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Radiation Protection Programme 1990-1991 - Final Report
Volume 2
Summary

The final report of the 1990-1991 period of the radiation protection programme outlines the research
work carried out during the whole contractual period under all contracts between the Commission
of the European Communities and research groups in the Member States. More than 450 scientists
collaborated on this programme.

Results of more than 350 projects are reported. They are grouped into three sectors:
1 Human Exposure to Radiation and Radioactivity, which includes:

1.1 Measurement of Radiation Dose and its Interpretation
1.2 Transfer and Behaviour of Radionuclides in the Environment

2 Consequences of Radiation Exposure to Man,; Assessment, Prevention and Treatment, which
includes:

2.1 Stochastic Effects of Radiation
2.2 Non-Stochastic Effects of Radiation
2.3 Radiation Effects on the Developing Organism

3 Risks and Management of Exposure, which includes:

3.1 Assessment of Human Exposure and Risks
3.2 Optimization and Management of Radiation Protection

Within the framework programme, the aim of this scientific research is to improve the conditions
of life with respect to work and protection of man and his environment and to assure safe
production of energy, i.e.:

{i) to improve methods necessary to protect workers and the population by updating the
scientific basis for eppropriate standards;

{ii) to prevent and counteract harmful effects of radiation;

{iii)  to assess radiation risks and provide methods to cope with the consequences of radiation
accidents.
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Project 4: Dr. Dance

Objectives for the reporting period .
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Project 5: Dr. Flioni-Vyza

Objectives for the reporting period
Progress achieved including publications .........
Publications

Project 6: Prof. Rimondi

Objectives for the reporting period ... s seseses
Progress achieved including publications .
Publications

THE PRINCIPLES AND THE PRACTICABILITY OF QUALITY CONTROL AND QUALITY
ASSURANCE IN PAEDIATRIC RADIOLOGY

Summary of project global objectives and achievements

Project 1: Dr. Schneider

Objectives for the reporting period
Progress achieved including publications
Publications

OPTIMISATION OF PROTECTION IN MEDICAL DIAGNOSTIC RADIOLOGY
Summary of project global objectives and achievements

Project 1: Prof. Vano Carruana

Objectives for the reporting period
Progress achieved including publications
Publications .. R

REFINEMENT OF METHODS FOR THE ASSESSMENT OF ORGAN DOSES., AND
POSSIBLE REDUCTION OF PATIENT EXPOSURE

Objectives for the reporting period
Progress achieved including publications
Publications

DIAGNOSIS RELATED DOSES: A COMPARATIVE INVESTIGATION IN SOME
EUROPEAN HOSPITALS

Summary of project global objectives and aChIEVEMENLS .......ccoeverrurersrerioarnerrssressossuoresesssnssssesasssssnes

Project 1: Prof. Van Loon

Objectives for the reporting period .
PrOGIEss ACRIEVEA .....cceeeeictieeer st se st s ecete s s seses st e tm et bt ses s snn st emtseesaesansesrasnen

Project 2: Dr. Thijssen

Objectives for the reporting period
Progress achieved

PATIENT DOSE FROM RADIOPHARMACEUTICALS

Summary of project global objectives and achieVemMENLS ..........ooevrmireieiene s s

- 1114 -

1715
1715
1718

1719
1719
1729

1730
1730
1734

1735

1736
1736
1739

1745

1747
1747
1749

1751
1751
1754

1755

1759
1759

1763
1763

1767



Project 1: Dr. Mattsson
Objectives for the reporting period

Progress achieved including publications

Publications

Project 2: Dr. Smith

Objectives for the reporting period
Progress achieved including publications

Publications

Project 3: Dr. Henrichs
Objectives for the reporting period

Progress achieved including publications
Publications

QUALITY CRITERIA AND DOSE REDUCTION IN COMPUTED TOMOGRAPHY

Summary of project global objectives and achievements

Project 1: Dr. Jessen
Objectives for the reporting period

Progress achieved including publications

PUDLICAUONS .....ecveeeieeereermesrenetsesenaesenenraecrsermensaenenenie

Project 2: Dr. Galvdo
Objectives for the reporting period

Progress achieved including publications

Publications

METHODOLOGY FOR EVALUATING THE RADIOLOGICAL CONSEQUENCES OF
RADIOACTIVE MATERIALS RELEASED IN ACCIDENTS INCLUDING UNCERTAINTY

ANALYSIS AND ECONOMIC IMPACT

Summary of project global objectives and achievements

Project 1: Prof. Dr. Kessler
Objectives for the reporting period

Progress achicved including publications

Publications

METHODOLOGY FOR EVALUATING THE RADIOLOGICAL CONSEQUENCES OF

RADIOACTIVE EFFLUENT RELEASED IN ACCIDENTS

Summary of project global objectives and achicvements

Project 1: Dr. Cooper
Objectives for the reporting period

Progress achicved including publications
Publications ..........cceoveecreneeeerneene

METHODOLOGY OF PROBABILISTIC UNCERTAINTY ANALYSIS OF

COMPUTATIONAL ASSESSMENTS

Summary of project global objectives and achicvements ...
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Project 1: E. Hofer

Objectives for the reporting period
Progress achieved including publications
Publications

OPTIMIZATION OF OFF-SITE RECOVERY ACTIONS FOLLOWING NUCLEAR
REACTOR ACCIDENTS

Summary of project global objectives and achievements

Project 1: Prof. Alonso

Objectives for the reporting period
Progress achieved including publications
Publications

DEPOSITION OF RADIONUCLIDES AND THEIR SUBSEQUENT RELOCATION IN THE
ENVIRONMENT FOLLOWING AN ACCIDENTAL RELEASE TO THE ATMOSPHERE

Summary of project global objectives and achievements

Project 1: Dr. Underwood

Objectives for the reporting period
Progress achieved including publications
Publications

Project 2: Dr. Roed

Objectives for the reporting period
Progress achieved including publications
Publications

Project 3: Dr. Jacob

Objectives for the reporting period
Progress achieved including publications
Publications

Project 4: Dr. Nixon

Objectives for the reporting period
Progress achieved including publications
Publications

RADE-AID, THE DEVELOPMENT OF A RADIOLOGICAL ACCIDENT DECISION AIDING
SYSTEM

Summary of project global objectives and achievements

Project 1: Dr. Wagenaar

Objectives for the reporting period
Progress achieved

Project 2: Dr. Ehrhardt

Objectives for the reporting period
Progress achieved
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Project 3: Mrs Morrey
Objectives for the reporting period

Progress achieved

ANNEX: Description of the database developed as part of DATARADE

References

INDOOR DEPOSITION AND RELATIONSHIP BETWEEN INDOOR AND OUTDOOR AIR

CONCENTRATION

Summary of project global objectives and achievements

References

Project 1: Dr. Roed
Objectives for the reporting period

Progress achieved including publications
Publications

Project 2: Prof. Goddard
Objectives for the reporting period

Progress achieved including publications
Publications

VALIDATION-TRAINING AND UNCERTAINTY-STUDY EXPERIMENTS FOR REAL-
TIME ATMOSPHERIC DISPERSION MODELS

Summary of project global objectives and achievements

Project 1: Dr. Torben Mikkelsen

Objectives for the reporting period
Progress achieved including publications
Publications

Project 2: Dr. Wemer
Objectives for the reporting period

Progress achieved including publications
Publications

DEVELOPMENT OF A COMPREHENSIVE DECISION-AIDING SYSTEM FOR THE OFF-

SITE EMERGENCY MANAGEMENT

Summary of project global objectives and achievements

Project 1: Dr. Ehrhardt
Obijectives for the reporting period

Progress achieved including publications
Publications

Project 2: Dr. Robeau
Objectives for the reporting period

Progress achicved including publications
Publications

Project 3: Dr. Bartzis
Objcctives for the reporting period

Progress achicved including publications
Publications ............
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Project 4: Dr. Caracciolo
Objectives for the reporting period ........cocveees vcuveaeees

Progress achieved
References

Project 5: Dr. ApSimon

Objectives for the reporting period
Progress achieved including publications
Publications

Project 6: Dr. Sgren Thykier-Nielsen

Objectives for the reporting period
Praogress achieved including publications
Publications

Projct 7: Dr. Miiller

Obijestives for the reporting period
Progrss achieved including publications
Publications :

Projea 8: Dr. Persson

Objectves for the reporting period
Progres achieved including publications
Publicaions

REAL-TME UNCERTAINTY HANDLING AND DEVELOPMENT OF A COMPUTER
BASED TRAINING SYSTEM FOR THE MANAGEMENT OF OFF-SITE NUCLEAR
EMERGINCIES

Summaryof project global objectives and achievements [N

Project 1: Dr. Govaerts

Objectives for the reporting period
Progress achieved including PUbliCABONS «........ccoceucrmmrceereeicesecteermsteseises s arsssassssssssans
Publications

EMPIRICAL. AND FRACTAL DESCRIPTION OF RADIOLOGICAL DATA DETECTED
AFTER CHERNOBYL ACCIDENT

Summary of project giobal objectives and achievements

Project 1: Prof. Ratti

Objectivesfor the reporting period
Progress achieved

COORDINATION ACTIVITIES

A.  Mecetings of study groups

B.  Meetings organised or co-organised by the Commission

C.  Meetings of experts

ERPET - EUROPEAN RADIATION PROTECTION EDUCATION AND TRAINING
Activities, Period: June 1991 - End 1992
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CONSEQUENCES OF RADIATION
EXPOSURE TO MAN;
THEIR ASSESSMENT,

PREVENTION AND TREATMENT






Non-stochastic effects of radiation






IMPAIRMENT OF THE HEMO-LYMPHOPOIETIC CELL SYSTEM AND ITS
MICROENVIRONMENT BY IONIZING RADIATION. PATHOGENESIS OF NON-
STOCHASTIC AND NEOPLASTIC EFFECTS AND CONDITIONS FOR A LONG
TERM RESTORATION

Contract Bi6-061 - Sector B21
1) Fliedner , Univ. Ulm

Summary of project global objectives and achievements

The Ulm group contributing to the CEC Radiation Protection
Programme is located in the Department of Clinical Physiolo-
gy and Social Medicine of the University of Ulm, directed by
Prof. Dr. Dr.h.c. Theodor M. Fliedner, and is recognized by
WHO as a Collaborating Center for Radiation Accident Pre-
paredness and Assistance. The Global Objectives of its
research programme are to broaden and deepen the scientific
basis for the medical management of persons accidentally
exposed to ionizing radiation. The radiation accident situ-
ation around the world has shown that such accidents may
occur any day and may involve a few persons (such as in

Israel 1990, in Moscow (1991), but also hundreds or many
thousands of persons (such as in Mexico (1983/84), Goiania
(1987) or Tschernobyl (1986)). The experience has also

shown, that the medical response to the accidental exposure
of persons is still unsatisfactory and requires improvement.
The deficits in knowledge are centred around two major
questions: 1. What possibilities exist to evaluate the type
and extent of radiation injury in order to come to prospec-
tive conclusions and to develop therapeutic strategies reco-
gnizing research advances made. 2. What possibilities exist
to treat radiation induced damages on the basis of an answer
to the question, whether the damage caused in organ systems,
such as hematopoiesis, 1is reversible in principle or is ir-
reversible.

The research work performed in 1990, 1991 and 1992 (January
through April) concentrated on two problem areas:

1. Improvement of existing and development of new hematolo-
gical indicators to predict the radiation exposure conse-
quences in man as a basis for clinical management.

2. Improvement of existing and development of new knowledge
regarding the pathophysiological mechanisms that govern
the hematological consequences of radiation exposure as a
prerequisite for therapeutic improvements.

The extent of work that could be performed during the period
of reporting, was limited by the resources available.

Nevertheless, important achievements could be obtained and
are summarized as follows:
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1. jiati  ndi

During 1990 - April 1992 the emphasis of the research work
performed in this area was in the systematic analysis of
radiation accident case reports in order to collect suitable
information on the signs and symptoms of response to total
body exposure. In close collaboration with the Institute of
Biophysics (with the hospital No. 6) in Moscow, a "precompu-
ter case report (PCR)"(with 199 pages) was developed. This

will provide for the first time an international approach to
single out those indicators that are of predictive value for
developing suitable therapeutic approaches. The group in
Moscow and our own group has access to several hundred ra-
diation accident case reports and it could be clearly shown,
using the first 30 case histories, that this PCR is suitable
to record in a systematic way those signs and symptoms, that
develop during the first 60 days after exposure. This PCR
will now be used to record as many case histories as poss-
ible and to develop a computerbased data collection in order
to be able to correlate early signs and symptoms with later
clinical developments and subsequently to develop a computer
aided system for radiation accident management assistance.

Using a limited number of case histories, a systems enginee-
ring model of human granulocytopoiesis was developed further
in collaboration with the Department of Measurement, Control
and Microtechnology of Ulm University (Director: Prof. Dr.
Hofer) to calculate from the pattern of granulocyte changes
in accident situations the number of stem cells that re-
mained after total body radiation exposure and from which
recovery could commence. It was found that a clinical course
"reversible damage to hemopoiesis" could clearly be distin-
guished from a category ‘“irreversible damage to hemopoie-
sis". If more than 6 per 106 calculated stem cell units
were available, then a recovery is possible without stem
cell transplantation. If the number is less, then an irre-
versible course 1s most likely. Thus, it became clear that
systems modeling can be of assistance in developing "systems
indicators" to evaluate the extent of damage to the hemo-
poietic system after exposure.

As far as “"biological indicators" are concerned, our group
concentrated on studies following radiation induced chromo-
somal aberrations as a function of time after high dose total
body irradiation and bone marrow transplantation. This study
is performed to analyse the predictive value of such aberra-
tions in the months following exposure. It was found that
there is a characteristic disappearance pattern of radiation
induced chromosomal aberrations after high dose irradia-
tions. The results obtained will permit us to calculate the
details of the disappearance rate as a basis for an improved
calculation of the extent of exposure received.
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2. Pathophvsioloagy of radiation exposure as a basis for

improvement of therapeutic approaches

The work performed during the reporting period may be cha-
racterized by two approaches: Systems research and case stu-
dies. As far as systems research 1is concerned, a further
improvement of the granulocyte renewal model was obtained.
The granulocyte renewal system can now adequately be de-
scribed by 37 differential equations (in collaboration with
Prof. Hofer and Dr. Tibken from Ulm University). This model
is able to simulate the course of granulocyte changes after
total body exposure in a large number of observed cases. It
is crucial to assume an "injured stem cell compartment" with
cells that are injured by not destroyed and therefore still
capable of a limited number of cell division. This systems
approach allows us to test the site of therapeutic actions.
For instance, it will now be possible to analyse the patho-
physiology of the use of recombinant regulation factors in
radiation accident management and to improve it in cases of
reversible damage to hemopoiesis.

As far as the megakaryocytic system is concerned, we were
able to develop a new biomathematical model of the mega-
karyocytic cell renewal system as a basis for trying to
understand better the responses of this system to total body
irradiation.

Finally, in cooperation with Dr. M. K&rbling from Heidelberg
University, it has been possible to study more than 30
patients that received total body irradiation to an extend
of 1000 - 1400 cGy, were treated with autologous bone marrow
transplantation, and received blood stem cells (autologous).
These data were analysed with respect to treatment results
(comparison of bone marrow versus blood derived stem cells).
It was shown, that the use of blood derived stem cells re-
sults in an earlier recovery of hemopoiesis as compared to
bone marrow derived stem cells. It was also of interest to
compare the pattern of hematopoietic recovery with the com-
puter simulation model of granulocytes. This study confirmed
the value of the computer simulation approach for trying to
understand the pathophysioloy of hemolymphopoietic recovery
after total body irradiation and stem cell transplantation.
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Project 1
Head of project: Prof. Fliedner

Objectives for the reporting period

The objectives for the reporting period (1.1.1990 -
30.4.1992) were to obtain answers to the following
questions:

1. In what way is it possible to improve existing and deve-
lop new knowledge on hematological indicators to predict
the radiation exposure consequences in man as a basis for
the clinical management of persons, accidentally exposed
to penetrating ionizing radiation? Which advances can be
made using “"biomathematical indicators" as a result of
cell systems engineering research and by "biological
indicators" such as chromosocmal aberrations?

2. In what way is it feasible to improve existing or develop
new knowledge on the pathophysiological mechanisms that
govern the hematological consequences of radiation expo-
sure in the critical hematopoietic cell renewal systems
as a basis for the improvement of treating radiation ex-
posed persons?

3. Which are the options to improve existing or develop new
methods to modify the response of hemopoietic tissues to
radiation exposure utilizing means and ways to establish
stem cell banks for persons at risk and to influence and
enhance regeneration of radiation injured hematopoiesis.

Progress achieved including publications

1. Computer Data Base of Radiation Accident Case Histories

In collaboration with Prof. Baranov (Institute of Biophysics
and Hospital No. VI of the Ministry of Health, Moscow) a
"pre-computer case report" (PCR) was developed. It consists
of all possible signs and symptoms that have been and can be
recorded during the first 60 days after accidental total
body radiation exposure. It has been successfully tested in
more than 40 case histories collected in Moscow and in Ulm
and found to be excellently suited to record signs and symp-
toms as a function of time after exposure as a basis for
developing a computer data base to be able to compare "new
cases" to cases successfully or unsuccessfully managed pre-
viously. This PCR will now be presented to an international
expert group in order for it to be approved and recommended
at a global level within the framework of the WHO collabora-
ting centers on radiation accident management.
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2. Computer Simulation of Radiation Accident induced Blood Cell

Changes

In cooperation with Prof. Hofer and Dr. Tibken from the De-
partment of Measurement, Control and Microtechnology of our
University, a granulocyte renewal system was developed on
the basis of systems engineering approaches to be able to
simulate granulocytic blood cell changes after accidental
exposure. The system (Fig. 1) consists of 7 cellular and 2

SR 5 B Sre— RE5 1
—— FLlw OF 2Eils s-sss+ TOW OF INFCRMATICN

FIG. 1 - MODEL OF GRANULOCYTOPOIESIS

regulator compartments. Of crucial importance is a compart-
ment of "injured stem cells" that have lost their unlimited
replicative capacity, but are still capable of a limited
number of divisions. Using this model - described by 37 dif-
ferential equations, we were able to simulate the granu-
locyte changes in 4 patients with reversible injury (Fig.
2). Thus, we could calculate the number of "stem cell units"”
that must have been present to allow or not allow regenera-
tion (Fig. 3). 1In one case (accident Israel 1990, Fig. 4)
the regeneration observed beyond 10 days was induced by bone
marrow cell transplantation on day 5 after accidental expo-
sure. The calculation of the number of stem cells indicates
that more than 6 per 10 calculated stem cell units must
remain intact if a spontaneous regeneration of hemopoiesis
is to occur after exposure. This calculation can be made
within 5-6 days after accidental exposure, early enough to
institute appropriate therapeutic regimens.
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In order to test, whether the "calculated stem cell units®“,
that are the result of computer simulation approaches of
clinical observations can be seen in relation to the "bio-
logical stem cells" actually transfused, we used the blood
granulocyte regeneration curves of several patients with
hematopoietic neoplasms who received total body irradiation
and subsequently an infusion of autologous (cryopreserved)
blood derived stem cells. 3 granulocyte recovery patterns
are shown in fig. 5 after the transfusion of 71, 296 and
505 x 10* CFU-GM. These curves can be simulated if one
assumes that the stem cell pool is restored to 4, 10 or 20%
of normal by the transfusate. If one correlates these data,
it is evident, that there appears to be a strong correlation
between the number of CFU-GM transfused and the calculated
fraction of stem cells from which recovery may commence.
This gives strong evidence, that the biomathematical model
used (see fig. 6) is valid and should be developed further
to increase its conceptual power.
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3. Development of a Computer-based Assistence System for
Radiation Accident Management

The data base (see point 1) for radiation accident case
histories 1is an important element for the development of a
computer based radiation accident management assistance
system. It has been the purpose of the studies during the
reporting period to develop and evaluate software programmes
necessary to develop a full scale system.

A knowledge-based assistance system 1is a computer-based
advisor to guide pysicians to deal with medical problems.
The management of the acute radiation syndrome is a seldom
occuring medical problem. Elder experts still have the know-
ledge how to tackle this problem but young physicians have
almost no possibility to gain experience in how to manage an
accidentially irradiated person. To ensure the optimal
management of the acute radiation syndrome in the future
physicians should have at hand a computerized guidance to

deal with radiation injuries.

After switching on the guidance it must be capable to “"dis-
cuss” with the physician in charge the problems of the
acutely irradiated person and to adivse him in how to opti-
mally make a medical management plan. For the easy communi-
cation with in general unexperienced computer users the pa-
tient card metaphor is applied. A physician knows very well
how to browse through, how to insert data into, and how to
retrieve information from a patient card. The simulation of
a patient card on the computer screen, which 1is easily
usable by the physician and which can be used by the advisor
to display its advice, has been implemented. A control
blackboard architecture has been applied to plan the manage-
ment according to the established medical strategy sequen-
tial diagnosis. The management plan which is composed of
diagnostical, prognostical, and therapeutical tasks can be
visualized on the patient card to give the physician in
charge a good overview.

Basic knowledge about the management, the diagnosis, the
prognosis, and the therapy of the acute radiation syndrome
has been compiled to be wused by the knowledge-based
assistance system. The sources of the knowledge have been
both elder experts and the literature. Wet data of real ca-
ses are used to evaluate the behaviour of the prototypically
implemented advisor.

4. Chromosomal Aberrations as an Indicator after High Dose
Total Body Irradiation

29 patients (CML; AML; AML) were cytogenetically examined
after total body irradiation (1200 cGy) and chemotherapy and
bone marrow transplantation with respect to the fate of host
lymphocyte or bone marrow cell aberrations as a function of
time after irradiation. A total of 37.985 mitotic figqures
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were examined. The course of dicentric chromosomal aberra-
tions per 100 metaphases is given as a function of time in
Fig. 7.
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FIG. 7

This shows that the number of such aberrations persists for

several years after such an excessive exposure. Up to 10

multicentric aberrations can be observed and cells with such

aberration numbers can persist for many years. These studies
are of importance if one wants to use chromosomal aberrations
as indicators to extrapolate back to exposure levels and to

predict risks for the induction of radiation induced late

effects.

5. Pathophyvsiology of total body exposure and results of stem
cell therapy

In order to answer the gquestion whether stem cell banks can
be established to cryopreserve pluripotent hemopoietic cells
and to have them available in case of whole body overex-
posure (for persons at risk, such as rescue team workers) a
study was performed (in collaboration with Dr. M. Kdrbling
from the Department of Internal Medicine, University of Hei-
delberg (Director: Prof. Hunstein)) to study patients with
hemopoietic malignancies that were subjected to total body
irradiation. Their stem cells were isolated from either bone
marrow or blood, cryopreserved and reinfused after total bo-

dy irradiation.

Complete and sustained hemopoietic function following
myeloablative therapy can be successfully achieved by auto-
logous transfusion of blood derived hemopoietic stem cells.
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It was the purpose of this study to compare autologous blood
stem cell transplantation (ABSCT) in 20 patients with auto-
logous transplantation of a mafosfamide purged marrow
(pABMT) in 23 patients; all were transplanted in first com-
plete remission (CR) of acute myelogenous leukemia (AML)
using the same pretransplant regimen (14.4 Gy total body
irradiation and 200 mg/kg cyclophosphamide). The autografts,
mostly differing in source of hemopoietic stem cells, cell
composition and CFU-GM number, were evaluated for their
ability to reconstitute hemopoiesis and induce long-term
disease-free survival (DFS). Prior to harvest, hemopoietic
stem cells were mobilized by inducing transient myelo-
suppression (ara-C 100 mg/m2? every 12h s.c. days 1 - 5 and
daunorubicin 45 mg/m2?, days 3 and 4) followed by an over-
shooting of peripheral stem cell concentration (Fig. 8 ).
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FIG. 8

The major differences of both transplant approaches were the
following: (1) the blood stem cell autograft contained 17-
fold more mononuclear cells (MNC) than the bone marrow auto-
graft;(2) white blood cell (WBC) reconstitution following
myeloablative therapy and ABSCT was initiated significantly
earlier; the median time to reach 1000 x 106/I WBC was 10
days (ABSCT) versus 28 days (pABMT); (3) platelet reconsti-
tution occured faster following ABSCT compared with pABMT,
although the significance was borderline; (4) the patients’
hospital stay was significantly shorter following ABSCT (45
days) versus pABMT (73 days); (5) of 20 ABSCT patients, 14
have relapsed compared with 11 out of 23 patients auto-
grafted with bone marrow; (6) the probablity of DFS 2 years
after transplantation as higher in the pABMT group (51%)
compared with the ABSCT group (35%). Due to the small sample
size and thus limited statistical power the difference was
not statistically significant. This is a first report compa-
ring the characteristics of ABSCT with pABMT, where fast
hemopoietic reconstitution and easy access to the peripheral
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stem cell source are the obvious advantages of the ABSCT
approach. The timing of blood stem cell harvest, prior con-
solidation treatment and stem cell mobilization procedures
seem to be crucial for the clinical outcome of ABSCT.

In addition, these data provide important evidence, that
stem cell banks are feasible in man and that the collection
of blood derived stem cells is most likely more efficient
for later use than are bone marrow derived stem cells.

6. Studies on_the Collection and Use of Blood derived Stem
Cells

In order to obtain a sufficient number of stem cells from
the peripheral blood to be cryopreserved for reinfusion
after a myeloablative dose of total body irradiation, stu-
dies were performed to increase the number of stem cells in
the blood. These studies were performed in close collabora-
tion with the Department of Internal Medicine V of the Uni-
versity of Heidelberg (Director: Prof. Dr. W. Hunstein).

We investigated the effect of recombinant human granu-
locyte-macrophage colony-stimulating factor (rhuGM-CSF) on
the pool of circulating hemopoietic progenitor cells in 11
patients with hematclogical malignancies of nonmyeloid origin
and one patient with sarcoma. These patients were eligible
for autologous blood stem cell transplantation rather than
autologous bone marrow transplantation because sufficient
marrow aspirates could not be performed due to damage at the
usual sites of bone marrow harvest by previous chemo- and/or
radiotherapy. Recombinant human GM-CSF was given as con-
tinuous i.v. infusion via central venous line for a median
time of 11.5 days (range 5-22 days), during which a median
number of six aphereses were performed. In comparison to the
pretreatment level the median increase in the number of gra-
nulocyte-macrophage colony-forming units (CFU-GM)/ml of pe-
ripheral blood was 8.5-fold. In all 12 patients a median de-
crease of the platelet count of 21% (range 7% - 67%) was ob-
served during rhuGM-CSF treatment prior to the start of the
apheresis procedures. Six patients were treated with a
myeloablative conditioning therapy consisting of total body
irradiation and/or high-dose polychemotherapy followed by
autografting with blood stem cells. Five of them achieved a
sustained engraftment. Recombinant human GM-CSF proved to be
highly efficient in increasing the number of circulating
progenitor cells in these patients with severely compromised
hemopoiesis. Blood stem cells harvested under a rhuGM-CSF
treatment are capable of restoring hemopoiesis in man after
a myeloablative pretransplant therapy.

In addition, another clinical study was performed to test
different approaches to mobilize stem cells to be collected
from the peripheral blood: Patients with relapsed Hodgkin‘s
disease who respond to salvage therapy are successfully
treated with cyclophosphamide, carmustine (BCNU), and etopo-
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side (VP-16) (CBV) followed by autologous bone marrow trans-
plantation (ABMT). Because of heavy pretreatment including
radiation to the pelvic site, marrow harvest was not feas-
ible in those patients. We therefore used blood-derived he-
mopoietic precursor cells as an alternative stem-cell source
to rescue them after superdose chemotherapy hemopoietic pre-
cursor cells were mobilized into the peripheral blood either
by chemotherapeutic induction of transient myelosuppression
followed by an overshooting of blood stem-cell concentra-
tion, or by continuous intravenous (IV) granulocyte-macro-
phage colony-stimulating factor (GM-CSF)administration. The
median time to reach 1,000 WBC per microliter, 500 polymor-
phonucelar cells (PMN) per microliter, or 20,000 platelets
per microliter was 10, 20.5, and 38 days, respectively, for
50% of all patients. The platelet counts of two patients ne-
ver dropped below 20,000/ul following autologous blood
stem-cell transplantation (ABSCT), whereas two other pa-
tients had to be supported with platelets for 75 and 86 days
posttransplant until a stable peripheral platelet count of
20,000/ul was attained. Among the 11 assessable patients,
seven are in unaintained complete remission (CR) at a median
follow-up of 318 days. This is a first report on a series of
ABSCTs in patients with advanced Hodgkin‘s disease proving
that,despite prior damage to the marrow site, the circula-
ting stem-cell pool is still a sufficient source of hemo-
poietic precursor cells for stem-cell rescue.

7. Megakarvocyte Model of Hemopoiesis

To incorporate recent experimental results we developed a
new mathematical model of the thrombopoietic system.

The model is a compartment model, implemented with a system
of differential equations. The stochasticy of the process is
described by using subcompartments. The model includes 8
main compartments: the undetermined stem-cells, the clonoge-
nic cells committed to megakaryopoiesis, <the endomitotic
compartment, 4 compartments for the maturing megakaryocytes
of ploidy 8, 16, 32 and 64n and the compartment of thrombo-
cytes.

Simulations have been done for the kinetics of nearly all
kinds of perturbations from the steady state of the system.
The results of these simulations were compared with experi-
mental data from the literature, including acute and chronic
thrombopenia and thrombocytosis, hydroxyurea treatment and
total body irradiation. The model is capable of simulating
most of these experimental data. To simulate the compensated
megakaryocytopenic state after irradation the influence of
the other hematopoietic linages has to be considered.

The simulations showed,that a good correlation between model
results and most of the experimental data can be achieved. In
experiments, where the correlation is bad, it has been

found, that the experimental data cannot be explained with
the current concept of thrombopoiesis.
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NON-STOCHASTIC EFFECTS OF IRRADIATION IN MAN: DIAGNOSIS,
PROGNOSIS AND TREATMENT OF ACUTE RADIATION INJURY

Contract Bi6-065F - Scctor B21
1) Jammet , CIR

Summary of project global objectives and achievements

The global objective of the research programme is an increased knowledge of the
pathophysiology of total-body irradiation (TBI) in difterent conditions of dose rates and
fractionation, in order to derive diagnostic and therapeutic attitudes in the eventuality of
accidental acute irradiation of large parts of the body.

It is based on the analysis of clinical protocols of TBI comparing various modalities of dose
delivery, on the measurement and evaluation of biological parameters after TBI, either as
biological dosimeters or as pathophysiological markers for diagnosis or progrosis and on
experimental data.

Total- or large-part-of-the-body-irradiation induce not only profound alterations to the
haematopoietic system with, according to the absorbed dose, short term implications in the vital
prognosis, but also immediate or evolutive alterations of vanous organs (lens, lung,...). These
dose-delivery related effects have been analyzed in a randomized protocol comparing single
versus fractionated TBI, and low versus high dose rate (Pr A Laugier, Hopital Tenon, Paris).
Bone marrow transplantation, as a therapy for radiation induced myeloid aplasia, still poses a
number of clinical problems, mainly related to the tolerance of allogenic bone marrow.
Dosimetry is essential in accidental situations in order to avoid graft rejection. Biological
dosimetry based on chromosome aberrations does not provide alone accurate dose estimations
in many situations (varying dose rates, energy, fractionation, protraction,...). Complementary
biological indicators would be very usefull to reduce the range width of dose estimations.
Among several serological parameters investigated, amylasemia appears as an early indicator
(24 h) of acute irradiation (above 2 Gy) including parotid glands. Of the serum interleukines
investigated after TBI, only IL6 diclosed an early, dose related, sptke above 2 Gy, the
biological significance of which is still unclear (Pr JM Cosset, H Magdelenat, Institut Gastave
Roussy,Villejuif, and Institut Curie, Pans).

The success of bone marrow transplantation depending upon MHC compatibility between the
donor and the receiver, HLA typing is a prerequisite to transplantation. As accidentally
iradiated patients may present with few circulating lvimphocytes, new methods requiring very
few nucleated cells, such as DNA amplification by PCR (Polymerase Chain Reaction) will help
overcome this situation (Pr JM Cosset, Villejuif and Paris)

GVEHD (graft vsersus host disease) has not been yet eradicated as a complication of allogenic
bone transplantation and, in some instances may render allogenic transplantation more
deleterious than beneficial. It is of high theoretical and practical pnority that experimental and
clinical immunopharmacology help reduce GVHD in accidental TBI. Specific depletion of
human alloreactive T cells has been achieved by the group of A Fischer (Hopital Necker, Paris)
as well as encouraging results in the tolerance of MHC-mismatched allografts in an animal
model.

The molecular mechanisms of interphasic, programmed cell death (apoptosis) were
investigated in iradiated human lymphocytes. Induction of Ubiquitin gene transcription and
nuclear protein ubiquitination were shown to be involved in radiation induced apoptosis and
delay in lymphocyte death could be obtained in vitro with anti-sens oligonucleotides.(Institut
Cunie, Pans)
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Project 1

Head of project: Prof. Jammet

Objectives for the reporting period (Reporting period : 1990 - 1991 - 1992 )

Clinical investigations

+ Toal-body irradiation and transplantation

Biological investigations

» HLA phenotyping after total body irradiation.

» Serological dosimetry

» Cytokines after total body irradiation.

» Growth factors in fibrotic process

Experimental investigations

» Physiopathology of the irradiated human lymphocyte

- Analysis of chromatine structure
- Mechanisms of interphasic cell death

» Tolerance to HLA-mismatched allogenic bone marrow transplantation

Progress achieved including publications

1. Clinical investigations
Total-body irradiation before bone marrow transplantation (Pr A Laugier):

The data obtained concern the survey of 157 patients referred to the Department of Radiation
Oncology of the Hospital Tenon (Paris) between 1987 and 1989 for total-body irradiation
(TBI). They were treated accordin to the following two techniques: (1) either in one fraction
(1000 cGy to the midplane at L4 and 800 cGy to the lungs) or six fractions (1200 cGy on 3
consecutive days to the midplane at L4 and 900 cGy to the lungs). The patients were
randomized according to two instantaneous dose rates (LOW or HIGH) in single-dose (6 vs 15
¢Gy/min) and fractionated (3 vs 6 cGy/min) TBI groups. There were 77 patients in the LOW
group and 80 in the HIGH group, with 57 patients receiving single-dose TBI (28 LOW and 29
HIGH) and 100 patients receiving fractionated-dose TBI (49 LOW and 51 HIGH). At 4 years
(March 1991), relapse-free survival and survival rates were 54.9 % and 50.7 % in the LOW
group; 61.9 % and 53 % in the HIGH group (p = 0.69 and 0.82, respectively). There was no
difference in the incidence of graft vs host disease (GVHD), interstitial pneumonitis (IP), or
venoocclusive disease either between the LOW and the HIGH groups or between the single-
and fractionated-dose groups. The 4-year estimated cataract incidence was significantly higher
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in the single-dose HIGH than in the LOW instantaneous dose rate TBI group (p = 0.049).
Multivariate analysis showed that instantaneous dose rate and fractionation do not influence the
relapse-free and overall survival rates or the incidence of interstitial pneumonitis. In addition,
athough acute GVHD appeared to be the most important risk factor in the occurrence of IP, no
different IP incidence rates were observed between allogenic and autologous BMT groups.

2. Biological investigations
Serological dosimetry (Pr JM Cosset-Institut Gustave Roussy-Institut Curie)
Post-irradiation hyperamylasemia as a biological dosimeter

Serum alpha-amylase was measured before and 24 h after either total-body (31 patients) or
localized irradiation including the salivary glands (40 patients) or tthe pancreatic area (22
patients). A significant increase in amylasemia was observed for doses larger than 0.5 Gy to the
parotid glands. A sigmoid function of dose was fitted to the data and predicted a maximum
amylasemia level larger than 4 Gy and smaller than 10 Gy. The raw data from other published
series were adequately described by the same model. However, the confidence limits of
predicted dose reamined large because of a considerable interindividual variabilit. Post
irradiation hyperamylasemia appears to provide a good criterion for sorting accidentally
irradiated patients: 24 hours after a dose larger than 2 Gy to the parotid glands, 91 %
(sensitivity) of the patients had an amylasemia level higher than 2.5-fold the upper normal
value. Conversely, 96 % (specificity) had their serum amylasemia lower than 2.5-fold the
upper normal value when the dose was lower than 2 Gy. However, a retrospective estimation
of the absorbed dose (dosimetry) is not likely to be very accurate because of large
interindividual variability.

Serum cytokines after total body irradiation (TBI)

An early spike of serum IL6 was observed during and/or after TBI, but no variation in IL1 or
TNFa serum levels. The spike was generally observed at the end of irradiation or within 8
hours following irradiation.

The spike intensity of serum IL6 was dose related between 0 and 10 Gy, the detection threshold
being = 2 Gy. Variations between assay methods were observed. Large inter-individual
virriations were observed but the lag time of occurrence of the peak and its intensity were not
related to clinical parameters (fever, etc...).

Growth factors (GF) in fibrotic process.(H.Magdelénat-Institut Curie)

The intraplatelet concentrations of PDGF and TGFp were determined by bio- and radioimmuno-
assays. An increased concentration of both GFs was observed in myclofibrosis-associated
pathologies (e.g. myeloid splenomegaly). Although such myelofibroses are idiopathic, this
observation support the role of these growth factors in the pathogenesis of intramedullary
fibrotic process. In addition, reatment with gamma-Interferon was able to reverse the increased
platelet levels of PDGF and TGF8.

Physiopathology of the irradiated lymphocyte.(H. Magdelénat-Institut Curie)

Interphasic programmed cell death (apoptosis) of peripheral blood lymphocytes was induced in
vitro by yirradiation. Doses in the range of 5 Gy allowed the study of apoptosis at the
morphological level by video intensified fluorescence microscopy of chromatin structures, and

at the molecular level (apoptosis endonuclease assay, gene activation,...). In situ hybridization
and run-on transcription assay showed the selective degradation of 28S RNA in apopiotic cells.
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We have demonstrated that ubiquitin gene expression and nuclear protein ubiquitination are
specifically increased in apoptotic cells and that ubiquitin mRNA targetted antisens oligos
interfere with protein ubiquitination and dclay radiation induced apoptosis.

We are now transferring these experimental approach to the study of lymphocytes from total -
body irradiated patients.

Tolerance induction in HLA-nusmatched allogenic bone marrow transplantation
(Collaborative programme of INSERM U 132-Pr A. Fischer. Hopital Necker, Paris France)

The specificic elimination of human alloreactive T cells had previously be obtained with an and-
interleukine-2 receptor immunotoxin (ricin A-chain) (Cavazzana-Calvo et al.,1990). In a mouse
experimental model, it was further demonstrated that the treatment of the graft with the
immunotoxin prevents the rejection of a MHC-mismatched wansplantation, prevents acute and
chronic GVH, increases long term survival of host animals, and allows complete and stable
chimerism (Cavazzana-Calvo et al., in preparation).

Recently,tolerance to MHC-mismatched transplantation could also be induced in an aninual
model (mouse) with anti-LFA1 mAb. The degree of chimerism which could be obtained was
related to the total dose of mAb. The induced tolerance is donor-specific (rejection of another
untreated donor).
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DEVELOPMENT OF CONDITIONS ALLOWING RESTORATION OF
HAEMOPOIESIS BY ALLOGENIC PURIFIED AND IN VITRO MULTIPLIED -
PLURIPOTENT HAEMOPOIETIC STEM CELLS
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1) van Bekkum , TNO-ITRI

Summary of project global objectives and achievements

The project aims at the following research objectives:

1/ 1o study the effect of haemopoietic growth factors in vivo and in vitro;

2/ to investigate non-toxic conditioning regimens for bone marrow transplantation;

3/ todevelop methods to identify and isolate hemopoietic stem cells.

Briefly, preclinical studies will be carried out in total body exposed rhesus monkeys to study
whether treatment with haemopoietic growth factors can shorten the period of profound
pancytopenia and/or immunodeficiency after transplantation of a limited number of bone
marrow cells, or without bone marrow transplantation. In the latter situation, it is also
investigated as to whether the response to administration of growth factors can be used as a
prognostic indicator of haemopoietic damage.

Following a radiation accident resulting in exposure to high, but inhomogeneous doses of
ionizing radiation, non-toxic conditioning reatment by immunosuppression could be decisive
when optimal bone marrow transplants are not available and allogeneic transplants would be
considered, which, although resulting ultimately in partial chimeras or rejection, could be of
temporary benefit to ensure survival. Earlier work in mice showed that treatment with
monoclonal antibodies against T lymphocytes may be useful. A large spectrum of antibodies is
therefore currently tested in mice ultimately selecting such antibodies for which equivalents in
humans are available and which could be tested by preclinical studies in rhesus monkeys.
Concentration of haemopoietic stemn cells and removal of T lymphocytes which are responsible
for graft vs host disease would be of considerable benefit for imperfectly matched bone
marrow transplantation. Considerable stem cell enrichment (40-140-fold) with less than 1%
contamination of T lymphocytes has already been achieved using a method by which stem cells
are selected on the basis of binding to the CD34 monoclonal antibody ICH3, which is in turn
conjugated to Protein-A coated immunomagnetic beads. The stem cells can be safely eluted
from the beads by competition with excess immunoglobulin and recovered. This method will
be improved and used for allogeneic MHC matched, sex-mismatched grafts in rhesus
monkeys with sustained chimerism (recognized from karyotyping) as an endpoint parameter.
Chimerism will be studied as a function of the radiation dose and the number of T lymphocytes
present. The method will be adapted to human treatment modalities.

The experiments performed demonstrated the validity and reproducibility of the proposed stem
cell purification method, established the usefulness of the CD34 positive cells for allogeneic
bone marrow transplantation, showed that CD34 positive cells can be used to achieve bone
marrow as well as T-lymphocytes chimerism, indicated that CD34 positive cells require more
intensive conditioning of the recipients than conventional grafts and showed in a prospective
way the number of T-lymphocytes that is acceptable in an MHC-identical bone marrow graft.
In addition, we have initiated a number of experiments that aim for in vivo treatment with
combinations of hemopoietic growth factors. The GM-CSF studies provided base line data for
endogenous hemopoietic recovery in the 4 - 9 Gy TBI range and demonstrated that
granulopenia can be completely prevented up to 5 Gy TBI doses and considerably mitigated in
the 6-7 Gy dose range. IL-3 has been extensively studied, but in spite of its large effects in
unirradiated monkeys, it was less effective than GM-CSF in stimulating endogenous recovery
in irradiated monkeys. Studies with other growth factors have been started to yield base line
data for therapeutic intervention in irradiated subjects with an optimal combination of
hemopoietic growth factors. which has yet still t= be defined.
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Project 1
Head of project: Prof. van Bekkum

Objectives for the reporting period

In the reporting period, much emphasis has been laid on the preparative method used to isolate
stem cells by positive selection based on binding to CD34 antibodies and the use of the
resulting fractions for preclinical autologous as well as allogeneic bone marrow transplantation
in rhesus monkeys, for the purposes outlined before. We further aimed to have completed the
studies on non-toxic conditioning regimens that are currently underway in mice and to report
on the ongoing studies on mitigation of radiation induced pancytopenia in rhesus monkeys by
treatment with hemopoietic growth factors as well as on the in vitro effects of haemopoietc
growth factors on stem cells.

Progress achieved including publications

We proposed to develop a simple, rapid, safe and generally applicable method to positively
select for and purify hemopoietc stem cells for routine use in autologous as well as allogeneic
BMT. The method is based on recognition of the stem cells by the anti-human CD34
monoclonal antibody ICH3. ICH3 is a high avidity mouse IgG2a that neither modulates nor
has any effector functions such as cytotoxicity. In pilot experiments, sorted ICH3 positive cells
were shown to effectively reconstitute hemopoiesis in autologous lethally irradiated rhesus
monkeys. To develop a method suitable for the large-scale preparation of BM stem cells,
Protein A was covalently bound to immunomagnetic beads and ICH3 was conjugated to
Protein A. Cells bound to the antibodies can then be eluted from the protein A beads by
competitive elution using excess soluble IgG. The present project envisages the further
development and tests for the practical feasibility of this method, using standardized
experimental conditions for autologous as well as allogeneic BMT in rhesus monkeys, thereby
focussing on the immunosuppression required to prevent rejection of allogeneic highly purified
stem cell concentrates and the use of cytokines to accelerate immunohemopoietic reconstitution
in vivo.

Quality control and reproducibility of the ICH3/Protein A/immunomagnetic beads method and
allogeneic transplantation in MHC-matched, sex mismatched rhesus monkey donor/recipient
pairs was undertaken to assess the potential of these stem cell concentrates, to establish the
radiation dose required for acceptance of such highly purified cells and to establish the number
of T-lymphocytes that can be allowed in a bone marrow graft without causing unacceptable
GvHD.

A large number of experiments was done to ascertain reproducibility and quality control of the
CD34-positive bone marrow fractions to be used for transplantation purposes. Using an
optimal cells/beads ratio, the method appeared to be equally efficient for prefractionated stem
cell concentrates, obtained by density centrifugation and E-rosette sedimentation to remove
residual T-lymphocytes. and for unfractionated bone marrow subjected to Ficoll-centrifugation
to remove granulocytes and red cells. In both cases, about 1% of CD34-positive cells were
obtained, which contained on the average 60 - 70 % of progenitor cells as measured by colony-
formation in response 1o GM-CSF. Since we established earlier by an assay based on
measuring regeneration rate after autologous transplantation. that the number of regenerating
stem cells in vivo in FACS-sorted CD34-positive cell fractions runs closely parallel to the
content of in vitro colony-forming cells, it may be safely assumed that this result is also
indicative for the number of regenerating stem cells in the isolated CD34-positive cells. The
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CD34-positive cell fractions can be easily depleted of a small fractions of monocytes/
macrophages by a similar procedure using a CD11b monoclonal. The quality control of the
fractions obtained was further done by measuring the forward and perpendicular light scatter,
showing that the majority of the cells have light scatter properties compatble with those of stem
cells as identified in the window set in the light scatter plot of unfractionated bone marrow. In
addition we routinely measured content of T-lymphocytes by CD4/CD8 monoclonal antibodies
and showed that in any case the CD34-positive cell fractions are depleted for 2 to 3 logs of T-
lymphocytes. By these experiments we set a standard for CD34-positive fractions suitable for
allogeneic bone marrow wansplantation, using a method that equally well handles 106 as well
as 1010 bone marrow cells.

Because of the availability of suitable MHC-matched, sex-mismatched sibling donors for
monkeys selected for allogeneic bone marrow transplantation, we started with pilot
experiments on the use of these fractions for allogeneic transplantadon. For these purposes, we
studied regeneration rate of peripheral blood cells in comparison to conventional T-lymphocyte
depleted bone marrow grafts and monitored chimerism as a function of time after
transplantation. Chimerism was determined in bone marrow by measuring the number of donor-
type karyotypes in IL-3 and GM-CSF stimulated bone marrow samples, as well as in T-
lymphocytes sumulated with IL-2 and PHA. In addition, in 2 monkeys, we deliberately added
5 x 105 per kg body weight peripheral blood T-lymphocytes to the bone marrow grafts in an
attempt to establish an upper limit for the number of T-lymphocytes.

Conventional T-lymphocyte depleted control grafts following a relative low TBI dose of 7.4
Gy (orthovolt X-rays) will result in sustained partial bone marrow and peripheral blood T-
lymphocyte chimerism without causing GvHD. The 2 monkeys treated in this way were used
as standards. The CD34 positive cell engrafted as rapidly as the controls. Karyotyping 3
weeks after transplantation showed that this rapid engraftment was donor derived. However,
after more prolonged periods of time, monkeys conditioned with 8.3 Gy TBI showed only 2-5
% donor type karyotypes in their reconstituted bone marrow, suggesting that either the
endogenous residual stem cells had taken over, or that the graft had been partially rejected.
Surprisingly, however, donor type peripheral blood T-lymphocytes in these monkeys have
been very high during the entire observation period, which is a result comparable to a
successful bone marrow wansplantation for SCID in humans. To date. a suitable explanation
for this peculiar type of split chimerism is not available. To exclude that this result was
attributable to a limited capacity of CD34 positive cells to supply sustained bone marrow
progeny, we raised the conditioning TBI dose to 9 Gy. In 3 of 3 evaluable monkeys
transplanted following 9 Gy TBI, bone marrow chimerism remained as high as in the
conventional controls. These results demonstrate that CD34-positive cells are very well capable
to produce myeloid as well as T-lymphocyte progeny for sustained periods of time, a feature
that was hitherto unexplored. In addition, the CD34-positive grafts apparently require a more
intensive conditioning rezimen than the conventional control grafts.

The same data demonstrated that graft-versus-host disease did not occur from grafts that
contained 105 T-lymphocytes 3per kg or less, but did occur, and lethally so, in 1 of 2
recipients of grafts to which 5 x 105 peripheral blood T lymphocytes were deliberately added.
This result indicates that the upper limit of T lymphocytes allowable in an MHC-matched bone
marrow graft, a situation in which GvHD is entirely determined by minor histocompatibility
disparities, is in between 1 and 5 x 105 per kg body weight.

As regards the development of non-toxic conditioning regimens we tested in mice all possible
permutations of five monoclonal antibodies, which included anti-Thy-1. anti-CD4 and anti-
CD8 monoclonals, and the anti LFA-1 antibodies anti-CD11a and anti-CD18. As a model
system we used chimerism at the level of red blood cells, white blood cells as well as immature
bone marrow cells (day-12 CFU-S) in sublethally irradiated alpha- or beta-thalassemic mice.
The results demonstrated clearly and reproducibly that the anti-CD4/CD8/CD11a combination
of monoclonal antibodies, given before as well as after irradiation, was equivalent to the
immunosuppressive action of at least 3 Gy total body irradiation. allowing chimerism at
radiation doses as low as 4 Gy TBI. It is our intention to treat rhesus monkeys with the same
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regimen, but unfortunately the humanized antibodies that would preferentially be used for such
studies are currently not available.

Extensive data are available now on the radiosensitivity of the hemopoietic system of rhesus
monkeys, including the relationship between peripheral blood cell regeneration time and
radiation dose in the 4 to 10 Gy range and calculations on the radiosensitivity of hemopoietic
stem cells as well as the LD50. In addition, sophisticated protocols of supportive care,
including gastrointestinal decontamination and reverse barrier nursing in laminar air flow
containment, have been developed and made available to match supportive care for human
patients. Continuous intravenous infusion is routinely done by Porth-a-Cath implantation,
connected to a small electronic pump hidden in an especially designed jacket.

This set up has been used for studies on GM-CSF and Interleukin-3. The GM-CSF data
essentally demonstrated that monotherapy with a hemopoietic growth factor is restricted by the
number of available target cells in that complete preventon of neutropenia could be achieved up
to doses of 5 Gy total body irradiation (TBI), whereas GM-CSF was totally ineffective at a
dose of 8 Gy TBI. These results were in accordance with those obtained by GM-CSF eatment
of irradiated rhesus monkeys that received limited numbers of autologous bone marrow cells.
Although a excellent correlation was obtained between GM-CSF response and radiation dose
given, the GM-CSF response could not be used as an indicator for radiation damage before
about a week after irradiation.

IL-3 stimulates in vitro a bone marrow cell population ancestral to most, if not all, of the bone
marrow derived blood cells, in addition to pre-B cells, mast cells, natural cytotoxic cells, the
formation of osteoclasts, blast cells in acute myeloid leukemia, but not prothymocytes or
natural killer cells. Contrasting its broad range of action in vitro, recombinant human IL-3,
administered to rhesus monkeys (Macaca mulatta) and cynomolgus monkeys (Macaca
fasicularis), exerted limited and in part inconsistent effects on blood cell production. Somewhat
larger effects of human IL-3 on peripheral blood numbers in these species were noted by
sequential administration of another. more pathway-restricted hemopoietic growth factor,
granulocyte/macrophage colony-stimulating factor (GM-CSF). Based on such evidence it is
generally held, that IL-3 expands an early cell population that subsequently requires the action
of a later acting factor such as GM-CSF to complete its development. Alternatively, we
proposed the hypothesis that the limited effects of human IL-3 in Macaca species should in part
be attributed to its species specificity. Therefore, we decided to produce rhesus monkey IL-3.
The gene encoding rhesus monkey IL-3 (Rh-IL-3) was isolated from a M. mulatta genomic
DNA library by hybridization with a human IL-3 cDNA probe. The Rh-IL-3 gene encodes a
deduced mature protein of 124 amino acids with | potential N-linked glycosylation site and 2
conserved cysteine residues. It lacks 9 C-terminal amino acids of human IL-3 and differs in 23
amino acids from the remaining mature human IL-3 sequence. Construction of Rh-IL-3 cDNA
and expression in Bacillus licheniformis yielded a functional protein that was purified to
homogeneity. The purified Rh-IL-3 was approximately 100-fold more active than human IL-3
in stimulating hemopoietic colony formaton jn vitro by purified Rhesus monkey bone marrow
progenitor cells. Comparison of the coding DNA sequences of Rhesus monkey IL-3 to those
of mouse, rat, gibbon and human revealed a high evolutionary rate of nucleotide substitutions
that give rise to amino acid changes. Although the cause of this high rate of amino acid
replacement has not been resolved, it provides an explanation for the species specificity pattemn
encountered for IL-3.

We administered Rh-IL-3 to Rhesus monkeys in doses ranging from 3 to 30 microgranvkg/day
subcutaneously during 30 consecutive days to test its in vivo effects. One monkey received a
continuous intravenous infusion at the highest dose used for 16 consecutive days. After a lag
phase of one week, a strong dose-dependent effect on the numbers of circulating nucleated
blood cells, including normoblasts, was noted. Analysis of white blood cells revealed
substantial increases in numbers of eosinophilic and neutrophilic granulocytes and the
appearance of large numbers of cells designated as atypical basophilic granulocvtes.
Intracellular histamine levels of peripheral blood cells rose 1o levels directly proportional to the
numbers of these atypical basophils. Also monocytes and lymphocytes increased in number.
Highest white cell counts (up to 75 x 109/1) were observed in the recipient of 30
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microgram/kg/day Rh-IL-3 as a continuous infusion. Neither absolute cell numbers nor the
variety of cell types produced are precedented in studies with human IL-3 in Macaca species.
The peripheral blood cells were also monitored by measuring the frequency of cells with the
myeloid differentiation antigen CD1 1b versus the number of T lymphocytes as characterized by
CD4/CD8 antigens. Together these markers identify the vast majority of the white cells. CD11b
positive cells, including atypical basophilic granulocytes. showed an IL-3 dose dependent rise,
whereas the T lymphocyte numbers were not appreciably influenced by IL-3. In two monkeys
which received 3 or 10 microgram/kg/day. respectively, T lymphocytes were measured every
three days during IL-3 treatment. Peripheral blood T cells in these monkeys remained stable at
a mean value of 3.3 + 1.5 x 109/1, not different from normal values.

The red cell lineage was strongly stimulated by the administration of IL-3. After a lag phase of
about one week, more than 6-fold rises of reticulocyte numbers were observed in the monkeys
which received 10 or 30 microgram/kg/dav. Normoblast numbers rose to 109/ in the recipient
of 30 microgram/kg/day subcutaneously and up to 18 x 1091 in the monkey that received a
continuous infusion of 30 microgram/kg/day. The reticulocytosis did not translate into a rise in
red cell numbers, most likely due to the frequent blood and bone marrow punctures for
analyses. In addition, vast numbers of circulating normoblasts may also point to ineffective
erythropoiesis, suggesting a possible lack of erythropoietin in levels proportional to those of
IL-3.

Bone marrow was punctured weekly to determine cellularity, progenitor cell numbers and
morphologic changes. Total punctate cellularity during treatment showed dose-dependent
increases after one week of IL-3 administration. Dose-dependence was lost after two weeks
when values of 3.8+2.4 x 108 (meanz+s.d.) nucleated cells per ml punctate were reached as
opposed to 0.7+0.6 x 108 cells/ml for pre-treatment punctates combined with those of the
control monkey. The peripheral blood nucleated cell numbers, though high in absolute
numbers, were in all cases low compared to the marked bone marrow cellularity, which
demonstrates that the large numbers of bone marrow cells obtained are not attributable to blood
contamination. [L-3 stimulated bone marrow cellularity was maintained during the third
(1.6£0.5 x 108/ml) and fourth week (3.3£2.2 x 108/ml). It dropped to low numbers in the first
week after cessation of IL-3 administration (0.2+0.1 x 108/ml), but returned to more normal
numbers (0.4+0.2 x 108/ml) in the second week post-treatment. Prominent features of bone
marrow morphology were dose-dependent increases of undifferentiated cells, atypical
basophilic granulocytes, megakaryocytes and eosinophilic precursors. Juvenile neutrophils as
well as erythroid precursor cells in all stages of development were most numerous. The
frequency of in vitro detected immature colony-forming hemopoietic progenitor cells GM-CFU
[granulocyte/macrophage colony-forming units as detected in methyl cellulose cultures
simulated with GM-CSF) and BFU-E [erythroid burst-forming units in response to IL-3 and
erythropoietin] increased as well throughout the reatment with IL-3. An illustrative example
was provided by the monkey which received Rh-IL-3 intravenously. In this animal the
progenitor cell numbers had increased on the seventh day of IL-3 treatment to 2.5 x 106
GM-CFU per ml punctate from a pretreatment number of 16 x 103 GM-CFU/ml and to 2 x 105
BFU-E/ml from 8 x 102 BFU-E/ml. Since peripheral blood counts during the first week of
IL-3 administration do not show major changes, 1t was concluded that IL-3 initiated production
of blood cells is preceded by amplification of immature bone marrow hemopoietic progenitor
cells.

The thrombocyte response to administration of Rh-IL-3 showed a peculiar dose dependence.
At lower doses, a clear thrombocytosis was observed, which lasted for two weeks after
discontinuation. The monkeys which received 3 microgramv/kg/day had mean peak thrombocyte
counts of 618 x 109/1, starting from a mean pretreatment value of 377 x 109/1, while those
receiving 10 microgram/kg/day rose from a mean of 285 x 109/1 pretreatment to a maximum
level of 580 x 10%/1. The monkeys which received IL-3 in a dose of 30 microgram/kg/day
developed profound thrombopenia. Since all bone marrow preparations showed active
megakaryocytopoiesis and shift platelets were abundant, it was concluded that the
thrombopenia reflected an increased consumption rather than decreased production, probably
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on the basis of hypersplenism. Withdrawal of [L-3 prompted resolution of skin lesions and of
thrombocytopenia.

In spite of these dramatic effects in unirradiated monkeys. administration of IL-3 before or after
irradiation in the 4-5 Gy TBI dose range had only marginal effects on the recovery of
peripheral blood white cells, red cells or thrombocytes. The effects in general were less
impressive than was earlier observed for monotherapy by GM-CSF, although a broader range
of action was observed. Side effects were completely absent in irradiated monkeys. Based on
these observations, we proposed the hypothesis, that many of the effects of IL-3 may be
indirect, which was supported by a low abundance of IL-3 receptors on immature CD34
positive bone marrow cells.

Similar studies have been initiated with SCF (also termed MGF or kit-ligand). IL-6 and
combinations of various growth factors, including GM-CSF and erythropoietin, but these
studies have not been completed yet. The monotherapy experiments provide a basis for
combinations of growth factors to treat radiation induced pancytopenia.
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RADIATION DAMAGE AND RECOVERY OF THE IMMUNE SYSTEM

Contract Bi6-059 - Sector B21
1) Doria , ENEA

Summary of project global objectives and achievements

The project is part of the European Network of Experimental and Clinical
Research and is focussed on radiation damage and recovery of the immune system,
with the main objective of designing appropriate strategies for medical
intervention in radiation accidents and radiotherapy.

Following our previous studies on the effects of human recombinant (hu r)
IL-1 beta and its synthetic nonapeptide VQGEESNDK, position 163-171 of human
[I-1 beta, on the restoration of T helper cell activity and IL-2 production in
sublethally irradiated mice, we compared the protective and restorative activities
of these molecules on the 30 day-survival of lethally irradiated mice. We found
that the nonapeptide is able to protect from lethal radiation injury and to restore
viability. The nonapeptide is less effective than hu r IL-1 beta but, as it does not
exhibit the IL-1-like side effects of the whole molecule, it appears as an interesting
compound for medical intervention in radiation accidents.

IL-3 is a colony-stimulating factor that regulates hemopoiesis. We have
investigated whether murine recombinant (mu r) IL-3 injected into mice exposed
to sublethal irradiation can accelerate the recovery of thymocytes and splenic T
and B cells. We found that the injection of mu r IL-3 may induce complete
recovery of T and B cells, and responsiveness to mitogens and antigens in
sublethally irradiated mice. Thus, IL-3 appears as a powerful molecule that can be
successfully used in radiation accidents.

Cell typing for bone marrow transplantation in irradiated persons requires
rapid and precise techniques. In collaboration with Prof. G.B. Ferrara from the
Cancer Institute in Genoa, human mAb and recombinant DNA techniques have
been applied to the identification of HLA allelic specificities. A new series of mAb
specific for HLA class I and II molecules has been produced while the use of
digoxcgenin has allowed a very rapid DNA typing with no need for radioactive
probes. It has also been possible, by host and donor DNA typing, to detect bone
marrow take as soon as 10 days after transplantation.
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Project 1
Head of project: Prof. Doria

Objectives for the reporting period

1. Effects of IL-1 and its nonapeptide 163-171 on protection and restoration in
lethally irradiated mice.

2. Effect of IL-3 on the recovery of T and B lymphocytes in sublethally
irradiated mice.

3. Improvement of serological and recombinant DNA techniques for rapid and
precise HLA typing in humans.

Progress achieved including publications

Studies on mice. We have previously reported that the synthetic nonapeptide
VQGEESNDK, position 163-171 of human IL-1 beta, when injected in mice
immunodepressed by sublethal irradiation, induces restoration of T helper cell
activity and IL-2 production. The immunorestorative activity of the nonapeptide is
similar to that of the human recombinant (hu r) IL-1 beta, but with no IL-1-like
inflammatory effects which hamper the use of the whole protein as
immunomodulator. Based on these findings we compared the protective and
restorative activities of the 163-171 nonapeptide and hu r [L-1 beta on the 30 day-
survival of lethally irradiated mice. When mice were given a single injection of
different doses of the nonapeptide or hu r IL-1 20 hrs before total-body
irradiation, both molecules were found able to increase the percent survival of
mice exposed to 750 or 850, but not to 950 cGy. The nonapeptide, however, was
less effective than hu r IL-1 beta and displayed a different dose-response
relationship, suggesting that the two molecules act through different
radioprotective pathways. When mice were injected with the nonapeptide or hu r
IL-1 beta immediately after exposure to 850 cGy, the percent survival was also
increased but restoration was lower than protection in both cases. The nonapeptide
was less effective than hu r IL-1 beta also in restoration but the two molecules
displayed a comparable dose-response relationship as if they shared similar
mechanisms. These findings altogether indicate that the 163-171 nonapeptide is
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able to protect from lethal radiation injury and to restore viability. The
nonapeptide is less effective than hu r IL-1 beta but, as it does not exhibit the IL-1-
like side effects of the whole molecule, it appears as an interesting compound for
medical intervention in radiation accidents and radiotherapy.

IL-3 is a colony-stimulating factor that regulates hemopoiesis. This
cytokine, indeed, is involved in the differentiation of pluripotent stem cells to
mature cells of several lineages, such as neutrophils, macrophages, erythrocytes,
eosinophils, megakaryocytes and mast cells. IL-3 also promotes limited self-
renewal of the multipotent stem cells which give rise to splenic colonies. We have
investigated whether murine recombinant (mu r) IL-3 injected into mice exposed
to sublethal irradiation can accelerate the recovery of thymocytes and splenic T
and B cells. In a first series of experiments, mice were given 300 cGy and daily
injections of mu r IL-3 starting immediately after irradiation for 5 consecutive
days. Seven days after irradiation, thymuses and spleens were assayed for
cellularity, thymocyte mitotic response to Con A, splenocyte mitotic responses to
Con A and LPS, splenocyte antibody response to the hapten trinitrophenyl (TNP)
and helper activity to the carrier horse red blood cells (HRBC) in cultures with the
conjugate TNP-HRBC. Irradiated mice of other groups were similarly treated with
mu r IL-3 for 10, 15, or 20 days and sacrificed 14, 21, or 28 days after
irradiation, respectively. Under these conditions, IL-3 treatment did not accelerate
the recovery from radiation damage in the thymus and spleen. In a second series
of experiments, mice were given 100, 200, 300, or 400 Gey and daily injections of
mu r IL-3 starting immediately after irradiation for 5 consecutive days. Mice were
sacrificed 7 days after irradiation, and thymuses and spleens were assayed as
indicated above. Results indicate that daily injections of 5 g mu r IL-3 induced
complete recovery of thymocyte cellularity and mitotic responsiveness to Con A in
mice exposed to 200 but not to 300 or 400 cGy. Lower doses than 5 pg were not
efficient in mice exposed to 200 cGy., whereas 1 pug was very effective after 100
cGy. Similar results were obtained for splenocyte count and mitotic responses.
Fluorimetric analysis performed on thymocytes indicates that 5 pg mu r [1-3
completely reversed to normal values the CD4 and CD8 cell distribution altered by
200 cGy. Also the antibody response and helper activity of spleen cells were
depressed by 200 cGy but could be recovered up to the level of unirradiated
controls if mice were treated with 5 pg, but not 0.5 pg, mu r IL-3. In conclusion,
these findings indicate that injection of mu r IL-3 may induce complete recovery
of T and B cellularity, and responsiveness to mitogens and antigens in sublethally
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irradiated mice provided larger amounts are injected after higher radiation doses.
Thus, IL-3 regulates the generation and growth of mature T and B cells and
appears as a powerful molecule that can be successfully used in radiation accidents
and radiotherapy.

Studies _on humans. Treatment of irradiated persons by bone marrow

transplantation may be successful if host and donor are HLA compatible. Cell
typing techniques must be rapid and very precise in the fine recognition of
antigenic specificities. The reagents now routinely used, such as alloantisera from
multiparous women or from volunteers subjected to planned immunization and
mouse monoclonal antibodies (mAb) to HLA class I and II molecules, are not
easily available and do not always distinguish between alloantigens. Conversely,
human mAb produced by human B cells from immunized volunteers, after EBY
transformation and repeated subcultures, are much more powerful than mouse
mAb in the fine typing of the HLA antigenic repertoire. Also DNA amplification
by plymerase chain reaction (PCR}) and subsequent hybridization by allele or
sequence specific oligonucleotide probes is a valid approach to cell typing. Prof.
G.B. Ferrara, Head of the Immunogenetics Laboratory at the Istituto Nazionale
per la Ricerca sul Cancro in Genoa, is collaborating with our laboratory in the
application of human mAb and recombinant DNA techniques to the identification
of HLA allelic specificities. Fourteen cell lines (MPI-14) secreting cytotoxic
human IgM alloantibodies of restricted HLA specificities have been established. By
use of mAb MP8 the HLA-DP polymorphism was analyzed and a supertypic
determinant encoded by 7 DPB genes was detected. Furthermore, the HLA-DP
typing was also performed using dot-blot analysis with 14 synthetic
oligonucleotide probes. Each probe was tested against genomic DNA amplified by
PCR using DP beta-specific primers. A total of 45 HLA homozygous B cell lines
of known DPw specificities was analysed and different hybridization patterns were
found for each DPw specificity. The oligonucleotide hybridization performed on
DPw negative B cell lines exhibited a pattern distinct from those of known DPw
specificities, indicating the presence of novel DP allelic sequences. Thus, the use of
these technologies has allowed reliable typing of HLA-DP antigens, which may
play an important role in allogeneic bone marrow transplantation and in
susceptibility to autoimmune diseases. Further improvements of these techniques
have allowed, by use of digoxegenin, very rapid DNA typing with no need for
radioactive probes. It has also been possible, by host and donor DNA typing, to
detect bone marrow take as soon as 10 days after transplantation. Finally, a new
series of human mAb specific for HLA class I and 1I molecules has been produced.
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THE REDUCTION OF THE RISKS OF LATE EFFECTS FROM INCORPORATED
RADIONUCLIDES (NRPB ASSOCIATION)
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4) Burgada , ADFAC (Univ. Pierre et M. Curie) - 5) Archimbaud , CEA-Pierrelatie

Summary of project global objectives and achievements

The overall objectives of the project are one, to evaluate the reduction in risk of late
effects from incorporated radionuclides by the administration of chelating agents and two, 1o
provide practical guidance to those responsible for the treatment of accidental exposures.

In detail, the aims for 1990-92 were as follows:

a) To investigate the efficacy of the siderophore analogues code named DFO-HOPO and
DTPA-DX for enhancing the removal of Pu and Am from the body.

b) To synthesise and test the efficacy of the siderophore analogue 3,4,3-LIHOPO for Pu, Am.

c) To investigate treatment regimens for the decorporation of transportable forms of thorium
and uranium.
d) To assess the effects of orally administered DTPA on the induction of bone tumours by Pu

and on the removal of Pu and Am from the body after their inhalation as nitrate.
All studies were conducted using rats.

The substance of choice for enhancing the excretion of Pu and Am from the body is
DTPA. However, the development of siderophore analogues by Professor K. Raymond at the
University of California, and subsequent short term screening experiments in mice after the
intravenous injection of Pu by Dr. P.W. Durbin at the Lawrence Berkeley Laboratory, showed that
they were likely to be more effective decorporating agents than DTPA. Much of the work carried
out in 1990-92 has becn devoted to the more detailed testing of these analogues using different
chemical forms and modes of intake of the actinides, and different treamment regimens.

1. Efficacy of siderophore analogues for plutonium and americium

The first studies with siderophore analogues used a hydroxypyridinone derivative of
desferrioxamine (DFO-HOPO) and a dihydroxamic acid derivative of DTPA (DTPA-DX). Both
substances were provided by Professor Raymond.

After inhalation of the actinides as nitrates, DFO-HOPO and DTPA-DX were less effective
than DTPA for removing Pu from the body but DTPA-DX and DTPA were equally effective for
Am (NRPB). It was concluded however that DTPA should remain the agent of choice after this
mode of intake.

After intravenous injection of Pu as citrate, DFO-HOPO was appreciably more effective

than DTPA after both intraperitoncal (NRPB) and subcutaneous injection (KfK). The most
effective regimen involved the simultaneous administration of DFO-HOPO and DTPA (KfK).
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DFO-HOPO was also more effective than DTPA when administered orally (KfK). Continuous
infusion of DFO-HOPO over an interval of 14 days using implanted minipumps was no more
effective than a single injection for mobilising Pu from the skeleton and liver (KfK).

After subcutancous or oral admimistration, DTPA-DX was less effective than DTPA for
reducing the skeletal content of Am injected as citrate (KfK). Whilst the retention of Am in the
liver was appreciably less after a single injection of DTPA-DX (KfK), this initial advantage over
DTPA was lost afier repeated administration of the chelates (NRPB).

The screening experiments in the USA referred to previously had suggested that 3.4,3-
LIHOPO was likely to be the most effective siderophore analogue. However, the substance was
not available to the partners until 1991 when it was synthesised at the University Pierre et Maric
Curie (ADFAC) in sufficient amounts for it to be tested after the inhalation and intravenous
injection of Pu and Am as nitrate (NRPB), the inhalation of Pu as the tributylphosphate complex
(CEA) and the intravenous injection of Pu and Am as citrate (K{K). For Pu inhaled as nitrate, the
repeated administration of 30 umol kg 3,4,3-LIHOPO (30 min, 6h, 1, 2, 3d) reduced the content
of the lungs and total body to respectively 2% and 4% of those in untreated animals by 7d post
exposure. These values were respectively 6 and 4 times less than when DTPA was administered
using the same treatment protocol. The ligand was also at least as effective as DTPA for Am. No
histological damage to the kidneys and liver was observed after the repeated administration of
3,4,3-LIHOPO (NRPB).

