model
3.2.1.2.1. The deposition model (IDEAL)
The Monte Carlo transport and deposition code IDEAL has been extensively revised in the
reporting period. These most significant revisions include: (i) a new morphometric scaling procedure
in the tracheobronchial airways to scale down the measured diameters and lengths to functional
residual capacity; (ii) a new procedure of the random pathway selection in the pulmonary region by
relating the number of alveolated airways along a selected path to the diameter of the respective
terminal bronchiole; (iii) a new method of flow splitting in bronchial airways, based on the assumption
that each terminal bronchiole is supplied with the same amount of inhaled air; (iv) a new method of
flow splitting in alveolated airway bifurcations by considering the number of alveoli in each daughter
airway; (v) a new model of axial mixing in conductive airways based on experimental bolus dispersion
data; and, (vi) incorporation of asynchronous and asymmetric ventilation.
This revised deposition model has been compared with published experimental data on total and
regional deposition and with theoretical predictions based on the HRTM. The comparison with the
HRTM predictions is illustrated in Figure 1 for bronchial and pulmonary deposition for inhaled unit
density particles, ranging in size from 1 nm to 10 um. Considering the significant effect of intersubject
variability observed in the experimental deposition data and the variability in the number of bronchial
and alveolated airways along each particle's path, the agreement between the two models is excellent.
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Particle deposition efficiencies in the various compartments of the HRTM are determined by
semi-empirical equations as functions of particle size and flow rate, derived from experimental
deposition data in human test subjects. These deposition efficiencies represent average deposition
values and thus cannot, by definition, account for intrasubject variations in particle deposition within
these compartments as a result of the inherent biological variability in lung morphology and related
flow rates. In contrast, the stochastic lung model was intentionally designed to predict such
intrasubject variations in particle deposition.
Average values and coefficients of variation (CV) of particle deposition in the BB, bb, and Al
compartments of the HRTM were computed for a wide range of particle sizes and breathing conditions
reflecting different physical activities. Based on the assumption that the variability in the various
HRTM compartments are statistically independent from each other, intrasubject variability in terms of
standard deviations for the deposition fractions can be factored into the HRTM by multiplying the
average HRTM deposition values with the stochastically derived coefficients of variation. Upon
request, CVs can be supplied for any particle size in the range of 1 nm to 10 |J.m and the physical
activities specified in the ICRP report.
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Figure 1. Comparison of bronchial and pulmonary deposition as functions of particle size
for sedentary breathing conditions.
3.2.1.2.2. The bronchial clearance model
To account for the changes of the initial particle deposition pattern by clearance processes, a
Monte Carlo bronchial clearance model has been developed, based on the following assumptions: (i)
mucociliary clearance velocities in the asymmetrically dividing bronchial airways are proportional to
their respective diameters, normalized to the tracheal diameter and the measured mucus velocity in the
trachea; (ii) mucus transport is delayed at central bifurcation zones due to mucus flow splitting; (iii)
mucus production in a given airway bifurcation is related to the amount of mucus entering that
bifurcation; and, (iv) the slow bronchial clearance phase decreases in a linear fashion with the
geometric particle diameter. The stochastic bronchial clearance model has been validated by
comparison with published aerosol bolus retention measurements.
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The combined deposition and bronchial clearance model has been applied to the inhalation of
radon decay products by incorporating radioactive decay into the clearance model, thereby providing
information on the distribution of surface activities among individual bronchial airways and their
random fluctuations. These computations allow us to compute the fraction of airways in a given
airway generation without any radioactive decay and the distribution of cellular doses in those
bronchial airways which contain a given surface activity. The resulting distributions of surface
activities serves as input data for subsequent stochastic calculations of basal and secretory cells doses
in bronchial epithelium caused by the variability of relative frequencies and locations of both target
cells.
3.2.1.2.3. Microdosimetric

model

At low levels of inhaled radon progeny, the irradiation of the bronchial epithelium is
characterized by the interaction of single alpha particles with individual cell nuclei. Consequently,
biological effects arising from the interaction of single 218 Po and 2!4 Po alpha particles with basal and
secretory cell nuclei were simulated for different target cell depths in the bronchial epithelium of
human airway generations 2, 4, 6, and 10. For a normalized source density of 2I8 Po and 214 Po alpha
particles, number of hits and LET spectra for cell nuclei located at various depths in bronchial
epithelium were calculated. The LET spectra in a spherical nuclear target were then converted into
probabilities for cell killing, mutation, and oncogenic transformation by multiplying the single chord
length distributions with the event specific probabilities per unit track length as functions of LET.
Such probabilities per unit track length have been derived from in vitro studies on cell killing,
mutation and oncogenic transformation. These effect probabilities were finally weighted by the depthdensity distributions of basal and secretory cells in bronchial epithelium. These calculations were
performed for the human as well as for the rat bronchial epithelium.
Based on computed LET spectra and relative frequencies of target cells, probabilities for
transformation, mutation and cell killing in basal and secretory cells were determined for a lifetime
exposure of 20 W L M (Table 4). Transformation probabilities for basal cells were generally higher
than those for secretory cells, and 214Po alpha particles were primarily responsible for transformations
in bronchial target cells. While transformation probabilities were about two orders of magnitude
higher than mutation probabilities, they were still about two orders of magnitude smaller than
inactivation probabilities.
Table 4. Generation-specific (i.e., integrated over all depths in a given generation) transformation
probabilities of basal and secretory cells by 218Po and 214Po alpha particles in airway generations 2, 4,
6, and 10. Transformation probabilities are normalised to a cumulative radon exposure of 20 W L M
representing typical indoor exposure conditions.
Transformation probabilities (x 10'3)
218

214

Po

Po

Airway
generation

Basal

Secretory

Basal

Secretory

2

7.08

14.99

60.50

33.16

4

7.62

3.17

58.54

10.75

6

5.87

3.21

43.12

6.51

17.56

_

23.90

10
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3.2.1.3. Development of deterministic lung dosimetry model (RADOS)
A new deterministic radon progeny dosimetry model has been developed by adding models for
bronchial clearance and cellular lung dosimetry to an already existing aerosol deposition model
(DEPOS). While the basic physical and biological mechanisms are the same as in the HRTM, this
model is based on bronchial airway generations rather than on bronchial (BB) and bronchiolar (bb)
compartments. Thus, comparison with simulations based on the HRTM allows us to investigate the
effect of inhomogeneities in deposition, clearance and radioactive decay within these compartments on
the resulting doses to sensitive epithelial cells.
A special feature of this model is that different modelling assumptions and input parameters can
be selected within the structure of a generation-based dosimetry model. For example, the user can
choose among different morphometric lung models published in the open literature, presumably
representing inter-subject variability in individual lung morphologies, and various analytical particle
deposition equations, reflecting a range of fluid dynamics patterns. Bronchial clearance scenarios
include fast and slow bronchial clearance (with different relative magnitudes in bronchial and
bronchiolar generations), depending on particle size, and transport into epithelial tissue for attached
and unattached radon progeny. By varying the different models involved in lung dosimetry (i.e., lung
morphology, deposition, clearance and cellular dosimetry), the sensitivity of different modelling
parameters on cellular doses can be investigated. The output of the RADOS code lists the dose
received by basal and secretory cells (or their weighted averages) in all bronchial airway generations
as functions of the particle's diameter per unit exposure, expressed in units of WLM.
An initial comparison with dose predictions based on the HRTM reveals that basal and
secretory cell doses are slightly smaller in the generation-based dosimetry model, suggesting that the
assumption of homogeneity required for the application of compartment models may not be
completely fulfilled in the case of the short-lived radon progeny. Further investigations are required.
3.2.2. Significance of aerosol and biological parameters in modelling
3.2.2.1. Sensitivity analysis performed using RADEP
3.2.2.1.1. Introduction
A sensitivity analysis has been performed to identify those HRTM parameters that significantly
affect Hw/Pp (Marsh and Birchall 1998a). The sensitivity analysis was performed using RADEP (Work
package 2.1). RADEP has been developed to enable all the HRTM parameters to be varied
individually. Thus, the sensitivity of Hw/Pp to each of the HRTM parameters was examined by varying
each parameter in turn, while keeping all other parameters equal to their 'best estimates' for a typical
home atmosphere. The range of the parameter values chosen was based on experimental
measurements, and chosen such that it is unlikely for the true value to lie outside the range. The
Aerosol Group (Reineking et al, 1997) recommended the aerosol parameter value ranges.
To identify those parameters which have most influence on H^yPp, the 'overall sensitivity' of
Hw/Ppto a given HRTM parameter is quantified as follows. For a given parameter the maximum
variation of Hw/Pp (xmin< Hw/Pp< x max ), as the single parameter was varied over its range while holding
all other parameter values constant, was determined from the sensitivity analysis. The 'overall
sensitivity' is then defined as (xmax - xmin)/xmax. A high 'overall sensitivity' may arise either from (a) the
parameter having a great effect on Hw/Pp or (b) the parameter having a large range in its value.
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The parameters considered in the sensitivity analysis were aerosol parameters, subject related
parameters, target cell parameters, and parameters that define the absorption rates of radon progeny.
The ICRP lung weighting factor (wIung) and the ICRP alpha particle radiation weighting factor
(wR) were not included in the sensitivity analysis.
To some extent, a sensitivity analysis is limited in that it only quantifies the sensitivity of a
parameter in the region of parameter space defined by the best estimates of the other parameters. In
other words, it is possible that a parameter may appear to have a little effect on Hw/Pp for the best
estimates of the other parameters, but may have a large effect when extreme values of other
parameters are assumed. In order to investigate this, it is necessary to perform an uncertainty analysis
to characterise the probability distribution of Hw/Pp. An uncertainty analysis is performed in work
package 2.4.
Marsh and Birchall (1998a) gives the full results of the sensitivity analysis: a summary of the
results is presented here.
3.2.2.1.2. Results
Aerosol parameters
The results of the investigation of the sensitivity of Hw/Pp to aerosol parameters are given in
Table 5. The aerosol parameters in Table 5 are listed in descending order according to their 'overall
sensitivity' of HJPp.
The aerosol parameters that cause an 'overall sensitivity' of more than 20% in Hw/Pp are:
unattached fraction, unattached particle size, nucleation fraction, nucleation particle size, nucleation
hygroscopic growth factor, accumulation particle size and dispersion of accumulation aerosol.
For the range of aerosol parameter values chosen, H^/Pp varied between 11 mSv and 33 mSv
per WLM.
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Table 5. "Overall sensitivity" of Hw/Pp to aerosol parameters

'Overall
sensitivity
'ofIVP p

Parameter

Best
Estimate

Parameter
value range

IVPp range
(mSv/WL)

Unattached fractionb
Nucleation aerosol size (AMAD)
Nucleation fractionc
Unattached aerosol size (AMTD)
Nucleation hygroscopic growth
factor
Accumulation aerosol dispersion
Accumulation aerosol size
(AMAD)
Nucleation particle density
Unattached hygroscopic growth
factor
Nucleation shape factor
Nucleation aerosol dispersion
Accumulation particle density
Accumulation hygroscopic
growth factor
Accumulation shape factor
Coarse fraction0
Unattached 'disequilibrium'

8%
50 nm
28%
0.9 nm
1.5

0 - 50%
10 -lOOnm
0 - 60%
0.5 - 3.5 nm
1 -3

11 -33
13-24
11-19
13-18
12-16

2.0

250 nm

1.5-4.0
100 - 400 nm

14-18
14-18

22
20

1.4 gem" 3
1

1 - 2 g cm"3
1-2

14-16
15-17

14
14

1.1

1-1.9
1.2-3.8

13-15
14-16
14.1 - 15.4
14.4- 15.7

12
11
9
8

13.8-14.8
14.2-15.2
14.5 - 15.4

7
7
6

14.7 - 14.9

1.5

14.6 - 14.8
14.5 - 14.7
14.6-14.7
14.7 - 14.8
14.6 - 14.7
14.6 - 14.7
14.80 - 14.84

1.4
1.0
0.7
0.7
0.6
0.5
0.3

14.64 - 14.66

0.1

14.65 - 14.66
14.65 - 14.66

0.1

Accumulation 'disequilibrium'
Equilibrium factor, F
Unattached particle density
Coarse hygroscopic growth factor
Unattached shape factor
Coarse aerosol size (AMAD)
Coarse aerosol dispersion
Nucleation 'disequilibrium'
Unattached aerosol dispersion
Coarse shape factor
Coarse particle density

2.0
1.4 gem" 3
1.5

1 - 2 g cm"3

1.1
2%
-

1-1.9
0 -10%
218
Po - 214Bi
onlyd
218
Po - 214Bi
onlyd
0.1-1

1-2

-

0.4

1 - 2 g cm"3

1.1 gem" 3

1.5

1-4

1
1.5 um

1-1.9
1.0-4.0 urn

1.5
-

218

1.3
1.1
1.1 gem" 3

|

1.5-4.0

Po - 214 Bi
onlyd
1-1.4
1-1.9
1 - 2 gem" 3

(%r
66
48
40

30
23

0.1

(a)
'Overall sensitivity' defined as (xm:ix - xmin)/xmax, where xmin andxmax are the maximum and minimum
values of Hw/Pp within the given parameter value range.
(b)
Expressed as a % of the total PAEC.
(c)
Expressed as a % of the attached PAEC.
The sensitivity of B.JPp to the 'disequilibrium' of the aerosol mode was tested for the extreme cases by
calculating HJPp for the case where the particles consisted of 218Po only and for the case where the particles
consisted of 214Bi only.
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Subject related parameters
The "overall sensitivity" of Hw/Pp to subject related parameters is given in Table 6.
Hw/Pp is very sensitive to the breathing rate and to the fraction breathed through the nose.
However, in contrast Hw/Pp is relatively insensitive to the age or the gender of subjects because there
are competing effects that tend to cancel out. For example, children have lower breathing rates so this
decreases the intakes and Hw/Pp, however, this is partly compensated by the smaller target tissue
masses which increase the dose. Hw/Pp is also relatively insensitive to the particle transport rates as the
radon progeny are short lived with respect to these rates.
Table 6. "Overall sensitivity" of YiJPf to subject related parameters
Description of parameter

Best
estimate

Parameter
value
range

H7PP
range
(mSv/WL)

"Overall

sensitivity
II

of

Hjp D (%r
Breathing rate

0.78 m3 h 1

0.45-1.5 m'h 1

10-25

60

Fraction breathed through nose (Fn)

1

0.4b - 1

15-19

22

Slow cleared fraction

0.5

0-1

14.0-15.4

9

Particle transport rate factor0

1.0

0.1-2 d

14.1 - 15.3

7

Age

adult

3 months - adult

12-15.5

22

Age

adult

1 y - adult

13.6-15.5

13

Gender

male

male/female

14.5 - 14.7

1

(a)
(b)
(c)
(d)

"Overall sensitivity" defined as (xmax - xmin)/xmax, where xmir andxmax are the maximum and minimum
values of H^/Pp within the given parameter value range.
ICRP Publication 66 recommends an Fn value of 0.4 for a mouth breather performing light exercise.
Particle transport rate factor is a factor by which all the particle transport rates are multiplied.
ICRP Publication 66 recommends modifying factors by which particle transport rates are multiplied,
and these modifying factors range from 0.1-2.
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Target cell parameters
The overall sensitivity' of Hw/Pp to target cell related parameters is given in Table 7.
is sensitive to the target cell depth and the overall thickness of the target tissue. The
default assumption is that the regions populated by the basal and secretory cells in the bronchial
epithelium are equally sensitive to dose. However, assuming 100% weighting to the basal cell or
secretory regions decreases or increases H^/Pp respectively by 3 mSv per WLM. In contrast Hw/Pp is
relatively insensitive to the thickness of the mucus gel and sol layers. Hw/Pp is sensitive to the assigned
fractions of the lung tissue weighting factors to each of the three regions of the lung: BB, bb, AI. The
default assumption is that each lung region is equally sensitive to dose.
increases if higher weighting is given to the BB and bb regions; whereas Hw/Pp decreases
if higher weighting is given to the AI region. However, higher weighting to the AI region would not be
supported by the observed regional distribution of spontaneous lung cancers in the general population.
Thus it is unlikely that the true values of the assigned fractions would decrease the dose.
Table 7 '"Overall sensitivity" of H J P to target cell related parameters

Description
of
parameter

Best
estimate

Parameter
Value
range

Depth and thickness
factor"

1.0

0.5-2

Assigned fractions of lung
tissue
weighting factor
(ABB,Abb,AAI)

(0.333,
0.333,
0.333)

(0.25, 0.25,
0.5)c to
(0.8,0.15,
0.05)d

Basal cell weighting factor

0.5

0-1

Mucus sol thickness

BB:6um
bb: 4 um

Mucus gel thickness

BB: 5um
bb:2um

HJPp
range
(mSv/WL
M)

"Overall
sensitivity"
of
iVPp (%) a

8-21

63

11 -21

46

\2-\l

32

BB:6um- 12
um
bb: 4 um- 8 urn

12-15

17

BB: 5 um- 10
um
bb: 2 um- 4 um

14- 15

6

(a)
'Overall sensitivity' defined as (xmax - xmin)/xmax, where xmjn andx max are the maximum and
minimum values of H^/P,, within the given parameter value range.
(b)
This parameter is a multiplying factor by which the target cell depth and overall thickness of
the target tissue are multiplied.
(c)
Assigned fractions given in ICRP Publication 32 (ICRP, 1981).
(d) Assigned fractions based on estimated regional distribution of spontaneous lung cancers in the
general population (James et al. 1995).

Absorption half-times
Hw/Pp is reduced by more than 10% from its best estimate value of 15 mSv per WLM if the
absorption half-time is less than 8 min for 218Po, or less than 2 h for 2I4Pb or 2I4Bi. In this report it was
assumed that radon progeny are not bound to the lung. However, if it is assumed that the radon
progeny are instantaneously bound to lung tissue then Hw/Pp increases by about 30%.

3.2.2.1. Sensitivity analysis performed using IDEAL
Radon progeny deposition in bronchial airway bifurcations
Aerosol deposition studies with tracheobronchial casts and models have demonstrated that
inhaled particles are preferentially deposited within transitional bifurcation zones, exhibiting hot spots
in the vicinity of carinal ridges. To factor the observed effect of non-uniform deposition into current
lung dosimetry models, it is important to quantify the inhomogeneity of deposition within airway
bifurcations. Thus, theoretically predicted deposition patterns within an upper bronchial bifurcation
models (generations 3-4) were analysed in terms of local deposition enhancement factors, which are
defined as the local deposition density in a specified surface element relative to the average deposition
density. These local deposition enhancement factors were computed by scanning the surface of the
bifurcation models with a prespecified surface element. Maximum values and frequency distributions
of enhancement factors of inhaled radon progeny were derived for different sizes of the scanning
element and for resting and light exercise breathing conditions. Computed maximum enhancement
factors indicate that cells located at carinal ridges may receive localized doses which are 20 - 40 times
(unattached) and 50 - 115 times (attached), higher than the corresponding average doses.
3.2.3. Guidance and interpretation of results of other groups
3.2.3.1. Interpretation of published data on absorption rates (Marsh and Birchall. 1998b)
3.2.3.1.1. Introduction
The HRTM treats clearance as a competitive process between absorption into blood and
particle transport to the GI tract and lymphatics. It is assumed that particle transport rates are the same
for all materials, whereas absorption into blood is material specific. The model assumes that the rate of
absorption is the same in all regions except in the anterior nose where none occurs. The ICRP
recommends default absorption rates for polonium, lead and bismuth in ICRP Publication 71 (ICRP,
1995) but states that the values are not appropriate for radon progeny.
The lung dose is sensitive to the absorption rates of the radon progeny only if the absorption
half-times are less than or comparable with their radioactive half-lives; (Section 2.2.4). It is therefore
necessary to know these absorption half-times or at least the lower limits in order to obtain a realistic
estimate of lung dose.
Three published volunteer experiments were identified, (Table 8). The data from these volunteer
experiments have been re-evaluated using the new HRTM to estimate absorption half-times for lead
and bismuth that are applicable for radon progeny 214Pb and 214Bi. Details of the evaluation is given by
Marsh and Birchall (1998b), however, a summary is presented in Table 8.
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Table 8. Volunteer experiments identified for the estimation of absorption half-times
of 212Pb or/and 212Bi

Authors

Number of
volunteers

Brief description of study

Booker et al. (1969)

2

Inhalation of 212Pb attached to aerosol
Injection of 212Pb

Hursh and Mercer (1970)

4

Inhalation of 2I2Pb attached to aerosol
Injection of 2I2Pb

Hurshetal. (1969)

10

Inhalation of 2I2Pb and 212Bi attached to
aerosol

3.2.3.1.2. General methodology
Determination of absorption rates for lead
The published blood and/or the lung retention data of 212Pb following inhalation and injection
were used to estimate the absorption half-time of lead.
Software was developed to predict the amount of lead in lungs and blood with the absorption rate
constants as explicit parameters. This software was then incorporated into GIGAFIT (Birchall et al. 1995).
GIGAFIT (Graphically Interactive General Algorithm for FITting) is a parameter fitting program which
enables up to 30 model parameters to be fitted to up to 12 independent datasets. GIGAFIT was then used to
estimate the absorption rate by varying the value of the absorption rate parameter until the predicted lung or
blood retention fitted the data. The predicted lung retention was obtained from the HRTM. To predict the
amount of lead in blood following inhalation, the retention of lead in blood following systemic uptake is
required. A subject specific retention function was thus obtained for each subject from the published
measurements of lead in blood following injection. This retention function was then combined with the
HRTM and the ICRP Publication 30 gastrointestinal (GI) tract model (ICRP, 1979) to predict the amount in
blood following inhalation, for each subject.
Determination of absorption rates for bismuth
The absorption half-time for bismuth was determined from the 2I2Bi urinary excretion data of
Hursh et al. (1969). Hursh et al. had measured the urinary excretion of 212Bi from a volunteer who
inhaled 212Pb and 212Bi.
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A subroutine was written to predict the urinary excretion rates of 212Bi following inhalation of
212
Pb and 212Bi with the absorption rate constants as explicit parameters. The simplified version of the
HRTM; the ICRP Publication 30 GI tract model (ICRP, 1979); the ICRP Publication 67 biokinetic
models (ICRP, 1993) for lead and bismuth were all used to calculate the urinary excretion rates of
212Bi following inhalation of 212Pb and 212Bi. The systemic biokinetic model for bismuth formed
within the body as a decay product of lead is described in ICRP Publication 67, but its values of the
rate constants in the model are given in ICRP Publication 71, Annex C (ICRP, 1995). This subroutine
was incorporated in GIGAFIT, which was used to estimate the absorption rate by varying the value of
the absorption rate parameter until the predicted urinary excretion rates fitted the data.
3.1.3.1.3. Results and Discussion
Estimated absorption half-time of lead
A summary of the estimates of the absorption half-times for lead is given in Table 9.
Included in Table 9 are also estimates of the biological half-time for lung clearance of 212Pb
determined by Pillai et. al.(1994) and Jacobi et. al. (1957). The absorption half-time is greater or equal
to the biological half-time for lung clearance because particles are cleared from the lung by both
absorption and particle transport.
The arithmetic mean of the absorption half-times for 212Pb in Table 9 is 10 h with a standard
error of 1 h. Thus the best estimate of the absorption half-time for 212Pb is 10 h with a 95% confidence
interval of ± 2 h.
Table 9. Estimated absorption half-times for lead

Subject

Size: AMTD (nm)

Booker etal. (1969)
212
Pb in blood

A
B
C
D
ANBS
ACC
ACC

200
230
25
20
160
160
'Unattached'

Hurshetal. (1969)
212
Pb in blood

Ten adults

Attached

Reference

Hursh&Mercer(1970)
212
Pb in lung and blood

Single absorption half-time
(h)
13.5
11.1
7.9
8.5
9.4
8.5
10 (Booker et al. estimate)*
13 (lower limit _ 8)
0.0 ( Hush et al. estimate)*

Pillai etal. (1994)
212
Pb in lung

Four adults

90

18 ± 1 (Pillai et al. estimate)*

Jacobi et al. (1957)
212
Pb in lung

Three adults

Attached

8 (Jacobi et al. estimate)*

*These are estimates of the biological half-time for lung clearance obtained from in vivo lung
measurements.
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Inhaling attached 212Pb results in most of the lead being deposited in the AI region compared
with bb, BB and ET2 regions. Thus, the estimated absorption half-time for lead determined from
volunteer experiments inhaling attached lead is dominated by the absorption half-time from the AI
region. However, for radon dosimetry it is the absorption half-time from the BB and bb regions that is
required because most of the dose is delivered to these regions (table 3). Inhaling unattached particles
results in a much greater deposition in the BB and bb regions compared with the AI region. Booker et
al. (1969) estimated a 10 h clearance half-time of 2I2Pb from the lung of a volunteer who inhaled
unattached 212Pb (Table 9) which is effectively the clearance half-time from the BB and bb regions.
However, the lung measurements showed an initial rapid fall and a subsequent partial recovery that
could not be fully explained by the Booker et al estimates. Thus, it is unclear whether there is a shortterm absorption half-time component for unattached lead. Comparing Booker et al.'s estimate with the
estimates for attached 212Pb also given in Table 9 show that the absorption half-time for unattached
212
Pb is similar to that of attached 212Pb, at least for the long term component.
Estimated absorption half-time of bismuth
The estimate of the absorption half-time for 212Bi is 13 hours. However, this result depends
heavily on the ICRP biokinetic models used to relate urinary excretion of bismuth to its uptake, and it
should be noted that these models were developed principally for the purposes of dosimetry. Thus,
although these are the best currently available models, the result should be treated with some caution.

3.2.3.2. Guidance on experimental design
Guidance on experimental design has been provided to the human studies group.
3.2.3.2.1. Experiment at PSI, Switzerland (Schuler, C. and Butterweck-Dempewolf, G.)
Aim: To measure absorption rates of radon progeny in volunteers.
The idea was to carry out lung and head retention measurements on volunteers and to take
blood samples following different exposure conditions to radon progeny. In order to aid experimental
design, theoretical predictions of the amount of radon progeny in head, lung and blood following
inhalation have been determined with the latest ICRP biokinetic models for different absorption rates.
The theoretical predictions were then used to optimise the exposure conditions in order to:
- maximise sensitivity of absorption rates with measured quantities; and
- maximise magnitude of measured quantities.
The following recommendations were made:
- take blood samples at early times;
- carry out lung measurements at later times;
- use chronic rather than acute exposures; and
- use pure mouth breathing as opposed to nose breathing.
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3.2.3.2.2. Experiment at SSI, Sweden {Folk, R.)
Aim: To measure total radon progeny deposition in subjects of different ages in their home
environment.
The ICRP Publication 66 RT deposition model was modified to predict regional deposition
where the subjects were breathing in through the nose and out through the mouth. Deposition
calculations were performed for subjects of different age.

3.2.3.2.3. Human volunteer experiment at AEA, UK (Strong, J.)
AIM: to estimate absorption rate of2I2Pbfrom lungs to blood.
Several volunteer experiments were discussed with the aim of determining the absorption rate
of 212Pb and 212Bi from lung to blood, and also to determine whether these radionuclides bind to the
lung. In particular, a bolus experiment was considered in order to determine the absorption rate from
the tracheobronchial region of the lung which is required for radon dosimetry. Potential doses to
volunteers were estimated and recommendations on experimental design were given. Unfortunately,
the potential doses to the volunteers were all too high for all the volunteer experiments that were
considered for AEA to perform. Thus it was not possible for AEA to perform these volunteer
experiments.

3.2.3.3. Interpretation of results of the volunteer experiment at PSI. Switzerland ("Schuler. C. and
Butterweck-Dempewolf. G.)

Two software packages with user-friendly input and output displays were then written for use
of PSI to interpret their experimental results. The two software packages that have been sent to, and
written for PSI are:
3.2.3.3.1. Radon-Progeny (version 2.1)
This software package calculates the amount of radon progeny in head, chest and blood following
inhalation of radon progeny. Input parameters include activity radon progeny concentrations; lung to
blood absorption parameters; particle transport half-time from ET2; aerosol parameters; breathing
parameters; exposure time; and time of measurement. The models implemented include the HRTM,
and the ICRP Publication 67 systemic biokinetic models for polonium, lead and bismuth (ICRP,
1993).
3.2.3.3.2. Peterman & Perkins Radon gas model (version 2.0)
This software package calculates the amount of radon progeny in blood following inhalation of radon
gas. Input parameters include activity radon gas concentration; exposure time; and time at which a
blood sample is taken. The models implemented include the radon gas model described by Peterman
and Perkins, 1988; and the ICRP 67 systemic biokinetic models for polonium, lead and bismuth
(ICRP, 1993).
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3.2.3 A. Interpretation of Animal Experiments
3.2.3.4.1. Rat lung deposition model (RALMO)

Extrapolations of biological responses (e.g. lung cancer) obtained in laboratory animals to
human exposure conditions are commonly based on local particle deposition patterns. Although
laboratory rats are frequently used in radon progeny inhalation studies, their airway system exhibits a
much more asymmetric branching pattern than that for the human lung. In order to be able to
extrapolate results from the rat inhalation experiments (see work package 4) to human inhalation
conditions, deposition patterns in individual airway generations were computed for the human and rat
lungs, using stochastic morphometric models for both species.
Total, regional, and airway-by-airway deposition patterns were calculated for a wide range of
particle sizes and flow rates. The different human physical activities were characterized by specified
breathing parameters, while corresponding ventilation intensities in rat inhalation experiments were
simulated by different CO2 exposure levels. Although there are noticeable quantitative differences
between the deposition patterns, their dependence on particle size and flow rate is qualitatively similar.
Due to the intersubject variability in airway morphology and related flow rates, deposition fractions
are highly variable within a given airway generation. As a result of this, total and regional deposition
also exhibit intrasubject variations. In general intrasubject variability in the pulmonary region is larger
than that in the bronchial airways. At the airway level, frequency distributions of deposition
probabilities within bronchial airway generations in the human lung can be approximated by
lognormal distributions. In contrast, two distinct deposition maxima can be observed in upper
bronchial airways of the rat lung, reflecting deposition in major and minor daughter airways.
To investigate the effect of this structural difference on particle deposition, local particle
deposition patterns were plotted as functions of three morphometric parameters: airway generations,
airway diameters, and cumulative pathlengths. The search for the most appropriate morphometric
parameter to characterize local particle deposition for extrapolation modelling purposes was based on
two criteria: (I) the similarity of the distribution of deposited particles within the lungs, and (ii) the
similarity of intrasubject variability in deposition in individual airways. The results obtained suggest
that airway diameters are a more appropriate morphometric parameter to classify local particle
deposition patterns across the two species than the commonly used airway generations.
3.2.3.4.2. Biokinetic model for the HMT rat
A clearance model for the rat has been developed based on the HRTM. Further work is required
to incorporate the deposition model and to develop the dosimetry.
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3.2.4. Uncertainty analysis of the effective dose per unit exposure to radon
3.2.4.1 .Introduction
In order to estimate the uncertainty in Hw/Pp, i.e. to characterise the probability distribution of
Hw/Pp, a parameter uncertainty analysis has been performed using the HRTM. It is assumed that the
HRTM is a realistic representation of the physical processes, and that the parameter values are
uncertain. Thus, the effects of different morphometric lung models on the deposition were not
considered. Also the uncertainty in the values of the dosimetric weighting factors, wIung and wR, were
not considered.
It is clear that the uncertainty in HJPP is greater in an individual chosen at random, than it is for
a population of individuals because in the latter the parameter distributions will represent the
uncertainty in the mean value of a set of estimates and the resulting distribution will therefore be less
disperse. For example, the mean breathing rate is known with more accuracy than the breathing rate of
an individual chosen at random. It has therefore been decided to conduct two separate uncertainty
analyses the first for an individual and the second for a population. The two corresponding frequency
distributions of Hw/Pp obtained from the two uncertainty analyses are, in this report, referred to as:
Individual distribution
This distribution is a frequency distribution, which reflects the total uncertainty in Hw/Pp for an
individual adult due to variations in exposure conditions in different countries and in different houses,
and due to variations among subjects.
Population distribution of RJPp
This distribution is a frequency distribution, which reflects the uncertainty in the estimated mean value
of Hw/Pp for a population of adults.
The importance of carrying out an uncertainty analysis for a population, is that it is the
population distribution of Hw/Pp that should be compared with the dose conversion convention of 4
mSv per WLM obtained using the epidemiological approach (ICRP, 1993).
The uncertainty in the weighted equivalent dose to lung arising from an annual exposure of 200
Bq m'3 of radon gas concentration (HJC^) was also determined. An annual exposure of 200 Bq m"3 of
222
Rn is the UK action level for intervention in dwellings. Hw/CRn was calculated in terms of mSv y"1
per 200 Bq m'3; and is calculated by multiplying Hw/Pp by 2.2 F, where F is the equilibrium factor, and
80% occupancy is assumed (Marsh and Birchall, 1998a). Again the individual distribution and the
population distribution were determined

3.2.4.2. Methodology
The analysis was carried out by performing a Monte Carlo simulation, in which each of the
parameter values are chosen randomly from their hypothesised probability distributions. Correlations
between parameters were taken into account. For each run, Hw/Pp was computed with RADEP
producing a frequency distribution of UJPp. As the calculations are time consuming, the sampling
process was optimised according to the Latin Hypercube method with 1500 points.
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To derive the individual distribution of Hw/Pp or Hw/CRn the parameter probability distributions
were chosen to reflect the total uncertainty in the parameter value whereas to derive the population
distribution of Hw/Pp or H^/CR,, the parameter probability distributions were chosen to reflect only the
uncertainty in the estimated mean of the parameter value.
Parameter probability distributions

The probability distributions assigned to each of the parameters are given in Tables 7-10.
Four types of probability distributions were used to represent the uncertainty in the parameter values,
and these distributions are defined in terms of values of 'a' and 'b':
Rectangular distribution
Uniform probability density function (pdf) between 'a' and 'b' and zero for parameters outside this
range.
Normal distribution
The mean is given by the value 'a' and the standard deviation is given by 'b'.
Lognormal distribution
The median is given by the value 'a' and the geometric standard deviation is given by 'b'.
Triangular distribution
The pdf is zero for values of 'x' less than zero and greater than 'b'. For values of 'x' between zero
and 'b' pdf equals -2x/b2 + 2/b.

3.2.4.2.1. Justification of assigned parameter probability distributions
In deriving the parameter probability distributions greater effort was focussed on those
parameters identified in the sensitivity analysis as most affecting the equivalent dose.
Guidance on the assignment of the parameter probability distributions was given by all the
contractors. In most cases subjective judgements had to be made. In these cases a conservative
approach was taken in that distributions were chosen to be wider than perhaps could be justified,
resulting in a wider distribution of equivalent dose. In general when there had only been a few
measurements of the parameter in question or when it was only known to lie between two values the
rectangular distribution was assumed. When there were data available, frequency distributions of the
data were plotted and a judgement was made on which one of the above distributions most represented
the data.
Aerosol parameters
Figures 2 and 3 shows the frequency distributions of measurement data obtained in the open literature
and obtained from measurements carried out in this contract for the nucleation fraction, nucleation
aerosol size, accumulation aerosol size, accumulation particle dispersion, and unattached aerosol size.
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A triangular distribution was assigned to the nucleation fraction; a rectangular distribution was
assigned to the nucleation and accumulation aerosol sizes; and a lognormal distribution was assigned
to the accumulation particle dispersion, and unattached aerosol size (Table 10). It can be argued that
the log normal distribution assigned to the unattached aerosol size gives two much weighting to sizes
below 0.5 nm, and this will have an effect of reducing the dose to the lung.
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Figure 2. Frequency distributions of measurement data. Nucleation fraction data
(in terms of attached PAEC), Nucleation aerosol size data, Accumulation aerosol size data,
and Accumulation dispersion data (in terms of geometric standard deviation).
It is assumed that the unattached fraction (fp) is correlated with the equilibrium factor (F).
Figure 4 shows the variation of fp with F. The data plotted include measurements performed by the
aerosol group and measurements performed by Reineking and Porstendorfer (1990). A sum of two
exponentials was fitted to the data:
fD = 4.26 103 e 257F + 0.52 e"355F , where 0.04 < F < 0.9

(1)

This best fit is shown in Figure 4 together with the 'errors lines' representing the 95%
confidence interval. The standard deviation of fp (_fp) as a function of F can be approximated by the
following equation:
_fp = 0.11- 0.125 F, where 0.04 < F < 0.9

(2)

Thus, in the Monte -Carlo simulation fp is selected as follows: First F is selected from its
hypothesised probability distribution. Then fp is selected from a normal distribution with a mean and
with a standard deviation given by equations 1 and 2 respectively.
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Figure 4. Variation of unattached fraction with equilibrium factor.
A subjective judgement was made on the parameter probability distribution assigned to F.
Excluding the measurements carried out at the reactor site (i.e. site C); the values of F in Figure 4 can
be approximated by a normal distribution with a mean of 0.3 and a standard deviation of 0.15.
However, Site D is typical for Spain in which F has a mean value of 0.4. Furthermore, measurements
in the UK give a typical value of 0.4 (Wrixon et al., 1988) and the BEIR VI (1997) report gives a
mean of 0.41 with a standard deviation 0.16. It was decided to use a normal distribution with a mean
of 0.4 and a standard deviation of 0.15, which gives a 99% confidence interval of 0.01 - 0.79 to
represent the total uncertainty in F.
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It was assumed that the particle density and the particle shape factor are correlated, (Birchall
and James, 1994). This is plausible because for radon progeny attached to water particles both the
density and the shape factor will tend to unity.
Table 10. Probability distributions for aerosol parameters reflecting '"total" uncertainty in value
for domestic exposures