The ligand was also much more effective than DTPA afier the inhalation of Pu-TBP
(CEA). Of particular importance was the observation that after an intake which simulated human
exposure to several orders of magnitude the ALI for ***Pu, the amounts of Pu retained by the liver
and skeleton (1.7% and 7.1% controls) were 4 times less with 3,4,3-LIHOPO than with DTPA
when administered at 1h, 24h and 48h.

The efficacy of 3,4,3-LIHOPO was also greater than that of DTPA afier the intravenous
injection of Pu (NRPB and K{K). For example, after the single administration of 3 pmol kg
3,.4,3-LIHOPO at 30 min, the body content of Pu at 7d, 7% controls, was three times less than
after the repeated administration of DTPA, 30 pmol kg' at 30 min, 6h, 1, 2, 3d (NRPB). With
these treatment regimens, 3,4,3-LIHOPO and DTPA were equally effective for Am, the body
contents being reduced to 30% controls at 7d; the repeated administration of 30 pmol kg' reduced
the body content t0 16% of controls.

Other studies (KfK) demonstrated that the efficacies of 3,4,3-LIHOPO for Pu after single
administration of 3 and 30 pmol kg were virtually identical whilst that for Am increased only
marginally with dosage. Of particular note were studies which showed that 3,4,3-LIHOPO was
extremely effective for the decorporation of Pu and Am when either infused at a dosage of 3 pmol
kg'd" or administered orally at 100 pmol kg (K{K).

Together the above observations suggest that 3,4,3-LIHOPO could represent a most
significant development for reducing the reduction of risk from intakes of Pu and Am. However,
further work is necessary 1o investigate its full potential and evaluate its toxicity.

2. Removal of thorium from

It is often assumed that DTPA will be as effective for Th as it is for Pu when the nitrates
are inhaled. Studies conducted at NRPB show that this is not so. When the initial mass
concentration of Th in the rat lung simulated human exposures to either 4 or 1.7 x 10 times the
ALI for #Th, the retention of Th in the body could not be reduced to less than one-half of that in
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untreated animals, even when dosages about 30 fold in excess of those recommended for humans
were used.

Studies undentaken at the Shanghai Medical University have indicated that centain
substituted phenol-aminocarboxylic acid derivatives may be of value for Th decorporation. A pilot
study conducted at NRPB investigated the comparative efficacics of two phenolaminocarboxylic
acids (code named here as SMI and SM2), 3,4,3-LIHOPO and DTPA for thorium after its
intratracheal instillation as nitratc (4ng). The substances were administered intraperitoneally either
at 30 min (SM1, SM2 300 pmol kg, 3.4,3-LIHOPO 30 pmol kg or at 30 min, 6h, 1, 2, 3d
(3,4,3-LIHOPO and DTPA 30 pmol kg"). The average body contents of Th at 6d were
respectively 64%, 29%, 29%, 17% and 78% of those in untreated animals. These results
demonstrate the potential usefulness of 3,4,3-LIHOPO for removing thorium from the body and
further work will be undertaken to optimise its efficacy after different modes of administration of
the ligand and mode of intake of thorium (NRPB, K{K).

3. Removal of uranjium from the body

In the past decade, several phenolic compounds have been tested for their ability to prevent
fatal uranium poisoning. The most promising compound appears to be Tiron (sodium 4.,5-
dihydroxybenzene-1,3-disulphonate). Studics conducted at NRPB have shown that this compound
would be only moderately successful for treating overexposures to uranium by inhalation; the body
content was reduced 10 only about two-thirds of that in untreated animals even with repeated
administration. The efficacies of certain polyaminopolyalkylphosphonic acids (CEA, NRPB),
bisphosphonates, phosphonoalkylphosphinates (NRPB) and calixarine (CEA) have been examined.
The substances were either synthesised at ADFAC or CEA Pierrelatie, or were obtained as gifts
from Albright and Wilson Ltd., UK, or Norwich Eaton Pharmaceuticals Inc., USA. The best
results so far have been obtained with dicthylenetriaminepentamethylenephosphonic acid. After the
intravenous injection of uranium and the prompt administration of 300 pmol kg, the uranium
contents of the kidneys and total body were reduced to 8% and 31% of control values by 4d.
However, the cfficacy of the substance reduces rapidly with the delay in administration and after
30 min was largely incffective. The examination of other treatment regimens and the development
of new chelating agents is considered a priority in view of the number of workers potentially
exposced 1o transportable uranium compounds.

4. i inking water

In principle, the administration of DTPA in drinking water could also be of value for the
treatment of inhaled transportable forms of Pu and Am. This route of intake would be more
advantageous than intravenous injection since DTPA can be self administered, it is more likely to
be accepted by the patient should prolonged administration be deemed necessary, and it may be
more appropriate for accidents involving large numbers of people. Experiments conducted at
NRPB have shown that the continuous administration of 95 pmol kg'd" of ZnDTPA in drinking
waler is as cffective as twice weekly injections of 30 pmol kg'. However, further work is required
10 evaluate the optimal treatment regimen and the toxicity of the ligand under these conditions.

A study on the effects of continuous oral administration of ZnDTPA on bone tumour
induction in rats injected with 2*Pu has been undertaken by KfK. Preliminary analysis of the
results indicates that when treatment began after 4 days, the bone tumour incidence was only
reduced marginally, although the survival time of the rats incrcased compared with untreated
animals. When treatment commenced after 30d, the wumour incidence was reduced further but the
survival time only increased marginally. All the results on bone tumour incidence must be
considered as preliminary until confirmed histologically.
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Summary

The data obtaincd afier the administration of the siderophore «nalogues supports the
pantners’ judgement conceming the potential usefulness of these substances for Pu and Am. In
particular 3,4,3-LIHOPO has been shown to be substantially more efiective than DTPA for
enhancing the excretion of these actinides afier their inhalation and injection and the substance is
effective afier oral administration. It is also noteworthy that 3,4,3-LIHOPO also appreciably
enhances the excretion of thorium from the body compared with DTPA. However, further work is
needed 1o optimisc the various treatment regimens and most importantly to evaluate its toxicity.
Data obtained very recently have also shown that it is also substantially superior to DTPA for
removing Pu and Am from simulated wound sites.

Al present no substances are available which appreciably increase the elimination of U
from the body and this remains a potentially serious problem in radiological protection. 1t is
hoped that with the synthetic and technical expertise available within the participating organisations
and the willing cooperation of others, significant progress can be made in future.

Finally, it has been shown that a reduction in bone wmour incidence, and an increase in
survival time, can be achieved by means of DTPA administered in drinking water. This method of
treatment is also effective for inhaled transportable forms of Pu and Am though the optimal
treatment regimen has yet to be established.
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Project 1
Head of project: Dr. Stradling

Objectives for the reporting period

(a) To examine the efficacy of the siderophore analogues code named DFO-HOPO, DTPA-DX
and 3.4,3-LIHOPO for enhancing the removal of plutonium and americium from the body
after their inhalation and injection.

(b) To invesunate reutment regimens for the decorporation of thorium.
©) To investigate treatment regimens for the decorporation .. uranium.

d) To exar ine th: efficacy of orally administered DTPA. for removing plutonium and
americ'nm from the body after their inhalation as nitrate.

Progress achieved incinding publications
1. - - 43

A hydroxypyridinone derivative of desferrioxamine (DFO-HOPO), a dihydroxamic
derivative of DTPA (DTPA-DX), and DTPA were tested at dosages of 30 pmol kg for their
ability to remove ®*Pu and *'Am from rats afier their intravenous injection as citrate or inhalation
as nitrate. The siderophore analogues were provided by Professor K. Raymond, Dept. of
Chemistry, Univ. of California, Berkeley.

The most effective treatment regimen for injected Pu was the repeated administration of
DFO-HOPO. By 7d the body content was reduced 1o 8% of that in untreated animals; the value
after DTPA treamment was 15%. Repeated dosages of 3 pmol kg' DFO-HOPO were as effective
as those of 30 pmol kg’ DTPA. Afier inhalation of Pu, repeated treatment with DTPA, DTPA-DX
or DFO-HOPO reduced the body contents by 7d to respectively 10, 15 and 31% of controls. Afier
inhalation of Am, DTPA-DX and DTPA were equally effective, the body contents being reduced
10 7% of control values with repeated treatment. Injection of DFO-HOPO was ineffective for
enhancing the elimination of inhaled or injected Am.

These results confirm the strategy of examining the use of siderophore analogues for the
decorporation of Pu and Am. However, on the basis of these results DTPA should remain the
agent of choice.

The 3.4.3-LIHOPO was synthesised by Dr. Burgada, University Pierre et Marie Curie.

The repeated administration of 30 pmo! kg™ 3,4,3-LIHOPO at 30 min, 6h, 1, 2 and 34
after exposure has been shown to be an extremely effective treatment regimen for enhancing the
excretion of ?**Pu inhaled as nitrate. By 7d, the Pu contents of the lungs and total body were
reduced respectively 1o 2% and 4% of those in untreated rats. These values were 6 and 3 times
less than when DTPA was administered using the same protocol. For inhaled Am, the ligands
were equally effective, the lung and total body contents being reduced respeclively to 13% and
10% of those in controls.

STt -



Histological examination of the liver and kidneys afier repeated administration of 3.4.3-
LIHOPO showed slight degenerative changes. These changes would probably have no effect on
liver and kidney function and after a time the cells would be expected 1o return to normal.
Interestingly the changes were more marked after the repeated administration of DTPA. Clearly,
further work is required 10 evaluate the toxicity of 3,4,3-LIHOPO but the results so far are
extremely encouraging.

The ligand 3.4.3-LIHOPO was also substantially more effective than DTPA after
intravenous injection of ***Pu nitrate. With a single administration of 3 pmol kg 30 min after
exposure, the body content was reduced to 7% of that in controls by 7d. The repeated
administration of DTPA at dosages of 30 pmol kg™ at 30 min, 6h, 1, 2 and 3d reduced the body
content to 19% of controls. After the repeated administration of 30 pymol kg” 3.4.3-LIHOPO and
DTPA, the body contents at 7d were respectively 16% and 31% of controls.

Further studies designed to optimise treatment with 3.4.3-LIHOPO together with a more
dewailed evaluation of its toxicity will be undertaken but the evidence available so far suggests that
the use of this substance could represent a most significant development in the reduction of risk
from plutonium exposure.

2. D ration of thorium
It is usually assumed that DTPA will be as effective for Th as for Pu.

The efficacy of Ca DTPA and Zn DTPA were evaluated for rem«pving thorium from the rat
after its deposition as nitrate in the lungs. When the initial mass concen tration in the lungs
simulated human exposure 1o four times the ALI for 2*Th, the prompt ({300 or 1000 pmol kg
body weight at 30 min) or repeated (30 or 300 pmol kg body weight at 30 min, 6h, 1,2,3d)
administration of Ca LYTPA were at best only moderately effective. By 7d after exposure, the
body contents of Th were respectively 74%, 65%, 90% and 74% of those present in untreated
animals. When the mas's concentration in the lungs simulated acute exposure to 1.7 x 10 times
the ALI for *’Th, the ef ficacy of treatment was not increased appreciably despite the substantial
reduction in mass. Afier: the repeated administration of Ca DTPA at dosages of 30 and 300 pmol
kg using the protocol ab ove, the body contents of thorium by 7d were respectively 69% and 51%
of those in untreated anim als. Under comparable conditions, the efficacy of Zn DTPA was less

than Ca DTPA.

In contrast, the ligand 3,4,3-LIHOPO has been shown to be effective for thorium. In a
pilot experiment, **Th nitrate was instilled into the lungs of rats and the animals administered with
30 pmol kg’ LIHOPO at 30 min, 6h, 1, 2 and 3d. By 7d, the Th contents of the lungs and total
body were both reduced 10 17% of controls; the values using DTPA were respectively 73% and
78% of controls. It is probable that treatment would be much more effective after the inhalation of
Th nitrate and if the administration o'f LIHOPO was extended.

3. Dec.omporation of yranium

In the past decade, several ‘phenolic compounds have been investigaied in animals for their
ability to jyrevent fatal uranium poi.soning. The most promising derivative appears to be Tiron
(sodium 4 ,5-dihydroxybenzene-1,2;-disulphonate). In experiments conducted at NRPB, the
compounvd was administered to rais in dosages of 30, 300 or 1000 pmol kg' at 20, 60 and 180 min
after the intratracheal instillation of uranyl nitrate. The amounts of uranium deposited in the lungs
of rats wiere equivalent lo intake.s by workers of about 12 times the permitied daily limit of 2.5 mg.
The ave.rage body contents of uranium 5d afier exposure using the treatment regimens above were
respectively about 100%, 78% and 65% of those in untreated animals.
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These results suggest that the administration of Tiron is of limited practical value for
enhancing the elimination of uranium from the bodies of overexposed workers.

Phosphonic acid derivatives obtained from Albright and Wilson plc and Norwich Eaton
Phammaceuticals Inc have been screened for their ability to enhance the excretion of uranium from
the rat. After prompt administration, two polyaminopolyalkylphosphonic acids, diethylenetriamine-
pentamethylenephosphonic acid and hexamethylenediaminetetramethylenephosphonic acid, reduced
the uranium contents of the kidneys and total body to 8% and 30% of those in controls. However,
treatment was much less effective at later times and hence the substances appear to have limited
practical application. The bisphosphonates and phosphonoalkylphosphonates examined were less
effective than the above polyaminopolyalkylphosphonates. However, a definite correlation was
found between the lack of affinity of the compounds for bone mineral and the reduced skeletal
deposit of uranium; this should aid the design of more effective substances. The development of
suitable agents for reducing the risk after uranium incorporation remains an important aspect of
radiological protection for workers in the nuclear industrics.

4. Efficacy of orally administered DTPA

The oral administration of ZnDTPA in drinking water has long been suggested as a
treatment regimen for plutonium. However, no experiments appear to have been conducted after
the inhalation of this actinide. Studies at NRPB have shown that the continuous administration of
10°°M solutions of DTPA, reduced the Pu contents of the lungs and total body to about 3% and
15% of those in controls. This method of treatment was as effective as twice weekly injections of
30 pmol kg of DTPA. Histological examination of the gastrointestinal tract showed that some
damage was sustained after oral administratdon but was considered to be reparable. This
observation was unexpected in view of the data available from other studies with rats. Further
work is required to evaluate the toxicity of DTPA and to optimise the treatment regimen.

Publications

1. Stradling GN, Gray SA, Moody JC, Hodgson A, Raymond KN, Durbin PW, Rodgers SJ,
White DL and Turowski PN. The comparative efficacy of DFO-HOPO, DTPA-DX and
DTPA for enhancing the elimination of plutonium(IV) and americium(III) from the rat.
Proc. 3rd Intemational Symposium on Chelating Agents in Pharmacology, Toxicology and
Therapeutics, Plzen, July 10-12th 1990. Plzen.lék. Sbom: Suppl. 62, 87-88, 1990
(published Autumn 1991).

2. Stradling GN, Moody JC, Gray SA, Hodgson A and Ellender M. The efficacy of DTPA
treatment after deposition of thorium nitrate in the rat lung. ibid pp89-90.

3. Swuadling GN, Gray SA, Moody JC, Hodgson A, Raymord KN, Durbin PW, Rodgers SJ,
White DL and Turowski PN. The efficacy of DFO-HOPO, DTPA-DX and DTPA for
enhancing the excretion of plutonium and americium from the rat. Intemational Joumal of
Radiation Biology 59, 1269-1277 (1991).

4. Swadling GN, Moody JC, Gray SA, Hodgson A and Ellender M. The efficacy of DTPA

treatment afier deposition of thorium nitrate in the rat lung. Human and Experimental
Toxicology 10. 15-20 (1991).

5. Stradling GN, Gray SA, Moody JC and Ellender M. The efficacy of tiron for enhancing
the excretion of uranium from the rat. Human and Experimental Toxicology 10, 195-198
(1991).
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6. Swadling GN, Gray SA, Moody JC, Hodgson A, Ellender M, Pearce MJ, Wilson I,
Burgada R, Bailly T, Leroux Y, Manouni DE and Raymond KN. The efficacies of 3.4.3-
LIHOPO and DTPA for enhancing the excretion of plutonium and americium from the rat:
comparison with other siderophore analogues. Int. J. Radiat. Biol. (in press).

7. Stradling GN, Gray SA, Pearce MJ, Ellender M, Wilson I, Moody JC and Hodgson A.
Removal of inhaled plutonium and americium from the rat by administration of ZnDTPA
in drinking water. Submitied t0 Human and Experimenial Toxicology.

8. Gray SA, Stradling GN, Pearce MJ, Moody JC and Ebetino FH. Efficacy of some
phosphonic acid derivatives for enhancing the excretion of uranium from the rat. NRPB
Memorandum M339. Chilton: NRPB, June 1992, 9pp.

Work planned for 1992-94

The work will focus on optimising treatment regimens for Pu, Am and Th after inhalation
and wound contamination using 3,4,3-LIHOPO and on the toxicity of the ligand after different
methods of administration. The studies with Th will take account of the widely different mass
concentrations in the lungs that can occur afier industrial accidents, eg. 2*Th and **Th. The
potential for treating contaminated wounds with 3,4,3-LIHOPO has been recognised by the nuclear
industry. The decorporation of uranium remains a priority and any significant progress will result
in the extension of the work to inhaled transportable forms of the metal, eg. UO, and UF,. Further
work is required to optimise the efficacy of orally administered DTPA.
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Project 2
Head of project: Prof. Volf

Objectives for the reporting period

1. To investigate the efficacy of the siderophore analogues code named DFO-HOPO,
DTPA-DX and LIHOPO for enhancing the removal of Pu and Am from the body of rat
after intravenous injection of the actinides.

2. To establish the relative effectiveness of these new chelators compared to DTPA, the
present chelator of choice for treatment in man after incorporation of actinides.

3. To carry out more detailed investigation on the most promising new agent(s).

4.  To attempt to reduce the incidence of bone tumours due to deposited Pu-239 using
continuous chelation treatment.

Progress achieved

1. Pilot experiments

The effects of three siderophore analogues and DTPA were compared in female Sprague
Dawley rats.

1.1 Injection treatment

Chelators were admistered subcutaneously as a single human equivalent dose (30 umoles.
kg-1) at 1 hour after a single intravenous injection of Pu-238 and Am-241 and the tissue
distribution was measured at 7 days post radionuclide injection. The Pu-238 content of the
organs decreased in the order LIHOPO > DFO-HOPO > DTPA > DTPA-DX. LIHOPO
reduced plutonium retention in the skeleton and liver to 8% and 2%, respectively, of that in
untreated controls. With Am-241, LIHOPO also proved to be the most effective agent,
reducing the radioactivity in the skeleton and liver to 30% and 5%, respectively. DTPA-DX
was equally or more effective than DTPA, DFO-HOPO had no effect on Am-241 retention.

1.2 Oral treatment

Immediately after injection of the actinides a single chelate dose of 100 umoles.kg-! was
administered by stomach tube and the rats were sacnficed 7 days later. The contents of Pu-238
in bone, liver and kidneys were reduced by LIHOPO to about 10% of control values; DFO-
HOPO was nearly equally effective but DTPA and DTPA-DX were substantially less
effective. The organ contents of Am-241 were reduced by LIHOPO to about 20% of control
values and by DTPA to only about 50% of control values; DTPA-DX was less effective and
DFO-HOPO ineffective.

1.3 Continuous chelate administration
A continuous infusion for 14 days after actinide injection was achieved by subcutaneously
implanted diffusion "mini-pumps”. In general, tissue retention of the actinides was reduced to

a greater extent than by single chelate injection. Best results were again obtained with
LIHOPO, even though it was administered at an extreme low dose-rate (3 umoles.kg!. d'1).
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2. Detailed studies with DFQ-HOPO and LIHOPO
2.1  Dose-effect relationship.

The greatest differences in mobilizing efficacy were observed with the lowest chelator doses.
At the dose level of 3 umoles.kg-! LIHOPO removed 1.5 times more Pu-238 from bone and
liver than DFO-HOPOQ, while at a 10 times higher dose level the removal effectiveness of both
chelators was virtually equal.

Furthermore, the effect of injected and orally administered chelators was compared. At the
dose level of 3 umoles.kg-!, injected LIHOPO removed 4 times more Pu-238 from the bone
and nearly 6 times more from liver than after prompt oral administration. About equal effect
was achieved when administering LIHOPO orally in a dose exceeding 3 times that of injected
chelator. Similarly, the effect of LIHOPO on Pu-238 exceeded that on Am-241 only at the
lowest chelate dose level. DFO-HOPO was ineffective in mobilizing Am-241.

2.2 Time-effect relationship

The effectiveness of DFO-HOPO decreased exponentially with time after injection of Pu-238.
Approximate half-times for the fraction of Pu-238 which can be mobilized from the bone and
liver are about 6 hours and 12 hours, respectively. The effectiveness of LIHOPO, however,
decreased much more slowly, so that even after a single injection of the chelator at 5 days post
administration of the actinides about 40% and 60% of injected Pu-238 were mobilized from
the bone and liver, respectively. In these animals, somewhat smaller but still considerable
fractions on injected Am-241 were removed (30% and 40% from the bone and liver
respectively).

In conclusion, LIHOPO proved to be most effective among the chelators tested until now for
chelaton of plutonium and americium. It is also effective when given orally, immediately after
injection of the actinides. Even small doses of this chelate, when administered in a continuous
infusion, effectively remove the actinides deposited in body tissues.

3. Reduction of bone tumour risk.

Male Sprague-Dawley rats were given a single intravenous injection of Pu-239 and treated by
ZnDTPA added to drinking water; treatment started either at 4 days or at 30 days after injection
of Pu-239; another group of rats injected only with Pu-239 served as control. The data
obtained indicate a reduction of tumour incidence in treated animals. However, increased
survival seems not necessarily to be due to a lower bone tumour incidence. All the results
obtained until now must be considered as preliminary since the tumour incidence both in
treated and untreated groups was not yet confirmed histologically.
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Project 3
Head of project: J.L. Poncy (initially H. Métivier)

Objectives for the reporting period

The objective of the reporting period is the investigation of the efficacy of the sideropohore
analog 3,4,3-LIHOPO in comparison with the diethylene-triamine pentaacetic acid (DTPA) for
enhancing the excretion of 238Py from Sprague Dawley rats after inhalation as
tributylphosphate complex (238Pu-TBP). To evaluate the reduction of risk of late effects from
incorporated radionuclides by administration of chelating agents we have to provide the more
effective schedule treatment after accidental contamination.

Progress achieved Including publications

The 3.4,3-LIHOPQ ligand, containing four hydroxypyridinone groups, was compared to the
reference molecule, DTPA, for the ability to remove plutonium from the rats after inhalation as
N-tributylphosphate - 238Pu complex. The 3,4,3-LIHOPO has been synthetised by Dr R.
Burgada (P. & M. Curie University, Paris).

Three groups of Sprague Dawiey rats (untreated by ligand, DTPA or 3,4,3 LIHOPO treated)
were used in each experiment performed during this study. The average lung activities (LA) 7
days after the inhalation, registered in the ditferent experiments, were 86974 Bq (1.3 ng
Pu), 4.5£0.8 KBq (6.7 ng Pu), 15+2 KBqg (22.4 ng Pu) and 37+3 KBq (55.3 ng Pu).

Three different treatments for the chelating agents, at dosages of 30 umol kg-1, were
administered : 1) one intravenous injection, one hour after the end of inhalation, 2) one
intravenous followed by two intramusculary injections, one and two days latter 3) one
intraperitoneal injection one day after the contamination.

The siderophore analog, 3,4,3-LIHOPO, is shown to be more effective than DTPA for increasing
the elimination of 238Py from the lung and reducing the retention in the other organs. Only one
intravenous injection of LIHOPO at one hour after the radionuclide inhalation, reduced
plutonium amount in lung, liver and skeleton, at 7 days post contamination with the lowest
initial amount (869 KBQq), to 27.4, 6 and 11.7%, respectively, of that in untreated rats. With
a large amount of contamination (37 KBq), the values are 57.4, 8.2 and 17.8% respectively
(table 1). The LIHOPO is most effective than DTPA, for removal of Pu, specially after a large
amount of internal contamination. The percentages of retention in lungs, livers and skeletons, of

DTPA treated rats were reduced from 31, 26 and 36% respectively, after one single
intravenous injection of LIHOPO. These resuits contirm the interest of the 3,4,3-LIHOPO for
the decorporation of plutonium after an inhalation amount which correspond to human intakes in
excess of the ALIl, especially after a contamination by plutonium introduced as TBP complex.
This complex is known to reduce the efficiency of the DTPA treatment compared to other soluble
or diffusible forms of Pu.

The best therapy was repeated treatment of ligand with a first injection administred early after
the contamination. Delayed treatments reduced largely the efficacy of LIHOPO, this observation
was very effective after a high level of contamination (table 1).
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Table 1 : Effect of LIHOPG and DTPA on tissue retention of 238Py after inhalation of Pu-TBP in

Percentage of control rats at 7 days

(standard error)

rats.
Treatment LA (a)
- Intravenous :
DTPA 869 Bgq
LHOPO 869 Bgq
DTPA 37 KBq
LHOPO 37 KBq

- Intravenous + Intramuscular

DTPA 4.5
UHOPO 4.5
DTPA 37
UHOPO 37

- Intraperitoneal

DTPA 4.5
LIHOPO 4.5
DTPA 15
UHOPO 15

KBq
KBq

KBgq
KBq

KBq
KBq

KBq
KBq

30.0
27.4

88.5
57.4

44.5

28.2

60.2
49.5

(1.2)
(1.8)

(6.3)
(7.5)

(1.8)

(1.8)

(2.5)
(5.7)

17.5
6.0

34.8
8.2

6.4
6.5

(3.4)
0.7)

(5.7)
(0.9)

(1.2)
(1.2)

1 (2.2)
7 (0.2)

62.8 (4.2)32.4 (10.6)
(14.1) 44.4 (17.9)

62.1

54.6 (5.6) 29.1
59.8 (11.7)42.8 (13.1)

(3.1)

spieen kidneys
ND ND
ND ND

41.8 (6.5) 69.0 (5.5)
22.6 (2.1) 46.1 (8.1)

153 () 66.0 (%)
7.7 () 189 ()

23.0 (5.7) 75.5 (6.3)
8.4 (1.0) 19.9 (1.2)

61.5
69.2

() 111 (%)
(") 69.8 (°)
418 () 86.2 ()
791 () 526 (%)

{a) LA : mean of the activities in untreated rat lungs 7 days after inhalation.
(*) Organs from the ditferent animals have been counted together (activities very low) and the
results are expressed as (measured values/ number of organs).

ND : not different to background value.

21.6 (1.4)
11.7 (3.8)

53.8 (12.4)
17.8 (3.1)

13.6 (1,5)
2.92 (0.9)

27.7 (4.1)
7.1 (0.5)

55.3 (9.2)
45.7 (12.1)

53.9 (5.1}
55.2 (9.9)

The efficacy of LIHOPO to remove the Pu inhaled as Pu-TBP was mainly due to the decrease of
the retention in the lung (1.5 times less than after repeated DTPA treatment) and in the

skeleton (about 4 times less).

Table 2 confirms that the LIHOPO treatment was very effective for enhancing the excretion of
Pu from the rat. The deposition of Pu in the organs other than lung, were reduced by the LIHOPO
administration. This fact was specially true for the bone and liver depositions.
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Table 2 : Distribution of 238Py at death after inhalatign of Pu-TBP.

Percentage of body burden at death (a)

(standard error)

spleen

kidneys

- Intravenous

CONTROL
DTPA
LHOPO

CONTROL
DTPA
LHOPO

- Intravenous +

OONTROL
DTPA
LHOPO

CONTROL
DTPA
UHOPO

- Intraperitoneal

CONTROL
DTPA
LHOPO

CONTROL
DTPA
LHOPO

LA (b) lung
869 Bq 67.8 (5.8)
869 Bq 75.0 (3.0)
869 Bq 84.7 (5.7)
37 KBq 54.9 (5.3)
37 KBq 62.1 (4.3)
37 KBq 80.9 (10.6)
Intramuscular

4,5 KBq 75.5 (1.8)
4,5 KBq 91.4 (0.8)
4,5 KBq 95.7 (0.8)
37 KBgq 54.9 (5.3)
37 KBq 68.2 (3.1)
37 KBq 90.4 (10.3)
4,5 KBq 75.5 (1.8)
4,5 KBgq 79.1 (2.9)
4,5 KBq 80.7 (1.4)
15 KBq 71.0 {0.9)
15 KBq 734 (1.9)
15 KBq 73.7 (2.8)

(0.8)
5.3 (0.8)
(0.2)

(2.3)
(0.5)
(0.1)

5.3 (0.6)
1.05 (0.04)
1.5 (0.3)

7.2 (2.3)
1.2 (0.3)
0.36 (0.05)

5.3 (0.6)
2.9 (0.7)
4.1 (0.8)

6.83 (0.6)
3.76 (0.3)
5.07 (0.8)

ND
ND
ND

0.07
0.04
0.04

(0.01)
(0.01)
(0.01)

0.08 (0.01)
0.03 (0.01)
0.04 (0.01)

0.07
0.04
0.02

(0.01)
(0.01)
{0.01)

0.08
0.08
0.09

(0.01)
(0.01)
(0.03)

0.11 (0,006}
0.09 (0.01)
0.16 (0.03)

0.
0.
0.

ND
ND
ND

2 (0.1)
2 (0.1)
2 (0.1)

0.33 {0.03)
0.59 (0.02)
0.27 {0.02)

0.
0.
0.14

0.33
0.62
0.39

0.40
0.64
0.36

2 (0.1)
4 (0.1)
(0.07)

(0.03)
(0.04)
(0.11)

(0.02)
(0.05)
(0.08)

246 (0.2)
19.6 (1.2)
13.1 (2.5)

37.5 (10.2)
34.4 (9.3)
17.2 (2.7)

18.7 (2.3)
6.9 (0.7)
2.4 (0.8)

37.5 (10.2)
30.0 (8.9)
8.9 (1.9)

18.7
17.3
14.7

(2.3)
(2.7
{0.8)

21.6
22.0
20.7

(0.7)
(2.0)
(2.5)

(a) Body burden at death is the sum of radioactivity recovered in the measured organs.

4 animals for treated groups and 6 animals for control groups.
(b) LA : mean of the activities in untreated rat lungs, 7 days after inhalation.
ND : not ditferent to background.

After inhalation, the activity found in the faeces, was higher than in urines as shown in table 3. It
still appears that administration of LIHOPO to the contaminated rats increased predominantly the

faecal excretion. After DTPA, the urinary excretion was predominant.
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Table 3 : Effect of DTPA and LIHOPO on cumuiative excretion of plutonium after inhalation of
Pu-TBP in rats.
Percentage of Inltlal activity (a)

(standard error)

- Intravenous + Intramuscular

control 0 76.7 (3.1) 81.3 (2.7) 0.23 (0.05) 0.33 (0.03)
DTPA 4.5 KBq 70.8 (3.2) 79.8 (1.4) 6.05 (0.75) 11.3 (0.3)
LHOPO 4.5 KBq 82.7 (1.9) 93.4 (0.5) 1.55 (0.05) 2.35 (0.05)

- Intraperitoneal

control 0 76.7 (3.1) 81.3 (2.7) 0.23 (0.05) 0.33 (0.03)
DTPA 4.5 KBq 56.9 (16.0) 82.1 (7.4) 3.03 (0.26) 5.52 (0.50)
LHOPO 4.5 KBq 60.0 (3.1) 87.1 (0.9) 1.17 (0.19) 1.73 (0.20)
control 0 70.6 (0.4) 80.6 (1.9) 0.17 (0.02) 0.26 (0.03)
DTPA 15 KBq 71.8 (0.3) 87.6 (1.4) 3.75 (0.01) 5.40 (0.30)
LHOPO 15 KBq 74.5 (0.5) 88.5 (1.2) 1.02 (0.14) 1.38 (0.22)

(a) : initial activity correspond to the sum of radioactivity recovered in the measured organs and
excreta.
(b) : LA is the mean of the activities in untreated rat lungs 7 days after inhalation.

The importance of the ligand 3,4,3-LIHOPO in the development of treatment in the
decorporation of plutonium has induced preliminary studies to estimate the toxic effects of this
compound. The inhalation route seems to be less traumatic than intravenous injection and can be
administered very soon after contamination without requiring medical assistance. To test this
way of administration, preliminary results were obtained on the early toxic etfect of a lung
administration of 3,4,3-LIHOPQ in comparison with DTPA or LICAM(c). Rats were treated by
intratracheal administration of the different cheiates (at a dosage of 30 umol/kg) and the fluids
of pulmonary lavage by saline solution, one day after the treatment, were analysed. It appears
that an inflammatory response is detected after the DTPA or LICAM(c) instillation, with a
presence of more than 80% and 55% of polymorphonucleates respectively, in the lung lavage.
The LIHOPQ instillation do not produced a significant effect in comparison with a saline solution
administred by the trachea, 26% versus 20% of polymorphonucleates.

Publicati
Poncy JL., Rateau G., Burgada R., T. Bailly, Y. Leroux, Raymond KN. and R. Masse.

The efficacy of 3,4,3-LIHOPO for reducing the retention of 238Pu in rats after inhalation as the !
phosphate complex. (to be submitted in Int. J. Radiat. Biol.)
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Project 4
Head of project: Dr. Burgada

Objectives for the reporting period

(a) To synthesise the siderophore analogue 3.4,3-LIHOPO so that its efficacy for removing
Pu,Am and Th from experimental animals could be investigated by CEA, Kfk and NRPB.

(b) To investigate procedures for improving the yield of 3,4,3-LIHOPO.

() To synthesise phosphonic acid derivatives for use by the CEA and NRPB in studies
designed to remove uranium from the body.

Progress achieved including publications

‘Ine following substances were synthesised. The experimental data conceming: their efficacy
for decorporating the actinides are described elsewhere in the report.

Programme LIHOPO

The synthesis of 3,4,3-LIHOPO was based on that described by White et al. (Journal of
Medicinal Chemistry 31, 11-18, 1988). Alternative methods of synthesis were examined but without
success. However, in the yield from 15% to 50% during the purification of the product were
achieved by replacing the ion exchange procedure by chromatographic separation on a silica
column using a mixture of butanol, acetic acid and water as the eluant.

The purity of 3,4,3-LIHOPO was demonstrated by 'H NMR spectrometry and HPLC using
3,4,3-LIHOPO obtained from Prof. K.N. Raymond as the reference substance.

During 1990-92 4,15 g of 3,4,3- LIHOPO was synthesised and distributed amongst the
partners as follows.

March 1990 150 mg. Dr. J.L.Poncy CEA

Nov. 1990 Ig. Pr. V.Volf KiK

Feb. 1991 lg. Dr.G.N.Stradling NRPB

Apr. 1992 500 mg. Dr.G.N.Stradling NRPB

Apr. 1992 500 mg. Pr.V.Volf KfK

Apr. 1992 g Dr.J.L.Poncy CEA
Programme PHQSPHONATES
Aug. 1990
DPTPP lg.
Diethylene triamine pentamethane phosphonic acid DETPP lg.
EDTPA Jg
Nitrilo tris phosphonic acid NTP 3g.
Piperazino methylene diphosphonic acid PMPA 3g.

Samples prepared for Dr. M. Archimbaud CEA
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Dec. 1991

Octamethylene bis hydroxydiphosphonic acid OBHDP 500mg.
Aminopentamethylene hydroxydiphosphonic acid APHDP 500mg.
Octamethylene bis hydroxyphosphonic acid OBHP 500mg.
Aminotrimethylene hydroxydiphosphonic acid ATHDP 500mg.
Dipropylene triamino pentamethylene phosphonic acid DPTPP 500mg.
Samples prepared for Dr. G.N.Stradling NRPB

Publicati

1. Poncy J-L, Rateau G., Burgada R., Raymond K.N. and Masse R.: The efficacy of 3.4,3-

LIHOPO for reducing the retention of »*Pu in Sprague-Dawley rats after inhalation as the

N-tributylphosphate complex (in preparation).

2. Stradling GN, Gray SA., Moody JC., Hodgson A., Ellender M., Pearce MJ., Wilson 1.,
Burgada R., Bailly T., Leroux Y., Manouni D.El. and Raymond KN.: The efficacies of
3,4,3-LIHOPO and DTPA for enhancing the excretion of plutonium and americium from
the rat; comparison with other siderophore analogues.. Int J.Radial.Biol. (in press).
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Project §
Head of project: Dr. Archimbaud

Objectives for the reporting period

- To find a decorporating molecule which avoid the holding of uranium in
the bone

- To try to define a methodology to characterize the more adequat
decorporating molecule.

- To test the efficacies of products synthesised by Burgada's Laboratory
for the decorporation of wuranium, and to compare the results to those
obtained with NaHCO3.

- To test in the same way products synthesised at Pierrelatte, the
Calixarene 6 and Calixarene 8.

- To study the toxicity of this two compounds.

Progress achieved including publications
1. Chemical studies

We have synthesised the p-sulfonic calixarene 6 and 8 because of their
hydrosoluble properties. 1

The purity of the molecules was checked with RMN
with micro analysis. We have synthesised

The hexamere qu H36 O2u S6 16H20 M = 1405,3 g.

H et 130 and also

The octamere C56 Hq8 O32 58 1/2 Cquoo, 22d20 M = 1922,8 g.

The stoechiometric ratio of the complex hgs been determined using the

Job diagramm: the complex calixarene 6 - UO is 1 -1
. 2++
calixarene 8 - UO2 is 1 -2
In order to determine the chelating constants, we have used the
displacement meg?od : at pH = 10.4 the uran¥§ éon chelating constant with
cagsogate is 10 'D, with Calixarene 6 is 10°7°°, with Calixarene 8 is
10 7" 7.

2. Decorporation of uranjum

We have tested the efficacies of some diphosphonates synthesised by
Burgnda's laboratory:

- Di~Propylene Triamine Pentamethane Phosphonic Acid (DPTPP)

- Di-Ethylene Triamine Pentamethane Phosphonic Acid (DETPP)

- Trimethane Fhosphonic Amine (TPA)
- Piperazine Dimethane Phosphonic Acid (DPP)
- Ethylene Diamine Tetramethane Phosphonic Acid (EDTP)

and of the Calixarenes 6 and 8. We have compared the results to those
obtained with the bicarbonate.
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The experiment.s were carried on male Sprague Dawley rats.

Uranium _in the kidneys:

The mean values of the amount of uranium retained in the kidneys (m * 2s)
of the control animals (n = 40) are: :

6 hours : 16.71 + 12 % of the injected amount
2l hours : 1%.64 + 4 " "
48 hours : 12.34 + 5.2 " "

Some results differ significantly from the control of the same experiment
(p=0.05) :the value obtained 48 hours after treatment with the DPP (dose
10) is 5.46 + 6.6, wich represent 51% of the control. The value obtained 48
hours after treatment with the EDTP (dose 1) is 8.79 + 8.6 wich represent
54 % of the control.

Uranium in the skull:

The mean values of the amount of uranium retained in the skull (m + 2s) of
the control animals (n = 8 assays of the skull of 5§ animals pooled each
time) are:

6 hours : 1.51
24 hours : 1.77
48 hours : 1.72

2 % of the injected amount
”" "

I+ 1+ 1+
OO
DD N

" "

The values c¢btained from the animals treated with the 2 doses of DTPP
differ significantly (p=0.05) from the controls of the same experiment at
24 hours and 48 hours after treatment. DTPP dose 1- 24 hours: 0.60 % of
injected amount (58 % of control), dose 1- 48 hours: 0.62 % of injected
amount (58 % of control), dose 10- 48 hours: 0.73 % of injected amount
(87 % of control), dose 10- 48 hours: 0.65 % of injected amount (55 % of
control).

Uranium excreted In the urine:

The mean values of the amount of uranium retained in the urine (m + 2s) of
the control animals (n = 8 assays for 3 animals pooled each time) are:

6 hours : 1z.64

+ 5.1 % of the injected amount
24 hours : 21.18 + 10.8 " "
48 hours : 27.7 + 19 " "

Some values differ significantly from the controls: TPA dose 1- 6 hours:
20.6 % of in:ected amount (149 % of control), dose 1- 48 hours: 58 % of
injected amounit (268 % of control), dose 10- 48 hours: 56.2 % of injected
amount (265 & of control), and EDTP dose 10- 6 hours: 19.4 % of injected
amount (169 % of control).

In this experiment, the excretion of uranium by animals treated with the
highest dose of NaHCO3 (ration 1-800) is lower than this of untreated

animals.

We have not obiserved any significant result with the Calixarene 6 or 8.
All this results must be confirmed by other experiments.
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We have calculated the ratio R/R+U wich decrease for animals treated with
the diphosphonates, compared to the controls.

3. Toxicity studies

We have testec the toxicity of the Calixarenes 6 and 8 and of the UY-hydroxy
benzene-sulforic acid, wich can be considered as the monomeric form of the
Calixarenes.

Calizarene 6: the animals intoxicated with 14 mg/kg or more have
developped a cirrhose with haemolytic anemia. ’

Calizarene 8: a cirrhose has been observed for the animals treated with 34
ng/kg.

Monomere:no toxic effect has been observed for the hightest dose tested (14
ng/kg)

4. Conclusion

- To obtain a good efficiency for decorporation, the chelating constant of
uranyl with the molecule must be higher than the constant of uranyl with
bicarbonate. The complex must be stable at pH values around 5, in order
not to be dissociated in the kidneys, as it happens with the complex
between carbionate and uranyl.

' For a contamination with intra-muscular injection we have noted that the
pH of the injected solution was significant, it is essential to determine
it with precision. We have done single injection of decorporating
molecules ; it would be interesting to try other kinds of decorporating
mode with repeated injections.

- In order to evaluate the decorporating action, it is usefull to follow
the elimination. We are able to assay uranium in the urines, feces, the
kidney, the liver, the intestinal tractus.

To verify the effectiveness of the decorporating molecule, we will dose
uranium in the femur.

REFERENCE rapport CEA/RP 92/37: Removal of incorporated radioactivity.
Final report. 1992.
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EARLY AND LATE EFFECTS OF RADIATION ON SKIN

Contract Bi6-063 - Sector B23

1) Hopewell, Univ. Oxford

Summary of project global objectives and achievements

The work carried out under this contract to an individual laboratory,
formed part of a collaborative research programme involving three other
centres; CEA/IPSN/DPS/SPE (Dr. Daburon), St. Bartholomew's Medical College
(Dr. Coggle) and Berkeley Nuclear Laboratories - Nuclear Electric plc
(Dr. Wells). The overall objective of the collaborative research programme
was to evaluate the effects of radiation on the skin and subcutaneous tissues.
The studies were designed to (a) develop different characteristics of
radiation effects on hair as a regional biological dosemeter, (b) provide data
that will lead to an improvement in radiological protection criteria for the
skin, and (c) obtain a better understanding of the pathogenesis of high-dose
radiation effects in order to provide a better rationale for the development
of treatment modalities for accident victims that have received a local over
exposure to the skin and subcutaneous tissue. These approaches were largely
developed on the basis of well established models in the pig that mimic the
observed phenomenon of acute and late radio-necrosis as seen in man. For an
overview of all the studies carried out reference should be made to individual
final reports of the other contributing laboratories.

Arguably the most important achievement over this reporting period has
been the detailed re-evaluation of skin data obtained over the present and
past reporting periods of CEC financial support to provide information for the
recently revised ICRP guidelines for the skin as set in ICRP publications 59
and 60.
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Project 1

Head of project: Dr. Hopewell

Objectives for the reporting period

The objectives of this laboratory over the last reporting period can be
described under three broad headings:-

(a) improved regional biological dosimetry

(b) research related towards the improvement of radiological protection
criteria and )

(c) a better understanding of the pathophysiology of late radiation-induced
damage to the skin to provide a guide to improved methods of treatment.

In the 2.3 years covered by the contract preference has been given to
work under headings (a) and (b). However, some studies under heading (c) have
been initiated to form a basis for increased collaboration within the CEC in
subsequent years.

Progress achieved including publications

1. Regional bjological dosimetry

Hair is situated on most parts of the body and radiation damage to the
matrix cells of actively growing hairs can be identified by subsequent changes
in the hair. It has been demonstrated that changes in hair could provide
information on dose and its regional distribution in individuals suspected of
over-exposure of the skin.

1.1 Reduction in hair diameter

Earlier studies have shown that radiation produces a transient and dose-
related reduction in hair diameter which is quantitatively similar in mouse
and pig (Sieber et al., Radiat. Protec. Dosim. 16, 301-306, 1986). This can
be useful in indicating localised exposures in the range 1-6 Gy. In order to
improve the accuracy of this approach, growing hairs in the pig, and the point
of maximum reduction in hair diameter, have been identified by looking at the
deletion of the medulla in the mature hair. Using a MagiScan image analysis
system the reduction in hair diameter could be assessed. The results for
single doses of X-rays (250kVp) in the range 0.1-4.0 Gy are illustrated in
Table I. These data are consistent with a linear dose response for doses up
to 3Gy; doses below 1 Gy produced a measurable response.

- 1188 -



Table I. Dose-related changes in the reduction (X) in the diasmeter of
hairs in the pig measured at 14 days after single doses of 250kV

X-rays.
Dose (Gy)
Control 0.1 0.3 0.5 1.0 2.0 3.0 4.0
Exp. 1. 0.17 1.08 1.24 - 3.76 8.00 11.11 -
20.12 £0.16 £0.16 +0.35 $0.65 20.70
Exp. 2. 0.44 - - 1.99 4.10 7.80 11.18 18.29
+0.37 £0.30 20.44 :0.96 10.95 $0.79

Control values should be zero ¥ but the lack of a deletion in the medulla
makes measurements less reliable than from irradiated hairs. Errors represent
standard errors (From Wells et al. 1991).

Some preliminary studies have also been carried out to demonstrate the
validity of this approach for assessing dose to human skin. Patients
receiving palliative radiotherapy for malignant disease were used in the
studies (Ethical approval and individual patient consent was obtained).
Growing hairs were plucked from patients 5-7 days after single doses of
2.9-13.6 Gy; hair from the chest, leg or scalp was used. The preliminary
findings obtained as a result of the analysis of sites on 15 patients are
illustrated in Figure 1. There was considerable scatter in the data but the
overall response suggested a linear dose response, the slope of the regression
line was shallower than that obtained for both pig and mouse hair.

507

40

pig/mouse *

Percentage Reduction in Hair Diameter

Dose (Gy)

Figure 1: Shows the percentage reduction in the diameter of human hair
following single exposures to 89co yY-rays (®), 8 MeV photons (=)
or 250kVp X-rays (v). Error bars indicate +SE (O unirradiated
controls). Regression line for pig and mouse results indicated
for comparison.
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1.2 Induction of transient (partial) epilation

Using an arbitrary scorirg system it has been demonstrated that
transient hair loss occurs in the pig after single doses of 250kVp X-rays of
26Gy. The incidence of detectable hair loss or >50% hair loss, noted in the
first 10 week period after irradiation, was dose related and suggested EDg,
values for these two levels of response of 9.8 ¢+ 0.6 Gy and 13.8 ¢ 0.9 Gy,
respectively (Sieber and Hopewell, Radiat. Protec. Dosim, 30, 117-120, 1990).

A more quantitative technique, in which the number of hair in an area
were counted from weekly photographs over a 10 week period, has been found to
be more sensitive. Hair loss over the first 10 weeks could be detected after
doses of 1.0-2.0 Gy, the maximum reduction being approximately 20%. The
severity of hair loss was dose-related up to 12Gy (Figure 2). No further loss
of hairs was seen after higher doses suggesting that the 20-25% of remaining
hairs were not actively growing. The inference that this quantitative method
was more sensitive than the previously used arbitrary scoring technique was
reinforced by the finding of a significantly lower EDg, value for 250% hair
loss of only 6.8 t 1.3 Gy.

o~ D -3 i=3
o [=] o o
s N L J
a2
—

~n

o
1

;.

Percentage Remaining Hairs

o

o
w
S
o
[
o
N
(]

Dose {Gy)

Figure 2: Shows the dose-related changes in the minimum number of remaining
hairs (¥ control) assessed in the 10 week period after
irradiation with single doses of 250kVp X-rays. Error bars
indicate %SE.

2. i ical pr i ri
2.1 Dose limitation and the depth of potential target cells

Results obtained previously (Hopewell et al., Brit. J. Radiol, Suppl.
19 pp. 47-51), have been revised to take account of changes in dose that have

resulted from new dosimetric calculations (Darley et al. Radiat. Prot. Dosim.
39, 61-66, 1991) particularly with respect to the dose estimate from small

sources, <2mm diameter ('hot particles'), for doses measured over 1.1mm2?. The
revised results for the early responses in pig skin to acute single dose
exposures from °Sr/%°Y and !"°Tm are given in Figure 3. Dose estimates for

the ED,;, for the production of acute ulceration or moist desquamation,
measured over 1.lmm?, are compared with those averaged over 1cm?. For the
larger sources, where moist desquamation was the end point of concern, there
was a clear energy dependence. When the ED;,, ED,, and estimated threshold
doses for this response from these two energy sources were compared with
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depth-dose curves, a crossover was obtained at a depth of 650-750um. This
reinforces the view as to the importance of epithelial target cells from the
canal of hair follicles in the repopulation of the epidermis even after doses
that do not result in moist desquamation. A dose of ~“12Gy measured at 650um
would appear to represent the threshold dose to prevent moist desquamation
after acute exposures.

Acute ulceration Moist desquamation
N I S
£ 100) | v
§ R .
e %SO . ’“"‘-;—_—,_.
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Figure 3: Variation in ED,, values (¢ SE) for acute ulceration or moist
desquamation, with change in source diameter. Doses were
averaged over either 1.lmm’ (e a ) or over lcm? o a) at 16um
depth.  Results are for °°Sr/%°Y (aa) or "Tm (e o)

For late radiation damage, assessed at 2 years after exposure to the
same large sources, a more complex response with respect to dose measured at
depth in tissue was found. The depth at which dose should be measured to
produce a comparable degree of dermal thinning from the large %°Sr/%°Y and 7°Tm
sources increased with the increase in level of effect measured. A dose of
“5Gy, at a depth of ~“600um, was associated with the ED,, for a 220% reduction
in relative dermal thickness. The corresponding dose for the ED;, for a 230%
reduction in dermal thickness was ~9Gy, measured at 1200um. The change in
depth at which dose should be measured for different levels of late damage,
when assessed after approximately two years, possibly reflects a complex
interaction between the two phases of late dermal thinning that has previously
been reported after %°Sr/9Y exposure and has now been confirmed after '7°Tm
exposure (Figure §). The time course of the changes was similar for the two
types of source.
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Time after Irradiation {weeks)

Figure 4: Time-related changes in the relative thickness of dermal tissue
compared with adjacent unirradiated skin in the pig after
irradiation with various single doses of B-rays from a
10mm x 20om '7°Tm plaque.

For 'hot particles' the dose required to produce acute ulceration in
~10% of sites exposed was ~“120 Gy when averaged over 1.1mm? at 16pm depth in
tissue (Figure 3). When doses are expressed at a depth of 100 - 150um in the
papillary dermis where damage is expressed, the results are consistent with
a threshold dose of ~1 Gy averaged over 1cm? for each 'hot particle' exposure.

2.2 Dose-rate effects

The influence of dose-rate on the acute skin response has been
established for large, 22.5mm diameter, %°Sr/%°Y sources, with dose-rates of
1.0-300 cGy/min. Details of precise dose-effect relationships for moist
desquamation have been established for sources with dose-rates of
2.2-300 cGy/min (Table 2). For doses given at a dose-rate of 1 cGy/min the
threshold dose for moist desquamation was >100 Gy.

Table 2. ED;, and ED,, values for moist desquamation of the skin of pigs
after B-irradiation from 9°Sr/%°Y source of 22.5mm diameter of
differing dose-rate.

Dose rate EDg, ED,,

(Gy/min) (Gy) (Gy)

0.022 66.5 46.8

0.052 47.0 37.8

0.107 41.1 31.9

3.0 27.3 21.1
3. h nesi £1 radiation-in m

Following accidental over-exposure of the skin to radiation a late wave
of erythema may develop after the main erythematous reaction has faded. This
later phases of injury predominantly represents vascular insufficiency in the
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dermal and subcutaneous tissues. Clinically there 1is oedema associated with
this reaction and this may further exacerbate any primary vascular damage.
Severe vascular damage will result in the development of necrosis. In order
to further evaluate the significance of the oedematous changes, time-related
changes in resting lymphatic flow have been assessed using a recently
developed, % Tm-Rhenium sulphide colloid, clearance technique.

For this study several sites were irradiated in the left flank of pigs
and lymphatic flow was assessed after intervals of 3-78 weeks both in the
irradiated sites and in unirradiated areas between those sites on the same
flank of the pig. Irradiation was with a single dose of 18Gy of 250kV X-rays.
This produces clinically detectable oedema but does not result in necrosis.

The time-related changes in the half-times for the clearance of the
colloidal tracer are shown in Figure 5. Slower tracer clearance from
irradiated sites was first seen after 6 weeks, prior to any clinical
appearance of oedema, and the maximum impairment of lymphatic flow as seen at
12 weeks. Clinical oedema could be identified at 9 and 12 weeks. There was
also impaired lymphatic clearance from the unirradiated areas between the
irradiated sites, an observation consistent with the pattern of lymphatic
drainage across the flank skin of a pig. There was the suggestion of a second
wave of impairment of lymphatic flow at 52 weeks but there was no clinically
detectable oedema. However, it does coincide with the initiation of a second
phase of reduction in dermal thickness.

Half clearance time 1 § (hr)

L1111 A u ) L lg
0 12 24 39 54 66 78

Time aher irradiation {weeks)

Figure §: Time-related changes in the half times (+ SE) for the clearance
of a %99Tc-colloid from the dermis of irradiated (®) and adjacent
areas of unirradiated (0) skin. Shaded area gives t, values for
control dermal tissue.

Further studies devoted to the prophylactic treatment of late radiation
induced changes in the skin and subcutaneous tissues will be directed towards
the reduction of inflammation, oedema and to the improvement in the vascular
supply.
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PROBLEMS RELATED TO SKIN AND UNDERLYING TISSUES AFTER
ACCIDENTS INVOLVING LOCAL IRRADIATION. EXPERIMENTAL STUDY IN
THE PIG

Contract Bi6-058 - Sector B23

1) Daburon , CEA

Summary of project global objectives and achievements

The work carried out under this contract to an individual laboratory,
formed part of a collaborative research programme involving three other
centres; CEA/IPSN/DPS/SPE (Dr. Daburon), St. Bartholomew's Medical College
(Dr. Coggle) and Berkeley Nuclear Laboratories - Nuclear Electric plc
(Dr. Wells). The overall objective of the collaborative research programme
was to evaluate the effects of radiation on the skin and subcutaneous tissues.
The studies were designed to (a) develop different characteristics of
radiation effects on hair as a regional biological dosemeter, (b) provide data
that will lead to an improvement in radiological protection criteria for the
skin, and (c) obtain a better understanding of the pathogenesis of high-dose
radiation effects in order to provide a better rationale for the developament
of treatment modalities for accident victims that have received a local over
exposure to the skin and subcutaneous tissue. These approaches were largely
developed on the basis of well established models in the pig that mimic the
observed phenomenon of acute and late radio-necrosis as seen in man. For an
overview of all the studies carried out reference should be made to individual
final reports of the other contributing laboratories.

Arguably the most important achievement over this reporting period has
been the detailed re-evaluation of skin data obtained over the present and
past reporting periods of CEC financial support to provide information for the
recently revised ICRP guidelines for the skin as set in ICRP publications 59
and 60.
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Project 1
Head of project: Dr. Daburon

Objectives for the reporting period

Diagnosis, prognosis and treatment of acute localized
irradiations in pigs.

Dosimetric assays by non invasive biophysical methods to
evaluate the size and intensity of the radiolesions as an aid
for surgery.

Pathogenic studies of irradiated tissues by histological,
immunocytochemical and histoenzymological methods.
Pharmacological treatment screening in pigs and rabbits.
Surgical treatment in pigs.

Post-irradiation fibrosis studies in pigs: this healing
process is investigated with respect to extracellular matrix
synthesis,cellular proliferation abilities and molecular
biology aspects.

Progress achieved including publications

1. Diagnosis

In our experimental model, two methods made possible the
discrimination between irradiation doses involving either a
spontaneous healing process (30-40 Gy) or a permanent ulcer
(64-84 Gy): combined thermographic measurements with
superficial and microwave probes and serum biochemistry of
acute phase proteins and muscular enzymes; furthermore a
threshold could be assessed for a muscular exposition of 20-30
Gy.

X Rays Computed Tomography and Nuclear Resonance Imaging made
obvious, as soon as 2-3 days after irradiation, tissues areas
exposed to doses above 40-50 Gy.

A additional interest of these biophysical, biochemical and
biological methods was to make obvious, and to a certain
extent to quantify, the effects of different treatments as
dose reducing factors.

Using 201 T1 and 99m Tc 1labeled glycolipidopeptide for
gammascintigraphies of the radiolesions made possible to
follow the early hvperhemic reaction, the inflammatory
reaction with migrating macrophages and finally the
replacement of necrotized tissues by fibrosis.

2. Treatments

Surgical treatments trials in pigs 1led us to define two
thresholds for muscle radiosensitivity: about 30-40 Gy for
direct necrosis and 10-20 Gy for the 1limits of delayed
fibrosis extent in spontaneously healing radiolesions. After
early removal of irradiated skin, the fibrosis extent into the
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underlying tissues is limited to tissue given above 25-30 Gy.
Eleven pharmacological treatments were given for 8 weeks to a
total of 240 rabbits irradiated on the back with 20 Gy: the
combination of non steroidal anti-inflammatory and
haemorheological agents involved a dose reduction factor of 2.

3. Fibrosis studies

Objectives: Post-irradiation fibrosis exhibited a tendency to
spread out in surrounding tissues, weakly or not irradiated;
fibroblasts isolated from radiation-induced fibrotic tissues
exhibited in culture an abnormal and activated phenotype. Two
questions about that cellular activation was related to the
initial events of fibrogenesis:

1) have the cells involved in the healing process been
irradiated and subsequently retained cytogenetic anomalies ?

2) which were the stimulatory factors responsible for the
chronic inflammation in the fibrotic tissues ?

Rasults: Fibrotic tissues were removed from the pig
radiolesions between 1 and 24 months after irradiation and
fibroblasts were isolated and put into culture medium. In
fibrosis tissue samples taken off after 3-5 months total
protein and collagen synthesis was respectively 10 and 20
times higher than in normal muscle. In fibrosis extracted
fibroblasts (FEF) cultures fibronectin and glycosaminoglycanes
synthesis was significantly higher than in normal dermal
fibroblasts (DF). As far as FEF proliferation in culture was
10 times higher than DF (even in 20 months post-irradiation
samples) the possible role of growth factors was to be
investigated: the response of FEF to EGF (epidermal growth
factor) assessed by increasing the cells number in culture was
2 times higher than for DF.

TGFB (transforming growth factor) might be one of the main
factors responsible for radiation fibrosis development: TGFpB
gene 1is highly expressed in FEF and in irradiated tissues. An
auto-stimulating network with self-sustained autocrine
secretion 1is a possible hypothesis for explaining fibrosis
extension.

Conclusion: The first results in cytogenetic studies suggested
that FEF derived from irradiated cells. The high 1level of
chromosome damages might be responsible for the pretransformed
state of those fibroblasts. A consistent observation about
this hypothesis was the spontaneous perennisation of FEF cell
lines (at the present time more than 50 subcultures) when
normal DF cultures died after 10-15 subcultures. 1In vitro
modulation of the collagen phenotype by the heparin fragments
showed that the degradation products of the extracellular
matrix might be regulatory factors of the fibrotic processes.
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RADIATION EFFECTS ON THE SKIN AND SUBCUTANEOUS TISSUES:
IMPLICATION FOR PROTECTION CRITERIA AND TREATMENT OF
LOCALIZED ACCIDENTAL OVER-EXPOSURE

Contract Bi7-056 - Sector B23

1) Coggle, Med. Coll. St. Bartholomew's Hosp.

Summary of project global objectives and achievements

The objectives in this project were to define the target cell(s) for the acute epidermal reactions
following alpha and beta exposure of varying areas of mouse skin. To study in the light of the
Chemobyl] and Goiania accidents any synergy between external gamma exposure of the whole
body and the localised beta exposure of the skin. And to compare the skin cancer proneness of
albino and pigmented strains of mice to ionizing radiation.

The relative roles of mitotic and interphase cell death of both basal and suprabasal epidermal
cells in the acute skin reactions for different energy beta particles has been clarified. Minimal
synergy was found between whole body exposure and localised skin lesions when the
radiations were given simultaneously. However, prolonging the immune suppression by
using whole body gamma doses 7 and 14 days after the localised beta dose significantly
prolonged the repair of the skin lesions. Albino mice were 4-5 times more cancer prone than
pigmented mice; with the different strains showing significantly different spectra of epidermal
and dermal origin tumours.
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Project 1
Head of Project: Dr. Coggle

Objectives for the reporting period

There were three objectives in this project.

The first was to define the target cells for the acute epidermal reactions following alpha and
beta external exposures and the relative roles of epidermal basal cells and hair follicle cells in
the resolution of the skin lesions.

The second objective was to study, in the light of the Chernobyl and Goiania accidents, the
effects of external exposure of the whole body on the acute skin reactions in mice.

Thirdly, in parallel with the above acute reactions, studies were made of late neoplastic
changes in four strains of mice using alpha, beta and neutron sources.

Progress has been made in all three.

Progress achieved including publications

1. To define the target cells for the acute skin reactions following alpha and beta exposures we
have used the classical moist desquamation reaction with its onset in mice and 12 days post
exposure. The reaction peaks at 20-25 days and is rapidly resolved by 35-40 days. This
reaction is driven by the basal cell damage and basal cell kinetics. Use of thulium,
promethium and strontium beta sources as well as low penetrating curium alpha particles
of a range of source sizes has clearly demonstrated that this reaction is area and energy
dependant with a significant role in repair being played by basal cell migration from both
the edges of the irradiated field and from surviving hair follicle lining cells.

A second reaction termed "acute ulceration” is one that involves the loss of epidermal and
dermal cells by interphase death with moist desquamation and scab formation occurring as
early as 5-6 days post-exposure.

A third distinct type of "acute epidermal necrosis" occurred 6-7 days after high doses of
the weakest beta emitter-promethium 147. This involves the interphase death of the upper
layers of the epidermis but not damage to the dermis. The acute effects of thulium-170 beta
irradiations were compared in four strains of mice with significantly different dermal
thicknesses. It was found that the reaction was most severe in mice strains with thinner
dermises but did not correlate with epidermal thickness (see reference 1).

Finally the large series of curium alpha exposures clearly showed their much reduced
effectiveness compared to that of beta irradiation. This was because the alphas did not
penetrate to the basal layers of the epidermis and even at doses as high as 180 Gy, moist
desquamation was not inducible. Alphas gave a dose related response fo the milder
endpoints of erythema and discolouration but the more severe skin lesions were not
inducible even with the large area curium sources.

These acute studies in mice were conducted in parallel with Dr. Hopewell (Oxford) using
his pigskin system and the result of this collaboration has been incorporated into the ICRP
Skin Task Group document of 1991 and thus into ICRP thinking on the problem of non-
uniform surface contamination of the skin i.e. the general problem of hot particles. The
reassuring message to the radiation protection community of these beta studies is that as
the area falls from hundreds of mm?2 to less than 1 mm? the dose for a given effect falls by
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several orders of magnitude. Thus in mice to produce 50% moist desquamation a dose >
1,500 Gy of promethium betas is needed (at 0.3 mm2) compared with 20 Gy for a large
(100 mm?) strontium 90 source.

2. The second objective was to study, in the light of the Chernobyl and Goiania accidents, the
effects of external exposure of the whole body on the acute skin reactions in mice. To do
this we set up groups of animals given 50 Gy of thulium-170 betas to 800 mm? of skin
combined with either 0,1,2,4,6,8,9 or 11 Gy of whole body 60Co gamma radiation at a
dose rate of 1 Gy per minute. Three control groups were also set up - (A) depilated and
sham irradiated (B) given betas only (C) given gamma radiation only. The haematological
status of animals given 2, 4, 8 and 10 Gy of whole body gamma ray was serially assayed
for monocyte, lymphocytes and granulocyte numbers. The results showed there was no
synergy detectable for gamma ray doses < 4 Gy. But for whole body gamma doses 4, 6
and 8 Gy there was a 4-5 day prolungation in the time course of localised beta induced skin
reaction but no significant exacerbation of the severity of the reaction. This rather
surprising finding of minimal synergy between whole body exposure and a localised skin
burn may be due to the fact that the gamma-ray-induced immune incompetence of the
animals significantly recovered ahead of the maximum skin response - so that any
exogenous or endogenous infection of the skin lesions that might have exacerbated wound
healing is prevented by the timely recovery of immune competence. The details of these
experiments are to be found in reference 2.

Recent experiments involving a more chronic suppression of the immune system using two
doses of 7 Gy whole body gamma radiation given 7 and 14 days after the initial skin beta
dose produced much more significant synergy with a 14 day prolongation of the healing of
the skin damage after 50 Gy of localised beta exposure.

3. In parallel with the acute reactions we have studied late neoplastic changes in 4 strains of
mice using alpha and neutron sources. This long term arm of the project goes back over 4
years. Earlier model studies of the hot particle problem showed that the greater the non-
uniformity of the dose the less carcinogenic was the response. Once again these data have
recently become incorporated into the ICRP 1991 Skin Task Group Report as a clear
refutation of the hot particle theory of carcinogenesis in the skin.

Our recent carninogenesis work has centred upon investigating the skin cancer proneness
of 4 strains of mice (2 albino (CD1 and SAS/4), and 2 pigmented (S7B1 and CBA)). Fig 1
shows a typical dose response curve for the cumulative skin tumour incidence in SAS/4
mice following 2-200 Gy of thulium betas, the best fit is a linear induction followed by a
quadratic cell killi‘ng component. There is no evidence of a threshold to the curve.
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Figure 2 shows the wide mouse strain variation in cumulative skin tumour incidence as a
function of time for a surface dose of 50 Gy of thulium betas. The absolute skin tumour
incidences at 50 Gy were 51% (CD1); 27% (SAS/4); 16% (C57 BL); and 15% (CBA). Albino
mice are seen to be more cancer prone than pigmented mice. This is underlined in the complete
dose response curve in Fig. 3 where the albino CD1 mice show an approximate 4 fold greater
cancer proneness than the pigmented CBA mice over a wide range of doses.
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Figure 2

The histopathology of over 300 tumours induced in these studies has revealed quite a wide
variation in the percentage of dermal versus edipermal tumours. In the CD1 and SAS/4 strains
over 95% of the tumours were dermally derived from the fibroblasts; malignant fibrous
histiocytomas and fibrosarcomas being the most frequently occurring tumours. In contrast in
CBA skin, with its much lower skin cancer proneness, only 60% of the tumours were of
dermal origin.
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The alpha particle data in Table 1 reinforces the predominant role of dermal tumours following
ionising radiation and shows the skin tumour incidence after a range of curium alpha doses in
SAS/4 mice. These alpha particles do significant epidermal damage especially to supra basal
cells but do not penetrate into the dermis. This explains their lack of tumourgenicity; the five
tumours that were seen were dermal in origin and probably represent the spontaneous
incidence in this strain (of <1%).



Table 1. Summary of the data from the exposure of
SAS/4 mice to curium 244 alpha irradiation

Dose No. of No. of Time of
Gy) animals tumours incidents
(weeks)
180 84 1 103
120 76 0 -
80 76 0 -
40 75 2 60,79
20 92 0 -
10 93 1 108
5 93 1 76
2 99 0 -
0 77 0 -
Total 777 5

Finally a small carcinogenesis experiment involving intermediate energy 24 keV neutrons
indicated a RBE of between 4-5 for the neutrons relative to 320 kVp X-rays. All these
longterm studies are being analysed using lifespan models prior to publication.

In summary in this CEC project we have developed a reproducible skin tumour induction
systemn for mice of different skin cancer proneness and we propose in 1992-1994 to bridge the
gap between the acute reactions and these late reactions by studying the cell and molecular
biology of the chronic inflammatory and fibrotic reactions that occur in the irradiated mouse
skin.

References
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mouse skin and the factors affecting protection dosimetry, 39,25-28.
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EUROPEAN CLINICAL RESEARCH ON PRACTICAL PROTOCOLS FOR THE
DIAGNOSTICS AND TREATMENT OF LOCALIZED OVEREXPOSURE

Contract Bi7-049 - Sector B23

1) Géngora , Institut Curie - 2) Strambi, ENEA
3) Herrdnz-Crespo , Hospital General Maraiién

Summary of project global objectives and achievements

Les brilures radiologiques représentent la pathologie la plus fréquente engendrée
par les accidents radiologiques. Elles sont différentes des brilures thermiques et
chimiques ; eclles posent des problémes diagnostiques et thérapeutiques
spécifiques. Le traitement optimal des brilures radiologiques implique que la
quantité d'énergie délivrée aux différents tissus soit parfaitement connue ; aussi le
programme de recherche porte sur la mise au point de protocoles relatifs a la
dosimétrie biologique et sur des protocoles d'investigations paracliniques. Ces
derniers font appel essentiellement & la termographie [.R. , & la capillaroscopie et
aux méthodes nucléaires. Le traitement des brilures radiologiques est, en fonction
de la gravité, soit médical, soit chirurgical. Sur le plan médical ies protocoles de
recherche concernent les méthodes d’isolement segmentaire ou total, les
probi¢mes de la douleur qui présentent des caractéres spécifiques, les traitements
par enzymes fondés sue des données physiopathogéniques. Le traitement
chirurgical pour étre aussi conservateur que possible doit faire appel aux données
dosimétrique physiques et paracliniques pour définir les volumes d'excision et
choisir judicieusement les méthodes de recouvrement (greffe, lambeau, peau
artificielle). Le programme de recherche porte sur ces différents domaines.

- 1209 -



Project 1
Head of project: Prof. Géngora

Objectives for the reporting period

- Apport de la capillaroscopie au diagnostic, au traitement et d la survcillance i
long terme des brdlures radiologiques.
- Apport de I'étude de la vascularisation par scintigraphic au diagnostic ¢t a la
surveillance a long terme
- Physiopathologie de la peau irradiée
Immunohistochimie
Culture d'explants de peau irradiée
- Approche thérapeutique
Traitement des fibroses post radiques par la superoxydc dismutase
Prévention des fibroses post radiques par la superoxyde dismutasc
Traitement des radiodermites par des facteurs de croissance

Progress achieved including publications

L. Capillaroscopie

L’étude des modifications capillaroscopiques aprés irradiation aigué a porté sur 29
observations. Il s’agit d'irradiation des mains accidentelles dans la plupart des cas.
- Les anomalies capillaires son fréquentes.

On observe deux catégories de modifications : les unes importantes consistent en
raréfaction des anses, zenes désertes, hémorragies, ectasies diverses et néogénése .
Ces anomalies sont souvent associ€es et sont en relation directe ou indirecte avec
la zone exposée ce qui confére une certaine spécificité et permet le diagnostic
différentiel avec des maladies systémiques. Les autres sont plus subtiles
capillaires sinueux ou dilatés

Il est important de prendre en considération le moment od l'ecxamen est pratiqué
par rapport au moment de l'exposition. En effet, comme pour d'autres moyens
d'investigations (thermographie et scintigraphiec vasculaire), les résultats
différent en fonction du délai qui séparc I'examen du moment de l'exposition. Mais
alors que thermographie et scintigraphie montrent des modifications qui
s'estompent par la suite, a l'inverse, la capillaroscopie, le plus souvent ne montre
pas de modifications significatives immédiatement ; les anomalies n'apparaissent
que plus tardivement. (Dans certains cas, cependant, une modification
capillaroscopique est le seul témoin de l'exposition). Aussi, la capillaroscopie
présente davantage un intérét pronostique que diagnostique. Elle est toutefois utile
au diagnostic topographique.

En outre, les modifications capillaroscopiques morphologiques sont trés longues 2
restaurer et peuvent constituer tardivement le seul témoin d'une exposition.

Bien que les modificaticns capillaroscopiques ne soient pas trés précoces, il est trés
important de pratiquer un examen précoce de référence notamment dans le cas ou
il y a une pathologie associée.

Les expositions des mains cngendrent une symptomatologie capillaroscopique qui
prend tout son intérét dans le contexte clinique et dans le contexte paraclinique
(thermographie, scintigraphie vasculaire.)
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2. Examens radioisotopiques

Ils portent essentiellement sur I'étude des modifications vasculaires et 1’étude des
réactions osseuses.

Les méthodes d'investigations de la vascularisation utilisant des traceurs
radioactifs ont essentiellement deux objectifs : étude des modifications des débits
vasculaires, étude des modifications de la perméabilité vasculaire aprés irradiation.
Largement étudiées sur le plan expérimental chez I'animal, leur appréciation en
clinique est relativement restreinte.

Comme pour la thermographie, les modifications de la microcirculation et de la
circulation en général sont dépendantes de multiples facteurs affectant les
territoires de référence et peuvent contribuer 3 accroitre artificiellement les
différences de débit entre tissus irradiés et tissus sains.

Ces méthodes présentent un intérét majeur pour le diagnostic précoce, pour le
bilan préchirurgical, pour le suivi des séquelles et des complications.

Lors d'une irradiation accidentelle, c'est généralement un ensemble de formations
tissulaires qui est affecté et non pas exclusivement le revétement cutané.
L'atteinte osseuse est fréquente ; elle dépend bien entendu de l'intensité et de
I'éncrgie du rayonnement ; or, dans les irradiations accidentelles, les énergies en
cause sont généralement relativement élevées ; c'est le cas pour la gammagraphie
industrielle.

Des modifications précoces peuvent étre enregistrées par scintigraphie 4 l'aide de
molécules ostéotropes. 1l s'agit généralement d'hyperfixation osseuse des
territoires irradiés. Exceptionnellement, on peut observer A l'inverse pour des
doses trés élevées une “sidération” des fonctions métaboliques et l'absence de
fixation physiologique.

3. Physiopathologic de 1a peau irradiée

L'étude a porté sur les modifications immunohistochimiques et
physiopathologiques de la peau humaine irradiée.

J-1 - Immunohistochimie de la peau irradiée

L'objectif dc I'étude immunohistochimiques est de définir, en fonction du délai
aprés l'irradiation, ['évolution du phénotype des fibroblastes activés et les
modifications biologiques en rapport avec le développement de la fibrose
pathologique. : )

Des prélévements cutanés mammaires ont été collectés chez 30 femmes opérées A
des délais variables (3 mois 3 71 mois) aprés irradiation thérapeutique de la glande

mammaire par 60co. (dose peau 25 3 40 Gy en 5 3 6 semaines) soit dans le champ
d'irradiation (peau irradiée) soit en dehors du champ (peau non irradiée).

3-1.1- Protéines du cytosquelette

- La vimentine

Tous les fibroblastes dermiques examinés expriment la vimentine, que les peaux
aient ou non été irradiées. Cependant, au niveau du derme normal, les fibroblastes
visualisés par l'anticorps anti-vimentine sont en nombre modéré et répartis 2
travers le derme superficiel et profond. Dans le derme irradié, une accumulation
de cellules vimentine-positives est observée au niveau de la zone superficielle,
immédiatement adjacente A la jonction dermo-épidermique, le long de la
membrane basale.

- L'alpha-actine de muscle lisse

Au niveau des peaux non irradiées, l'anticorps anti-alpha actine marque
esscntiellement les médias musculaires des vaisseaux ainsi que les cellules
myoépithéliales des glandes sudoripares. De surcroit, un certain nombre de
fibroblastes de derme irradié cxpriment l'alpha actine de muscle lisse ; par
ailleurs, le marquage de la média et de l'adventice fibreuse des vaisseaux
télangiectasiques est particuliérement intense, sur les coupes de peau irradiée.

Ce phénotype alpha actine - positif est généralement identifié comme
caractéristique de fibroblastes "activés", réactionnels ou "myofibroblastes”.
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- La desmine

L'anticorps anti-desmine n'a visualisé que les formations musculaires
périvasculaires ou quelques fibres musculaires éparses dans le derme des peaux
irradiées ou non. Il n'a pas été observé de marquage des cellules fibroblastiques du
derme.

En conclusion, les fibroblastes de derme irradié¢ présentent donc un  phénotype
V+A+D-caractéristique des myofibroblastes dans 22/30 cas. Les peaux non irradiés
présentaient un faible marquage des fibroblastes dermiques par l'alpha actine de
muscle lisse dans 3/9 cas (desmoplasie?).

3-1.2 - La fibronectine

- Dans les peaux non irradiées:

L'anticorps antifibronectine marque faibiement les espaces interceilulaires au
niveau de la partie profonde de la couche basale, en regard de la membrane basale.
La fibronectine est également visualisée autour des parois vasculaires et le long de
membranes cytoplasmiques d'un petit nombre de cellules fibroblastiques du derme
superficiel. L'intensité de marquage est globalement faible.

- Dans les peaux irradiées:

Au niveau de |'épiderme, le marquage, d'intensité plus forte, s'étend aux couches
basale, parabasale et parfois intermédiaire. La fibronectine, essentiellement
intercellulaire et quelquefois membranaire, est également visualisée dans le
cytoplasme sous-membranaire des cellules épithéliales des couches parabasale et
intermédiaire, dans 6/30 cas.

Au niveau du derme, la fibronectine apparait essenticllement inter- et
péricellulaire, marquant la quasi-totalité des fibroblastes observés. Un marquage
des parois vasculaires est également observé.

3-1.3 - Le TGF Beta

- Dans les peaux non irradiées:

Au niveau de l'épiderme, le TGF Beta est visualisé sur les membranes cellulaires
cytoplasmiques, parfois nucléaires, des cellules de la couche basale de 1'épiderme ;
exceptionnellement, ['anticorps anti-TGF Beta marque faiblement les membranes
cytoplasmiques de rares fibroblastes dermiques.

Un marquage vasculaire, d'intensité variable, est également observé 2 la limite
entre l'intima et la media des vaisseaux intradermiques, évoquant ainsi une
localisation du TGF Beta sur la membrane basale sous-endothéliale.

- Dans les peaux irradiées:

Les cellules de 1'épiderme présentent un marquage nucléaire prononcé par
l'anticorps anti-TGF Beta, précisément localisé dans la couche intermédiaire,
lorsque l'épiderme est de faible épaisseur et le derme épais et apapillaire, étendu
aux couches parabasale et superficielle lorsque 1'épiderme est plus épais et le
derme papillaire. Une large majorité des fibroblastes du derme montre un
marquage intranucléaire par l'anticorps anti-TGF Beta.

Le marquage vasculaire reproduit celui observé dans le derme des peaux non
irradiées.

3-1.4 - Le Récepteur de I'EGF

- Dans les peaux non irradiées:

L'épiderme est faiblement marqué au niveau des couches basale et plus rarement
parabasale profonde ; ce marquage est uniquement membranaire.

Dans le derme, seules sont quelquefois marquées les membranes cytoplasmiques
des cellules glandulaires des glandes sudoripares.

Les cellules endothéliales vasculaires sont négatives.

- Dans les peaux irradiées:

Le Récepteur d'EGF est également membranaire, mais visualisé au niveau de la
totalité des couches cellulaires de I'épiderme jusqu'aux couches superficielles. Le
marquage est beaucoup plus intense généralement que dans les épidermes de
peaux non irradiées, en particulier lorsque le prélévement est pratiqué entre 3 et 6
mois aprés la fin de l'irradiation.
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La topologie et l'intensité de marquage apparaissent caractéristiques d'une
irradiation antérieure, méme ancienne de la peau. Dans le derme, il n'a pas été
observé de différence entre le derme irradi€ et non irradié.

Ainsi l'analyse immunohistochimiques de la peau irradiée montre un phénotype
activé des fibroblastes, surtout dans la zone adjacente & la jonction dermo-
épidermique. Les cellules épidermiques montrent une surexpression de récepteurs
de facteurs de croissance et de facteur fibrosant (TGF Beta). L'ensemble des
résultats suggére une interaction dermoépidermique de type paracrine.

3-2 - Physiopathologie du fibroblaste irradié

La mise en culture d'explants des peaux irradiées ou non permet d'observer :

- I'extension retardée des fibroblastes de peau irradiée

- la migration et la colonisation a distance des fibroblastes de peau irradiée,
contrairement a la prolifération contigué des fibroblastes de peau non irradiée

- la formation de structures nodulaires aprés confluence dans les cultures de peau
irradiée, l'absence de ces formations pour les peaux non irradiées (inhibition de
contact)

- la capacité des seuls fibroblastes irradiés de croitre sans sérum.

Ces résultats suggeérent l'acquisition d'un caractére "transformé” des fibroblastes
irradiés, confirmé par 1'analyse immunocytochimique.

Ceci a conduit a 'étude de la surexpression de certains facteurs potentiellement liés
A la prolifération autocrine. L'analyse par Northern blot de mRNA extrait des
cultures d'explants et de préleévements de derme irradié ou non a été entreprise.
Les sondes utilisées sont celles du TGFB, TGFa, PDGF. Cette étude n'est pas terminée.

4. i i radi li

4-1- Traitement de fibroses constituées

47 malades ayant développé une fibrose post radique aprés traitement
radiothérapique pour cancer du sein ont été traités par superoxyde dismutase. La
dose tumeur €tait supérieure A 50 Gy. Ces maiades présentaient une fibrose
mammaire ou axillaire étendue douloureuse s'accompagnant de géne
fonctionnelle. Le traitement a comporté t'application locale biquotidienne d'une
préparation liposomale de superoxyde dismutase €érythrocytaire bovine a 4000
unités par mg. La durée du traitement était de trois mois et la quantité totale de
supcroxyde dismutase administrée par malade était de 100mg. L’efficacité du
traitement a été évaluée par rapport & la situation initiale par 1'aspect clinique
(score de Laugier modifié), par téléthermographie infrarouge et par pHmétrie
cutané. Les contréles ont été effectués avant traitement, 3 6 semaines, 3 mois, 6
mois et un an de la fin du traitement. On observe une amélioration objective
caractérisée par une réduction du score qui en un an passe de 69,7129.,2 a
37.9217,45. Les réponses portent dans i'ordre chronologique sur la douleur (&

partir de la 2¢me semaine), sur |'assouplissement de la fibrose (& partir de la gé¢me

ou stme semaine) , sur la diminution de la pigmentation et des télangiectasies (a
partir de 6 mois) et sur l'amélioration fonctionnelle (entre 9 et 12 mois). Cette
amélioration parait liée 2 la quantité totale de superoxyde dismutase avec un seuil
de réponse A 30 mg, une réponse optimale pour 90 4 100 mg.

4-2-Traitement préventif des radiolésions par la superoxyde dismutase
3O malades soumises A une curiethérapie intrautérine ont regu un traitement
préventif des réactions et des complications rectales.

Le traitement a comporté l'application locale de superoxyde dismutase ; la
surveillance clinique a porté sur la douleur, la diarrhée, les hémorragies :
I'évaluation paraclinique sur les données dec la fibroscopie et de 1'histologie sur
biopsie. Le recul est de un an. Les resultats preliminaires indiquent un effet peu
important du traitement préventif.

-1213 -



4-3- Application de I'EGF au traitement des radiodermites

Récemment, a débuté une étude de l'utilisation de I'EGF (Epidermal Growth Factor)
en application locale pour le traitement des radiodermites. 5 patients, présentant
des séquelles récentes d'une irradiation aigué localisée (thérapeutique) sous forme
de radiodermite ulcérée évolutive ont ¢€té traitées par application locale
biquotidienne (4 semaines) de pommade contenant 10 microgrammes/g d'EGF
recombinant humain.

Une amélioration clinique a été constatée dans les 5 cas traités. L'amélioration
n'étant définie actuellement que par comparaison avec l'évolution spontande
habituelle de ces lésions, il convient maintenant de rendre plus objective
I'évaluation de l'efficacité thérapeutique et de préciser les indications du
traitement. Aucun effet de I'EGF recombinant n'a été observé sur la fibrose sous
jacente. Ce résultat est en accord avec la localisation immunohistochimiques intra-
épidermique du récepteur de I'EGF.
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Radioprotection, 27, 185, 1992
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Project 2
Head of project: Dr. Strambi

Objectives for the reporting period

The objective of the reporting period was to:

-standardize the methodology and the semiologic interpretation of capillaroscopy
between France and Italy

-evaluate the worth of telethermography with thermostimulation after local
radiation overexposure.

Progress achieved

L Capillaroscopy

The data from Italy were analysed together with the data from France to reach

a common consensus onmethodological standardisation and semiology. See
conclusions of project 1.

2. Telethermography with thermostimulation i;‘l the medical surveillance of
radiation workers.(Pr F. Ippolito, Dr A Di Cario,Roma)

Infrared thermography is a very usefull method for the evaluation of blood flow
in the skin, since minimal variations of thermal gradients strictly correspond to
modifications of the extrmely superficiai blood flow, namely the subpapillary
nutritional network.

The precision of the thermographic measurement is 0.1°C, which limits the
possibility to identify alterations of the microvasculature causing thermal
gradients below 0.1°C.

The auxiliary technique of thermal stimulation (+ 5°C for 20 sesonds) performed
with a special thermal probe (1) let us know about sequential thermal recovery
times (TRT) of the single thermal points that constitute the baseline pattern,
namely the thermal subgradients. One hundred and fifty cases of irradiated
workers have been studied by thermostimulation (with priungueal regions of the
hands as special area of interest) over the last ten years. [t was possible to
distinguish between different models based on TRT: one with very fast TRT (less
than 30 seconds) in cascs of scvere radiodermitis, the other one with prolonged
TRT (morc than 15 minutes) in cases with inapparent clinical manifestetions.
Physiological TRT values range between 2 and 6 minutes.

These data let us better follow the workers exposed to radiation by periodical
thermographic recordings and provide the possibility (clinically or
experimentaily) to evaluate a dose-effect relationship.
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Project 3
Head of project: Dr. Herrénz-Crespo

Objectives for the reporting period

The objective was to standardize hair follicle culture methods for their possible application in
biological dosimetry in non uniform irradiation.

Progress achieved

-The follicle hair culture has been implemented

The methodology used dermic area desinfection and pluking of 30-40 hairs, two series of 3
cultures for each case. One of the culture medium was changed in the 4th. or 5th. day of
incubadon to 37C° with 5% of CO2. The other one was kept in the same culture medium during
the whole process.

Each series comprised 3 cultures :

- a) In suspension

- b) Between two cover slips

- c) Between a porous cell growth membrane and a cover slip.

After proper growth (about 2-3 weeks) the cells were harvested and stained through the
modified Wells methods.

These inidal culture conditions have led to the obtention of 1 10 10 metaphases from each hair
follicle. Modificadons of culture conditions are beeing worked out in order to improve the yield
of metaphases and the reproducibility. prior to establishing the in vitro dose effect relationships
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IRRADIATION AND THYROID DISEASE

Contract Bi7-005 - Sector B24

1) Dumont , Univ. Libre de Bruxelles (ULB) - 2) Malone , St James Hospital
3) Smyth, Univ. College of Dublin, Belfield

Summary of project global objectives and achievements

1)

2)

3)

4)

3)

6)

7)

8)

9)

Development of a model of differentiated human thyroid cell line:
human thyroids have been transfected and immortalized with the
genes E6-E7 of HPV; they retained many differentiation
characteristics but dedifferentiated after more than 100 doublings.

Development of models of transgenic mice: 2 models have been
developed using the thyroglobulin promoter coupled to oncogenes. 2
model of dedifferentiated, metastasizing thyroid carcinoma caused
by thyroid expression of SV40 large T. A model of autonomous
hyperfunctioning adenoma caused by thyroid expression of the
physiologically constitutive adenosine A2 receptor.

Control of proliferation of human thyroid cells: various steps of
the thyrotropin cAMP mutagenic cascade have been defined.

Estimate of fetal thyroid dose after Il3l administration: fetal
dose is of the same order of magnitude as maternal dose.

RBE of Il3l: in vivo experiments are in progress in collaboration
with the National Cancer Institute (USA).

Estimates of the thyroid consequences of the Chernobyl accident:
the consequences have been analyzed and calculated for the various
countries of the EEC. Preventive generalized iodine prophylaxis
has been recommended.

Baseline data for dietary I uptake, thyroid volume have been
established in Ireland.

Seasonal variations of iodine intake have been demonstrated and the
effects of low dose of iodine on urinary excretion assessed.

Thyroid volume and urinary I secretion in normal adults and

pregnant women have been carried out in Ireland. These suggest a
moderate I deficiency.
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Project 1

Head of project: Prof. Dumont

Objectives for the reporting period

1. Development of the model of differentiated human thyroid cell line for radiobiological
studies.

2.  Development of models of transgenic mice for specific gene expression in the thyroid
undifferentiated cancer, hyperfunctioning adenoma.

3.  Further development of our knowledge of the control of proliferation in human thyroid
cells (effects of growth factors).

Progress achieved including publications

1. Development of a model of human thyroid cell line

The study of the radiobiology of the human thyroid has had until now to rely on
unsatisfactory models:

a. animal thyroids (mostly rats and mice) in vivo, providing reliable but relatively
imprecise data on cells of other species; even in such studies measurements of risks for
low doses are scarce;

b.  human thyroids studied in vivo: epidemiological data are available for moderate doses
but are almost impossible to obtain for low doses because of the huge numbers of
patients required,;

c.  human and animal cells primary cultures which because of their short lifespan and low
plating activity can only give inaccurate and even doubtful data;

d. cell lines derived from animal tissues (eg. FRTLS5) which provide accurate and reliable
data, but on a material that may have little relevance for human cells in vivo.

The need for differentiated cell lines has therefore been recognized as a major aim of
radiobiological research at the EEC Dublin "Cell Transformation and Radiation induced
Cancer” meeting. Some attempts have already been made to create such a line either using
thyroid cancer cells from surgical samples or using normal cells transfected with oncogenes.
However the cell lines obtained are completely dedifferentiated.

Relatively well differentiated human keratinocyte cell lines have been obtained using the
immortalizing genes of human papilloma viruses. We have therefore studied the feasibility of
applying this methodology to human thyroid cells. A subgenomic fragment of the tumorigenic
HPV-16 has been cloned in the pMC2 vector (derived from pBR322). The DNA fragment
containing the full sequences of the immortalizing genes Eq- E; is under the control of the
powerful LTR promoter of My-M4 LV.

Several protocols have been tried. The final protocol is described hereafter. Human thyroid
cells transfected by the lipofection method have been cultured for one week, trypsinized,
plated again and treated with a general cyclic AMP enhancer (forskolin) for 3 weeks, then
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passaged again for another 2 weeks. While many cells then degenerate and die, some foci of
cells with epitheloid morphology appear. These cells have been passaged 19 times with
aliernative treatment with forskolin and TSH for 11 months after the transfection. These cells
multiply with a doubling time of 60-70 hrs in medium with 0.2% serum. They exhibit a
typical epitheloid morphology. They secrete thyroglobulin and this secretion is stimulated by a
factor of 3 by thyrotropin (from 5 to 15 ng of TG/pg DNA/48 hours) (the results are similar to
those obtained in primary cultures of human thyroid cells).

Their cyclic AMP levels are enhanced by a factor of 3 in response to TSH 500 pU/ml (from
0.4 to 1.3 pMole/ug DNA). However these cells did not require TSH or cyclic AMP for
growth. Moreover after 120 generations they completely dedifferentiate (loss of cyclic AMP
response to TSH, loss of thyroglobulin gene expression). New preparations transfected either
separately or together with Eg or E; are now developed using similar constructs.

2. Development of model of transgenic mice for thyroid tumorigenesis

The thyroglobulinpromoter has been placed upstream of chloramphenicol acetyl transferase
cDNA. When injected into mouse oocytes within a pBR322 vector, this promoter has been
shown to be able to target the expression of the gene specifically in the thyroid of injected mice
and of their offspring. Depression of the thyroid by triiodothyronine treatment decreases,
while stimulation by antithyroid drugs increases the expression of the gene. The same type of
contruction has been used to target SV40 Large T (LT) immortalizing gene. In the transgenic
mice and their progeny LT expression in the thyroid was confirmed by Northern blotting and
immunohistochemistry. Moreover these mice developed progressive goiters immediately after
birth. The growth of the goiter with its clinical consequences (difficulty to breathe) was
restrained by T3 administration, which also delayed the death of the animals. However,
tumors progress resumed after a few weeks showing that they become independent of TSH.
The follicular tumors concentrated radioiodide but the oxidation of this iodide was greatly
decreased. They involved the whole thyroid. Later (6 months) autopsies demonstrated
metastases. These results have now been extended to a larger series of animals.

We have demonstrated that the A2 adenosine receptor, which we have cloned is
physiologically constitutive i.e. permanently activated by endogenous adenosine. When
expressed under the control of the thyroglobulinpromoter in transgenic mice it induces an
hyperfunctioning autonomous adenoma of the whole gland. The animals develop huge goiters
and hyperthyroidism. Thus we have created a model of in vivo chronic stimulation of the
thyroid and of autonomous adenoma.

3. Human normal an r thyroid cells

The expression of the mRNA for the TSH receptor has been studied in cultured cells in vivo.
This expression is very robust and almost constitutive. In human tumors, RTSH expression
remains present until the fully undifferentiated stage. These results provide an experimental
and rational basis for the use of TSH suppressive therapy in human thyroid tumors.

4. Epidemiol ¢ iodine deficiency in the C .

Data have been obtained on the normal radioiodine uptake and urinary iodide excretion in
various European centers. These data, published in the J. of Endocrinological Investigation,
demonstrate a wide range of dietary iodine supply in Europe with large areas of mild to severe
iodine deficiency. The resulting thyroid radioiodide uptakes vary by a factor of 3. As effects
of radioiodine contamination are directly proportional to the relative thyroid uptake, it can be
shown that general iodine prophylaxis in Europe would, besides its clinical beneficial effects,
prevent more than 2/3 of the eventual population radiation burden from nuclear accidents, or
otherwise.
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Project 2
Head of project: Prof. J.F. Malone

Objectives for the reporting period
Year 1:

(a) To ensure optimum use of resources in respect of determining the transformation rate
in the thyroid; (b) to develop a formal approach to the question of the appropriateness of
absorbed dose as an index for risk in the thyroid; (c) to resolve some residual questions in
the issue of foetal thyroid dose arising from maternal ingestion of 131-1.

Year 2:

(a) To continue the work in respect of the appropriateness of absorbed dose with particular
reference to determination of number of cells/g of thyroid throughout Europe using
approaches based on (1) tissue digestion; (2) modelling; and (3) literature/existing
laboratory data; (b) to continue developing a formal analytical statement of the above
problem. This development will bear in mind the fact that the problem is probably not
confined to the thyroid and will seek to introduce the approach to breast tissue; (c) to
reach a conclusion of the present phase of the study of Foetal Thyroid Dose; (d) to re-
establish cell culture work in respect of issues that are complimentary to and/or supportive
of the major in vivo study in this area to be undertaken by the NCI in the USA; (e) to
continue the established collaborations and apply the results acquired viz a viz dosimetry
and iodine kinetics.

Progress achieved including publications

1. Introduction

Work within the present contract in this area continued previously developing
themes into sharp and focused questions that remained to be resolved. Particularly
prominent among these were questions arising of foetal thyroid dosimetry, dose to the
foetal brain arising from a radiation by the foetal thyroid, verification of computations in
the above two areas using thermoluminescent dosimetry measurements, the continuing
problem of the relative biological effectiveness of iodine 131, and the newly identified
question of the appropriateness of the absorbed dose as an index for expressing the
quantity of radiation to which the thyroid had been exposed.

2. Foetal Thyroid Dosimetry

The uncertainty surrounding the dose to the foetal thyroid is even greater than that
for the thyroids of children or adults. Notwithstanding this it has been modelled in a
number of cases. It is widely agreed that the iodine trapping function, and consequently
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the absorbed dose, commences about the 12th week after conception and thereafter rises
and peaks fairly rapidly. However uncertainties remain as to its subsequent functioning
and aspects of the kinetics involved. Within these uncertainties doses calculated within this
project indicate with reasonable confidence that the foetal thyroid dose is the same order
of magnitude as the maternal dose. In practice the dose maybe up to twice the maternal
dose, but some models show it declining towards roughly the same value as the maternal
dose as term approaches. The latter is in keeping with suggested values used by 1CRP.

3. Foetal Brain Doses

The data of Otake and Schull as cited in ICRP 60 demonstrate that mental
retardidation and lowering of IQ are consequences of relatively low dose radiation. In
view of this the dose to the foetal brain arising from a radiation by the maternal or foetal
thyroid are matters of concern. This problem was studied in three phases during the
project. First it was established that the dose to the foetal brain from the mother was the
same order or less than the dose to the maternal organs from a radiation by iodine
distributed through the mother’s own body. Second an initial study based on various
assumptions about iodine kinetics was conducted for the weeks 8-16 of the gestation
period. This study was extended to cover the entire duration of pregnancy from week 12.
Finally a worse possible case based on a dose calculation for the region of the brain
closest to the thyroid in the foetus was calculated. The results demonstrate that relatively
large amounts of 131-1 would have to be given to the mother to give foetal brain doses
that exceed those from natural background radiation.

4, RBE of 131-I in the Thyroid

In the 1985-1989 contract, it was established that in cell culture system the RBE of
131-1 was about 0.2 for cell survival as an index. Experimental approaches to induction
of transformation during this programme meet with some success using high dose x and
gamma rays with sheep thyroid cultures. However the results of the experiments were
equivocal when 131-1 was used, or when human cultures were employed. This pattern of
uncertainty persisted into the present project in respect of these two cell models. At the
same time the question of the biological effectiveness of 131-1 was under active
consideration by the National Cancer Institute in the United States, and this Group
contributed to the development of a proposal for a definitive set of experiments to resolve
the question invivo. Work within this area was suspended pending clarification of whether
or not these experiments would proceed, and in the event of their proceeding whether or
not they would be complete. However, it is now felt worthwhile to re-establish cell culture
experiments with a limited scale of investigation in this area.

5. Development of the Critique of the Appropriateness of Absorbed Dose

It is generally assumed that radiation induced cancer arises out of a single
transformed cell that has undergone initiation and promotion events, and that the
probability of a cancer forming depends on the energy deposited per cell and the number
of initiated cells. If we assume initiation to be a stochastic process, then the number of
initiated cells increases linearly with the number of cells in which energy is deposited.
This hypothesis coniradicts the conventional approach of risk estimation which takes no
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account of the increase from risk from depositing energy in a larger number of cells. The
same considerations apply to mammography, or where any variable tissue mass is
involved. These considerations are further exacerbated where the assumptions of the
MIRD dosimetry system, which assume a uniform dose distribution throughout an organ,
breakdown. Throughout the project considerable effort was devoted to developing a
formal solution to this problem that would be consistent with the needs of the intemational
thyroid community and the bodies involved with radiation units and standards. An
approach based on "Integral Absorbed Dose" is presently being tried.

6. Dose Distribution throughout Europe arising from Iodine Distribution

Arising from the second major release from a nuclear reactor in the commonwealth
of independent states the question of the dose distribution in the countries and regions of
the EC arising from iodine releases was re-examined. It became clear that the data now
existing since the Chernobyl release are of such improved quantity and quality to warrant
a new dosimetry study that would greatly improve on the results used in the analysis of
the Chemnobyl accident. A proposal to this effect is included in the revised scientific
proposal presently before the Commission.
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Project 3
Head of project: Dr. Smyth

Objectives for the reporting period

1.  Establishment of baseline data for dietary iodine intake, thyroid volume and gross
morphology in an area without endemic goitre, against which changes in dietary habits
with respect to iodine ingestion can be compared.

2. To study seasonal variations in dairy milk iodine content and compare with patterns of
urinary iodine excretion.

3.  To report on the kinetics of low dose iodine prophylaxis and to make recommendations
on iodine dosage and the frequency of administration required to maintain optimum
iodine levels.

4.  Using ultrasound scanning to determine thyroid volume in adults and schoolchildren
residing in the study regions, with a view to providing the missing components for
accurately measuring risk factors from defined exposures to radioactive iodine.

5. To study variations in ultrasound measured thyroid volume and urinary iodine excretion
during the three trimesters of pregnancy and postpartum.

Progress achieved including publications

1. line di iodine in in without endemic goi
The % frequency distribution of urinary iodine excretion values (UI) in random urine
specimens from 2740 Irish subjects sampled at different study centres over the period 1989-

1991 is shown below.
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Individual values varied widely (10-622ug/g). The population mean of 108+SD 88ug/g;
Median 82, while excluding severe iodine deficiency in the study population, obscured the fact
that 22.4% of individual values were suggestive of iodine deficiency (< 50 pg/G) while only
19.2% had values > than the lower limit of daily iodine intake (150 ug) recommended by the
WHO. Some regional differences in UI were encountered with relatively greater.numbers of
individual values <50ug/g being encountered. However the significance of these regional
variations was uncertain as considerable variations in mean UI excretion also occurred in
different study centres within the Dublin metropolitan areas ranging from 70.7 £ 37 to 184 £

120 pg/e.
2. nal variations in di iodine in

There was no obvious explanation for these findings but it was noted that urine sampling had
taken place at different times of the year. As milk has been reported to provide the major
source of dietary iodine in Northern European countries, the iodine content of milk from two
sources was therefore examined:

. Individual farm supply
. Daily bulk dairy milk supply.

A wide range of individual values were obtained at both seasonal samplings G-229 and 15-
239 ug/l respectively. The mean value of 96.5+62ug/L in winter was significantly greater than
that of 61%58ug/l recorderd in summer (p<0.01). A similar variation was observed in the
iodine content of bulk dairy milk applied in the Dublin area tested over a year. Monthly mean
values varied from a high of 222 g per litre in February to a low of 44 pg/l in June. These
values were paralleled by seasonal variations in urinary iodine excretions with patterns
consistent with iodine deficiency (<50 pg) been more frequent in summer than winter. These
variations were most marked in schoolchildren in which 20.1% had values less than 50 pg in
summer compared to 5.0% in winter.

3. Low dose iodine kinetics

Dietary iodine supplementation is the recommended therapy in areas of endemic goitre.
However optimum dosage and frequency of delivery is little understood. In this study the
utility of iodine (KI) in producing a desired plateau of urinary iodine excretion (UI) was
studied in spot urine specimens obtained from healthy volunteers taking various I regimes
(100,400 & 1500ug KI) for 29 days.

Progressive rises in I/C (p<0.05) occurred in all test Groups during weeks 1-4. At the lower
dosage (100ug/day) mean urinary iodine excretion increased from 74t16ug/g- 100+16ug/g.
At 400ug KI the corresponding increases were from 91+32- 117427, Only at 1500 ug/day
was there a significant in mean Ul excretion (75+14-254+34ug/g). However when even the
higher I dosage (1500 ug) was withdrawn, I/C returned to the basal value after 24 hrs. It is
concluded that duration and interval of intake may be more important than dosage as even the
higher dosages used in this study did not produce persistent elevation in Ul In view of the
variability of urinary iodine excretion and its dependence on dietary intake in the immediate
past, measurement of serum iodine may provide a more reliable index of iodine status, and
thus allow accurate calculation of the iodine dosage necessary to achieve the desired blockade
of radioactive iodine uptake.

4. 1 n i

Thyroid volume measured by ultrasound in 311 adults showed a mean value of
13.85+6.75ml. The mean value for females was 12.2+7.7ml. and for males 15.6%5.0ml
(p<0.01). This difference could be accounted for by greater body weight in males as the mean
ratios of thyroid volume/body weight for females and males respectively were 0.2+0.02 and
0.240.07. Significant thyroid enlargement was observed in 8.2% of women compared to
2.6% of men (3:1). A comparison of thyroid volumes in schoolchildren residing on either side
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of the Irish Sea showed t mean volumes of 5.57£2.3ml in Dublin Ireland and 5.0%+1.2ml in
Cardiff, Wales. The % of individual children having enlarged thyroids (>80MI) was also
similar (9.9 in Dublin v 9.4% in Cardiff) suggesting a degree of iodine deficiency in both
populations.

5. i i iodine excretion in

Further evidence of bordeline dietary iodine intake in Ireland was provided by the finding of
increased mean thyroid volumes during the three trimesters of pregnancy. This increase
reached a maximum of 50% over the corresponding mean volume in age matched nonpregnant
controls during the second and third trimesters of pregnancy. Mean values (ml) for thyroid
volume in groups of different subjects assessed during the three trimesters of pregnancy were
(TI) 13.9£4.2;* (T2) 15.615.4;** (T3) 16.0+4.9.** Mean thyroid volumes remained
significantly greater than the nonpregnant control value (11.3£5.0 ml) at 6 and 15 weeks
postpartum; (PP6) 15.1£6.0** and (PP15) 14.8+4.0* (*p<0.05, **p<0.01). The number of
patients having significantly elevated thyroid volumes (>18.0mls.) increased from 6.3% in
controls to 30.2% in T3 and only began to decline at PP15 (22.2%). Surprisingly the
increased thyroid volumes observed during pregnancy in Irish subjects were paralleled by
increases in urinary iodine excretion. This increase commenced as early as T1, reaching a
maximum during T3 and falling precipitously at delivery, reaching control levels at 6 weeks
postpartum (PP6). The mean iodine excretion values (ug/g creatinine) were Controls
76.7£39.4; T1 176£96.3;** T2 170£108.5;** T3 173+108.5;** Delivery 90£53; PP6
73124. A similar pattern was observed when results were expressed as pg/l urine. These
results are at variance with other findings in areas of low iodine intake and suggest that iodine
handling during pregnancy may be influenced by relatively small variations in dietary iodine
intake.

In conclusion, the findings while indicating Ireland to be an area of moderate dietary iodine
intake are also relevant to other countries in that they clearly demonstrate the need to take both
seasonal factors and relatively minor variations in dietary iodine intake into account when
attempting to establish the need for iodine prophylaxis in a population residing in an area
without endemic goitre. They demonstrate that despite the absence of endemic goitre,
inadequate dietary iodine persists which will significantly increase the thyroid gland uptake of
radioiodines in the event of a nuclear accident. As demonstrated in this study this situation can
be rectified by minor increase in dietary iodine intake with the unique prospect of providing a
degree of protection in advance of a nuclear accident.
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"lodine status of a population without endemic goitre”
International meeting "lodine and the Thyroid", Athens, Greece, September 1990.

"lodine excretion and thyroid volume in pregnancy”
International meeting "lodine and the Thyroid”, Athens, Greece, September 1990.

"Thyroid enlargement in breast cancer”
5th Congress of the European Society for surgical oncology, Brussels, October 1990.

"Thyroid volume in breast cancer”
First European congress of surgery, Paris, October 1990.

"Thyroid status and pregnancy in Ireland"
Annual meeting Irish endocrine society, Galway, November 1990.

"The effect of orally administered T4 and iodine on urinary iodine excretion”
10th International thyroid conference, The Hague, February 1991.

"Alternations in iodine status and thyroid volume during pregnancy"
Merck symposium, The thyroid and pregnancy' Brussels, February 1991,

"The thyroid gland during pregnancy and postpartum”
Annual meeting of the Irish Perinatal Society, Dublin, March 1991.

"“The goitrogenic effect of pregnancy”
10th Joint meeting of British Endocrine Societies, Brighton, April 1991,

"Thyroid growth in breast cancer”
10th Joint meeting of British Endocrine Societies, Brighton, April 1991.

"Factors determining the iodine status of a population”
9th Joint meeting of British Endocrine Societies, Glasgow, Scotland, March 1990.

"Normal thyroid volume in females"
9th Joint meeting of British Endocrine Societies, Glasgow, Scotland, March 1990.

"lodine status of a population without endemic goitre"
International symposium "lodine and the thyroid", Athens, September 1990.

"lodine excretion and thyroid volume in pregnancy”
International symposium "lodine and the thyroid”, Athens, September 1990.
"Thyroid enlargement in breast cancer”

5th Congress of the European Society of surgical oncology, Paris, October 1990.

“Alterations in iodine status and thyroid volume during pregnancy”
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International symposium "The thyroid and pregnancy”, Brussels, February 1991.

"The goitrogenic effect of pregnancy”
10th Joint meeting of British Endocrine Societies, Brighton, UK, March 1990.

"The effect of orally administered T4 and iodine on urinary iodine excretion"
10th International thyroid conference, The Hague, February 1991.

"Thyroid disease in breast cancer”
10th International thyroid conference, The Hague, February 1991.

"lodine status of mother and neonate in Ireland"
Annual meeting Irish Endocrine Society, Belfast, November 1991.

"Contrasting thyroid volume in areas of varying dietary iodine intake"
Annual meeting Irish Endocrine Society, Belfast, November 1991.

"Aetiologies of goitre"
7th Annual Nordisk prize lecture, Belfast, November 1991.

"Sonographic determination of thyroid volume in an area of iodine deficiency"
11th Joint meeting of British Endocrine Societies, Harrogate, March 1992

"Glucose-6-phosphate dehydrogenase (G6PD) activity in human breast smears"
11th Joint meeting of British Endocrine Societies, Harrogate, March 1992,

"Assessment of maternal and neonatal iodine status”
11th Joint meeting of British Endocrine Societies, Harrogate, March 1992,

"Assessment of iodine status in an area of moderate dietary iodine intake"
11th Joint meeting of British Endocrine Societies, Hanover, August 1991,

"Status of iodine deficiency in Ireland”
"lodine deficiency in Europe. A continuing concern”
Workshop, Brussels, April 1992.

"Dietary iodine intake in the presentation of thyroid carcinoma”
20th Annual meeting of the European Association, Dublin, June 1992,

"Changes in iodine status in mother and neonate”
20th Annual meeting of the European thyroid association, Dublin, June 1992,

“Thyroid disease and breast cancer”
European thyroid association clinical symposium "The female thyroid in health and disease”,
Dublin, June 1992.

"lodine status in the host country"

International Council for the Control of Iodine Deficiency Disorders (ICCIDD) I Workshop
control of iodine deficiency disorders, Dublin, June 1992.
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Radiation effects
on the developing organism






EFFECTS OF RADIATION ON THE DEVELOPMENT OF THE CENTRAL
NERVOUS SYSTEM

Contract Bi7-003 - Sector B31

1) Reyners , CEN-SCK - 2) Ferrer , Hospital Principer de Espaiia
3) Coffigny , CEA - Bruyeres-le-Chatel

Ssummary of project global objectives and achievements

1. ] 1 s f ¢l . 1] .
Assessing the deleterious effects of an accidental exposure
of the central nervous system to a low dose of ionizing
radiations, specially during the fetal period, is still a
much debated issue: the radiosensitivity of the developing
brain was even recently questioned by Mole (1990) who claims
that the observed damage is a consequence of abscopic
effects, in particular of an oxygen deprivation due to
impaired erythropoiesis. In contrast with these views, field
studies using the revised DS86 dosimetry have estimated that
an exposure to a dose as low as 1 cGy could have induced
severe mental retardation in a number of Hiroshima and
Nagasaki survivors (Otake et al., 1987).

2. Animal experimentation

The aim of the present joint project was to cast more lights
on the very 1low dose exposures by means of a
multidisciplinary experimental approach involving in vitro
neuroreceptor studies (France), neuronal immunocytochemistry
(Spain) and automatic image analysis of the white matter
(Belgium). Contrarily to the epidemiological investigations,
the animal experiments allow to use an accurate dosimetry but
also a material of well known foetal age at the time of
irradiation.

3. Acute versus protracted irradiations

In addition, and possibly of more practical relevance, a part
of the project has focused on the evaluation of the risks of
low dose rate exposures protracted over a number of days
during the pregnancy. No data were available on this
sensitive topic which still today is sometimes dealt with
using assumptions from "environmental" data (after mercury,
trimethyltin or even alcohol intoxications; see the UNSCEAR
draft-report on irradiation of the developing human brain,
1991). The results below unexpectedly show that protracted
exposures to gamma rays during selected periods of the
pregnancy produce brain alterations after dose levels (as low
as 20 cGy) previously thought to be damaging only under acute
conditions. This finding was considered of great importance
for the sake of the radiation protection and a series of
additional experiments not originally scheduled in the
present project were carried out; they involved large amount
of rats in order to detect the threshold dose in such
conditions; part of this material was sent to Barcelona for
an evaluation of the possible changes in natural cell death.
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4. Interrelationshi n th if n r h

Many topics of importance were assessed during the 2 years
of work devoted to the Bi7-003 contract. The 3 research
groups have developed techniques relatively new to their
laboratories, mostly in the field of immunocytochemistry but
also in automatic image analysis.

The group of Hervé Coffigny (CEA, France) pioneered the
assessment of the primordial nerve cells observed at a very
short time after an acute foetal irradiation with doses as
low as 25 cGy on day 14 of the pregnancy. His results reflect
the difficulty of working with a material still totally
immature and undifferentiated: at that time, the typical
neuronal and glial immunological markers are still absent and
in consequence, the different cell populations cannot be
distinguished. Nevertheless, the uptake of certain
neurotransmitters (DA and GABA) by these cells was already
functional and showed a negative dose-effect relationship.

Coffigny also noted that the survival of the foetal nerve
cells linearly decreased down to doses as low as 25 cGy; this
observation could provide an explanation to a most puzzling
finding by the spanish contractors, Isidre Ferrer and his
coworkers (Univ. Barcelona), namely the fact that the natural
phenomenon of the early postnatal neuronal cell death was
largely diminished (!) after a prenatal irradiation. Indeed,
the massive natural necrosis which takes place normally in
the rat brain during the first days of postnatal life (and
particularly on day 7) was significantly depressed after a
foetal exposure on day 15. It was assumed that the natural
elimination of this nervous material, which is considered by
Ferrer to be redundant or at least provisional, is lowered
because a large part of the neuronal precursors had actually
already been killed and eliminated directly after the
prenatal irradiation. As a confirmation of these views, a
postnatal irradiation of the head increased the necrotic
cells noted in the 7 day old brain.

Parallel to the normal overproduction of nerve cells in the
early brain, an abundance of apparently superfluous spines
(synaptic connections) was detected on the dendrites of the
irradiated pyramidal cells in 15 day old pups. This excess
was temporary and was followed by a depletion in the older
animals. As published by Ferrer et al. (1991), it might have
been related to an abnormal arrival of afferent projections
in the irradiated cerebral cortex consequent to the decreased
natural cell death mentioned above.

In possible relation with the late depletion of the dendritic
spines comes the observation (at Mol, Belgium) that a large
component of the corpus callosum, the cingulum bundle, was
always depleted in 3 month old rats which had been prenatally
exposed to radiations (acute or protracted). This decrease
is now evaluated with the help of a new automatic image
analyzer and interpreted as a consequence of a loss of
afferent and efferent axons coming to and from the cerebral
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cortex. However, to cope with the above findings by Ferrer,
the cingulum of the irradiated rats should pass through a
period of hypertrophy in the 15 day old pups; this has yet
to be studied.

In conclusion, the project has allowed the different groups
to explore new areas in the difficult but sensitive field of
the very low doses; a prenatal exposure to only 1 cGy of
neutrons (about 35 mSv) was found to cause a significant
brain atrophy in the offspring. This dose is not much larger
than the legal safety 1limit (20 mSv /year) presently
recommended for workers. Of possible more practical
importance was the totally unexpected finding that the
protraction (over 4 or 6 days) of a foetal irradiation with
a low dose did not largely reduce its effects. Further
investigations on this subject will be the main topic of a
new program of cooperative research.

bl .

A number of papers have been produced by the contractors as
a direct result of the present CEC sponsored joint endeavour;
a few manuscripts have also been accepted or are in a state
of advanced preparation. The contractors have presented
their data at each meeting of the European Society for
Radiation Biology and will participate again at the 24th
meeting in Erfurt, later this year.
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Project 1
Head of project: Dr. Reyners

Objectives for the reporting period

1) Bvaluation of the ACUTE EFFECTS of an exposure to 600 KeV
neutrons on day 15 post-conception (PC) in the Wistar rat:
measuring brain weight and volume of the cingulum in adults.

2) Evaluation of the PROTRACTED EFFECTS of a low dose rate
of gamma exposure during whole or part of the pregnancy.

3) Automatic Image Analysis (AIM) of the MYELINATION in the
cingulum bundle of the corpus callosum after protracted low
dose gamma exposures.

4) Evaluation of the effects of the DOSE RATE after an expo-
sure to 40 cGy of Cs-137 gamma rays on day 15 PC (Wistar rat)

5) Comparison of the effects of irradiation between different
rat STRAINS: Wistar and Sprague-Dawley.

6) PUBLICATIONS

Progress achieved including publications

Objectives 1 to 3: The main results of objectives 1 to 3 are
given in Table 1 (which is extracted from a manuscript now
accepted by Int.J. Rad. Biol. It deals with the effects of
acute and protracted low dose exposures to different types
of radiation. The losses in brain weight and in cingulum
volume are given for 3 month old rats irradiated at different
periods of their pregnancy. Measurements were also carried
out on groups of older rats but the slopes of the dose effect
relationships were always identical revealing that brain
atrophy was not a function of age.

ACUTE EXPOSURES: This absence of age effect allowed to pool
the data from 3, 15 and 24 month old after transforming them
in the percentages of their respective control means. In
these conditions, the slight microcephaly (a 2% brain weight
loss) found (in all age groups) after an exposure to only 1
cGy (35 mSv; Fig.l) resulted significant (F,4 =6.6;
P<0.012).

DOSE PROTRACTION: If it always remains true that protracted

exposures produce less effects than acute ones, it also
appears that a careful selection of the period of irradiation
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during the pregnancy, namely by irradiating between day 12
and day 16 PC, produces a brain atrophy nearly as important
as the one caused by an acute exposure to the same dose given
in 20 seconds during day 15 PC!

This discovery was unsuspected and a series of unscheduled
experiments was programmed in order to evaluate the threshold
dose after a protracted exposure to gamma rays before the end
of the present contract. As shown in figure 2, the dose
effects on the brain weight did not show anymore after
exposures to 5 or 10 cGy of gamma rays even when given during
the most sensitive period of the corticogenesis (day 12PC to
day 16PC). In these conditions, the threshold must be located
somewhere between 10 and 20 cGy for the brain weight
endpoint. However, numerous cases of ventriculomegaly were
observed in this 5 and 10 cGy material and remain to be
assessed carefully. A future project dealing with the effects
of protracted exposures to 4 - 10 cGy of neutrons will
certainly cast more light on this sensitive domain.

Brain atrophy may not always represent the best available
estimator of the effects of a prenatal irradiation of the
brain. The decrease of the volume of the cingulum (CiVol; a
purely white matter area located above the corpus callosum)
in relation to the dose is in many cases more important than
the loss in BrW. However, the variability of this measurement
is important in spite of the recent introduction of automatic
image analysis techniques, and this still spoils the
sensitivity of this criterion for low dose assessments.

The reasons for the radiosensitivity of the cingulum remain
unclear. An attractive hypothesis arose from a recent
observation by Ferrer who found a reduction of a neuronal
population (immunologically positive for the calbindin
antigen) selectively occurring in the cingular cortex, an
area of the cerebral cortex located just above the cingulum.

] b3 .

4) Evaluation of the effects of the DOSE RATE after an expo-
sure to 40 cGy of Cs137 gamma rays on day 15 PC (Wistar rat)

When 40 cGy of gamma rays were given to pregnant rats on day
15PC, during exposures ranging from 2 minutes to 2 hours, the
effect was the same (- 6 %) for all animals. Similar absence
of effects was found with 20 cGy X rays whether given at
2cGy/minute or at 300 cGy/minute. These results are
essentially the same as when the exposure had been protracted
over days as above (Table 1); all these informations tend to
pinpoint that the repair mechanisms are very inefficient in
the developing rat brain.

5) Comparison of the effects of irradiation between different
rat STRAINS: Wistar and Sprague-Dawley.
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The brains of Sprague Dawley animals were found to be more
radiosensitive than the Wistar rat when prenatally irradiated
on day 15PC. A reverse situation had been found to take place
in the adult brain in the case of the late effects of an
irradiation of the head.

]] . -
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TABLE § : Brain changes in the 3 month old rat after prenatal exposure to low doses of radiation.

Type of  Endpaint Measureaents
Rad1ation
ACUTE EXPOSURES
Neutrons  Brain wgt  Dose (a6y): 0 10 25 50 100 150
on day Effect (1) 0 ~3.bt AT EF b ~13 ¢ -2
15 PC + sen 0.59 1,02 0.66 1.06 1.16 1.27
n 30 15 20 18 14 11
Cinguius Dose (aby): 0 10 25 30 100
Voluse Effect (1) 0 =3.5 -10.3s -18.6 ¢ -72.4%
+ sem 3.07 3.34 4.32 3.48 8.05
n 19 14 15 15 7
1-rays Brain wgt  Dose (aby}: 0 50 100 150 433
on day Effect (X) 0 0.6 -3.8¢ -45¢ -18.41%
15 PC + ses 0.62 0.59 0.8 0.79 0.64
n 15 14 14 15 12
Cingulum Dose (a6y): 0 50 100 150
Voluse Eftect (X 0 -2.7 ~9.89s -S4
+ sea (.24 4.07 3.12 b.44
n 4 4 3 3
PROTRACTED EXPOSURES
Gaana Brain wgt  Dose (wGy): 0 §0 100 160 350 380
rays froa Effect (1) 0 .45 -0.5! =2.6% -Jaw -3¢
day 12 to + ses 0.33 0.5 0.4 0.70 0.76 0.7
16 PC n 1 23 31 15 11 [
LETTT Brain wgt  Dose taby): 0 70 1o 170 340 800
rays froa Effect (X 0 -0.6 -1 454 -39+ -1.3¢
day 14 to + sen 0.77 0.69 0,57 0.55 0.78 0.67
20 PC n 15 20 1 20 12 9
Cingulua Dose (aGy): 0 340 800
Voluae Effect (X) 0 -10s -16.7 s
t see 5.19 2.1 4
n 14 [ 8
Legend: The effects represent the differences in I between the ireated and the shaa-treated control mearns.

Their sigmficance 1s given by a t-test where s stands for P<=0.05 and # for P<0.0l. sem: is the
t 3 number of sasples.

standard error of the sean; it 15 expressed i1n I of the contro! aean.
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Project 2

Head of project: Dr. Ferrer

Objectives for the reporting period

At the beginning of this project our objectives were focused on the following items:
1. Study of normal postnatal mortality of nerve cells in the cerebral cortex;

2. Vulnerability of discrete neuronal populations to low-dose irradiation during the
embryonic period;

3. Development of dendrites and dendritic spines on cortical pyramidal cells in
micrencephalic rats induced by prenatal X-irradiation.

Since most of these objectives were accomplished during the first year, our additional goals
have been:

4.  The study of local-circuit neurons in micrencephalic rats and in cortical malformations
induced by prenatal X-irradiation;

5. The development of experimental models of human cortical malformations and the

study of the neurogenesis and neuronal migration in these X-rays-induced cortical
abnormalities.

Progress achieved including publications

1. Examination of naturally occurring cell death during postanatal development in the

cerebral cortex in the normal rat

We have studied the morphology, distribution and temporal patterns of cell death in the
neocortex and hippocampus of the rat during postnatal development. This study was
necessary because no full information was available on this subject before.

As aresult, two important papers appeared:

- Ferrer, I, Serrano, T., Soriano, E., Naturally occurring cell death in the subicular
complex and hippocampus in the rat during development, Neuroscience Research 8
(1990) 60-66.

- Ferrer, I., Bernet, E., Soriano, E., del Rio, T., Fonseca, M., Naturally occurring cell
death in the cerebral cortex of the rat and removal of dead cells by transitory
phagocytes, Neuroscience 39 (1990) 451-458.

2. Examination of postnatal cell death and development of dendritic arbors in the
cerebral cortex of micrencephalic rats induced by prenatal X-irradiation

We produced micrencephalic rats by irradiating the embryos in utero at different times of
embryonic life, mainly at embryonic day 15 (beginning of the cortical neurogenesis) and 18
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(middle/later period of cortical neurogenesis). We observed that postnatal cell death is
reduced in the cerebral contex of micrencephalic rats, and that the developmental pattern of
dendritic spines on cortical pyramidal cells is altered in these rats.

This work was carried out in collaboration with our colleagues in Mol, Drs. H. Reyners and
E. Gianfelici de Reyners, and was communicated as a preliminary report during the 22nd
Annual Meeting of the European Society for Radiation Biology.

Two papers reflected our findings:

- Ferrer, 1., Soriano, E., Marti, E., Digon, E., Reyners, H., Gianfelici de Reyners, E.,
Development of dendritic spines in the cerebral cortex of the micrencephalic rat
following prenatal X-irradiation, Neuroscience Letters 125 (1991) 183-186.

- Ferrer, 1., Soriano, E., Marti, E., Laforet, E., Reyners, H., Gianfelici de Reyners, E.,
Naturally occurring, postnatal cell death in the cerebral cortex of the micrencephalic rat
induced by prenatal X-irradiation, Neuroscience Research 12 (1991) 446-451.

In addition, a review on naturally and induced cortical cell death during development, which
summarizes and extends our results, has appeared:

- Ferrer, L., Soriano, E., del Rio, J.A., Alcéntara, S., Auladell, C., Cell death and removal
in the cerebral cortex during development, Progress in Neurobiology 39 (1992) 1-43.

3. 1 i rebr Il i hali i

We have labelled local-circuit neurons with different antibodies against GABA, calbindin D-
28k, parvalbumin and different neuropeptides, and examined the distributions of these
neurons in animals subjected to X-irradiation during the embryonic period. The attention has
been focused for the first time on local-circuit neurons in these cortical abnormalities,
because these neurons play a pivotal role in the cortical organization.

Two papers are in preparation:

- Ferrer, I., Alcéntara, S., Parvalbumin and calbindin D-28k-immunoreactive neurons in
the cerebral cortex of micrencephalic rats induced by prenatal X-irradiation.

- Ferrer, I, Alcéntara, S., Zijar, M.J., Structure and pathogenesis of cortical nodules
induced by prenatal X-irradiation in the rat.

A four-layered cortical malformation, reminiscent to human lissencephaly type I has been
produced in the cerebral cortex of the rat following X-ray exposure at embryonic day 16.
This experimental model has been studied in detail in relation to neuronal brithdating, radial
glial fibres and cytoarchitectonics.

A paper is submitted for publication:

- Ferrer, 1., Alcéntara, S., Marti, E., A four-layered lissencephalic cortex induced by
prenatal X-irradiation in the rat, Neuropathology and Applied Neurobiology.
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Project 3
Head of project: Dr. Coffigny

Objectives for the reporting period

In the first part of the contract, an in vitro model was developed in order to
study the radiosensitivity of the mesencephalic and stnatal rat cells freshly isolated.
This radiosensitivity was assessed using three parameters:

- nerve cells lethality

- neuntes growth

- dopamine (DA) and gamma amino butyric acid (GABA) uptake in 3-day-old cell
culture irradiated on day zero.

In the last reporting period only striatal cell lethality and neurites growth were
measured. This study was completed by measurement of these parameters on
mesencephalic cells.

The identification of neurons and glial ceils by immunohistochemistry of
neurofilaments, vimentine and glial fibrillary acidic protein (GFAP) was carried out.
With the same method, identification of DA and GABA neurons is just in a
preliminary phase.

Progress achieved including publications

1. Methods

Mesencephalic and stnatal cells , freshly isclated from 14-day-old rat
fetuses, were irradiated with 0.25, 0.50, 0.75, 1.5 and 3 Gy gamma rays and
cultured 3 days in serum free medium before being analysed.

The lethality was assessed by counting the trypan blue negative living cells.

The lengths of both the longest and the whole neurites of each nerve cell
were measured on micrographs. Nerve cells were classified as monopolar, bipolar,
tripolar and multipolar.

The 3H DA and 4C GABA uptakes were determined. All results were
expressed as a percentage of control values.

Three-day-old cell cultures were fixed 10 minutesina 4 %
paraformaldehyde solution in phosphate buffer before being assayed with
antibodies against neurofilaments (160 kD), vimentine and GFAP. These antibodies
were detected with a labeled anti-immunoglobulin antibodies. Fluorescent markers
were fluorescein or texas red.

2.  Besults

The relative number of living cells decreased significantly from 0.25 Gy for
mesencephalic cells and 0.50 Gy for striatal cells ( figure 1).

The longest bipolar striatal neurite was reduced with the lowest dose of 0.25
Gy (figure 2) but no modification was observed either in tripolar and multipolar cells
or ir. all mesencephalic cell categories. The ratio of monopolar, bipolar, tripolar and
multipolar nerve cells of both structures was not changed by exposure in the dose
range studied.
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DA uptake by mesencephalic ceils and GABA uptake by cells of both
structures were decreased with 0.25 Gy or more (figure 3). The effect was dose
dependent.

The GFAP in glial cells and the neurofilament (160 kD) in neurons were not
detected by our antibodies. The vimentine was detected in many cells of different
morphologies. The vimentine was expressed in young glial cells as well as in
indifferentiated neurons. One specific young neuron antibody is under
investigation.
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Figure 1.Percentage of mesencephalic and striatal nerve cell survival ys dose.
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Figure 2. Percentage of the longest neurite of bipolar striatal cells ys dose.
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Figure 3. Percentage of DA uptake in mesencephalic cells and GABA uptake in
mesencephalic and striatal cells ys dose.

The indentification of DA and GABA neurons was not possible in preliminary
assays but is still under investigation.

3 D ion-Conclusi

The mesencephalic cells were more sensitive to the lethal effect of gamma
irradiation than striatal cells. Conversely, only monopolar and bipolar striatal cell
neurites were reduced from 0.25 Gy onwards. Nevertheless GABA uptake was
similarly decreased in cells of both structures with as low as 0.25 Gy. With all
parameters, irradiation effects were observed with 0.25 Gy and then the response
was dose-dependent. The threshold value of acute gamma irradiation was under
0.25 Gy but certainly near this value.

The negative results of immunohistochemical detection of glial cells and
neurons with GFAP and neurofilament (160 kD) respectively need confirmation with
GFAP antibodies of different sources and neurofilament 70 KD and 200 kD
antibodies. Recently, we have received an antibody directed against a membrane
protein of indifferentiated neurons. If it works, irradiation effects could be studied on
glial cells and neurons selectively.

The identification of neurons with neurotransmitter antibodies will make it
possible to compare the exposure effects on different categories of neurons.
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Publicati
Coffigny H.,Beauvallet M. and Court L. -Irradiation effects on mesencephalic and
striatal nerve cells in culture. 23rd Annual Meeting of the European Society for
Radiation Biology. Dublin,Ireland, september 24-26, 1990.

Court L.,Coffigny H.,Fatome M.,Gueneau G.,Laget P.,Menetrier F. and Vermnois Y. -
Eftets des rayonnements ionisants sur le systéme nerveux central en voie de
développement (aspect électrophysiologique) et comparaison avec d'autres
facteurs tératogénes. In “effets tératogénes des rayonnements ionisants™ EDF-
Comité de radioprotection, 1990, 6, 17-28.

Coffigny H. -Irradiation effects on neurite growth and transmitter content in cultured
rat brain neurons. EULEP Newsletter, 1991,61, 9-10.

Coffigny H.,Beauvallet M. and Court L., 1992, Effets de [l'irradiation gamma sur les
cellules mesencéphaliques et striatales en culture. In “ worldwide achievement in
public and occupational health protection against radiation”, proceedings of IRPA 8,
Montreal May 17-22 , 1992, Vol. |, 904-907.
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DYSFUNCTION AND NEOPLASIAS OF HAEMOPOIETIC AND OSTEOGENIC
TISSUE FOLLOWING EXTERNAL IRRADIATION OR BONE-SEEKING
RADIONUCLIDE CONTAMINATION IN UTERO OR DURING NEONATAL
DEVELOPMENT

Contract Bi7-001 - Sector B32

1) Humphreys , MRC Radiobiology Unit - 2) Vandenheuvel , CEN-SCK
3) Lord , Paterson Institute Cancer Research - 4) van Bekkum , TNO-ITRI
5) Tejero , Universidad Complutense de Madrid - 6) Bueren , CIEMAT

Summary of project global objectives and achievements

The relative sensidvities to radiation of tissues in the developing compared with those in the
adult animal are of crucial current importance. Recent experiments in mice have
demonstrated an apparently greater sensitivity to c-particle irradiation of foetal tissues than
of those of adult animals from measurements of haemopoiesis made in neonate and juvenile
animals by in vivo and in vitro techniques.

The aims of the contract therefore are to determine:

a) The most radiosensitive period during pre- and post-natal development for both the
response of stromal and haemopoietic marrow cells and for the dysfunction or
induction of neoplastic change in bone and bone marrow following contamination with
a-particle emitting radionuclides or comparable doses of external low LET irradiation.

b)  The tunctional quality of mature cells generated from haemopoietic tissue damaged by
such radiations.

c)  The identity and location of the sensitive cell populations.

d) The role of haemopoietic growth factors in regulation and recovery of irradiation
damaged tissue.

e)  The features of the stromal populations identified by cellular and molecular techniques.

Contamination in utero or neonatally with a-particle emitting radionuclides, namely 239Pu,
241Am and latterly 228Th, has been shown to generate various manifestations of long-term
damage to haemopoiesis. (The kinetics of 228Th have been investigated, establishing it as a
useful source of chronic 224Ra contamination.) Superficially, the production of mature
functional cells is normal but their pluripotent and committed progenitors together with cells
of the regulatory microenvironment undergo a variety of changes. These are manifest in
long-term (> 2.5 years) failure of the progenitor cells to develop their normal complement
and although committed progenitors are stimulated by the long-term effects on the
microenvironment, pluripotent progenitors are not fully supported. The self-reproductive
capacity of the stem cell populations is also reduced. Compensatory proliferation in the
maturing (and possibly committed) stages helps to keep the output of functional cells normal.
However. while cellular output is normal, granulocyte function is grossly stimulated.
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These long-term changes in haemopoiesis have, to date, failed to be manirested as any late
effect originating in marrow. In an on-going study, 56% of mice contaminated at 4 d
gestation und 38% contaminated at 13 d gestation have died. some with lvmpnomas but most
with the liver and lung tumours seen at necropsy which are common in an ageing population
of this mouse strain. There is no evidence to suggest so far that in wero contdmination has
led to anyv iate effect on the offspring.

Although the 241 Am study failed to identify a 'most radiosensitive' phase of development, the
same degree of long-term damage resulted from contamination in the embryonic (4 d
gestation) and foetal (13 d gestation) phases despite wansplacental uptake and retention
measurements showing 10 fold lower levels of 239Pu from the embryonic stage. Higher
levels of uptake in the neonatal and post weaning period resulted in no extra damage
indicating even lower sensitivity post-natally.

From the post natal performance of the stem and microenvironmental cell populations, it was
clear that mechanisms of long-term damage depend on the stage of contamination.
Contamination at 13 d gestation with 239Pu preferentially affects the stromal cell populations
while at 4 d, the stem cells are damaged with the stroma developing normally. While 239Py
contamination of the neonate via the mother's milk is negligible, it was concluded that
lactation contributes about 60% of the accumulating post-natal radiation dose from 241Am.
Preliminary studies of premating paternal contamination with 2#!Am or 23%Pu have
established some degree of haemopoictic instability in their developing otfspring but its
nature remains to be established.

The development of the sgpatial dismribution {microarchitecture) of haemopoietic progenitor
cells in the femur following birtn wis mapped and shown to be compiete by 3 weeks of age.
These data were used to compare the etfects of radiation from internal emission with dose of
external low LET radiations. It was established that the effects of cumulative doses of 3.6
Gy y-rays during the final trimester of intrauterine development were less than from an
estimated average dose to the foetal liver of 10-14 mGy for 239Pu. The effective RBE of
239py-a-irradiation is therefore very high in vivo.

Studies using external y or X-irradiation on neonatal and adult animals, albeit at higher doses,
have tended to corroborate the findings with a-emitters. Long-term deficiencies in the
quality and number of pluripotent progenitor cells are accounted for by ditferences in stromal
cell regeneration. Even in situations where a morphologically normal-looking stroma is
generated in long-term culture, it was demonstrated that excess production of GM-CSF is a
consequence of in vivo radiation and a result of this is a generation of hypertunctional mature
granulocytes. A similar phenomenon may well explain the excess production of GM-CFC in
normal marrow grown on stroma from ~4!Am contaminated offspring. The stroma, damaged
or otherwise, thus plays a significant role in haemopoietic efficiency. In studies with both a-
emitters and external y or X-irradiation, a correlation between stromal damage and enhanced
granulocyte function, demonstrated by excess superoxide anion production, was established.

We are now more aware of the heterogeneity within the pluripotent progenitor compartment
of haemopoietic tissue and means of sorting and assaying their properties have been
established. The results obtained in these various studies, however, emphasise the need to
study also the stroma in more detail. Although there is evidence that some elements of
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human stroma may be isolated, this approach does not seem practicable within the context of
this programme and there still seems no satisfactory way of progressing in this area.
Emphasis, therefore, has been switched to analysing the expression of adhesion molecules
and growtn factor receptors on sorted stemn ceils. It is anticipated that this approach will
yield unambiguous results regarding the identity and function of specific adhesion molecules
that regulate the interactions between stem cel.s and stroma.

The role or haemopoietic growth factors ang growth regulators in modulation or late effects
is also seen as of potential importance and initial work on TNF-a as a radioprotector has
demonstrated a lack of correlation between in virro and in vivo experiments. It appears that
the protection afforded in virro is not endorsed by studies in vivo.

Theoretical considerations and measurement of the rates of growth of developing
haemopoietic tissue suggest that the potential for residual injury might be greater in younger
animals. Experiments with radiation doses up to about 7 Gy and with varying dose-rates
have not been conclusive in this respect. At lower doses, however, 0.5 Gy X-rays at 17 d
gestation produces a late developing (> 6 m) deficiency in committed progenitors which is
not seen when radiation is given at 2 d, 8 d or 12 weeks of age.

An analysis of the clonal expression of genetically marked progenitor cells in the context of
the programme was clearly desirable. This represents another developmental area of the
work and successful high level integration has been achieved. Progeny of these cells have
been analysed for only 3 months. Integration into primitive cells, now seems probable and
the long-term continuous expression of their clones is being confirmed.
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Project 1
Head of project: Dr. Humphreys

Objectives for the reporting period

To demonstrate the late effects of 23%Pu administered in urero on male offspring from
CBA/H females given 16, 32 or 64 Bq g-! *3%Pu on either day 4 or day 13 of gestation. To
explore the potential of colloidal 228Th administered paratibially 1o pregnant CBA/H mice as
a means of continuously contaminating the offspring with 22*Ra during the period of
development.

Progress achieved including publications

In utero contamination of pregnant CBA/H mice with 239py,

Materials and methods

239py was obtained from Amersham International as a solution of the element (99% 239pu,
1% 240Py - other isotopes not detected) in 3MHNOj3. This material was standardised against
a 239Pu standard (also obtained from Amersham International) by counting in a Beckman
Model LS5000CE liquid scintillation counter.

Solutions of 239Pu in 1% trisodium citrate solution (adjusted to pH 5.5 by the addition of
3MHNOQ;) were prepared, containing concentrations of 239Pu of 1600, 3200 and 6400 Bq g}
solution enabling each mouse to be injected with one-hundredth of its body mass of injection
solution to achieve the required activities of 16, 32 or 64 Bq g-! body mass respectively.

Female CBA/H mice were mated with male CBA/H mice and on day 4 or day 13 of gestation
(conception was considered to take place on day zero) injected intravenously via lateral tail
vein with the appropriate injection solution.

The offspring were sexed us soon s possible after birth and only the males entered into the
experiment. These were weaned after 21 days. housed four to a box, fed and watered ad
libirum and subsequently examined at trequent intervals by a standard procedure (Humphreys
et al 1989).

Results

Table 1 shows the current status of the experiment. To date 437 animals are dead and the
results of examinations for gross pathology are available for them all. Of these full
histopathological reports ure also available for a total of 164 animals. No myeloid
leukaemias have been contirmed and, although malignant lymphomas have been diagnosed,
no correlation with injected activity has so far been established. Most of the animals which
have died or been killed show ut examination for gross pathology the liver and Iung tumours
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which are common in an ageing population of CBA/H males. The differences in survival
seen in table 1 retlect the different times that the mice were introduced into the experiment
and not an effect of different amounts of contamination. There is no evidence to suggest so
far that in utero contamination has led to any etfect on the offspring.

Table 1
In Utero injection of 239Pu
Status September 1992

239py (Bq g1 16 32 32 64 64
Days gestation 13 13 4 13 4
Number of offspring entered 195 158 200 200 200
Number of offspring dead 99 36 92 76 134
Mouse-days exposure 132174 97349 144121 132025 157774

Protracted contamination of offspring after paratibial injection of 228Th into female mice
prior to conception.

ri nd m

228Th, in equilibrium with all of its daughters, was obtained from AEA Fuel Services,
Harwell, England as a solution in either 2MHCI or 3MHNO5. The injection solution was
prepared by mixing an aliquot of this with 232Th as carrier and then carefully neutralising the
rapidly stirred unbuffered solution with a solution of sodium hydroxide. The amount of
228Th added was adjusted so that each mouse was to be given 55.2 Bq g'! - calculated
(Miiller 1991) to be about 4X the amount to give a maximum leukaemogenic effect from
liberated 224Ra in adult mice. 50 pl of the resulting colloidal solution was then injected
paratibially into each of fourteen 12-week old female CBA/H mice under halothane
anaesthesia. Each injection was made approximately at the middle of the left gastrocnemius
muscle with the tip of the needle just touching the bone.

Two days later the mice were mated with male CBA/H mice and day zero of gestation
recorded as the time of appearance of a vaginal plug.

Two pregnant mice were killed on each of days 14 and 17 of gestation and maternal and
foetal tissues sampled. The remaining mice were killed in pairs | day, 4 days, | week, 3
weeks and 8 weeks after birth and similar maternal and neonatal tissues sampled. Pairs of
virgin age-matched mice were killed and at the same time as the pregnant mice. All of the
samples, together with standuards prepared trom the injection solution were transferred to
glass ampoules and the ampoules sealed in a gas flame.

The only significant source of gamma rays in the 228Th decay chain arises from the decay of
212ph. The intensity of gamma rays with energies in this region was used as a measure of the
presence of members of the chain. The samples obtained from the mice were counted three
times in an LKB Compugamma automatic counter set to count all gamma emissions with
energies near to that of the major energy of 212Pb. The first count was made as soon as
possible after dissection and the second and third counts not before 106 hours after death and
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not berore 36 days after death respectively. At the time of the third count the decay chain is
in equilibrium and the gamma count determines the 228Th activity present at death; from this
the amounts of 212Pb and 224Ra grown 1n at the times of counts 1 and 2 can be calculated
using the appropriate Baleman equation (Bateman 1910). At the time of count 2 any 224Ra
present at death will be in equilibrium with its daughters and gamma activity measured at this
time is a measure of 224Ra present at death. In this way 212Pb activity at death not derived
from either 224Ra or 228Th and 22*Ra activity at death not derived from “28Th are then
calculated as well as 228Th activity present at death.

Results

Since all of the 2!12Pb and most of the “2Ra present in the injection solution will have
decaved by the time of death (16 days minimum - 36 half lives for 212Pb and 4.4 half lives
for ->*Ra), activities from these radionuclides found in tissues are considered to have
originated in the paratibial deposit of 223Th.