Description of parameter
ab

Unattached fraction
Unattached aerosol size (AMTD)
Unattached dispersion
Unattached hygroscopic growth
factor
Unattached particle density
Unattached shape factor0
Nucleation fractiond
Nucleation aerosol size (AMAD)
Nucleation dispersion
Nucleation hygroscopic growth
factor
Nucleation particle density

Representative
value

Probability distribution

0.1
0.8 nm
1.3
1.0

Form
Lognormal
Lognormal
Rectangular
Fixed

a
0.11
1.2 nm
1.0

b
2.2
2.1 nm
1.4

1 g cm'3

Rectangular

1 g cm"3

2 g cm"3

1
0.15
50 nm
2.0
1.75

l+(Rl/2)
Triangular
Rectangular
Rectangular
Rectangular

1
10 nm
1.0
1.0

1.5
0.5
90 nm
3.0e
2.5

1.4 gem"3

Rectangular
(1+R2)
l+(R2/2)

1 g cm"3

2 g cm"3

1

1.5

Rectangular
Lognormal
Rectangular

100 nm
2.0
1.0

360 nm
1.3
3.5

Rectangular
(1+R3)
1+0R3/2)
Rectangular
Rectangular
Rectangular
Rectangular
Rectangular
(1+R4)
l+(R4/2)
Normal

1 g cm"3

2 g cm"3

1
0
1 um
1.4
1.0
1 g cm"3

1.5
0.2
4 um
2.5e
1.5
2 g cm 3

1
0.3

1.5
0.15

Nucleation shape factor0
Accumulation fraction
Accumulation aerosol size (AMAD)
Accumulation dispersion
Accumulation hygroscopic growth
factor
Accumulation particle density

1.4 g cm"3

Accumulation shape factor0
Coarse fractiond
Coarse aerosol size (AMAD)
Coarse dispersion
Coarse hygroscopic growth factor
Coarse particle density

1.1
0.02
2.5 um
1.5
1.25
1.4 gem"3

Coarse shape factor0
Equilibrium factor

1.1
0.3

1.1
230 nm
2.1
2.0

(l+Rl)

a
This distribution is not used directly in the uncertainty analysis but is the distribution resulting
from selecting the equilibrium factor and then determining the unattached fraction from the correlation
between these two parameters as described in the text. This distribution has a 95% confidence interval
ofO.02-0.5.
b
Expressed as a fraction of total PAEC.
c
Random variables Rl, R2, R3, and R4 have uniform probability distributions between 0 and 1,
and are used to introduce a correlation between the density and the shape factor.
d
Expressed as a fraction of attached PAEC.
e
Max. value measured by Reinecking.
f
Max. value recommended by ICRP Publication 66 (ICRP,
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Subject related parameters
The parameter probability distributions for the subject related parameters are given in Table
11. The lognormal distribution assigned to the average breathing rates have a mean equal to the
HRTM default value and the 99% confidence interval of 0.4 - 1.5 m3 h"1 which encompass the defaults
values for sleep and light exercise.
Table 11. Probability distributions for subject related parameters reflecting 'total' uncertainty
in value for domestic exposures

Description of parameter

Representative
value or
default value

Probability distribution
Form

a

b

Average breathing rate

0.78 m3 h 1

Lognormal

0.75 m3 b/1

1.3 m 3 h '

Fraction breathed through nose (Fn)

1

Rectangular

0.4a

1.0

Slow cleared fraction

0.5

Rectangular

0

0.6

Particle transport rate factorb

1.0

Rectangular0

0.1

2

(a)
ICRP publication 66 recommends a Fn value of 0.4 for a mouth breather performing light
exercise
(b)
Particle transport rate factor is a factor by which all the particle transport rate are multiplied.
(c)
ICRP Publication 66 recommends modifying factors by which particle transport rates are
multiplied, and these modifying factors range from 0.1 - 2.

Target cell parameters
The parameter probability distributions for the target cell parameters are given in Table 12. It
is assumed that both the target cell layer depth and thickness are correlated with the epithelium
thickness. Although, the epithelium thickness is not used directly in the HRTM, it was used only to
introduce a correlation between the target cell layer depth and target cell layer thickness. The values of
'a' and 'b' chosen for the epithelium thickness were based on the measurements of Mercer et al.
(1991) and reflected intra and inter subject variation.
The judgement made in assigning the probability distribution for the mucus sol thickness is
based on measurements performed by Gehr reported in ICRP Publication 66 (ICRP, 1994).
The large uncertainty in the values of the assigned fractions of lung tissue weighting factor is
reflected in the assigned probability distributions. It is judged that the values of (ABB, Abb, AAI) is
likely to range from (0.25,0.25,0.5) to (0.8, 0.15, 0.05) as discussed in work package 2.2.
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Table 12. Probability distributions for target cell related parameters reflecting 'total' uncertainty in
value.
Description of parameter

Representative
value or default
value

Probability distribution
Form

a

b

Basal cell weighting factor

0.5

Rectangular

0

1.0

Bronchial epithelium thickness
(EBB)a

55 urn

Rectangular

35 um

75 um

Bronchial basal cell layer depthb

35 Mm

35 EBB/55

Bronchial basal cell layer thickness

15 um

15 EBB/55

Bronchial secretory cell layer depth0

lOum

10EBB/55

Bronchial secretory cell layer
thickness

30 um

3OEBB/55

Bronchial mucus (gel) thickness

5 urn

Lognormal

3.9 um

2um

Bronchial mucus (sol) thickness

6 um

Normal

6 um

1 um

Bronchiolar epithelium thickness
(E b b ) a

15 um

Rectangular

8 um

22 um

Bronchiolar secretory cell layer
depth0

4 um

4E bb /15

Bronchiolar secretory cell layer
thickness

8 um

8 Ebb/15

Bronchiolar mucus (gel) thickness

2um

Lognormal

1.6 um

2 um

Bronchiolar mucus (sol) thickness

4 um

Normal

4 um

1 um

Assigned fractions of lung tissue
weighting factor for BB region (ABB)

0.333

Rectangular

0.25

0.8

Ratio of assigned fractions of lung
tissue weighting factor for bb and AI
regions (Abb/AAI)

1

Rectangular

0.5

3

a
Parameters in bold are not used directly in the model, but are used to introduce correlation
between model parameters which are functions of them.

Absorption half-times
The parameter probability distributions for the radon progeny absorption rates are given in
Table 13. The values of 'a' and 'b' chosen for the attached radon progeny are based on the
interpretation of published data which is described in work package 2.3 (Marsh and Birchall, 1998b).
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The probability distributions assigned to the unattached radon progeny were decided by
discussion with the Human Studies Group based upon their results of their volunteer experiments. It
should be noted that it is assumed that the radon progeny are not bound to the lung.
Table 13. Probability distributions for radon progeny absorption half-times11
reflecting 'total' uncertainty in value.
Description of parameter

Unattached

218

Po and 214Pb b

Unattached
Attached

a
lung.
b
c

218

Po,

214

214

Bi b

Pb c and 2I4 Bi

Representative
value

Probability distribution
Form

a

b

1.2 h

Rectangular

0.5 h

9.2 h

0.5 h

Rectangular

0.3 h

2.2 h

lOh

Rectangular

5h

15 h

Single absorption rate is assumed, and it is assumed that the radon progeny is not bound to the
Based on volunteer experiments performed by the human studies group.
Based on the interpretation of published data (Marsh and Birchall, 1998b).

3.2.4.2.2. Parameter probability distributions reflecting uncertainty in estimated mean
For the parameters for which data are sparse the following conservative approach was taken.
The parameter distributions reflecting the total uncertainty were used to represent the distributions
reflecting the uncertainty in the estimated mean. For the other parameters where data were available
either a subjective judgement was made or the central limit theorem was applied to the data to estimate
the mean and standard error. The assigned distributions for these parameters are given in Tables 14
and 15.
The central limit theorem was applied to the data in Figure 2 for nucleation fraction,
nucleation aerosol size, accumulation aerosol size, and accumulation particle dispersion. Thus, the
assigned distributions are normal. A correction to the standard error is made for small sample sizes.
The values of 'a' and 'b' of the parameter probability distributions can also be determined
given the 2.5th to 97.5th percentile range (i.e. the 95% confidence interval). This range was
subjectively chosen for the unattached aerosol size, the equilibrium factor and for the average
breathing rate based on measurement data. These ranges are given in the footnotes to Table 14.
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Table 14. Probability distributions reflecting the uncertainty in the estimated mean
of some of the parameters used in the uncertainty analysis.
Description of parameter

Representative
value for a
home

Probability distribution
Form

a

b

Unattached fractionab

0.1

Lognormal

0.11

2.0

Unattached aerosol size (AMTD)C

0.8 nm

Lognormal

1.2 nm

1.6 nm

Nucleation fractiond

0.15

Normal

16.6

2.5

Nucleation aerosol size (AMAD)

50 nm

Normal

50 nm

6.9 nm

Nucleation dispersion

2.0

Rectangular

1.0

2.0

Accumulation aerosol size
(AMAD)

230 nm

Normal

230 nm

11.6 nm

Accumulation dispersion

2.1

Normal

2.1

0.1

Coarse fraction

0.02

Rectangular

0

0.1

Equilibrium factor5

0.3

Normal

0.4

0.10

Average breathing ratef

0.78 m3 h 1

Normal

0.78 m3 h 1

0.8 m 3 ^ 1

Bronchial epithelium thickness
(E B B ) g

55 um

Rectangular

45 um

65 urn

a
This distribution is not used directly in the uncertainty analysis but is the distribution resulting
from selecting the equilibrium factor and then determining the unattached fraction from the correlation
between these two parameters as described in the text. This distribution has a 95% confidence
interval of 0.03 - 0.4
b
Expressed as a fraction of total PAEC.
c
95% confidence interval for unattached aerosol size (AMTD): 0.5 - 3.0 nm.
d
Expressed as a fraction of attached PAEC.
e
95% confidence interval for equilibrium factor: 0.2 - 0.6.
f
95% confidence interval for average breathing rate: 0.62 - 0.94 m"3 h"1.
g
EBB is n o t use( J directly in the model, but is used to introduce correlation between the target
cell layer depth and the target cell layer thickness which are functions of EBB; (Table 9)
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Table 15. Probability distributions reflecting the uncertainty in the estimated mean
of the radon progeny absorption half-times11.
Description of
parameter

Representative
value

Probability distribution
Form

a

b

Unattached

214

Pb c

1.2

Rectangular

0.75 h

1.75 h

Unattached

214

Bi c

0.5 h

Rectangular

0.3 h

lh

10 h

Normal

10 h

lh

Attached

a
lung.
b
d

214

Pb d

Single absorption rate is assumed, and it is assumed that the radon progeny is not bound to the
Based on volunteer experiments performed by the human studies group.
Based on the interpretation of published data (Marsh and Birchall, 1998b).

3.4.2.3. Results
3.2.4.3.1. Individual distributions ofHJPp and HJCRn
The individual distribution of Hw/Pp reflecting the total uncertainty in Hw/Pp for an individual adult is
given in Figure 5. The mean and the standard deviation of the distribution are 24 and 11 mSv per
WLM respectively. The probability that H^/Pp < 6 mSv per WLM is approximately 0.6%.
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Mean: 24 mSv/WLM
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Figure 5. Frequency distribution of Hw/Pp reflecting the total uncertainty in
for an individual adult.
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The individual distribution of Hw/CRn given in Figure 6 is slightly narrower because F is
weakly correlated with fp. The mean and standard deviation is 20 and 9 mSv y"1 per 200 Bq m"3 of
222
Rn respectively.
3.2.4.3.2. Population distribution ofHJPp

andHJCRn

The population distribution of Hw/Pp reflecting the uncertainty in the estimated mean of Hw/Pp
for a population of adults is given in Figure 7. The mean and the standard deviation of the population
distribution are 20 and 7 mSv per WLM respectively. The probability that the mean of Hw/Pp = 6 mSv
per WLM is less than 0.2%.
To investigate the influence of the uncertainty in the (ABB, Abb, AAI) values on the uncertainty
in the estimated mean of Hw/Pp, the Monte Carlo simulation was repeated but with the (ABB, Abb, AAI)
values fixed to (0.333, 0.333, 0.333). The resulting distribution (shown by a line) is also given in
Figure 7. The mean and standard deviation is reduced to 16 and 5 mSv per WLM respectively.
However, the probability that the mean of Hw/Pp = 6 mSv per WLM is still less than 0.2%.

Mean: 20 mSv y A per 200 Bq m' 3 of 222Rn

1

5

9

13

17 21

25 29

33 37 41

45

49

53 57 61

65

69

73 77

mSv y"1 per 200 Bq m 3 of 222Rn
Figure 6. Frequency distribution of Hw/Pp reflecting the uncertainty in the estimated mean of Hw/Pp for
a population of adults. The line shows the distribution in which the assigned fractions of the tissue
weighting factor are fixed to the HRTM default values (0.333,0.333,0.333).
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Figure 7. Frequency distribution of HJCj^ reflecting the uncertainty in the estimated mean of
for a population of adults.
The population distribution of Hw/CRn given in Figure 7 has a mean and standard deviation is
17 and 6 mSv y"1 per 200 Bq m"3 of 222Rn respectively.
Using the representative individual parameters values recommended by all the contractors
(Tables 10-13) gives values of UJPp and Hw/CRn of 11 mSv per WLM and 10 mSv y"1 per 200 Bq m"3
of 222Rn respectively. These values are different from the means of the population distributions
because the relationship between equivalent dose and the model parameters are non linear.
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Title: Human Studies
Head of project / work-package N°3:

Dr. R. Falk (SSI)
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WP 3.1.
WP 3.2.

Dr. C.G. Collier, Dr. J.C. Strong
Dr. Ch. Schuler, Dr. G. Butterweck-Dempewolf,
Dr. G. Vezzii

Investigate the total and regional deposition in the respiratory tract of adult human
volunteers in well defined atmosphere containing radon progeny
Total deposition studies in indoor environment

The objective for the Human Studies Group was to conduct inhalation studies with human
volunteers under well defined experimental conditions, in order to provide a better definition of radon
progeny specific parameters, including the deposition pattern of the unattached fraction and the
dependence of deposition on age and gender. The radiation dose from inhaled radon progeny is
besides the airborne concentrations of the radon progeny influenced by the size of the inhaled
particles, their deposition probability in different parts of the human respiratory tract and their
biokinetic behaviour. The specific properties of the airborne radon progeny are characterised by two
different modes to be studied, the unattached fraction, which has a size of about 1 nm, and the attached
fraction were the ambient aerosol particles are carrying the radon progeny. The studies were focused
on the behaviour of the unattached fraction in the human adult respiratory tract and deposition studies
in children. The results will be used to modify or confirm the existing dosimetric models of the human
respiratory tract.
3.3.1. Preparation of exposure of adult volunteers in well defined atmospheres containing radon
progeny
3.3.1.1. Progress.
The studies were done in close co-operation with the Aerosol Studies Group in Lund (Mats
Bohgard) and the Modelling Group (W. Hoffman, University of Salzburg).
The principle for the total deposition methodology used was to compare the radon progeny
concentration in inhaled (ambient) air with radon progeny concentration in exhaled air (Falk 1982).
Two persons (e.g. one child and one adult) could be studied simultaneously, thus inhaling the same
aerosol. The test subjects were breathing for five minutes, either through a mouth piece or a nose
mask, and were asked to breath as naturally as possible. A three-way valve (Ambu AS, Denmark) was
used to separate inhaled and exhaled air. A flexible rubber reservoir (2 dm3) with added conducting
carbon black (Rusch AG, Germany) was used to allow for tidal breathing. The exhaled aerosol
particles were collected on a filter (Millipore AAWP03700, 0.8 p.m) in a filter holder. The equipment
for collecting the exhaled aerosol particles was kept at 37°C to avoid condensation of water in the
equipment. The filtered air was cooled to ambient temperature and dried to facilitate the subsequent
volume measurement.

49

For practical purposes the sampling periods for these measurements have to be restricted to 10
minutes and the subsequent counting period limited to one hour. By using this procedure, the detection
level (3 SD above the background) of the individual radon progeny was measured and found to be
about 1 Bq m"3, which is low enough to perform total lung deposition measurements with human
subjects in indoor environments where radon concentrations are 100 Bq m'3 or higher.
The attached and unattached fractions of the ambient radon progeny (inhaled air) were
determined using a well-calibrated screen (mesh size 180) and filter technique (Philips et al. 1988).
The sampling (air-flow rate, 300 cm'/s) took place at a distance close (-15 cm) to the three-way
valves. Alfa-spectroscopy with surface barrier detectors (DIAD 600, EG&G ORTEC) was used to
measure the activity from the filters and the screen. During each experiment the breathing frequency
was recorded. The ventilation properties of the lungs VC (Vital Capacity) and FEV] (Forced
Expiratory Volume in one second) were determined with a spirometer for each person in connection
with the deposition experiment. The size distribution (14 - 800 nm) of the ambient aerosol particles
was determined with an electrical mobility spectrometer system (SMPS, TSI Inc., USA). When the
breathing period was finished, the filter holders were quickly (< 2 min) moved to the detectors (the
filter holders were specially designed to fit with both the exhalation equipment and the detector).
The recursive methodology described by Nyblom and Samuelsson (1992) was used to
determine the concentrations of the different short-lived radon daughters from the recorded alphaspectra. When calculating the deposited fraction (DE) of the aerosol particles, the equilibrium
equivalent radon concentration (Ceq) is used. The Ceq weights the concentration (given in Bq/m3) of the
different species of radon progeny with number concentration and potential alpha energy and is thus
an appropriate way of expressing the radon progeny concentration when considering health hazards:
DE _ Ceq (ambient attached) - Ceq (exhaled)
Ceq (ambient attached)

(1)

The unattached fraction is assumed to be deposited either in the human airways or in the
exhalation equipment, hence the unattached fraction is not considered when calculating the deposited
fraction.
Knowing the attachment rate (Porstendorfer, 1994) with which the free radon progeny adhere to
aerosol particles (as a function of the diameter of the aerosol particles), the activity size distribution
can be estimated (assuming steady state conditions) from the number size distribution (14 - 800 nm)
measured with the SMPS-system. An impactor sampling at 133 cmV 1 with cut-point at 800 nm
(aerodynamic equivalent diameter) was used in a few experiments to study the contribution from the
coarse mode to the activity weighted size distribution. The impaction plate was after the experiment
put in the lower part of the alpha detector (filter holder) and was analysed in the same manner as
described above.
To ensure that the measured deposition constituted of particles deposited in the human airways
and not in the equipment measurements were performed on the particle loss in the system (valve and
reservoir). A time-of-flight instrument (APS, TSI Inc., USA) was used for the larger particles (>1 p.m).
In this case the loss of inactive particles were measured. For the smaller particles both the SMPS
system (inactive particles) and a simple filter method (aerosol attached radon progeny) were used. In
the filter method the attached radon progeny concentration in the aerosol that had passed the three way
valve were compared with the aerosol who had not. These measurements were performed with
constant flows. A flow of 330 cm3/s (20 1/min) was chosen which is a typical average inhalation flowrate for resting adults.
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Experiments were performed both in homes with elevated radon concentrations and in a radon
exposure chamber. The main objective of the dwelling part of the study was to study differences in
total deposition between children and adults. Experiments were performed in five one family houses
located in the vicinity of Lund, southern Sweden, with radon gas concentrations ranging from 200 600 Bq/m3. In total 17 children (4 to 13 years old) and 12 adults were tested in their home
environments. The test subjects were breathing through the mouth and were asked to breath relaxed.
The test subjects were allowed to train before the measurement. Two different kinds of aerosol were
used, the background aerosol with relatively large particles and an aerosol dominated by the relatively
small particles produced from ordinary candle lights. In one of the houses a Hygroscopic-Tandem
DMA system (Svenningsson, 1997) was used to estimate the hygroscopic growth factors of the
particles in the human airways. The instrumentation does not allow measurement at the high humidity
in the lung. The growth was measured at two different RH's, 82 and 95% and from this extrapolations
were made to the RH in the lungs (99.5%).
Experiments to compare nose and mouth breathing were performed in the exposure chamber. In
this case slightly higher radon gas levels (800 - 1000 Bq/m3) were used in order to decrease the
variability. Carbon Black particles generated from heavy candle burning (black smoke) were used.
The volunteers for the chamber studies were only adults.
Comparison of the total deposition has been made with stochastic lung models (Hoffman and
Koblinger, 1992) partly based on empirical derived formulas (Heyder et al., 1986 and Yu and Diu,
1982). In the comparison the predicted values for mono-disperse aerosols has been recalculated to the
poly-disperse activity weighted size distributions in this study, using the following series
approximation.
DEpd = EDEmd(dPi)Ceq(dp1)

(2)

DEpd and DEmd are the total deposition for polydisperse and monodisperse aerosol respectively, dp>
is the mean particle diameter in the i:th SMPS-channel and Ceq(dpj) is the normalised activity in size
interval i.

3.3.1.2. Results
3.3.1.2.1. Validation of the method
The losses in the three way valve of larger particles were studied with the APS system at a
constant flow rate of 330 cmVs. At 1 (im the losses were less than 1%, at 1.3 |im the losses were 3%
and 50% loss were found at 3.3 pxn. For smaller particles the losses were studied with the filter
method and a loss of radon progeny < 3% was found after studying the aerosol sources used in the
experiments in this text. The loss in the reservoir was found to be < 1%. A deposition > 90% was
attained for the unattached fraction from experiments with almost particle free air (< 200 cm' 3 ).
All experiments for the measurements in dwellings has been performed at Ceq value of 50
Bq/m or more which corresponds to radon gas concentrations of 250 Bq/m3 and 125 Bq/m3 for the
cases of background aerosol and candle light aerosol respectively. This results in standard deviations
(percentage units) of around 8% and 10% uptake in adults and children (10 years) respectively.
3
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3.3.1.2.2. Properties of the aerosol particles during the deposition studies
Representative samples of the activity weighted size distributions during the experiments are
found in Figure 8. The carbon black distribution was fairly stable over time, while the candle
distribution was slightly shifted towards larger particles during a day. The background distribution was
in most cases quite constant during a day (AMD ± 50 nm) of experiments while larger differences
occurred between days and houses (the maximum and minimum values of the AMD are shown in
Table 16). The background distribution was in all cases unimodal in its structure but wider than the
sources. In one of the dwellings an impactor was used to estimate the contribution from the coarse
mode (cut-point 800 nm) and very little contribution was found (< 2%).

-Candle
- Background
- Carbon black

100

1000

dp (nm)
Figure 8. Typical activity weighted size distributions during deposition experiments
(normalised between 14 and 800 nm).

The hygroscopic growth in the human lungs of the particles was estimated with measurements
in one of the dwellings during five consecutive days. The carbon black particles were hydrophobic
showing almost no signs of particle growth. The background particles were most of the time separated
into two groups one less hygroscopic with an estimated growth factor, 1.1 - 1.6 at RH = 99.5 and one
more hygroscopic group with estimated growth factors at RH = 99.5% of 2 - 4. This is very much in
agreement with what is found outdoors for the continental aerosol. The candle light particles were
found to be surprisingly hygroscopic with estimated growth factors of 2 - 3 at RH = 99.5%.
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Table 16. Properties of the ambient particles during the experiments.

Particles

AMD

Growth Factor Estimates
at 99.5%

(nm)
Carbon black

500 - 600

1.5-1.7

1

Candle light

40-70

1.5- 1.8

2-3

Background

100-350

1.9-3.0

1-4

3.3.1.2.3. Experiments in the chamber comparing nose and mouth breathing
Experiments were performed comparing nose and mouth breathing with relatively large
particles (carbon black, AMD 500 - 600 nm). An enhanced deposition was found when breathing
through the nose, see Figure 9. This is probably due to inertial effects (turbulent deposition and
impaction). The nose is an efficient filter for larger particles, turbulence is induced which enhances
deposition.
Table 17. Comparison between total deposition when breathing through nose and mouth and
comparison with the stochastic model (extratoractic deposition from equations by Stahlhofen et al.,
1989, and Yu et al.,1982 (in parenthesis)). Three male healthy non-smokers.

Tidal Volume
(cm3),

Breathing
frequency
(min1)

Deposition (%)
This work

Model
(IDEAL 2)

Mouth

600 - 750

15

11 ± 2

13 (13)

Nose

500-650

15

17±2

14 (19)

Uncertainties based on counting statistics, are given as ±1 standard deviation for mean values.
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3.3.2.

Total deposition studies in indoor environment

3.3.2.1. Results of the deposition experiments with children and adults
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Figure 9. Experimental raw data for experiments with candle light particles.
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Figure 10. Experimental raw data for experiments with background particles

The results of all the experiments comparing children and adults are found in figures 9 and 10.
DECh.and DEAd are the total deposition for the children and adults respectively. DEMean is the mean of
these two values. The higher variability in Figure 10 is imposed by a lower Ceq in these experiments. A
statistical significance test (significance level 0.05) was performed. The higher deposition obtained in
children (Table 18) in the case of the candle particles was found statistically significant while no
significant difference was found in the case of the background particles.
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Table 18. Mean results, errors for the relative difference are given
as ± one standard deviation of the mean values.

Particle
source

AMD

Mean deposition (%)

Relative
Difference

(nm)
Children

Adults

Candle particles

40-70

38

31

0.19 ±0.08

Background

150 -300

31

31

-0.02 ±0.16

The results have been compared with the deposition model (Table 19). The particle hygroscopic
growth for the candle particles has been taken into account by using the values found for different
diameters when extrapolating to RH = 99.5%. For the background particles the two different groups
with different growth factors were found for each diameter. The magnitudes and growth factors of
these groups are varying both as a function of the particle diameter and as a function of time. Instead
of performing a very complicated guess a growth factor of 1.5 has been used for diameters < 100 nm
and a growth factor of 2.5 for diameters > 100 nm. These values represent rough mean values of our
estimates of the growth factor.
Table 19. Comparison between experimental values and the predictions
of the stochastic model (adults)

Present work

IDEAL 2

Candle particles

31%

26%

Background

31%

15%

3.3.2.2. Deposition of the different radon daughters.
During the experiments in the dwellings also the deposition of the individual radon daughters
was calculated. Significant different deposition fraction was observed for the three short-lived
daughters. Highest deposition value was found for RaA and lowest for RaC both for children and
adults with background aerosols as well as candle aerosols. This phenomenon will be studied further.
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3.3.3. Progress and results of PSI inhalation experiments
PSI focused on the task of measuring the activity absorbed from the respiratory tract to the
blood circuit following an exposure to mainly unattached radon progeny. 21 volunteers were exposed
in the PSI walk-in radon chamber. The exposures were divided in five groups (Table 20).
Table 20. Different exposure conditions used in the experiments at PSI. Number denotes the number
of volunteers exposed to the specific exposure conditions.
Group No

Type of exposure

Number

1

Standard conditions, mouth breathing

7

2

Standard conditions, nose breathing

7

3

Radon gas only

3

4

Candle aerosol, mouth breathing

2

5

Doubled concentrations, mouth breathing

2

3.3.3.1. Characterisation of exposure conditions
The deposition of radon progeny in the respiratory tract is governed by the airborne activity
concentrations of radon progeny, the size distribution of the inhaled particles and the amount and type
of breathing. The radon gas activity concentration was measured using a flow-through ionisation
chamber. Activity concentrations of radon progeny were measured by filtering air through membrane
filters and alpha-spectrometric counting of the activity sampled on the filters during and after air
sampling. The standard exposure conditions are defined by a radon gas concentration of about 19 kBq
m~ , which derived from the instrument responses under consequent regard of the ALARA-principle,
with a large unattached fraction fp of 0.8. In exposures for the validation of the derived results, two
volunteers were exposed to an atmosphere with candle aerosol and a small unattached fraction fp of
0.08 (Group No 4) and two volunteers were exposed under standard conditions, but at elevated air
activity concentrations (Group No 5) (Table 21).
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Table 21. Average activity concentrations of airborne radionuclides, equivalent equilibrium
concentrations c e a , equilibrium factor F and unattached fraction fp for the different exposure groups.
Group No

3

1,2

4

5
-a

Average activity concentrations [Bq m ]
18600

18700

18800

49100

unattached
218 p o

3400

3200

1800

8000

214 p b

130

130

700

290

214

20

20

500

30

eq

430

410

740

1000

attached
218 p o

210

210

12700

560

214 p b

80

90

8000

240

214

110

110

8100

320

eq

105

110

8531

310

F

0.03

0.03

0.49

0.03

fp

0.80

0.79

0.08

0.77

222

Rn

Bi

C

Bi

C

3.3.3.2. Determination of size distributions and inter-comparison of methodology with other project
partners
The size distribution of the unattached radon progeny was measured using tube diffusion
batteries. A total of 8 parallel sampling lines was used. Size distributions of the attached radon
progeny were determined with a low-pressure impactor equipped with on-line alpha-spectrometric
measurement of the activity deposited on the impaction plates. The size distribution of the short lived
radon progeny was assumed to consist of one or a sum of two log-normal distributions. The
parameters of the log-normal modes were determined using a Monte-Carlo-type iteration process. The
method was compared to algorithms used by other contractors in the project during an intercomparison
exercise. The intercomparison exercise of the algorithms for the retrieval of size distribution
parameters showed, that the retrieval quality for measurements with diffusional size classification
depends much on the accuracy of the measured penetrations. Under the assumption, that the size
distribution of the unattached fraction under identical exposure condition is also identical, the
measured penetrations were averaged and the size distribution parameters then determined.
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01 R

For the exposures with a large unattached fraction (Groups No 1, 2, 5),
Po was found
associated with monodisperse particles at a diameter of 0.9 nm, whereas
Pb was found to have a
bimodal size distribution with 21.8% of the unattached activity having a median diameter of 0.34 nm
with a geometric standard deviation of 1.15 and 78.2% of the unattached activity having a median
diameter of 1.14 nm with a geometric standard deviation of 1.28.
In the case of candle aerosol, both exposures showed quite different size distributions, due to
sooty particles in one of the experiments. Both experiments showed half the particles at median
diameters around 260 nm with a geometric standard deviation of 2. The exposure of the first volunteer
with sooty particles showed a second mode at 120 nm with a geometric standard deviation of 1.4,
whereas the exposure of the second volunteer yielded a much larger second mode at a median
diameter of 430 nm with a geometric standard deviation of 1.2.

3.3.3.3. Inhaled amount of air during the exposure
The amount of air breathed by the volunteer during the exposure was determined by
measuring the tidal volume of the volunteer with an respirometer at the medical entrance examination.
The number of breaths was measured during the exposure via the expansion of the chest of the
3

1

3

1

3

1

volunteer. The volunteers had an average breathing rate of 0.8 mD h' 1 (range 0.4 n r h"1 - 1.4 n r h" 1 ).

3.3.3.4. Measurement of deposited activity in head and chest of the volunteers
The activities of the short-lived radon progeny in head and chest of the volunteers were
measured using two 5*2 inch Phoswich detectors and a 100% HPGe detector in a low-level steel
shielding. The response of the detection system to the deposited activity was calibrated using a semiempirical method. The activity was measured between 7 minutes and 37 minutes after the end of the
exposure. An analysis of the decrease of the activity during the measurement showed no mechanical
clearance from the pharyngal region into the gastro-intestinal tract.
The measured activity deposited in the head and chest of the volunteers for the exposure
groups 1 and 2 is compared to the results of model calculations performed with a computer application
basing on the ICRP dosimetric respiratory tract model supplied by the project partner NRPB (Table
22). The uncertainty of the measurement was obtained including statistical and systematic
uncertainties. The range of possible model predictions given in brackets originates from different input
parameters. The lower prediction of the deposited activity is associated with the default value of the
mechanical clearance half time of the ET2 compartment of 10 minutes and an absorption half time into
the blood circuit of 20 min, the latter oriented on the results of the blood measurements. The upper
limit of the range of deposited activities was determined with clearance and absorption half times of
600 min.
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Table 22. Comparison between measured and modelled deposited activity in the respiratory tract of
mouth and nose breathing volunteers. Values in brackets notify the range of possible predictions
originating from a sensitivity analysis.
Regionally deposited activity [Bq]
Mouth breathing (group 1)

Nose breathing (group 2)

Measured

Model prediction

Measured

Model prediction

214

P b (head)

68 ± 9

86 (24 - 96)

107 ± 22

120(71-135)

214

Bi (head)

25 ± 4

52(11 -58)

38 ± 9

73 (41 - 82)

214

P b (chest)

40 ±16

56 (28 - 67)

6±16

26(13-29)

214

Bi (chest)

15 ± 7

38(17-42)

-4 ±11

20 (9 - 22)

3.3.3.5. Determination of the absorption half time of unattached radon progeny from the respiratory
tract in to blood
A blood sample of about 200 ml was taken inside of the PSI radon chamber at the end of the
exposure. Special care was taken to avoid surface contamination of the blood sample. The sample was
then sealed in a vacuum tight stainless steel vessel to prevent loss of radon gas from the sample and
measured for about five weeks using a 7*7 inch low-level Nal-well detector with well dimensions of 6
cm * 12 cm. The specific activity of radon progeny measured in the blood sample was compared to
model predictions (Table 23) using a computer code provided by the project partner NRPB. The input
transfer half time for the computer code was manually modified until predicted and measured activity
91 R
zlo

914

were in agreement. The absorption half time was assumed equal for unattached
P o and ^ 1H Pb. For
the model calculations no mechanical clearance of unattached radon progeny from the pharyngeal
region was assumed according to the results of the in-vivo measurements. The range of values given in
brackets in Table 23 was derived from the uncertainty of the average measured blood activity value.

59

Table 23. Activity of radon and radon progeny found in a 200 ml blood sample taken 30 min after
start of the exposure and according absorption half times.

Mouth breathing (group 1)

Nose breathing (group 2)

Activity in 200 ml blood sample [Bq]
Rn

1.1 ±0.1

1.1 ±0.1

214 p b

0.6 ±0.2

0.3 ±0.1

214

0.5 ±0.1

0.4 ±0.1

222

Bi

Absorption half times [min]
218 P o / 214 p b
214

Bi

63 (45 - 95)

68 (56 - 86)

29 (23 - 39)

18(17-21)

3.3.3.6. Validation of results
Four exposures have been performed after the evaluation of the absorption half times to test
for possible hidden systematic errors. Two mouth breathing volunteers were exposed under identical
conditions, with the exception of absolute radon and radon progeny air concentrations, which were
doubled for these exposures. Another two mouth breathing volunteers were exposed to an atmosphere
with largely attached radon progeny. The results of the measurement of radon progeny activity in
blood samples were compared to model predictions using the absorption half time of unattached radon
progeny determined for the average mouth breathing volunteer (Table 23). For the absorption of
aerosol attached radon progeny into blood, a half time of 600 min was used. Radon gas blood
concentrations were predicted from measurements with inhibited inhalation of radon progeny by
multiplying radon gas blood activities with the ratio of airborne radon gas activity concentrations
during the exposures. With the exception of
Bi for volunteer 2 of aerosol exposure group 4, the
predicted blood activity is in reasonable agreement to the measured values (Table 24). This volunteer
showed in the obligatory medical examination a significantly reduced lung function, which may be the
source of the large deviation between predicted and measured activities.
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Table 24. Comparison between predicted (pred.) and measured (meas.) specific blood activity
of the four test exposures.
Specific activity in blood sample [mBq g ]
2

214 p b

22Rn

214 B i

Exposure

Pred.

Meas.

Pred.

Meas.

Pred.

Meas.

Group No 4, volunteer 1

5.1

5.5

3.7

3.1

6.4

5.1

Group No 4, volunteer 2

5.2

5.6

3.6

5.1

5.0

1.2

Group No 5, volunteer 1

13.0

13.7

4.3

5.0

3.4

4.1

Group No 5, volunteer 2

13.9

12.2

4.7

5.5

3.9

3.9
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3.4. Progress and Results of work-package N°4
Title: Animal Studies
Head of project / work-packageN°4:

Dr. G. Monchaux (CEA)

Partners:
AEA-Technology, pic (UK):
CEA:

Dr. C.G. Collier, Dr.S.T. Baker, Dr. J.C. Strong
Dr. J.P. Morlier, S. Altmeyer, B. Lectard

3.4.1. Long-term experiments on lung cancer induction at low doses
Animal studies were used in addition to epidemiological studies to investigate the effects of
exposure, exposure rate and other factors in predicting risks resulting from human exposures both in
the home and in the workplace. The advantage of animal data is that animal experiments are generally
conducted under well controlled conditions and that exposure and exposure rate can be estimated more
accurately.
Under the Fourth CEC RTD Framework Programme, a new series of experiments was carried
out to investigate specifically the influence of exposure-rate on lung cancer induction in rats at
relatively low cumulative exposures. The animal experiments were conducted concomitantly both at
CEA and UK-AEA Technology pic. The two institutes have the possibility to expose animals in
complementary facilities.