Thorium behaves chemically as an acunide and is deposited preterentially in tne skeleton and
liver. The percentages of injected activity found in the right maternal femur and in the liver
in the present results, however. are only of the order of 2 or 3% of what has been recorded
(unpublished experiment) from an injection of the cirate complex of a 1% solution of
trisodium citrate. These findings result from the retention of the major proportion of the
nuclide art the site of injection and the release of only small fractions into the circulation.
Over the period of observation, the proportion of injected activity remaining in the left femur
fell slightly while that in the right femur rose. This can be interpreted as a loss of thorium
from the site of injection accompanied by an increase in thorium activity in the remainder of
the skeleton.

The amount of 2>8Th found in the tissues of the offspring were, in some cases, barely
measurable but, where measurement was possible, the amount of thorium present, as a
fraction of that present in the corresponding maternal tissue, was of the same order as that
found for plutonium (Mason er al 1991). The results suggest, therefore that very litle 228Th
is being liberated from the paratibial deposit but that which is liberated is distributed in a
similar pattern to what would be expected from ‘soluble’ nuclide. The amounts of thorium
seen in the gut samples increased between 1d and 1w after birth during lactation; a sharp
decrease seen at three weeks was coincident with a change in the diet from milk to solid
tood: the offspring were fully weaned at three weeks.

Comparisons of tissue activities of 212Pb, 22¥Ra and 23Th showed a variation of relative
retentions. In maternal liver at all times of measurement, 212Pb activity was considerably
greater than that of radium or thorium, probably resulting from the binding to the red blood
cell membranes of 212Pb released from the paratibial deposits and from the 220Rn released
from bone in all parts of the skeleton: radium activity was generally smaller than that of
thorium. In both maternal femurs radium activity was greater than that of thorium or lead.
Similar patterns were seen in offspring livers and femurs although in the l-day neonate
femurs the amount of 212Pb was greater than that of 224Ra reflecting, perhaps, the greater
relative blood content of these primitive bones. In contrast to the slight fall in radium
activity seen in the maternal femurs there was a very marked rise in the radium activity of
offspring femurs.
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In summary these preliminary findings show that a paratibial injection of 228Th before
p - "9 . . .

conception provides a poor source of 228Th for foetal contamination but a rich source of

224Ra mostly during lactation.
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Project 2
Head of project: Dr. Vandenheuvel

Objectives for the reporting period

In order to identify a radiosensitive stage in development, Balb/c mice are
radiocontaminated with 241-americium at different developmental ages (before, during and
after gestation) and in different ways (acute and chronic administration of 241-Am). The
effect of this internal irradiation on haemopoietic and stromal cell populations in the bone
marrow is studied quantitatively and qualitatively.

An initiation is made to study the damage present in long-term cultures (LTC). Cellular
and extra-cellular matrix components are analysed. The haemopoietic capacity of the
stromal layer is evaluated by reseeding the stroma with haemopoietic pluripotent stem cells.

Progress achieved including publications

1. Methods

1. Balb/c mice were radiocontaminated with 241-americium. Different ways of
contamination included:

- single i.v. injection of pregnant mice at 14th day of gestation (14 kBg/mouse); offspring
were fostered by contaminated mother during first 3 weeks after birth;

- continuous infusion using osmotic pumps between 7th and 14th day of gestation (11.15
kBqg/mouse); offspring transterred to foster mother;

- continuous infusion using osmotic pumps between 14th and 19th day of gestation (7.5
kBg/mouse); offspring transferred to foster mother;

- contamination of neonates via lactation during 3 weeks after birth (foster mother received
14 kBg/mouse: i.v. injection):

- single i.p. injection of male mice (6.2 kBq/mouse) 32 days before mating with female
mice.

13, 24, 32 and 51 weeks after birth haemopoietic and stromal stem cell studies were
performed in the offspring or neonates:
- quantitative evaluation using shori-term clonal assays to assess the number of CFU-s,
CFU-GM and CFU-f;
- qualitative evaluation of haemopoietic function using long-term bone marrow cultures
(LTC) which is a culture system to maintain haemopoiesis in virro.

95 weeks post-contamiration stem cell studies were pertormed following 241-americium
in utero (injection at the 14th day of gestation) and via lactation.

2. To assess the functional capacity of stroma to maintain haemopoiesis in vitro, stromal

layers from control and 241-Am contaminated mice were recharged with complete
haemopoietic bone marrow (0.5 x 102 ¢/ml) or with sorted haemopoietic pluripotent stem
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cells (HPSC) (Rh-123 dull cells, Facs sorted by Jan Visser, TNO, Rijswijk). The CFU-GM
output was taken as a measure of the haemopoietic capacity of the stromal cells.

Initially, we tested if HPSC (from Balb/c mice of TNO, Rijswijk) could proliferate and
differentiate on our stromal layers (from Balb/c mice, SCK, Belgium.

3. The stromal laver in LTC from control and 241-Am contaminated mice (see 1) was
characterised. The presence of different cell types (macrophages, alkaline phosphatase and
acid phosphatase positive cells) and extracellular matrix components (sulphated- and non-
sulphated glycosaminoglycans) was studied using histochemical staining techniques. The
mentioned components are believed to have a function in the regulation of haemopoiesis.

2. Results

2.1 Cellularity and number of haemopoietic and stromal stem cells

- Neither the bone marrow cellularity, nor the amount of pluripotent haemopoietic stem
cells were disrupted after the different ways of contamination.

- The amount of progenitor cells for granulocytes and macrophages (CFU-GM) tended to
decrease (equal to control values or significantly lower [t-test, P £ 0.05]), while in contrast
the number of stromal stem cells had the tendency to increase (equal or higher than control
values).

22  Long-term bone marrow cultures

13 weeks post partum no differences were seen in the haemopoietic activity of LTC, which
reflect the functional capacity of stromal cells to maintain haemopoiesis in vitro from either
control mice or contaminated mice.
24 weeks post partum the haemopoietic activity of LTC was diminished: the CFU-GM
output in cultures from contaminated mice (regardless of the route of 241-Am
contamination) was lower compared with the CFU-GM yield in cultures derived from
control mice.
32 weeks postnatally, the CFU-GM yield in LTC derived from offspring contaminated in
utero using osmotic pumps either between the 7th and 14th day of gestation or between the
14th and 19th day of gestation was significantly lower than the CFU-GM content in LTC
from control mice.

CFU-GM output in LTC trom the other groups was similar to the CFU-GM output in
LTC from conwol mice.

2.3  Effectatlong-term

95 weeks after birth, in utero contamination at the 14th day of gestation did not result in
significant differences (P < 0.01) between the control and radiocontaminated mice, in bone
marrow cellularity and stem ceil concentrations (CFU-s, CFU-GM, CFU-f). LTC derived
from 241-Am contaminated mice showed a decreased CFU-GM output compared with
cultures from control offspring (two-way ANOVA, P <0.01).

2 Preliminary resuits indicate that HPSC can be maintained for a short period on a stromal
layer.
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Recharging stromal layers. derived from control and 241-Am contaminated mice (51
weeks after contamination) with total bone marrow cells resulted in a higher CFU-GM
output in cultures with a stroma originating from contaminated mice. In contrast, after
reseeding the stromal layers with HPSC, the cultures from control mice gave the highest
CFU-GM output. '

3 Phenotypic characterisation of the confluent adherent swomal layer yielded no obvious
differences in cell types and exwacellular matrix components between stromal layers derived
from control animals and 241-Am contaminated mice.

3. i ion

1. We have seen effects on the bone marrow cells after contamination of mice at different
developmental stages. The associated o-irradiation dose to the femur was estimated on the
basis of previous retention studies in fostered and non-fostered offspring of mice
contaminated at the 14th day of gestation with 14 kBq of 241-Am.

The cumulative dose to the femur in offspring reared by their own contaminated mother
reached 1.7 ¢Gy at 13 weeks postcontamination, 2.6 ¢cGy 24 weeks after contamination, 3.3
¢Gy at 32 weeks postcontamination and 5 ¢Gy one year after contamination.

Mice fostered during the lactation period by a contaminated mother accumulated
respectively 0.9 cGy after 13 weeks and 1.5 c¢Gy after 24 weeks due to 241-Am
contamination of the milk.

In the male mice contaminatea 32 days before concepuon, the cumulanve dose to the
testis until conception amounted to 2.1 ¢Gy.

These low radiation dose levels induced effects on the quantity and quality of bone
marrow cells. However we cannot yet identify the most radiosensitive period. Residual
damage is similar in the different contaminated groups. Its role remains to be established.

After contamination of mice at the 14th day of gestation with 14 kBq 241-Am, damage
to bone marrow cells in offspring evaluated via LTC persisted for a long period. At 95
weeks postcontamination, LTC are still suboptimal. The associated cumulative dose to the
femur at that time is 8.5 cGy.

2. To identify the nature of the radiation damage in the LTC, working with purified
haemopoietic populations and separated stromal populations will be of great benefit. The
contrasting results seen after reseeding stromal lavers with total bone marrow cells or HPSC
illustrate this need.

3. Phenotypic characterisation of the stromal layers yielded no obvious differences between
stroma of control or contaminated mice. Therefore we will apply other techniques (ie factor
dependent cell lines, in situ hybridisation) to study growth factor and extracellular matrix
production.
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Project 3
Head of project: Dr. Lord

Objectives for the reporting period

To investigate the transplacental uptake of maternal #3%Pu or 22*Ra contamination and its
effects on the development and maintenance of haemopoietic tissue. To compare the relative
effectivity of radiation from transplacental *3Pu to that of external ¥-irradiation during
pregnancy. To consider the possibility that pre-mating paternal contamination with o.-
emitting radionuclides might affect the development of haemopoiesis in offspring.

To compare long term repopulation of haemopoietic and stromal precursor cell populations
after y-irradiation at 1, 4 or 11 weeks of age. To assess the radioprotective effect of TNF-a
in vivo and 10 investigate the potential for assessing residual injury in terms of deficiencies in
megakaryocyte precursor cells and in marrow repopulating ability.

Progress achieved including publications

In view of the affinity of a-emitting radionuclides for bone, the location of appropriate target
cells with respect to bone is an important aspect. The cellular microarchitecture of the bone
martow was therefore investigated and the spatial distributions of the relevant cell
populations wus shown to be fully established bv three weeks of age.

Approximately 1% of 23%Pu used to contaminate pregnant mice at mid-term gestation appears
in the newborn offspring - most of this is in the foetal liver. When contamination occurs
early in gestation, uptake in the new born offspring is ten-fold lower. Effects on
haemopoiesis in the long-term however, are comparable. Reduced numbers of stem cells are
required to maintain a higher level of proliferation in order to maintain cell output. The
mechanisms in the two situations are different: the one is determined primarilv by effects on
the haemopoietic stem cells; the other by effects primarily on the stromal microenvironment.

A combination of these effects probably arises as a result of chronic irradiation throughout
intrauterine development. An injection of 228Th (55.2 Bq.g! - see project 1) to female mice,
1-6 d before mating in order to supply a chronic dosage of transplacental 2¥Ra resulted in
neonatal mice with only half thetr normal level of haemopoietic stem cells in both the bone
marrow and spleen - in spite of achieving normal cellularities in these tissues. As with
transplacental 23Pu uptake, although the mice managed to maintain near normal cellularities,
residual damage at 33 wks of age showed still reduced (50%) stem cell levels.

To compare with the effects of 23%Pu ingestion by pregnant mice at mid-term gestation,
pregnant mice have also been irradiated using low doses of Co-60 y-rays. Previous work
used doses of 50, 100 and 150 mGy/day delivered continuously between days 13 and 18 of
gestation. Assessments of the spatial distribution of CFU-S in femoral marrow were made in
the offspring when they had reached 8§ weeks of age. Significant changes in the CFU-S



distribution were found after irradiation of the fetus using 100 and 150 mGy/day. These data
indicated that the quality factor of 20 employed to relate the efficiencies of a-panicles and y-
rays was 100 low 1o account for the larger effects observed after 23%Pu contamination. The
studies with y-rays have now been extended to include 600 mGy/day. This is near the limit
of dose which can be given without deaths occurring. Even at this cumulative dose of 3.6
Gy, the reduction in the number of CFU-S in the young adult and the accompanying
modification to the axial/marginal CFU-S distribution were not as marked as after the
estimated 10-14 mGy accumulated dose from 239Pu. This indicated that the quality factor is
very high for this endpoint.

Studies are underway comparing the response of continuous y-irradiation with daily acute
doses in order to relate values of effectiveness to acute, as well as to protracted, exposures.

Studies have been instigated to study the effects of preconceptual paternal a-radionuclide
contamination. Male mice were injected with 64 Bq.g! 239Pu, one or 3 months before
mating with normal females.  Haemopoictic progenitor cells and their regulatory
microenvironment were assessed in the offspring at times up to 160 d after birth. [TI-defined
changes arose in CFU-S, in vitro CFC, CFU-F and renal capsule forming capacity indicating
significant instability in the developing haemopoietic tissue. These studies are currently
being retined in order to define better the specific changes and the nature of the residual
damage in these tissues.

During normai growth, the number of marrow cells per temur increased from about 107 at 4
weeks of age to 1.8 x 107 at 37 weeks. The corresponding increases for day 8 CFU-S were
from 3,000 to 4,000, for day 12 CFU-S 3,000 to 3,000, and for iv-CFC 30,000 to 55,000. In
contrast, CFU-F numbers declined from around 750 at 4 weeks of age to 400 at 15 weeks,
and then increased to 650 at 37 weeks. The rates of change in these parameters were higher
for younger mice than for adults. Thus, if growth is reduced by irradiation, this indicates the
potential for greater residual injury, in the younger animals,

Regarding CFU-S response and recovery after vy irradiation: (a) there was no significant
dose-rate effect between 6 and 60 cGy/min for acute survival, (b) acute survival levels were
consistently nigher for day 12 than for day 8 CFU-S, but the difference disappeared by 6
months post irradiation recovery, (¢) long-term recovery at 6 months was equally good in
mice of all ages, except perhaps after the highest dose (4.5 Gy) used in the 1 week old mice.
Regarding CFU-S per colony (a) the recovery levels were in general lower in 1 week old
mice than in the other ages, (b) the effects of radiation on this endpoint were greater than for
CIFU-S numbers. in mice aged | week or 10-12 weeks. but not 4-5 weeks, (c) there was a
tendency for better recovery atter lower doses delivered at the lower dose-rate (6 ¢Gy/min)
inmice aged | week or 4-5 weeks. but this was not seen in adults.

Concerning recovery of i.v. -CFC there was: (1) no sigmiticant dose-rate effect, (b) better
recovery than CFU-S in 4 week old mice but with similar levels in 1 week old mice or in
adults.

Regarding CFU-F (4) an acute dose-rate effect was observed for 4-5 week old mice but the

reverse was tound for adult mice, (b) recovery was in general poorer in 1 week old mice than
in the other ages. (¢) o marked dose rate effect was observed for the levels of recovery in 4
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week old mice. This was not so marked for adult mice, and there was a tendency towards
the reverse effect in | week old mice.

Residual injury was detected as alterations in the number and quality of marrow precursor
cells at 6 months after 1.5, 3.0 or 4.5 Gy y-irradiation of mice aged 1 week, 4. weeks or 11
weeks compared to age-maiched controls. Levels of recovery as low as 40% were measured
for fibroblastoid colony-forming units (CFU-F) it 6 months after irradiation of 1 week old
mice. The self-reproduction capacity of CFU-S measured as spleen colony-forming units
generated per spleen colony, was similarly low. In adults, the CFU-F recovery levels at 6
months were much higher (c. 90%), although the values of CFU-S per colony were lower
(~50%). Residual injury at 6 months after the higher doses was more severe for the 1 week
old mice than that for mice of the other ages tested.

For both a- and y-irradiation, mature neutrophils demonstrated long-term changes in their
activity as shown by superoxide anion production (see project 5).

The literature carries some controversy regarding the value of TNF-o as a long-term
radioprotector. In the current experiments, up to 800% protection of haemopoietic
progenitor cells was obtained by incubating marrow for 72 hrs in vitro before irradiation.
However, this apparent protection was not supported by the injection of equivalent amounts
of TNF-a in vivo. The subsequent radiation survival and recovery curves for cellularity, in
vitro-CFC and CFU-S in both bone marrow and spleen were identical. Our results,
therefore, showed u luck of correlution between wz vive and in vitro radioprotective etfects of
rhTNF-a on murine haemopoiesis.

Preliminary work to establish the baselines for investigating the platelet producing
megakaryocyte progenitors has been completed and basic survival and recovery curves out to
30 d established for 5 and 8 Gy total body y-irradiation. The results indicate a more
radioresistant progenitor than either the pluripotent CFU-S or the granulocyte/macrophage
committed-CFC.

Further preliminary work on the most primitive marrow repopulating cells suggest that their
long-term (~ 2.5 yr) levels in mice treated with 2¥Pu or **Th are significantly below
normal.

The findings in these preliminary investigations will be carried forward into future project
work.
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Project 4
Head of project: Dr. Visser

Objectives for the reporting period

This part of the programme has the objective to identify the different cell types that are
involved in the interactions between the haemopoietic cells and their supportive stroma. Itis
focussed on the analysis of purified murine pluripotent haemopoietic stem cells with respect
1o their long-term culture capability on irradiated stromal layers. In the course of the project
a number of investigators reported new results concerning the identity of the stem cell and as
a consequence concerning its purification. Therefore the objectives of this project had to be
adapted to include the analysis of these new candidate stem cell fractions.

In addition, the project aimed at the purification of the stromal stem cells by applying a
similar srategy as had been successful for the characterization and subsequent isolation of
the pluripotent haemopoietic stem cell (PHSC).

Analysis of the culture of purified haemopoietic stem cells on well-defined cell layers arising
from isolated stromal stem cells should answer questions about the effects of radiation on the
different components that play a role in the regulation of haemopoiesis.

These studies were to be conducted in close collaboration between TNO-Rijswijk where the
cell separation studies and the in vivo assays would take place, and the SCK/CEN in Mol,
where the cells would be cultured on stromal layers and analysed for the presence of stromal
precursor cells.

Progress achieved including publications

The results of series of cell separation experiments indicated, that fractions of sorted cells
gave different numbers of stem cells in a variety of different assays which were all thought
to be specific for detecting stem cells. This suggested that the haemopoietic stem cell
compartment is heterogeneous, and the question has become which assay svstem detects the
pluripotent haemopoietic stem cell capable of self renewal and of long term repopulation of
haemopoiesis after transplantation into lethally irradiated recipients. Long-term repopulation
in vivo was found to be correlated with long-term maintenance of haemopoiesis in vitro in
long-term bone marrow cultures on stromal lavers.

1. Methods

Pluripotent haemopoietic stem cells were isolated from mouse bone marrow using
equilibrium density centrifugation and fluorescence-activated cell sorting. The sorting
parameters were: forward light scauer, side scatter, binding of wheat germ agglutinin
(WGA) and of an antibody directed against monocytes and granulocytes called 15.1.1, and
staining with the dye Rhodamine 123 (Visser and Van Bekkum, 1990, Exp Hematol.
18:248).
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Long-term repopulation in vivo was determined quantitatively in female recipients of male
bone marrow cells using fluorescent in siru hybridization with a mouse Y-chromosome
specific DNA probe (Visser et al., 1991, Seminars in Hematology 28: 117-125).

Long-term culture on stromal layers was performed and analysed at the SCK/CEN in Mol
after transporting the sorted cells from TNO-Rijswijk. Cobblestone area formation in
stromal cell layers was determined by Dr. R. Ploemacher using stem cell fractions sorted at
TNO-Rijswijk that were cultured at the Erasmus University in Rotterdam.

2. Results and discussion

Pluripotent haemopoietic stem cells (PHSC) were pre-enriched from mouse bone marrow
using equilibrium density centrifugation to select low-density cells (< 1.080 g/cm3 at pH
6.7). The low density cells were sorted using a FACS to obrain cells with low to medium
forward light scatter intensity, low side scater intensity, medium or high binding of WGA
and no binding of the antibody 15-1.1. The dye Rhodamine 123 was also employed. It was
found to make a distinction between primitive haemopoietic cells with active and with
resting mitochondria. A Rhodamine 123 (Rh123) bright fraction could be sorted which gave
many spleen colonies (CFU-s) in lethally irradiated recipients (up to 10 per 100 transplanted
cells) but no long-term reconstitution of haemopoiesis as measured with the Y-probe.
Another fraction, Rh123 dull, yielded considerably less spleen colonies, whereas it gave rise
to nearly 100% male blood cells in female recipients for more than one year. Spleen, lymph
nodes and bone marrow showed a similar pattern of chimaerism one year after
transplantation of these two fractions. This indicates that the chimaerism is in all
differentiation lineages: erythroid. myeloid and lymphoid. Consequently, the CFU-s assay
cannot be used reliably to detect pluripotent haemopoietic stem cells and our knowledge
about stem cells as it is based on nearly thirty years of CFU-s determinations has to be
carefully reevaluated. As a consequence even the frequency or incidence of the pluripotent
stem cell is not known and the purity of the sorted preparations can only be estimated.

Interestingly, also another test system which is in use to detect stem cells, viz the
radioprotection or 30-day survival assay, is also shown to be misleading in this experiment.
Mice which received the Rh123 bright sorted primitive cells lived for more than one year
without any sign of chimaerism. Apparently, these sorted primitive cells produced sufficient
offspring (together with spleen colonies) for the short time period that the recipients were at
risk due to radiation induced anaemia, whereas endogenous stem cells recovered and
subsequently reconstituted haemopoiesis. About three times more of the Rh123 bright sorted
cells were needed for 30-day survival than of the Rh123 dull sorted cells.

We demonstrated that the low stainability of stem cells with Rhodamine 123 was due to their
smaller and less active mitochondria (Visser et al., 1991. Seminars in Hematol. 28;117).
During 1991, it has become clear that the low stainability is also the result of the expression
of the MDR-1 gene by stem cells (Chaudhary and Roninson, 1991, Cell 66:85). This gene
encodes a membrane molecule, P(gp), which is an efflux pump, and the fluorescence
intensity of Rhodamine 123 stained stem cells is low because the cells efficiently pump out
this dye. This finding might also explain our earlier observation (Baines and Visser, 1983,
Exp, Hematol. 11:701) that stem cells are not easily stained with the dye Hoechst 33342,
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The Rh123 dull cells containing the PHSC could not be cultured efficiently in serum free or
serum containing media supplemented with single growth factors or combinations thereof.
A plating efficiency of 15% was obtained maximally (IL-1+IL-3+CSF-1). The Rh123 bright
cells, however. showed a plating efficiency of up to 50% (IL-1+IL-3+CSF-1) whereas also
single growth factors alreacy gave good efficiencies (20%). This indicates that the culture
system is of sufficient quality. The low plating efficiency of the pluripotent stem cells (the
Rh123 dull fraction), therefore, indicates that either the right growth factor was not present
amongst the ones we tested, or that the stem cells require other signals for opumal growth.
Such signals may be derived from adhesion molecules or bound growth factors in stromal
cultures. Therefore, the sorted cells were also cultured on stromal cell layers. This yielded
higher plating efficiency. 1t could be estimated that 30% of the Rh123 dull and 50% of the
Rh123 bright sorted cells gave so called "cobblestone areas" in stromal cultures.

The cobblestone area like colonies of haemopoietic cells derived from Rh123 dull cells
persisted in the cultures for more than four weeks. Those obtained from Rh123 bright sorted
cells, however, disappeared within three weeks. It may be speculated that these activated
cells are highly responsive to haemopoietic growth factors and that they therefore rapidly
differentiate both in vivo (providing short-term repopulation) and in vitro. whereas the
quiescent Rh123 dull cells express less growth factor receptors and therefore rave more time
to find the sites where a combination of adhesion and bound growth regulating molecules
favours self renewal.

With respect to the analysis and sorting of stromai stem cells new observations were reported
by investigators in Seattle, where an antibodv against the human stromal stem cell was
developed (Simmons and Torok-Storb, 1991, Blood 78:55). This antibody. STRO-1, labels
part of the CD34-positive cells in human bone marrow. Interestingly, the CD34 antigen is
found on early haemopoietic cells, including the human haemopoietic stem cell. The light
scatter properties of both s:em cells were also found to be similar. The stromal stem cell
apparently has a number of phenotypical features in common with the haemopoietic stem
cell. On the other hand, the CD34 antigen is also found on vascular endothelial cells in a
variety of tissues (Fina er al., 1990, Blood 75:2417), and it may be expected that the STRO-1
antibody is found on a variety of other stromal cells. In addition, since there is no mouse
equivalent of CD34 known as yet, this finding could not be easily extrapolated to our studies.
The work with the new antibody is noteworthy, however, since it indicates that sromal stem
cells exist and can be purified.

In addition. Simmons and Torok-Storb demonstrated that the sorted stromal stem cells gave
rise o a heterogeneous laver of stromal cells that supported haemopoiesis.  The
heterogeneity was almost as complex as in stromal cultures that are initiated with total bone
marrow. Therefore we abandoned one of the original objectives of our project to purify the
stromal stem cell to ftucilitate the molecular analysis of interactions between isolated
haemopoietic stem cells anc the regulatory microenvironment. Instead, studies were initiated
to analyse the expression of adheston molecules and growth factor receptors on sorted
pluripotent haemopoietic stem cells. These studies have become possible because of the
introduction of reverse transcriptase PCR techniques that could be applied to rare cells such
as the stem cells. A number of new genes have been discovered in these studies and the
expression of known growth factor receptors in different candidate stem cell fractions could
be determined. It may be expected that this approach will yield unambiguous results
regarding the identty and function of specific adhesion molecules that regulate the
interactions between the stem cells and the stroma.
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Project 5§

Head of project: Dr. Tejero
Scientific staff: S. Gaitan, E. Cuenllas, P. Sancho, JM J. Herranz, S. Escribano

Objectives for the reporting period

The objectives for the present period were to extend our previous investigations with respect
to superoxide anion production by granulocytes at different doses (single and repeated) (4.5,
7, 10, 3 x 4.5 Gy) types of radiation (X-rays, gamma rays) and age in mice (neonatal and
adult). The effect of 239Pu contamination ar different gestational age has also been
quantified.

The study done during the reporting period has been carried out on granulocytes obtained
from peripheral blood and long-term bone marrow cultures (LTBMC) from B6D2F1 and
C57Balb/C F1 mice over long periods after irradiation or contaminations.

As Oy is generated by a NADPH-dependent oxidase system. the hexose monophosphate
shunt acquired a special relerznce in neutrophils, thus preliminary studies on glucose 6-
phosphate dehydrogenase (G6PD) uctivity have been performed in granulocytes from X-rays
irradiated mice.

Progress achieved including publications

1. Methodology

- Male and female B6D2F1 mice (10-12 weeks old) were total body irradiated with 4, 5 or
10 Gy, with 80Co gamma-ravs at 65 cGy/day or with 4.5 Gy X-rays at a dose rate of 70
¢Gy/min. Some mice were irradiated 3 x 4.5 Gy X-rays at 3 week intervals.

- (C57Balb/C females were whole body irradiated with 7 Gy X-rays at 8 days or 12 weeks
old. Some mice (10-12 wezks old) were irradiated with 5 Gy X-rays. The dose rate was
105 ¢Gy/min for these experiments.

- For the intrauterine 239Pu contamination studies, C57B16 females (10 weeks old) were
induced into oestreus with DBA2 males. On days 4 and 13 of gestation, mice received 30
kBqg/kg of 239Pu by injection via lateral tail vein.

- Peripheral blood granulocyvies were isolated by Dextran T-500 (1.5%) sedimentation plus
Ficoll-paque centrifugation (1600 xg, 20 min, 20°C). Contaminated erythrocytes were
removed by hypotonic lysis (25 sec).

- LTBMC were established according to Dexter's method. Briefly, one femur and one tibia
were flushed in 10 ml Fischer's medium supplemented with 20% horse serum and 10-3
hydrocortisone sodium hemisuccinate.  Cultures were fed weekly and mature
granulocytes subsequently assaved for O, production and G6PD activity.
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Superoxide anion production was determined by the continuous spectrophotometric
measurements of the superoxide dismutase (SOD) - inhibitable reduction of
ferricytochrome ¢ at 550 nm. Samples were stimulated with 1 pg PMA. Superoxide
generation was calculated from the linear increase in absorbance based upon an extinction

coefficient for ferricytochrome ¢ reduction of 21 mM-! cm-1.

G6PD activity was measured spectrophotometrically at 37°C according to Battistuzzi er
al modified by Bautista er al. The assay mixture containing 1 M Tris HC1 buffer pH 8;
0.1 M MgCl,: 10 mM NADP; 1.3 mM G6P and an enzymatic exwract containing 0.04 mg

of protein.

Results
Superoxide anion production one year after 7 Gy irradiation of 12 week and 8 day old mice.
% Control
Bone Marrow Source Peripheral Blood LTBMC
Normal 100.0 £ 10.0 100.0 £ 10.3
12 week-old irradiated mice 2233 £ 16.7** 228.1 £ 31.9%*
8 day-old irradiated mice 263.3+ 20.0** 271.9 £2]1.9 **+*

Values expressed X = SEM. Net experiments 3-6. Included statistical
significance with respect to control using Student's t-test.
**p <0.01: **p <0.001.
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Figure 1: The measurements have been performed in granulocytes from cultures
established one vear after irradiation. Values expressed as percent of controls X £ SEM. Net
6-8 experiments. [nsert in the figure statistical significance of difference from control using

student's t-test.

LTBMC granulocytes from mice iradiated with X-rays had significantly increased Oj”
production but gamma-irradiation did not stimulate O+ production in the way that X-rays
did. This difference may be related 1o the low dose rate used for gamma- compared to X-

rays.
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Figure 2:  The values expressed X £ SEM. p-significance of difference from control using

students t-test. * 0.05>0.01; ** 0.01 > p > 0.001; ***p <0.001. G6PD level is increased
in granulocytes from LTBMC of imadiated mice with respect to age-matched control
animals. This effect is observed at 9th month post irradiation and at different weeks of
culture studied. This increase could be associated with a great production of NADPH to

pertform phagocytosis.
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Figure 3: The experiments have been carried out at one year after birth for peripheral
blood granulocytes. Cultures were established at 2.5 years after birth. Values expressed as
percent of controls, X * SEM. Net 4-6 experiments. Insert in the figure statistical
significance of difference from conrtrol using student's t-test.

Granulocytes from mice 13 days inrauterine 239Pu contamination, showed a significant
enhancement of O5” production both from peripheral blood and LTBMC. This effect may be
associated with the residual stromal damage described previously.

LTBMC from 4 day *3%Pu contaminated animals did not show differences with respect to
control. These results suggest that the existance of a competent microenvironment leads to a
granulocyte population with normal function.

On the other hand, the fact that peripheral blood granulocytes from 4 day 239Py
contamination express an extraproduction of O~ might be as a consequence of their response
to extramedullary sources of endogenous CSFs.
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3. Conclusion

Our results demonstrate that weatments which produce stromal damage, induce
compensatory mechanisms which are reflected in mature granulocytes, in such a way that
their functional capacity is enhanced.

Sciendfic staff S. Gaitidn, E. Cuenilas, P. Sancho, J.M.J. Herranz and S. Escribano.
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Project 6

Head of project: Dr. Bueren

Objectives for the reporting period

- To characterize the differential smomal and hematopoietic injuries in adult and suckling
irradiated mice.

- To analyse the hematopoiests or mice following external irradiauion in embryonic stages
of development.

- To analyse the clonal expression of genetically marked hematopoietic stem cells
following in vivo wansplantation in mice or in virro, in Long Term Bone Marrow
Cultures (LTBMC).

- Todetermine the influence of the irradiation on the expression of hematopoietic stem cell
clones.

Progress achieved including publications

In the last reporting perio¢ we described the long-term evolution of the hematopoiesis of
mice irradiated with 7 Gy. A persisient reduction in the content of femoral hematopoietic
progenitors (CFU-S, CFU-GM and BFU-e) was noticed for the time studied (20 months) in
adult irradiated mice. By contrast. in 8 day-old irradiated mice a progressive recovery of
these precursors was observed. achieving essentially normal valves at one year post-
irradiation (1,2).

In order to study the role of the microenvironment in the different hematopoietic behaviour
of both groups of irradiated animais. LTBMCs were established one vear after irradiation.
Analyses performed in the fourth week of culture consistently showed that adult irradiated
mice generated poor stromas, while essentially normal adherent layers were noted in cultures
of young irradiated mice. suggesung that differences in the stromal regeneration of young
mice may account for the different long-term hematopoietic recovery.

In collaboration with Dr Tejero’s group it was established that LTBMCs from normal bone
marrow released negligible amounts of GM-CSA. However, supernatants of cultures
established from the bone marrow of adult and young irradiated mice were capable of
stimulating the growth of granulocyvte-macrophage progenitors (Table I). Either in vivo and
in LTBMC s, the O>™ production of granulocytes corresponding to both groups of irradiated
mice was 2 to 3 tmes higher than values corresponding to granulocytes harvested from
control cultures (1,3.4,5).
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To confirm that the growth of CFU-GM was promoted by an overtflow of GM-CSF, the
activity of the supernatants was also tested after neutralization with GM-CSF antiserum (1).
Under these circumstances no colonies were observed (Table I), demonstrating the increased
release of GM-CSF as a long-term consequence of the in vivo irradiation of mice. This
supports that a persistent activation of the regulatory microenvironment is produced to
compensate residual hematopoietic failures induced by the irradiation.

Table I: Supernatant Colony Stimulating Activity analysis of LTMBCs established one
year after 7 Gy irradiation of 12 week old and 8 day old mice.

LTBMC Supernatant Source CFU-GM/10° Cells % of Newralization
Stimulated with LTBMC with Anti-GM-CSF
Supernarants
Normal mice 1.21+0.8 100%
12 week-old irradiated mice 10.1 £ 2.4 (p<0.01) 100%
8 day-old irradiated mice 18.5 £ 5.4 (p<0.01) 100%

To analyse long-term failures in the self-renewal capacity of the CFU-S population, spleen
colonies generated by CFU-S from mice that had been irradiated one year before were
transplanted into secondary recipients. In adult and 8 day-old irradiated mice this parameter
was decreased to about 13% and 33 respectively, in comparison to age-matched controls.
This reflected a long-term impairment of the CFU-S quality, which was more evident in the
case of the adult mice (6).

To further determine the role of the stroma in the persistent reduction of the number and
self-renewal capacity of the CFU-S, bone marrow plugs obtained one year after the
irradiation of adult and 8 day-old mice were implanted beneath the renal capsule of non-
irradiated recipients. In relation to control ossicles, ossicles from both types of irradiated
mice were incapable of sustaining normal values of CFU-S (about 50% reduction in CFU-
/103 cells). These precursors, however, generated higher numbers of analogous CFU-S in
secondary transplantations (more remarkable in ossicles derived from suckling irradiated
animals), indicating that failures in the hematopoietic sroma are involved in the persistent
reduction of hematopoietic progenitors observed after the 7 Gy irradiation of adult mice, but
not directly in the quality impairment of the hematopoietic stem cells noticed in these
animals (7,8,9).

2. . . . . irradiati m ni
It has been previously shown by collaborating contractors that contamination of embryos

with a-emitting radionuclides induces long-term hematopoietic depression at very low
cumulative doses. In an attempt 1o investigate possible hematopoietic failures after low LET
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external irradiation in early stages of growth, a single dose of 0.5 Gy of X-rays (300 kV;
dose rate: 1.03 Gy/min) was given to pregnant mice at 17 days of gestation, as well as to 2-
day old, 8-day old and 12 week-old mice (10).

Results obtained in 17 individuai determinations carried out 3 or 6 months after the
irradiation of 12-week old mice, 3-day old mice and 2-day old mice did not reveal significant
differences in the femoral content of CFU-GM, BFU-E and CFU-S, with respect to their age-
matched controls. In the case of mice irradiated at the 17th day of embryonic development,
six animals were analysed 6 to 9 months after birth. Although in these animals normal
values of CFU-S12 were determined, a significant reduction of granulocyte-macrophage
progenitors was apparent at 9 months post-irradiation (Figure 1), (10).

These data suggest the induction of a long-term hematopoietic failure as a consequence of a
single 0.5 Gy irradiation of the embryo that is not produced in newborn or young adult mice.
Further experiments are in progress to confirm dysfunctions in the hematopoiesis of mice
irradiated at this stage of growth and to identify further hematopoietic failures induced by
irradiation at other stages of embrvonic development.

% of congrol (CFUIC coetie)

100 4

80 -
sl IR |
40 1

20
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Figure 1: Proportion of femoral hematopoietic progenitors 9 months after irradiation of
mice with 0.5 Gy of X-rays at the 17th day of embryonic development.

3. 1 nal ression netically mark m jeti 1
ing in vi | ion in mi

In order to study possible differentiation failures of the most primitive hematopoietic sterm
cells following irradiation, we have attempted to geneticaily mark such precursors by means
of rerroviral vectors, at present the most efficient procedure to insert genetic tracks into
hematopoietic stemn cells.

In the last reporting period we obtained high integration efficiences of the reporter neof gene

into the CFU-S population when selecton in geneticine was included in the infection
protocol (90-100% of CFU-S contained the reporter gene) or when cocultures of y9 and PA
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317 cells were prepared for bone marrow infection (80-90% of CFU-S were genetically
marked) (11). Southern analyses carried out in the long-term, revealed that such protocols
render a low but detectable expression of genetically marked stem cells. In the case of the
geneticine-selected bone marrow. genetic marks became undetectable by Southern blotting at
4 months after wansplantation. The mixed coculture zrocedure, although efficient for the
infection (this procedure did not require the selection step), seems to produce significant
amounts of helper viruses which would invalidate stdies of stem cell differentiadon.

In this reporting period, we have therefore studied further possibilities which would allow
not only the wacking of the CFU-S population, but also alternatives which allow the long-
term follow up of the hematopoietic stem cells in irradiated recipients. In order to improve
the collecdon of bone marrow cells enriched in proliferanvely active precursors, experiments
were conducted with bone marrow suspensions prepared after in vivo 5-FU treatment. Bone
marrow cells stimulated with IL-3 plus Stem Cell Factor generated a high increase in CFU-
GM numbers within the 3-day incubation period required for the retroviral infection and
gene expression. Such stimulation rendered a population containing abut 10% of CFU-GM
and 1% of CFU-S 12d (12). To determine whether the very primitive stem cells had been
depleted because of a potential differentiation stress to the bone marrow, 105 male bone
marrow cells incubated for three days in media containing IL-3 plus SCF were transplanted
into female irradiated recipients. Hybridization with the pY2 probe revealed that these cells
regenerated the hematopoiesis of irradiated animalis, at 1zast as efficiently as non-incubated
bone marrow cells (12,13).

Because of the significant amplification of the hematopoiesis noticed in bone marrow
cultures stimulated for 3-days with IL-3 plus SCF, bone marrow cells were infected with the
pPXT1 vector in the presence of these Growth Factors and subsequendy selected in 1 mg/mi
of G-418. This protocol improved the proportion of CFU-S 12d in the bone marrow
population about 10 fold, with respect to values obtained in the last reporting period. As
before, every CFU-S 12d contained the genetic label (12.13).

One million to 4 x 109 cells infected under these conditions were transplanted to irradiated
recipients to follow the fate of the hematopoietic stem cells in the long-term. Ten weeks
after wransplantation, animals were sacrificed and different hematopoietic organs were
analysed by Southern blotring. The infection protocol that was investigated allowed that
three out of the four analysed animals, presented a very high proportion of labelled cells,
cither in the bone marrow, and also in spleen and thymus (from 50 to 100%). The other
animal was slightly positive (< 10%), and was mainly reconstituted by endogenous stem
cells, as revealed by sex-mismatched analysis.

A representative Southern analysis of the retroviral vector integration pattern is shown in
Figure 2. Either the bone marrow and spleen of this animal were mainly reconstituted by the
same stem cell clone containing two copies of the provirus, or alternatively by two different
stem cells containing a single provirus insert. The expression of a different stem cell,
probably restricted 1o the T lineage was detected in the Southern blot. Only faint bands
corresponding to this clone were detected in the bone marrow and spleen, while the band
found in the thymus indicated that almost every cell in this organ was reconstituted by such
stem cell (Figure 2), (12,13). :
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Figure 2: Analysis of the hematopoietic stem cell differentiation in mice reconstituted with
4.100 bone marrow cells genetically marked with the removiral vector pXT1. The Southemn
blot analysis was carried out 10 weeks after bone marrow transplantation. (BM: Bone
Marrow, S: Spleen, T: Thymus)

Prior to investigating possible radiation-induced failures in the differentiation of
hematopoietic stem cells, further experiments are in progress, in order to confirm the
continuous expression of long-lived hematopoietic stem cells genetically marked.
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THE DOSIMETRY AND EFFECTS OF FETAL IRRADIATION FROM
INCORPORATED RADIONUCLIDES (NRPB ASSOCIATION)

1) Harrison, NRPB - 2) Henshaw, Univ. Bristol
3) Coffigny, CEA-Bruyeres-le-Chitel

Objectives for the reporting period

An important aspect of the assessment of risks from incorporated radionuclides is the possibility of
intakes by pregnant women and in utero exposure of the developing fetus. The overall objective of
the project was to provide experimental data for the development of dosimetric models and
assessment of risk. Studies included measurements of %Py, #%Po and other alpha-emitters in
human fetal tissues and placentae and animal studies of the biokinetics of radionuclide transfer and
effects. Animal biokinetic studies were mainly concemed with comparing the uptake and
distribution of *'°Po, **Pu and *'Am in rats and guinea pigs for different exposure conditions. The
data obtained in these studies have been used, together with the human data, to develop dosimetric
models. Studies of the effects of in_utero irradiation have been carried out using mice and rats,
initally comparing extemnal irradiation at different times during gestation to provide information on
the radiosensitivity of particular tissues and allow subsequent comparisons with internal irradiation.

Progress achleved

A detailed investigation has been undertaken at UB on the distribution of natural alpha
radioactivity within the human fetus, using autopsy samples obtained from various stages of
development from 18 weeks to stillbom. Samples from 67 cases have been collected, mainly from
the Bristol arca but including samples from West Cumbria and the region around Chemobyl.
Placentae from healthy births in the Bristol area have also been collected with information on
mothers’ ages and smoking habits. Alpha-activity in tissue samples, largely due to '°Po, was
measured using the track detector, TASTRAK. Methods for determining backgrounds have been
refined to allow separate assessment for each individual tissue autoradiograph. Detection limits for
1%y on the autoradiographs were in the range 30 - 70 mBq kg'. For the samples from the Bristol
area for which analyses are complete, 2'®Po concentrations in soft tissues were below the limit of
detection but concentrations in fetal vertebrae, the selected bone sample, ranged from the detection
limit to about 500 mBq kg'. Concentrations on the outer bone surface appeared to be greater than
on the inner surfaces. Measurements for 2°Ra showed concentrations in the vertebrae ranging from
the limit of detection of about 8 mBq kg™ up to about 40 mBq kg"'. Differences in 2'°Po

- 1281 -



concentrations in fetal vertebrae in relation to the mothers’ place of residence were analysed and
showed some evidence of a correlation betwects distance from the sea at Avonmouth on the Severn
estuary and decreasing concentration. Results are being used in the development of models for the
kinetics/dosimetry of *®Po/'°Pb in the human fetus.

NRPB have obtained samples of human fetal tissue and placentae from terminations in west
Cumbria and Oxfordshire. The fetal ages ranged from 14 10 25 weeks and the maternal ages from
14 10 37 years. Levels of **°Pu were close to the limit of detection by mass spectrometry but
results indicated concentrations of a few uBq kg compared with maternal whole body
concentrations of about 1 mBq kg'. Concentrations of *°Po in fetal tissues, measured by
alpha-spectrometry, were about three orders of magnitude greater than those of %Py,
Concentrations of 2?Th and 2**U have also been measured by mass spectrometry.

Plutonium-238, ' Am and *'°Po have been administered systemically to rats and guinca-pigs at
different stages of pregnancy and wransfer to the embryo and fetus determined by autoradiography
and tissue analysis. For *Pu, retention in a single fetoplacental unit (FPU: matemal decidua,
placental trophoblast, membranes and embryo/fetus) of both rats and guinea-pigs reached about 0.3
- 1% of injected activity for administration late in gestation. Direct comparisons of the transfer of
%py and *'Am in rats showed that uptake of *'Am in the FPU in late gestation was about an
order of magnitude lower than that of **Pu. The distribution of 2**Pu and *'Am in the FPU was
also different with the yolk sac retaining most **Pu activity and the placenta accounting for most
2 Am; uptake in the fetus accounted for a similarly small proportion of total FPU activity for the
two nuclides. For %'®Po, transfer in late gestation to the FPU and fetus in rats was similar to that
for 2!Pu. Concentrations of “®Pu and *'°Po in the rat yolk sac during haemopoiesis were similar
and of the same order as concentrations in matemnal liver; concentrations of *'Am in the yolk sac
were one 1o two orders of magnitude lower. Autoradiographic studies of the distribution of *°Po in
rat tissues at earlier stages of gestation have shown that, like Pu, it is concentrated in the yolk sac
membrane from the time of its formation. In addition, as for Pu, some evidence was observed of
the association of activity with the developing hind-gut. The transfer of 2**Pu and *'Am to the
fetus from existing maternal deposits has also been studied using rats and guinca pigs, showing
that administration of activity one month before conception resulted in fetal concentration from one
to two orders of magnitude lower than in short-term transfer studies.

In a collaborative experiment between NRPB and CEA, the transfer of 2'°Po, *'Np, #**Pu and
2!Am 10 the fetus of a baboon in latc gestation has been studied. The results generally show
greater levels of transfer (o the fetus and accumulation in the placenta than for rodents but similar
concentrations in fetal tissues.

The arimal data are being used to develop dosimetric models for the human fetus, concentrating

particularly on doses 1o haemopoietic tissues. The estimated in utero doses to hacmopoietic tissuc
including doses to the egg cylinder and yolk sac where stem cells may originate, were about 60
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times greater for 2'°Po than *Pu and about five times less for *'Am than for 2*Pu. For ®*Pu and
#'Am, because of their long physical and biological half-lives, an important consideration is the
activity present in the offspring at birth. The total lifetime dose to haemopoietic tissue in the
offspring was calculated 1o be about 100 times less than to the mother for 2*Pu and 300-400 times
less for ' Am. For *'°Po, consideration of activity present at birth makes little difference to dose
estimates because of the short physical and biological half-lives of this radionuclide.

Studies undertaken at CEA have quantified effects of protracted in utero irradiation in rats and
mice, particularly for effects on the brain, comparing exposure to gamma (*Co) and neutron (*1Cf)
sources. The gamma dose-rates were in the ranges 0.03 - 0.4 Gy d"' for rats and 0.2 - 0.6 Gy d’'
for mice; neutron dose-rates for irradiation of rats were 0.015 - 0.15 Gy d”. For gamma or neutron
exposure throughout gestation, brain weight in the fetus at the end of gestation and in offspring at
3 months of age was reduced with increasing dose-rate and cumulative dose. In the offspring, the
effect was confined to the cerebrum (forebrain + midbrain) with no significant change in the
hindbrain. The RBE for neutrons was about 4 for this effect on the cerebrum. For prenatal,
post-implantation mortality and fetal body weight the RBE for neutrons was about 6. For effects on
the brain, experiments in which gamma-irradiation was continued for only part of pregnancy

showed that exposure during the last third of gestation was as effective as exposure continuing
throughout gestation. No gross malformations were observed in the brain in the range of dose and
dose-rate studied. Results for changes to testes and ovaries in 3 month-old offspring show a
reduction in weight with increasing dose and dose-rate. A significant decrease in testis weight
occurred at the lowest neutron dose-rate of 0.015 Gy d"' whereas 0.03 Gy d”' gamma irradiation
had no effect. After exposure to 0.1 Gy d" of either radiation, histological examination showed that
germ cells were completely absent. Ovary weights decreased with increasing dose rate and
cumulative dose from 0.03 Gy d' gamma or neutron irradiation. These studies have not shown
dose-rate cffects but the dose-effect relationships established have provided data which will allow
estimates to be made of doses from radionuclides incorporated into fetal tissues.

The continuation of these studies forms part of a new coordinated proposal: Dosimetry and Effects
of Parental, Fetal and Neonatal Exposure to Incorporated Radionuclides and External Radiation.
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Project 1
Head of project: Dr. Harrison

Objectives for the reporting period

The overall objective of the project was to provide experimental data for the development of
dosimetric models and assessment of risk. Studies included measurements of '°Po and other
alpha-emitters in human fetal tissues and placentae and animal studies of the biokinetics of
radionuclide transfer. The animal biokinetic studies were mainly concemed with comparing the
uptake and distribution of 2%Po, *Pu and *'Am in rats and guinea pigs for different exposure
conditions. The data obtained in these studies have been used, together with the human data, to
develop dosimetric models.

Progress achieved including publications
L Human data

Measurements of the concentration of the naturally-occurring nuclides, 2'°Po, '°Pb, *!U and »*Th,
have been made on 24 sets of fetal tissues from Oxfordshire and west Cumbria; measurements of
9248py concentrations have also been made. The tissues were from second trimester terminations
with fetal ages from 14 to 25 weeks and matemal ages from 14 to 37 years. The average mass of
tissues for analysis was about 170 g for the fetus and 90 g for the placenta. Levels of 2***°Pu were
measured in collaboration with the Atomic Weapons Establshment, Aldermaston, using the
sensitive method of thermal ionisation mass spectrometry. The values obtained were below or close
to the limit of detection even in pooled samples but the results indicate concentrations of a few p
Bq kg compared with average matemal whole body concentrations of about 1 mBq kg™
Concentrations of *°Po measured by alpha-spectrometry, shown in the Table, were about three to
four orders of magnitude greater than those of ****°Pu. The Table also shows results for **U and
#2Th measured by mass spectrometry.
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Origin Tissue Concentration, mBq kg

ZlOPO ZIOPb 23!U m]-h
Oxfordshire Fetus 36-59 <7.9 - 31 23-69 0.13-1.0
Placenta 6.0-119 <10 - 69 53-74 0.17-1.0
Cumbria Fetus 3.1-43 <2 -40 0.13-1.6 0.15 - 0.54
Placenta 21 - 147 <5-136 045-23 024 -1.3

2. Apimal daa

Measurements of the distribution of *'°Po, **Pu and *'Am in matemal tissues and fetoplacental
tissues (decidua, placental trophoblast, yolk sac and embryo/fetus) of rats and guinea pigs were
made at different stages of gestation. The nuclides were adminisiered systemically in citrate
solution, three days previously in rats and 7 days previously in guinea pigs; **Pu and *'Am were
administered together to the same animals (o facilitate direct comparison. The amount transferred
was greatest afler administration at later stages of gestation. For example, in rats at 17.5 days of
gestation, each fetoplacental unit (FPU) accounted for about 0.3% of administered activity of 210pg
and **Pu and about 0.02% of *'Am; about 1 - 2% of the activity in the FPU was present in the
fetus for each nuclide. The yolk sac was shown to accumulate both *'°Po and **Pu, accounting for
about 25% of FPU activily at 12.5 days of gestation. For *'Am, total uptake by each FPU at 12.5
days of gestation was about four times lower than that of ***Pu and the proportion retained by the
yolk sac was about ten times lower than for ***Pu. The concentration of 2®Po and ***Pu in the rat
yolk sac at day 12.5 was similar 1o that in matemal liver at about 4% g' and 2% g, respectively;
the concentration of *'Am was about 40 times less than that of 2**Pu,

The transfer of *'%Po to each FPU in guinea pigs in late gestation, on day 57, was about ten times
greater than in the rat; 3 to 4 FPU each containing about 3% of injected activity in the guinea pig
compared with 9 10 10 FPU each containing about 0.3% of injected activity in the rat. The
distribution of activity in the FPU was also different in the two species with a greater proportion
retained in the placental trophoblast and a smaller proportion in the yolk sac of guinea pigs
compared to rats.

In a collaborative study between NRPB and CEA, the transfer of **Pu, 'Am, ®'Np and '°Po (o
the fetus in late gestation is being studied in a primate species, the baboon. Preliminary results for
%Py and *'Am indicate higher levels of transfer to the fetus and accumulation in the placenta than
comparable values for rats and guinea-pigs but generally similar concentrations in fetal tissues.
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Retention in the placenta at one week after administration accounted for about 10% of injected
2%y with transfer to the fetus of about 3 - 5%. Values for *'Am were about an order of
magnitude lower.

Comparisons have been made between the short-term transfer of 2*Pu and *'Am to the fetus of
rats and guinea pigs with transfer from existing matemal deposits. Results for guinea-pigs in late
gestation indicate that the total transfer to 3 - 4 fetuses accounted for about 0.03% of *Pu activity
administered to the mother at one month before conception whereas transfer to the fetuses afier
administration 7 days previously during pregnancy was about 1.6%. The comresponding values for
“IAm were 0.007% from existing deposits and 0.8% afier administration 7 days previously.

Autoradiographic studies of fetal tissue sections from rats and guinea-pigs in late gestation showed
the specific uptake of 2**Pu in liver and bone while the distribution of '°Po was fairly uniform.
Studies of the distribution of *'°Po in rat tissues at earlier stages of gestation have shown that, like
Pu, it is concentrated in the yolk sac from the time of its formation. In addition, as for Pu,
association of activity with the developing hind-gut was observed. Because of uncertainties in
concentrations determined for low masses of tissues in early gestation, autoradiographic techniques
are being used to measure ***Pu concentrations in the rat blastocyst, egg cylinder and yolk sac by
track counting. Autoradiographic studies using a beta emitter, *'Pu, are also in progress to obtain
information on the microdistribution of Pu in relation to sensitive cells in the yolk sac and other
tissues. Results for alpha track distribution indicate that concentrations of >**Pu in the blastocyst are
higher than in the surrounding decidua by about a factor of two while 2'°Po concentrations in the
blastocyst appear lower. Concentrations of **Pu in the egg cylinder determined by track counting
were about a factor of two lower than radiochemical measurements; results for 2°Po obtained by
the two methods were very similar.

3. Dose estimates

Estimaies of doses to the human fetus are very largely reliant on extrapolation of animal data.
However, the results obtained for *°Po concentrations in human fetal bone in late gestation
(University of Bristol) were more than an order of magnitude lower than corresponding values
reported for children. Measurements of 2****Py in human fetal tissues showed that average
concentrations around mid-term were more than an order of magnitude lower than average
maternal tissue concentrations. This finding differs from previous reports of about equal
concentrations of 2**°Pu in fetus and mother (U.S. NUREG/CR-5631, 1990) but the results
reported here for °Po and #****°Pu are consistent with the extent of placental discrimination shown
in animals.

The animal data have been used 1o estimate doses to the human fetus from intakes of 2°Po, **Pu

and *'Am, concentrating on the calculation of doses (0 haemopoietic tissues. Account has been
taken of the different sites of haemopoiesis during embryonic and fetal development. The first
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population of hacmopoietic stem cells originate outside the embryo in the blood islands of the yolk
sac, or even at the earlier egg cylinder stage. Once the extra-embryonic and embryonic circulations
become connected, stem cells appear in the developing liver, then the spleen and finally the bone
marrow. Whether yolk sac cells are precursors of all definitive hacmopoietic stem cells remains to
be established but the approach we have adopted is to include in utero doses to the blastocyst/egg
cylinder, yolk sac, liver and bone marrow by comparing results for concentrations of the nuclides
in these tissues with the corresponding matemal liver concentrations. The Table shows the
concentration ratios used and the periods of human gestation to which they were applied. Doses
were calculated for the chronic matemal intake by ingestion of 4.8 kBq of °Po and 1.8 kBq of
either 2°Pu or #*'Am, corresponding to a committed effective dose of 1 mSv to the mother. The
estimated in utero doses to hacmopoietic tissuc were about 140 p Sv for *'°Po, 2 p Sv for ***Pu and
0.4 uSv for *' Am compared with red bone marrow doses to the mother in the year of 380 p Sv for
%o and 33 p Sv for 2Pu and *'Am. It should be recognised that these estimates of fetal doses
are based on a range of results from animal experiments and are subject to uncerainties inherent in
their application to man. However, they serve to indicate relationships between fetal and maternal
doses.

Equivalent dose to haemopoietic tissues of the embryo and fetus after chronic maternal
ingestion of 4.8 kBq *'°Po, 1.8 kBq *"Pu or *'Am in the year of pregnancy

1°po Py *'Am
Tissue Gestauon Concn Equivalent Concn. Equivalent Concen. Equivalent
penod rauo dose rato dose raio dose
(weeks) @Sv) (pSv) (pSv)
Blastocyst/ 0-25 1 1.4 0.1 004 0.01 0.004
egg cylinder
Yolk sac 25-6 2 57 2 14 0.05 004
Liver 6-12 01 7 0.01 002 0.001 0.002
Bone 12-38 0.1 n 002 0.7 0.001 04
marrow

Concn. rauos arc fetal tissue : maternal liver ratios from animal data.

For ™Pu and ! Am, because of their long physical and biological half-lives, an important
consideration is the activity present in the offspring at birth and the commitied equivalent dose 10
red bone marrow in the child and mother. The total dose to haemopoietic tissue in the offspring to
age 70 years was calculated as about 22 p Sv for ***Pu and about 4 p Sv for *'Am compared with
maternal doses 1o red bone marrow of 1.4 mSv for both nuclides. For ?'°Po, because of its short
physical and biological half-lives, consideration of activity in the offspring at birth and committed
doses to the child and mother make negligible differences to dose estimates.

1287 -



Publicati

Bailey, M.R., Etherington, G., Morrey, M.E., Popplewell, D.S. and Roberts, G.C. (1992) Dose
Assessments Depertment Progress Report for the year to December 1991. NRPB-M357,

Cox, R., Kerdall, G.M,, Muirhead, C.R., Stradling, G.N., Harrison, J.D. and Lloyd, D.C. (1992)
Biomedical Effects Department Progress Report for the Year to February 1992. NRPB-M370.

Morgan, A., Harrison, J.D. and Stather, J.W. (1990) Doses to the human fetus from plutonium
intakes during pregnancy. Radiol. Prot. Bull. 114, 10-14.

Morgan, A., Haines, J.W. and Harrison, J.D. (1991) The incorporation of plutonium by the embryo
and fetus of rats and guinea pigs. Int. J. Radiat. Biol. 59, 1395-1413.

Harrison, J.D., Morgan, A., Haines, J.W. and Stather, J.W. (1991) Fetal uptake of plutonium and
polonium in animals and estimates of doses to humans. In: Meeting Report; CEIR Forum on
Radionuclides and External Irradiation: Implications for the Embryo and Fetus (edited by A.
Wilson). Int. J. Radiat. Biol. 60, 543-569.

Morgan, A., Harrison, J.D. and Stather, J.W. Estimates of fetal doses from plutonium-239 using
experimental data. Health Physics (in press).

Harrison, J.D., Morgan, A. and Stather, J.W. (1991) Fetal doses from plutonium-239 and
polonium-210. Proc. Fetal Dosimetry Workshop (edited by E.S. Lamothe), 25-26 June, 1991,
Chalk River Laboratories, Canada. AECL-10578. pp. 133-152.

Stather, J.W., Harrison, J.D. and Kendall, G.M. (1991) Uptake and distribution of radionuclides in
the embryo and fetus - implications for dosimetry. In: Radiation Rescarch - A 20th Century
Perspective (edited by J.D. Chapman, W.C. Dewey and G.F. Whitmore). Proc. 9th ICRR, Toronto,
July 1991. Academic Press, Toronto.

Stather, J.W., Harrison, J.D. and Kendall, G.M. Radiation doses to the embryo and fetus following
intakes of radionuclides by the mother. Proc. Workshop on Age-Dependent Factors in the
Biokinetics and Dosimetry of Radionuclides. Nov. 1991, Germany. Radiat. Prot. Dosim. 41, 111-
118.

- 1288 -



Project 2
Head of project: Dr. Henshaw

Objectives for the reporting period

This project has sought to measure levels of natural a-activity in the human fetus in autopsy
and temination tissues, using alpha-sensitive plastic track detectors.

Progress achieved including publications
1. i llection

During the project fetal tissue samples from 67 cases were collected. Samples of fetal liver,
spleen, thymus, vertebra, umbilical cord and corresponding placenta were sought, but in
many cases not all samples are available. The majority of tissues were obtained from
Southmead Hospital, Bristol, but six cases have been obtained from West Cumberland
Hospital, Whitehaven from mothers living in West Cumbria and four from the
Kiev/Chemobyl region (see below). Figure 1 shows a histogram of fetal ages which range
from 18 weeks gestation to 39 days postnatal.
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Figure 1 - Fetal tissue ages
1.1 Fetal tissues from Chemobyl, Ukraine

There is obvious interest in looking at transplacental transfer and absolute levels of
transuranic alpha-emitters (and indeed fission products such as 131Cs and 99Sr) in fetal
tissues obtained from the region around Chernobyl. In May and December 1991 and in June
1992 visits to Kiev were made by members of the Bristol group organized by Ms. Susan
Kilburg of the Rush Presbyterian St Lukes Medical Centre, Chicago who is setting up a
study of child health in the region. This will be linked to a similar study in Bristol under
Professor Jean Golding in the Univesity Institute of Child Health. Professor Tamara
Zadorzhnaja, Chief Infantile Pathologist at the Kiev Research Institute of Paediatrics has to
date supplied for analysis in Bristol, samples from 16 termination cases and 53 placentas
from healthy births. Tissues from 50 of these cases were from former residents close to the
Chernobyl accident in 1986.
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We are now seeking funding for a full project in this area to obtain a steady supply of tissues
and to allow Soviet scientists to visit Bristol on a collaborative basis. Using a small travel
grant from the British Council Progessor Zadorzhnaja and two of her colleagues will visit
Bristol University this September. We have arranged with Austrian Airlines for air freight of
tissue samples between Kiev and London Heathrow at fairly low cost. In future work this
should speed up the supply of tissues for analysis. We have also suggested that Professor
Zadorzhnaja collects teeth from the study group from all ages for analysis. We ourselves can
analyse for total alpha and search for "hot" particles. Bristol University has a sensitive
gamma detector currently in use as part of post-Chernobyl monitoring in the UK. This will
be used for assay of 131Cs in teeth and in fetal tissues samples. Scientists at University
College Dublin and the Environmental Sciences Division, AEA Technology Harwell (with
whom we are collaborating on a UK survey of radioactivity in children's teeth) have
expressed interest in analysing the teeth respectively for plutonium and strontium.

1.2 Alpha-activity in Placenta

Forty two whole placentas from healthy births have also been obtained with information on
mother's age and smoking history. Details are given in figure 2.
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Figure 2
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Note that we have deliberately sought samples from the youngest and the oldest mothers.
These samples are all being stored for at least one year and analyses are not yet available. It
will be of interest to determine whether there are any variations of levels as a function of age
and smoking history. For example, cigarettes have been shown to contain excess 210Po and
there is some evidence that excess levels exist in the lung and the bloodstream of smokers
(Little et al 1965, Henshaw et al 1984). Studies carried out at NRPB have shown low
transplacental transfer of 2!10Po in mouse and it will be interesting to see if similar
information can be gleaned for the human case.

2. Analysis

In analysing these data we have been unable to resolve the activities present in soft fetal
tissues, although activity is resolvable in the fetal skeleton. The main limiting factor is the
level of background tracks on the autoradiographs. The project has therefore necessitated
further developments of the separation of background from signal tracks in order to record
natural levels of a-activity in small, <5g, unconcentrated tissue samples.

The sources of background are illustrated in figure 3. This shows a computer simulation of
pre-etched and signal tracks. The left hand track originates from an a-particle crossing the
initial plastic surface. This is a background track which is revealed by both the pre-etch,
removing =44 um of surface and the sample etch removing a further =11 pm of surface. The
right hand track originates from the sample which crosses the post pre-etch surface and is
revealed only by the sample etch. The middle tracks originate from latent a-particle tracks
within the body of the plastic which are revealed partly by the pre-etch and subsequently by
the sample etch. Whereas the left and right hand etch tracks are readily distinguishable, the
middle tracks may fall in the size envelope of sample tracks and be indistinguishable as
background tracks. Such tracks within the body of the plastic can originate either from
intrinsic impurities in the plastic or from radon diffusing out of the casting glass during the
high temperature polymerisation process. We have found wide variations in the background
levels in blank plastics stored as controls with fetal tissue autoradiographs such that our
ability to resolve signal from background on individual samples is impaired.

/ Npg ™rn

o Intermediate Surface

o -

Origiral Surfooe

RANCE (TN 9. 8- 21, 3m G-
oip s’ 10° 18° se’
LI I I R A |
— ey

Figure 3
A method has been developed for assessing the background on each individual tissue
autoradiograph. The background tracks such as in figure 3 left may be counted under a

microfiche reader. On background control plastics the number of such tracks have been
shown to correlate with the number of apparent real events. This is illustrated in figure 4,
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bottom, which suggests that the casting glass is the predominant source of background. The
plots from all autoradiographs from soft tissues: placenta, umbilical cord, liver, spleen and
thymus are similar to that for the background plates, demonstrating that activity is not
resolvable from background. In contrast, the plot for fetal vertebrae (top right) shows a
group of points well separated from background. The corresponding activity values are
discussed below. )
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Figure 4 - Scatter diagrams comparing background pre-etch a-particle tracks with apparent event tracks.
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Analysis of these very low levels of activity in small unconcentrated samples require manual
scanning of the autoradiographs. This remains a lengthy procedure. For example, a sample
spread across a TASTRAK (CR-39) plate of area 36 cm? will take between one and two
days to scan. In the case of the soft tissues we aim to maximise the area of spread as this is
proportional to the resolution attainable. In all cases at least two plates per sample are used,
one either side, and in several cases the size of sample available provides four plates. The
area per plate for fetal vertebrae is lower, around 10 cm? per plate.

3 Results

A detection limit for each autoradiograph has been obtained using the above procedure and
found to lie in the range 30-70mBq.kg-!. Activity has been measured in fetal vertebrae and
values range from the detection limit to 0.45 Bq.kg'l. These are shown in figure 5 where the
activity on the outer vertebral surface (OS) appears to be slightly higher than on the inner
surface (IS). Two corrections need to be applied to these data if we assume that it is 2!9Pb
and not 210Po that is transferred to the fetus: (i) for ingrowth of 219Po form 2!0Pb in the
autoradiograph itself and (ii) for ingrowth of 219Po in the fetus itself. The latter is difficult to
assess but one approach is to assume that 2!10Pb is transferred to the fetus at a rate
proportional to that for calcium from the mother's skeleton. Details of these corrections have
not yet been worked out, but provisional estimates suggest fetal activities of approximately
25% of the values in figure 5.

We have also determined the level of 226Ra in fetal spine with provisional values ranging
from the detection limit (=8mBq.kg-!) up to 41 mBq.kgL.

Average detection | O 1S
limit ~a

E os

Number
O = N W & N O N @

S
a.

o

w

-

o

o

-

o
3
-
I
o
o
-

Activity (mBgq/kg)
Figure 5 - Total activity on a-autoradiographs of fetal vertebrac

The analysis of a set of samples completed in December 1991 revealed that the level of
a-activity from 210Po in fetal spine appeared to show an association with distance of mothers
residence from the sea at Avonmouth on the Severn Estuary. In figure 6 the p-value is 0.01
when all the data are included and 0.05 when the values below detection threshold are
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excluded. An association of leukaemia incidence with estuaries has been shown by
Alexander et al (1990) and the same authors (1991) have shown evidence of an increased
solid tumour risk close to a tin smelter associated with the emission of 210Po, in Capper Pass
near Kingston-upon-Hull. Several industries exist at Avonmouth including a zinc smelter.
Pollution in the area is being investigated and it will be interesting to see whether the
association persists in further data.
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Figure 6 - Fetal vertebral activity vs. distance from sea of mother's residence

During the period from January 1st 1992 to June 30th tissues from 12 further cases have
been analysed but the analyses have not yet been carried through to the complete stage of the
data shown in figure 5 and figure 6. For the Bristol cases, although we have obtained the
current address of the mother we have yet to get full information of the address during the
pregnancy. In addition although the manual microscope scanning has been carried out, the
microfiche analysis, for local background, is not complete on some of these cases as this
involves a second stage of manual analysis.

Accordingly, figure 7 shows a histogram of activities in fetal bone for all cases for which the
microscope scanning is complete. Some values are therefore preliminary. The activity from
the Kiev case (one case only: mother believed to be a former resident of Pripyat) is at the
higher end of the distribution for Bristol samples.
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Figure 7 - Histogram of fetal activities in Bristol and Kiev samples: note that the Kiev values are all obtained
from one case

4, Di ion

This remains an on-going project and further analysis of tissues is needed to establish both
the activity levels in the fetus as a function of fetal age and the provisional findings of an
apparent association between fetal skeletal activity and proximity to the Severn Estuary.
Analysis of fetal tissues from around Chernoby! will be of interest in view of the possibility
of detectable levels of plutonium being present. Separately it may be possible to analyse
levels of caesium and strontium in these samples. Analysis of placentas may be impaired by
the resolution attainable using track detection techniques. However, the level of 210Po in
placenta as a function of mothers smoking history is of interest and other techniques such as
radiochemistry could usefully be employed on such determinations. A model of fetal
transfer is being developed in this group and this will be extended in further work.
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Project 3
Head of project: Dr. Coffigny

Objectives for the reporting period

The aim of this project is to estimate the irradiation doses delivered to the embryo or the fetus
after internal contamination by radionuclides. For that purpose, we determine a dose-effect
relationship between the irradiation doses delivered by protracted external irradiation during
the whole intra-uterine life and the biological effects measured on different radiosensitive
target organs. Thus, the irradiation doses delivered after internal contamination could be
estimated from the measurement of the induced biological effects.

The effects of protracted gamma or neutron irradiation during the whole gestation of rat were
studied at short term (end of gestation), with the prenatal mortality and the body and the brain
weights as parameters, and at long term (90 day-old) with the body, the brain and the gonads
weights completed by the histology of both organs. In adult rats, the effects of protracted
gamma and neutron irradiation on brain and gonads are compared as relevant biodosimeter.

Progress achieved

1. Methodology

Rats were irradiated from day 1 to day 21 of gestation (>23 hours per day). With the $0Co
gamma exposure the dose-rates were 0.03, 0.10, 0.25 and 0.375 Gy/day i.e. a cumulative
dose of 0.60, 2.00, 5.00 and 7.50 Gy respectively. With the 252Cf neutron exposure the
dose-rates were 0.015, 0.03, 0.05, 0.10 and 0.15 Gy/day i.e a cumulative dose of 0.30,
0.60, 1.00, 2.00 and 3.00 Gy respectively.

For each experimental point, animals came from 3 litters or more. At the end of gestation, one
part of pregnant rats were killed by an overdose of anesthetic. The mortality of embryos and
fetuses was scored with a distinction between pre-implantation death (difference between the
number of corpora lutea and the number of implantation points) and post-implantation death
(difference between the number of living fetuses and the number of implantation points).
Fetus and placenta were weighed and the whole head was immersed in 10% of Becker fixative
after incision of the skull. After some days when tissues were hardened, the brain was
dissected out and weighed before inclusion for histology.

In the long term study, the other part of pregnant rats were allowed to go to parturition. In 3
month-old females and males, the body, the cerebrum (forebrain + midbrain) and hindbrain
were freshly weighed and the cerebrum was fixed for the histological study. The tissue
sections were coloured with hematoxylin and eosin or with toluidine blue. Testis and ovary
were weighed and fixed. Testis sections were coloured with hematoxylin and picro-indigo-
carmin and ovary sections with hematoxylin and eosin.
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2. Results

2.1  Early effects of protracted irradiations

2.1.1 Pre and post-implantation deaths

Pre-implantation deaths were not significantly increased by irradiations. Only post-

implantation deaths were increased with irradiations (Table 1).

Table 1 - % of mortality on day 21 of gestation after protracted gamma or neutron irradiation
during the whole gestation.