3.4.1.1. Progress and Results of CEA long-term animal studies
3.4.1.1.1. Radon exposure
All the CEA animal exposures were performed at the CEA-University of Limoges radon
inhalation facility located in Razes (France). Experiments were performed at a cumulative exposure of
360 mJ h m 3 (100 WLM), and exposure rates varying from 0.22 mJ m"3 (12-13 WL) to 3.15 mJ rn 3
(150 WL). Radon gas emanation from uranium ore was introduced into the 10 m3 stainless steel
chambers through a dilution system and the radon progeny were attached to the ambient aerosol
(natural aerosol). The duration of exposure sessions was 6 hours. Exposures were conducted under
static conditions without air renewal in the chambers. During the exposures, monitoring of the
potential alpha energy concentration (PAEC), disequilibrium factor F, unattached fraction fp, radon
progeny concentrations and environmental conditions were performed using recognised methods
agreed between AEA and CEA in previous metrology inter-comparison exercises. Inhalation
parameters of the different exposure groups are summarised in Table 25.
In these experiments, Group 0 (RnCt) was an unexposed control group. Group 1 (RnPC) was
used as a positive control group and was exposed to radon and progeny at a cumulative exposure of
about 360 mJ h m"3 (100 WLM) and high PAEC of 3.15 mJ m"3 (150 WL) which was expected to
induce a lung cancer incidence of about 10%. Group 2 (RnAg) was exposed to a similar cumulative
exposure of 360 mJ h m"3 (100 WLM) and high PAEC as Group 1, but rats were older, 13 months-old
at the beginning of exposure, to investigate the role of age at exposure in the induction of lung cancer.
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Table 25. Distribution of rats and characteristics of radon exposure
in the different experimental groups

Experimental
groups

No.
of
rats

Age
at start
Cumulative
of
exposure
exposure
(months) mJ h m 3 WLM

PAEC

F
3

mJm"

WL

Gr. 0 (RnCt) <a>

120

-

= 0.9

= 0.25

= 0.0004

= 0.002

Gr. 1 (RnPC) (b>

240

3

378

105

3.91 ± 1.25

188 ±60

0.14 ±0.03 0.25 ± 0.04

Gr. 2 (RnAg) <c>

120

13

360

100

3.15+1.30

152+63

0.21 ± 0.05 0.17 ±0.06

Gr. 3 (RnFr) ( *

240

3

385

107

3.05 ± 0.95

147 ± 46

0.20 ± 0.04 0.18 + 0.06

Gr.4 (RnD3)w

240

3

361

100

1.21 ±0.40 58.3 ± 19.4 0.09 ± 0.03 0.33 ± 0.03

Gr. 5 (RnD12) OT

240

2.5

358

100

0.27 ± 0.01

13 ±0.01

0.08 ± 0.01 0.30 ± 0.03

Gr. 6 (RnD6) <s>

211

3

151

42

0.37 ±0.16

18.0 ±8.0

0.14 ± 0.04 0.25 ± 0.06

o,
b.
c,
d.
e,

f.
g-

Group 0
Group 1
Group 2
Group 3
Group 4
Group 5
Group 6

untreated controls
exposed to radon from
exposed to radon from
exposed to radon from
exposed to radon from
exposed to radon from
exposed to radon from

-

-

29-04-1996 to 28-05-1996
03-03-1997 to 02-04-1997
11-07-1996 to 02-10-1996
03-03-1997 to 03-06-1997
01-12-1997 to 11-12-1998
29-04-1996 to 14-10-1996

Group 3 (RnFr) was exposed to a similar cumulative exposure of 360 mJ h m"3 (100 WLM)
and high PAEC as Group 1, but the exposure of this group was protracted over a 3 months period at 1
or 2 sessions a week, instead of 5 sessions per week for 4 weeks in Group 1. Group 4 (RnD3) was
exposed to a similar cumulative radon exposure of 360 mJ h m"3 (100 WLM), but at a lower PAEC of
about 1.2 mJ m"3 (50 WL). Group 5 (RnD12) was exposed to a similar cumulative radon exposure of
360 mJ h m"3 (100 WLM), but at a lower PAEC of about 0.27 mJ m"3 (12-13 WL). Group 6 (RnD6)
was initially scheduled to be exposed at the same cumulative exposure of 360 mJ h m"3 (100 WLM) as
other groups, but at lower PAEC of about 0.3 mJ m'3 (15 WL). In fact, due to works for renewal and
refurbishment of the radon inhalation facility, the exposure of this group was stopped at a cumulative
exposure of 151 mJ h m'3 (42 WLM). However, this point should be very informative, since in our
experience, we did not have data on experiments conducted at such cumulative exposure and exposure
rate.
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3.4.1.1.2. Animals and histologic analysis
Exposed rats were 12 week-old, male, specific-pathogen-free Sprague-Dawley rats (Ico: OFA
SD, IFFA-CREDO, France). During exposure, they were housed in wire stainless steel cages within
the inhalation chambers. Litter consisted in sawdust removed daily before the beginning of exposure.
Food (AO4 from UAR, France) and water were given freely. All the experiments were performed
according to the order N° 87.848 of the French legislation and the European Directive 86/609/EEC
about the Care and Use of Laboratory Animals. All the experimental procedures were in agreement
with the recommendations given in Health Monitoring of Laboratory Animals of the Federation of
European Laboratory Animal Science (FELASA) concerning viral, parasitological, bacterial and
fungal infections.
After exposure, rats were kept and regularly observed until death and euthanasied when
moribund. Necropsies consisted of a complete examination of all the organs and recording any
abnormalities. The lungs were carefully observed and any nodules detected by a gentle palpation.
Lungs, selected organs and organs with suspicious lesions were taken systematically for
histopathological examination.
Lungs were fixed in situ by intratracheal instillation of 10% neutral buffered formalin (NBF).
Thoracic lymph nodes and surrounding tissues from the mediastinum, including heart, were fixed all
together. If no lesion was observed, samples from liver, spleen, kidneys and the whole brain were
fixed in NBF after all the organs had been systematically weighted. Any suspicious lesion from other
organs was taken and fixed. Sagittal sections of the nasal and paranasal cavities were performed and
any macroscopic lesion fixed. Tissues were fixed in NBF by immersion before processing and
embedding in paraffin wax. Serial 5-p.m thick sections were performed taking care to trim only the
sufficient tissue for histopathological diagnosis in order to keep remaining tissue from the lesion
available for further studies on biological markers. Routine process consisted in haematoxylin-eosinsaffron staining. In addition, selected special stainings including Alcian-blue for mucus detection in
adenocarcinoma and/or immunohistochemical methods were used. Proliferative preneoplastic lesions
and lung tumours were classified according to the classification published in the EULEP Color Atlas.

3.4.1.1.3. Results
These studies are not yet fully completed. However, a large number of rats have died or were
killed when moribund and then autopsied. In the first four experimental groups, group 0 (RnCt)), and
groups l(RnPC), 2 (RnAg), 3 (RnFr) and 6 (RnD6) all the rats have been autopsied. In group 4
(RnD3), a large proportion of rats, 199 of 240 (82.9%) have been autopsied. In contrast, in group 5
(RnD12), the majority of the rats, 202 of 240, are still alive. Table 26 shows the distribution of lung
tumours larger than 5 mm in diameter at macroscopic examination. In our experience, lung tumours
larger than 5 mm in diameter at autopsy were found to be almost exclusively malignant tumours.

64

Table 26. Distribution of macroscopic lung tumours with a diameter larger than 5 mm
observed at autopsy in rats within the different experimental groups.

Experimental
groups

Number
of rats with

Number
of rats
with lung
tumours
0 > 5 mm

single
lung tumours

Number
of rats with
multiple
lung tumours

Total
number
of tumours
0 >5 mm

Proportion
(%)
of tumours
0 > 5 mm

Group 0 (RnCt)

0/120

0

0

0

0

Group 1 (RnPC)

22 / 240

22

2

24

10.0

Group 2 (RnAg)

1/120

1

0

1

0.83

Group 3 (RnFr)

13/240

13

0

13

5.41

Group 4 (RnD3)

8/237

8

0

8

3.37

Group 5 (RnD12)

2/92

2

0

1

2.63

Group 6 (RnD6)

5/211

5

0

5

2.17

In these experiments, the histopathological study is still in progress. All the tumours
confirmed at histopathological examination as being lung carcinomas were tumours larger than 5 mm
in diameter at macroscopic examination. The distribution of the histological types of lung carcinomas
observed until now in different experimental groups is indicated in Table 27.
Table 27. Histological types of lung carcinomas in the different experimental groups.
Squamous cell
carcinomas

Adenosquamous
carcinomas

Adenocarcinomas

Group 1 (RnPC)

5

1

7

Group 2 (RnAg)

0

0

1

Group 3 (RnFr)

1

1

3

Group 6 (RnD6)

0

0

1

Until now, in group l(RnPC), exposed at a 378 mJ h m"3 (105 WLM) cumulative exposure and
high PAEC of 3.91 mJ m"3 (188 WL), 5 squamous cell carcinomas, 1 adenosquamous carcinoma and 7
adenocarcinomas were observed. In group 2 (RnAg), exposed to similar cumulative exposure and
PAEC, but with 13-months old rats at the age of exposure, only one adenocarcinoma was observed. In
group 3, exposed at a 385 mJ h m"3 (107 WLM) cumulative exposure and similar PAEC of 3.06 mJ m'3
(147 WL) protracted over a 3 months period, 1 squamous cell carcinoma, 1 adenosquamous carcinoma
and 3 adenocarcinomas were observed. In group 6 (RnD6), exposed at 361 mJ h m"3 (100 WLM) but
lower PAEC of 1.21 mJ m'3 (58 WL), one adenocarcinoma was also observed. It should be pointed out
that squamous cell carcinomas were observed only in rats exposed at high exposure rate.
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A full statistical analysis of the survival and tumour incidences of this study will not be
possible until all animals have been analysed.
These studies are not yet fully completed and the histopathology study is still in progress. Full
statistical analysis of all animals is required before full conclusions can be drawn. However, on the
basis of autopsy macroscopic findings and of preliminary histopathological results, the results of this
study were compared with those of an historical control group of 785 rats and with those of previous
experiments in rats exposed at various cumulative exposures and exposure rates.
The preliminary results of these studies indicate that at relatively low cumulative exposures of
0.36 J h m"3 (100 WLM), comparable to lifetime exposures in high-radon houses or current
underground mining exposures, the risk of lung cancer in rats decreases with PAEC, i.e., exposure
rate. This confirms the results obtained at lower cumulative exposure showing that for the same
cumulative exposure of 0.09 J h m"3 (25 WLM), the relative risk (RR) decreases from 4.45 in rats
exposed at 3.15 mJ m"3 (150 WL) to 3.48 in rats exposed at 2.1 mJ m"3 (100 WL) and to 0.94 in rats
exposed at 0.042 mJ m"3 (2 WL). These preliminary results also indicate that the risk of lung tumour
induction for rats is maximum for cumulative exposures ranging from 0.09 J h m"3 (25 WLM) up to
720 mJ h m"3 (200 WLM) and PAEC ranging from 1.05 mJ m"3 (50 WL) up to 3.15 mJ m"3 (150 WL),
i.e., exposure rates ranging from 18 mJ h m'3 per week (5 WLM per week) and 90 mJ h m"3 per week
(25 WLM per week). These data suggest that the induction of lung cancer results from a complex
interplay between cumulative exposure and exposure rate, with an optimal combination of exposure
rate at a given exposure level.
3.4.1.2. Progress and Results of AEA-Technology long-term animal studies
The animal studies conducted at Harwell were conducted in a complementary manner to those
at CEA. Where possible the experimental conditions used at the two laboratories were similar, for
example both groups used rats of the same strain, sex and age (male, Sprague Dawley rats,
approximately 3 months old at exposure). In addition, the metrology of the radon exposure
atmospheres and the reporting of pathology was standardised between the two groups. The principal
difference between the exposure conditions was that exposures were conducted during the working
day at CEA and continuously (24 hrs per day) at Harwell.
The Harwell experiments were conducted in accordance with the Animals (Scientific
Procedures) Act 1986 (UK Home Office) and reviewed by a local ethics committee to ensure the
highest standards of animal use and welfare. Health screening has been conducted at the Animal
Facilities at Harwell during the course of the studies and no significant infections have been found.
3.4.1.2.1. Radon exposure
Long term exposures on lung cancer induction at low doses were conducted according to
Table 28. Exposure of three groups of 200 male Sprague Dawley rats in batches of 50 to a cumulative
dose of 100 WLM was scheduled. Three dose rates were to be used at different potential alpha energy
concentrations (PAEC = 15, 150, 1000 WL) corresponding to exposure times from 1 day to 9.5 weeks.
An additional group of animals was scheduled to be exposed at 150 WL and a higher unattached
fraction of greater than 0.7 to investigate the effect of the "unattached" fraction on lung cancer
induction.
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Table 28. Target experimental design at Harwell.

Experimental
groups

Number of
animals

Cumulative dose,
WLM

Dose rate
(Exposure
concentration),
WL

"Unattached
fraction"

Group 1

200

100

15

<0.1

Group 2

200

100

150

<0.1

Group 3

200

100

1000

<0.1

Group 4

200

100

150

>0.7

3.4.1.2.2. Progress and Results
For the long term experiment on lung cancer induction at low doses, the exposures conducted at
Harwell, their dates, target concentrations and total cumulative exposures are given in Table 29.
Table 29. Exposures conducted at Harwell, target exposure concentrations and cumulative exposures,
numbers exposed, alive and used for deposition and early effects studies.

Cumulative Dose rate,
WL
dose,
WLM

Exposure dates

No. of
rats
exposed

No. of
rats
alive

No. of rats
for deposition
measurement

No. of rats
for early
effects
studies

100

1000

23/07/1996 -12/08/96

200

0

8

10

100

150

16/08/1996 - 3/10/96

200

0

6

8

100

150*

10/10/1996 - 31/10/96

200

0

8

8

100

15

09/04/1997 - 06/05/98

200

133

4

6

0

0

08/08/96

200

0

0

4

cc

CC

Cage controls

100

20

0

0

All studies conducted at "unattached" fraction of 3.5% except that marked * which was conducted at
40%.
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The measured exposure concentrations and cumulative exposures compared with the targets
are given in Table 30.
Table 30. Exposure duration, achieved exposure concentration and cumulative exposure
compared with targets.

Exposure Group

Exposure duration,
Hours

Target

Exposure
concentration,
(WL)

Cumulative
exposure,
(WLM)

1000

100

881 ±41

108 ±.15

150

100

179 ±29
150

101 ±.1

158 ±7
15

99 ±_1

15.7 ±.0.15
0

99.4 ±0.6
0

0

0

Group 1
Actual

21 ± 2

Target
Group 2
Actual

98 ±_9

Target

100

Group 3
Actual

107 ± 5

Target

100

Group 4
Actual

1078 ±9

Target
Group 5
Actual

1069

All exposures were conducted as scheduled with the exception of the group exposed at the
high 'unattached' fraction. For this study an 'unattached' fraction of 40% rather than the scheduled
70% was used as it was not possible to achieve stable exposures at such high 'unattached fractions.
The exposure facility proved to be very consistent in achieving the target cumulative doses
and dose rates. A total of 1876 animals have been studied for life span to determine the effects of
radon progeny exposure on lung tumour induction. Animals were held under standard housing
conditions until they were moribund or dead. Any moribund animals were killed. Groups were
terminated when reached 20%. All animals were subjected to a full necropsy. The lungs were inflated
and fixed with buffered formyl saline. Any other abnormalities found at post mortem were also fixed.
The lungs were rendered transparent using oil of wintergreen and then examined using a dissecting
microscope. Any lesions were dissected out, embedded in paraffin wax and sectioned. Similarly,
representative sections of remaining lung tissue were embedded and sectioned. All abnormalities were
wax embedded and sectioned using the same methods. All sections were stained with Haematoxylin
and Eosin. All sections taken from each animal are passed to the Pathologist for reading.
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Current histopathological analysis is focusing on an earlier dose response experiment. Of the
total 648 animals exposed, results are available for 421 animals. The incidence of lung tumours
(benign and malignant combined) is given in Table 31 along with the incidence of leukaemia's and
other tumours occurring in these rats. Although final analysis of the results of this study will not be
possible until the study is completed and all animals have been analysed, there is an apparent excess of
lung tumours in the animals exposed to radon progeny compared with the control animals. The
incidence of other tumours and leukaemia's does not appear to be greater in the exposed animals
compared with the controls.

Table 31. Incidence of lung tumours, leukaemia and other tumours in animals
exposed to radon/radon progeny at Harwell.

Cumulative
exposure, WLM

Number
examined

Incidence of lung
tumours,

Incidence of
leukaemia's N

Incidence of
other tumours

0

96

KD

4 (4.2)

20 (20.8)

200

119

9 (7.6)

5 (4.2)

21 (17.6)

400

69

2(3)

3 (4.4)

15 (21.7)

800

62

5(8.1)

1 (1.6)

14 (22.6)

1600

54

4 (7.4)

0(0)

11 (20.4)

3200

21

3 (13.2)

2 (9.5)

3 (14.3)

3.4.4

Effects of radon and environmental tobacco smoke (ETS) exposure

These studies have been conducted by CEA. A group of 120 rats was exposed first to radon
and its progeny - at a cumulative exposure of 361 mJ h m"3 (100 WLM) and PAEC of 3.15 mJ m'3 (150
WL) - and then to tobacco smoke, for a total exposure of 300 hours, in sessions of 15 minutes, 12
sessions a day, 5 days a week for 6 months. Radon exposure were performed from 1st to 24 December
1997 and ETS exposures were completed at the end of July 1998.
After exposure, rats were kept and regularly observed until death and euthanasied when
moribund using the same protocol than that used for lifespan studies. All animals had a full necropsy.
Until now 49 rats have been autopsied and 3 macroscopic lung tumours larger than 5 mm in diameter
were observed. The histopathology study is in progress. At this time 71 rats remain alive. A full
statistical analysis of the survival times and tumour incidences of this study will be performed when
all animals have been analysed. The results of this experiment will be available at the end of the year
2000.
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3.4.3. Comparison of lung cancer induction after gamma irradiation
Concerning this specific work-package, it has been proposed to focus mainly on the data
obtained using biological markers as developed in section 3.4.4. (WP 4). This will allow us to develop
tools for better understanding the relationship between exposure, dose and biological damage.
Moreover, when the ongoing life-span studies will be completed, their results will be
compared with those of historical external whole body gamma irradiation studies.

3.4.4.