DOSE-RATES GAMMA NEUTRON

(Gy/day)

0 10.7 10.7
0.015 16.5
0.03 16.0 5.7
0.05 39.3
0.10 13.5 36.0
0.15 73.7
0.25 19.6

0.375 22.3

2.1.2 Fetal and placenta weights

The body (Figure 1) and placenta weights decreased with increasing dose-rates or cumulative
doses of garnma irradiation. With neutron irradiation, the values of body weight dropped with
dose-rates higher than 0.03 Gy/day.

“ —t—  Gamma
2 4 \\i ==a=s Neutron
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dose Gy/day

Figure 1 - Fetal body weights after different protracted gamma or neutron irradiations
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2.1.3 Fetal brain weight and histology

The fetal brain weight followed the same pattern as the body weight after irradiations. No
gross malformation was observed on brain sections.

2.2 Late effects of protracted irradiations
2.2.1 Body weight
In gamma irradiated rats, the body weights were not significantly different from the control

ones except with 0.37 Gy/day. In neutron irradiated males, the body weights dropped with
dose-rates higher than 0.05 Gy/day (Figure 2) but in fermales this decrease was less important.
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Figure 2 - Adult males body weights after different protracted gamma or neutron irradiations

2.2.2 Brain weight and histology

Females and males cerebrum weights decreased with increasing doses and dose-rates of
gamma irradiation. The decrease was more important in neutron irradiated animals with as
little as 0.015 Gy/day in females (Figure 3B) and 0.03 Gy/day in males (Figure 3A). But the
relative cerebrum weights were similarly reduced with both irradiations. The relative hindbrain
weights were normal in gamma and neutron irradiated animals.

No gross malformation was observed in brains.
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Figure 3 - Male (A) and female (B) adult cerebrum weights after different protracted gamma
or neutron irradiations

2.2.3 Gonad weights and histology

Testis

Significant testis weight decrease was observed with the lowest dose of neutron exposure
(0.015 Gy/day) and only from 0.10 Gy/day gamma rays onwards. The drop of weight was so
important that with 0.10 Gy/day of both kind of exposure, testis was free of germ cells and no
more very radiosensible cells were present. As suggested by weight pattern, higher dose of
neutron kalled supporting cells involving extra-weight decrease in comparison with the gamma
exposure decrease.
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Figure 4 - Testis weight after different protracted gamma or neutron irradiations
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Ovary

Ovary weight clearly decreased with dose as low as 0.10 Gy/day gamma rays or 0.05 Gy/day
neutron (figure 4). However, with 0.10 Gy/day neutron or 0.25 and 0.37 Gy/day gamma rays
no follicule was observed in ovary.

ovary welght (mg)

0,0 0,1 0,2 0.3 0,4
dose Gy/day

Figure 5 - Ovary weight after different protracted gamma or neutron irradiations

3. Discussion

All studied parameters indicate a good dose-effect relationship which allows estimation of
irradiation dose received during fetal radionuclides contamination. Fetal body weight is a
sensitive parameter during the whole intra-uterine life but this is no more verified in adult after
growth compensation in gamma irradiated animals. Conversely, cerebrum weight is a more
accurate parameter in the logn term study specially with the highest doses. However, this
model is limited by animals survival. The germ cells in gonads are easily killed but no more
sensitive cells are present to allow for measurement of doses and dose-rates beyond 0.10
Gy/day. The brain and gonad parameters are working only during organs development in the
second half of gestation. Conversely, fetal body weight and mortality are of interest to
estimate radiation dose received during the whole gestation.

The 252Cf neutron exposures are more effective than gamma rays. The RBE value is different
with the end-point studied. This value was 6 with prenatal mortality (dose-rate of 0.15
Gy/day) and fetal body weight, and 4 with adult cerebrum weight as targets.

The linear aspect of dose-effect curves indicates no dose-rate effect in the range of dose-rates
compatible with the animal survival. The no linear aspect of gonad curves with dose-rate

beyond 0.10 Gy/day is the consequence of killing a second cell population, the supporting
cells, when no germ cells are surviving.

4, nclusion

The prenatal mortality and fetal body weight (early effect) are good parameters to estimate the
dose of exposure received during the whole intra-uterine life. The RBE value is 6.
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The gonad weight and histology, and the cerebrum weight are the best parameters for the long
term effect study. The RBE value is 4.

No dose-rate effect compatible with animals survival occurs with protracted gamma or neutron
irradiation during gestation.
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THE RISKS OF RADIATION WORK: ANALYSIS OF REGISTRY DATA

Contract Bi6-213 - Sector C11
1) Stather, NRPB

Summary of project global objectives and achievements

The UK's National Registry for Radiation Workers (NRRW) is a long-term
epidemiological study of those exposed to ionising radiation in the course of their work and for
whom radiation dose records are kept. Data from the NRRW are being analysed with the
following aims.

M To determine whether there is any evidence of differences in the cause of and the age at
death of workers exposed to different levels of radiation, and if any differences are found whether
it seems likely that they can be attributed to radiation.

2) If any differences are found which seem likely to be attributed to radiation, to estimate the
magnitude of the risk.

3) To estimate bounds to the possible risk for particular types of malignancy, such as
leukaemia.

) To compare the mortality experience of radiation workers with national mortality data, and
also that of other industrial groups for whom data existL
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Project 1
Head of project: Dr. Stather

Objectives for the reporting period

To perform the first analysis of the NRRW. To prepare a report describing the results of
the analysis. To prepare a paper summarising the findings for publication in a refereed journal.

Progress achieved including publications

The first analysis of the NRRW has been completed, based on a cohont of 95,217 workers
in the UK nuclear industry. The results have been published in the British Medical Joumnal, as
well as an NRPB report (see Publications below). The following is an outline of the study results.

The population studied is summarised in Table 1. Rather more than 40,000 of the 95,000
participants have been included in other studies of radiation workers and these groups contribute
two thirds of the collective dose and two thirds of the total of 6,660 deaths.

Standardised mortality ratios (SMRs) were calculated to compare the mortality of radiation
workers with the general population of England and Wales. The SMR for all causes of death was
85, significantly below 100 at the 0.1% level. The SMR for all malignant neoplasms (86) was
similarly below 100. This is a manisfestation of the expected Healthy Worker Effect. The main
results from the test for trend with dose are shown in Table 2. For all known causes of death
except cancers the excess relative risk is almost exactly zero. For all malignant neoplasms the
estimated excess RR is above zero, although the excess does not reach statistical significance
(p = 0.10). For all neoplasms of the haematopoietic system the estimated excess RR is positive
but not significant (p = 0.3). For all leukaemias the excess RR is again positive and closer to
statistical significance (p = 0.10). When atiention is focused on leukaemias except CLL the
positive excess RR reaches statistical significance (p = 0.03).

Projection models allow the values of excess relative risk 10 be extrapolated to lifetime
risks for a working population. Table 3 shows lifetime risk estimates derived from the NRRW, the
values recommended by ICRP, and data from a study of US nuclear workers. The 1CRP values
were derived by applying a DDREF (dose and dose rate effectiveness factor) of 2 10 the Japanese
atomic bomb survivor data. The American study did not find an association between radiation and
either all cancers or leukaemias, although the statistical uncertainties are large. In fact, if the US
data are pooled with the NRRW, the resulting risk estimates are very close to those of ICRP,
though the confidence intervals are still wide. The lifetime risk estimate from the combined
studies for all malignant neoplasms is 4.9% Sv'' (90% CI < 0, 18) and for leukaemia 0.3% Sv
(<0, 1.04). In view of the large statistical uncertainties there is presently insufficient evidence to
require a revision of risk estimates.

Future analyses will include both longer follow-up and additional groups of radiation
workers. These should provide more powerful evidence on the risks of occupational exposure to
radiation.
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1.

Publications

G.M. Kendall and C.R. Muirhead. First analysis of the National Registry for Radiation
Workers. Radiation Protection Bulletin 128 5-10 (1992).

G.M. Kendall, C.R. Muirhead, B.H. MacGibbon, J.A. O'Hagan, A_.J. Conquest,

A.A. Goodill, B.K. Butland, T.P. Fell, D.A. Jackson, M.A. Webb, R.G.E. Haylock,
J.M. Thomas and T.J. Silk. Mortality and Occupational Exposure to Radiation: first

analysis of the National Registry for Radiation Workers. British Medical Journal 304 220-
225 (1992).

G.M. Kendall, C.R. Muirhead, B.H. MacGibbon, J.A. O’Hagan, A.J. Conquest,

A.A. Goodill, B.K. Butland, T.P. Fell, D.A. Jackson, M.A. Webb, R.G.E. Haylock,

J.M. Thomas and T.J. Silk. First analysis of the National Registry for Radiation Workers:
Occupational exposure to ionising radiation and mortality. NRPB-R251. London, HMSO
(1992).

G.M. Kendall, CR. Muirhead and B.H. MacGibbon. Leukaemia risks: fact or fiction.
Nuclear Engineering Intemational 37 42-44 (1992).

Table 1 Study population by dose category and employer

Number of workers Collective Mean
Dose Dose
Total >100 mSv man Sv mSv
British Nuclear Fuels 25617 4847 1805 704
Ministry of Defence (MoD)
- Atomic Weapons Establishment 10241 154 85 83
- Defence Radiological
Protection Service 27246 876 381 14.0
Nuclear Electric 8199 480 198 241
UK Atomic Energy Authority 23914 1912 730 30.5
TOTAL 95217 8269 3198 33.6

Table 2 Results of selected tests for trend

1-sided P-value  Excess RR, Sv'! (90% CI)
All known causes except cancers 0.49 0.01 (-0.30, 0.36)
All malignant neoplasms 0.10 0.47 (-0.12, 1.20)
Lymphatic/hacmatopoietic 0.30 0.61 (-0.87, 3.43)
Leukacmia 0.10 2.29 (-0.32, 8.37)
Leukacmia (except CLL) 0.03 4.28 (0.40, 13.6)
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Table 3 Lifetime Risk Estimates % Sv' (with 90%) CI) from Atomic Bomb

Survivors, the NRRW and US Nuclear Workers

ICRP NRRW US Workerst
All malignant neoplasms 4* 10 <0
3.5) (<0, 26) (<0,82)
Leukaemia 0.4* 0.76 <0
(0.3, 0.55) 0.07,2.4) (< 0, 0.60)

* Derived by applying a DDREF of 2 to the Japanese survivor data
1 Gilbert et al (Radiat. Res., 1989)
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gl;éTISTICAL RESULTS OF THE PERSONAL DOSIMETRY SERVICE AT THE

Contract Bi7-0053-D - Sector C11
1) Regulla, Schraube , GSF Neuherberg

Summary of project global objectives and achievements

The GSF Personal Dosimetry Service is the largest of the 5 official services in the FRG.
Actually, up to 145.500 occupationally radiation exposed persons are monitored monthly by
this service. The collected data basis is intended to be used for some studies on the dose
distribution to the occupationally exposed population.

The first aim of the project is to indicate the trends in personal and collective doses on the
available data base and to correlate it to the state structure (Bayern, Hessen, Baden-
Wirttemberg and Schleswig-Holstein) and professional groups.

The second aim is to assess individual life time doses in view of the already implemented
limits for the effective lifetime dose in the FRG.

Objectives for the reporting period

For a eleven years period, the dose data of the occupationally exposed people in 3
respectively 4 German states are analyzed with respect to the state where the workers are
registerd and with respect to the professional grouping. In order to support the feasibility of
the 400 mSv life time dose limit, a retrospective 7 years survey is made for a subgroup of
persons for which all personal data are available and which are uninterruptedly surveyed by
the GSF service.

Progress achieved

1. Trends in indivi an llective dos:

During the past 11 years the number of occuptionally exposed persons surveyed by the GSF
personal dosimetry service increased steadily between 1980 to 1988 from 58.000 to 90.000
and in 1990 to 145.500 (in roughly 10.000 enterprises) because of the additional
responsibility for a fourth German State. The relative portions of the main professional
groups remained essentially constant.

It was observed that only between 15 and 20% of all persons received a dose of
more than 0.1mSv at least once during one year. The resulting average annual dose in 1982
for these persons was for the workers in industry and research by a factor of 3 larger than
for the workers in the medicine branch (fig. 1), but dropped to a factor 1.5 until 1990.
Generally, the average dose decreased steadily since 1982 (with an exception in 1987) what
may be attributed to an increasingly careful handling of radioactive sources and materals.
Among those working in the medicine branch, the nuclear medicine subgroup received the
rclatively highest average dose during the past eleven years. But also here, a steadily
decreasing radiation exposure is observed. In fig.2, the average annual doses over all
professional groups are summarized with respect to the country in which the workers were
registered. The dose distribution per country is influenced by the following circumstances:
In Hessen, the comparably oldest power stations are situated and nuclear processing
companies are present. In Bayern and Schleswig-Holstein there are a total of 8 power
stations with a mean age of only 8 years, and no nuclear industry is present. It is observed
that {ggopronounccd differences between the countries in the carly 1980s disappear in the
late S.
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The collective doses in the German countries decreased sightly in the past 11 years and
amounted in 1990 to approximately equally 14 manSv each in the countries Bayern and
Baden-Wiirttemberg, to 10 manSv in Hessen and to 2 manSv in Schleswig-Holstein.

average annual dose (mSv)

medicine, total

general practice D internal medicine

BN

radiology D nuclear medicine

.
.
v

industry and research

1980

1981

1982 1983 1984 1985 1986 1987 1988 1989 1990
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Fig.1: Average annual individual dose for all recorded values H>0.1mSv with respect to
the main occupational groups "medicine" and "industry and research”, and some subgroups
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Fig.2: Average annual individual dose with respect to the country of registration
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2. Indivi life ti 0

The individual life time dose in the Germany is limited to 400mSv, i.e., an average dose of
10mSv per year of occupation. The intention is to estimate whether this limit is followed
taking into account the exposures in the past. The greatest problems are connected with the
fact that i) by far not for all persons the date of birth is available, ii) a change of the place
of occupation to another German country in which the GSF is not responsible, results in a
loss of information to the GSF service on further doses received by the specific person.

Therefore, it is necessary to draw conclusions only from average statistical
behaviours during a limited observation time. A number of 18.000 persons could be
identified for which dose dose records were available without any time gap during a 7 years
time period. At 43% of the persons of this group, the total recorded 7 years dose was
>=0.1mSv, at 1.1% it was > =70mSv. 76% out of the latter number came from the
nuclear power and processing branch, 6% from conventional industry and 17% from
medicine. An important observation was that only exceptionally the 70mSv were due to a
single exposure, in the most cases, however, due to a continuous dose collection. This
means that already in advance to the introduction of the life time dose limit of 400mSv, the
extrapolation of the individual annual dose does not exceed this limit.

Another important observation was that over the past 11 years period the relative
number of all people which received an annual dose of 10mSv and more, decreased from
2{% in 1980 to 0.33% in 1990, where 90% were employed in industry and 10% in medicine
(fig.3).
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Fig.3: Relative number of all workers with average annual individual dose H> 10mSv
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PROCEDURES TO ASSESS INTAKES OF RADIONUCLIDES FROM SAMPLES
OF AIRBORNE RADIOACTIVITY AND STATISTICAL STUDIES OF
RADIATION RISKS

Contract Bi6-116 - Sector C11

1) Stather, NRPB

Summary of project global objectives and achievements

See projects 1, 2, 3.

-1315 -



Project 1
Head of project: J.W. Stather

Objectives for the reporting period

To derive a model that will relate the effective dose

equivalent received per unit exposure to radon in air to parameters
including the unattached fraction of potential alpha-energy, the
equilibrium factor, the aeroscl size distribution, aerosol concentration,
plate-out velocities ard ventilation in both domestic and mine
environments.

Progress achieved including publications

The dose equivalent rate to the basal cells of the skin due to the
plate-out of radon daughters was calculated to be 2 pSv under specified

standard environmental conditions: basal cell depth, 50 pum; radon
concentration in air, 20 Bq m?; unattached fraction of polonium-218, 50%;
indoor occupancy, 90%; no movement; no electrostatic fields. A number of

parameters, having wide ranges of value, affect the dose to skin, the most
important being radon gas concentration in air and electrostatic charge on
the individual. The range of multiplying factors arising from known
variability in the parameters is shown in Table 1.

Multiplying factors modifying the dose to basal
cells of skin from plate-out of radon daughters

Parameter Range of multiplying
factors

Depth of basal cells of the skin 0 to 2
Radon concentration in air 0.1 to 500
Aerosol conditiors 0.1 to 2
Concentration of small ions in air 1 to 10
Air movement 1 to 10
Movement of individual 1 to 10
Electrostatic charge on person 1 to 200
Electrostatic charge on objects 0.5 to 10
Humidity 0.5 to 1

Although working with positively charged visual display units can,
under certain circumstances, increase the dose to skin from plated out
radon daughters, such increase is small compared to that caused by the
parameters in Table 1.

A six channel, parallel, multi-screen diffusion battery, utilising
silicon diffused junction detectors to detect alpha particle emissions
from filters downstream from the screens, was designed and constructed at
NRPB. This instrument has been used to determine the activity size
distribution of the aerosol in the atmosphere of mines and homes to which
radon (2?**Rp) daughters are attached. The original diffusion battery has
been modified so that it is capable of resolving the unattached fraction
of radon daughters having diameters in the range 0.5-3 nm, and details of
the modified instrument are given in Table 2. The diffusion battery has
performed well in side-by-side intercomparisons with aerosol sizing
equipment at the US Department of Energy's Environmental Measurements
Laboratory, New York, in an intercomparison under realistic conditions in
a mine at Limoge, France, and in a study at the University of Illinois at
Urbana.
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Table 2
Details of the NRPB six-channel parallel
diffusion battery.

Channel Mesh Wire diameter Solid fraction Number
No. {(um) (%) of screens
0 -- -- -- None
1 100 35 29 1
2 400 24 30 1
3 400 24 30 4
4 400 24 30 14
5 400 24 30 45

Figure 1 below shows a cross section through one channel of the
diffusion battery.

Inlet l

400 mesh screens

Delector ———__ | i

Criticol orifice

Exhaust gollery — - RN S

Filler backing —

Filter paper
Figure 1. Cross section through one diffusion battery channel.

Previously reported measurements of unattached fraction of potential
alpha energy concentration (PAEC), f_ , in homes using the diffusion
battery have demonstrated values in the range 0.04 to 0.34. The results
of measurements in a kitchen while cooking was in progress yielded a mode
having an activity median diameter of 11 nm. Particles in this mode were
classified as being unattached radon daughter. This is now recognised as
being in error, unattached radon daughters being unlikely to exist in a
form having diameters much in excess of 3 nm. The mode at activity sizes
around 11 nm arises from cooking activities; further measurements have
confirmed that in living rooms close to kitchens, a mode between 6 and
14 nm occurs during, and for some time after, cooking activities. In all
cases the accumulation mode in the activity size distributions measured
has a modal diameter in the range 110 nm to 130 nm.

Aerosol conditions in above ground workplaces such as schools are
similar to those in homes. Limited data has been obtained on activity
size distributions of radon daughters in mines. Whereas in homes, using
currently accepted lung dosimetry models, it has been shown that average
radon gas concentration is a better estimate of dose to lung than is
measurement of average total PAEC, this is not the case in mines. 1In
homes, factors affecting equilibrium factor, F, and unattached fraction,
f,, act in opposite senses so that increasing f,, which would increase dose
to lung, is offset by falling F, tending to reduce dose. In mines,
because of high aerosol concentration, independent of varying ventilation
conditions, f, is always low, rarely exceeding 0.02. In homes an annual
average radon concentration of 20 Bq m’ results in an effective dose
equivalent of 1 mSv.
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When the ICRP Task Group on Lung Dosimetry finalises the new model
to be used for radon daughter dosimetry, the results from the measurements
made during this contract will be used to determine any concomitant
changes in the relationship between radon gas concentration in indoor air
and effective dose.

Publications

Miles J C H, Factors affecting skin doses due to radon daughters,
NRPB-R197, HMSO, London,

Strong J C, The size of attached and unattached radon daughters in room
air, J. Aerosol Sci., 19, 1327-1330, 1988

James A C, Strong J C, Cliff K D and Stranden E, The significance of
equilibrium and attachment in radon daughter dosimetry, Radiation
protection Dosimetry, 24, 451-455, 1988

Strong J C, Design of the NRPB activity size measuring system and results,
Presented at the on workshop attached and unattached radon decay products,
University of Illinois at Urbana, April 1989

Strong J C, The particle size distribution of Technegas and its influence
on regional lung deposition, Nuclear Medicine Communications, 10, 425-430,
1989

Hopke P K, Ramamurthi M, Knutson E O, Tu K W, Scofield P, Holub R F, Cheng
Y S, Su Y F, Winklmayr W, Strong J C, Solomon S, and Reineking A, The
measurement of activity-weighted size distributions of radon progeny:
methods and laboratory intercomparison studies, To be published in Health
Physics.
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Project 2
Head of project: J.W. Stather

Objectives for the reporting period

To measure the filtration efficiency of the human nose for sub-micron
particles in the size range of the natural radon daughter aerosol and to
establish a model to predict deposition as a function of particle size and
flow rate. To determine the effect of airway dimensions on deposition and
its dependence on age. To determine the sites and magnitudes of deposition
within the nasal passages in order to assess doses to epithelial tissues.

Progress achieved including publications

The lung dose delivered following inhalation of radiocactive aerosols
is significantly affected by deposition of aerosols in the nasal and oral
airways. In the case of doses due to radon daughters, the deposition may
be different depending on whether the daughters are attached to natural
aerosols. The efficiency of the human nose as a filter of small aerosol
particles has been investigated using hollow anatomical casts. Penetration
through the nasal airways has been measured using monodisperse sodium
chloride particles and silver particles with diameters in the range 5 to
150 nanometres. A polydisperse condensation aerosol was generated from
sodium chloride or silver using a tube furnace. The required particle
sizes were selected with an electrostatic classifier (TSI, model 3071).

The average fractional penetrations of particles in the above size
range were measured at flow rates of 5, 11.5 and 18 litres per minute and
found to be 0.4 0.46 and 0.51, respectively. The results were compared
with a deposition tube model and showed good agreement. With this model to
represent penetration as a function of particle size, the equivalent
diffusion diameter of unattached polonium-218 was found in these tests to
be approximately 2 nm. It can be concluded that the fraction of unattached
radon daughters that deposits in the human nose is approximately 0.5, with
relatively little dependence on flow rate over the normal respiratory
range. Likewise, it can be concluded that radon daughter activity carried
by particles larger than about 10 nm diameter penetrates the nasal passages
without loss. These experimental data are consistent with the single value
of nasal deposition measured for 5 nm particles in human subjects by
Schiller (PhD thesis, JW Goethe Universitat, Frankfurt 1985).

The experimental apparatus shown in Figure 1 was used with a thorium-228
source to expose a nasal cast to unattached lead-212 atoms. Exposures of
several hours duration were carried out at three different flow rates to
give about 150 kBg of deposited activity in each case. The distribution of
lead-212 activity within the exposed cast was measured using a gamma camera
at the Department of Nuclear Medicine, Radcliffe Infirmary, Oxford. The
gamma camera image was divided into two fields of interest, corresponding
to the anterior and posterior regions of the nose. These correspond to
sites of deposition where material clears forwards to the nostrils and
backwards to the pharynx. The proportion of activity deposited in the
anterior region was found to have a constant value of about 65% for the
three flow rates, 5, 12 and 19 1 min'.
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Ccriridge filter
— Growth tube

Pump Filters
\\_// Rotcmeters
Figure 1: Schematic diagram of the apparatus used to measured penetration

of unattached Po-218 through the nasal cast.

In order to investigate the deposition of unattached radon daughters
in the nasal and oral airways in more detail, five plastic casts of human
upper airways have been used. One was a cast from an adult at autopsy, and
the others were fabricated from sheets of polymethyl methacrylate, the
airway outlines having been obtained form nuclear magnetic resonance
imaging (NMRI). Polonium-218 was generated by passing filtered air
containing radon through a growth tube. Half of the air from the growth
tube was passed through a reference filter, and half through a cast
followed by an identical filter. The airflows were monitored using
rotameters and vacuum gauges. Particle sizes were estimated by replacing
the filters with a stainless steel mesh and filter, and measuring the
deposition of particles on them. Comparison of the measured deposition
with the expected deposition as a function of particle size allowed the
polonium-218 aerosol size to be determined. The results of the
measurements are shown in the table.

Cast Flow, litre/m Diameter, nm Penetration,

NRMI Model, 2.5 year 4.9 1.25 25
old, both nasal
passages 9 0.95 24

i8 0.85 28
NMRI model, 6 year old, 6.4 1.04 42
both nasal passages

9 0.95 37
NMRI model, adult A, both 4 1.30 30
nasal passages

10 0.96 37

20 0.82 40
NMRI model, adult B, 4 1.30 30
both nasal passages

10 0.92 29

20 0.80 29
Adult B, one nasal pas i9 0.92 37
NMRI model, adult B, mouth 4 1.28 50

i0 0.92 31

20 0.79 50
Moulded cast, one nasal 5 1.40 36
passage

11 1.10 35

18 1.10 39
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The data show substantial deposition of unattached radon daughters in
the human nasal and oral airways, which need to be taken into account when
estimating radon daughter doses to the lower regions of the respiratory
tract. The penetration through the oral cavity of the sectioned cast was
similar to that through the nasal casts, implying that the lung dose from
unattached radon daughters is not strongly dependent on the manner of
breathing either by nose or mouth.

A recent development in the production of radicactive tagged
submicron particles has been the introduction of the Technegas Generator

(Tetley Technologies, New South Wales). This equipment has been designed
to generate an aerosol suitable for lung ventilation studies using a gamma
camera. For such studies, a proportion of the aerosol must deposit in deep

lung, and for this to occur, the particle size must be in the submicron
range. Early reports suggested that the particle size was between S and 10
nm diameter, an ideal size for studying the spatial deposition in a nasal
cast. With the multichannel diffusion battery developed in Project 1 of
this research contract, the Tc-99m aerosol size distribution was measured.

The results suggest that the size varies little with the period
between generation and use: the AMD for all measurements was 140 nm on the
average with a GSD of 1.5; it would appear therefore that this aerosol
could only be of limited use in studying deposition in a nasal cast. A
trial using the total radiocactive aerosol was carried out with a gamma
camera at the Royal Free Hospital in London. The images of the cast
obtained were of very high guality and would allow the deposition sites for
this size of aerosol to be determined. For this polydisperse aerosol, and
an air flowrate of 10 litres per minute through the nasal cast, most of the
activity was deposited in the inferior turbinate region with smaller
fractions in the region of the nasal valve, middle turbinate, and
nasopharynx. However, there seems to be no possibility of simple
modification to the equipment which would alter the size distribution of
the aerosol over the large range of particle sizes that are required (1 to
250 nm).

1i .

Strong, J C and Swift, D L. Deposition of "unattached" radon daughters in
models of human nasal and oral airways. In <

Indoor radon and lung cancer;
reality or myth? Proceedings of the 29th Hanford Symposium, 1990, Richland
USA.

Strong J C and Agnew J E. The particle size distribution of Technegas and
its influence on regional lung deposition. Nuclear Medicine Communications
10, 425 430 (1989).

Strong J C and Swift D L. Deposition of ultrafine particles in a human
nasal cast. In i i vi i i
Proc. of 1st Conference 31 March - 1 April, 1987, Loughborough. The
Aerosol Society, Loughborough, pp 109-112 (1987).

James, A C. A reconsideration of cells at risk and other key factors in
radon daughter dosimetry. In i :
i ed. P K Hopke, 400-418. Washington, Am.
Chem. Soc., Washington USA (1987).

James, A C and Roy, M. Dosimetric Lung Models. In: -

, ed. G B Gerber. 95-108. CEC,
Brussels Martinus Nijhoff, Lancaster (1987).
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Project 3
Head of project: J.W. Stather

Objectives for the reporting period

To develop the technique of alpha particle registration in CR 39 to the
stage where it is suitable for routine assay of long lived alpha activity
collected on personal air sampler filters.

Progress achieved including publications

Personal Air Samplers (PAS) are currently used for routine individual
monitoring for workers who are risk of exceeding 30% of the annual limit on
intake (ALI) of long-lived alpha-emitters. The activity on the filters is
measured at present using alpha drawer counters. In monitoring chronic
exposures to plutonium, however, the sensitivity of the technique is
unsatisfactorily low: the minimum detectable activity is equivalent to
about 0.1 ALI. The technique of alpha-track registration on CR-39 plastic
has the potential for measuring significantly lower levels of activity and
providing more information about the aerosols to which the activity is
attached.

Personal air sampler filters used by staff working with uranium and
plutonium at AWE Aldermaston were assayed by placing them in contact with
CR-39 for several weeks, then etching the CR-39 in sodium hydroxide
solution. Tracks were then visible under the microscope. It was
demonstrated that low levels of activity on the filters could be detected
by this technique. Some of the filters were remeasured using a surface
barrier detector to assess their activity. It is estimated that the alpha
autoradiography technique is at least five times more sensitive than the
technique used routinely.

The PAS filter holder used at Aldermaston has a émm diameter inlet orifice.
Aerosols of more than 400nm diameter tend to deposilt near the centre of the
25mm diameter filter, while smaller aerosols deposit over the full area of
the filter. The possibility of estimating the fraction of the aerosol
greater than 400nm was investigated. Such knowledge would be useful in
estimating lung doses.

It was shown that on most filters the track density within a 5mm
radius of the centre cf the autoradiograph was a factor of 10 or more
greater than the track density elsewhere. This implies that most of the
activity is attached to aerosols of 400nm or more in aerodynamic size. In
some cases where an individual aerosol was sufficiently active, an
identifiable cluster cf tracks was formed on the autoradiograph. This was
found only on autoradiographs of PAS filters from workers exposed to
plutonium: those from workers exposed to uranium showed no clusters cf
tracks. In many casecs the number of tracks in a cluster was too high to
allow the tracks to be counted. The same filters were therefore re-
assayed, this time with a 1.5mm spacer between each filter and the CR-39.
Under these conditions, overlapping tracks were avoided, hut it was still
possible to identify individual active particles.

For autoradiography to be a practical alternative to electronic
counting of alpha emissions from PAS filters, an automatic track counting
system is required. To this end, tests were carried out on a Cytoscan 110
image analysis system developed by the Medical Research Council Population
Cytogenetics Unit at Edinburgh, UK. Autoradiographs etched for different
periods were examined, showing that the Cytoscan could identify and count
tracks after a comparatively short etching time, 4 hours at 80°C in 20%
NaOH. The use of short etching times is important to minimise problems
caused by overlapping tracks in areas with more than 200 tracks per mm?. A
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short etching time also gives tracks with a large ratio between the lengths
of the major and minor axes, thus allowing the image analyser to determine
the direction of the major axis. When many tracks have originated from a
single aerosol, the major axes of the tracks point to the centre of the
cluster, so this technique may allow the position and activity of
1ndividual aerosol particles to be determined.

The Population Cytogenetics Unit at Edinburgh was contracted to
develop software to enable the Cytoscan to automatically identify and
record the position of each track on a detector, together with various
other parameters such as area, grey level, lengths of perimeter and major
and minor axes, and the direction of major axis. Three versions of the
software were written and tested. The first version was found to operate
unreliably on the NRPB Cytoscan hardware, but most of the operating faults
were corrected in the second version. The software was tested on
autoradiographs etched for various lengths of time and with a range of
track densities. These tests demonstrated that the software could identify
tracks correctly from their shape, even when they varied widely in size,
ind could record the required parameters of accepted tracks. Spurious
images were rejected reliably.

Various difficulties with the technique remained, some of which were
overcome in the third version of the software. Improvements were made to
allow easier control of the parameters to be measured. A variable scanning
rate could be set to allow for varying track densities and avoid data
overflow at high densities. Data output from scanning was also modified to
facilitate analysis of the data. These changes allowed some collection and
analysis of data, but considerable difficulties remained. Automatic focus
was unreliable and operation of the image analyser was slow and required
understanding of the mode of operation of the Cytoscan. Minor operator
errors and unidentified causes resulted in the system crashing, with loss
of data and long delays. It was decided that the system was not suitable
for routine use.

NRPB purchased a Quantimet 520 image analyser from Cambridge
[nstruments for other work on etched tracks, and the potential of this
machine for analysing autoradiographs was investigated. It proved to be
more suitable for the task on the Cytoscan. in particular because it could
be controlled using a version of BASIC. Programs for analysis of
autoradiographs could be written and modified by NRPB staff, resulting in
much better progress. Subsequent analysis in this report is based on
Quantimet results.

In order to allow clusters of tracks to be investigated in more
letail, artificial clusters were created using an americium-241 alpha
particle source. The source was masked using a 0.1lmm thick foil with a
0.5mm hole. Exposures were carried out with a spacer between the source
ind the CR 39, as before. Studies of the spread of tracks as a function of
spacer thickness showed that a 0.7mm spacer was sufficient to avoid
overlapping without spreading the tracks too much.

Autoradiographs were made with different exposure times of the
mmericium source to determine whether tracks could be identified as
belonging to a cluster, so that the activity of individual aerosols could
be determined. For each track on an autoradiograph its x and y
coordinates, area, roundness and angles of minimum and maximum width (feret
angles) were determined. Analysis showed that, as expected, tracks close
Lo the centre of a cluster were round, and tracks around the edges of
clusters were elongated. The minimum feret angle was found to be a more
wccurate guide to the direction of tracks than maximum feret angle. The
minimum feret angles for tracks on the edge of a cluster were compared with
the expected track angle determined by transforming the x, y coordinates of
tracks to polar cooriinates centred on the cluster. The results showed
thit although there was a broad correlation, individual tracks may have
minimum feret angles reported that would be of little use in determining
whether it was a member of a cluster.
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A notable feature of the results was that an order of magnitude more

tracks were reported at 0° or 90° feret angle than at other angles,
although the tracks were randomly distributed. This is probably caused in
part by the fact that the image is analysed on the basis of square pixels,

which

have their smallest dimension at 0° or 90°. The effect might be

reduced by using a greater magnification, but this would cause dlfflcultles
in maintaining focus and would greatly extend counting times.

The conclusions of the project may therefore be summarised as

follows:

1

Autoradiography of PAS filters could provide a sensitivity at least a
factor of five greater than present counting techniques.

2 Activity attached to aerosols of greater than 400mm could be assessed
separately.

3 The dynamic range of the technique is limited by tracks overlapping
in the centre of the autoradiograph on high activity samples. These
could be remeasured by exposing them to CR-39 for a shorter period.

4 Even with automatic image analysis, however, the technique is
considerably more labour-intensive than present counting techniques.

) Clusters of tracks are difficult to identify among evenly spread
tracks unless there is a large difference in track density.

6 Quality control of etched-track counting (in particular when high
magnification makes automatic focusing difficult) would pose
significant problems for the technique.

7 The technique entails a delay of several weeks before obtaining a
result.

8 Although autoradiography of PAS filters provides useful extra
information, its drawbacks make it unsuitable for routine use.

bli .

The probability of plutonium intakes and doses exceeding estimates from
personal air sampling. A Birchall, A C James and C R Muirhead, 1988.
NRPB R-212.

An analytical method for evaluating the uncertainty in personal air sampler
determinations of plutonium intakes. A Birchall, C R Muirhead and A C

James,

1986. NRPB R-187.

Autoradiography of personal air sampler filters: an evaluation of the
technique. K Whysall, G Hardcastle and J C H Miles. To be published as an
NRPB Memorandum.
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RADON SOURCES AND MODELS (NRPB ASSOCIATION)
Contract Bi6-347f - Sector C12

1) Miles , NRPB - 2)de Meijer, Univ Groningen (KVI)

3) Damkjeer, Univ. Denmark-Tech - 4) Majborn, Risoe National Laboratory
5) Wouters , CSTC/WTCB - 6)deJong , TNO-Amhem

7) Ball , NERC (BGS) - 8) Hubbard/Enflo , Nat. Inst. of Rad. Protec. (SSI)
9) Proukakis , Univ. Athens - School of Medicine

Summary of project global objectives and achievements

Global Objectives

To develop and test techniques for identifying areas with a potential for high radon
concentrations in homes, both on a large scale and for individual building sites.

To improve the understanding of, and develop mathematical models of, the movement of
radon from the ground to sub-floor spaces and into buildings.

To develop and test countermeasures against radon in homes using laboratory and field
studies.

Global achievements

NRPB has studied the effectiveness of practical radon remedial measures ip 150 homes.
Measurements were made for three-month periods in two locations in each homes before
and after installation of remedial measures. The results were corrected for seasonal
variations to estimate the reduction in annual average radon concentration in each home
resulting from countermeasures. The countermeasures adopted were classified according to
householders' replies to questionnaires. The study showed that subfloor depressurisation
was the most effective and reliable radon reduction technique, generally reducing radon
levels by an order of magnitude. The next most effective technique was positive
ventilation, if applied in homes with limited natural ventilation. NRPB also assisted NERC
in mapping the potential for high radon concentrations in homes.

KVI has constructed and tested a laboratory facility to measure radon transport in soil as a
function of soil parameters. A cylindrical vessel 2m high and 2m in diameter was designed
and constructed. A sand of uniform grain size was chosen for filling the vessel because of
its sharp transition from saturated to dry conditions. In order to monitor conditions in the
vessel a multifunctional probe was designed in collaboration with the Technical University
of Denmark. Codes developed at CSTC and at KVI were used to calculate shape factors
for the probe for use in air pressure and air flow measurements under different conditions.
The vessel was gradually filled with sand with dummy probes in place. After overcoming
difficulties over the insertion of vertical probes, tests were carried out indicating that the
inhomogeneity of the sand was small. Initial measurements of radon concentrations in the

vessel give results higher than expected, possibly due to dependence of emanation rate on
humidity.
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The Technical University of Denmark has developed a technique for radon source
mapping of small areas. A set of drilling tools to allow sampling and measurements to
depths of 5 metres has been designed and manufactured. A permeability probe suitable for
measurements in soil has been designed in collaboration with KVI. A calibration of the
probe has been carried out in dry sand and compared with the results of calculations by
CSTC, showing good agreement between measurement and calculation. Two test areas
were mapped: the Risoe test site and the site of one of the SSI test houses. The results of
measurements in 29 boreholes showed that the Risoe site, with mixed moraine deposits,
had permeabilities varying over four orders of magnitude. The SSI site, on the edge of an
esker, displayed high permeabilities on the side towards the esker and low permeabilities
associated with a clay layer on the other side. Etched track detectors were applied to the
measurement of radon emanation from soil samples and to in-situ measurements of radon
concentrations in boreholes.

Risoe has developed a numerical model of radon transport and entry and has established a
test structure for experimental studies of radon transport under field conditions. The test
structure consists of a 40 litre cylinder placed in an excavation 0.52 m deep. The
dimensions of the structure were chosen on the basis of the results from initial calculations
of soil gas flow by CSTC and by the Risoe Section for Mechanical Systems, both using
commercial heat-transfer codes. The structure is fully instrumented including probes
installed to allow the Technical University of Denmark to make in-situ permeability
measurements. The model is a two-dimensioral numerical model of the finite-difference
type. It can be applied to the test structure, to real houses and to soil probes. Steady state
experiments have been conducted at the test structure and the results compared with results
from model calculations based on the measured soil parameters. The ability of the model
to describe the combined diffusive and advective flow was verified. However, the results
indicated that further work is needed to allow entry rates to be calculated where soils are
inhomogeneous.

CSTC has applied a three-dimensional finite difference code to model soil gas movement
and to predict the performance of radon remedial measures. Calculations with this model
can take into account indoor-outdoor pressure differences, joints and cracks in the floor,
permeabilities of soils and building materials, and the presence of countermeasures. The
code calculates pressure fields and flow rates. Calculations on the experimental
configurations of KVI, Risoe and the Technical University of Denmark were performed,
and used for different purposes by these institutes, demonstrating the utility of the model.
CSTC also used a multi-compartment model to calculate interzone airflows and radon
concentrations in real buildings. Practical radon countermeasures were studied for use in a
school with high radon levels. Following tests, mechanical ventilation systems producing
an overpressure were installed in two classrooms, achieving a substantial radon reduction.
In a second school, sealing of soil gas entry routes and improved ventilation under floors
was sufficient to reduce radon concentrations.

TNO has developed a mathematical model with four sub-modules dealing with radon entry
from soil, exhalation of construction materials, air infiltration and transport, and
calculation of doses to individuals. The model divides both the house and the soil into
different compartments, each with its own values for the relevant parameters. This allows
inhomogeneities, including water content of the soil, to be taken into account. Calculations
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have shown that the variation of exhalation rate with soil permeability is limited owing to
depletion of radon in soil gas at high permeabilities. Results from the model were
compared with data from the KVI test house. This shows that although the agreement was
good for much of the time, at other times significant discrepancies occurred. Planned
practical work by TNO on a radon test facility was not completed because the laboratory
was moved to a different site during the contract period. The opportunity was taken to
refine the design of the test facility.

In order to develop radon potential mapping techniques, the geology of two areas of the
UK was studied in detail by NERC and compared with results of NRPB measurements in
homes. One of the areas chosen was underlain by Carboniferous Limestone, Mudstone and
other rocks, while the other was underlain by Hercynian Granite intruded into
Carboniferous and Permo-Triassic rocks. Detailed measurements were made of radon in
soil gas, gamma ray spectra and uranium and radium levels in soils. In both areas there
were statistically significant correlations between lithology and radon in soil gas, and
between radon in soil gas and radon in homes. The best geological predictor of radon in
homes was radon in soil gas. Reliance on other suggested parameters, such as the
distribution of uranium in rock, soil and alluvium can give rise to erroneous conclusions,
since high values of radon in soil gas and dwellings have been observed over rocks with
low uranium abundances.

SSI collected and analysed data from two research houses which were instrumented to
allow the factors that determine radon concentrations to be monitored. Initial modelling
and analysis was carried out on one of the houses, with a suspended wooden floor and an
internal structure which can be treated as a single air zone. In order to examine the effects
of temperature differences in detail, analysis was confined to data from days with little or
no wind. In winter the temperature differences between indoors and outdoors caused two
competing effects: an increased flow of soil gas, high in radon, and an increased flow of
outdoor air, low in radon. In addition the stack effect caused mixing of the indoor air. In
both of the research houses the balance of these effects led to lower indoor radon
concentrations at large indoor/outdoor temperature ditferences. An airflow model based on
these effects has been used to predict radon concentrations. In periods with little wind the
modelled radon concentration is in close agreement with the measured values.

The University of Athens has surveyed radon levels in Greek homes using etched track
detectors and compared the results with radium-226 concentrations in surface soil. The
correlation coefticient found was 0.38. The area with the highest radon levels in homes
was found to be northern Greece, with a mean of about 200 Bq m™. In order to reduce
errors and allow more rapid assessments, an automatic image analyser has been installed
to count etched tracks. The University of Athens detectors have been calibrated by NRPB.
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Project 1
Head of project: J.C.H. Miles

Objectives for the reporting period

To investigate the effectiveness and durability of practical radon remedial measures in
existing homes and preventive measures in new homes. To assist the British Geological
Survey (NERC) in the development of radon potential mapping, using data on geology,
radon and other isotopes in soil, and radon in homes and mines.

Progress achieved including publications

Following radon measurements by NRPB in about 100,000 homes in the UK, some 14,000
householders have been informed that the radon level in their home exceeds the UK
Action Level of 200 Bq m®. They were advised that they should take remedial action and
given a booklet explaining the various radon reduction techniques. Householders in 143
homes with particularly high radon levels were referred to the Building Research
Establishment (BRE) for individual advice on radon reduction techniques. So far about
500 householders are known to have had remedial measures installed.

Where remedial work has been completed and the householder requests it, NRPB has
provided follow-up monitoring of radon levels to determine how effective the remedial
work has been. In general, follow-up monitoring is provided only where the remedial
action taken is considered to be likely to produce a significant and sustainable reduction in
radon levels; simply opening windows more frequently, for example, is not regarded as a
sustainable means of reducing radon levels. The radon monitoring follows the same
procedure as used initially to assess whether homes are above the Action Level. Two
etched track detectors are exposed for three-months, one in the living area and one in an
occupied bedroom, and the results corrected to account for the season of exposure. At
present there are 340 homes for which NRPB has provided follow-up monitors, and results
are available for 154.

Six main radon remedial techniques have been used, sometimes in combination:

1. Subfloor depressurisation (usually under concrete-on-ground floors) is effected by
excavating a cavity or sump beneath the floor to which is connected a pipe and in-line fan,
the exhaust of the fan being discharged to the atmosphere outside the building.

2. Whole house positive ventilation is usually achieved by installing a fan in the roof
space so as to draw air from the loft and, after filtering, pass the air into the living space.
These units have been marketed in the UK for many years as a means of ameliorating
problems with condensation in homes. The fan power is commonly 65 W, but this is not
sufficient to reverse the pressure difference across the ground floor, except in unusual
circumstances. The device will, however, reduce the underpressure in the house, so
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reducing the amount of soil gas drawn in. It may also increase the ventilation rate
somewhat and thus cause a reduction in radon concentration simply by dilution.

3. Increased natural ventilation of the void under suspended timber or concrete floors is
achieved simply by increasing the number of air grilles in the walls surrounding the void.
This is seldom sufficient to bring about a large reduction in radon levels: homes with
suspended timber floors have proved more difficult to remedy than those with concrete-on-
ground floors.

4. Mechanical ventilation of the void under suspended timber or concrete floors is
generally required if reductions in radon levels greater than a factor of three are necessary.
This should be designed to provide a uniform flow of air across the sub-floor space with
no dead spaces.

5. Sealing of cracks in solid floors and of gaps around service entries can be moderately
effective, but it is labour-intensive and hence costly when carried out by contractors. Most
contractors seal only readily accessible cracks and gaps, before installing one of the other
methods as the main remedy; we know of no case of a contractor attempting sealing alone
as a remedy. Extensive sealing is the first choice of the enthusiastic do-it-yourself
householder.

6. Suspended timber floors may be sealed by covering them with a membrane of
polythene or similar material. This has been done in 13 cases reported here, but such
action is no longer advocated as there is a possibility of altering the moisture condition of
the timbers so as to be conducive to dry rot.

Householders were provided with a questionnaire to identify the remedial techniques they
had applied. The replies were entered in a database together with information on house
type and results of radon measurements before and after remediation. Analysis of the
results shows the effectiveness of the ditferent techniques (see Table 1). The radon
reduction ratio is the ratio of the best estimate of the annual average radon level in the
home before remedial work was undertaken, to that obtaining after the work was
completed. In this table, arithmetic average and standard deviation and their geometric
counterparts are given as in no category are the results represented well by a normal or
lognormal distribution. The arithmetic average, however, is often distorted by a few very
high values and the geometric mean is closer to the result most likely to be achieved. The
‘other’ category includes those where more than one method was applied, e.g. positive
pressurisation and subfloor depressurisation, or positive pressurisation and increased
natural ventilation of the undertloor void.

Table 1 shows that where the technique is appropriate, subfloor depressurisation is by far
the most effective remedial measure, generally producing reductions by an order of
magnitude or more. Passive techniques generally produce poor results with reductions less
than a factor of two. Positive ventilation can produce significant reductions in radon
concentrations, but it can only be effective in homes with limited natural ventilation. In
order to test the long-term durability of these remedial measures, a programme of regular
annual radon measurements is being carried out in selected houses.
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Table 1. Radon reduction ratios for different methods of radon remediation.

METHOD N | Arithmetic SD| GM [ GSD Range
average

Subfloor depressurisation 41 17 15 11 3.0 1.0 to 66
Positive ventilation 35 40 49 281 22 1.0 to 24
Natural ventilation of
subfloor void 15 2.0 1.1 1.8 16 1.0to 48
Mechanical ventilation of
subfloor void 8 34 29 2.5 2.2 10to 9.8
Sealing of cracks and
service entries 19 2.1 14 1.7 1.8 1.0to 57
Sealing of timber floor
with membrane 13 2.5 18121 19 10to 66
Other 23 1.0t0 6.0

In order to assist NERC in mapping radon potential, a method was developed for
transferring data on radon in homes in a way that preserves detailed geographical
information (for correlation with geology) without compromising the confidentiality of the
results. Data was transferred in this way for the area of Derbyshire under investigation by
NERC. Later, 67,000 results of measurements in southwest England were transferred in

5 km grid square format. Various calibrations and radon measurements were also carried
out to assist the NERC work.

Publications

Cliff, KD, Green, BMR and Lomas, PR. Domestic radon remedies. Presented at the Fifth
International Symposium on the Natural Radiation Environment, Salzburg, Austria, 22-28
September 1991. To be published in Radiation Protection Dosimetry.

Cliff, KD and Stephen,R. The effectiveness of radon reduction techniques in UK houses.
In preparation.

Ball, TK and Miles, JCH. Geological/geochemical factors affecting the radon

concentrations in homes in Cornwall and Devon. To be published in Environmental
Geochemistry and Health.
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Project 2
Head of project: Dr. RJ. de Meijer

Objectives for the reporting period

To construct and test a laboratory setup to measure, under controlled
conditions, radon transport in soil as a function of soil parameters.

Progress achieved including publications

Prior to the submission of the proposal a first order design of the vessel
was made at the KVI and offered for bids to 1industry since design and
manufacturing of such a vessel were beyond the capacity of the KVI
workshop. During the design stage several difficulties were encountered by
the company that led to considerable delay and were finally solved with
assistance of the design department of the KVI. For both parties the
scheduled time was exceeded considerably. During the construction of the
vessel some minor problems were encountered and solved. In April 1991 the
vessel was tested and accepted at the company and transported to the KVI.

The 2m high, 2m diameter, cylindrical vessel is closed off with a 1id.
The 1id is placed in a water lock and is adjustable in height. In the wall
14 entries are made for probes all pointing to the center of the vessel.
The deviations from the desired positions is in the center in no case more
than 0.5 cm. The positioning was obtalined by design requirements on the
accuracy in mounting the flanges in the wall of the vessel and by placing
sleeves on the inside of the wall that can be slightly adjusted in
position. The time that the vessel was designed and constructed was used to
design the multi-functional probes in collaboration with A. Damkjaer from
Lyngby. For the permeablility measurements and the soil gas sampling a
stainless steel mesh cylindrical air filter was chosen, manufactured at
Fujiplate in Japan. Also here delay occurred because the set of filters had
to be returned twice since they did not meet the specifled diameter; each
manufacturing period lasted 8-10 weeks.

In collaboration with the department of Fysische Geografie and
Bodemkunde (FGB) (department of soil sciences and hydrology), pressure
transducers for measuring the capillary suction by the pores were ordered.
In the testing it was found that the temperature drift of these transducers
was larger than specified and not acceptable for our purposes. The
transducers were sent back and the manufacturing of the new ones lasted 12
weeks, Including testing. The new set of transducers met the
specifications. A water pressure transducer of a different type, to be used
for measuring the water level in the vessel, was tested and recalibrated
The water level can be determined with a precision of approximately 1 cm,
accurate enough for interpretation of measurements of radon profiles as a
function of water level.

To reduce the number of parameters in our investigation the preference
was for a soil with a sharp transition from totally saturated with water to
arid. A soil type that is known to have such a small transition range is
sand with a rather uniform grain-size distribution. Also for radon
concentration profiles a measurable concentration of radon should be
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present in the pores of the soil. This concentration may be estimated from
the radium concentration, radon emanation factor, density and porosity of
the soil.

To find a suitable soil type for the vessel experiments we measured the
grain-size distribution, water-retention curve, porosity, hydraulic
conductivity, intrinsic permeability, fraction organic matter, density,
radium and thorium content, and radon and thoron emanation factor of
various sand types. On basis of these measurements the choice was made for
a classified filter sand from a commercial firm with a specified grain-size
range of 0.25-0.50 mm. From these measurements it is clear that this filter
sand indeed has a rather uniform grain-size distribution and a small
transition range from “wet" to arid. The other measured parameters of the
filter sand are compiled in Table 1. From these parameters it was estimated
that in equilibrium the radon concentration in the air volume of the soil
pores of the dry filter sand is approximately 700 Bq m-a. This
concentration is high enough to be accurately measured with conventional
Lucas cells.

Table 1: Specifications of filter sand

porosity 0.36 = 0.02

bulk dry density (Mg m™>) 1.76 + 0.09
hydraulic conductivity (m®> Pa™' s™') | (4.75 % 0.12) 10™°
intrinsic permeability (m?) (6.22 * 0.16) 107"
fraction organic matter (%) 0.15 * 0.01
radium content (Bgq kg_ll 3.68 + 0.13
thorium content (Bq kg ') 3.3%0.2

radon emanation factor 0.040 * 0.019
thoron emanation factor 0.021 * 0.007

Parallel to these measurements, air pressure and air flow measurements with
and around the multi-functional probe positioned in a cylinder filled with
the filter sand were performed. From these measurements the resistance of
the sand around the prcbe was calculated as function of the diameter of the
cylinder and the height of the sand. The shape factors of the different
configurations were calculated both with a code developed at BBCI (Dr. P.
Cohilis) and a code developed at KVI. From a comparison between the
results of the calculations, it could be concluded that the two codes gave,
within a few percent, the same result. Using these numerically calculated
shape factors a linear relation that follows from theory was fitted to the
measured resistances using the permeablility of the sand as a free
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parameter. From a comparison with the data shows that theory describes the
data well except for the 12 cm diameter cylinder were a deviation of theory
from measurement of 20%4 is found. The latter might be caused by a
systematically more compact filling of the 12 cm diameter cylinder which
seems not impossible considering the smaller diameter makes the cylinder
more difficult accessible for filling. The intrinsic permeabll}}?r 2of the
filter sand that was calculated from the fit was (7.2 £ 0.3) 10 m . For
some of the cylinders a pressure field measurement was carried out and from
this values of the intrinsic permeabllity of the sand were calculated that
were within 15% of the previous found value. Finally we concluded that as
the agreement between numerical calculations and measurements 1in the
investigated cylindrical geometries of sand 1is fairly good, the same
procedure can probably be applied to calculate the shape factors of the
probes in the vessel geometry.

Approximating the cylindrical air filter of the probe by a rotational
ellipsoid, we also calculated analytically both shape factors of the probes
in the vessel geometry and pressure flields around them. From this
approximate analysis it was found that for the probes at lower depths the
shape factor is somewhat higher than for the deeper probes. For all probes
the shape factor is estimated to be between 0.25 and 0.30 m. From the
pressure fleld calculations it was estimated that in a permeability
measurement the permeabllity of a spherical region with radius of
approximately 20 cm around the center of the air filter 1Is measured.
Measurements were performed to experimentally determine the shape factors
of the probes in the vessel geometry. The results of these measurements are
presently analysed.

In September 1991 the vessel was filled with sand in steps of 10 to 15
cm layers each time compacted by bringing up the water level and subsequent
draining. In this way it was hoped to obtaln a uniform sand body in the
vessel. Before reaching the level at which the probes are to be inserted a
sleeve containing a dummy probe was mounted. This dummy closed off the
sleeve such that water was not running out of the vessel.

At several levels of filling pressure field measurements were carried
out to check the homogeneity of the distribution of the sand. After
complete filling of the tank it was noticed that the sand had become too
compact to manually insert a vertical pressure probe to the bottom and
that even replacing the dummy probes by real ones caused difficulties. The
latter problem was solved by drilling holes in the sand with a dilameter
somewhat smaller than the probes. The first problem was more complex. After
making a construction to gently hammer the vertical probe into the sand it
was found that Iirregular and Iirreproducible pressure profiles were
measured. These irregularities could be traced to blocking of the small
openings in the probe head by sand grains and were eventually solved by
inserting the vertical probes while forcing alr through the probe into the
sand.

The pressure field measurements indicate that the inhomogeneity of the
sand is small. Hence we conclude that we were successful in setting up a
laboratory setup that will allow to study radon transport in soil wunder
well controlled conditions. The various aspects of the properties of the
vessel, the Instrumentation, and the properties of the sand were documented
in six Technical Documents. The first preparatory measurements of radon
concentrations in soil gas have been started and indicate that these
concentrations are somewhat higher than expected from the dried sand. This
result indlcates that parallel to the measurements in the vessel a study
has to be made of the humidity dependence of radon emanation in the sand.
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These measurements together with a measurement of the time dependent
ingrowth of radon in soil gas are the first steps that will be wundertaken
in the continuation of this project.

Parallel to the instrumental development and preliminary measurements
computer codes were written and tested. As mentioned above a, 6 code for
pressure field calculations was written and compared to the one of BBCI.
From Rogers and Associates Engineering Corporation (RAEC) in Salt Lake
City, USA, a one-dimensional code for radon transport (RAETRAN) was
obtained. This programme was modified by us to accommodate the boundary
conditions in the vessel. This programme and its 3-D successor, presently
being developed by RAEC, will be validated in the proposed continuation of
the project.

Publications and reports covering work of the reporting period

van der Graaf, E.R., Heijs, S., de Meijer, R.J., Put, L.W., and Mulder,
H.F.H.M., A facility to study the transport of radon in soil under
controlled conditions, Kolloqium "Messung von Radon und
Radonfolgeprodukten”, Berlin, May 1991, Verlag TOV Rheinland, K&éln 1991,
142-149.

van der Graaf, E.R., Heijs, S., de Meijer, R.J., Put, L.W., and Mulder,

H.F.H.M., A facility to study the transport of radon in soil under
controlled conditions, Presented at the "Fifth Int. Symp. on the Natural
Radiation Environment", September 22-28, 1991, Salzburg, Austria, accepted
for publication in Radiat. Prot. Dosim.

van der Graaf, E.R., de Meijer, R.J., Calibration, stability at room
temperature and temperature drift of a water pressure transducer used for
measuring the water level in the radon vessel, KVI 1internal report Tech.
Doc. KVI/RV-01, May 1992.

van der Graaf, E.R., de Meijer, R.J., Calibration, stability at room
temperature and temperature drift of ten miniature water pressure
transducers used for measuring pore water content of the sand in the radon
vessel, KVI internal report Tech. Doc. KVI/RV-02, May 1992.

van der Graaf, E.R., de Meijer, R.J., Orientation of the radon vessel! and
determination of the positions of the multi-functional measuring probes,
KVI internal report Tech. Doc. KVI/RV-03, May 1992.

van der Graaf, E.R., Heijs, S., de Meijer, R.J., Put, L.W., Mulder,
H.F.H.M., The choice of soil type for radon vessel experiments, KVI
internal report Tech. Doc. KVI/RV-04, May 1992.

van der Graaf, E.R., Cohilis, P., ten Have, R., de Meijer, R.J., Stapel,
K., Pressure fields in sand, KVI internal report Tech. Doc. KVI/RV-05, May
1992.

van der Graaf, E.R., de Meijer, R.J., Calculation of shape factors of and

pressure fields around an ellipsoidal permeability probe in some simple
geomvtries, KVI internal report Tech. Doc. KVI/RV-06, June 1992.
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Project 3
Head of project: A. Damkjeer

Objectives for the reporting period

To develop a technique for radon source characterisation of a
local site. This includes the design of a small-diameter drilling
and soil-sampling equipment and the construction and calibration
of equipment for in-situ measurements of the gas permeability of
soils. In addition the objective is to apply the track etch
technique for radon emanation measurements of small soil samples,
and for measurements of radon in soil gas.

The aim is to perform a comprehensive "radon source mapping" of
the soil on one or more suitable test sites.

Progress achieved including publications

1. Drilling tools and techniques

A set of small-diameter drilling tools is designed and tested. It
includes one 16 mm and two 20 mm spiral drills which are used for
soft sediments, and two 20 mm widia bits for hardened or stony
deposits. The drills are welded to 12 mm bore shafts. A set of
extention rods allows for depths down to 5 metres. Two soil
samplers, capable of removing 25 cm® samples of soft soil from
depths down to 4 metres have been made. Accessories like chisel
and hauling tools have proven indispensable.

The borehole is established with a hand held electrical drilling
machine of heavy duty quality. Figures la to 1d show the sequence
of operations used to place the permeability probe in the soil.
The 20 mm borehole is supplied with 50 cm® bentonite/water jelly
placed at the bottom (fig. la). The plastic casing tube closed
with a piston at the front end is pressed into the borehole. This
causes the bentonite to flow upwards between the casing and the
soil, thus sealing this passage for any gas flow (fig. 1b). The
piston is opend and removed. The 16 mm bit is lowered through the
casing, and a hole for the probe head is drilled 17 cm beyond the
casing tube (fig. 1c). The permeability probe is inserted through
the casing and the probe head is positioned below the casing.
Finally the passage between the casing and the probe shaft is
closed above ground with a rubber collar (fig. 1d).

This procedure prevents any leakage along the probe shaft to the
surface. It gives a high degree of mechanical protection to the
probe head and a minimum disturbance to the strata in close
vicinity of the measuring position.
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2. 113 il

A permeability probe is constructed and tested. The design was
coordinated with KVI, The Netherlands, in order to facilitate
comparative measurements. Figure 2 shows the probe head which
consists of a perforated steel tube tightly wrapped with two
layers of finely meshed stainless steel net. During operation air
is injected through the hollow probe shaft into the probe head,
from where it flows into the soil.

() (b} (c)

Bentonite

Figure 1 - Sequence of operations

150 mm

\
I
1
1
w o >
%16
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Figure 2 - Permeability probe

The associated instrumentation is mounted in a portable box. It
contains an air pump, two flow monitors (Sierra's “Top=Track",
0-50 ml/min and 0-500 ml/min), and two manometers (Micatrone's
MG-1000, 0-100 Pa and 0-1000 Pa). The permeability measurements
are performed by recording the pressure difference between the
probe head and the soil surface and the corresponding flow rate
in a steady state situation. With the present probe head the
instrumentation allows for a permeability measurements in the
range from 2-107"% m? to 2-10°% m?.

The permeability probe was calibrated in a 200 liter vessel
fillad with dry quartz sand of known permeability. The shape
factor for the proke in the vessel was measured and the result
compared to the theoretical shape factor calculated by CSTC,
Belgium. The measured and the calculated shape factors were found
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to agree, both yielding a shape factor equal to 87% of the
theoretical shape factor for the probe buried at the same depth
in a semi-infinite medium. The theoretical shape factor for the
semi-infinite medium was therefore adopted as the shape factor to
be used for the field measurements.

3. ] i il

A simple and efficient method for measurement of the radon
emanation is developed. The technique is aimed at the small soil
samples obtained during the drilling. The 50 gram sample is
placed in a glass vial and covered with a diffusion membrane of
PVC. The vial is placed in a 150 cm® autoclave with a track etch
detector (Kodak LR 115 II) on the inside wall. A desiccant in the
autoclave prevents water condensation on the track etch detector.
After a growth period of 3 weeks the autoclave is opend and the
track etch detector is developed and counted on an automatic
track counter. The water content of the sample is determined by
weighting and drying.

The track etch technique has also been considered for in-situ
measurements of the radon concentration in soil gas. A small,
open container, which fits into the borehole casing, has been
made. The container is supplied with a track etch detector and a
desiccant and the container is closed with a diffusion membrane.
The container is placed at the bottom of the borehole and the
casing is sealed imidiately above the container. After a few days
the detector is removed and the exposure is determined.

4. Results and discussion

The techniques described above were used for radon source
mappings of two test sites: One was the radon test facility at
Rise National Laboratory, Denmark, the other was the site of one
of the radon test houses of SSI, Sweden.

In the mapping of the Risp site, a total of 29 useable boreholes
have been established and more than 90 soil samples were analyzed
for geological composition and for radon emanation. The results
show a site characterised by moraine deposits covered with 0.5
metre of soil of organic matters and sand. The moraine deposits
exhibit a rather complex picture with mixed clay,silt, and sand
deposits. The permeability of the soil have been measured in all
the useable boreholes and values from 107> m? to 1.4:10""" m? were
found. The pattern of permeability values agrees well with the
geological analysis of the soil samples.

The radon concentration in the soil gas was measured with track
etch detectors in a few of the boreholes. However, the sealing of
the casing tube above the detector container appeared in some
cases to be insufficient. This method of measuring the radon
concentration in the soil gas therefore need more attention
before it is operable.

The mapping of the SSI site, which is placed on the edge of an

escher, involved the establishment of 5 boreholes, 4 of which
were suitable for permeability measurements. A total of 19 soil
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samples were analyzed for geological composition and for radon
emanation. The results show that the half SW side of the test
house foundation seems to be in direct contact with the high
permeable (k=7.2-10""" m?) homogeneous sand/gravel deposits of the
escher, while the other half NE side is more or less "closed" by
a clay layer(k=1.2-10" m?), which here comes to the surface.

PubL; on

Damkj@r, A., Korsbech, U. A Small-diameter Probe for In-situ
Measurements of Gas Permeability of Soils. Fifth International
Symposium on the Natural Radiation Environment, Salzburg, 22-28
September 1991. (To be published in Radiation Protection
Dosimetry).

Korsbech, U., Damkjar, A. Radon-Geological Mapping of two Test

Sites. Department of Electrophysics, Technical University of
Denmark, R-65, May 1992.
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Project 4
Head of project: B. Majborn

Objectives for the reporting period

To develop a numerical model of radon transport in soil and entry into houses.

- To perform related experimental studies.

To compare the experimental results with results of model calculations based on
measured soil parameters.

The aim of the work is to obtain a better understanding of radon transport in soil and entry
into houses.

Progress achieved including publications

A numerical model of radon transport and entry has been developed, and a test structure for
experimental studies of radon transport under field conditions has been established at Risg

National Laboratory. Experimental results obtained at the test structure have been compared
with results of model calculations.

1. Medel

The developed model is a two-dimensional numerical model of the finite-difference type for
studying steady-state transport of soil gas and radon in soil and entry into houses. The
calculations are performed in two steps. Firstly, the movement of soil gas is determined in
response to an indoor-outdoor pressure difference. Secondly, the model solves the radon
transport equation that involves generation, decay, combined advective and diffusive transport,
and partitioning of radon between the gas phase and the aqueous phase. The model is flexible
and can be used for the Risg test structure, for real houses, and e.g. for soil probes. The model
has been implemented on a personal computer and on a VAX-8700. On a personal computer
the model can handle grids with up to 10000 nodes. It has been subjected to a number of tests
concerning the mathematical correctness. The verifications have focused on the ability of the
model to solve two-dimensional heat-flow problems and one-dimensional radon transport

problems for which solutions are known. In addition the model has been tested against other
numerical models.
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Figure 1: Cross-sectional view of the radon test structure.

2. Teststructure

A test structure for experimental studies of radon transport under field conditions has been
established at Risg National Laboratory. A cross-sectional view of the structure is shown in
Figure 1. The structure consists of a 40 litre, stainless-steel cylinder placed in a 0.52 m deep
quadratic excavation with a side length of 2.4 m. The excavation is lined with an airtight
membrane, and soil gas enters the cylinder through a changeable interface in the bottom.
Below the cylinder, a capillary breaking layer of highly permeable gravel has been placed.
This layer has a thickness of 0.15 m and a side length of 1.5 m. The permeability of the
gravel was measured in the laboratory to be 4-10° m?. The chosen dimensions of the structure
were partly based on initial calculations of the soil-gas flow performed by CSTC/WTCB,
Belgium, and by the Section for Mechanical Systems at Risg, both using commercial heat-
transfer codes. A shelter for instrumentation is placed on top of the structure. The
instrumentation includes: 2 continuous radon monitors, 2 differential pressure gauges, 6
thermometers, and gauges for wind, rain and atmospheric pressure. Data are logged onto a
personal computer every 10 minutes. The (de)pressurization of the cylinder is set by a mass-
flow controlled pump. A reference probe for the pressure measurements is located in the
backfilled gravel within the excavation.

In the vicinity of the structure a total of 26 simple pipe-end probes of an inner diameter of
17 mm have been installed in a parallel project undertaken by the Technical University of
Denmark (DTH). Moreover, two simple probes are located in the gravel below the cylinder.
22 of the probes are pair-wise located symmetrically on the east and west or north and south
sides of the structure. Six probes are located below the structure. The probes serve several
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purposes: Firstly, the drilling of the probe holes has provided soil samples for measurements
by DTH of radon emanation and moisture, and for a general characterization of the site
geology. Secondly, in-situ permeability measurements have been made by DTH by means of
a specially designed small-diameter probe that fits into the probe holes. Finally, we have used
the probes for mapping pressure and radon fields manually, the latter by means of
conventional scintllation cells. All probes are sealed off when not in use. The site is located
on clayey till, which is a common type of surface soil in Denmark. At the site, the till was
found to be covered by a top layer of 40 to 50 cm of sandy soil. The water table was found
at a depth of about 2 metres. The measured permeabilities range from below 107 m? to
1.4-10" m®

3. Results and discussion

Steady-state experiments have been conducted at the test structure. Four aspects were
investigated: total flow resistance, pressure couplings, and radon concentrations under diffusive
and advective conditions. Pressure couplings and radon concentrations were measured at 19
probe locations.

The relation between the steady-state depressurization and the soil-gas entry rate into the
cylinder, i.e. the flow resistance, was found to be L5-10° Pas-m™ for depressurizations up
to 60 Pa. The pressure couplings, i.e. the depressurizations at the probe locations normalized
with respect to the depressurization of the cylinder, were found to be in the range from 75%
to 92% for the probes located below the structure, whereas they were lower than 15% for the
other probes. When the cylinder was depressurized, the radon concentration field in the soil
was influenced such that a significant radon depletion was observed at the probe locations
nearest to the structure in response to the imposed flow of soil gas.

The experimental results were compared with results of model calculations based on the
measured soil parameters. For most of the probe locations the measured and calculated values
of the pressure couplings, the normalized radon concentration fields under diffusive and
advective conditions, and the degree of radon depletion were in reasonable agreement. This
verifies the ability of the model to describe the combined diffusive and advective radon
transport, which is a key element of the model. However, the model significantly
underestimated the soil-gas and radon entry rates. Even if the soil was assumed to be
homogeneous and to have a permeability equal to the highest of the measured values, the
predicted soil-gas entry rate was still a factor of two lower than measured. This indicates that
even a rather extensive characterization of the soil may be insufficient for comrectly predicting
soil-gas and radon entry rates in the case of inhomogeneous soils (which often occur in
practice). As a part of our further work, we intend to investigate how detailed both soil
characterization and modelling need to be to account for soil inhomogeneities.

Publicati
Andersen, C.E., Sggaard-Hansen, J. and Majborn, B. Radon Entry into a Simple Test
Structure. Fifth International Symposium on the Natural Radiation Environment, Salzburg, 22-
28 September 1991. (To be published in Radiation Protection Dosimetry).

Andersen, C.E. Entry of Soil Gas and Radon into Houses. Risg-R-623(EN), April 1992.
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Project §
Head of project: P. Wouters

Objectives for the reporting period

The aims concerning more specifically the contribution of the Belgian Building
Research Institute (CSTC-WTCB) to the program were the following:

1. the improvement of the understanding of the movement of radon from ground
to sub-floor spaces and into buildings, and the development of mathematical
models in this field

2. the development and test of remedial actions against radon in buildings, using
laboratory and field studies.

In particular, the objectives related to the first aim were to develop or to adapt, in
the framework of radon, tools to predict soil-gas flow rates between the ground and
the building, and tools to predict air flow rates and pollutant transport between
building zones. Concerning the in-situ studies, the objective was to perform various
measurements, in one or more buildings, in order to define and evaluate remedial
techniques and to achieve a better understanding of radon transport in buildings.

Progress achieved including publications
The description of the work carried out and of the results obtained during the

1990-1992 period is presented below according to the above presentation of the
objectives:

1 Understanding and modelling of the gas movement

11 Modelling of the movement of soil gas from the ground to sub-floor spaces
and into buildings

The possibility of using a particular three-dimensional finite difference code to
model the soil-gas movement and to predict the performance of radon remedial
actions was considered. This code, named TRISCO, is a commercially available
code normally used for solving heat transfer problems. We have well delimited the
domain of validity of this model in the framework of the radon problem, with the
following main hypothesis: 1)the radon transport from soil into a building occurs
mainly by pressure-driven air flow, 2)the air flow under the slab is supposed to be
laminar, 3)the steady-state condition is adopted. Calculations with this model can
take into account the indoor-outdoor pressure differences, the presence of joints
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and cracks in the floor-slabh, the suil and materials permeabilities, the presence of
mitigation systems,... The code calculates pressure fields and flow rates and
delivers alphanumerical and graphical (two and three dimensions) outputs.

Sample calculations were done concerning a house without basement and with an
entry route for soil gas: the floor-wall joint. A particular subslab depressurisation
system was included in the calculations. Because one can take into account all the
details of the configuration in a very simple way, and because of the simple and
useful outputs, the code appears to be particularly well suited for the design and
the evaluation of remedial actions (subfloor ventilation strategies) against radon
in buildings (1).

The model was also used to perform calculations adapted to the experimental
configurations of KVI (The Netherlands), RISO (Denmark) and Technical
University of Denmark (2). The results of the calculations were used for different
purposes by these institutes, in relation with their research. These results were
successfully compared to laboratory measurements performed by the Technical
University of Denmark and by KVI, demonstrating the possibilities of the model
and its utility in the framework of radon research (3,4).

1.2 Modelling air flow rates and radon transport between building zones

Several important parameters may influence the radon transport within a
building. This transport is related to the movement of air which, in turn, is due to
pressure differentials that occur in the building and across the building envelope,
as a result of a combination of wind effect, stack effect and the operation of
nmechanical ventilation systems. The air infiltration and ventilation, and
consequently the pollutant transport and the pollutant concentrations in the
rooms, will depend on these climatic and operational conditions as well as on the
building characteristics (airtightness, number and distribution of flow paths, ...)
and on the occupants behaviour (use of open fires for example).

The number and the complexity of these factors imply that complex simulations
with multi-cell computer codes are necessary to obtain a rather good picture of air
infiltration and ventilation behaviour in real buildings and for real weather
conditions, and to understand and predict the transport of pollutants. That’s why
a preliminary study was made on the possibility of using a particular computer
program, named VENCON, for the case of radon (5).

This program takes all the above mentioned parameters into account and models
indoor interzone airflows as well as pollutant concentrations. Sample calculations
were made concerning a rowhouse supposed to have a constant radon source in the
basement. Some adaptations should be made, in the future, in order to allow the
model to take into account some of the peculiarities of the radon problem.
However, the results of the preliminary calculations already illustrate the
possibilities of the used code and demonstrate that models of this type are powerful
instruments. They allow the study, for real situations, of the impact of a number
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of factors on the indoor air quality (especially from the radon point of view) and on
the performances of systems aimed tc influence the pattern of air flow within a
building in order to ensure low radon concentrations in habitable zones. This kind
of model should be intensively used in the future to perform studies in the
framework of the radon problems in buildings. )

2. On-site studies

Several measurements were made in a school well known for its high radon
concentrations. The degree of permeability to air of the studied zone of the building
was measured using the pressurization method. The airtightness of the inner walls
of the various rooms was also evaluated. Measurements of tracer gas (N,0O injected
in the basement) concentrations in different rooms for different experimental
conditions were made, in function of time, together with radon concentration
measurements (6). This study allowed us to present some conclusions concerning
the radon entry paths and the influence of a number of factors on the measured
concentrations. As a consequence of these conclusions, two mechanical ventilation
systems producing an over-pressure in the rooms and improving the global
ventilation were installed and tested in two classrooms. Their use was completely
successful in achieving radon reduction (7). The possibility of using a sub-slab
depressurisation system was also evaluated, and it was shown that this method
could also be applied to reduce radon levels in the school (8). But it is the method
based on the pressurisarion of the rooms which was suggested to the school
authorities (9). One of the reasons is that the pressurization fans also improve the
general indoor air quality of that school, as shown by CO, concentration
measurements.

Measurements were also made in a second school, very different from the other
one, with crawl spaces beneath the part of the building in which high radon levels
were measured. Pressurization measurements were made in this school, especially
in the crawl spaces. A few important entry routes for gas coming from the crawl
spaces into the rooms were detected. Remedial actions were proposed to the school
authorities, mainly the sealing of the most important entry routes and the
ventilation of the crawl spaces. The effectiveness of these countermeasures was
evaluated on part of the building. The current results indicate that a natural
ventilation of the crawl spaces, together with the sailing of entries, successfully
reduces the radon levels inside the school (10). When it works, this solution is an
attractive alternative to the mechanical ventilation of the crawl spaces.

These case-studies allow for a better understanding of the factors affecting the
performances of the tested radon countermeasures. This kind of studies will be
continued in the future. Measurements have just started in two dwellings
presenting high radon levels.
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Project 6
Head of project: Ir. Peter de Jong

Objectives for the reporting period

As the concentrations of radon and decay products in a dwelling are influenced by an interplay

of many parameters, it was proposed to study the effect of remedial actions in a test structure on

a semi-laboratory scale. In this test structure most of the parameters involved can be controlled.

Any resulting change, detected in the radon concentration, would then be directly related to a

known change in a parameter value. The research programme covers the following:

— design, setup and validation of the test structure,

- testing of remedial actions to limit the concentration in the under-floor space or the entry rate,
together with the determination of the radon concentration distribution,

— development of predictive mathematical models of the indoor radon concentration and entry
rates.

Progress achieved including publications

Of the contemplated objectives only a part could be realized during the validity term of the

contract. The reason for the delay was that the panel working on radon research had to move

from Delft to Amhem due to a reorganization within TNO. The move included the transfer of

the measuring equipment which, due to the lower permitted floor load, implied significant

structural adaptations of the laboratory. It is anticipated that the new facilities will be available

within three months. In the meantime a feasibility study has been completed, dealing with the

experimental possibilities of a semi-laboratory test structure. The report discusses the following

subjects:

— the suitability of the test structure for the validation of model calculations

— the suitability for studying the effectiveness of different types of counter-measures to reduce
radon concentrations under controlled conditions

— other possibilities, including permeability measurements and pressure-controlled diffusion

On the basis of the subjects considered, a set of requirements has been formulated with regard
to civil engineering provisions. Most of the experiments can be performed in a so-called basic
design, consisting of a crawl space with a room on top. The dimensions of such a structure are
roughly 2 x 3 x 3.2 m (I x w x h). The construction will be such that the ground floor can be
replaced. To investigate the contribution to the radiation dose of radon transport through the
cavity, the construction can be provided with a cavity wall. Apart from technical feasibility, the
report also focuses on the required provisions and the measuring equipment to be applied. This
study is an excellent basis for both design and execution of the work plan. Although the
preparatory work has taken more time than was anticipated, it underlines the importance and the
innovative character of the experiments to be conducted. Meanwhile this project is incorporated
into a larger research programme, which will be co-sponsored by the Dutch Government as part
of the strategic radon research programme STRATEGO. For this programme to be successful,
however, it is essential that the remaining EC funds continue to be available and can be
ransferred to the next funding period.

In view of the number of parameters involved, the availability of mathematical models to
calculate indoor radon concentrations is essential, not only to serve as a predictive tool for
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complicated situations, but also to identify the gaps in our knowledge. The model developed at
TNO consists of different sub-modules dealing with:

— radon entry from the soil,

— exhalation from the construction materials,

— air infiltration and transport, and

— calculation of doses to individuals.

In the model not only the house but also the soil is divided into different compartments. The
soil compartments consist of horizontal layers, underneath and beside the construction
respectively, each having its own value for radium concentration, emanating power, diffusion
coefficient, porosity, density and thickness. This approach offers the opportunity to take soil
inhomogeneities (including water content) into account. The pressure-driven transport is based
on wind velocity and the temperature difference between the crawl space and outside, on the
basis whereof the driving force and the resulting air flow is calculated. At this moment the
permeability is considered to be homogeneously distributed. In the joint example (Figure 1), the
area exhalation rate of the soil in the crawl space due to diffusion and advection is calculated as
a function of soil permeability. Although the exhalation rate shows an increase as permeability
increases, this is only a limited value due to the high degree of radon depletion (indicated in the
right scale of Figure 1). The slight depth of the foundation of some tens of centimetres plays an
important role in the depletion process. When a concrete layer is fitted onto the crawl space
floor, an extra diffusion barrier is introduced, in combination with a reduction of the infiltrating
air flow, depending on the quality of the floor. In the example a 40% reduction is adopted.
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Figure 1  Calculated area exhalation rate and radon concentration of the infiltrating air as a
function of soil permeability, using the following parameter values:
De¢f (soil) = 10-6 m?/s; ¢ (.oo) =20 kBq/m3; vy,inq = 2 mvs; AT=10C.
Curves 1 and 3:  bare soil floor
Curves 2 and 4: 20 cm of concrete floor (L=15 cm)
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In the air infiltration and transport model, the dwelling is divided into individual rooms which

are interconnected via leaking paths. The model calculates ventilation flows, pressure

differences and the transport of radon. The most important input parameters are:

— weather conditions (wind velocity, wind direction, temperature)

— site data (wind shielding) .

— building characteristics (building shape, dimensions, openings in the building envelope)

— data connected to the inside of the structure (temperature distribution, openings and leakage
across internal zones, mechanical ventilation)

The model can calculate the air exchange between the different compartments of the house as
well as the flows through the building envelope, ground floor and cavity wall. At the moment it
is assumed that the radon concentration is perfectly and instantly mixed within each
compartment, although there is a possibility to introduce sub-compartments.

During the course of the project a start was made with the comparison of computed data and
measured data from the KVI test house. Figure 2 shows the ratio of the two series as a function
of time. During certain periods significant discrepancies were found between the measured and
modelled radon concentrations for reasons which are not quite clear at the moment. A further
evaluation is in progress and is among the objectives of the next research period, as is a
comparison with other data sets.

Ccalc/Cmeas living

Figure 2 Comparison of calculated and measured radon concentration in a living room as a
function of time.

The module dealing with the calculation of the radiation dose to a resident is not yet fully

elaborated, although some sub-parts are already available, including:

— a three-room compartment code, modelling not only the radon isotopes but also their decay
products taking the aerosol concentration, plate out (attached, unattached), recoil and
transport into account;

— a sub-module describing the behaviour of a resident in respect of the residence time in certain
rooms, as a function of time, in combination with time-dependent use of windows;

The models described use a large number of input parameters, which enables wide application
but makes it practically impossible to quantitatively assess all of them. Therefore, it is of
paramount importance to select and classify those input parameters that significantly influence
the radon concentration, as proposed for the next funding period.
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De Jong, P.

Experimental possibilities of a laboratory dwelling
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Report RD-E/9207 - 309 (1992).
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Project 7
Head of Project: Dr. T.X. Ball

Objectives for the reporting period

1. Objectives

The aims and objectives of project were to develop radon potential mapping techniques. To
investigate the roles that existing geologigal and geochemical data sets; new measurements of
soil and bed-rock radioelement concentrations; and in particular the determination of soil gas
radon levels, might have to the efficient recognition of zones of high radon values in houses.
The NRPB have selected an "Action Level" of 200 Bg/m3 Rn in house air, above which
action is recommended to reduce the concentration. It is tedious and expensive to test every
dwelling in the housing stock for radon levels. Since most radon is generated within the
ground, there are advantages in basing house surveys upon the geology, provided there is
consistent radon generated by specific geological features. If this is so, then geochemical
survey methods can be of enormous advantage in assigning priorities in any housing survey.
It is equally important at an early planning stage to identify areas where domestic radon levels
are likely to be low.

2. Summary of progress

The 1622yr half life of 226Ra, the parent of 222Rn, is significant in terms of recent geological
events, for example the 10,000 - 12,000 years since the end of the glaciation in Northern
Europe.

Radium in the secondary environment can behave quite differently from the parent uranium
and is generally less mobile. Some granites, such as that in the Okehampton area, have
uraninite weathered near surface, the uranium removed, but most of the radium left in situ. In
consequence radon can escape easily into the disperse phase. The movement of radon into
intergranular space in rocks depends upon the specific surface area of the mineral,
imperfections in its lattice, its density and the nature of the intergranular space. Once in the
intergranular zone, wheter radon is transported depends on the nature of the disperse phase
and the permeability of the host rock. In the gas phase, radon transport is often dependent on
carrier gases, whilst microclimatic effects within cavernous limestones can result in large
quantities of radon-rich air being transported.

3. Radioactivi lithol
Two areas were examined to test the possibilities of producing radon distribution maps. These
areas contained constrasting lithologies, typical of many European rock types. In addition,

they were known to have a large proportion of houses exceeding the Action Level. The chosen
areas were based on Geological Survey maps Chapel-en-le Frith and Okehampton (Figure 1).

4. Geology of study areas

The Chapel-en-le Frith area is underlain by a range of rocks of Carboniferous age (Figure 2).
Dinantian limestones with basic intrusive and extrusive igneous rocks are overlain by
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Namurian black mudstones and sandstones, in turn succeeded by Westphalian Coal Measures
comprising interbedded coals, mudstones and sandstones. Uraniferous concentrations are
known to exist in the limestone marginal reef facies, the lower Namurian pyritic black shales
and in relatively narrow marine bands (<1%) within the Westphalian (7). The whole area was
glaciated, with boulder clay and glacio-fluvial sands and gravels deposited in the valleys.

The Okehampton map sheet covers an area partly underlain by the Hercynian Dartmoor
Granite, intruded into carboniferous cherts with limestones and black shales (the Meldon
Formation) and a very thick sequence of grey shales and sandstones (Crackington and Bude
Formations). There are also Permo-Triassic breccia conglomerates, mudstones and igneous
rocks. Uranium values are high in the granite, cherts within the metamorphic aureole and in
some of the carboniferous black shales. The sedimentary rocks have been intensely folded and
there are major faults trending NW-SE. The area lay south of the limit of the main Pleistocene
glaciation, but periglacial weathering occurred and local ice features are seen on the higher
ground. Patches of deep Tertiary weathering are preserved.

5. Methedology

In each area, orientation surveys ware followed by sampling along traverses designed to test
the following:

1. Was it possible to assign discrete radioelement concentrations in relation to the know
geological features.

2. Bearing in mind the well known variability of soil gas radon due to weather conditions
could it be established that the variations due to geological factors were greater than those
due to weather effects?

Sampling traverses were designed to investigate each rock formation, to assess the overall
radon variability. Sample intervals depended upon the nature of the topography and the
complexity of the geology. In all cases, detailed geological maps were available at scales of
1:10000 or 1:10560. At each site the following measurements were made:

a. A sample of soil gas was taken through a hollow spike at 50 cm depth into a Lucas cell and
the activity of radon and thoron determined.

b. A gamma spectrometer was used to measure the photopeak intensity of 40k, 214Bi and
208T] jn the field. These measurements enable the total radon and thoron activities in the
soil to be estimated. Soils along certain traverses were analysed for uranium and radium to
determine the influence of these components.

6. Results
6.1  Chapel-en-le-Frith area

Radon in soil gas was found to vary with lithology. Statistical analysis shows highly
significant differences for radon emanation over the various lithologies. The soil gas radon
values are also independent of the uranium concentration in the bed-rock. The limestones
typically exhibit ranges of 1-10ppm U whilst the basan Namurian mudstones have 10-60ppm
U. The highest soil gas radon occurs over the Dinantian reef limestones and where the
Namurian mudstones overlie the reefs. The non-reef limestones also give rise to high radon in
soil gas, whilst radon from the less permeable Namurian mudstones is moderate. The
Westphalian outcrop is characterised by isolated high levels radon in soil gas over marine
bands.
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6.2  Okehampton Area

Here again, consistent and statistically highiy significant differences exist between the soil gas
values associated with different rock types. The highest values occur over the granite and the
Meldon Formation. These lithologies are characterised by over 30% of the houses being above
the Action Level compared to 10-30% of the houses on the other rock types being affected.

7.  Discussion

Soil gas entry is the most important factor governing radon in buildings. Thus of all the
individual radioelement parameters measured it would be expected that the most appropriate
would be the radon in soil gas measurement and there is increasing evidence to support this
conclusion. Figure 2 shows the relationship between house levels and average soil gas radon
for 5km squares in the Okehampton area. The correlation coefficient is about 0.89. Despite
fewer data, limestone areas have a different regression line with a lower gradient. Data from
gamma spectrometric and stream sediment and hydrogeochemical surveys can also be
incorporated in a survey, but these other approaches must be used with caution. The 214Bi
photopeak intensity is not necessarily related to the amount of labile radon and uranium
anomalies in drainage samples can be misleading since high values of radon in soil gas and in
houses may be related to rocks in which the uranium content is low. Consequentely, soil gas
surveys based on adeguate geological knowledge, must be regarded as the most efficient
means of estimating the radon potential of an area. The survey must cover the ground
adequately, and should pay particular attention to those rock formations which underlie zones
of high population density. Each rock formation, and its variants should be tested several
times and some traverses should be repeated to test the variability. Typical sites should be
monitored daily to determine variability due to weather.

In cool temperate climates the best time for the survey is during the spring to autumn months
when the soils are less wet and are thus more permeable. Soil gas surveys at these times relate
better to the dry conditions beneath houses during the winter months when domestic radon
levels are highest.

8. Conclusion

Soil gas radon determinations have been found to be the most efficient and least expensive
survey method for radon distribution mapping. Reliance on other suggested parameters, such
as the distribution of uranium in rock, soil and alluvium can give rise to erroneous
conclusions, since high values of radon in soil gas and dwellings have been observed over
rocks with low uranium abundances.

Publications
Ball, T.K, Cameron, D.G., Colman, T.B, in press, Aspects of Radon Potential Mapping in
Britain. Proceedings of the Fifth International Symposium on the Natural Radiation

Environment, Radiation Protection Dosimetry.

Ball, T.K, and Miles, J.C.H, in press, Geological/geochemical factors affecting the radon
concentrations in homes in Cornwall and Devon, Environmental Geochemistry and Health.
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Project 8
Heads of project: Lynn M. Hubbard, Anita Enflo

Objectives for the reporting period

Our research focuses on dzveloping a systematic comparison and better understanding of
the behavior of radon in dwellings under different conditions. Physical models are used to
understand how weather and house dynamics affect radon-containing soil gas entry compared
to outdoor air entry into buildings, and the movement of radon between indoor zones, using
data from real houses as input to the models. During the funding period from March 1990 to
June 1992 the project has had two overall objectives: a systematic collection of experimental
data from test houses and a theoretical modelling of the behavior of radon gas indoors.

The ongoing motivation for our research is to obtain sufficient understanding of the
radon dynamics associated with buildings to be able to simplify the prediction of indoor
radon concentrations and to prescribe adequate mitigation at a minimum cost to the household
energy consumption. To this end the current research has had one objective of adding
continuously recorded data from two Swedish research homes to an international data set of
detailed measurements on houses in different countries of different construction types and
geological environments. Homes which have been measured in the United States, the
Netherlands, and Sweden have had similar parameters measured as a time series using similar
measurement protocols.

Ultimately, consistent physical models should be able to describe the observed radon
dynamics in the different environments. Models of radon entry and movement indoors are
used in our research to study the different physical mechanisms driving the observed
time-dependent behavior of radon. Another long term goal motivating our research is to
understand the physics well enough to simplify the models to include only mechanisms and
terms which are most relevant. To this end, one question addressed in the current study
period has been to determine how much of the time and in what way temperature dependent
mechanisms driving radon entry and movement indoors describe the radon dynamics in the
two Swedish research homes.

Progress achieved including publications

During the funding period 1990-1992 we have collected and systematically catalogued
continuous time series data over an approximate 1 1/2 year period from two research houses
near Stockholm, Sweden. Parameters recorded include environmental temperatures in a
variety of locations indoors and outdoors and in the soil, pressure differences across the
building shell in a variety of locations, and radon gas concentrations in different indoor and
subfloor zones. Radon progeny concentrations indoors and soil gas radon are also measured
during regular intervals. Perfluorocarbon tracer gas measurements have occasionally been
perforined in each house to obtain integrated inter-zone airflows and ventilation rates.

The two research houses both have natural draught ventilation with hot water heated
radiators in House (labeled) 901 and electrically heated radiators in House 902. They lie in
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different geological environments and soil types. House 901 lies on morain which contains
significant amounts of clay and House 902 lies on the edge of an esker over very sandy solil
which partially includes a clay layer. Both houses have indoor radon concentrations which
average between 150-250 Bg/m3 in the living level and the source of radon is the soil gas.
Both houses have exposed dirt floor crawlspaces and, in one of the houses, an adjoining
finished basement. House 901 was instrumented in March, 1990, and data collection
continued until January 1992. House 902 was instrumented in October 1990 and data
collection is ongoing.

As stated above, one of our long term objectives is to understand the physics well
enough to simplify the models to include only mechanisms and terms which are most
relevant. One of our research homes, House 902, provides a physical structure which can be
treated as a single indoor zone during the winter months (ref. 1), thus simplifying the
theoretical modelling of the airflows. In addition, although it is quite clear that in general the
main mechanisms creating pressure differences across building shells are due to a
combination of temperature differences, the wind, and the effect of indoor air distribution
systems, if data can be obtained with one or two of these effects nulled then the remaining
physics can be studied undisturbed in more detail. The two research homes have no indoor
air distribution systems, and therefore no pressure differences due to them. In addition, our
initial modelling and analysis of the collected data has eliminated from the data set days when
the wind blew, focusing on non-windy days when the temperature dependent mechanisms
driving the radon dynamics act independently of the wind effects. This occurred on
approximately 50% of the days during a 7 month period spanning fall, winter, and spring
months,

The resulting data set allows us to look in more detail at the effect of temperature on
radon behavior indoors. There are three primary mechanisms by which temperature affects
the radon dynamics indoors. Increased airflows across the building shell resulting from
increased indoor-outdoor temperature differences during cold weather will: 1)increase the
airflow rate from the outdoor air which tends to drive the indoor radon concentration down,
and, 2)increase the flow of radon-containing soil gas into the house which tends to drive the
radon concentration up. We call these the ventilation effect and the radon source effect.

They are two components of the total quantity of air infiltrating a house. They are not
entirely separate components, because as the ventilation increases with increasing temperature
differences, the increased flow of soil gas usually contains a component of diluting outdoor
air which gets flushed through the soil. Thus, an increased flow of soil gas into the house
does not automatically imply an increased flow of radon gas also. That depends on where the
increased flow is coming from: whether it draws from a larger volume of soil gas and thus
radon gas or whether it also draws from the (relatively) radon-free outdoor air.

A third mechanism which depends on temperature differences can be called a mixing
effect. During the cold months, in natural draught ventilated homes, the stack flow indoors
tends to bring the air and thus radon from the lower levels to the higher levels. This mixing is
so efficient in research house 902 that during winter months there is virtually no difference
between the radon concentrations downstairs versus upstairs. During warmer months, as the
airflow upward is much less, the radon concentration downstairs becomes significantly
greater than the value upstairs (ref. 2).

Both Swedish research houses in this study exemplify buildings in which the indoor
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radon is closely coupled to changes in outdoor temperature. (Because the indoor temperature
stays relatively constant, discussing changes in outdoor temperature is the same as discussing
changes in the indoor-outdoor temperature difference.) Figure 1 shows a typical response at
House 901 of indoor radon with outdoor temperature on non-windy days during Janurary,
1991, with a rather dramatic increase in radon with temperature on both of days 9 and 10.
This pattern has been repeated in both houses consistently during our measurement period.

Indoor Radon ( ) and

Outdoor Temperature { - - - - - )
Bq/m3 Celcius

Julian Day, 1991
Figure 1.

It is generally believed that as the outdoor temperature decreases, the increased flow into
the house from the soil gas leads to an increase in indoor radon concentration, and this is one
reason for the increased wintertime indoor radon levels which are so commonly reported.
This is in general not true if the house has been kept in the same operating configuration,
(e.g., with the windows closed), and particularly not true in homes with natural draught
ventilation. Both research houses discussed here show the opposite trend: a general increase
in indoor radon with increasing outdoor temperture, as shown in figure 2.

24 Hour Averaged Points of Indoor
Radon versus Outdoor Temperature
House 902
Indoor Radon, Bg/m3
750
500[ b o
' .
250} >
/ )
0 s L
-5 o 5 10 15
Outdoor T, Ceicius
Fgure 2

Although the indoor radon increases with outdoor tempertature on a seasonal time scale
in these houses, the daily pattern in house 901 shows the opposite pattern. On an hourly time
scale, the radon concentration in house 902 follows the outdoor temperature profile, as in the
seasonal data, while the radon concentration at house 901 displays the opposite profile. The
three mechanisms mentioned above can explain this behavior, a discussion of which can be
found in reference 2. During the next funding period, experiments are planned to better
elucidate these mechanisms, as well as the role of difffusion of radon into the crawlspace.
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We have a working radon flow model which takes as input time-varying airflows and
predicts the time-varying radon concentrations in each specified indoor zone. We have
developed a simple and useful formalism for modelling the airflows as a function of
indoor-outdoor temperature differences, treating the air infiltrating from the soil gas
separately from the air infiltrating from the outdoor air, so that radon entry and concentration
indoors can be followed. The model is described in reference 2. The motivation for
modelling the airflows from measured parameters, such as temperature differences or the
wind, which create the pressure differences instead of the measured pressure differences
themselves, is that, for example, temperatures are easier to measure accurately and more
macroscopic than site-specific pressure measurements. It is also more desirable to model
radon entry from the basic physics which causes the pressure differences driving the airflows.
Of course, measured pressure differences can also be used as input to the model to determine
the airflows.

Figure 3 compares the measured to the modelled indoor radon concentrations at House
901 during a 12 day period during which there was little wind. The results depend on the
measured time varying crawlspace radon concentration, the measured hourly temperatures
outside, in the crawispace, and indoors, and the resulting modelled airflows as input to the
radon flow model. The modelled radon concentration is in close agreement with the
measured values, verifying the use of the model in future studies.

Modellod and Measured Radon
Concentrstions

= = Messured
Crawlspace

— Measured
Indoors

= Modeiled
Indoors

The research discussed here is a part of a study aimed at characterizing the two
components of airflow into houses which are relevent to radon dynamics: outdoor air and
soil gas. We hope to understand better how environmental and physical parameters affect
these two components of air infiltration. Reference 2 focuses on the temperature dependent
mechanisms, showing data from two research houses and introducing a formalism for
modelling the data. Current work is focused on using the model to study the effect of the
different temperature dependent mechanisms discussed herein on the indoor radon
concentration, on the role of the house leakage distnbution, and on characterizing the
interaction of the house with the soil physics.

A collaboration with another project in this contract, Dr. Anders Damkjaer from the
Technical University of Denmark, has resulted in soil permeability measurements at different
locations around research house 902 and soil mapping of the site. This data will be used in
the next funding period for modelling soil gas entry rates in collaboration with the researchers
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from Riso National Laboratory in Denmark and CSTC in Belgium, also in this contract.

licas leted withi . od

1. Hubbard, L.M., Hagberg,N., Enflo, A., Swedjemark, G.A., Radon Dynamics in Swedish
Dwellings: A Status Report., presented at and in the procedings of the USEPA 1991
International Symposium on Radon and Radon Reduction Technology, Philadelphia, USA,
April 1991,

2. Hubbard, L.M., Hagberg, N., Enflo, A., Temperature Effect on Radon Dynamics in Two
Swedish Dwellings, presented at the Fifth International Symposium on the Natural Radiation
Environment, Salzburg, Austria, September, 1991 and accepted for publication in the journal
used for the symposium proceedings Radiation Protection Dosimetry.
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Project 9
Head of project: Prof. C. Proukakis

Objectives for the reporting period

1.

HwWN

Establish an alpha track detector measuring capability in Greece. Quality assurance of the
radon data by intercalibrations and intercomparisons between the collaborating
laboratories.

. Carry-out measurements and analyze the results
. Gamma-spectroscopic analysis of surface soil samples
. Evaluate the results and investigate the probable correlation between indoor radon

concentration and Ra-226 concentration in the substrate soil.

. Installation of an Image Analysis System for automated counting of Radon detectors

Progress achieved

1.

2.

The Medical Physics Department during the reporting period has installed 500 Rn-222
detectors of different manufacture (Terradex, University College Dublin, Medical
Physics Laboratory) in many locations inside Greece.

We have calibrated our detectors in collaboration with NRPB according to known
concentration levels. The calibration accuracy was estimated to be + 15%.

Intercomparison between greek and american (Terradex) detectors was made in order to
ascertain the method's quality assurance.

The results from the measurements of Rn-222 indoors concentration performed in different -
locations are presented in table |.

TABLE |

Rn-222 concentration Number of detectors % of dwellings
<50Bq/m3 355 71%
50-100Bq/m°> 83 16,6%
100-200Bq/m3 43 8,6%
200-400Bq/m3 1 2.2%
400-1000Bq/m°® 6 1,2%
>1000Bq/m3 2 0,4%

3. Soil samples were selected from the above locations and were analyzed in the National

Technical University of Athens employing the hight resolution Ge detectors set-ups where
the Ra-226 radioactivity was measured.
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4. Having a total of 97 experimental points (Rn-222 indoor air concentration, Ra-226
radioactivity in the surface soil) an investigation on possible correlation of the two
quantities was attempted. The correlation coefficient is 0,38.

The area with the highest values of Rn-222 indoor air concentration is in Northern Greece
(mean value: 206,98 Bq/mc’). The Ra-226 soil concentration in this area is significantly
higher (>40Bq/Kg) than the average value of greek soils (mean value: 26Bq/Kg, std.der.
19Bq/Kg, sample size 717) according to the National Technical University of Athens.

5. The detector measurements were carried out until now with the use of a microscope. This
method is time consuming and it introduces a large subjective error since it is based on
optical observations.

For this reason an Image Analysis System has been installed in Medical Physics
Laboratory in order to obtain the measurements automatically.
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ASSESSMENT AND MANAGEMENT OF RADIATION EXPOSURE AND RISKS
FROM NATURAL AND MAN-MADE RADIATION SOURCES

Contract Bi6-114 - Sector C12

1) Kollas , NCSR "Democritos”

Summary of project global objectives and achievements

This is a continuation of a former contract, with CEC support only to the Project 1
concerning natural radioactivity studies, with emphasis to the indoor radon problems
and studies related to them. Therefore, the title does not represent exactly the activities
during the period 1990-1992.

The general target of Project 1 is to improve the knowledge on the internal exposure of
the Greek population to the decay products of 222Rn and to provide methodological
support to the Greek authorities in the implementation of any future measures related
to the control and reduction of this exposure.

A basic objective of the Project was the introduction of the track-etch detector
technology in the Environmental Radioactivity Laboratory for determination of the
integrated exposure to 222Rn indoors. This concerned the whole circle of the method,
in order to enable fully independent indoor radon studies and surveys in the future. A
pilot indoor radon survey in the region of Athens was planned. The experience derived
from this survey had to be used for future investigations of other regions of Greece.

A second objective was to improve the knowledge about the sources of indoor radon
in Greece, which included:

1. Continuation and completion of the survey of natural radioactivity in the
Greek soils. This would provide information on the main source of indoor radon -
226Ra in the soil - and point out the regions where enhanced indoor radon
concentrations are expected to occur. In addition, this survey would result in external
dose rate mapping of the country, by use of the complete set of analysis data, which
include a sufficient number of radionuclides of the 238U and 232Th series, as well as
0K .

2. Development of methodologies and construction of devices for field and
laboratory measurements of the exhalation rate of radon from soil and building
materials. A related pilot study of the building materials used in the wider Athens
region was planned.

3. Development of methodology and construction of device for field
determination of the "radon availability” of the soil, which can be defined as the
product of the soil pas concentration of radon and the soil permeability. This type of
measurements is expected to provide more reliable indication of the potentially "hot
spot" indoor radon regions, as compared with the data on 220Ra in soil.
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Project 1
Head of project: Dr. P. Kritidis

Objectives for the reporting period

Since Project 1 was the only one supported by the CEC after 1990, its objectives
coincide with those presented in the previous page.

Progress achieved including publications

1. The work related to the introduction of the track-etch detector methodology
included:

1.1. The development of a user-friendly method for manual determination of the track
density, based on the magnified projection of the etched surface (KODAK LR-115
type detector) on a 40x40 cm half-transparent screen, after suitable blue-colour
filtering and the "quasi-linear” track counting in 1x40 cm bands, which minimises the
double- and skip-counting effects.

1.2. The study of the personal variations of the "counting sensitivity" and the
introduction of personal sensitivity coefficients to correct for these variations.

1.3. The construction of a small calibration chamber, suitable for simultaneous
exposure of up to 8§ measuring pots or several tens of unprotected films.

1.4. The determination of optimal etching conditions (duration, etching solution
density and temperature etc.) in order to minimise the low limit of detection and to
achieve maximum repeatability of the results. The sensitivity achieved is 1.5 (counted
tracks cm? per (Bq month m3, while the low limit of detection (26 of the
background) is below 10 Bq month m-3.

1.5. The selection of suitable, light-protected metal pots for housing the detector films,
in order to avoid the effect of non-homogeneous deposition of the short-lived decay
products due to static electricity, as well as the contrast degradation in the case of
prolonged film exposure to light.

The results of this methodology work have been reported in (1), and also in two CEC
radon contractors' meetings organised during 1990.

A pilot survey of the indoor radon concentrations in the wider Athens region is in
progress. Near 150 detectors were distributed and exposed during the winter 6-month
period October 1991 - March 1992. The statistical treatment of the data has not been
completed yet, but one can note that no case of exceeding the CEC recommended
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remedial action level has been observed.

2. The first phase of the survey of the natural radioactivity of the Greek soils has been
completed. About 600 samples covering the whole country have been analysed, after
appropriate treatment, by use of high-resolution gamma-spectrometry. The specific
activities of the major gamma-emitting radionuclides of the uranium and thorium
series, as well as of 490K have been determined.

Paired measurements of the external exposition rate and the soil radioactivity have
been made in several tens of selected areas with homogeneous soil content and "2¢
geometry” of the surface, in order to test the theoretical relations used to calculate the
external dose rate based on the data of the specific activities of the terrestrial source-
radionuclides.

A statistical analysis of the results has been performed and the regional averages and
variations, as well as the country averages after area- and population weighting have
been determined.

The results of these studies have been reported in (2-5, 8,9) and constitute the basic
material of the Thesis (5). They were also used (together with data from the Technical
University of Athens) to provide external dose rate data to the NRPB group preparing
the "Radiation Atlas" of Europe. Some general results are shown in Fig.1 and Fig.2.

Bulgana L
Yugoslavia N

Concentrations (7 - \v.,ﬂ
of Ra226 in soil ) Krelian Sea
—/ ) <20 4
[]20-32 -
C)33-44 Bakg
45-56 .

>56 . Mediterranean Sea

Figure 1 - Regional averages of the concentrations of 226Ra in the Greek soils
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Figure 2 - Regional averages of the external dose rate due to the gamma-ray emission of the terrestrial natural
radionuclides

3. A new version of a laboratory device for determination of the exhalation rate of
radon has been developed and calibrated. Determination of exhalation rates down to
10-5 Bq s-! is possible for samples of up to 4 1 volume. The device can also be used as
alternative calibration chamber for track-etch detectors. The sensitivity of the system
allows to test various materials, pots etc. for radon leakage. A study of the exhalation
rate of 22ZRn from various building materials widely used in Greece is in progress.

4. A pilot soil gas sampling-and-measuring device has been constructed and tested
under various conditions of soil density, humidity, constitution, etc. The results
demonstrated an unexpected (by us) high range of variation of the product (soil gas
radon concentration) x (soil permeability). This does not allow the establishment of a
reliable single set of sampling parameters, but rather indicates the need of at least two
devices, one applicable in the case of low-permeability and low-radon content soil gas
and another - in cases that the product of these quantities is more than 2 orders of
magnitude higher. This work will continue during the next 2-year period.
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Publications

1. Kamenopoulou V. and Kritidis P., "A methodology for determination of radon
concentrations in the uir of Greek houses with truck detectors”. Proc. | Nation. Congr.
of Radiation Protection, Athens, 24-26.10.1990 (in press, in Greek).

2. Probonas M. and Kritidis P., "4 study of the natural radioactivity of the Greek
soils”. Proc. I Nation. Congr. of Radiation Protection, Athens, 24-26.10.1990 (in press,
in Greek).

3. Kntidis P., "lonising radiations in the environment - quantities and variations".
Proc. I Nation. Congr. of Radiation Protection, Athens, 24-26.10.1990 (in press, in
Greek).

4. Florou H. and Kritidis P., "Natural radioactivity in environmental samples from an
island of volcanic origin”. Marine Pollution Bulletin 22, No 8, p.p. 417-419 (1991).

5. Probonas M. "The exposure of the Greek population to gamma-rays of terrestrial
origin”, Thesis (submitted to Medical School of the Athens University).

6. Kritidis P., "4 radiological study of the Greek rudon spas”, Proc. Intemn. Symp. on
Radon and Radon Reduction Technology, Philadelphia (USA), 2-5.04.1991 (in press).

7. Kiritidis P. and Kollas J., "Individual and sociul risk due to natural and artificial
environmental radiouctivity in Greece”, Radiat. Prot. Dosim. (in press, Proceedings of
the NRE V, Salzburg, Austria, Sept. 1991).

8. Probonas M. and Kritidis P., "4 study of the natural radioactivity of the Greek soils
as fuctor of ruadiological exposure of the population”, Proc. II Nation. Congr. of
Environmental Science and Technology, Mytilini, Sept. 1991, pp. 534-543 (in Greek).

9. Probonas M. and Kritidis P., "The exposure of the Greek population to gumma-
radiation of terrestrial origin”, Radiat. Prot. Dosim. (in press).

10. Florou H. and Kritidis P., "Guamma ruadiation measurements and dose rate in the

coastal areas of a volcanic island - Aegeun Sea - Greece”, Radiat. Prot. Dosim. (in
press, Proceedings of the NRE V, Salzburg, Austria, Sept. 1991).
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NATURAL EXPOSURE FROM RADON AND RADON PROGENY IN SPANISH
HOUSES. II PART

Contract Bi6-314 - Sector C12

1) Quindés Poncela , Universidad de Santander

Summary of project global objectives and achievements

The measurements of radon levels in Spanish houses started in October, -
1988 within the CEC Contract B16-0314-E entitled 'Natural exposure
from radon and radon progeny in Spanish houses'" and was prolonged as
II Part, until December, 1991. The global objectives of the Project
are:

a.- Determination of radon gas levels in Spain to evaluate the actual
status relative to this field.

b.- Selection of areas of Spain with high radon levels in houses.

c.- Study of the relationship between the measurements of passive dose-
meters and an instantaneous method employing modified Lucas cells
developed in our laboratory.

d.- Measurement of radicactivity in soils and building materials in
order to correlate them with the presence of radon in houses.

e.- Evaluation of the external dose from the radium, thorium and pota-
sium content in soils and building materials.

f.- Study of the relationship between the external dose derived from
the radiocactivity of soils and building materials and the experimen-
tal results from a portable monitor.

g.- Correlate the geographical distribution of 1lung cancer in Spain
with the presence of radon in the houses.

h.- Mcasurement of radon progeny using a grab sampling method, the
WL and the equilibrium factor in a group of houses of selected
areas in Spain.

i.- Study of sources of radon in houses in selected arcas with special
emphasis in soils, building materials and water through the measure-
ment of exhalation rate from soils and building materials and the
cvaluation of radon in water.

Progress achieved
1. Methodology
During the period of the Research Project more than 3,000 measurements

of radon levels in Spanish houses, including a broad regional survey

in our region, Cantabria, have been successfully completed. The first
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stage of the project involved the measurement of radon gas in 1,600
houses using the modified Lucas cells developed in our laboratory and
calibrated in October, 1987 at the National Radiological Protection
Board (NRPB), UK. The detection limit for these cells was evaluated
at about 10 Bq.m-3 for a counting time of 15 minutes. Taking into account
the seasonal and diurnal variations of the radon concentration and in
order to make our instantaneous measurements as similar as possible
to time averaged values, we conducted our survey during the winter period
and collected the samples in the early hours in the morming. Fig I shows
the location of sampling points along the country, each point represen---
ting an average of approximately 30 individual measurements of radon
gas in houses. A questionnaire was distributed in order to complete
relevant data of the houses such as ventilation system, building mate-
rials, habits of inhabitants, etc. From this first survey we identified
the areas in the country with high indoor radon levels and obtained
a '"provisional" average radon concentration in Spanish houses. In a
second phase, we placed more than 600 passive integrating detectors
from Terradex, USA, and from the NRPB, UK, in order to compare results
with our previous measurements and to achieve a '"real" national average
for radon gas. After an exposure period of 3-4 months, the detector
were recovered and shipped to the manufacturer for analysis. When the
detectors were put in place and removed grab samples were also taken
using the technique described above and were used to derive an average
value for comparison with the value obtained from the passive measure-
ments,

As we describe in more detail in the article published in Health Physics,
no significant differences were found between the two results and our
provisional value could be adopted with a small correction as a good
average for radon in Spanish houses.

For the measurement of radiocactivity in soils and building materials
in more than 1,000 samples collected all over the country, and to measure
radon content in water, gamma spectrometry was used.

In order to validate our results and establish a quality control of
the measurements, we coordinated an International Exercise of Intercompa-
rison which we chose the portable monitor used by Dr. Green from NRPB,
1JK, for the national survey in England, our device also being calibrated
at his laboratory.

Measurements of exhalation from soils and building materials were carried
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out by adoption of an accumulator method. Finally, continuous measurement
of both radon gas using cells and working level with a WL-Meter, (Thom-
sam- Nielsen), USA, has made it possible to evaluate the equilibrium
factor for a small sample of Spanish houses.

Figure I

2. Results

The results obtained fram this Research are explained in more detail
in the publications cited at the end of this Final Report. Each part
of the research has led to the publication of a specific paper. The
following Figures and Tables summarize our results. The Fig II shows
the log-normal distribution of indoor radon concentrations. The geocmetric
mean and geometric standard deviation as well as the range and number
of measurements for each region of Spain are shown in Table I. Fig III
shows the percentages of houses that fall within certain radon concentra-
tion intervals, About 13% of the houses have levels above the action
level recomended by Environmental Protection Agency, EPA, USA, and
4% of them above 400 Bq.m—3 as reported by the Commission of the European
Cammunities, CEC, for existing buildings. However, this latter percentage
increases significantly in the west of the country, as shown in

Fig IV, where high radon levels were detected.
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Table I

REGION Region G.M $.D N° of

CODE Name (Bgq.m-3) : measurements
i Andalucia 263 a5 250
2 Aragon 329 a5 142
3 Astunias 426 28 74
4 Baleares 272 21 27
5 Canarias 599 49 52
[} Cantabria 411 30 87
7 Castilla-Mancha 426 25 188
8 Casulla-Leon 703 48 310
9 Cataluna 229 39 88
10 Extremadura 898 25 171
11 Galicia 1176 24 172
12 Madrid 249 21 67
13 Murciana 154 35 41
14 Navarra 198 24 69
15 La Rioja 185 30 52
16 Pais Vasco 202 35 69
17 Pais Valon 176 26 144

SPAIN 427 37 2003
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For the radicactivity of soils, Table II gives a summary of the sur-
vey results, after the intercomparision, for the 17 autonoumous regions
in Spain. Directly related with theses measurements are the values shown
in Table III for the external gamma rays corresponding to each region.
The average geametric mean value for the terrestrial gamma ray dose
rate was 38.4 nGy.h_‘ corresponding to the regions of Valencia (Pais

Valenciano) and Madrid, respectively, and depending directly on their
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different geologic formation. The Table also gives data for the total
number of measurements for each region as well as surface area and popu-
lation in 1985,

From the individual arithmetic mean values for the different regions
we calculated a population-weighted average for the terrestrial gamma-
ray dose rates of 47.1 nGy.h-1.
In an attempt to determine the usefulness of '"in situ" gamma radiation
measurements in identifying areas with high indoor radon levels, Figure
V shows the values obtained for terrestrial gamma radiation. Comparing
this with Figure IV, we found that no meaningful relationship can be
established between the :two,parameters,-This is becayse other parameters
such as soil permeability, craks or pressure differences, have an impor-
tant influence on the radon exhalation processes that control radon
levels in houses; it may not, therefore, be directly related to terres-
trial gamma radiation emitted from the same soil. On the other hand,
as can be seen from the data of Table II, a closer relationship was
found between the radicactivity of soils and the distribution of radon

in houses.

Table II

REGION e de e MR K
Andalucla 200 200 436 263 255 a1 158 18 208
Aragon 375 388 518 385 341 460 144 182 Lm
Asturlas @7 s a0 370 400 350 176 154 196
Baleares 85 312 367 Me 277 34 138 173 180
Canarlas S5 882 1014 ses 777 833 180 189 2.2
Cantabria 459 458 591 a4 s e 151 160 1R
Calaluds we 292 614 385 32 SM 188 168 208
Castilla-Mancha 94 a4 52 267 367 450 158 175 13
Castilla-Leon 388 414 674 207 362 st 186 176 201
Extremaduts 3 s6s 602 351 455 502 194 190 1m
Galicle 939 684 999 722 573 e0s 198 187 168
Madrld a8 5.7 113 w9 503 00 182 185 181
Murciana 58 250 443 M2 234 42 137 147 10
Navara 205 208 410 Ly are am 148 120 108
Pah Valenc. 03 308 40 77 274 M0 159 185 180
Psls Vesco 471 48.5 518 387 407 IN 2.04 101 268
La Ricjs 471 sas 740 ®7 S84 21 120 118 128
ESPANA 394 414 584 23 351 a4 175 179 10
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Table III

COMMUNITY SURFACE (Xm2) GM so. Neof AM,

CODE POPULATION (MILLIONS) {1083) {nGy h-1) measyremenls (nGy h-1)
) 67207 . 8 680 27.63 212 141 3494
2 47882 - 1 210 31.50 173 48 381
3 10565 - 1 140 ann 173 " 40.32
4 8306°- 0 867 33.89 1.22 32 34,57
L] 7300°°-1 430 52.09 1.42 " 35.10
L 8200 - 0323 42,03 1.48 s 4332
7 79228 - 1.680 38.28 20 148 4388
L] 84010 - 2.010 35,08 177 27 45.18
L 31902 - 8040 aurt 1.5¢9 42 48.70
10 41602 - 1 090 48.62 163 108 8458
1" 20442 - 2 840 50,44 72 s e7.08
12 7093 - 4830 75.08 1,38 82 71912
AR 11317 - 0.000 2.8 162 18 20.09
AL 10421 - 0 510 20.84 138 1 31,18
18 8034 - 0.297 30,38 117 [ 30.91
1 7250 - 2100 33.62 1.4 17 37.6%
17 0260-3720 2209 176 a0 25.40

FDas by reed 1o Vermis e Rese e WM amD

FUUs e g e Temene ue WM amp

SPAIN 804750 - 38.40 341 1.88 1081 45,76
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Figure V
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With regards to the radicactivity of building materials, Table IV gives
us a first evaluation of radioactivity in some building materials for
a reduced number of samples t':hat we hope improve in the near future
by covering a wider sample. h

Finally, few data are available, at the present moment, for the measure-
ment of the equilibrium factor and exhalation rate from soils and buil-
ding materials. For the first, a sample of only 40 different houses

was studied through the continuous measurement of radon gas and working

level.
Table IV
Material No. of Mean activity Ra equivalent H M
samples concentration (Bqkg™') concentration index index
(Bqkg™")
=, BT oy

Beach sand 6 5.9 3.7 55.5 16.5 0.04 0.06
Sand I 4 30.3 27.7 30.7 721 0.19 0.32
Sand 11 7 7.0 29 11.5 12.2 0.03 0.06
Clay brick 1 3 55.1 43.6 7474 175.0 0.47 0.69
Clay brick Il 8 73.2 59.9 292.3 181.3 0.49 0.78
Cement | 3 25.1 19.6 59.2 67.7 0.15 0.26
Cement Il 7 421.8 266.4 599.4 848.8 2.29 3.96
Cement il 5 94.7 66.6 44.7 193.1 0.52 0.98
Cement IV 4 233 185 85.1 56.2 0.15 0.24
Cement V ] 51.8 40.7 403.3 140.9 0.38 0.58
Cement V1 6 36.6 29.6 203.5 93.2 0.25 0.39
Cement VIL 7 53.6 3ar? 2749 126.5 0.34 0.55
Plaster 1 3 9.6 44 65.5 19.9 0.05 0.09
Plaster 11 5 35.9 26.3 155.4 86.5 0.‘23 0.37
Plaster 111 7 50.7 34.0 166.6 112.1 0.30 0.50
Plaster IV 5 11.1 74 703 27.0 0.07 0.12
Stucco 4 8.1 4.8 74.0 20.7 0.06 0.09
Concrete 24 29.9 318 203.5 91.0 0.25 0.36
Soil 12 14.8 11.8 214.6 48.1 0.21 0.32

The range obtained for the equilibrium factor was between 0.2 and 0.8
depending on factors such as ventilation rate, particle size distribu-
tion and building material of the houses. Similarly, only 60 different
values of the exhalation rate from soil are available and their variabi-
lity is ranges from 12 Bq.m—z.h_1 , this time basically depending, not
only on the radium content in soils, but also on their physical characte-

rization: permeability, humidity, porosity and diffusion coefficient.

3. Conclusions
As a general conclusion to this Research Project, we can claim that
the main objectives have been achieved successfully and the lack of

data for natural radicactivity in Spain has been solved. Nevertheless,
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further studies are necessary in order to asses both the incidence of
the different sources on the concentration of radon in houses, ard,
of course, the real incidence of radon in the development of lung cancer
in the general population. These are the next objectives of our research

team.
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EVALUATION OF THE POPULATION EXPOSURE TO RADON IN THE
VICINITY OF URANIUM MINING FACILITIES

Contract Bi6-208 - Sector C12
1) Galvdao , LNETI

Summary of project global objectives and achievements

The main objectif of this project was to know the different levels of
indoor radon in the whole country and to assess the exposure of the
portuguese population due to the indoor radon inhalation.

Having the measurement of indoor radon, in Portugal, started by the
end of 1986, as a reglonal survey, in the vicinity of uranium mining
facilities and in surroundings of an abandoned radium salts factory, it
was proposed to extend these measurements to the whole country.

In zones where high indoor radon levels were found the measurements of
indoor radon should be intensified and verified the influence of the
outdoor radon in these levels.

In order to evaluate the doses to the portuguese population due to the

inhalation of indoor radon, equilibrium factors should be determined.

Objectives for the reporting period
For this last perlod the aims of this project were:

- to enlarge the indoor radon measurements to whole country (national
survey), on a statistical basis.

- to perform a detailed study in areas of higher 1indoor radon
concentratlons.

- to perform measurements of radon daughters concentrations and to
evaluate the equilibrium factors in some selected dwellings.

- to perform outdoor radon measurements in some selected regions.

- to evaluate the doses to the Portuguese population, due to the inhalation

of Indoor radon.

Progress achieved including publications

1. Indoor radon

The natlional survey was carried out in the 276 counties, concerning
the 18 districts of Portugal, on a statistical baslis of one dosemeter for
2000 inhabitants. Open passive nuclear track detectors were used and

exposed for 1-3 month periods.
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Whenever possible, measurements were performed twice in each house, in
different periods of the year, in order to observe occasional seasonal
variations.

The individual indoor radon concentrations corresponding to
measurements performed in 4200 dwellings show a large dispersion ranging
from 6 Bq n? (detection limit) to about 4 x 103Bq m_a. The highest mean
values correspond to houses nearby the old radium salts factory (geometric
mean of 907 Bg m_3, with a maximum value of 3705 Bq m_a), and the uranium
mining facilities (geometric mean of 755 Bq m_a, with a maximum value
2200 Bq m>).

Nevertheless, some individual values of the same order of magnitute
were also found in dwellings from granitic regions.

The geometric mean for each county was calculated and the values
ranged from 7 Bq m ° to 200 Bq m °.

In Table I, the indoor radon means concerning the different districts,

can be observed. The geometric mean, per district, range from 16 to
120 Bq m >,

TABLE I - INDOOR RAUON (N PORTUGAL
Indoor radon concentiation (hq = ) ]
prseIIcrs Arithmetlc  Geomeiric Hange
Hean Mean
Aveiro 9 29 21 - 141)
He ja 32 21 (7 - 61)
Braga 92 s7 (33 - 210)
Braganga a2 24 {17 - 96)
Castelo Branze 175 S0 (12 - 223)
Colmbra S0 Jo (12 - 1651
Evora a3 26 (13 - 158)
Faro as 23 (1a - 162)
Guarda 189 120 (28 - 258) I
Leiria b} 22 (8 - 88)
Lisboa 22 16 (7 - 661
Portalegre 70 38 ! t1s - 207)
Porto 99 Q a3 - 1
Santarem 34 23 ! (1 - 65)
)

Setubal 24 17 ‘l 1z - I
Vlana do Castelo 79 $5 | (50 - 160}
Vila Real 84 59 (42 - 154)
Viseu 199 100 (23 - 202)
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From the 1indoor radon Iindividual values, a geometric mean of

37 Bq m_aand an arlthmetlc mean of 81 Bg m_3 were obtained for the whole

country.
All the 1indoor radon results have contributed for

Atlas-Natural Sources of lonising Radiation in Europe.

the Radliation

In general higher lndoor radon concentrations are observed in ground

floor than in upper ones, Table II.

TABLE 11 - INDOOR HADON LEVELS

(Arithaetic mean)

Indoor radon (8q -_])
COUNTY
Cround floor Upper floor

Agueds 67 (T) s (10)
Amodovar 68 (16) 21 (9)
Arcos de Valdevez 243 (10) 92 (22)
Aveiro 74 (8) 18 (18)
Barcelos 116 (15) 24 (36}
Castelo de Paiva 86 (4) 22 (6)
Esplnho 9 (9) 32 (8}
Guarda 507 (19) 177 (55)
Nelas 408 (32) 109 (2Je])
Ovar 37 (s) 9 (6)

{ ) - Number of duellings

As it can be seen, Fig.1, concentrations until SO Bgq m-3

are the most

abundant ones (61.3 %) but 8.6 % and 2.6 % of the values are higher than

200 Bq m_aand 400 Bq m_3, respectlvely, for 4200 surveyed dwelllngs.

Ho. OF HOUSES =£200

N

(%]
o
n

Percent of Houses

201

0 T 4 T L] T T T T T T
0-50  $1-100 10-150 151-200 203-250 251-300 301-350 391-L00  L0O

1HDOOR RAGOH {Bq/m3J)

FIG.1 - FREQUENCY DISTRIBUTION OF INDOOR RADON
IN PORTUGUESE HOUSES
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the distribution of indoor radon versus percent of houses is

a log-normal function.

The smooth curve drew in the histogram represented in Fig.1 shows that

approximately

Significant seasonal variations of Indoor radon concentrations were

observed elither for granitic or non granitic regions with a ratio of about

2 in the winter/summer concentrations in both cases, Figs. 2 and 3.
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FIG.2 - INDOOR RADON SEASONAL VARIATIONS
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ntrations were found monthly

were performed in some selected houses during a period of 1 - 1.5

years. The obtained results are presented in Table III.

TABLE 111 - INDOOR RADUN §N SOML SELECTED REGIONS

Induor 1adon (8q &)
COUNTY - _ - = —_ B
Arithoetic mean Range
dweiling 1 334 (S) (200-507)
2 292 1) (167-819]
kl 239 (S) (88-511)
Cuarda & sS40 te) (251-694)
s 885 (4) (273-1912)
6 571 (s) (491-646)
7 415 (6) (255-511)
5 208 (4) (137-378)
duelling 1 569 (13) (256-852)
2 513 (19) (301-907)
3 2795 (27) 11595-3205)
Barracio 4 8IS (S) (365-1870)
s 124 (11) (64-236)
6 207 (a) (122-347)
duelling 1 372 (14] (168-427)
Nelas 2 363 (20) (106-774)
3 397 L0} (103-907)
‘ 4 701 (S) (143-821

{ } Number of measurements
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2. Radon and radopn daughters. Egquilibrium factor

Simultaneous measurements of radon and radon daughters concentrations
were performed in some selected dwellings from 15 districts.

The average activity concentrations of radon gas and its short-lived
decay products were measured under normal living conditions. An integrated
system for detection and measurement of short-lived radiocactive aerosol

alpha emitters, from CEA, was employed.

Samples of air were pumped continuously for 2-3 week perieds and the
radioactive aerosols containing the short-lived radon daughters were
trapped on a filter. A cellulose nitrate film (Kodak LR115) was used as
track detector for alpha particles emitted by these daughter products.

By energy differentiation, using moderating screens, it was possible
to measure, separatly, the contributions of 218Po,ZNPo, 212Bi and 222Rn.

After chemical etching of the film, the traces were counted by optical
means.

The results are presented in terms of potential alpha energy due to
radon and thoron decay products. The equilibrium factors were also

calculated, the observed values ranging from 0.26 to 0.69, Table IV.

TABLE IV - IMIENTTAL AL PHA I NIRGY CONCENTRATION OF HADON DAUGIHITERS
L UL THHIWUM FACTOR
T 7] ¥ap Eap
ZONE CounTY 2 2l e || T
Wiy | ™ tota -
Belra Nelas 0 99 010 109 0 4o Mean
“inhel 0 03 0 02 0 0S 0 3] 0 50
lascals 0 03 0 02 0 0% 0 &9
“taboa 012 0 06 018 | 069
Lisboa oures 0 0s 0 02 007 0 61 | Hean
T Vedras 0 06 ool 007 |04 |05
7 F.Xlirs 012 001 016 0 42
Avelro 0 06 017 0 2] 0 40
olmbra 0 09 004 01 Joar
Center | Tig Foz 0 07 0.02 0 09 0 26 | Hean
tealhada 0«2 0.04 0 46 012|0°2
Tomar 0 o8 0 02 007 |00
Albufelra 010 0 o4 014 0 51
South “vora 0 07 0 03 010 | oss | Mean
Loule 0 02 001 003 0s1) 9%

As 1t can be observed the means of the equilibrium factors found from
the different zones are similar to the value recommended by UNSCEAR (1982),

except in what concerns the mean value from the center zone (0.33).
3. Qutdoor radon

Some outdoor radon measurements were performed in selected granitic
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areas, close to houses with high indoor radon concentrations. In order to
compare these values, measurements wer~e also accomplished in non granitic
zones (Albufeira, Loulé).

Grab outdoor air samples, using a Millipore filter AA type 0.8 um,
were performed in some selected regions, mainly in granitic areas.

A portable equipment, RDA-200 from EDA Instruments Inc. (Canada) was
employed. Using a filter collection device in serles with a flow-through
detector, both the gas and the total airborne particulate load which
include unattached radon daughters, were simultaneously sampled. A ZnS (Ag)
sqintillator detector has been employed.

214 226,
Am and Ra sources and the

The equipment was calibrated with
modified Kusnetz method was used. The obtalned results are presented in

Table V.

TABLE ¥V - OUTDUOH RADON

232 R | Y
10°AL ~ "*%8n Daughters T
AP — & I e .
SapLL x 100w a0 et g e
3 .
- 2.8 56 404
Barracao 1 4.2 87 639
= 2 26 90
Barra:ao 2 3 g9 o
61 128 19
9.1 18.9 130
Canas d-~ Senhorim 11 2.2 I3
2.4 a9 3
Covilna a7 98 | 70
B
~ 03 0.6 s
Funda.s a8 79 ! 58
a [ i 61
5.3 no 17
Cuard
uaras s.6 ns a1 ]
7.3 15.2 75
1.6 33 o
36 75 H -
Hangualde 1 22, o
2.0 i 'R N4
! - _.
1S It »
Pinh :
inhel s.a 10 %
1.8 3e as
. 13.5 281 1N
Urgei-ica 37 77 ; 2 .
6.6 138 | -
; ]
Albuf xira® 0.3 06 : ‘o
0.6 12 i <1
. 0.3 07 i |
toule 0.7 15 ! <1
— _J

® non graiitic reglons

As it can be seen, the lowest radon concentrations correspond to air
samples from the non granitic region and the highest values correspond to
samples from Barracdo 1. This last sampling point is close to the old

abandoned radium salts factory.
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Some soll samples were collected in each sampling point and a y-ray
spectrometry was performed. The obtalned results are presented in Table VI.
It can be observed that the soll sample of Barracdc has a high %2%Ra
concentratloﬂ. what explains the level found in the outdoor measurement, in

the same sampling point (Barrac3o 1, Table VI).

TABLE V1 - “Ra, Th anD ‘K CONCENTRATIONS IN SOIL SAMPLES

(8q kg™')
SAMPLING 226 23 0 2
ey Ra 2 X (x 10%)
Albufeira 16 1711 14,9231 2.7%.1
Barracao 1 80342254 331%10 6471
Canas de Senhoria s4la 4921 13.7%0.3
Covilna 21723 12.501.s 19.9%1.0
Fundao 5523 72210 7.3%0.4
B R B
Guarda 89-2 38-) 10.9-0.2
Loulé 14.5%.5 17.9%1.6 2.9%.2
Hangualde 150%18 72011 18.2%0.9
Plnhel 8839 12.821.8 12.3%.7
. . B
Urgelrica 10822 88’8 13.7%.3

4. Dose to the Portuguese population

The dose to the Portuguese population due inhalation of indoor radon
was calculated.

From the geometric mean of 37 Bq m'a and applying the equilibrium
factor of 0.5 and 0.8 as occupation factor (UNSCEAR,1982) a value of 1.9
mSv/a for the mean effective dose equivalent, concerning the whole country,

was found.

5. conclusions

The global objectives proposed for this project were attalned.

Concerning the indoor radon concentrations, the highest values
correspond to technologicaly enhanced radioactivity zones. An influence of
the geologlcal composition of the solls is also observed.

Considering that 2.6% of the 4200 surveyed dwellings have indoor radon
concentrations higher that 400 Bq m—a' some lndoor radon mitigation
measures, adaptable to the economic conditions of the concerned population,

should be studied and proposed.
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Concerning the outdoor radon values, these measurements should be
intensified in regions where high vaiues were found, in order to calculate

the total dose due to radon inhalation.
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RETROSPECTIVE ASSESSMENT OF RADON EXPOSURE FROM LONG-LIVED
DECAY PRODUCTS

Contract Bi7-013 - Sector C12

1) Samuelsson , Lund University - 2)Jonassen, Technical University of Denmark
3) Falk , Swedish Radiation Protection Institute - 4) Poffijn , Univ. Gent
5) Vanmarcke , CEN-SCK - 6) McLaughlin , University College Dublin

Summary of project global objectives and achievements
Global objectiv
To study long-lived radon decay products in the indoor environment.

To develop detection methods for short- and long-lived radon decay products deposited onto
large surfaces.

To investigate the prerequisites for using long-lived radon decay products in dwellings as
retrospective risk estimators

Global achievements

Lund University has in all investigated deposited Po-210 and radon concentration levels in
65 single family houses. Swedish Radiation Protection Institute has supported this work with
track-etch radon detectors throughout the project period. A pane of glass has been sampled
from each dwelling investigated and analysed for implanted Po-210. The age and exposure
history of each glass sample has been assessed by interviews and questionnaires. The
accumulated radon exposure of each glass sample has been estimated by extrapolating the
three-months track-film value. The quotients of implanted Po-210 and radon exposure are
scattered around 10 [Bq m%/Bq y m™] after correcting the Po-210 values for lack of build-up
(young samples) or decay (old samples). It is concluded that the fact that the true radon
exposure value is not known makes it difficult to "calibrate” the glass-polonium system by
in-situ sampling of glass panes. In order to be able to tackle the fundamental issue of how
implanted activities correlates with absorbed dose to the lung epithelium of the inhabitants,
in-siru sampling methods must be complemented by well-controlled laboratory studies and
room model calculations. Fifthteen household glass panes have been analysed in the
laboratory for Po-210 before and after cleaning. The results indicate that trapping of alpha
recoils by dirt and dust is a minor problem when utilizing glass sheets from dwellings as a
substrate for implanted Po-210 activity. A reference detector for analysing Po-210 on large
surfaces by alpha spectrometry has been developed. The detector, an open pulse ionization
chamber, accommodates and analyses semi-infinite glass samples undestructively. The latest
version, built by the Technical University of Denmark, has a resolution of better than 40 keV
(FWHM) for the 5.3 MeV alpha peak of Po-210 implanted into large glass sheets.

The Technical University of Denmark has studied the influence of electric fields on the
plateout of short-lived radon daughters on room surfaces and in addition has supported Lund
with its workshop facilities, assembling pulse ionization detectors. Plateout rates onto filters
or paper disks place on various distances from a support stand at either 0, +7000 or -7000

- 1387 -



volt were not significantly influenced by the voltage. The conclusion is that the plateout onto
surfaces nearby to an object at a high voltage, e.g. a TV-screen, is only marginally influenced
by the electric field. This is in contrast to the situation where the plateout object itself is
charged. The experiments with initially charged surfaces show that negatively charged
surfaces will attract a considerably larger number of radon daughters than will a neutral or
positively charged surface. Surfaces in a home charged by rubbing will be neutralized within,
say 15-30 minutes and it is concluded that electric fields such as they may be found in
dwellings will not significantly affect the plateout of airborne radon daughters.

Swedish Radiation Protection Institute (SSI) has investigated different autoradiographic
techniques for the measurement of Po-210 implanted in glass surfaces. In an effort to improve
signal-to-noise ratio both absorbers and track characteristics have been used to discriminate
the background alphas. Seven glass panes of known front-surface Po-210 activity have been
repeatedly autoradiographed by CR-39 films on the front as well as the back-side. The
method if discrimination using elongated tracks seemed to be no better than the absorption
method, but it is likely that the track discrimination technique can be substantially improved
in the future. Defining the minimum detectable activity (MDA) as three times the standard
deviation of the background counts the MDA equals 2.2 kBq y m™? for an autoradiograph
extended over 100 days. If the backside of the glass pane can be used as a background the
MDA improves to 1.2 kBq y m>. The conclusion drawn is that measurement of implanted
Po-210 in glass panes using autoradiographic alpha-track methods in its present form is
feasable, at least in dwellings having enhanced radon levels, and that improvements in the
specificivity for Po-210 is to be expected in the future.

University of Gent and SCK/CEN have in a joint project calculated the depth distribution and
escape probabilities of radon decay products implanted into glass surfaces by alpha recoils.
The range of Pb-214 is less than 55 nm. The mean penetration distance of Pb-210 is slightly
greater than that of Pb-214 due to an additional alpha decay. The probability of implanted
atoms to reappear at the surface is calculated to be 30%. The relationship between implanted
Po-210 activity and radon parameters has been predicted by room model calculations.
According to the model the implanted Po-210 activity decreases with increasing aerosol
attachment rate. With CR-39 detectors supplied by University College Dublin, in-situ alpha
autoradiograhpy was tested in four houses of the Ardennes-Eifel epidemiological study. In this
first test no clear relation could be established between radon and the Po-210 activity in glass.
The detailed information concerning house characteristics and living conditions was utilized
in room model predictions of theoretically expected track densities. Although the ratio of
calculated to measured number of tracks varied, the performed mitigation in one of the houses
was detected quite clearly.

University College Dublin has developed a device (plateometer) to measure the long-term
plateout characteristics of short-lived radon decay products. Autoradiographic track-etch
technique is used to analyse the plateometer data as well as to determine the surface activity
of Po-210 on glass. By means of a specially constructed exposure chamber the alpha energy
resolution of CR-39 was investigated. For each exposure the alpha flux and energy were also
recorded using a high resolution PIPS detector. Approximately 400 000 tracks were analysed
semi-automatically. It was found that track area was the feature that showed the most
potential as a means of identifying the energy of the alpha particles in the region of 5.3 MeV
(i.e. from Po-210 in glass). As the etching conditions effect the final area of a track, it was
necessary to have a high degree of control of the etching procedure and work in order to
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optimise these procedures is underway. Also a more empirical approach to track energy
resolution has been tried, giving the unexposed CR-39 pieces a small-area "fingerprint” of
irradiation from a alpha standard source. Variations in energy resolution response due to
variation in etching conditions can by this technique be minimised.
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Project 1

Head of project: Dr. Samuelsson

Objectives for the reporting period

To develop reference detection methods for long-lived radon decay products deposited on large
surfaces

To study the variability of surface Po-210 in dwellings and within dwellings

To identify suitable substrate objects in homes and clarify under which conditions surface Po-210
activity can be used as a radon exposure and lung cancer risk estimator

Progress achieved including publications

The surface activity of long-lived decay products encountered in dwellings is low, typically less
than a few becquerels per square metre. Aiming at non-destructive measurements, it was clear
from the beginning of the project that only the alpha emitting Po-210 of the long-lived daughters
(LRnD) was specific and sensitive enough for the activity levels expected. As solid state alpha
spectrometry detectors only come in small areas, it was found necessary to developthe existing
concept of pulse ionization chambers towards an open type chamber accommodating plane semi-
infinite samples (Figure 1). With technical assistance of the Technical University of Denmark
(Dr. N. Jonassen), several slightly different chambers have been built and constructed during
the project period. These flow-type pulse ionizing chambers now act as reference detectors for
Po-210 implanted in glass surfaces. Though the detectors are mobile, they have been used almost
exclusively as laboratory detectors, analysing samples taken from dwellings. The latest version
of the detector has a sensitive area of approximately 380 cm? and an energy resolution (FWHM)
for extended Po-210 sources of better than 40 keV, when high-quality electronics are used. A
radon gas exposure of roughly 30 Bq m? for ten years yields a surface activity of Po-210 that
corresponds to the detection limit of the system, assuming a measuring time of 12 hours.

The variability of implanted Po-210 within a house is caused by both dose- and non-dose
correlated factors. Exploiting the build-up of implanted Po-210 as a retrospective radon risk
monitor it is essential to minimize the influence from the non-dose factors. Exposure geometry is
one important non-dose factor and in order to achieve optimum results it is necessary in Po-210
surveys to compare objects of the same type exposed in similar geometries. Openly exposed glass
sheets show higher Po-210 values for the same radon exposure than objects in recesses. Future
research should try to quantify correction factors for such "restricted view" geometries.
Shadowing effects are of great importance as the correction factor can be large. On the other
hand, similarly exposed glass objects usually show very consistent Po-210 results provided the
radon exposure has been the same. This fact is illustrated in Figure 2, showing Po-210/Rn-
exposure ratios for eight windows from a house built from light-weight concrete enhanced in Ra-
226. The quotient for windows used for airing (“vent. catch”) is low by roughly 40%. Apparently
the assumption that the radon concentration close to a window with a ventilation catch is the same
as in rest of the room is incorrect.
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Figure 1. A schematic picture of the open-flow pulse ionization chamber.
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Figure 2. The quotient of the surface activity and the total exposure of different windows in
a house.

The variation of the Po-210/Rn ratio for the five "no-catch™ windows is surprisingly low (£
10%), considering the difficulties of estimating the relevant radon exposure for this house built
in 1967. Another observation is that windows situated above radiators tend to show an enhanced
Po-210/Rn-exposure ratio compared with glass sheets openly exposed on walls. The main cause
is presumably the increased air turbulence above the radiator, but also cold-surface attraction
(i.e. thermophoretic forces) may play a part. An obvious conclusion from the variability study
is that only objects with well known exposure history, including position and geometry, are of
any value in retrospective radon studies. At present stage of knowledge it is also advisable to
analyse more than one such well documented glass sample, in order to improve the precision.