Improvement of biological markers

•3.4.4.1. Deposition measurements
The results of the deposition studies have been published previously (Strong and Baker, 1996;
Baker et al., 1997)). In summary, a good correlation was found between the exposure concentration
(PAEC) and the deposition of radon progeny in the respiratory tract of rodents. This deposition was
elevated at high 'unattached' fractions (lOx higher at 40% 'unattached' fraction compared with
deposition at 3.5% 'unattached' fraction). The fraction of the activity deposited in the head was also
elevated at high 'unattached' fractions (30% of total deposit occurred in head at 40% 'unattached'
fraction compared with 10% of total deposit occurring in head at 3.5% 'unattached' fraction). Using
the known mass of the rat lung and the energies of the individual radon progeny it was possible to
calculate an absorbed dose rate to the lung of 2.4 x 10"9 Gy s"1 per WL (1.5 mGy / WLM).
3.4.4.2. Early effects measurements
The results of early effects of radon progeny exposure on proliferation of lung epithelial cells
and on the incidence of nuclear aberrations in alveolar macrophages have been published previously
(Baker et al., 1997; Bisson et al., 1994; Collier et al., 1997, Collier et al., 1997; Collier et al. 1999)).
At high dose rates (PAEC 1000 WL) proliferation of bronchial and alveolar epithelium was seen to
increase significantly with cumulative dose up to a peak response (bronchial epithelium 400 WLM,
alveolar epithelium 1000 WLM). Beyond this peak the response declined. At a fixed dose of 1000
WLM, proliferation in both regions showed significantly different responses at different dose rates,
with a peak response in the alveolar epithelium occurring at 1000 WL and a lesser response at 2000
WL. Proliferation in the bronchial epithelium is very low, but a significant positive dose rate response
was observed at dose rates above 1000 WL. At lower cumulative doses (100 WLM) and a range of
dose rates (15-1000 WL) the incidence of proliferating cells in the epithelium of both the alveolar and
bronchiolar regions was not significantly elevated above control levels.
The incidence of micronucleated alveolar macrophages showed significant increases with dose
upto a maximum dose of 1600 WLM. At cumulative doses of 1000 WLM, no effect of dose rate on
micronucleated cell incidence was observed. However at 100 WLM, a higher response was seen at the
intermediate dose rate (150 WL) than at higher (1000 WL) or lower (15 WL) dose rates, indicating an
optimum or 'most effective' dose rate. This phenomenon is also observed in the induction of lung
tumours seen in the studies conducted by the CEA (Monchaux et al 1999).
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For binucleated cells a positive dose response was observed at doses up to 1000 WLM. At
total exposures of both 100 and 1000 WLM, a positive dose rate response was also observed.
Two complementary approaches have been developed at CEA to assess the early DNA
damages induced in rat lung cells after exposure to radon and its progeny: (a) the alkaline single cell
gel electrophoresis assay also called "Comet Assay" and (b) the in situ end labelling (TUNEL Assay).
The "Comet Assay" was applied on alveolar macrophages recovered by broncho-alveolar
lavage from the deep lung of rats just after exposure to high doses and high dose rates of radon and
progeny. Preliminary results have shown the interest of this method and a dose-Comet moment
relationship has been established. However, this method remains inconsistent and very weak results
were obtained in the low-dose and low dose-rate conditions of potential human indoor radon
exposures.
The same problem appeared when using the in situ "TUNEL Assay" to identify sites of broken
DNA in pulmonary epithelial cells. A new method is now being tested in rat lungs exposed to very
high doses of radon using the enzyme deoxynucleotidyl transferase which catalyses an independent
addition of bromotylated deoxynucleotide to the 3' hydroxyl ends of double- and/or single-stranded
DNA. By that way DNA-damaged sites have been identified using a dual fluorescent staining method.
The so-called DNA ladder resulting from DNA cleavage can be considered as a hallmark of apoptosis
(programmed cell death). These first results have to be confirmed and standardised.
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General Progress
In recent years a number of case-control epidemiological studies have taken place and others
are in progress to evaluate the lung cancer risk to the general population from exposure to radon and
its short-lived progeny in the indoor residential environment. In most of such studies up to the present
contemporary radon levels in present and, where possible, in past residences have been measured as a
basis for estimating historical exposures. The need to reconstruct exposures and to derive timeweighted cumulative exposure over a number of past decades arises because lung cancer induction has
a long latency period and the miners studies show that total exposure is perhaps the most important
determinant of risk. To rely exclusively on contemporary measurements of radon gives rise to
inaccuracies in historical exposure assessment. For a number of reasons it cannot be assumed that
radon levels and exposures in a dwelling in the past will be the same as at present. Therefore
techniques that can measure retrospectively the levels of radon or its progeny in a dwelling can be of
great assistance in reconstructing historical exposures.
The development and application of two such techniques form the core of the work described
here. These techniques involve the measurement of the alpha recoil implanted 210Po on glass surfaces
(surface traps) and that of 210Po arising from short-lived radon progeny deposited within
porous/spongy materials (volume traps). In the work of this project a number of aspects of these
techniques are examined with the objective of improving their applicability and accuracy.
Here protocols have been developed for selection of suitable surface and volume traps. In
addition a questionnaire has been developed which, inter alia, is used to obtain estimates of room
parameters which control the deposition and build up of 210Po on surfaces. Computer models have
been produced in this work which make it possible to make a retrospective estimation of radon
exposure in the past using surface trap measurements and questionnaire information.
In the case of volume traps these offer a direct means of monitoring long term radon
concentrations. They consist of sufficiently bulky, porous materials through which radon gas can
diffuse freely. Radon gas decays inside the volume trap, depositing there its progeny. This progeny
remains in place until it is set free by a radiochemical separation procedure, producing an alpha source
which allows one to detect the amount of 210Po present in the volume trap. Conversion to radon
exposure is immediate as long as the volume of the sample and the fraction of air present in the
volume trap is easily assessable.
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In this work both basic laboratory investigations into radon progeny behaviour,relevant to
these surface and volume traps and also an extensive program of field work in dwellings were carried
out. The project work also included an ongoing program of calibrations and inter-comparisons of
techniques. Within the framework of this project retro-technique support to the present Swedish
residential radon epidemiological study has taken place and preliminary support to a similar
epidemiological study in Italy was initiated.
The objectives of the RARE group for the contract period were as follows:
• The preparation and refinement of procedures and protocol to be used for field measurements with
surface and volume traps (LU, SSI, UCD, SCK/CEN).
• To make surface trap and volume traps measurements in dwellings under real field conditions both to
demonstrate their practical use and to make evaluations of radon exposures in the past based on these
measurements (UCD, RUG, SCK/CEN, LU, SSI).
• To carry out studies of radon progeny behaviour, such as alpha recoil implantation and plate-out in
radon chambers, in the laboratory and in selected dwellings (LU, UCD, RUG).
• To study the relation between radon exposure and radon progeny implantation into glass surfaces in
dwellings with special emphasis on disturbance and interference factors (RUG, LU).
• Modelling of surface-trap retrospective techniques and the production of computer models to make
enable retrospective assessment of radon exposure to be made on the basis of surface trap
measurements (RUG, UCD).
• To support the Swedish radon epidemiological study with retrospective measurement of individual
exposure, using track-etch detectors for the measurement of surface implanted 210Pb/210Pb activity
(surface traps) in personal glass objects in order to give an alternative estimate of individual radon
exposure; and to compare these results with results from traditional radon measurements and to
evaluate the usefulness of the method (SSI, UCD).
• To suggest how long-lived radon decay products can be used in real estate transactions to minimise
the probability of manipulated radon values (LU).
• Field inter-comparisons and calibrations of surface and volume trap techniques.
Updating of reference instruments and preparation of reference surface trap samples for intercomparisons between the members of the RARE group (LU, RUG).
The selection of different types of volume trap materials in the field and their individual
characterisation in the laboratory (SCK/CEN).
The comparison of surface- and volume trap radon exposure assessments made on the basis of surface
and volume traps measurements made in the same dwelling (SCK/CEN, UCD).
To improve and verify existing alpha spectrometry technique for large area samples (LU).
To produce reference large-area samples of known surface alpha activity for calibration of track-etch
retro-detectors (RUG, LU).
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3.5.1.

Retrospective investigations in dwellings

3.5.1.1. Refinement of field measurement procedures and protocols
A protocol for retrospective assessment using the CR-LR difference technique was prepared
by SSI, LU and UCD. This protocol has been used in all field work exercises involving surface trap
measurements. It gives instructions for the selection of surface trap objects, detector handling, detector
background control and also includes a questionnaire relating to the exposure situation and history of
the chosen object. In the questionnaire, based on the field worker's judgement information on aerosol
conditons, ventilation and room surface to volume ratio is recorded for each object as lying in one of
three categories: low, medium and high. This information is used, together with the 210Po surface
activity on the chosen glass or ceramic object as input to the room model computer program to
estimate the mean radon concentration in the past.

3.5.1.2.

Po surface trap field measurements in dwellings

Surface trap field measurements (using RETRO detectors) were made in a total of circa 550
dwellings spread throughout a number of countries as follows: Sweden (circa 350 dwellings), Italy (26
dwellings), Norway (20 dwellings), Germany (27 dwellings) and Yugoslavia (Serbia and Kosovo, 124
dwellings).
As examples of this work we can consider the measurements made in Italy and Norway.
These was carried out mainly as part of a feasibility study on the use of the RETRO techniques in
epidemiological studies (Italy) and as a substitute for contemporary radon measurements in a
Norwegian area of very variable radon levels.
In the Schneeberg area of Saxony, Germany, 45 artefacts (in 27 dwellings) were selected for
measurement. This was carried out as as part of an inter-comparison exercise by RUG, SCK/CEN,
UCD and SSI using both surface and volume trap measurements. One year average contemporary
radon gas concentrations were not available at the time of writing. In two areas of elevated natural
radiation levels in Yugoslavia (in Serbia and Kosovo) surface traps were measured in a total of 124
dwellings. In addition, contemporary radon gas, thoron gas and gamma radiation was also measured.
A large quantity of volume traps was also selected during this field work for analysis by SCK/CEN.
The data acquired by the members of the RARE in these exercises has formed the basis of a number of
papers presented in April 1999 in Athens at the Radon in the Living Environment Conference.

3.5.1.3. Participation in the Swedish epidemiology study
An important part of WP5 was the use of surface trap RETRO techniques by SSI in support of
the Swedish epidemiological study. During the period until spring 1997 more than 200 RETROdetectors were used to assess the individual radon exposure in the ongoing Swedish radon
epidemiological study. The RETRO-detector was used in parallel with the traditional contemporary
radon measurements in the study. One RETRO-measurement of one personal object that has been in
the person's possession during a long time will replace many contemporary measurements in the
dwellings in which the person has been living. Two different estimates of exposure for the same
person were done when two suitable personal belongings were found. During this period also a
number of RETRO-detectors from UCD were exposed in parallel with the Swedish detectors.
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Possibilities to evaluate the uncertainty of the estimated individual exposure from RETROmeasurements are the results from two different exposure estimations for same person. The
preliminary result from this uncertainty analysis of two estimates of the mean radon concentration
during last 20 years for 63 subjects gave a median of the individual deviation between the two
estimates of about 20 %. This difference includes most of the uncertainties associated with the theory
behind the surface trap technique and might be reduced taking by making semi-quantitative estimated
of such factors as volume to surface ratios, aerosol concentration, ventilation rates etc.
This good agreement between two independent estimates of a person radon history encouraged
SSI to put more effort into the study during its second period.
Of the 460 persons, cases and controls, which were selected for RETRO measurements, 419
persons were successfully contacted, and 344 person had at least one RETRO measurement made. A
total of 576 different objects were found and 568 of these were successfully measured. Glass panes on
pictures or photos were the most frequently objects for 2I0 Po measurement.
The objects had ages ranging from 18 to 245 years with a median of 44 years, and the number
of years it had been in the person's possession ranged from 10 to 85 years with a median of 37 years.
One single RETRO measurement of one personal object, which has been in the person's
possession during a long time, gives an estimate of the individual cumulative radon exposure. For 225
persons two measurements were made on objects that have been in the same person's possession for
20 years or more. This makes it feasible to estimate the reproducibility of exposure estimates using the
RETRO measurement techniques. Figure 11 is a scatter diagram over the two estimated mean radon
concentrations during the last 20 years or more for the 225 persons. The mean radon concentration
estimates are for the whole age of the objects. As can be seen in the figure, good correlation was found
between the pairs of measurements (^=0.6).
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Figure 11. Calculated average 222Rn concentration, for more than 20 years in the past, from RETRO
measurements on 225 pairs of personal objects.
The results obtained so far are considered encouraging for the role of RETRO techniques in
future radon epidemiological studies
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3.5.1.4. Volume trap field measurements.
A large number of volume traps was collected for analysis by SCK/CEN from dwellings. A
total of almost 200 volume traps came from dwellings in the east of Germany in the former mining
region of Schneeberg, in the Yugoslavian rural areas of Kalna and Gomja Stubla, and on Norwegian
glacial deposits in the Hardanger fjord. About 75 % of the volume traps were polyester sponges,
coming from mattresses, chairs, couches, cushions etc. It would be impossible to quote all the results
here, but for present purposes we document the Norwegian results in Table 32, since for all of these
houses easy comparison with glass results was possible.

Table 32. Comparison between surface and volume traps for Norwegian samples
Sample identification

Volume trap retro result

Glass retro result

3

(kBq/m" )

(kBq/nV3)

ID6

1.5

0.5

ID13

9.3

11.0

ID17

1.1

1.2

ID18

0.11

0.64

ID20

3.2

3.3

ID21

6.6

3.3

ID22

0.61

0.38

Generally speaking we see a good agreement between both techniques, as was also often the
case for other houses in other regions were comparison between the various techniques was already
made

3.5.2. Investigations in radon chambers
3.5.2.1. Studies of radon progeny behaviour relevant to RETRO techniques.
Three principal types of studies were carried out. These were (i) Basic studies of the
implantation mechanisms (ii) long term stability of implanted activity and (iii)the development of a
new technique to map contemporary shortlived radon progeny plateout.
At LU the experimental determination of alpha recoil implantation probabilities for different aerosol
conditions was investigated. To make experimental determinations of the implantation probability
possible an air stream of an almost pure 222Rn + 218Po mixture over the glass has been used. As shown
in Figure 12, this in combination with high radon concentrations and large-area alpha spectrometry
with a pulse ionisation chamber has given reliable results for both unattached and attached radon
progeny.
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Experiments with cleaning agents on glass samples were also carried out which showed that
polonium and lead/bismuth behaves very differently and that atoms attached to aerosol particles are
much easier to remove from the glass surface compared to unattached progenies.

implanted fraction
60 -,
-j-

90 -

1

1

210nm

300 nm
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110nm
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Figure 12. Variation with aerosol size of the implantation probability per alpha decay.
210

Po embedded in glass is predicted to have a maximum depth of about 100 nm. By stepwise
etching with Sodium Hydroxide the maximum depth was measured to be about 114 nm. This is in
excellent agreement with theory.
Investigations at LU into the in-situ durability of implanted 210Pb under various conditions of
cleanliness and cleaning procedures, for four glass objects, are summarised in Figure 13.
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Figure 13. Durability of 210Pb in glass and influence of a dirt layer on glass
on the implantation process.
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8.0

The important question of long term stability of

210

Po in glass was also studied by RUG.

By comparing the experimental results of all 210Po data in the open literature with the model
calculations, large discrepancies were observed. Taking into account that for some of the data a
measurement during only one season were taken as reference value for the radon exposure
determination and that some results refer to regions where the concentrations could have changed over
the years, a controlled field experiment was set-up in a village of southern Belgium. In this village
many measurements were done over the last 10 years and the situation is known to be unchanged.
The surface activity of several glass objects was measured using the passive a-track detectors.
Four long-term radon concentration measurements were done in the same room where the objects
were exposed, with a total exposure time of 14 months. Again, a large discrepancy was found between
model estimates and experimental points, especially for the "older " glass objects (Figure 14)
Due to the tendency of the data points, the assumption was made of a possible loss of
implanted long-lived radon daughters. Therefore, an extra parameter was added to the model
expressing a rate constant for the loss of implanted long-lived radon daughters (called ?iw). A nonlinear regression procedure reveals a value of 0,078 ± 0,060/y for A.. A possible explanation for this
loss could be the corrosion of the glass as described previously in literature. In this case the rate
constant for the loss is a kind of quantification of this corrosion process.
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Figure 14. Comparison of experimental data with model calculations.
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3.5.2.2. Open-face plate-out detector.
In UCD a new nuclear track technique was developed to monitor short-lived radon progeny
behaviour in radon chambers and dwellings. This uses a dual detector configuration of CR-39 and LR
115 , mounted side by side on a surface in an "open face" configuration. Thus each detector foil faces
outwards into the air and each is struck by alphas from radon and its progeny in the air and from radon
progeny plated out on their surfaces. Because the LR 115 has a narrow energy window (1.2-4.2 MeV)
it does not record tracks for alpha particles emitted by deposited activity. The energy window of CR39 is significantly larger (0.1-60 MeV) and records tracks for all surface and airborne alpha activity.
Both detectors can record alpha tracks from all three airborne alpha emitters (222Rn, 218Po and 214Po).
An experimental laboratory procedure was devised to determine the relative response of the dual
detectors to separate exposures to each of the three individual alpha emitters in the air. This dual
detector response can be conveniently expressed as the ratio between the track density measured on
the CR-39 to that measured on the LR-115 when both are simultaneously exposed to a single airborne
alpha emitter
The experimentally determined dual detector ratios are shown as a function of alpha particle
energy in Figure5.2.4.
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Figure 15. Experimentally determined Dual Detector Ratio.

The response ratio of the dual detector to exposures in real dwellings will depend on the F
factor which generally tends to lie between 0.4 and 0.7. On the basis of experimental ratio values and
modelling the mean value of the ratio in this F range was found to be 4.0 ± 0.3. (i.e., for each track
produced on the LR 115 due to airborne activity in the F-factor range 0.4 to 0.7 approximately 4 tracks
are produced on the CR-39). Thus by multiplying the LR-115 track density by this ratio and
subtracting it from the CR-39 track density the resulting track density is proportional to the plate-out
activity at that point. In use this dual detector configuration can thus give information on both plateout and airborne variations of radon progeny in a room or radon chamber.
Using dual detectors a series of exposures took place in 4 radon chambers (in Dublin, Athens,
Barcelona and Berlin) and in a number of dwellings. In the radon chamber work the response of the
detectors to F factors and air circulation was investigated, and the variation of plateout on the wall
surfaces of both chambers and dwellings was investigated.
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3.5.3. Inter-calibration and detection techniques improvement
3.5.3.1. Modelling of retrospective techniques.
Both RUG and UCD independently developed algorithms and computer programs to model
the deposition and implantation of radon progeny in surface traps. Versions of these programs have
also been produced which are used to retrospectively estimate radon concentrations in the past on the
basis of surface trap measurements and questionnaire information. Comparisons between the model
programs from RUG and UCD were made and very good agreement was obtained thus indicating the
robustness and accuracy of both sets of programs. Sensitivity analyses of these models to parameter
values, mainly using Monte Carlo techniques, were carried out by both laboratories.
In the case of RUG the room model was implemented in a Monte-Carlo simulation. This
simulation was used for a sensitivity analysis of the parameters of the room model and for an
estimation of the error that is made in dose reconstruction using surface traps.
The sensitivity analysis was done by giving all input parameters but one a fixed value and by
randomly picking the variable input parameter out of the 95% confidence interval of a log normal
distribution or a normal distribution (only for the 210Po surface activity). In this way a distribution of
the integrated radon concentration that corresponds to different values of the random parameter is
obtained. A log normal function (normal for the 210Po values) is fitted to this distribution. The width of
the 95% confidence interval of the obtained radon concentration values expresses the sensitivity of the
model to that parameter.
The same can be done by randomly picking all the input parameters of the model. Each
random set corresponds to a different radon concentration. After repeatedly running the program, a
distribution of the radon concentration is calculated. This distribution gives the error that is made in
the retrospective technique. Knowing the error can be very useful in case-control studies as it adds a
reliability on the division of the subjects in classes of radon exposure.
For glass samples exposed for 20 years the following conclusions can be made, as indicated in
Table 33, at the 95% confidence level, concerning the past indoor radon concentration.
Table 33. Sensitivity analysis of the 210Po activity and estimated radon concentration.
Surface activity (Bq/m'3)

Expected Radon (Bq/m"3)

210

Po < 2

Rn < 100

2 <210Po < 4
2io po

>

100 <Rn <200
Rn > 200

4

A sensitivity analysis of the UCD algorithm was carried to determine the sensitivity of the
model to fluctuations in each of the input parameters. One parameter is varied (stepwise) within its
range of realistic values, and all other parameters are kept at their base-line value.
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The sensitivity of this model to room conditions is tested using a "Variability Index" (VI). The
process was repeated for all model "constants", i.e. Loss Due to Cleaning, recoil factors, and
attachment coefficient. The range of the VI found for these constants was 0.01-0.12.
The second method of analysis was by means of a Monte-Carlo analysis to produce a
probability distribution for the model output, using probability distributions of all parameters. The
results of this analysis are listed in the Table 34 below which indicates that while a very large range of
concentrations are possible, the probability of extreme room conditions leading to a large estimation of
the radon gas concentration is very low. When the aerosol concentrations are restricted to a typical
range such as (5 - 40) x 103 cm'3, the uncertainty in the estimated radon concentration is approximately
40%.
Table 34. Resulting probability distributions using Monte-Carlo simulation.