One of the major tasks of the project has been the comparison of implanted Po-210 activities and
the contemporary radon-in-air concentration levels. It should be stressed that the quantity "radon
exposure” (kBq y m?) used below, may not be the most adequate quantity for estimating lung
cancer incidence, but it was the only quantity that could be estimated with at least some degree
of confidence, considering the non-detailed knowledge of house and living conditions and the
resources available. The dwellings investigated are mainly single-family houses situated in the
southern part of Sweden. A single track-etch film, supplied by the Swedish Radiation Protection
Institute, was exposed during a period of 2-3 months, for the assessment of the yearly mean of
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radon gas concentration in the room from which the glass sample was taken. The radon exposure
of the sample was then assessed as this radon gas concentration times the number of years of
exposure, as given by the house-owner. The glass sheets were carefully cleaned in the laboratory
and then analysed for Po-210 by alpha spectrometry. The Po-210 values obtained were if
necessary corrected for lack of build-up (young samples) and decay (old samples) and plotted
against the estimated radon gas exposure (Figure 3). Applying an orthogonal regression
technique to the scattered values of Figure 3, the best fit is the line

Y Bq m?) = 0.92 X (Bq y m?) - 0.48. To what degree the scatter in Figure 3 is due to
inaccuracy of the exposure estimate and what part is caused by variations in plateout conditions
is difficult to say. The spread of values in Figure 3 can be reduced in future exercises by
excluding less reliable data, applying plateout geometry corrections etc., but the uncertainty in
the exposure estimate can only be eliminated for houses monitored continuously during the
whole exposure period.

The range of alpha recoiling nuclei is very short and the probability of recoil implantation into
dirt and dust particles residing on a surface must be investigated. Systematic investigations in
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Figure 3.The Po-210 surface activity on glass from different dwellings versus the estimated
radon exposure. The radon exposure times are grouped into the three time intervals indicated.

this field are needed. Meanwhile, our pilot study, involving 15 household glass panes, indicates
that even for obviously dirty glass samples, most of the Po-210 activity is firmly fixed to the
glass surface. This behaviour can be explained by an inhomogeneous distribution of loose
contaminants leaving a large fraction of the glass surface open to recoils. For obvious reasons,
such objects as mirrors and windows are kept clean during typical living conditions. If a problem
of loose contaminations exists, it is in most cases confined to glass sheets covering photos,
paintings, etc.
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Project 2

Head of project: Dr. Jonassen

Objectives for the reporting period

Study of the influence of electric fields on the plateout of short-lived radon daughters on room
surfaces.

Progress achieved

It is a well-known fact that radon daughters may be removed from the air by electric fields
plating out on room surfaces.

The purpose of the experiments described in the following is to determine whether or not the
exposure to an electric field may significantly influence the total plateout, diffusional and
field-affected, on a given surface.

The fields may be external fields from charged materials or conductors kept at a voltage in
the neighborhood of the surface considered.

Or the fields may originate from a charge on the surface itself.

1. Effe f external fiel

In Fig. 1 is shown a metal disk A (diameter 4.7 cm) placed insulated at a height of 23 cm
above the table, which can be considered a ground surface.

When the disk is kept at a voltage with respect to ground it will establish a field in its
surroundings and thus also at the table surface.

A filter or paper disk B (3.7 cm diameter) can be placed at various distances from the
support stand, and thus at a given disk voltage be exposed to various field strengths.
Measurement were performed with A at the voltages 0, + 7000 and - 7000 volt, and B at the
distances 15 and 30 cm from the support.

The disk B was exposed to the field from A for a period of 10 minutes and the 214Po-activity
counted over a period of 200 s starting 2 minutes after end of exposure.

B——rHrrA
I |
Figure 1
Plateout by external field
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Also the activity on a paper disk placed on the metal disk A for the same exposure period
was measured.
The results are shown in Table 1.

Table 1. Plateout activity from external fields.

voltage, volt 0 + 7000 - 7000
activity on B,
counts/200 s 24 38 24
15 cm

activity on B

counts/200 s 25 26 25
30 cm

activity on A 47 1188 30044

counts/200 s

It appears that the field from A has very little, if any, influence at all on the activity plated
out on the surface of the table.

The results also show that the activity collected on A increases dramatically when A is kept
at a voltage, here + 7000 V, indicating the presence of charged airbome radon daughters,
positive as well as negative, and also that the field is much stronger at A than at even nearby
parts of the table.

The extra activity collected at positive disk voltages is believed to be due to attached radon
daughters, while the major part of the extra activity collected at negative voltages is due to
unattached, highly mobile, positive 218Po-ions from a much larger volume than is the case
with the charged attached radon daughters.

2. Effect of surface charges

If an insulating surface is charged, for instance by being rubbed, the charge will gradually
be neutralized by ions of opposite polarity being attracted from the air.

Some of these ions may be airborne radon daughters and the presence of the surface charge
may thus affect the natural diffusional plateout of radon daughters on the surface considered.
In order to check if this effect is significant a series of experiments were performed in the
following way at a radon concentration of about 2000 - 3000 Bq- m3.

A sheet of plastic (21x30 cm?) was placed on the table at a height of 1,5 cm from the table
surface. A field meter was mounted 15 cm above the plastic, Fig. 2. The plastic was charged
positively og negatively, by a corona discharge, or neutralized, by a bi-polar ion blower.
A paper disk like the ones described above was placed in the middle of the plastic sheet.
After a period of 10 minutes the paper disk was transferred to the counting system and the
214pg activity counted for a period of 200 s starting 2 minules after the end of collection, i.e.
the removal of the disk from the plastic.

The electric field was measured continuosly and the collection of radon daughters on the
paper disks was repeated with approximately 20 minutes interval until the electric field in
practice had been neutralized.

The results of such a series of measurements are aiso shown in Fig. 2.
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Plateout on charged surface

It appears that the activity collected with a positive charge on the plastic is only marginally,
if significantly at all, larger than the activity collected with no charge on the plastic.

With a negative charge on the plastic, on the other hand, it appears that the activity may be
several hundred of times larger than with a neutral plastic, and it also appears that the activity
collected decays with the field and after about an hour has reached the neutral state value.

If thus an insulated surface is frequently negatively charged to levels comparable with the
ones examined above the resultant plateout of radon daughters might be significantly larger
than is the case with an uncharged surface,

A likely way of incidental charging of a domestic hard surface like 2 window pane or the
glass in a photo frame is by polishing, and a reasonable guess on the frequency of such an
operation is once a week.

Based on these assumptions the following experiments were performed.

Three identical pieces of glass (21x30 cm’) were placed on insulating supports, 1.5 cm above
the surface of the table. One of the glasses was charged negatively, one was charged
positively and one was neutralized. On the surface of the glasses was placed CR-39 detectors
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for a period of a week, whereafter the films were processed and counted.

The experiments were carried out at a radon level of about 3000 Bq- m” (5 films on each
glass) and 700 Bq* m? (3 films on each glass).

The results are shown in Table 2.

Table 2. Track density at 1 week exposure of CR-39 films.

radon concentration average track density, tracks: cm?
Bq- m? positive negative neutral
700 1537 1619 1827
3000 8831 7890 9639

Bearing in mind that the variation in the results for a single group of films varied from 10 -
20 %, the above results indicate that the charging of the glass does not significantly affect the
number of radon daughters plating out on the glass surface.

3. Conclusions

Since a fraction of the airborne radon daughters are electrically charged they will move in a
electric field.

Such a field may originate from conductors kept at a high voltage. An example of this kind
of field is the field in front of a TV-screen or a CRT-tube.

In the present experiments a similar (and stronger) field was established by keeping a small
metal disk at a high voltage at a short distance from the surfaces considered.

The results showed that although the disk itself attracted a significant number of extra radon
daughters from the air (at positive as well as negative voltages) the plateout at nearby surfaces
was only marginally affected.

The field may also originate from the surface itself, if the surface for instance has been
charged by rubbing.

1t is demonstrated that for a relatively short period after the charging a negatively charged
surface will attract a considerably larger number of radon daughters than will a neutral or
positively charged surface.

It is, however, believed that a domestic surface is not likely to be heavily charged more often
than once a week, and it is shown that with an exposure time of 1 week the initial charging
of the surface does not affect the total plateout of radon daughters on the surface.

It can therefore be concluded that electric fields such as they may be found in a normal
household will not significantly affect the plateout of airborne radon daughters on surfaces.
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Project 3
Head of project: Dr. Falk

Objectives for the reporting period

The amount of radon-222 long lived dccay products which arc embedded by alpha recoil 1in
glass surfaces might be a retrospective measure of radon-222 concentration 1 dwellings . The
objectives were:

® To investigate the feasibility of using autoradiographic alpha-track methods for
the measurcment of Po-210 embedded in glass surfaces.

® To study different techniques for the discrimination of Polonium-210 alpha tracks
from background tracks. Track shape and size as well as absorption layers
between the CR-39 detector and the glass surfaces was to be investigated in order
to optimize the sensitivity and reproducibility.

® Sclect a technique on the criteria that it should be a practical method with
adequate sensitivity and study the reproducibility and limitations of the mcthod
chosen.

Progress achieved including publications

1. Materials and methods

The CR-39 track-etch technique is, at our institute, presently utilized in radon monitoring
using plastic holders for the detectors into which the radon gas diffuses. The detectors are
chemically etched and analyzed in an image analyzer (Cambridge Instruments Quantimet
Q520). The CR-39 detectors used is delivered by TASL in Bristol, UK. The analysis of
the detectors has been performed in different ways:

® Standard evaluation at low magnification (4 objective lens) standard selection of
"true" tracks using limits on size and shape.

® Special evaluation using a specifically developed reading program which for all
detected "features” stores 10 parameters (i.e. size and shape). This has been
done using both low and high magnification (4 and 10 objective lens). In the
subsequent analysis different acceptance criteria can be tested to optimize
analysis.

2. xperimen

The objective of our study is to find a practical method with adequate sensitivity and
signal/background ratio to facilitate estimation of long term exposure to radon daughters.
The major problem is the background activity of the glass which, when measured using
autoradiography, is both significant in magnitude and varying from one glass to the other.
The primary task, as we see it, is therefore to minimize the background track density and
its variance without lowering the signal from surface activity beyond usefulness. The fact
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that the Polonium-210 activity is located at the very surface of the glass has been used in
two different ways to discriminate against background activity.

1.

An absorber of proper thickness placed between the glass surface and the CR-39
detector will allow most of the alpha-particles emitted from the surface to penetrate
the absorber and leave tracks, while alpha particles emitted from activity within the
glass (background activity) will due to absorption both in the glass and in the absorber
to a less extent be detected. The alpha particles penetrating the absorber will also be
the particles emitted mainly in a direction perpendicular to the glass surface, giving
round tracks in the Cr-39 detector.

The other approach is to expose the CR-39 film in direct contact with the glass
surface. As the Polonium-210 is at the very surface of the glass the majority of the
tracks will have an elongated shape. The tracks from background alpha-activity will to
a less extent be elongated as these alpha particles will to a certain extent be absorbed in
the glass before they reach the CR-39 film.

In both these techniques the information on track size and shape was expected to give a
gain in the signal/background ratio.

The continued work comprised a series of exposures to glass panes collected from houses in
Sweden. Seven different glass panes were used. The Polonium-210 surface activity was
determined at Lund University using a large area pulse ionization chamber. The
characteristics of the sources used is listed in table 1 below. In all cases it is assumed that
the Polonium-210 activity on the back of the panes is insignificant.

3.

Table 1. Characteristic of glass panes used in the study.

ID Po-210 activity Bg/m? Age of glass

Front Back panc (ycar)

A 2.25 no info. 10

B 9.33 - 23

C 4.60 0.16 34

D 10.1 0.02 18

E 3.99 no info. not known

F 3.87 - -

G 2.91 - -

Results

The scven glass pancs were repeatedly cxposed front side as well as back. Each panc was
monitored 2-5 times giving a total of 19 cxposures. At cach cxposure 32 individual detectors
were used giving a total of more than 600 detcctors. LEach detector was analyzed two times:

1. using standard cvaluation technique - analyzed arca 1.15 cmd?
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2. using feature store program - objective lens 10 - analyzed arca 0.22 cm?

The analysis using objective lens 10 was suffering from occasional system instability
(focusing & light source) problems resulting in deteriorated feature data scts. The method of
discrimination using clongated tracks appearcd to be no better than the absober method. This
we believe ts due to varying ctching conditions giving different shape characteristics of
differcnt etch batches. The results presented in this report are therefore based of standard
evaluation technique using absorber.

In future work we expect that further improvement of hardware and softwarc components of
the reading system will facilitate the use of larger magnification. It is likely that the
discrimination of true tracks from background non-tracks as well as the discrimination of
elongated from roundish tracks will improve substantially as a result of such work. We also
expect to be able to improve the signal/background ratio by fine adjustment of the mass per
arca of the absorber.

The results of the analysis is presented in figures 1-2. 1t is clcar from the results that
application of an absorber substantially improves the signal to background ratio and lowers
the variance of the background within one glass as well as between different glass pancs.

The back side of the glass panc can with confidence be used as background only if the
surface deposition of Polonium-210 on that side can be assumcd to be insignificant in
comparison with the front side. An indication on possible surface activity on the back side of
the glass can be asscessed from track density with and without absorber.

The minimum detectable activity (MDA) is a function of detector exposure time, sensitivity
and background variance. If the MDA is defined as three times the standard deviation of the
background and the detector exposure time is 100 days it can be concluded from our studics
that:

1. When the back side of the glass not can be used as background the MDA will be
2.2 kBq year m” of radon exposure to the glass panc.

2. When the back side of the glass pane can be uscd as background the MDA 1s
estimated to 1.2 kBa year mi’,
It is assumed that 1kBqycarm® of radon-222 cxposurc will result in 1 Bg/m’ of
Polonium-210 glass surface activity. A typical Swedish homc has a radon gas level of 60
Ba/m’. This level will produce above MDA readings if a glass panc were exposcd for 36 and
20 ycars respectively for the two cases.

It can be concluded that the measurement of Polonium-210 activity in glass pancs using

autoradiographic alpha-track mcthods is feasible and that retrospective asscssment of
exposure appear to be possible at Icast in dwellings with high radon levels.
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Figure 1 - Standard analyse method 100 days exposure with absorber

Background (Back side) Sensitivity
Tracks/cm? 2 2
2000 (Tracks/cm?)/(Bq/m?) 400

l () Back side Mean 845 & 295
[ O Sensitivity Mean 227 t 47 ]
1500 4 300
L mo O % Or 4
© oP ]
.— O 1
1000} 9) 200
-
500 5 H i 100
0 1l Ll 1 1 HI_IH | I Ll 1 1 0
A B Cc D E F G

Glass pane identification

Figure 2 - Standard analyse method 100 days exposure without absorber

Publicati

Hans Mcllander and Anita Enflo: The alpha track method uscd in the Swecdish radon
cpidemiological study. Prescnted at the Fifth Intcrnational Symposium on the Natural
Radiation Environment, Salzburg, Austria Scpt. 22-28, 1991.
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Projects 4 - §
Head of project 4: Dr. Poffijn - Head of project 5: Dr. Vanmarcke

Objectives for the reporting period

Joined project between SCK/CEN (project 5) and RUG (project &).

The calculation of the depth distribution of implanted 210p4 4p glass and
the determination of the probability of implanted 2145 to escape upon a
decay due to the recoil energy.

An experimental and theoretical study of the uncertainties assocjated
with the estimation of the long term radon exposure from the Po
activity of glass surfaces. 1In particular it was investigated if
household cleaning removes the deposited activity.

The correlation coefficient between the 210po glass measurements and the
past radon exposure was investigated in a number of houses occupied by
participants to the Ardennes-Eifel epidemiological study.

Progress achieved including publications

The depth distribution of implanted 21%pp and 2Y0pb was calculated with
the theory of Lindhard (1968) for low energy heavy ions in amorphous
media. The details of the calculations are given by Landsheere (1989) and
Cornelis (1990a). The layer thickness of 21%pp is not larger than 55 nm.
The distribution of implanted 210py s composed Z_ of the recoil of

deposited Po and the recoil of implanted Po. The average
implantation depth is somewhat greater than that of Pb. The diffusion
of the radon decay products in glass is negligible so that Pb and

Po have the same depth distribution.
Upon «-decay into 210py, 4 fraction of the implanted 2l4p, 4s capable of
reaching the surface. The escape probability is found to be 29.8 Z.

The hypothesis that household cleaning wipes away the deposited activity
was tested in a number of experiments with cleaning on the short-lived
daughters. The cleaning consists of wetting the glass with alcohol and
rubbing with a cloth. The details of the experiments are explained in
Cornelis et al. (1992). It was found that some of the deposited activity,
about 15 2, remains on the surface when cleaned. This may be due to radon
decay products forming chemical bonds to the glass or to the fact that
glass surfaces are not flat but have hills of several nm.

The implanted decay products are found in a thin layer of less than
100 nm. It should be investigated if decades of household cleaning
doesn’t remove this layer. Another problem arises in the absence of
regular cleaning. A dust and grease layer on the glass may prevent the
implantation of a fraction of the recoil nuclei. Occasional cleaning of
the glass takes away the activity stuck in the dust layer. Cleaning
happens, for instance, before the measurement of 10, with a pulse
ionisation chamber to avoid static electricity problems.
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The correlation coefficient between the long term radon concentration and
the Po surface activity depends on the values of the parameters of the
room model. Our model calculations show that the attachment rate to
aerosol particles and the plate-out rates _of the wunattached decay
products strongly influence the implanted Po activity. Figure 1
illustrates these dependencies. The implanted Po activity is given
after 10 years of exposure to 1000 Bq/m” in a room with a ventilation
rate of 0.3 h™" and a surface to volume ratio of 3 m™~. The plate-out
rate of unattached Bi and Pb is assumed to be half of the value of

Po. The attached plate-out rates are 1/100 of the unattached plate-out
rates.

Implanted

Plate-out rate] Attachment

-1
of unattached rate (h™1)

218py (h~1)

Figure 1

As part of a detailed screening of the problem houses (> 400 Bq/ms) found
in the Ardennes-Eifel epidemiological study some CR-39 detectors were
installed together with radon measuring devices. The CR-39 detectors were
supplied and analysed by J. McLaughlin of the University College Dublin.
In figure 2 the results of these (2 months) measurements are presented.
The cumulated radon concentration was derived from the current radon
measurements, except for one house where mitigation was performed some
year ago. Here the past radon value was taken into consideration. For
this first test round no clear relation could be established between
radon and the Po-210 activity in glass.

As the study houses were occupied by participants to the epidemiological
radon study, a lot of information was available about living conditions
and house characteristics. This was used to compare the experimental
results with the outcome from model calculations (see table 1). In the
house were mitigation was performed model calculations were done for the
past high radon concentration of 1500 Bq/m” as well as for the current
value of 150 Bq/m”. Although the ratio of calculated to measured number
of tracks isn’t very constant, the effect of a dramatic change as for
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house 4, is detected quite clearly. The observed discrepancies will be

studied more systematically, in order to arrive at conclusive results

about the possibilities, precision and restrictions of the (passive)
Po measuring technique.
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Table 1. Comparison of CR-39 results to model predictions

House Place Exposure| Radon Track |Model calculation| Ratio
period (Bqlm3) density|(arbitrary units)
(year)
1 Living room 5 567 18 20 1.13
Bedroom 5 451 20 22 1.1
2 Living room 4 763 16 88 5.5
Restroom 10 - 15 614 18 40 - 57 2.2-3.2
3 Living room 5 257 7 9 1.3
Bedroom 5 227 10 11 1.1
4 Kitchen 10 1500 15 37 2.5
10 150 3.7 0.25
Living room| 10 1500 30 37 1.2
10 150 3.7 0.12
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Model calculation. The expected number of tracks calculated by means of
the room model with appropriate parameters (Plate-out = 18 h™-,
Ventilation rate = 0.45 h_l, Attachment rate = 20 h'1 for bedroom =
40 h™1 for living room and = 500 h~! for house 4).

Ratio. The ratio of the calculated tracks to the counted tracks.
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Project 6
Head of project: Dr. McLaughlin

Objectives for the reporting period

Improvements in (1) a device used to measure the plateout characteristics
of short-lived radon decay products and (il) autoradiographic track-etch
methods used to analyse the plateometer data and to determine the surface
activity of Po-210 on glass.

Progress achieved including publications

During the first reporting period much effort was devoted to the
development and testing of a radon decay product plateometer. This is an
instrument which records on a rotating sector of CR-39 (driven by a
precision stepping motor} in real time alpha particles (6.00 and 7.68 Mev)
emitted by short-lived radon decay products deposited or plated out on
surfaces. From an analysis of the time distribution of alpha tracks on
the CR-39 the plateout rate of the individual decay products may be
derived. A description of this Iinstrument is described in the first
Progress Report of this contract and in the proceedings of the NRE V
Symposium, Salzburg 1991.

As a working Iinstrument in the physical sense the device has been
successful. Improvements in the electronic control unit have been made
and the plateometer has been found to operate trouble-free contlinuously
when tested for periods up to a month. Considerable effort during the
present reporting period has been devoted to improvements in analysing the
alpha track distribution on the CR-39 sector in order to derive the most
accurate plateout rates for the individual radon decay products. Software
has been written for an image analysis system so that each individual
track on the CR-39 can be assigned a set of location and time coordinates.
For typical operating rotation speeds of the sector (1 to 2 degree/min)
the time resolution of each track is less than 1 second. Surface specific
activities of the radon decay products (and hence plateout rates) can be
derived from the track location/time data files using gross alpha counting
analysis procedures such as those developed by Jonassen, Knutson and
others. Radon decay product gross alpha counting methods of analysis are
inherently less accurate than those based on alpha spectroscopy. It was
therefore decided to investigate methods to achleve energy resolution of
the alpha tracks of sufficient precision so that tracks from the two maln
energies (6.0 and 7.68 Mev) could be resolved. This work also has the
added advantage that it can be used for alpha energy resolutlon of tracks
in investigations of Polonium-210 (alpha = 5.3 Mev) on glass surfaces in
houses.

1. Alpha enerqgy response of Cr-39

A total of 280 exposures of CR-39 to alpha sources of known energy were
carried out in vacuo 1In a specially constructed exposure chamber.
Collimated beams of alpha particles at angles of incidence from normal
down to 40 degreees were used. Three types of sources were used:
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Americium 241 (with and wlithout absorbers at S5.47 Mev and less), Po-214
(7.68 Mev from electrostatically deposited radon decay products on steel
discs) and a non-emanating radium/radon source (4.78, 5.49, 6.0 and 7.68
Mev). This latter source, on loan from Lawrence Berkeley Laboratory
(courtesy of L. Ruzer), is of Soviet origin. It consists of a thin
Radium-226 deposit sealed to a metal substrate by a layer of titanium
oxlde of sufficlient thickness to prevent the escape of radon gas but
sufficiently thin such that the FWHM of each of the four alpha peaks was
about 50 kev.

For each source a total of approx. 60 exposures was made covering separate
angles of Iincldence between 40 and 90 degrees. For each exposure the
alpha flux and energy were also recorded using a high resolution PIPS
detector MCA system. The FWHM energy for the alpha beams ranged from
about 20 kev for the Polonium-214 source to about 40 kev for the
Americium-241 source (with absorber). Using the information acquired by
the MCA system each exposure was of sufficlent duration to obtain a minium
of 1500 tracks in the CR-39 which ensured an acceptable level of counting

statistics and minimal track overlap. Etching conditions were: 6.25 N
NaOH at 72°C (+ 0.1°C) for 8 hours. Following etching the tracks were
analysed using a Quantimet Image Analysis system. For each individual

track the (following features were obtained using the 1Iimage analysis
system: area, perimeter, major axis, minor axis and roundness factor.
Approximately 400000 tracks were analysed. In order to minimise error the
track analysis was not carried out automatically but took place in a
semi-automatic mode in which a human operator previewed on a monitor the
dlgitised images of tracks in each microscopic field of view before image
analyslis for that field of view was authorised. This procedure while very
time consuming and laborious was necessary as due to microwarps in the
CR-39 as well as its response characteristics for some energies and angles
of Incldence slight adjustments to focussing were sometimes necessary to
maintain track images at an acceptable degree of sharpness.

The track data files acquired were analysed to determine the relationship
between track features (l.e. area, perimeter etc.) and alpha particle
energy at different angles of 1incidence and under different etching
conditions. It was found that track area was the feature that showed the
most potential as a means of ildentifying the energy of alpha particles in
the region of 5.3 Mev (i.e. from Polonium-210 in glass). The following
table glives an example of the alpha energy/track area response of the
CR-39 for the standard etching condlglons used for collimated alpha
particles at an angle of incldence of 70

ALPHA ENERGY (Mev) 4.63 5.47 7.68

TRACK AREA (ymz) 144 £ 8.5 110 ¢ 10 85 * 12

Because the final area of a track ls both a function of alpha energy and
etching conditlions In order to achleve an acceptable and reproducible
alpha energy resolutlon for CR-39 it is necessary to have a high degree of
control of etchlng condltions. Work is therefore continuing to optimise
etching condltions to achleve 1improved track energy resolution. In
parallel with thls another more empirical approach to track energy
resolutlon is being trled. In this approach a small defined area of each
plece of CR-39 received a "fingerprint" or marker of alpha particles of
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known energy from standard sources before it is used in field alpha
autoradiography of glass or in the plateometer. 1In this way at the end of
a field exposure (for example on a window in a house) the plastic will
contain alpha tracks both from the glass and also from the standard
sources of known energy. After etching the energy dlstribution of the
non-collimated alphas from the glass can, on the basis of their area (for
example), be determined by reference to an internal energy calibration
obtalned using the areas of the alpha tracks from the standard sources on
the same plece of CR-39. Variatlons In energy resolution response due to
variations in etching or even in track registration sensitivity of
different batches of CR-39 can thus be empirically minimised. This
approach has already been tried with some success on plastics exposed in
Belglian houses by the Gent group (see figure below).
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This histogram shows the aipha track area density as a function of area on
a pliece of CR-39 sealed to a glass surface in a Belglan house for some
months. A strong track area peak at 1€4 square microns is apparent.

Based on Americium-241 "fingerprint" alpha tracks on the same plece of
CR-39 the peak is estimated to correspond to an energy of about 5.0 * 0.5
Mev which energy window Includes the 5.3 Mev alpha particles from
Polonium-210. Work to improve alpha track energy resolution will continue
by optimising etching conditlons and also by intercomparisons of the alpha
autoradiographic technique with pulse ionisation chamber measurements on
identical specimens of glass.
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2. Assistance to partpnerg

During the contract period assistance was given to other contract partner
laboratories at Gent, Lyngby and Lund. This assistance consisted of the
supply processing and track analysis of CR-39 detectors which were used to
measure, long lived radon decay product activity on glass surfaces in
houses (Gent and Lund) or short-lived activity on glass used in studies on
the effect of electric flelds on plateout (Lyngby). In addition to
carrying out normal track analysis (track density, area, perimeter etc.)
on these plastics software was written to produce a map of the individual
track distribution on the detectors. The purpose of this is to be able to
identify and establish the cause of any significant track density
inhomogeneities. These can arise elther from track registration
inhomogeneities present in the CR-39 or (more 1likely) from uneven
deposition or bulldup of long lived decay product activity on the glass.
Such information will be of value in the interpretation of measurements of
house glass activities.

1 .
"A new technique to measure the activities of radon progeny deposited on

surfaces”, J.P. McLaughlin and B. Fitzgerald, Proceedings of NRE V
Symposium, Salzburg, 1991 (in press).
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CHARACTERISTICS OF RADON- AND THORON DAUGHTERS AEROSOLS
Contract Bi7-047 - Sector C12

1) Porstendorfer , Georg-August-Universitit - 2) Poffijn , Univ. Gent
3) Vanmarcke , CEN-SCK - 4) Akselsson , Univ. Lund

5) Tymen , Univ. Brest - 6) Falk, Nat. Inst. of Rad. Protection

7) Ortega , Univ. Politécnica de Catalunya

Summary of project global objectives and achievements

1. Summary

The deposited fraction of the total amount of the inhaled radon daughters and the deposition site in
the bronchial tree depend on many parameters such as the physical and chemical charactenistics of
the airborne particles carrying the radon daughters, the way of breathing, the breathing rate and the
size and form of the airways.

Especially the particle size of the aerosol-attached activities and of the "unattached” activities
(ultrafine cluster mode) are in all dosimetnc models important parameters for the estimation of the
natural human radiation exposure.

Some epidemiological studies based on the assessment of retrospective radon exposure where
the activity of the long-lived nuclide 210Pb in smooth surfaces (glasses of windows or pictures, mirrors)
is determined. The reliability of these studies depends on the knowledge of the vanation of plateout
processes of the airbomne decay products and it is essential to consider the size dependence of these
deposition processes.

2. Gilobal objectives

The physical and chemical interaction (particle growth, cluster formation, plate-out rates) of the
unattached radon and thoron decay products with trace gases (SO,, NO,, humidity) and other aerosol
particles have to be studied in radon chambers under controlled conditions. Besides these chamber
experiments the exact shape of the unattached and aerosol-attached activity size distributions, the
quantity of the unattached activities, fp. and the equilibrium factor, F, will be measured in the normat
domestic environment and the results will be compared with model calculations. These parameters will
be determined in different european countries (Spain, France, Belgium, Sweden, Germany) to
estimate the real vanation and to analyse the influence of different living conditions of the habitants in
vanous geographical regions.

The size dependence of the regional deposition in the human respiratory tract will be measured
directly or using screen combinations which simulate the deposition in the nasal cavity and in the
tracheabronchial region. These experiments will be completed by theoretical calculations.

For the expernimental investigations the sensitivity and efficiency of different experimental
techniques for measurements of size distributions (active and inactive) have to be improved and
modrtied techniques will be developed (e.g. diffusion batteries, impactors, electrostatic classifiers).
These techniques have to be calibrated with monodisperse aerosol particles. The different methods
including different data evaluation methods have to be compared during joint exercises.

3. Global achievements

The radiation protection programmes of the different groups, partly supported by the CEC, dealt
mainly duning the reporting period (2 years) with the design, construction, and calibration of improved
size fractionating instruments, of radon chambers and instruments for the determination of the
deposited activity in different parts of the human airways. Some of these measuring techniques were
compared during joint exercise. Although the improvement and development of experimental
techniques had highest priority, progress was also achieved in the determination of aerosol size
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characteristics, activity concentrations of radon, thoron and their short-lived decay products (f, F) in
the domestic environment, the determination of activity deposition in the human lung and controlled
chamber studies conceming the plateout rates cf radon progeny:

3.1 Chamber studies

a) The IL group (Géttingen) designed and constructed a radon chamber (0.05 m3) to study the
dynamics of cluster formation processes in the diameter size range 0.5-10 nm. The basic items of this
chamber are an electrostatic classifier and a rotating screen diffusion disk in connection with surface
barrier detectors for a-spectroscopy. The dimension and the inlet of these instruments were especially
designed to minimise diffusion losses of small particles.

b) A walk-in radon room at Lund (20 m3) was further developed and partially rebuitt. Introductory the
interaction of radon daughters with aerosol particles (fp, F} were studied by varying the aerosol particle
concentrations.

¢) The Ghent/Mol group measured in a 1 m3-chamber the plateout rates of unattached radon progeny
and found that the diameter of unattached 214Pb is twice as large as the diameter of the 2'8Po
particles.

3.2 Measuring techniques

a) The IL (Gottingen) calibrated a commercial available condensation particle counter (TSI, CPC
Model 3025) with monodisperse aerosol particles and found a 50% registration efficiency of about 3
nm.

A low-pressure, high-volume cascade impactor was designed, buitt and calibrated where the size
fractionated activities of the radon and thoron decay products can be measured during air sampling by
o-spectroscopy.

b) The Mol/Ghent group buitt up and calibrated a combination of different screens which simulate the
deposition of activity in the nose and bronchi. This "bronchial dosimeter” was checked during the
radon and radon progeny intercomparison exercise of the IAEA at Badgastein.

c¢) The Lund group optimised the design of a multi-orifice impactor and studied the collection efficiency
as a function of nozzle-to-plate distance, and of the Reynolds number of the jet. The first stage has
been constructed and calibrated.

d) The group of the university of Brest improved the SDI 2001 sampling device; an Andersen impactor
in series with 6 channels granular bed diffusion battenes.

e) The technical university of Barcelona established in close collaboration with the german group of
Gottingen a radon research group.

A passive detector based on an improved activated charcoal canister has been tested and an a-
spectroscopy facility has been developed with a single-screen technique for measurements of the
unattached fractions of radon and thoron daughters.

An electrostatic monitor for continuous radon and thoron gas measurements was set up.

33 Results of measurements in the domestic environment

a) The group of Géttingen measured size distributions of the thoron decay product ThB (212Pb) in
indoor and outdoor environments. More than 80% of the activity is associated to aerosol particles in
the accumulation mode with median diameters of 217 nm indoors and 330 nm outdoors, respectively.
About 10% of the activity is attached to particles in the nucleation region with median diameters less
than 82 nm.
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First measurements were performed with the online a-impactor in a low ventilated room with
elevated radon concentrations. It was found that the AMAD of the accumuiation mode of RaA is about
10% smaller and S is about 10% larger compared to the corresponding values of RaB and RaC.

Side-by-side measurements with different size fractionating devices were performed in Northemn
Bavaria (Germany) by groups of the EML of the DOE/USA, the ARL, Australia and the IL, Géttingen.
Size distributions of the unattached radon progeny show mean median diameters between 0.8-1.2 nm
(RaA) with mean geometric standard deviations o, between 1.2-1.4 and the tendency of slightly larger
RaB particles compared with RaA.

b) The group of the university of Brest carried out measurements in 5 houses of Brittany with elevated
radon concentrations (> 400 ba/m3). An average unattached fraction f, of 0.09 and median diameters
between 110-200 nm of the aerosol-attached activities of the potentiafalpha energy were found.

¢) The group of the university of Barcelona measured by a- and y- spectroscopy the disequilibnum
factor of the thoron decay products ThB(212Pb) and ThC(212Bi). In indoor air an average value
C™MC/CThB=0 63 (range. 0.33-0.83) was found.

34 Lung deposition studies

In a pilot study the SSI group (Stockholm) determined in a walk-in radon chamber with elevated
radon concentrations and using a low level whole-body counter the amount of radon progeny in
different parts of the human airways. Preliminary results show that about 80% of the unattached
activity is retrained in the nasal region. This finding support the hollow cast studies of Cheng et al.
(1988). Nose and mouth breathing yield that about 20% of the aerosol-attached activities are
deposited in the lung region during resting conditions.

References

Cheng, Y.S.; Yamada, Y.; Yeh, H.C.; Swift, D.L. "Diffusional deposition of ultrafine aerosols in a
human nasal cast”, J. Aerosol Sci. 19(1988)741-751.
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Project 1
Head of project: Dr. Porstendérfer

Objectives for the reporting period

1) The construction of the radon chamber including classifier and rotating screen disk will be finished
and first measurements will be performed.

2) Size distribution measurements of the radon decay products RaA-RaC are planned with the online-
alpha-impactor after the end of the calibration procedure. The size distribution measurements of the
thoron decay products will be continued.

3) Continuation of size distributions measurement of radon and thoron decay products in indoor and
outdoor atmospheres.

4) Other parts of the project deal with the influence of air cleaners on the change of the size
distributions and on the amount of the unattached fraction and with the particle growth in atmospheres
with high humidity.

Progress achieved including publications

1. Methodology

1.1 Radon chamber A radon chamber of 0.05 m3 was designed and constructed in the workshop of
the iL to study the dynamics of cluster formation processes of radon progeny in controlled
atmospheres. The major parts of this chamber are an electrostatic classifier (CL) and a rotating
screen diffusion disk (RSDD) for measuning radioactive particles in the diameter size range between
0.5-10 nm. Especially dimensions and the inlet of the classifier were designed to minimize diffusion
losses of small particles.

The size fractionated activities on the screens will be measured after air sampling by alpha
spectroscopy (with surface barrier detectors), and during and after air sampling using the electrostatic
classifier. The check of the performance of the radon chamber and the determination of the
efficiencies of the CL and the RSDD (e.g. back/front ratio) is in progress.

It is planned to measure the inactive number size distribution by a commercial available
condensation particle counter (TSI, CPC Model 3025} in connection with the screen diffusion
technique and the classifier. The capacity of this CPC was tested with monodisperse NaCl and Ag
particles. A 50% registration efficiency of 2.9-3.1 nm was found (Fig. 1) and a slight decrease of the
efficiency from 1 to 0.96 in the particle concentration region above 60,000 cm-3. The influence of the
chemical substance of the aerosol particles on the detection efficiency (hygroscopic or
nonhygroscopic) can be neglected.
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Figure 1: Experimental and calculated registration efficiency of the TSI model 3025 CPC

1.2 Online Alpha Impactor

Activity size distributions of RaB and RaC are usually determined by conventional impactors using
gamma-spectroscopic methods after air sampling. However, more detailed investigations require the
measurement of the size distributions of the aerosol-attached fraction of all nuclides RaA-RaC. For
this purpose a low pressure cascade impactor was designed and constructed where the size
fractionated activities can be measured dunng air sampling by alpha-spectroscopy. This impactor
consists of nine stages and a back-up filter and works at a flow rate of 5 m3/h. The aerosol-attached
activities of each stage are deposited on surface barrier detectors with large areas (2000 mm?)
covered with thin foils.

The energy resolution is sufficient to determine all size distributions of RaA-RaC, RaF and ThB
from the emitted alpha particles. Rotating detector foils yield sampling times of some weeks for
measurements in the human environment at low activity concentrations. The calibration of the most
important impactor stages was performed with monodisperse, radioactive marked, liquid aerosol
particles in the diameter size range between 80 and 1000 nm (see fig 2).
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Eigure 2: Response function of the last five stages of the online alpha impactor for liquid aerosol
particies in the diameter size range 80-1000 nm.
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2. Results
2.1 Activity size distnbution measurements

Size distribution measurements of the thoron decay product ThB (212Pb) were continued in indoor
and outdoor environments using a low pressure impactor (type BERNERY). More than 80% of the |
activity is associated to aerosol particles in the accumulation mode with average diameters of 217 nm
indoors and 330 nm outdoors (see table 1). From these measurements it can be estimated that about
10% of the activity is attached to particles in the nucleation region with median diameters less than 82
nm. The ThB size distributions are similar to the size distnbutions of the short-lived radon progeny.

Table 1: Average ThB size distributions measured in indoor (without additional aerosol sources) and
outdoor atmospheres, approximated by a sum of lognormal distributions (AMAD=activity median
aerodynamic diameter, o=geometric standard deviation, f=fraction).

comment/no  AMAD, o, f, AMAD, oy fa AMAD, G, f4
of meas. {nm) (nm) {nm})

indoor/10 <82 ? 0.14 217 1.8 0.86 - - -
outdoor/44 <82 ? 0.11 330 2.0 0.87 4240 1.6 0.02

First test measurements were performed with the online alpha impactor in a room with elevated
radon gas concentration of 500 Bq/m3. The measured and fitted activity size distributions of all short-
lived radon decay products are shown in fig. 3. The AMAD of the accumulation mode of RaA is about
10% smaller and Sy is about 10% larger compared to the corresponding values of RaB and RaC'. A
relative large activity fraction of all nuclides (about 30%}) is deposited on the back-up filter. These
activities are associated to aerosol particles with diameters smaller than 65 nm (nucleation mode).
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7°g=220

0.2 ] ftract =78%
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Figure 3: Measured and fitted activity size distributions of the short-lived radon daughters in a low
ventilated room. These measurements were performed with the online alpha-impactor.
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2.2 Intercomparison measurements

Instrumentations to measure the airbome radon daughters and the unattached fraction has been
intercompared with the Swedish Rad. Prot. Institute (R. Falk) and the University of Brest (G. Tymen)
during a CEC workshop in Géttingen.

Side-by-side measurements were performed in Northem Bavana (Germany) in a house with
elevated radon gas concentration by the following participants: Environmental Monitoring Laboratory
(EML) of the Department of Energy, New York, USA; Australian Radiation Laboratory (ARL) of the
Department of Community and Health, Yallambie, Australia and the Isotopeniabor fiir biologische und
medizinische Forschung, University of Géttingen, Germany. These joint measurements dealt with the
companson of different size fractionating instruments (screen diffusion batteries, impactors). Important
key results of the evaluated size distributions of the “unattached" radon decay products in a low
ventilated room without additional aerosol sources are summarised in table 2. Good agreement was
obtained comparing the results of the different groups. The ultrafine radioactive particles can be
approximated by a fairty narrow distribution (average o,=1.3) with an average median diameter of
about 1 nm. The tendency of slightly larger RaB particles (compared with RaA) show the particle
growth by cluster formation processes.

A detailed data evaluation of all measurements is in progress.

Table 2: Average size distributions of the "unattached" radon decay products RaA and RaB in a low
ventilated room with elevated radon gas concentrations (c,=200-600 Ba/m3) and without additional
aerosol sources at an average aerosol particle concentration Z=4500 cm3,

group AMD,(nm) oy fraction f, nuclide  number of
meas.
EML, New York 1.19 1.19 0.34 RaA 5
USA (1.00-1.30) 1.02-1.30) (0.24-0.48)
1.80 1.22 0.09 RaB 5
(1.2-2.6) {1.00-1.39) (0.02-0.22)
ARL, Yallambie 0.75 1.21 0.28 RaA 8
Australia (0.50-0.99) (1.00-1.39) (0.16-0.39)
0.96 1.26 0.09 RaB 8
(0.50-1.63) (1.03-1.45) (0.37-0.64)
IL, Géttingen 1.02 1.41 0.50 RaA 16
Germany (0.81-1.60) (1.01-3.11) (0.37-0.64)
Publicali

A. Reineking, G. Butterweck, J. Kesten, J, Porstenddrfer "Unattached fraction and size distribution of
aerosol-attached Rn and Tn daughters in realistic living atmospheres and their influence on radiation
dose" to be published in the proceedings of the 29™ Hanford Symposium on health and the
environment. Indoor radon and lung cancer: reality or myth?. Richland, Washington USA, October 15-
19, 1990

A. Reineking, J, Porstenddrfer, G. Butterweck, J, Kesten "Die kontinuierliche Messung der
unangelagerten und aerosolgebundenen Radon- und Thoron- Folgeprodukte in der Luft* Messung von
Radon und Radon- Folgeprodukten, Kolloquium des Fachverbands fiir Strahlenschutz e.V., Berlin,
Germany, 6.-7. Mai 1991, Tagungsband (Herausgeber: H. Vélkie, D. Borchardt), pp 94-102

- 1417 -



J. Porstendorfer, A. Reineking, G. Butterweck, J. Kesten "Monitor zur kontinuierichen Messung von
Radon und Thoron in der Umwelt" Messung von Radon und Radon- Folgeprodukten, Kollogium des

Fachverbands fur Strahlenschutz e.V., Berlin, Germany, 6.-7. Mai 1991, Tagungsband (Herausgeber:
H. Vélkle, D. Borchardt), pp 110-118

LK n, G. Butterweck, J. Por: rfer, ineking "A new Online-Alpha-Impactor”, J. Aerosol
Sci. §22, 287-290, 1991

J. Kesten, A. Reineking, J. Porstenddrfer "Calibration of the TSI Model 3025 ultrafine condensation
nuclei counter”, Aerosol Science and Technology 15, 107-111, 1991

nddrfer, A. Rein n "Unattached fraction and the aerosol size
dlstnbunon of the radon progeny in a natural cave and mine atmospheres”, to be published in the
proceedings of the 5™ International Symposium on the Natural Radiation Environment (NRE-V),
Salzburg, Austria, September 22-28, 1991

J. Porstendérfer, A, Reineking "Indoor behaviour and characteristics of radon progeny”, to be
published in the proceedings of the 5™ intemational Symposium on the Natural Radiation Environment

(NRE-V), Satzburg, Austna, September 22-28, 1991

A. Reineking, G. Butterweck, J. Porstendérfer, J.C. Strong, H. Vanmarcke, R. Van Dingenen
"Intercomparison of methods for investigating the physical characteristics of radon decay products in
the indoor environment”, to be published in the proceedings of the 5% International Symposium on the
Natural Radiation Environment (NRE-V), Salzburg, Austna, September 22-28, 1991

A.Reineki . Butterweck, J. n,J. ndorfer

"Thoron gas concentration and aerosol charactenstics of thoron decay products", to be published in
the proceedings of the 5™ International Symposium on the Natural Radiation Environment (NRE-V),
Salzburg, Austria, September 22-28, 1991

J. Porstendérfer, G. Butterweck, A. Reineking, J. Kesten

“Activity size distribution of the radon daughters aerosol in mines and tounist caves” Strahlenschutz fir
Mensch und Umwelt, Jubildumstagung: 25 Jahre Fachverband fur Strahlenschutz, Aachen, Germany,
30. September- 3.0Oktober 1991, Tagungsband (Herausgeber: H. Jacobs, H. Bonka) pp 670-676
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Projects 2 -3
Head of project 2: Dr. Poffijn - Head of project 3: Dr. Vanmarcke

Objectives for the reporting period

Joined project between SCK/CEN (project 3) and RUG (project 2).

To determine the influence of turbulence on the plate-out rates of the
unattached decay products of radon. In particular it will be investigated
if there is a difference in plate-out rate between the different
unattached decay products.

To build a measurement system based on wire screen penetration theory to
estimate directly the deposition of the decay products of radon in the
nasal cavity and in the bronchial tree. The three measurement channels
will be calibrated in laboratory conditions and during a joint exercise.

Progress achieved including publications

The plate-out rates of unattached 218p, and 21%pb were measured in a 1 m3

chamber of the RUG as a function of the ventilation rate and the

generated heat. The details are published in Vanmarcke et al. (1991). The

model of Crump and Seinfeld (1981) was fitted to the measured plate-out

rates. The expression for k, thus obtained is proportional  to A v

(ventilation) and w3 2 (generated heat). The Plate-out rate of 1 Po is
Pb

about three times the plate-out rate of 21 In terms of particle
diameter this means that the diameter of the unattached Pb particle is
twice as large as the diameter of the Po particle. This difference is

probably due to the chemical properties of the two elements.

A "bronchial dosimeter” has been build at the SCK to measure bronchial
and nasal dose directly without deriving a particle spectrum first. The
possibility of such a system was described by Hopke et al. (1990). The
system is based on wire screen penetration theory to simulate the
deposition of the decay products in the nasal cavity and the bronchial
tree. A 400-mesh screen operated at a face velocity of 12 cm/s provides
an excellent approximation of the nasal deposition curve predicted by
Cheng et al. (1988). Four similar screens match the bronchial deposition
pattern (James, 1987).

Our measurement system consists of three sampling heads.

1) An open-faced filter which collects the total airborne activity.

2) A 400-mesh screen covering the filter which collects the nasal
deposition.

3) Five 400-mesh screens collecting the nasal and bronchial deposition.

After sampling, the back-up filters are counted simultaneously by means
of «a-spectrometry in vacuum chambers at a pressure of 0.02 atmosphere.
The activity deposited in the nasal cavity and the bronchial tree 1is
given by the differences in filter activity. In the indoor environment
the differences are expected to be of the order of 10 Z so that the
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simultaneous measurements must be reproducible within a few percent to
give meaningful results. To meet this goal the flow rate of each of the
channels is controlled with an identical limiting orifice and the filter
remain mounted when transferred to the corresponding vacuum chamber so
that the counting geometry is exactly reproducible. The flow rate of each
channel at standard pressure and 20°C is 9.1 l/min. The sampling heads
have an opening of 4 cm so that the sampler is operated at a face
velocity of 12 cm/sec. The 400-mesh screens were obtained from BOPP
Switzerland. The wire diameter is 25 pm.

The calibration of the measurement system consists of the determination
of the efficiency of one of the channels and the intercomparison of the
three channels. The uncertainty and reproducibility of the second step
should be less than 1 X, an order of magnitude more precise than the
uncertainty on the first step.

The efficiency of one of the sampling channels is determined by measuring
the Po and Po a-activity and the Bi j-activity of the same
filter with the "bronchial dosimeter” and with a germanium detector.
First, the germanium detector is calibrated in the "filter geometry" with
four 1 Cs sources prepared by our absolute measurements laboratory. The
s activity was distributed homogeneously over a disk with the same
diameter as the active part of the filter. The distance from the source
to the detector is 40 mm. The ratio of the photopeak efficiency of the
germanium detector at 609.3 keV (21%Bi) to 604.7 keV (13%Cs) is 0.9927.
The cascade summing corrections were derived from Schima et al. (1983)
and Griffiths (1971). A value of 0.965 was found for the 604.7 keV peak
of 134Cs and 0.977 for the 609.3 keV peak of 2lépi A photon branching
ratio of 0.976 was used for the caesium peak and 0.448 for the bismuth
peak. From the Cs sources a value of 0.00542 was derived for the
efficiency of the germanium detector imn the "filter geometry" at 609.3
keV.
Radon concentrations of about 5 kBqlm3 were generated in a 10 m> chamber.
Before supplying radon, cigarette smoke was introduced to enhance the
aerosol concentration and thus the equilibrium factor. Sampling was
performed, after a period of at least 1 hour, with open-faced filters in
the three sampling heads. The mounted filters were transferred to the
vacuum chambers in less than one and a half minute. They were counted for
three periods except for the first filter which was counted for two
periods. During the third period the gamma activity of this filter was

determined with the germanium detector. The number of Po a-counts that
would be detected during this decay period was calculated from the data
of the previous decay periods. The Bi and Po activity is equal due

to the short halflive of 21%Po. From the surface of the 609.3 keV Eeak
and the efficiency of the germanium detector the number of 2l4p,
deintegrations is obtained. The detection efficiency of the channel is
the ratio, between the expected number of a-counts and the total number
of deintegrations. The average value of three measurements is 0.143. The
total uncertainty is of the order of 5 2 at 1 standard deviation.

The second step, the ratio between the three channels, is determined from
the equilibrium equivalent radon decay concentrations. Seven measurements
were performed. The reproducibility of the ratio’s was found to be of the
order of 0.5 Z. The efficiences of the three sampling heads are 0.1430,
0.1530 and 0.1473.
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A measurement was performed in a room with a high radon concentration.
The sampling period was 10 min. and the two decay periods were 50 sec. to
5 min. 50 sec. and 20 min. to 50 min. The radon progeny activities are

218 214Pb 214

Po Bi EEC
Bq/m3 Bq/m3 Bq/m3 Bq/m3

1 : Open-faced filter| 2560 % 60 1560 £ 30 1430 = 30 1614 = 9
2 : One screen 1710 £ S0 1520 = 30 1390 = 30 1491 + 8
3 : Five screens 1690 + 50 1430 = 30 1340 = 30 1422 + 8

The nasal and bronchial depositions as a fraction of the airborne
activity are

218 214

Deposition Po Pb 214p; EEC

Formula

Nose (1-2)/1|0.330 = 0.030(0.026 + 0.026(0.026 * 0.031|0.076 = 0.007
Bronchia(2-3)/1{0.008 + 0.026|0.058 * 0,025|0.036 * 0.031|0.043 * 0.007

The reported values depend on the validity of the model of respiratory
tract retention on which the design of the bronchial dosimeter is based.

Measurements with the bronchial dosimeter are planned in more than 20
Belgian dwellings during the next CEC contract. The radon concentration,
the aerosol concentration and the inactive size distribution will be
measured simultaneously to evaluate, apart from the bronchial and nasal
depositions, also the unattached fraction, the equilibrium factor and the
AMD of the attached fraction.

The SCK and the RUG both participated to the radon and radon progeny
intercomparison exercise of the TIAEA at Badgastein. Although the
conditions in the mine tunnels were not favourable because of a relative
humidity of 100 2 and strong variations and gradients in radon
concentration, the results of our measurement systems are in line with
the results reported by the four reference laboratories. The average
nasal and bronchial deposition in the Heilstollen Bbckstein gallery as a
fraction of the total airborne activity are

Deposition 218p, 2lépy 2l4p; EEC
Nose 0.56 0.16 0.01 0.23
Bronchia 0.03 0.03 0.06 0.04

The large values for the nasal deposition indicate a high unattached
fraction in the Heistollen Bbckstein gallery.
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Project 4
Head of project: Prof. Akselsson

Objectives for the reporting period

The objectives for the reporting period were to further develop the experimental
facility for radon/aerosol studies, to develop a multi-orifice impactor which
combines a low cut-off diameter with a high flow rate and to perform introductory
controlled studies of the interaction between radon daughters and aerosol particles.

Progress achieved including publications

During the reporting period the experimental facility has been further developed and
partially rebuilt. The previously used radon room, which has been described
elsewhere (see "resulting publications” #1 and #3) i1s no longer in use. Instead, a
new room has been designed and built at Lund Institute of Technology. The radon
room itself is made of stainless steel and has a volume of 20 m? It has an air lock
with a volume of 3 m’(figure 1). All joints of the room are welded for optimum
tightness.

In the walls of the chamber there are seven interchangeable hatches. The hatches are
either made of stainless steel (with or without outlets) or glass windows (figure 1).
This makes it possible to customize the room without destructing the walls
themselves (figure 2). The hatches can also be used for plateout measurements,
simply by removing them and placing them on a large-area pulse ionization
chamber. A schematic view of the facility is shown in figure 2.

71 | 0

Figure 1. The new radon room at Lund Institute of Technology.
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Figure 2. Schematic view of the radon progeny exposure system.

Dry pressurized air is filtered and humidified and then supplied to the room.
Whenever there is a need for higher ventilation rates, outdoor air is pushed through
a three-stage filter unit and into the room. Various aerosols can be added to the
room.

The experimental facility is also used for plate-out studies connected to the "glass method"
for retrospective assessment of radon exposure (CEC project B17-CT90-0013).

Multi-iet

The first stage of a multi-orifice impactor has been constructed and calibrated. In order to
optimize the impactor design, the collection efficiency characteristics have been studied as a
function of nozzle-to-plate distance, and of the Reynolds number of the jet. The nozzle plate
of the current stage has 2704 laser-drilled orifices. The diameter of the nozzle plate is 26 mm
and the orifice diameters are 50 um. A cut-off diameter down to about 100 nm can be
achieved. An example of a cut-off characteristic, as a function of the square root of the
Stokes' number, is given in figure 3 (Air flow: 24 /min., pressure drop over the impaction
stage: 13 kPa).
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Figure 3. Cut-off characteristic of the impactor stage at a flow rate of 24 I/min.. The 50% cut-
off corresponds to a paricle diameter of 150 nm. A sharper cut-off can be achieved by
increasing the flow rate and decreasing the nozzle-to-plate distance.

Resuli blicati

#1 An Experimental Facility to Simulate Radon Progeny Behavior in Dwellings, Proceedings of the 29th
Hanford Symposium on Health and the Environment. Richland, USA, October 1990.
(Eklund P., Bohgard M.)

#2 Multi-Jet lmpactor with 50 Micrometer Diameter Nozzles for Uniform Deposition of Submicron Particles.
Proceedings of the Symposium of the Nordic Society for Aerosol Rescarch, Gothenburg , Sweden, November
1990.

(Gudmundsson A., Bohgard M., Hansson H-C)

#3 A Tull-Scale Experimental Set-Up for Determining Relevant Parameters for Radon Daughter Behaviour in
Dwellings. Proceedings of the Symposium of the Nordic Society for Aerosol Research, Gothenburg, Sweden,
November 1990.

(Eklund P, Bohgard M.)

#4 A Large-Scale Experimental Facility for Studying the Interaction Between Radon Daughters and Airbome

Particles in Dwellings. Abstract, European Aerosol Conference, Karlsruhe, September 1991.
(Eklund P., Bohgard M.)
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Project 5
Head of project: Dr. G. Tymen

Objective for the reporting period

In some Brittany's houses, caracterised by consequent radon levels ,a pilot study
was carried out in order to characterize indoor radon daughters. Five of these houses were
selected in which sources and transfert ways of 222Rn were in the same time investigated.
This work was performed in collaboration with the "Laboratoire d'Etudes et d'Intervention
Radon et Polluants" de 1'Institut de Protection et de Sureté Nucléaire du Commissariat A
1'Energie Atomique (Drs. RANNOU, ROBE).

Instrumentation used in the RnD study is reported in table 1. One of the
objective of this first part of the C.E.E. contract was to check the ability of the SDI 2001 to
determine size distribution o activity due to radon progeny and particularly the one of
individual daughters.

Table 1
Paramsters smasured Mathodology Trpe of msasuresent
Radon 222 ionization chambar continuous
(responss time 1 min)
Unattached fraction wire-screen ¢+ filter 15 min sampling time
(Thomas Method) _j
Attached fraction CEA-SDI 2001 Samples 30-60 min
sampling time
PAEC (nJ.m'?) Mimil II portable device Spot.
{Rolle's method)
Particle size TS1 3040 « CNC saai-continucus
distribution

The SDI 2001 sampler is a combination of an ANDERSEN MKII Impactor
followed by a six channel granular bed diffusion battery. This last diffusionnal system
comprises 5 tubes with 1 to 5 mm glass beads under various depths, the 6th being used as
open channel. Flowrate through these tubes was controlled by critical orifice, corresponding
to an inlet flowrate of 28.3 1.min"1 at the level of the impactor. This sampler, previously
calibrated in the Commissariat a 1'Energie Atomique, was conceived in order to determine
particle size distribution of particles in the 0.007-15 pm range. It is based on a suitable
adaptation of Freed'hom equation solution using the non-linear iteration method of

Twomey.

- 1426 -



Progress achieved

Due to irremediable collection of unattached fraction on inlet and on first
collection plates of the impactor, this ultrafine fraction of RnD was separately studied by a
250 mesh stainless wire screen calibrated in the 0.5-5 nm size range, with a cutt-off
diameter of 4 nm.

Parallely, global Potential Alpha Energy Concentration was episodically
measured thanks to a portable device (CEA Mimil II), bought in the frame of this contract.
This last equipment was tested at the occasion of comparative experiments carried out in
April 1991 at the Isotopen Laboratorium of Gottingen University.

One of the aim of this study was to compare a activity size distribution with
natural particle size distribution. This last one was determined through a TSI 3040 DB
coupled with a condensation particle counter, and continuously obtained each 12 min. size
interval.

One of the major problem of this investigation concerned the method of alpha
counting. Because of the long time of transfer of filters and impactor plates to o counters, it
was not possible to measure activity not before four minutes after the end of sampling. For
that reason we used the Tsivoglou method to determine size distribution of RnD by using a
non-linear iteration method from concentration data calculated on each sample. However,
the degree of unaccuracy of this procedure was quickly confirmed by unrealistic solutions
on individual size distributions of RnD. So only global a activity size distribution was
considered as valid.

Experiments were conducted in five houses caracterised by radon activity
concentration higher than 400 Bq.m‘3 and PAEC higher than 1 ul.m-3. Samples were
taken during daytime in living-rooms of these houses, in non smoking and closed room
conditions (but ventilation was not measured). The only sources of particles was
occasionnaly due to cooking activities.

Table 2 resume results obtained without distinction between investigated houses.
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Table 2. Summary of results on unattached fraction and Activity Mean Diameter
of attached fraction(28 experiments).

Unattached fraction f, Mean : 0.086
Range : 0.008-0.49

Attached fraction 0.1} .= < AMD global < 0.2 um
0.07 um < AMD Pb*** ¢ 0.13 num
0.1 um < AMD Bi?'* ¢ 0.23 ,a

Mean Equilibrium factor measured during this study (F=0.26), was found the
same magnitude as in our general survey in Brittany.

Unattached fraction measurements show a large variation of data in the range of
0.01-0.45 with mean value of 0.086 close to the results of Reineking and Porstendorfer.

Concerning size distribution of a activity, it was found that for low aerosol
concentrations (no particle source) a simple, rather narrow distribution was generally
observed in the 10-500 nm size range, the activity mean diameter being within 100-200 nm.
In presence of particles sources-e.g. during cooking activities in the kitchen- the attached
activity spectrum appeared to be enlarged and of a bimodal aspect in agrement with
Reineking-Porstendorger findings.

Fig. 1 gives three exemples of those situations. However if the presence of the
impactor upstream from the granular bed allow to detect the presence of RnD particles of
size above 300 nm and to avoid collection of large particles as it might happen in systems
based on screnns only, that increases the number of samples to be analysed for
determination of complete size distribution. For that reason and because of statistical
unaccuracy in o counting procedure at low level of RnD concentration, it was decided at
the begining of this year to reconsider the procedure of counting. This project, carried out
in collaboration with the electronic laboratory of CEA was slow because of problems of
restructuration inside CEA. This should be planed again in some weeks.

At the end of 1991, it was also decided to conceive an integrated measuremnt
device of unattached fraction by using a judiciously calibrated diffusion battery having a
track detector as collecting support of this ultrafine component. First thinkings yielded to
suggest an annular diffusion battery of 30 cm lenght able to collect unattached fraction
(mainly formed of Po218) on the internal cylindrical part of the system on whicha LR 115
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film detector, covered by a mylar film of 13 um was stretched. First results indicated that
this idea might be give interesting results but further research was necessary in order to

minimize and quantify the direct effect of radon gas.

We are now engaged on this way

Publicati

M.C. ROBE, A. RANNOU, J. LE BRONNEC and G. TYMEN. Le radon dans les
habitations : identification des sources et des voies de transfert, et caractérisation
des aérosols radioactifs produits”. GIGG Colloque International sur la Géochimie

des Gaz. Mons 1990. To be published in dnnals buslsqiguen do Bal?qm (1992).

G. TYMEN, M.C. ROBE and A. RANNOU. Measurements of Aerosol and Radon Daughter
size distributions in five radon houses”.Fith Interantional Symposium on the natural

radiation environment. Salzburg, Austria, 22-28 septembre 1991, To be published to
Rodiakion Prolichion .Dwm/m/ (1992).
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Project 6
Head of project: Dr. Falk

Objectives for the reporting period

The health effect from cxposure to atmosphcric radon-222 and its short lived decay
products is duc to the deposition of the airborne decay products in the human respiratory
tract and the subscquent radiation doscs delivered to the living tissues. The deposition to the
bronchial tree is assumed to be of greatest concern for the assessment of the dose received.
The deposited fraction of the total amount of radon daughters inhaled and the deposition
site is dependent on many parameters such as the physical and chemical charactenistics of
the airborne particles carrying the radon daughters, the way of breathing, the breathing rate
and size and the form of the airways. The objectives are to experimentally study the uptake
and the regional deposition of inhaled radon daughters in humans with special attention to
the characteristics of the airborne radon decay products such as the unattached fraction and
nasal breathing,

Progress achieved including publications

The experimental studies to determine the fraction of inhaled radon daughters deposited in
the human air ways has been carricd out with a combination of two different techniques. The
total amount of radon daughter deposited during the exposure was determined by
measurement of the radon daughter concentration in inhaled and exhaled air (Fig. 1). The
site of deposited radon daughters were immediately afier the end of the exposure assessed by
external y-measurements of the subject 1n a low level whole-body laboratory (Fig.2).

ir—>=s 1. Filter for inhalcd air.

6 (Environmental air)
2. Collection of unattached radon-
daughters. (Wire screens)
. Filter for exhaled air.
. Mouth piece.
. Rubber bladder.
. To air pump and volume meter.

&
5
[2a
[« QN T G V]

+3fc

Fig. 1 Experimental set-up for measurement of the total deposition
of inhaled radon daughters
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Fig. 2 Experimental set-up for measurement of the regional deposition
of inhaled radon daughters

During circumstances when the atmosphere has an aged acrosol, which is the case indoors
most of the time, the size distribution of the acrosol carrying the radon daughters is quite
well known and the deposition in the human airways can readily be assessed from the known
behaviour of acrosols in the size range 0.05 pm to several {m in diameter.

The deposition behaviour in humans of the "unattached" radon daughters is not so well
known due partly to the small size of the "unattached" fraction and partly to the incomplete
knowledge of the dynamic processes that takes part within the warm and humid atmosphecre
of the respiratory tract,

The experiments carried out  during the reporting period have focused on the different
deposition pattern between the "unattached” fraction and the radon daughters carried by an
aged acrosol.

1. Ex I ndition

A walk-in radon-chamber having a volume of 30 m* was used for the exposure, where the
concentration of radon-222 and the radon decay products, temperature, acrosol
concentration, ventilation rate and humidity were continuously recorded. Numerous
exposures with various acrosol concentrations ere tested. For the attempt to experimentally
determine the fate of the "unattached fraction” two diffcrent extreme condition were chosen.
One condition was when the acrosol concentration was high cnough to give no significant
"unattached fraction" and another condition was with a low aerosol concentration where the
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"unattached fraction" dominated.

The high acrosol concentration was achieved by using an aerosol generator, but before the
exposure the aerosol generator was turned off to allow for "aging" of the aerosol for at lcast
onc hour giving stable conditions during the exposure period. The low aerosol
concentration was achicved by closing the ventilation system of the chamber and running a
air-cleaner inside the radon-room. The air-cleaner was turned off more than one hour before
the exposure to allow stable conditions during the exposure. An acrosol concentration of
Icss than 300 particles/cm’ could be maintained in this way, but when the subject entered the
room the aerosol concentration increased a little due to acrosols emitted by the subject.

2. Results

The cxperimental difficultics associated with inhalation studies on humans are numerous. To
obtain a exposure situation similar to what is normal indoors the subject had to enter the
radon-room to start thc cxposure. The platc-out of radon daughter onto the surface of the
subjcct during exposure was avoided by covering the entire body with a one-piece suit.
Even the skin of the face had to be covered. This was specially important during exposure
with low acrosol concentration. Before the external -measurcment, the subject was obliged
to changed to an uncontaminated measuring suit. The cxposure time was kept short to
minimizc the influcnce of radon-222 gas absorption in the body, disturbing the signal from
the internal deposited radon daughters. As the determination of the amount of radon
daughters deposited 1n the respiratory tract were calculated from the concentration of the
radon daughtcrs in the exhaled air and in the room air the collection of the radon daughters
from the exhaled air had to be done so that the divergence from the normal breathing was as
small as possible.

Kceping the above mentioned and other sources of crror under control have given results
which arc illustrated in fig 3 and summarized as

¢ ~ 20 % of the attached inhaled dccay products is retained and deposited in the lung
region for mouth-breathing during resting conditions.

¢ ~26 % of the attached inhaled decay products is retained of which about § % is
deposited in the nasal region (head mcasurement) and about 21 % in the lung region
for nosc breathing during resting conditions. The acrosol carrying the radon decay
products is an aged acrosol.

¢ morc than 90 % of inhaled activity is retaincd for nosc breathing during resting
condition for low acrosol concentration when the unattached fraction is about 80 %.
This means that the unattached fraction is found to be retained to 100 % as expected.
About 80 % of the unattached fraction is retained in the nasal region (hcad
measurcment) and less than 20 % can be deposited in the bronchial region. These
findings supports the results from a penctration study of ultrafine particles through a
nasal cast (CHENG ct al).

¢ Clcarancc of deposited radon daughters from the respiratory tract was also studied. No
significant clearance could be found compared to the physical decay of the deposited
activity.

¢ The feasibility to obtain knowledge of importance from experimental studies on
humans for the dose cstimation of inhaled radon daughtcrs is demonstrated.
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Fig. 3 Deposition of inhaled radon progeny in human air-ways
during different exposure conditions.

feren
1. R Falk, H Mbre, L Nyblom and 1 Ostergren. Regional deposition of radon decay

products in human airways. Presented at the fifih International Symposium on the
natural radiation environment, NRE-V, Scpt. 22-28, 1991, Salzburg.
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Project 7
Head of project: Dr. Ortega

Objectives for the reporting period

1.

Development of a training programme attached to the isotopenlaboratorium of
Gottingen.

Development of a passive detector devoted to undertake a campaign of
measurements linked to the use of other active techniques.

Setting up of some facilities in focused do mesurements with active techniques
on radon and thoron decay products concentration in the air, the equilibrium
factor and unattached fraction under realistic conditions in the Mediterranean
coast.

Progress achieved including publications

1 The training programme has been accomplished according to the agreements
with the Isotopenlaboratorium of the Georg-August-Universitdt of Gottingen.

2. A passive detector based on an improved activated charcoal canister with a
desiccant layer has been tested satisfactorily.

3. An alpha spectroscopy facilities has been developed with a screen diffusion
battery for active measurements of short level radon decay products
concentration and unattached fraction.

4. Setting up of an electrostatic monitor equipment for continuous radon and
thoron measurements.

5. Checking of alpha and gamma measurements methods for the evaluation of
ThC/ThB in the air.

Publications

Contribucién de los descendientes del Radon-222 y del Toron a la dosis efectiva
individual y colectiva.

Proceedings of the XVIII Meeting of the "Sociedad Nuclear Espafiola“. October 1991.

Contribution to the group of the polytechnical university of Catalunya (by X.

Ortega, X. Dies, M. Novell)

The training plan began with a visit of Dr. Porstendorfer to Barcelona in July
1990. During this visit it was decided that Dr. X. Dies, belonging to the Spanish
group, would stay in the Isotopenlaboratorium in Gottingen in August 1990. After
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the stay and a short visit to G6ttingen, by Dr. X. Ortega, leader of the Spanish
group, it was agreed to implement some experimental facilities in Barcelona, with
the aim of doing some measurements on radon and thoron decay products
concentration in the air, the equilibrium factor and unattached fraction under
realistic natural conditions on the Mediterranean coast, taking into account the
fact that measurements on this type have never been carried out in Spain’. On the
occasion of the contractors meeting in April 1991, it was decided to pursue the
training plan by moving Dr. M. Novell to Gottingen in the next month of July
1991.

The activities of the group have been concentrated in the following items:
1. Passive detection

A passive detector has been developed based on the original design by
A.C.George. The response of the canister has been tested in an
environment with constant radon concentration of 340 Bg/m® and 75%
relative humidity. The effective sampling rate, was not constant, instead,
it decreased during the sampling period. In order to avoid this problem, a
modified version of the activated charcoal collector with a dessicant (Silica-
gel) has been developed.

In the new configuration for the passive detector the desiccant is a part of
the diffusion barrier which reduces the absorption and desorption rate of
both ?2?Rn and water vapor. Nevertheless the effective sampling rate,
calibration factor measured in I/min, becomes nearly constant during the
sampling time.

Fig.1 points out the characteristics of the passive detector with and without
desiccant.
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Fig.1l - **?Rn adsorption by activated charcoal collectors as a function
of sampling time.
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Active measurements of radon decay product concentration in the air and the

unattached fraction

In relation with this technique the following items have been developed:

1.

Setting up an alpha spectroscopy system with screen diffusion
battery for active measurements of short lived radon decay products
concentration in the air and unattached fraction (C,, C,,
C,,CY%,C3,C5 and f,,). This system has three passivated implanted
planar silicon (PIPS) detectors connected to a multichannel buffer.
The buffer is controled by a portable computer in order to move
easily.

Automation of the system: switching on and off the multichannel
buffer and the pumping station, measurement of mass flow rate,
storage the spectrums, and data evaluation methods.
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Fig. 2 - Temporal variation of *'®Bi concentration in the
membrane filter during pumping (20 minutes) and waiting
(20 minutes) periods.

Optimisation of the measurement conditions in order to get more
accuracy. Using a digital simulation language, the temporal variation
of radon decay products concentrations in the membrane filter has
been evaluated during pumping and waiting periods (Figure 1).
Statistical studies have been performed with the aim of calculating
the associated error to the radon decay products concentrations
measurements. It can be useful in the optimisation studies.

Electrostatic monitor for radon and thoron concentration measurements

Since the lsotopenlaboratorium from Universitdt of Gottingen provided us
with an electrostatic chamber, the following items have been tackled related
with this technique:
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1. Setting up the electrostatic monitor for continuous gas radon and
thoron concentration measurements. This monitor is also connected
to the multichannel buffer and controled by the portable computer.
With the aim of controlling the effect of the humidity, a dryer system
has been included.

2. The monitor has been automated in order to evaluate the temporal
variation of gas radon concentrations in the air.

Measurements of thoron progeny

Attention on has been focused the the evaluation of the concentration of
ThB (?*'2Pb) and ThC (%®*'2?Bi) in the environment and the extent of
disequilibrium among them. For the measurement, standard filter
techniques used for radon progeny work well for thoron progeny.

When the gamma counting was used it was necessary to work with a high-
volume air sampler. The operation flow rate was 40 m®/h and the air passed
through a fibre-glass filter. The progeny concentration is evaluated by
means of a single counting time a few minutes after sampling by measuring
the gamma activities of ***Pb and ??°Tl in a germanium detector.