Resulting Estimated Radon gas
concentration (Bqm3)

Aerosol Concentration Range
(1-500) x l O W

(5-40) xlO3 cm"3

Minimum Concentration

102 Bqm"3

132 Bqm"3

Maximum concentration

1055 Bqm"3

559 Bqm"3

Geometric Mean

251 Bqm"3

233 Bqm"3

Geometric Standard Deviation

1.5 Bqm"3

3

Bqm 3

3.5.3.2. Reference instrumentation and reference material.
The principal reference instrumentation used for the calibration of surface trap measurements
were the Pulse Ionization Chambers (PICs) which were designed, constructed and calibrated at LU
and RUG. In addtion large area surface barrier detectors at SSI and LU were used for calibration
purposes. Both types of instruments were used in the preparation of 210Po reference glass sheets to be
used in intercomparison exercises between the RARE group partners involved in surface trap work.
For testing and calibration purposes between the different members of the RARE group and Bfs
(Bundesamt fur Strahlenschutz) Berlin, several glass sheets were prepared at RUG. In the first
intercomparison exercise organised with these reference glass samples also glass sheets from the Lund
(LU) and Dublin (UCD) were included. The coherence of the obtained results was remarkably good.
Glass sheets from dwellings were also used both in situ and in the laboratory for intercomparison
purposes. Intercomparisons with reference 210Po glass sheets took place throughout the whole project
period and in the last year of the project additional large area glass samples from Norway (NRPI)
which were calibrated at SSI were also used in intercomparisons.

81

3.5.3.3. Volume trap studies
Important progress was made by SCK/CEN in the characterisation of potential new volume
trap materials and further investigation of the characteristics of known ones. An extensive research
program was carried out to assess the usability of wood or fibreboard as a potential volume trap. A
number of different wood and fibre-board samples were exposed to radon, and later analysed for their
210
Po content. It was shown that unfortunately wood and fibre board are not good volume trap
candidates because the 210Po signal due to the radon exposure is small compared to the large and very
variable 210Po background present in these materials. During the testing of these samples, a simple
method was developed, allowing us to assess the characteristics of potential volume trap materials,
without the need to wait about three to six months for sufficient in-growth of 210Po. This procedure
takes about one week that is short compared to the months necessary for 210Po in-growth. It will allow
us to test quickly and reliably new potential volume trap materials such as certain types of plastics.
The retro concentrations obtained on all the Yugoslavian samples using spongy samples and other is
indicated on Figure 16. As dust in the sponges may have their own associated radon progeny activity it
is necessary to deal with this problem. It was found that this problem could be solved by thoroughly
rinsing these sponges under running tap water, thus getting rid of the dust and the related radon decay
products. This rinsing procedure was also tested on laboratory exposed sponges, and seen not to affect
the result of the analysis at all. Therefore rinsing is now standard procedure in case of excessively
dusty sponges.
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Figure 16. Histogramme of the derived retro radon concentrations for all the Yugoslavian samples,
split up into two classes, spongy samples and other. The non-spongy samples are shifted toward higher
values with respect to the sponges.
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Laboratory experiments with very low radon exposures, equivalent to a radon concentration of
50 Bq/m"3 over 20 years, have shown that the volume trap method intrinsically can stay within a one
sigma error margin of about 20 %, whilst maintaining within reasonable counting times for
determining the 2:0Po activity.
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4. Main achievements

4.1. WP 1 Aerosol studies group

Progress was achieved in improvement, calibration and automation of experimental techniques
for continuous and integrated measurements of fp- and F- values.
Measurements were performed to determine the variation of size distributions of unattached
and aerosol-associated radon decay products under typical living conditions. These size distribution
measurements were completed by long-term monitoring of Co, fp and F. Side by side measurements
concerning the characterisation of airborne activities were carried out by the groups of Brest,
Barcelona and Gottingen in houses in Brittany, France and a walk in radon chamber of Barcelona.
Measurements were performed at fairly stable air conditions at elevated activity concentrations and at
different aerosol characteristics. The actual results of these measurements are considered during
sensitivity analysis of dose calculations of the dose modelling group.
The results of size distributions measurements of the unattached radon decay products in
homes were used by the group of Gottingen to test if the different evaluated discrete modes of the size
distributions can be explained by the charge status of the clusters.
The groups of Brest and Gottingen summarised parameters of activity size distribution
measurements (single values) performed during the last 10 years to support sensitivity analysis of the
lung modelling group at NRPB. These data sets will be used to study the change of dose conversion
factors by varying aerosol size parameters.
In combination with the second annual contractor meeting (September 1997) in Ambazac, all
aerosol groups participated together with the animal studies and RARE groups at intercomparison
measurements performed at the radon exposure facilities for rats of CEA in Razes. One goal of these
measurements was to compare different experimental techniques. However, main point of emphasis
was to determine aerosol characteristics of the airborne activity during exposure conditions of rats.
These data are essential for correct dose estimation of the rats. Furthermore these aerosol data are
important for improved dose calculation using rat lung models developed by the lung modelling
group.
All aerosol groups participated in collaboration with the human studies groups (PSI, AEA) and
the EML group of the US-DOE at an exercise to test the capability of different data evaluation
methods concerning measurements of size distributions of the unattached activities (non-linear
optimisation procedures).
The final report of "International Intercalibration and Intercomparison Measurements of
Radon Progeny Particle Size Distribution" prepared by K.W. Tu from EML (US-DOE) is available
since July 1997. The group of Gottingen participated at these measurements campaign with a lowpressure cascade impactor for the determination of the aerosol-associated activities. From this side-byside measurements can be concluded that all diffusion based measurements tended to result in larger
sizes than the test aerosol size and those obtained from the impactors.
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All aerosol groups performed controlled chamber studies to understand the basic behaviour of
airborne activity concentrations. Measurements were performed to determine neutralisation rates of
218
Po [Gottingen], to understand the cluster growth with residence time [Brest] and to understand the
hygroscopic growth of aerosol particles [Lund]. In connection with these chamber studies the Lund
group spent considerable effort to determine the hygroscopic growth of aerosol particles under normal
atmospheric conditions. These results show some indications that for improved dose calculations
larger growth factors must be used.
During September 1996 the group of the University of Gottingen organised the first annual
contractor meeting of CEC supported radon projects. This meeting was extended by a special radon
colloquium entitled "Health risk by radon: basics, history and actual results".
In collaboration with the Human Studies Group (SSI) the Lund group tested an equipment for
lung deposition measurements of radon decay products. Measurements with adults and children have
started.

4. 2. WP 2 Modelling group
4.2.1. Development of RADEP and IDEAL
A PC program RADEP (RAdon Dose Evaluation Program) has been developed to calculate
the weighted committed equivalent lung dose per unit exposure of radon progeny (Hw/Pp). RADEP
implements the HRTM. The input/output has been designed to enable individual model parameters to
be altered easily, quickly, and independently. Parameters that can be altered include (i) aerosol
parameters; (ii) subject related parameters; (iii) target cell parameters; and (iv) the absorption rates of
radon progeny from lung to blood. The structure of the program has been developed to optimise its use
for sensitivity and uncertainty analyses.
To complement RADEP, an alternative more realistic approach to modelling the absorbed
dose to individual cells has been developed. This approach is based on a stochastic approach where the
anatomical model of the lung is completely specified, and the paths and ultimate deposition of each
particle is followed individually. The advantages of the approach are (a) its complete flexibility in
terms of specifying different lung structures and breathing conditions; and (b) its ability to predict
intrasubject variations in particle deposition. The stochastic deposition model (IDEAL) has been
compared with the deposition model used by the HRTM, and the agreement between the two models
is excellent. This lends weight to the adoption of the deposition model used by the HRTM. IDEAL has
been used to derive coefficient of variations for particle depositions in the BB, bb and AI regions of
the HRTM reflecting intrasubject variability. The stochastic model has been developed further to
include clearance and dosimetry. Probabilities for transformation, mutation, and cell killing in basal
and secretory cells have been calculated for lifetime exposures of 20 WLM. These calculations result
in transformation probabilities that are greater for basal cells compared with that of secretory cells.
A deterministic radon progeny dosimetry model has been developed. This model is based on
the full 16 airway generations rather than approximating the lung by 3 regions as in the HRTM. Initial
calculations show that the basal and secretory cell doses are slightly smaller in the generation-based
dosimetry model compared with that of the HRTM. Further investigations are required to quantify the
effect of approximating the lung as 3 regions.
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4.2.2.

Significance of aerosol and biological parameters in modelling.

A sensitivity analysis has been performed using RADEP to identify those HRTM model
parameters that significantly affect Hw/Pp. The analysis has shown that the parameters most affecting
Hw/Pp are the unattached fraction, the nucleation aerosol size, the nucleation fraction, the unattached
aerosol size, the breathing rate, and the target cell depth and thickness of target cell layer. Hw/Pp varied
between 8 mSv and 28 mSv per WLM for the range of parameter values chosen. The aerosol group
recommended ranges of aerosol parameter values such that the true value is unlikely to be outside the
range.
The absorption half-times would have to be less than 8 min for 218Po, or less than 2 h for 214Pb
or Bi to have a reduction in lung dose of more than 10%. It has been assumed that the radon progeny
are not bound to the lung, however, if it is assumed that the radon progeny are instantaneously bound
to the lung then HJPp increases by about 30%.
214

Calculations performed with the stochastic model indicate that cells located at carinal ridges
may receive localized doses that are considerably higher than the corresponding average doses.

4.2.3.

Guidance and interpretation of results of other groups.-

Published data from volunteer experiments have been re-evaluated using the new ICRP
Publication 66 RT model to estimate absorption half-times for lead and bismuth that are applicable for
radon progeny 214Pb and 214Bi. The results indicate that the absorption half-time of lead inhaled as an
attached decay product of radon or thoron is 10 h with a 95% confidence interval of ± 2 h. The
estimated absorption half-time for attached bismuth is about 13 h. However, the result for bismuth
should be treated with caution as the estimated value depended heavily upon the use of the ICRP
biokinetic models for bismuth and lead. Furthermore, the estimated half-times really represent the
absorption half-time from the AI region whereas the dose delivered from radon progeny is mainly to
the tracheobronchial region of the lung. It is therefore concluded that more research is required to
determine the absorption rate of radon progeny specifically from the tracheobronchial region of the
lung.
Guidance on experimental design has been provided to the human studies group to estimate
absorption rates of radon progeny. To aid interpretation of the experimental results from PSI, two
user-friendly software packages were written. These software packages were used to estimate the
absorption half-times of radon progeny from their experimental data.
A stochastic rat deposition model (RALMO) has been developed in order to be able to
extrapolate results from rat experiments to humans. Deposition calculations were performed for both
the human and the rat. Results show that airway diameter is a more appropriate parameter to compare
deposition patterns across the 2 species rather than the commonly used airway generation number. A
clearance model for the rat based on the HRTM has been developed. However, further work is
required to obtain a full dosimetric rat model.

86

4.2.4. Uncertainty analysis of the effective dose per unit exposure to radon.
A parameter uncertainty analysis has been performed with RADEP to derive the probability
distribution of Hw/Pp and HJC^. In a parameter uncertainty analysis all the parameter values are
varied simultaneously according to their hypothesised probability distributions, and correlations
between parameters are taken into account. However, the uncertainty in the values of the dosimetric
weighting factors, wlung and wR, were not consider in this study.
The results of the uncertainty analysis give an estimated value of Hw/Pp for a population of
adults of 20 ± 7 ( l a ) mSv per WLM. For a given radon gas concentration, the estimated value of
Hw/CRn for a population of adults is 17 ± 6 (la) mSv y"1 per 200 Bq m"3 of 222Rn. Using the individual
parameter values recommended by all the contractors gives values of Hw/Pp and tlJC^ of 11 mSv per
WLM and 10 mSv y 1 per 200 Bq m'3 of 222Rn respectively.
On the basis of this study, it is very unlikely (P< 0.1%) that a typical value of Hw/Pp for
exposure in the home calculated using the HRTM (with wlung= 0.12 and w R = 20) could be as low as 4
mSv per WLM, the value determined using the epidemiological approach (ICRP, 1993).

4.3. WP 3 Human studies group
At PSI an exposure methodology was developed for the determination of the absorption halflife of unattached radon progeny deposited in the human respiratory tract into the blood circuit. 21
volunteers were exposed in a radon chamber during well-controlled aerosol and radon progeny
conditions, with predominantly unattached radon daughters. Measurements of deposited activity in
head and chest were performed using a low level whole-body counter as well as radon gas and radon
progeny measurements of blood-samples from the volunteers. Special effort was involved to restrict
the dose to the volunteers to an absolute maximum of 0.08 mSv.
The results from these measurements can be summarised in the following key results:
•

The prediction of deposited unattached radon progeny with the ICRP respiratory tract model does
not differ significantly from the measured activity.
• The absorption of unattached radon progeny from the respiratory tract to the blood circuit has a
much shorter half time than the ICRP default value of 10 h.
• An additional mechanical clearance from the pharyngeal region (ET2) was not observed for
exposures to unattached radon progeny.
At SSI in co-operation with Lund University, a methodology to experimentally determine the
total deposition of inhaled radon progeny in humans has been developed and used. The principle for
the method used is to compare the radon progeny concentration in inhaled (ambient) air with radon
progeny concentration in exhaled air. The sensitivity of the method is high enough to be used in indoor
environments with slightly elevated, i.e., (> 200 Bq/m3) radon concentration. Comparison of total
deposition between different breathing pattern, age and gender can be done when two persons (e.g.
one children and one adult) are studied simultaneously, thus inhaling the same aerosol.
The experimental set-up has been tested for losses of aerosols that could influence the results.
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Also total deposition studies has been performed during well defined aerosol conditions in a
radon-aerosol chamber choosing hydrophobic particles to compare with other published data, and
thereby verify the performance of the technique.
•
•

•

Nose and mouth breathing total deposition studies in radon chamber with hydrophobic
particles in the size range 500-600 nm gave results close to prediction by lung models.
Results from deposition studies of children and adults in indoor environments show a
significant higher deposition in children for particles in the size range 40-70 nm (burning
candles).
For natural existing background particles indoors no significant difference between children
and adults could be seen, but the total deposition of these particles was found to be two
times higher than predicted from the stochastic lung model. The reason for this seem to be
that at least a part of these particles are hygroscopic and when entering the airways with
high humidity they grow and thereby change the deposition probability.

These results show the complex and not so well known aerosol characteristics in dwellings and
will also influence the dose calculations both for children and adults.

4.4. WP 4 Animal studies group

All animals of long-term studies have been exposed as scheduled and all animals have been
successfully maintained for lifespan. In these experiments, few animals, 153 on 1876 at AEATechnology pic and 145 on 1651 at CEA, respectively remain alive and analysis of histopathology is
continuing. It is anticipated that the analysis of the results of lifespan studies will be completed by
2001, including complete analysis of the survival times and tumour incidence. The results of the
experiments conducted at AEA will be compared with those of CEA where exposures were conducted
over the 8 hour-working day rather than continuously at Harwell. These results will also be compared
with those of previous experiments conducted at CEA under various experimental conditions.
Tumour incidences are currently being assessed. Initial results at Harwell indicate a higher
incidence of lung tumours in animals exposed to radon/radon progeny compared with controls. Full
analysis will not be possible until all pathology is completed. However, the preliminary results of CEA
indicate that at relatively low cumulative exposures of 0.36 J h m"3 (100 WLM), comparable to
lifetime exposures in high-radon houses or current underground mining exposures, the risk of lung
cancer in rats decreases with PAEC, i.e., exposure rate. This confirms the results obtained at lower
cumulative exposure showing that for the same cumulative exposure, the risk of lung cancer in rats
decreases with decreasing PAEC. These data suggest that the induction of lung cancer results from a
complex interplay between cumulative exposure and exposure rate, with an optimal combination of
exposure rate at a given exposure level.
An experiment aiming to investigate the potential synergistic effect of radon exposure and
environmental tobacco smoke (ETS) in the conditions of domestic indoor environment has been
carried out at CEA. This study is still in progress and it is anticipated that the results will be completed
at the end of the year 2000.
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During all animal exposures conducted at Harwell, measurements of deposition of radon
progeny in the rat lung were made. All early effects and deposition measurements have been
conducted. A good correlation was found between the exposure concentration (PAEC) and the
deposition of radon progeny in the respiratory tract of rats at constant "unattached fraction". The
deposition was much elevated at high "unattached fraction" of 40% compared with deposition at 3.5%
"unattached fraction". The fraction of the activity deposited in the head was also elevated at high
"unattached fraction" (30% of total deposit occured in head at 40% of "unattached fraction" compared
with 10% of total deposit occuring in head at 3.5% "unattached fraction").
A positive dose rate response was seen for proliferating epithelial cells at relatively high
exposure levels. The response of proliferating epithelial cells was found to depend on dose rate at
higher doses, whereas at lower cumulative doses no significant elevations in proliferation were
observed. Nuclear aberrations showed a similar type of response to dose and dose rate.
All results to date have been passed to both the Aerosol and Modelling Groups.
All results to date have been published in the open literature and presented at scientific
meetings.

4.5. WP 5 RARE group
A protocol for the use of RETRO detectors was developed
Extensive and successful field measurement, using both surface and volume traps, in
dwellings in a number of countries were carried out.
Two independent and mutually verified computer programs were developed for the purpose of
estimating radon exposures in the past from surface trap measurements.
A program of quality assurance was established and implemented in which reference surface
trap samples were produced and distributed to group members for calibration and inter-comparison
purposes.
Improvements were made in the selection and laboratory treatment of volume trap samples.
Inter-comparisons were made between the retrospective assessment of radon exposures using
surface traps and volume traps.
A passive open-face alpha track detector technique to map the variation of short-lived radon
progeny in rooms was developed.
A simple tamperproof surface trap technique was developed to verify the long-term
concentration of radon in a dwelling. This will help to eliminate fraudulent statements on radon
concentrations that could be made during real estate transactions.
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5. Discussion
5.1. WP1 Aerosol studies group
During the course of this programme, good quality information was obtained from the
different partners of the Aerosol Studies Group on the size distributions of the aerosol-associated
radon progeny with and without additional sources. It was observed that the size distributions of the
different short-lived decay products were identical. Otherwise, the different intercomparisons of
methods undertaken in an individual house (Milizac) and in the rat inhalation chamber (Razes) showed
a good agreement for the accumulation mode between the techniques (low-pressure Berner impactor,
SDI-2001). Nevertheless, some discrepancies still exist concerning the determination of the nuclei
mode, which is, however, one of the most influent physical parameter for the dose calculation. They
could be explained by either evaporation processes in the impactors or possible inhomogeneity in
spatial distribution of particles in rooms. A better characterisation of nuclei mode and a better
understanding of the attachment process make necessary the carry on with side by side measurements
of number and activity size distributions.
The size distributions of nanometer radon daughters were investigated using different
techniques, a screen diffusion technique (Gottingen), a tube diffusion technique (Barcelona) and a
granular bed diffusion technique (Brest). The studies of these distributions in chambers and dwellings
indicated the presence of several discrete modes as previously stated by the group of Gottingen. The
results of size distributions measurements of the unattached radon decay products in homes were used
by the group of Gottingen to test if the different evaluated discrete modes of the size distributions can
be explained by the charge status of the clusters. Moreover, the electric charge of aerosol particles,
mainly in the nanometer size range, affect the lung deposition processes during inhalation and
exhalation. Information about the charge status of the unattached decay products will also improve our
understanding of deposition processes on surfaces. This information is important for the RARE group
to interpret results of measurements concerning the retrospective exposure determination via 210Po
using surface and volume traps. In order to confirm the hypotheses suggested to explain these modes,
further investigations on the charge status need to be performed.
In parallel, progress was achieved in improvement, calibration and automation of experimental
techniques for continuous and integrated measurements of "unattached fraction" fp- and equilibrium
factor F- values. Measurements were performed to determine the variation of size distributions of
unattached and aerosol-associated radon decay products under typical living conditions. A good
agreement was obtained throughout the different inter-comparison campaigns organised under
different situations (Milizac, Razes, Barcelona). Concerning the measurements in dwellings performed
in different countries and under different aerosol conditions, in spite of the different living conditions
in those countries, comparable relationships between unattached fraction and equilibrium factor were
established. The actual results of these measurements were considered during updated dose
calculations of the Modelling Group. In the future, it appears thus necessary to carry out long-term
measurements, using the techniques developed during this contract in various places like workplaces,
for example, where environmental conditions may differ from those encountered in dwellings.
Parameters of activity size distribution measurements (single values) performed during the last
10 years were summarised to support sensitivity analysis of the Modelling group at NRPB. These data
sets will be used to study the change of dose conversion factors by varying aerosol size parameters.

In connection with chamber studies the Lund group spent considerable effort to determine the
hygroscopic growth of some typical aerosol sources under normal atmospheric conditions.
Hygroscopic growth data showed that the atmospheric aerosol size distributions are bimodal with
respect to hygroscopic properties and can be divided in a "less hygroscopic" and a "more hygroscopic"
fraction. Nevertheless, the instrumentation used does not presently allow us to study high relative
humidity conditions similar to those which occur in the human lungs. In the future, there is a particular
interest to develop methodologies for studying on hygroscopicity of indoor aerosol particles at relative
humidity similar to that of the human airways.

5.2. WP 2 Modelling group
Using the dosimetric approach to calculate the risk of lung cancer from exposure to radon
progeny yields a risk three times greater than that suggested by the epidemiological approach,
(Birchall and James, 1994). Although this discrepancy is small, if one considers that estimates are
based on completely different methods, several hypotheses have been made to account for it. For
example, it has been suggested that the discrepancy may be due to inaccuracies in some of the
parameter values used in the dosimetric model. As some of the parameter values are used in other
dosimetric calculations, this may be important for the dosimetry of other radionuclides, specifically
alpha emitters for which dose to lung dominated. A sensitivity analysis was thus performed to identify
those parameters that most affected the equivalent dose. One such parameter was the absorption rate of
the radon progeny from lung to blood. In particular, the sensitivity analysis showed that HJPp is
reduced to 4 mSv per WLM, which is the value suggested by the epidemiological approach, if the
absorption half-times for the radon progeny are of the order of 5 to 10 minutes. Thus, work has been
carried out to estimate the absorption half-times of radon progeny. The volunteer experiments carried
out in this contract have contributed to the scientific data so that better estimates of absorption halftimes for unattached radon progeny could be made. The evaluation of the data involved use of the
latest ICRP biokinetic models, and although these models are currently the best available they were
principally designed for dosimetry, so the results obtained here should be treated with some caution.
These experiments were supplemented by a re-evaluation of previously published volunteer
experiments with the HRTM. It was concluded from the re-evaluation that the best estimates of the
absorption half-time of attached 214Pb and attached 214Bi are 10 h and 13 h respectively. However, the
following points should be considered:
•

The estimated absorption half-time is dominated by the absorption half-time from the AI
region. Although the HRTM assumes that the rate of absorption from all the lung regions is
the same, this is a simplifying assumption that may not be true. Because most of the dose
from radon progeny is delivered to the TB region it is the absorption from this region that is
important. One could argue that it is likely that the absorption rate from the TB region is
slower than that from the AI region, because the TB region is thicker than the AI region, in
which case the estimated equivalent dose is not significantly affected. The ideal solution to
this problem would be to actually measure the absorption directly from this region. Various
volunteer experimental designs to measure this quantity were investigated, within this
contract, but in each case the dose delivered to the volunteer was too large.

•

There was not sufficient information to determine whether the radon progeny bind to lung
tissue or not.

•

The estimated absorption half-time for bismuth was based only on one volunteer experiment.
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It is clear that more research is required to estimate the absorption half-times for radon progeny
from the TB region of the lung, and to determine whether the radon progeny bind to the lung or not.
The results of the uncertainty analysis give an estimated value of Hw/Pp for a population of adults
of 20 ± 7 (la) mSv per WLM. For a given radon gas concentration, the estimated value of HJC^ for
a population of adults is 17 ± 6 (la) mSv y"1 per 200 Bq m"3 of 222Rn. These can be regarded as best
estimates obtained using the HRTM. Although, these estimates are based on a state of the art lung
model (HRTM) and based on best currently available estimates of parameters, there are a number of
ways in which the uncertainty analysis could be improved. For example by:
•

•

improving estimates of parameter probability distributions based on (a) new research and (b) on a
detail analysis of published measurement data with a critical look at measurement techniques; and
by
accounting for the affects of different morphometric lung models reflecting intrasubject
variability.

It should be noted that using the individual parameter values recommended by all the
contractors gives lower values of RJPP and H ^ C ^ of 11 mSv per WLM and 10 mSv y"1 per 200 Bq
m"3 of 222Rn respectively. This demonstrates that uncertainty in parameter values tend to increase the
best estimate of equivalent dose. This arises because the relationship between equivalent dose and the
model parameters is non- linear.
The uncertainty analysis also showed that it is very unlikely (P < 0.1%) that a typical value of
HJPp for exposure in the home calculated using the HRTM (with wlung= 0.12 and w R = 20) is as low as
4 mSv per WLM, the value determined with the epidemiological approach. Thus, the uncertainties in
the HRTM parameters considered in this study do not account for the discrepancy between the
dosimetric and epidemiological approach. Some of the other possible explanations in the dosimetry
approach that have not been investigated are:
•

the ICRP default values of wlung and wR may not be appropriate.

•

Although the HRTM is a state of the art lung model that is used internationally in internal
dosimetry it may be that some of the simplifying assumptions made to facilitate its
implementation may inadvertently bias the calculated effective dose under certain conditions. One
of these simplifying assumptions is the approximation of 25 airway generations by three lung
regions. While preliminary calculations have shown this is unlikely to have much effect on the
resulting dose this cannot be, definitely, ruled out without further comparisons between the HRTM
and a 16 generation deterministic lung model.

It should be stressed that if any of these reasons were found to adversely bias the equivalent dose
calculated with the HRTM, then implications for radiological protection would extend well beyond
radon dosimetry because this model is used to calculate the dose for all radionuclides. Furthermore,
because radon is the largest source of natural background radiation in Europe it is clear that more
effort is needed to refine the estimate
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5.3. WP 3 Human studies group

Deposition and absorption of unattached radon progeny
The results of the research conducted at PSI showed clearly a different behaviour of
unattached progeny deposited in the respiratory tract compared to the well studied behaviour of the
aerosol associated radon progeny. The higher than expected activity found in blood samples of
volunteers can be interpreted as a faster absorption of the unattached radon progeny from the
respiratory tract tissue to the blood circuit.
The dependence of absorption half time for particles between unattached (1 nm) and attached
(200 nm) radon progeny on particle size remains an open question.
A different approach of interpretation would be the assumption of an extremely rapid transport
of part of the deposited activity, whereas the remaining fraction is immobilised. This approach is
suggested by the absence of clearance of unattached radon progeny from the pharyngeal region
immediately after the exposure.

Comparison of deposition in children and adults
A higher total deposition in children than in adults was found (38 and 31% respectively) when
the radon progeny was attached to the smaller particles in the size range of 50 nm, where Brownian
diffusion is the dominant deposition mechanism. For the larger background particles (size range 200
nm) no statistically significant difference was found. In this case the deposition mechanisms are a
combination of Brownian diffusion and sedimentation. If hygroscopic growth increases the diameter
up to roughly l(J.m, impaction might also contribute. All these mechanisms are depending on the
breathing parameters which thereby might affect the recorded deposition. The used breathing
parameters have been compared with default values (Hoffman, 1982) for breathing at rest at different
ages. It was found that on average the children and adults were breathing with average flows 30 and
35% respectively above the stated values, This must be assumed to be acceptable in an artificial
breathing situation. For the breathing frequencies good agreement was found with the default values.

Comparison with lung deposition models
In the theoretical model of Yu and Xu (1987) 20% higher deposition for five year olds than
adults was estimated, when inhaling 200 nm particles. In the present study not enough test subjects are
included to state results for different ages but roughly 20% higher deposition was found for the smaller
particles while no significant difference was found for the larger background particles, when
comparing children (4-13 years) and adults. However direct comparison is not possible since the
particles in our study are hygroscopic and the deposition probabilities modified. The model by Yu and
Xu also predicts regional deposition in the tracheo-bronchial region. Twenty percent higher deposition
is estimated for 5 year old children and less difference for older children.
In adults a higher deposition was found when breathing through the nose than through the
mouth. The difference is probably induced by turbulent deposition (turbulent diffusion) in the nose. A
comparison with the commonly used stochastic deposition model (Hoffman and Koblinger 1992)
showed good agreement.
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Comparison with the model for the adult data from the dwellings has also been performed.
Good agreement was found for the smaller particles when taking the hygroscopic growth into account,
while the model predicts lower deposition than our results, for the background particles. However also
in previous measurements with (mono-disperse) hygroscopic particles a higher deposition was found
than in the case of hydrophobic particles. The reason for this is unknown, but might be partly
explained by different growth during different breaths, a varying RH in the lungs or an
inhomogeneous RH profile in the airways. The interpretation of the results from the present study is
further complicated by the poly-disperse relatively wide activity weighted size distribution, consisting
of particles with highly varying hygroscopic growth factors. A better basic understanding of the
deposition of particles with varying hygroscopic growth factors is however needed to improve the
models.
The shape of the particles also influences deposition. The hydrophobic carbon black particles
are believed to be aggregates consisting of several nuclei particles. The hygroscopic particles on the
other hand are believed to collapse into a droplet upon inhalation and be deposited as spherical
particles.
5.4. WP 4 Animal studies group
Epidemiological studies in uranium miners and other underground miners showed an
association between an excess risk of lung cancer and exposure to radon and its progeny. In various
countries, measurements in dwellings have shown that in many homes, the radon concentrations are
only one or two orders of magnitude lower than in typical underground mine situations. Despite the
fact that some recent case-control studies support a small, but statistically significant excess risk of
lung cancer from residential radon exposure, the evidence of an excess risk of lung cancer from
residential radon indoor exposure is less certain. The risk related to indoor domestic exposure was
estimated from underground miners data to indoor radon situations. However, exposures and exposure
rates were higher in mines compared with generally much lower exposures and exposure rates in
homes. The pooled analysis of data from 11 cohorts of underground miners showed that the excess
relative risk (ERR) of lung cancer increased as the exposure rate decreased. This pattern called
protraction enhancement effect or inverse dose-rate effect was obvious at high cumulative exposures
but a diminution of this effect was observed for cumulative exposures below 0.18 J h m 3 (50 WLM).
Despite the fact that significant cumulative exposures at typical residential exposure rates of
about 1.8 10'5 J h m'3 per week, approximately 0.005 WLM per week, cannot be tested in a short-lived
species like the rat, the rat model is valuable for reducing the uncertainties that exist in human data,
particularly in regard to the exposure-rate effect. In PNL lifespan animal experiments, a trend towards
increasing tumour risk with decreased exposure rate has been reported in Wistar rats exposed at 2.1 mJ
m"3 (100 WL) and 21 mJ m 3 (1,000 WL) and cumulative exposures varying from 2.3 J h m 3 (640
WLM) up to 18.4 J h m 3 (5,120 WLM).
A similar trend was observed in previous CEA experiments in Sprague-Dawley rats exposed at
cumulative exposures varying from about 3.6 J h m"3 (1,000 WLM) up to 21.6 J h m"3 (6,000 WLM)
and high exposure rates varying from 0.25 mJ h m"3 (70 WLM per week) to 0.9 mJ m"3 (250 WLM per
week). In contrast, the results obtained at low cumulative exposure, comparable to domestic indoor
exposures showed no evidence of an inverse exposure-rate effect. Indeed, chronic radon exposure at
0.09 J h m"3 (25 WLM), protracted over a 18 months period, at an alpha potential energy of 0.042 mJ
m"3 (2 WL), resulted in fewer lung carcinomas in rats than a similar cumulative exposure protracted
over 4 to 6 months at a potential alpha energy of 2.1 mJ m"3 (100 WL). The lung cancer incidence in
rats exposed at low exposure rate (0.60%) was slightly lower than that in control animals (0.63%).
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In the ongoing experiments, the histopathology study is still in progress and full statistical
analysis of all animals is required before full conclusions can be drawn. However, on the basis of
autopsy macroscopic findings and of preliminary histopathological results, the results of this study
were compared with those of an historical control group of 785 rats and with those of previous
experiments in rats exposed at various cumulative exposures and exposure rates.
The preliminary results of these studies indicate that at relatively low cumulative exposures of
0.36 J h m"3 (100 WLM), comparable to lifetime exposures in high-radon houses or current
underground mining exposures, the risk of lung cancer in rats decreases with PAEC, i.e., exposure
rate. This confirms the results obtained at lower cumulative exposure showing that for the same
cumulative exposure of 0.09 J h m'3 (25 WLM), the relative risk (RR) decreases from 4.45 in rats
exposed at 3.15 mJ m"3 (150 WL) to 3.48 in rats exposed at 2.1 mJ m"3 (100 WL) and to 0.94 in rats
exposed at 0.042 mJ m'3 (2 WL). These preliminary results also indicate that the risk of lung tumour
induction for rats is maximum for cumulative exposures ranging from 0.09 J h m"3 (25 WLM) up to
720 mJ h m"3 (200 WLM) and PAEC ranging from 1.05 mJ rn3 (50 WL) up to 3.15 mJ m"3 (150 WL),
i.e., exposure rates ranging from 18 mJ h m"3 per week (5 WLM per week) and 90 mJ h m"3 per week
(25 WLM per week). These data suggest that the induction of lung cancer results from a complex
interplay between cumulative exposure and exposure rate, with an optimal combination of exposure
rate at a given exposure level.
The significance of exposure rates in assessing the hazards of domestic radon exposure was
addressed on biophysical grounds by Brenner, who concluded that, when cumulative exposures are
sufficiently low that multiple traversals of target cells by alpha particles are rare - that is the case for
typical domestic radon exposures -, all exposure-rate enhancement effects disappear. The results of
recent experiments of the same group showed that traversal of cell nuclei by a single alpha particle
induced significantly lower oncogenic transformation in the C3H10T1/2 mouse fibroblast system than
does a Poisson-distributed mean of one alpha particle, suggesting that cells traversed by multiple alpha
particles contribute most to the risk. In this respect, based on dose-rate effect considerations,
extrapolation of lower exposure-rate miner data to residential exposures - where no target cell is
traversed by more than a single alpha particle - may overestimate risks associated with typical
residential exposures and exposure rates. Our recent data in rats appear to follow this same trend and
to support the hypothesis that, at low doses, the risk of lung cancer is governed by the rate at which the
dose is delivered, and not by the total cumulative dose alone.
In the Harwell lifespan study only 153 animals from the current study remain alive and it is
estimated that these will live until mid 2000. It is anticipated that analysis of the results of the study
will be completed by 2001, including complete statistical analysis of the survival and tumour
incidences. The results will be compared with those of CEA where exposures were conducted over the
8 hour working day rather than continuously at Harwell.
The usefulness of the early effects to predict long term tumour incidences will not be known
until completion of the lifespan studies at Harwell and CEA. Should one or a combination of the
effects studied prove reliable indicators of long term effects, they may be used to replace life span
studies in the determination of the effects of radon exposure conditions.
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5.5. WP 5 RARE group

The work of the RARE group has established that RETRO techniques (both surface and
volume traps) should be an essential tool of exposure assessment in future radon epidemiological
studies. Due mainly to the work of the RARE group and the problems associated with using
contemporary radon levels as surrogates for those in the past, the radon epidemiological community
has accepted that there should be an increased role for RETRO technique in future epidemiological
studies.
Because surface trap measurements relate to radon progeny behaviour and volume trap
measurements to radon gas only it is clear that the joint use of surface and volume traps should yield
useful information not only on historical radon exposures but also on exposures to airborne radon
progeny. It is planned that such joint investigations of the two trap techniques which commenced
during the contract period should be expanded in future work. Although limited exercises to validate
the surface trap technique took place in the present project the validation of these trap methods by
making measurements in dwellings with a known history of radon measurements should be an
essential component of future work.
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