For the alpha particle counting, the flow rate was lower than for gamma
counting (1 m®/h) and the air passed through a membrane filter. The
concentration of ThB and ThC is evaluated by means of two counting
periods. One of them is a few minutes after sampling and the second one
performed about 4 hours later. Employing alpha espectroscopy, the alpha
particle emitted after the decay of *'?Bi (8.8 MeV from 2'2Po) is easily
resolvable from the lower-energy alphas that come from the other radon and
thoron progeny.

SITE ThB ThC ThC/ThB
1.51 0.86 0.57
CLOSED 1.96 1.47 0.75
ROOM 1.33 1.13 0.83
LECTURE
ROOM 0.17 0.13 0.73
0.90 0.54 0.61
CELLAR 0.36 0.12 0.33

Average activity concentrations (Bq/m®) of **?Pb and ?'?Bi measured in
indoor air.

To evaluate those concentrations the grab sampling facility was set up.

Accurate results with their associate errors will be obtained after and
optimization of measurement protocol.
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ASSESSMENT OF THE GEOLOGICAL FACTORS INFLUENCING THE
OCCURRENCE OF RADON HAZARD AREAS IN A KARSTIC REGION

Contract Bi7-059 - Sector C12

1) O'Connor, Geological Survey of Ireland

2) Madden , Radiological Protection Institute of Ireland (formerly Nuclear Energy Board)
3) McLaughlin , University College, Dublin - 4) McAulay , Trinity College, Dublin

5) Brock , University College, Galway

6) Van den Boom , Bundesanst. Geowissenschaften

Summary of project global objectives and achievements

1. Rationale

Radon and its decay products in the indoor environment arguably constitute the most
significant natural radiological impact on human health. For this reason, it is important that
we should attempt to understand the nature of radon generation in bedrock and its derivative
soil cover and the migratory routes to surface dwellings. Such an understanding will
undoubtedly be of assistance in the formulation of effective radon remedial strategies aimed
at limiting the radiological risk to the population at large.

2. Global objectives

The primary aim of the project was to carry out an integrated and multidisciplinary
investigation of the geological factors controlling the occurrence of certain high radon
exhalation sites in Western Ireland. Specifically, the project set out to:-

(i) Determine the geological controls of radon production and migration in karstic
limestone terrain,

(i) Develop a more efficient and effective field sampling methodology for radon
detection and test the use of soil-gas helium mapping as an aid in delineating radon migratory
routes.

3. Global achievements

3.1  Selection of study area

A ficld study area was sclected by the project team in Western Ireland, centred on the
village of Moycullen (Co. Galway), where elevated indoor 222Rp Jevels had been reported
during monitoring carried out by U.C.D. in 1987. The study area straddles the NW-SE
trending boundary or contact zone between the, in part, uraniferous late Caledonian Galway
Granite and its unconformable cover of younger Carboniferous karstic limestones. These
bedrock lithologies are overlain by varied, and often thick, glacial deposits which include a
substantial component of fluvioglacial sands and gravels. The geological and topographic
relationships of the study area are shown schematically in a cross-section (Fig. 1a). Surface
dwellings in which indoor 222Rp concentrations were measured, are distributed throughout
the area and overlie either granite or limestone bedrock.

Technical annexes, which include details of the methodologies employed, tabulations
and statistical summaries of the data obtained, and computer-integrated maps of all spatial
geodata have been prepared by each of the partners and lodged with the Commission to
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supplement the summary of results presented here.

3.2 Results of geological, geophysical and geochemical investigations

Investigations carried out by GSI comprised systematic field mapping of the bedrock
geology and glacial deposit geology of the study area, supported by a reconnaissance
total-gamma survey and a diamond drilling campaign (11 boreholes) of selected surface and
subsurface targets. These geodata, together with other spatial data depicting the geographic
distribution of indoor 222Rn concentrations (RPII), soil gas 222Rn and *He concentrations
(BGR), and soil 226Ra activities (TCD) were digitized and computer-integrated to aid
interpretation using customized mapping software (Autocad) available at GSI.

Geochemical analysis of 82 samples of rocks and soils recovered from surface or in
drillcore was completed by TCD, using high resolution gamma spectrometry. The measured
226Ra, B4Th, 228Ac and *OK activities of samples were used to identify potential 222Rn
sources.

Geophysical investigations carried out by UCG (under subcontract to GSI) involved
detailed resistivity survezys (EM-VLF-R, VES and dipole-dipole array) in the vicinity of
houses with high indoor “2%Rn levels in 3 selected sub-areas. The resistivity data were used
to aid definition of subsurface bedrock structures which might act as 222Rn migratory routes.

Assessment of the results of geological, geophysical and geochemical investigations
identified the likely potential radon sources and migratory routes in the study area, which are
summarized in Table 1. Radon availability at a particular house site is controlled by a
combination of the proximal existence of a radon source and the presence of localized
subsurface structures (fractures, faults, shear zones, cavities) in bedrock which act as zones
of enhanced permeability.

3.3 Results of indoor 222-Rn surveys

Time-integrated indoor 222Rn measurements (=90 days exposure) using closed
passive CR-39 detectors were completed by RPII in 235 houses almost equally divided
between granite and limestone terrains. Concentrations ranged from 8 Bq m™ up to 725 Bq
m™ with an arithmetic mean concentration of 82 Bq m™ and a median concentration of 53
Bq m™. Overall, 10% of houses had 2*?Rn concentrations in excess of 200 Bq m3 (National
Reference Level). When considered in lithological terms, 13% of houses underlain by
limestone and 6% of houses underlain by granite had indoor concentrations in excess of 200
Bg m™ (see Fig. 1d). There is no obvious systematic spatial pattern to the indoor 222Rn
data, and high and low concentrations occur, often contiguously, over both granite and
limestone terrains.

3.4  Site-specific Investigations

A co-ordinated series of site-specific investigations at 18 houses, completed by RPII,
UCD and TCD, involved (i) time-intergrated (passive) and instantaneous (active) soil gas
222Rn measurements, (ii) determination of 220Rg, 24T, 228A¢ and 9K in soils, and (iii)
terrestrial gamma radiation measurements. UCD successfully developed and tested a new
multi-chambered type of CR-39 detector which allowed a much greater range of soil gas
222Rn concentrations to be measured. A soil permeability probe was also developed but
adverse ground conditions precluded its use in the study area.
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The ranges of soil gas 222Rn concentrations measured at sites using both passive and
active detectors are shown in Table 2.

Table 2

Passive (CR-39) Active (Lucas Cell)
Granite  340-58760 Bq m™ 330-108370 Bq m™
Limestone  2600-53010 Bq m™ 4560-165165 Bq m™

Large within-site and between-site variability was encountered. No apparent
correlation was observed between measured soil gas and indoor 222Rn concentrations,
although the within-site variability posed a serious problem to proper interpretation.

Measured 226Ra activities in soils at specific house sites ranged from 7 to 89 Bq kg™!
(average 48 Bq kg™') and, again no correlation with indoor 222Rn levels was apparent.

Terrestrial gamma measurements at specific sites indicated average absorbed doses
of 58 nGy h'! over granite and 48 nGy h™! over limestone, consistent with the relative
radioelement contents of each lithology.

3.5  Results of combined soil gas 222Rn-4He investigations

A total of 367 soil gas 222Rn samples and 447 soil gas “He samples were collected
by BGR using a modiftied grab sampling technique. Radon concentrations were determined
on a Pylon AB-5 monitor and helium concentrations by mass spectrometry. A successful
intercomparison test of RPII and BGR grab sampling techniques under field and laboratory
conditions was also carried out.

A statistical summary of the soil gas 222Rn and “*He data is shown in Fig. Ic and
Table 3.

Table 3

222Rn (Bg m™) *He (ppb)
Granite  2600-186300 (median 65650) 5013-5685 (median 5283)

Limestone 400-184000 (median 37300)  5092-5759 (median 5267)

Although the median soil gas 222Rn value recorded over limestone is only half that
over granite, nearly twice as many houses built on limestone had indoor 222Rn levels in
excess of 200 Bq m3. For the study area, the maxima of the radon distributions are,

perhaps, a better guide as to whether or not an indoor problem is likely to exist.
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Table 1: Radon Sources and Pathways

Source

Main Galway
Granite

Felsite
Dykes

Murvey
Granite

Lower
Carboniferous
Limestone

Basal
Carboniferous
Black Shale

Upper
Carboniferous
Shales and
Phosphorites

Glacial
Deposits

Radioelement
Content

Moderate (resistate)

accessory minerals)

High (U, Ra in
labile accessory
minerals

High (U, Ra in
labile accessory
minerals

Low

High

High-Very High

Low

Geographic
Distribution

Widespread

Localized
linear zones

Not exposed
(located in
contact zone
if present)

Widespread

Probably
widespread

Not known
(eroded)

Widespread

Migratory-
Pathways

Intergranular; along
fractures (all scales);
altered shear zones;
in solution in
groundwater

linear fracture zones
occupied by dykes

Along contact zone
(sheared)

Along joints/fractures
and through karst
cavities/channels; in
solution in circulating
groundwater

Along fractures and
shear zone at contact;
in solution in
circulating
groundwater

Along fractures and
in downward
circulating
groundwater leading
to deposition within
or beneath the cover
limestones

Through open pore
spaces (especially
in sand/gravel
deposits)
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Soil gas 222Rn levels over limestone show a systematic decrease with distance from

the granite (Fig. 1b). While such a decrease could reflect a decrease in the permeability of
the limestone and/or its glacial overburden, it is thought more likely to reflect the decay of
222Rn during transport (by groundwaters?) from the granite source.

Contouring the soil gas 22°Rn data defines a number of high 222pn anomalous zones,
some up to 500m in maximum dimension. At such scales there is an apparent spatial
correlation between somie of these anomalous zones and the occurrence of high indoor 222Rn
levels in houses, although when this correlation is examined in detail (site-specific studies)
it is not often found to be upheld.

Spatial analysis of the soil gas *He data defines a number of linear arrays of high *He
values, thought to represent zones of enhanced permeability. Such He "lineaments” often
correlate with known fracture zones and are often centred on soil gas 222Rn anomalies.
Where a house is sited on a zone of enhanced Eermeability defined by anomalous “He values
and within an area underlain by a soil gas 2*’Rn anomaly, high indoor 222Rn levels many
occur (see Fig. 2). The existence of both a radon source and a physical pathway for radon
migration appear to be equally critical factors in controlling indoor 222Rn levels. If either is
absent, then high indoor levels will not develop.
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4.  Conclusions and recommendations

(i) The present study shows that geological mapping, when supported by combined
Rn-He soil gas surveys, can succeed in defining radon availability over broad geographic
areas of varied geology and pedology. Further development of such predictive mapping
methodologies could assist in focussing the indoor monitoring campaigns of EC radiological
institutes in a more effective way. They may also be used to categorize areas in terms of Rn
potential which are designated for urban development and thereby help to reduce or avoid
the cost of later remedial actions.

(if) The mapping methodologies employed suggest that for specific house sites the
migratory routes for Rn transgort are likely to be very localized physical pathways. Site
specific measurements of soil 26Ra activities and soil gas 222Rn concentrations may fail to
show a meaningful correlation with indoor 222Rn levels for a variety of reasons.

(iii) Geophysical resistivity-based survey techniques may only achieve partial success in
imaging subsurface radon migratory pathways and it is suggested that other geophysical
methods (e.g. ground probing radar) might prove more effective in locating physical
pathways for radon ingress beneath houses and in their immediate vicinity (particularly in
urban environments).

(iv) Carbonate rocks such as limestone contain very low concentrations of U and Ra and
dwellings built on carbonate bedrock might be expected to have low indoor 222Rn
concentrations. However, such rocks are also highly prone to dissolution (karstification) by
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circulating groundwater which thereby greatly enhances their permeability. The present study
shows that they can act as very efficient radon conduits where karstification is well advanced
or complete and where U or Ra are mobile.

Recent studies in Denmark and the USA have reported enhanced 222Rn levels in
dwellings built on limestone sequences and support the view that rock permeability strongly
influences 222Rn availability even in otherwise poorly uraniferous lithologies. Indoor
monitoring of 222Rn should be extended to populated areas of the EC underlain by karstified
limestone sequences in order to assess the true extent of the radiological risk to the
population of these areas.
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Project 1
Head of project: Dr. PJ. O'Connor

Objectives for the reporting period

The objectives of the geological investigations carried out
by GSI in the study area were:

(i) To determine the location and geographic extent of radioelement-enriched rock
types which might act as potential radon sources.

(i) To determine the nature and spatial distribution of geological structures which
might act as potential radon migratory routes to dwellings at surface.

Progress achieved including publications

1. Methodology

(i) Systematic mapping of bedrock geology (1:10560 scale) and glacial deposit
geology (1:25000 scale) of the study area was completed.

(i) A reconnaissance total-gamma radiometric survey (based on 200 stations) was
undertaken in support of the mapping programme.

(iii) Eleven boreholes were drilled in the depth range 20-80m to investigate the nature
of surface and subsurface targets delineated in field surveys by the project team in terms of
their radon potential.

(iv) Petrographic/mineralogical investigation of recovered geological samples was
carried out and samples were analysed (by neutron activation in Canada) to determine their
radioelement contents.

(v) A preliminary investigation of 222Rn activities in surface and groundwaters in the
study area was completed (with the assistance of the British Geological Survey).

(vi) The compiled geological maps were digitized and integrated with other spatial
geodata (provided by the other partners) using computer-based mapping software (Autocad).

2. Results

2.1  Identification of radon sources

The results of the total-count gamma radiometric survey of the study area show that
the granite-limestone contact zone is reflected by a transition from higher total-gamma values
recorded over granite terrain to lower values over limestone terrain. Within the area
underlain by granite, the detected radiometric anomalies correlate spatially with known
fracture zones and, in particular, with occurrences of radioactive felsite dykes which
frequently occupy these zones.

Radioelement analysis of samples recovered from outcrop has confirmed high
abundances of U (~ 15ppm), Th (~ 50ppm) and *??Ra activity ( ~ 160 Bq kg'1) in the felsite
dyke rocks which are in contrast to lower and more typical radioelement levels in the
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surrounding main Galway granite. The high radioelement contents of the felsite dykes are
similar to those recorded by GSI for the Murvey granite variety of the Galway Granite
batholith and to radioelement levels recorded in the granites of Devon and Cormnwall in the
U.K. (areas which have been designated as “affected” by NRPB). The felsites, therefore,
represent localized linear zones of high radon potential within the granitic terrain of the study
area and dwellings sited on or close to such zones could develop an indoor radon problem.

The nature of the granite-limestone contact at one locality (Ballycuirke townland) was
investigated by GSI in a series of 3 boreholes which were drilled in close proximity to each
other to a maximum depth of 80m. The contact was shown to dip at 25°-30° northeastwards
beneath the younger limestone cover rocks (Fig. la). Intense alteration and deformation of
the marginal granite at the contact is evident in drillcore and it is concluded that the contact
zone is sheared or faulted along much of its length and that extensive water-rock interaction
has occurred in this zone. Petrographic and geochemical analysis of the altered and
deformed granitic rocks of the contact zone suggests that 222Ra (and to a lesser extent, 234Th)
have been leached and remobilized by circulating groundwaters. This is consistent with the
results of other studies (e.g. those recently reported by U.S.G.S.) that shearing of granitic
rocks is conducive to the release of their contained radioelements (e.g. U, Ra), mainly as a
consequence of the mineralogical changes which occur during the shearing process. There
are likely to be a significant number of such (unexposed) linear shear zones in the granitic
terrain of the study area which could represent zones of enhanced radon emanation.

The drillcores recovered from the contact zone boreholes also indicate the presence
of a previously unknown and severely deformed black shale unit (> 5m thick) at the base of
the Carboniferous limestone sequence. Analysis of shale samples (by TCD) shows high
226Ra activities (~ 142 Bq kg'!). If the shale unit extends laterally beneath the karstic
limestone cover rocks throughout the study area, as is likely, then it would represent a
significant and geographically-widespread radon source. The limestones themselves are
radioelement-poor.

There is a further potential radon source which, from geological considerations,
merits attention. To the south of the study area in Co. Clare, the karstic Carboniferous
limestones are overlain by uraniferous shales and phosphorites, of Namurian age. It is likely
that these uraniferous lithologies once existed in the study area also, but have since been
eroded. They would have contributed substantial amounts of U and Ra to
downward-circulating groundwaters during post-Carboniferous times. The radioelements in
solution may have been deposited at lower stratigraphic levels in the underlying limestone
sequence. Later karstification of the limestones, which greatly enhanced their permeability,
would allow them to act as a very efficient transport medium for available 222Rn to migrate
upwards to the surface.

A preliminary survey of 222Rn activities in groundwater samples recovered from both
wells and springs in both the granite and limestone terrains was carried out (with assistance
from personnel of the British Geological Survey who kindly provided the analytical backup).
The results indicate that the >2?Rn activities of wells on granite bedrock generally exceed 100
Bq I'! and, as might be expected, are approximately twice the activity levels recorded for
wells on limestone.

2.2 Identification of radon migratory routes

Following its generation in U-Ra bearing minerals in rocks, radon migrates (by
diffusive and convective processes) along crystal defects and grain boundaries, through pore
spaces and through macroscopic cracks and fractures of different scale on its upward route
to the surface. Below the water-table, radon is in solution and hydrogeological factors are
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also important in its migration. Potential radon migratory routes to surtace dwellings are,
therefore, dependent on the existence of appropriate physical pathways at any given site. The
field geological studies have identified a number of physical pathways which, individually
or in combination, are likely to have a significant influence on the radon flux measured at
surface. These pathways include:- -

(1) Fracture Zones: A substantial number of linearly-disposed fracture zones of
varying magnitude and intensity were delineated in buth the granite and limestone terrains.
Movement (faulting, shearing) has taken place on some of these fractures, particularly in the
granite-limestone contact zone. Fracture directions in the granite terrain generally trend N-S
or NE-SW and many of the fractures are occupied by later radioelement-rich felsite dykes.
The felsite dykes thus represent a potential source of high radon emanation situated in linear
zones of high permeability. There is a high fracture density in the limestone terrain, with
N-S and E-W trends predominant.

(2) Karstified Limestone: Deeply-jointed karstic pavements are exposed at surface
in the limestone terrain with measured solution channels up to 2m deep and 0.5m wide. The
probable existence of widespread subsurface cavities or channels in the limestone terrain was
indicated in a series of 8 GSI boreholes, drilled to depths of 20-50m, in Ballydotia townland.
The boreholes were sited in close proximity to two separate houses where elevated indoor
222Rn levels had previously been recorded by RPII and where geophysical and soil-gas “He
surveys by UCG and BGR had indicated the possible presence of subsurface discontinuities.
The karstified limestone therefore represents a laterally extensive medium of greatly
enhanced permeability through which radon could migrate freely. Spatial variation in the
radon flux measured at surface may reflect the degree of karstification attained by the
limestone from place to place. If the limestone is underlain by a radioelement-rich black
shale, as is thought likely, then a widespread potential Rn source is situated below a highly
permeable cover.

(3) Permeable Overburden: The fluvioglacial sand and gravel deposits, which have
been delineated and overlie the cover limestones, have low radioelement contents and do not
represent potential radon sources, but their high permeability suggests that radon would
migrate freely through these deposits to the surface. Most of the other glacial materials
(drift, boulder-clay) and the soils derived from them are less permeable and are not enriched
in radioelements.

3. nclusion

The spatial variation observed in the indoor 222Rn data - where high and low values
are often recorded in contiguous houses - suggests that localized subsurface structures (e.g.
joints, fractures, faults, shear zones), representing zones of greatly enhanced permeability,
control radon migration and ingress at specific house sites.

Publications

O'Connor, PJ. Radon hazard in Ireland. (Presented at Colloque International sur la Geochemie des Gaz, Mons,
October 1990).

O'Connor, P.J., Gallegher, V., Van den Boom, G.. Hagendorf, J., Muller, R., Madden, J.S., Duffy, J.T.,
McLaughlin, J.P., Grimley, S., Mc Aulay, LR. and Marsh, D. (in press) Mapping of 222Rn and *He in soil gas
over a karslic limestone-granite boundary: correlation of high indoor 22Rn with zones of enhanced
permeability. Journal of Radiation Protection Dosimetry. (Presented at NRE-V Conference, Salzburg,
September 1991).

O'Connor, P.J. Mapping radon migration in karstic limestone terrain in Western Ireland. (Presented at 2nd Irish
Environmental Researcher's Colloquium p. 27, Abstracts, Trinity College, Dublin, January 1992).
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Project 2
Head of project: Dr. J.S. Madden

Objectives for the reporting period

The specific objectives of the Radiological Protection Institute of Ireland (RPII) in this
project were

(i) To approach and obtain on behalf of the Research Group the participation of
householders, and to determine the geographical distribution of indoor radon concentrations
in selected townlands within the Moycullen postal district.

(ii) To approach and obtain on behalf of the Research Group the further participation
of specific householders whose houses were selected for detailed follow-up site
investigations, and

(iii) To conduct site investigations incorporating soil gas radon measurements using
passive, integrating CR-39 alpha track radon detectors, instantaneous soil gas radon
measurements using a grab sampling technique and terrestrial gamma radiation
measurements. In addition the RPII supplied passive radon detectors to UCG, a sub-
contractor to the GSI, for deployment in several boreholes drilled by GSI in the Moycullen
area.

Progress achieved including publications
1. Introduction

The choice of the Moycullen area for this project originates in the discovery by
University College Dublin (UCD) in 1985-1989 of elevated indoor radon concentrations in
houses on the limestone sequences. Regional follow-up studies by the RPII and UCD in
1989-1991 confirmed these earlier findings and predicted that 14% + 5% of houses in Co.
Galway would exceed the adopted national Reference Level of 200 Bq m™ (Radon gas). In
addition the regional survey identified an anomalous area in Co. Galway, which incorporates
Moycullen, in which 24% + 9% of the houses were predicted to exceed the Reference
Level. Radon concentrations monitored in houses in the Moycullen area during the regional
survey ranged from 42 Bq m3 up to 1751 Bg m~.

9 G aphical distributi find ad ;
2.1  Sample selection

A total of 494 householders in selected townlands within the Moycullen postal district
were contacted by the RPII regarding participation in this project, and indoor radon
measurements were completed in 235 houses.  All houses were plotted on 1:10560 O.S.
maps, and their locations subsequently digitised by GSI.
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2.2 Indoor radon gas measurement technique

Time integrated radon gas concentrations were measured using the standard RPII
domestic radon dosemeter. This dosemeter is a passive, closed, alpha track radon detector
which is left undisturbed in a ground floor living area or bedroom for a minimum exposure
period of 90 days. It consists of a cylindrical plastic bottle with a screw-on Itd. The alpha
particle detecting medium i.e. polyallyl-diglycol carbouate or CR-39 is held in position inside
the lid by a small plastic insert placed inside the bottle.

On return the detectors were chemically etched and counted by manual microscopy.
The etching conditions used were 10N Sodium Hydroxide (NaOH) at 70°C for 8 hours. The
dosemeters were calibrated by participation in the recent series of intercomparisons carried
out by the CEC.

3. i ific investigation
3.1  Site selection

After consultation with our contract partners 20 houses were selected for detailed site
investigations. The selected sites contained houses with both high and low indoor radon

concentrations on both sides of the granite/country rock geological contact. Investigations
were completed at 18 sites and all site locations were plotted on 1:2500 O.S. maps.

3.2  Measurement techniques

3.2.1 Passive integrated soil gas radon measurements

Time integrated soil gas radon concentrations were measured using the standard RPII
domestic radon dosemeter. Site conditions permitting a portable Cobra drill with a 4.5 cm
diameter soil sampling head was used to penetrate the overburden to a depth of Im. The
hole was then cased with tight fitting plastic tubing to preserve, it and sealed at the surface
with an air-tight rubber cap. All detectors were suspended in the pipe so as to hopefully
remain above the water table.

Difficult and unfavourable ground conditions at most sites dictated that practically all
passive radon detectors were deployed and retrieved by manual excavation of the soil. Holes
were dug by pick and shovel to practical attainable depths, and the radon detectors positioned
on top of a stable base, usually a stone, and then covered with a plastic cup of protection.
The holes were then backfilled and marked. After an exposure period of 190 hours the
detectors were retrieved for processing. Where possible the measurements were taken in
original soil as opposed to imported top soil.

3.2.2 Instantaneous soil gas radon measurements

Soil gas was extracted from the ground by sucking through a 4 mm internal diameter
hydraulic pipe into Lucas cells. To ensure a representative sample of soil gas was obtained
a flow-through method was adopted whereby at least | | of soil gas was flushed through the
Lucas cells.

After a minimum delay period of at least 3 hours the Lucas cells were counted on a
Pylon AB-5 Radiation Monitoring System. Radon concentrations were determined using
appropriate calibration factors and sample decay corrections. All measurements were taken
in original soil where possible.
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3.2.3 Terrestrial gamma radiation measurements

Terrestrial gamma radiation measurements were taken at 2 locations at each site, at
least 10 m away from the nearest building or outcrop. A Mini Instruments Environmental
Meter (Type 6-80) was used for this purpose. The energy compensated GM tube was placed
in a vertical position with its centre approximately Im above ground level. The counting
period was 1000 seconds and the results displayed in uGy h''.  An average cosmic ray
contribution of 0.04 uGy h™! was subtracted from each reading to give the terrestrial
component.

4, instantan il radon remen hni

An intercomparison of the radon grab sampling techniques employed in the field by
RPIl and BGR was undertaken at the RPII Calibration Facility in Dublin. The
intercomparison was performed under laboratory conditions in the walk-in Radon Chamber,
and also under typical field conditions in the grounds of UCD.

5. Results

5.1  Geographical distribution of indoor radon concentrations

In the survey area indoor radon concentrations ranged from 8 Bq m™ up to 725 Bq
m™3 with an arithmetic mean concentration of 82 Bq m™ and a median concentration of 53
Bq m>. There is no obvious systematic spatial pattern in the data, and high and low
concentrations occur, often contiguously, over both granite and limestone. Overall, 10% of

the houses had concentrations in excess of 200 Bq m™3.

From a purely lithological basis the indoor radon concentrations in general tended to
be higher in houses underlain by limestone. Thirteen percent of such houses had radon
concentrations in excess of 200 Bq m™ as against 6% of houses on the granite.

5.2 Site investigations

Instantaneous soil gas radon concentrations ranged from 330 Bq m™ up to 108,000
Bq m™ on the granite side of the geological contact and from 4500 Bq m™ up to 165,000 Bq
m~? on the limestone side. On both sides of the geological contact some of the highest
recorded instantaneous soil gas radon concentrations on site are normally associated with the
lowest indoor radon concentrations,

Terrestrial gamma radiation measurements indicated absorbed doses ranging from 38
nGy h™' up to 60 nGy h™! with an average value of 48 nGy ! over the limestone. Over the
granite absorbed doses ranged from 44 nGy h'! up to 70 nGy h'! with an average value of
58 nGy h'!. The higher values over the granite are to be expected because of the uraniferous
nature of the Galway Granite Batholith.

5.3  Intercomparison exercise

The results of the intercomparison of RPIl and BGR grab sampling techniques are
presented in Table 1. Good agreement between both techniques under laboratory and field
conditions is evident.
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TABLE 1

Volume Counts/10 min Radon

Concentration
Bq m
Field Test RPII 161 ml 23320
: BGR 10 ml 24630
Lab. Test RPII 161 ml 54260
BGR 10 ml 55500

Passive Radon Detectors Deployed in Deep Boreholes

Soil gas radon concentrations ranged from 657 Bq m™ up to 12974 Bq m>. The
degree of atmospheric mixing in the boreholes is unknown as is the degree of air mixing
from the various open cavities encountered in the boreholes.

6. nclusion

No apparent correlation between indoor radon concentrations and site specific soil gas
radon concentrations is evident. The occurrence of high and low indoor radon
concentrations, often contiguously, over both granite and limestone suggests that other
parameters such as house characteristics and site specific geotechnical, geophysical and
hydrogeological features must be important influences on radon ingress into domestic
dwellings in this area.

lication

Madden, J.S. 1991. Radon in Buildings. What is it? Where does it come from? Why are
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Project 3
Head of project: Dr. McLaughlin

Objectives for the reporting period

To determine soil gas radon concentrations in the granitic/karstic limestone contact
region of Moycullen, Co. Galway using standard techniques and a new type of passive
detector being developed for this purpose.

To integrate, compare and interprete these measurements with those of other
collaborating contractors.

Progress achieved

1. Development and calibration of a passive alpha track detector for use in soil
gas radon measurements

The objective was to produce miniature multichamber passive radon detectors which
could be implanted in the ground in a region where little or no previous knowledge of
soil gas radon levels was available. The novel aspect of this approach was to make
the chambers of such small dimensions that their response to the alpha particles from
radon and its progeny was sufficiently low to considerably reduce track saturation.
In this way the detectors would be used in very high radon concentrations for
prolonged periods.

A theoretical model was developed to predict the sensitivity of small cylindrical
detector chambers as a function of chamber radius and length (see Figure 1). On the
basis of this model a three chamber detector made from solid perspex was designed
which was capable of covering the radon range from 10000 to 150000 Bq/m3 for exposure
periods from about 1 to 3 weeks without track saturation effects becoming
unmanageable (see Figure 2). This is ideal for soil gas radon measurements. A
Kitamura CNC high precision computerised Machine Tool Centre was used to manufacture
150 of these multichamber detectors for the project field work. CR-39 was the
detecting medium used. The detectors were intercalibrated against regular radon
detectors calibrated at the NRPB (UK) as part of the ongoing CEC radon detection
intercalibration programme.
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2. Field measurements

Field work in the Moycullen area of Co. Galway took place mainly in July 1991,
Due to the close proximity of the bedrock to the surface and the stony ground, it was
very difficult to make radon measurement at depth. In places the soil cover was as
shallow as 2 or 3 cm. Therefore the depths of the integrated measurements ranged
from about 0.3 to 1.25 m and the depths of the soil gas grab measurements from 0.3 m
to 0.7 m. Where possible, the measurements were taken close to each house and in
original soil as opposed to imported top soil which the owner had brought into the
garden to overcome the general soil deficiency.

Instantaneous measurements of radon levels in soil gas were made using a grab
sampling technique. Soil gas was pumped from the ground through a hydraulic pipe
with a 4 mm internal diameter into 100 ml Lucas scintillation cell. Integrated
measurements of soil gas radon of duration 10 days were made using both standard and
the new multichamber alpha track passive radon detectors.
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A soil gas permeability probe was designed and constructed based on a design by
Anders Damkjaer at the Technical University of Denmark (contract B16 - 347f - 114),
to make relative measurements of the soil permeability. Unfortunately, the soil and
ground conditions encountered at almost all the sites proved unsuitable for the
reliable operation of the permeability probe.

Wide variations were obtained in radon soil gas levels in the field area. The time
integrated soil gas radon measurements gave concentrations ranging from a few hundred
Bq/m3 up to 58000 Bq/m3. Most of the higher concentrations occurred on the granitic
side of the Moycullen area. The grab samples gave radon concentrations ranging from
330 Bq/m3 up to 165000 Bq/m3.

It should be noted that at individual house sites considerable variations of soil gas
radon levels were found to exist. Radon soil gas level ratios of ten to one between
the soil at the front and back of a house were not unusual. Ratios as high as sixth
eight to one were detected. These wide variations of soil gas radon levels over a
distance of a small number of metres indicates the complexity of the radon migration
and availability in the field area. This considerably reduces the possibility that
area mapping based on soil gas surveys as carried out in this work in such a karstic
area can give rise to a radon prediction capability of sufficient accuracy and power
to predict the existance of a high radon risk down to the scale of an individual
house site.

3. Conclusion

The general elevation of indoor radon levels in the Moycullen area appears to be due
to the underlying uraniferous granite (see reports of other partners for a fuller
discussion). No direct correlation was found between the indoor radon concentrations
and those in the ground; houses built side by side may have indoor concentrations
differing by several hundred Becquerels. This would suggest that there are other
important parameters governing indoor radon concentrations apart from the existance
of the granite and the karstic limestone such as:-

1) House structure, (in particular the foundations),

2) House heating and ventilation,

3) Soil permeability,

4) Localised faults and fractures in the underlying bedrock.

From a measurement perspective, it was found that the newly designed multi-chamber
radon detector which was designed specifically for this work proved to be very
suitable for field work in the unfavourable conditions found in the Moycullen area.

There were no publications on the project work during the contract period.
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Project 4
Head of project: Dr. I.R. McAulay

Objectives for the reporting period

(i) To determine by gamma ray spectrometry the radioactivity content of samples
of soil and rock collected in the region selected for study.
(ii) To investigate the importance of radium content in the soil and rock samples in
assessing the potential for high radon levels in dwellings in the region.
(iii) To study the uranium series disequilibrium in the samples and attempt to determine
the significance of this factor in predicting domestic radon concentrations.

Progress achieved

1. Correlation of Soil 226Ra and 234Th with indoor radon

From the results of the initial indoor radon survey (Project 2), 17 houses were
selected for further study, including houses with low and elevated radon levels on each of
granite and limestone bedrock. The objective of the soil measurements was to investigate
the concentrations of 22°Ra (the precursor of 222Rn) in the soil surrounding these selected
houses. At the location of each house, a soil sample was collected from a depth of 30-40cm.
Care was taken to ensure that the collected sample was of natural soil, and not imported
topsoil. When samples were returned to the laboratory they were dried and powdered to be
suitable for gamma activity measurement. This powder was then placed in standard
Marinelli beakers which have a sample volume of 450ml. Typical sample masses were in the
range 300-600 grams. Samples were measured for gamma activity using a high resolution
HpGe solid state detector. The naturally occurring radionuclides of interest are 23*Th (93
KeV) and 22%Ra (186 KeV) from the uranium-238 series, 228Ac (911 KeV) from the thorium-
232 series and ‘9K (1461 KeV). The figures in parathesis indicate the energies in the
spectrum at which the nuclide activity is measured. Sample measurement time varied but
most were counted for approximately 24 hours which yields a lower detection limit of about
11 Bq kg™! for 22°Ra.

No significant degree of correlation was found for indoor radon levels when tested
against any of the other quantities measured for soils. However, the 22°Ra values found in
the Moycullen soils were considerably less than those found in other parts of Ireland. Values
up to 430 Bq kg! had previously been found within 60km of Mozycullen and over 500 Bq
kgl in the Kerry area further to the south. The highest values for 23*Th in this survey were
149 Bq kg™! as compared with a maximum value of 543 Bq kg'! found in an earlier national
survey consisting of 651 samples taken on the basis of the 10km grid. The disequilibrium
found in the Moycullen soils was also much lower than found elsewhere in the country with
the highest measured value for the 226Ra/234Th ratio in this series of measurements being
1.91 compared with values up to 10 in some samples from Co. Clare. The average values
of radium in soil found in the national survey was 46 Bq kg™! which compares with the
Moycullen soils mean of 48 Bq kg™!; the corresponding values for 234Th were 39 Bq kg’
nationally and 49 Bq kg'! in the Moycullen samples.

- 1456 -



2. Rock 226Ra and 234Th results

No significant correlations were found for relationships between the different activity
concentrations as measured in rock outcrop and drillcore samples supplied by GSI. The
radium concentrations appear in general to be rather lower in the core samples than in the
soils and there is even less evidence for disequilibrium in the 22°Ra/?>*Th ratio.

A series of surface or near-surface rock samples had also been referred for analysis
by GSI for Galway granites in general and for specific rock types in the Moycullen area
investigated in this project. In the case of the Galway granites, some degree of correlation
was found (R2=0.615) between 234Th and 22°Ra values and also between 226Ra/Z3*Th ratio
and 2°Ra values (R2=0.798). This indicates a slight increase in degree of disequilibrium
with increasing activity concentrations of 226Ra, though it must be stressed that the degree
of disequilibrium was never large and in most cases was not detectably different to unity.

In the case of the Moycullen rock samples, the radium values were lower than for the

ranites, but a reasonable degree of correlation (R2=0.759) was found between 226pa and
34Th activity concentrations. For most of these samples the degree of disequilibrium
appeared to be less than one, but it should again be noted that for individual samples it would
be difficult to interpret this as having any relevance to the geological factors influencing the
nature of the rocks. The geological significance of 220Ra activities measured on rock samples
are further discussed in the report of Project 1.

3. ial gamma m men

A number of measurements were made of gamma radiation dose rates above the
ground in the Moycullen area. The dose rate obtained over exposed limestone slabs was 13
nGy h'!, which is extremely low but consistent with values measured elsewhere in the
country over similar limestone terrain. Dose rates measured over soil in and around
Moycullen and over granitic terrain averaged 70 nGy h™!, which is in the range recognised
as the highest found in a series of measurements made over the whole country.

4. 9K results

Potassium-40 was measured in all samples and the activity concentrations were high
for all rock samples whether core or surface, with similar values being obtained for the
means within each classification. In the case of the soil samples, generally lower values of
40K were found, with the mean for this grouping being about 2/3 that of the means for the
rock samples.

5. Conclusions

It may thercfore be concluded that the 22°Ra activities present in the soils do not in
this survey provide a reliable indicator to the radon levels found in houses built on such soils.
The degree of disequilibrium between 2*°Ra and ™¥Th found in the measurements was not
large and it would therefore not be justified to draw any general conclusions between this
ratio and the potential for high radon levels in houses. The mean values for 22Ra in the soil
and in the rock core measurements were close to and below the national average respectively,
which again does not provide any justification for drawing general conclusions.
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Project §
Head of project: Prof. A. Brock

Objectives for the reporting period

(i) To assess and report on the available regional gravity data in the Moycullen area
in order to identify any structural geological trends which may influence radon migration.

(ii) To carry out and report on detailed geophysical surveys to aid the geological
appraisal of three follow-up locations in the Moycullen area as specified by a sub-contract
with the Geological Survey of Ireland. These locations are designated: (a) Ballydotia; (b)
Moycullen Village and (c) Uggool.

Progress achieved

1. Appraisal of regional gravity data

Gravity data were gridded and contoured to produce a regional map for the Moycullen
area. The available data were of limited geographical extent and the station density was poor
in the follow-up locations. The data provided no evidence of hidden, major deep geological
structures but confirmed the gentle NE dip of the granite/limestone contact in the Moycullen
region.

2. Results of fiel hysical surv

A detailed ElectroMagnetic-Very Low Frequency-Resistivity (EM-VLF-R) survey was
carried out in the Ballydotia area which lies on limestone bedrock. An apparent resistivity
high, abutted by a low, was found to coincide with a house having high indoor-radon values.
A second house which had high, but variable, indoor-radon values was found to lie close to
an apparent resistivity gradient. In the first case, the anomalous apparent resistivity values
encountered are thought to be caused by current channeling associated with a zone, or zones,
of cavities in the limestone bedrock. In the second case, the resistivity gradient is thought to
represent a jointing pattern in otherwise massive limestone.

A colinear, dipole-dipole array resistivity survey was carried out in the vicinity of
each house in order to further define features found from the EM-VLF-R survey. The
results, plotted on resistivity pseudosections, are interpreted as indicating a zone of low
resistivity, weathered limestone, with possible cavities, to the north of the first house and
probably a joint in limestone lying to the west of the second house. The resistivity data
indicate the zone of weathering to be approximately 25m deep to the north of the first house
and the limestone in the area of survey near the second house to be largely unweathered.

Two resistivity, Vertical Electrical Soundings (VES) were carried out in the vicinity
of the first house in order to quantify the extent, depth and nature of the overburden and
limestone strata to the north and south of the weathered zone. The first sounding, to the
north, showed overburden to be less than 2 metres thick and underlain in turn by a 5.5m
thick layer of weathered limestone and then competent limestone. The second sounding, in
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the south, showed a thin overburden of 0.6m lying on competent limestone.

Subsequent drilling by the Geological Survey of Ireland in the vicinity of, and under,
the first house found a number of small cavities associated with the weathered zone.
Competent limestone was encountered to the south of the house and the weathered zone.
Drillholes near the second house proved massive limestone with a very small cavity at depth
to the west of the house. This cavity was not imaged by the geophysical surveys.

The EM-VLF-R survey carried out over limestone bedrock near Moycullen Village,
was limited in its extent by powerlines and access difficulties due to the high density of
housing in the area. The result showed a simple apparent resistivity gradient increasing in
a NE direction. This pattern may be related to either a thinning overburden or more massive
limestone occuring in a NE direction. No further geophysical surveys were carried out in
this area.

In the Uggool area, the EM-VLF-R survey was carried out over granite bedrock. The
survey, around a high indoor-radon house, was hindered by powerlines, roads and steep
topography. As a consequence, the results could not easily be interepreted, but lower
apparent resistivities are thought to be influenced by the more clayey nature of the
overburden. No distinct pattern, which might relate to geological structure, could easily be
discerned from the limited data collected. No further geophysical surveys were carried out
in this area.

3. Conclusions

Geophysical surveys proved the most successful in the Ballydotia area where a zone
of weathered limestone containing cavities was identified in the vicinity of a house having
high indoor-radon. Geophysical surveys in the vicinity of high density housing were
hampered by cultural noise. Further work is necessary to investigate the possible radon
migration pathways from cavities in the limestone bedrock, through the foundations, and into
selected high indoor-radon houses in the Ballydotia area. The foundations of these houses
should be assessed using ground probing radar and active indoor-radon measurements to map
possible migration pathways.

Publicati

There are at present no publications arising from this work.
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Project 6
Head of project: Dr. G. van den Boom

Objectives for the reporting period

The objectives of the research project carried out m 1991/92 by the BGR in the
Galway area (Western Ireland) were:
(i) Tests and applications of new methodologies in defining potential areas with high
radon concentrations and migration paths for mobile terrestrial gases (helium and radon).
(ii) Correlation of outdoor radon anomalies with radon-polluted buildings and attempt
to predict radon contamination of populated areas based on a combined helium-radon
mapping method.

Progress achieved including publications

1. Its of i -H

In summer 1992 soil gas investigations were carried out in the study area near Galway
(Western Ireland). A newly developed methodology using a combination of the noble gases
radon and helium was applied in the field to allow the detection and identification of gas
migration paths and the documentation of accompanying radon anomalies especially in
populated areas. This new methodology has opened up new possibilities to delimit the
boundaries of radon contaminated regions. The co-operation with the Irish group of
physicists that carried out indoor measurements was very productive and successful.

The investigation included outdoor measurements of radon concentration in soil air
in populated areas and detailed sampling around individual houses. The number of radon
samples collected was 367. For determination of migration paths for radon a total of 447 soil
air samples were collected from 90cm depth and analysed for their helium concentration.
It was assumed that helium as a very mobile and inert noble gas would prove advantageous
in detecting migration channels used by other terrestrial gases (in this case radon) and their
dispersion pattern in the overlying soil cover. Specially designed stainless steel gas probes
were used for sampling both radon and helium. The sampling procedure guarantees that no
ambient air contaminates the soil gas sample. A detailed description of the sampling method
is given in the technical annex to the final report.

The results of the statistical data evaluation in brief are the following:

Radon soil gas values measured show a wide range between 400 and 186000 qu
The ranges measured for both limestone and granite sample groups are similar. The
distribution histogram of all collected radon samples shows two c]earljy separated populations.
The lower one includes radon concentration values <50000 Bqm™. The upper population
covers samples with values > 50000 Bqm™3. If one considers the two lithologies separately,
it is obvious that the granite population is skewed towards higher radon values as expected,
but has no major influence on the distribution shape in the histogram of all collected samples.
The very distinct division of the limestone-radon population is approximately the same as the
total population. This means that the majority of the granite values are gathered in the upper
population. The statistical parameteres of the measured radon values in soil air above both
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lithological units are as follows:

Granite Area
N total: 110 samples; Minimum value: 2600 Bqm™3;
Maximum value: 186300 Bqm™;
Median: 65650 Bqm™;

Limestone Area
N total: 256 samples; Minimum value: 400 Bqm;
Maximum value: 184000 Bqm;
Median: 37300 Bqm;

Surprisingly, the maximum values of the granite and limestone soil gas radon
populations are approximately the same, but the median values of the granite population are
nearly double that recorded for the limestone population.

However the radon hazard has almost the same impact on the populated areas in the
limestone region as in the granite region (as is evident from the results obtained from the
indoor radon surveys in houses carried out by RPII).

The statistical parameters of the helium distribution for the two areas of different
lithology are:

Granite Area
N total: 151 samples; Minimum value: 5013 ppb(v);
Maximum value: 5685 ppb(v);
Median: 5283 ppb(v);

Limestone Area
N total; 295 samples; Minimum value: 5092 ppb(v);
Maximum value: 5759 ppb(v);
Median: 5267 ppb(v);

Taking into account that the worldwide helium concentration in atmospheric air is
5240 ppb(v), the median of the limestone area is in accordance with the theoretical value.
As expected, the corresponding granite value is slightly higher.

2 . sum-radon distribution

Three separate sub-areas were surveyed to determine the spatial distribution of soil
gas radon and helium. Two of the sub-areas are situated in the limestone region: Ballydotia
and Moycullen. In the granite region, the sub-area of Uggool was studied.

The Ballydotia and Moycullen sub-areas are contiguous. and are situated east of the
Galway-Oughterard highway. The geological contact between the granite and the limestone
has been mapped by the GSI and runs parallel to this road. It is inferred from borehole
investigations that this contact is marked by a NW-SE striking major fault or shear zone,
Samples were collected exclusively in the limestone area where radon contaminated houses
were known to occur. The application of the combined helium-radon mapping method
necessitated sampling traverses close to the populated areas. The distribution patterns of both
noble gases indicate the location and direction of migration paths with high radon haloes in
their vicinity. Houses which have high indoor radon levels are very often located in a zone
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of high permeability, most probably a fracture zone, which coincides with both high helium
and/or radon concentrations in soil air, whereas an adjacent house less than 50m distant, with
low indoor radon levels may not be influenced by the radon emanation from the migration
channel. This suggests that houses located a short distance away from the fracture zone may
not develop an indoor radon problem. The migration paths deduced from the helium-radon
data correlate spatiaily with different fracture systems e.g. N-S, the main joint direction in
the limestone and NW-SE, the direction of major faulting (for example the granite/limestone
contact). The highest soil gas radon values were observed near the intersections of the two
systems.

The sub-area of Uggool is situated within the granite terrain. Here, also, the
helium-radon soil gas data suggest the same similar directions of migration channels. The
spatial correlation between radon concentrations in soil gas and indoor radon data is also
evident in this sub-area but not to the extent observed in the limestone area.

3. Conclusions

The radon contamination of buildings and dwellings is often (especially in areas
overlain by sedimentary rocks) not controlled by the lithology or pedology but mainly by
highly permeable fracture zones which serve as migration paths for the terrestrial radon gas.

The combined helium-radon mapping method applied in the present study has been
successful in the detection of such permeable migration zones.

Publicati

O’Connor, P.J. et al. (in press). Mapping of 222Rn and “He in soil gas over a karstic
limestone-granite boundary: correlation of high indoor Z2ZRn with zones of enhanced
permeability. Journal of Radiation Prorection Dosimetry. (Presented at Fifth
International Symposium on the Natural Radiation Environment, Salzburg, September,
1991).

Boom, G. van den & Muller, R. (1991). Bericht uber die Durchtuhrung von Helium-Radon
Messungen in funt Testgebieten in der CSFR. Unweltradioaktivitat, Interdisziplinare
Umweltforschung, Marianska (CSFR), Vortrag und Bericht BGR, Archiv Nr. 108
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Enmotec (1992). Mogliche Auswirkungen der Grubenflutungen auf die Radonemanation in
oberflachennahe Sedimentie und potentielle Gefahrdung fur angrenzende
Siedlungsbereiche. Workshop der Wismut G.m.b.H. in Chemnitz, Vortrag und
Bericht.
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CONSEQUENCES OF IRRADIATION OF POPULATION AND WORKERS (CEA
ASSOCIATION)

Contract Bi6-122 - Scctor C13

1) A. Després , CEA-FAR - 2)J.Brenot, CEA-FAR
3) H. Maubert , CEA-Cadarache

Summary of project global objectives and achievements

The Association Contract between CEC and CEA has been existing for a long time. During
the last 20 years, the objectives of the work carried out in the framework of this contract
have considerably evolved in relation with the evolution of the problems, knowledges and
radiation protection concepts in the field of nuclear and radiological activities.

1. jectives: evolution rren

Initially, the studies carried out intended to cover all the general problems associated with
the protection of individuals, workers or persons of the public, in any situation involving
radiation exposure.

In course of time, it appeared that some of them were of minor importance compared with
others, especially accidents, waste management and public reactions.

Gradually, the work carried out was focused on these aspects. The period covered by the
present report is characterized by such a transition.

During this period, three main projects were developed : they correspond to successive
steps in the process of assessment and management of an accidental situation.

The purpose of Project 1 (European data base and decision aiding) is first to gather and
organize in an appropriate structure the data that would be necessary, in the case of an
accident, to assess its consequences at the European scale : they concern the environment,
the population and the interface between them. A sub project aims to develop an expert
system (named DACFOOD) in order to help the decision makers in choosing the most
appropriate protective measures concerning foodstuffs for the mitigation of the
consequences of an accident.

The purpose of Project 2 (subjective dimension of the radiological detriment) is to analyze
the subjective dimension of risk perception for nuclear and non nuclear activities in order
to achieve a better understanding of public attitudes and facilitate communication between
experts and the population.

Project 3 (Soils and surfaces rehabilitation after an accident) is based on experimental
studies and aim at providing information on the transfer of radionuclides in the environment
to man (migration in the soil, soil to plant and plant to animal transfer) and on possibilities
to reduce it. Another part of the work is to develop techniques allowing the
decontamination of soils and surfaces after a large nuclear accident.
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2. Summ f the resul
2.1  Project 1

The data base "Eurogrid” is operational but needs to be updated and enlarged. During the
period covered by the present contract the population distribution and other environmental
parameters were updated. The data base now includes Switzerland and contacts have been
taken with Austria.

In addition different feasability studies have been carried out with the aim of introducing
new parameters in the grid, especially :

- --> parameters concerning water resources and their different uses ;

- --> protection factor due to housing characteristics against external exposure and
internal contamination due to inhalation ;

- --> exchanges of agricultural products between the different meshes of the grid.

Concerning the decision aiding system "DACFOOD", the cost-effectivness part of the
software has been achieved and the system has been tested during two emergency exercises.
The interest expressed by decision makers is an encouragement for the improvement of the
system, especially by taking experts judgements into account. A close cooperation has been
maintained with T.N.O. (Netherland) where a similar study has been conducted.

A preliminary study has also been carried out in order to identify those situations where
decisions concerning agricultural productions need to be taken urgently during the early
phase after an accident. Several cases have been selected where a delay in the decision
process could result in very important economical or social consequences.

2.2 Project2
The main tasks achieved during the 1990-1992 period are the following.

A review of public attitudes concerning risk perception has been carried out and presented
at the 39th UNSCEAR session.

An enquiry on risk perception for major hazards has been conducted among safety specialists
from various activities and lay people.

Concerning radioactive waste perception, a national riﬁresentative survey was performed in
1990 and some of the results were presented at the 3™ Conference of the Society for Risk
Analysis in December 1991.

Two papers respectively on perception of hazardous situations by workers and with social
and economica! consequences of major accidents have been prepared. The first one was
presented at the IRPA 8 Conference in Montreal in May 1992 and the second one at a CEC
Seminar held in Athens in May 1990.
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A restricted workshop on the different situation of risk perception in Member States was
organized in November 1990.

23 Project 3

The selection of soils to be studied and the choice of sampling sites in France and in other
countries (Belgium, Germany, Spain and United Kingdom) have been realized and a
demonstration of sampling made in a French site.

A furnace, the "Polyr" furnace, was used for the production of aerosols in order to
contaminate soils an plants. Their solubility was studied in different conditions.
Experiments on selected soils to study the behaviour of radionuclides produced by the
“Polyr" furnace and their transfer to plants and animals were conducted at the Universities
of Gembloux (Belgium) and Piacenza (Italy).

Different techniques which could be implemented for environmental decontamination
environment (mainly soil) after a nuclear accident have been developed.

Two approaches were followed : analytical experiments (for instance the technique of
saving turfing plants by hydro-seeding and removing the vegetal carpet after growth) and in
situ experiments (defoliation tests conducted on forest trees).

2.4  Other studies

In addition to these main projects, three specific studies were carried out within the
framework of the present contract.

- A synthesis of the evaluation of radioactive body burdens by in vivo measurements
carried out in several European populations after the Chernobyl accident. The results
show that ingested activities calculated from measurements performed in the food chain
overestimate the actual body burden by a factor up to one order of magnitude.

The report was published (Report EUR 13054).

- A study on "Comparative genotoxicity for environmental factors” have been carried out
with the genetic system of the Tobacco Xanthi Variety, which allows to assess the
mutagenic potential of various environments. Genetic effects have been observed in
urban and industrial environments. In addition, laboratory experiments have been
conducted for different contaminants such as SO and 222Rn and for gamma irradiation
at relatively low doses.

- An attempt to establish a comparison between carcinogenic risk to man due to chemicals
and radioactivity. Two reports were prepared. The first one aimed at making to state of
know ledge about one of the well documented group of chemical substances (nickel and
its organic compounds). The second one was a review of the experimental studies
carried out on the carcinogenic risk of plutonium compounds.

However, due to the difficulty of such a programme and to the limited means available,
this programme was given up.
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Project 1
Head of project: A. Després

Objectives for the reporting period
Project 1l.a : The European Data Base EUROGRID

works were to be carried out according to three axis :
1 - updating of the data base
2 - methodological research to introduce further parameters
(data on resources and use of water, protection factors due
to housing and living habits, exchanges coefficients for
agricultural productions between meshes)
3 - softwares developments to facilitate the consultation of
the data base

Project 1.b : The decision aiding system DACFOOD
Objectives of the reported period were to test the DACFOOD system
during simulated emergency crisis, to collect the experts
judgements and to develop a method allowing to take into account
these judgements.

Progress achieved including publications

T r n E RID

1 - updating of the data base

Updating of the population files 1is achieved (UK
excepted) on the basis of census performed between 1986 and 1990.
Switzerland has also been included in and contacts are
established with Austrian statistics services. Collect of other
parameters is in progress

2 - methodological research to introduce further parameters

2 - 1 parameters allowing the assessment of exposure by
the water pathway
A feasibility study has been conducted in the Adour bassin (S-W
of France) to estimate water resources and uses (domestic,
agriculture, industry) and to define a methodology allowing the
evaluation of these parameters in the meshes of the european
grid. Modelisation works are achieved. The feasibility to
integrate water parameters in a meshed network is demonstrated
for France, but the availability of data at the European scale is
not proved. In all the cases, generalisation of this work at the
European scale should need an extensive amount of work.

- 2 - 2 protection factors due to housing caracteristics
A distinction 1is made between protection against external
exposure due to the plume or to inhalation, for which housing
characterization is sufficient, and protection against external
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exposure due to deposition for which the knowledge of the
environment (trees, gardens, streets,...) is required. Protection
factors against external exposure due to the plume have been
calculated for four types of housing (individual or collective,
recent or ancient), in 31 french departments. Globally, the
weighted mean for this protection factor varies within a factor
four from a department to another. Concerning the protection
factor against external exposure due to the deposition, the study
conducted with the habitations of Bourg en bresse (France) shows
a variation within a factor 8 according to the environment. For
the inhalation protection factor, the main parameter 1is the
duration of sheltering : for a 24 hours sheltering, the
protection factor varies within a factor 8 accordiing to the air-
tightness of doors and windows.

2 - 3 exchange of agricultural products between meshes

A faisability study has been conducted for one agricultural
product (cereals) and a country (France). Three methods have been
employed, respectively based on :

optimization of transport costs (transport method) ;

the assumption that exchanges between a mesh with deficit
(excedent) is proportional to the excedent (deficit) of the other
meshes (compensation method). This method can be used at regional
or national level ;

. exchanges between meshes are assumed to be proportional to

the exchanges between regions in which they are included
(independence method).
These three methods give significantly different results.
Moreover, all these methods only give mean annual exchange
coefficients. For these reasons, it seems to be difficult to
envisage the extension of this work at the European scale and at
the totality of the agricultural productions.

3 - softwares developments to facilitate the consultation of
the data base
Numerical softwares have been developed, providing tools allowing
an easy consultation of the data base. A graphical software is
also available, but its application is 1limited to the
vizualisation of 1large meshes and its use need first the
acquisition of a graphical software.

. L b: T L L ds ~FOQL

A first attempt of the cost-effectiveness part of the software
being achieved, works have been mainly devoted to the theorical
reflexion on a Truth Maintenance System in which the cost-
effectiveness study will be integrated as a module. Such an
expert system is devoted to deal with rules formulated by
experts, and to try to find a solution acceptable by all the
experts by relaxing some rules and by studying the consequences
of such relaxations.

In its current form, the system have been tested during two
crisis exercices, during which the interest of decision makers
have been proved. These simulations have also show the way to
improve the system.

In parallel, a report have been produced with the objective to
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identify actions to be immediately taken : The classical approach
concerning foodstuffs considers that decision can be delayed for
some days or more. In the reality economical consequences can be
modified in a large extend by decisions that, if immediately
taken, allows to avoid situations difficult to manage.

bli .

S. BONNEFOUS, A. DESPRES

Evolution of the European Data Base

in : Proceedings of the seminar on methods and codes for
assessing the off-site consequences of nuclear accidents, Athens,
7-11 May 1990

S. BONNEFOUS, A. DESPRES

La base de données européennes EUROGRID : Probleémes
méthodologiques et développements récents

8" International Congress of the International Radiation
Protection Association, Montréal, 17-22 May 1992

A. DIAZ, A. DESPRES, D. SOULATGES

DACFOOD : A knowledge-based system for decision support in case
of radiological contamination of foodstuffs

in : Proceedings of the seminar on methods and codes for
assessing the off-site consequences of nuclear accidents, Athens,
7-11 May 1990

A. DESPRES, A. DIAZ, D. SOULATGES

DACFOOD : Un systéme d'aide a la décision en cas de contamination
de la chaine alimentaire

8t International Congress of the International Radiation
Protection Association, Montréal, 17-22 May 1992

D. SOULATGES, A. DESPRES, A.DIAZ

DACFOOD : A Decision Support System in case of Foodstuff
Contamination

Joint International Conference. Operational Research - Management
Science, Helsinki, June 29" -July 15 1992
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Project 2
Head of project: J. Brenot

Objectives for the reporting period

Analysis of public attitudes toward nuclear energy shows the considerable importance of
subjective components. As far as risk is concemed, fear and anxiety are not the only
explicative factors, and both ideology and culture must be taken into account. Within a
comparative approach, are analyzed :
- the subjective dimensions of risk perception for activities, the nuclear one obviously
but also others which are common in the everyday life,
- the difference between risk perceptions of specialists and of lay people which can
explain the difficulty to communicate.
The final goal is to propose methods or at least recommendations for integrating this
subjectivity in risk management and more precisely in risk communication.

Progress achieved including publications

L {in ris} . i

A review on risk perception and attitudes [1] was prepared in 1989 and presented at
the 39th UNSCEAR Session 1990. The text has been discussed during this Session and the two
following ones. It was modified to put a larger focus on radiation. One part of it, devoted to
the risk perception phenomenon, has been exposed at the International Conference on Radiation
Effects and Protection, in Mito Japan, March 18-20, 1992 [2].

2 Ris o0 of speciali X |

This study has been made by interviewing individuals and using pre-defined questions.
The questionnaire addressed the following issues : the opinion on major hazards, the level of
risk and its acceptability (as a willingness to do more for risk reduction) for various activities,
and elicitation of criterias used by people when they manage the risk. 150 safety experts from
various technical domains and a representative sample of lay people in the Bordeaux area (705
individuals) answered. Resuits of the in-depth analysis are given in a technical report [3].
Results are summarized in a paper published in the French review Préventique [4]. Firstly,
experts and lay people rank almost similarly the 19 hazardous activities that were proposed.
l.arge differences appear only for ozone depietion emphasized by the public and for domestic
accidents and transport of dangerous materials emphasized by the experts. Secondly for experts
as for lay people, perceptions of risk between pairs of hazards tend to be positively correlated.
That is, persons concemed about one hazard are more likely to be concemed about other
hazards as well; those unconcerned about one hazard are more likely to be unconcemed about
others. Thirdly, the demand for more safety measures by the public is very high; all activities
are concemed; and higher the perceived risk, higher the demand.

3. Radi . .

This topic, studied some years ago, has been re-analysed with French data issued from
a national representative survey perforimed in June 1990; 1000 persons answered in face to face
interviews. Two sections in the questionnaire were devoted to beliefs about the various types
of wastes, and to psychological and social indicators respectively. Relations between the two
sections have been studied. Some of the results were shown at the 3th Conference of the
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Society for Risk Analysis, Paris, December 1991 [5]. There is a very large majority (more than
80 %) to consider radioactive wastes and chemical wastes as worrying problems regarding to
the environment, and to ask for more safety. Wastes from other industries and household are
far less considered. It is difficult to dissociate the perception of the wastes from the perception
of the industry at the source. Household wastes are perceived differently from the other wastes,
even if there is no difference in acceptability. Psychological factors show no relation with the
perceived risk of wastes, a result which was not expected a prior. Trends since 1977 in the
perception of wastes in France have been compiled [6].

4, rcepti ituati rker

A paper presenting some conclusions of the studies developed in Saclay with nuclear
- workers during the 1980s has been exposed at the IRPA 8 Conference in Montreal, 17-22 May
1992 [7]. It is expected to extend it for submission in Health Physics.

5. j nomi n n f major acciden

At the CEC Seminar on Methods and Codes for Assessing the Off-Site Consequences
of Nuclear Accidents, held in Athens, on May 7-11, 1990, a paper has been presented which
deals with social and economical consequences [8]. More details are given in a report [9).

In the paper, methods for estimating the economic consequences of major technological
accidents, and their corresponding computer codes, are briefly presented with emphasis on the
basic choices. When applied to hypothetic scenarios, those methods give results that are of
interest for risk managers with a decision aiding perspective. Simultaneously the various costs,
and the procedures for their estimation are reviewed for some actual accidents (Three Mile
Island, Chernobyl,..). These actual costs are used in a perspective of litigation and
compensation. From the comparative analysis, some points may be emphasized.

- For large accidents the unit for cost is the billion.

- Costs from scenarios and those observed for actual accidents are of the same order

of magnitude, when side effects are not accounted for.

- Side effects cannot be avoided when there are long term consequences.

- Cost estimates obtained from codes are of good value for emergency planning, and

for short term countermeasures associated with rapid recovery.

- On-site costs are not dominating, as it was often supported.

- Environment recovery is a costly action which does not reduce to decontamination.

- Social activities disruption is more or less compensated in actual accidents.
The last two points that always involve costs and compensations in actual situations are
neglected in codes; even if the task is difficult, it should be useful to introduce them in the
codes in order to achieve better cost assessments.

6. h n ri rcepti hnologi v4

A restricted workshop on the present situation of risk perception in the Community
with respect to technological activities was organized in Paris, November 8-9, 1990.
Participants presented their subjects of interest that were, for some people, the social
representations of hazards, and for others, the improvement of risk communication. The project
of an extended workshop in 1992 on "Risk perception for energy cycles and lessons for
communication” has been proposed.

lication

[1] BRENOT J. The perception of rsks. Note SEGP/LSEES 89/26, October 1989.
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[2] BRENOT J. Perception of radiation nsks. In : Proceedings of the International Conference
on Radiation Effects and Protection, Mito, Japan, March 18-20, 1992.

[3]) BARNY M.H,, BRENOT J., PAGES J.P. Perception des risques majeurs dans la population
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[6] BARNY M.H., BONNEFOUS S., BRENOT J. Données sur les déchets radioactifs.
Evolutions depuis 1977. Note SEGR-LSEES 92/36, Juin 1992,
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Project 3
Head of project: H. Maubert

Objectives for the reporting period

The main topics to be studied were:
1. | experimen

A choice of soils for lysimeter sampling had to be done. A demonstration sampling had to
be performed in Tricastin in June 1991.

The aerosol generator Polyr had to be used for the contamination of plants and animal feed
in collaboration with teams of Piacenza and Mol. The solubility of particles had to be
determined.

2. Analytical experiments

The technique called "Decontaminating Vegetal Network® had to be tested in the laboratory
and in the fields.

The possibility of using organic polymers for radionuclides adsorbtion and further
decontamination had to be investigated.

Experimentations of methods to treat large amounts of organic wastes were to be started.

The soil to plant transfer factors of ruthenium and tellurium had to be measured.

3. In sity experiments

Non lethal defoliation had to be experimented on trees.
Methods to study wet deposition had to be set up.

Progress achieved including publications

1. Global experiments

The sampling sites have been chosen in France (near the NPPs of Tricastin, Belleville,
Cattenom and Flamanville [1]), and in other countries:(Belgium: Mol, Germany: Kfa Julich,
Spain: Barcelona Univ. , United Kingdom: Harwell). The demonstration sampling was done in
Tricastin in June 1991 in presence of EEC partners and representatives of the Commission
[2],[3]). Sampling of Belleville lysimeter was done in May 1992. The lysimeters of other
countries will be sampled during 1992 summer. The collection of data (hydrous potential and
temperature of soils [4]) is going on normally in Tricastin and Belleville. In other countries
some difficulties appeared, although the equipment is the same. Corrective steps have been
taken and it should not impair the creation of the data bank. The lysimeters should enter the
new building [5] in September 1992.

The POLYR [6] furnace was used in order to contaminate plants and soils for the teams of
Piacenza, University of Gembloux and CEN/Mol.

The solubility of the particles produced by POLYR was studied [7]. It was found that

caesium is almost always soluble, but strontium is not. That may explain the discrepancies
between Sr transfer factors found with commercial sources and Polyr aerosols. Ruthenium is
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not soluble. It may be therefore assumed that Ru transfer factors are negligible, which is in
good accordance with post-Chernobyl observations.

2. Analytical experiments

The technique of sowing turfing plants by hydro-seeding and removing the vegetal carpet
{8],[9],(10], after growth in order to decontaminate the soils was tested in field experiments at
a scale of 100 m2 [11]. It was shown that it may be done on irregular surfaces such as
agricultural land. The overall efficiency of the method could nor be accurately assessed
because it is impossible to use radioactive tracers outdoors. Nethertheless a demonstration
experiment of soil scrapping was done during an international seminar in Cadarache, CEI
representatives expressed interest for the method. The machine used is now being tested in
Chernobyl, and that should give soon reliable results.

When sprayed on the ground in aqueous solution, (dilution: 0,7%,; equivalent to 13 g/m2)
the gel film formed by some organic polymers was found efficient to stop resuspension and
prevent runoff [12]. Decontamination may be achieved by brushing off the gel. According to
laboratory tests, for Sr and Cs, decontamination efficiencies vary between 50 and 85%
according to the type of soil.

A bibliographic study was done on the subject of organic waste treatment by processes of
microbial digestion. It showed that it seemed possible to obtain reduction of mass and volume
of solid wastes and to extract the radioactivity under liquid form. Tests have been done in the
laboratory [13], at first with a few hundreds of grams of contaminated organic matter then, at a
few kilograms. As an example, for fresh cress, composting reduces the mass of solid wastes by
a a factor of 10, and the volume by a factor of 50. The leaching of radioactivity varies from 15
to 60 %. Work was also done on the physico-chemical treatment of leachates [14].

The soil to plant transfer factors of 103Ru under dioxide form were measured. As expected,
the values were very low. Even the notion of a transfer factor of such a radionuclide had to be
revised. [15].

The transfer factor from soil to bean leaves for 123mTe were measured. They range from
1E-2 to 1,43E-1 (dw/dw) according to the type of soil [16].

3. jti experimen

Defoliation tests were conducted on forest trees (Oaks, Pine trees, Poplars). Some products
were found very efficient in burning up rapidly the leaves, but they happened to kill the trees
[17]. More tests are under way. The doses have been changed, and new products are being
tested.

Experiments about wet deposition should have been done, but unfortunately it was not

possible to build a satisfactory aerosol generator. We tried to use micronic particles of silver,
but they tend to agglomerate and they could not be dispersed in the atmosphere.
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COMPARATIVE ASSESSMENT AND MANAGEMENT OF THE HEALTH AND
ENVIRONMENTAL IMPACT OF ENERGY SYSTEMS AND STUDIES RELATED
TO THE EXPRESSION OF THE DETRIMENT ASSOCIATED WITH RADIATION

EXPOSURE
Contract Bi7-004 - Sector C13

1) Lochard , CEPN - 2)Wrixon, NRPB - 3) Kemp, Univ. East Anglia
4) Friedrich , Univ. Stuttgart - 5) Anguenot, CEA-FAR

Summary of project global objectives and achievements

With the rising demand for energy and the increased awareness of the importance of
environmental protection, it becomes increasingly necessary to focus not only on the health
impacts of energy systems but also on the link between energy production and the environment.
The initial aim of energy comparison studies was to rank the various electricity production
systems. It is now recognized that this was merely an academic exercise, with a limited impact
in decision-making. If comparisons, and choices, are to be made, it is essential that a consistent
approach is taken. This project has developed in two parts, one dealing with radiological
detriment, and the other comparing the coal system in the German region of Baden-
Wiirtttemberg with the French nuclear cycle in the South-East of France.

A PC-based system for the expression and quantification of radiolocal risk and detriment is
being designed with the possibility of using the new detriment indicators investigated during this
contract, i.e. the YOLL (years of life lost), YOLI (years of life impaired), and the QALY
(quality adjusted life years) so that measures of both fatal and non-fatal cancers as well as
genetc effects can be incorporated. This system is still under development and will help define
the radiological risks of nuclear electricity production, and put them into perspective witht the

risks of other systems.

The second part of the project was concerned with the development of a general framework to
incorporate health and environmental impacts into the decision-making process. This framework
is currently being utilized for a comparative risk assessment between the coal and nuclear fuel
cycles. The methodology was developed after an overview of past comparative studies so that
this work could benefit from previous experience, and outstanding limitations such as the lack
of environmental indicators, could be identified. It is important that this work is not just a
repetition of that performed in the late 1970's, and so the definitdon of a framework ensures that
in future results can be updated without redoing all the work, and additional aspects previously

ignored or presumed irrelevant, can be reated.
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Project 1: Comparative assessment and management of radiological and non-
radiological risks associated with energy systems

Head of project: Dr. Lochard

Objectives for the reporting period

During the 1990-1991 Radiation Protection Programme, the project “"Expression of Radiological
and Non-radiological Detriments in the Comparative Assessment and Management of Risks
Associated with Energy Systems" was initiated to collect the available information, and
develop a coherent methodological framework, to assess and manage the health and
environmental impacts of the nuclear PWR cycle compared with those of the coal cycle. The
team led by Dr. Friedrich, IER, was responsible for the coal fuel cycle and CEPN and
Dr. Anguenot, CEA-IPSN were to conduct the assessment for the nuclear fuel cycle.

Progress achieved including publications

The methodological framework has been developed to allow for direct comparisons between the
coal and nuclear fuel cycles, and allow for the incorporation of the results into decision-making
processes related to risk control. This comparative approach has been finalized based on the
critical review of the studies performed during the 1980's.

The framework includes the classical dimensions used in the past comparative studies of health
impacts on the public and workers under normal and accidental operations. Direct impacts on
the environment are also considered for normal and accidental operations. The impacts are
assessed in the framework of time and space dimensions. For each step of a fuel cycle a matrix
of time and space is constructed. The assessment of the risks applicable for each cell of the
matrix is conducted. The transfer of the releases through the environment and ultimately to the
public is accomplished by impact pathway analysis specific to the reference environment and the

composition and type of release.

Environmental indicators will be the resulting environmental (including agricultural and
recreational use) damage from air and water pollution, as well as an increase in contamination

levels (especially for nuclear). The different pathways between nuclear and coal have been
harmonized in terms of the start-point and end-point of the pathway, common indicators
describing detriment, and consistent timescales .

The health impacts for the public and workers will be reported using indicators of : mortality,
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morbidity, genetic effects, years of life lost, working days lost and occupational injuries. At
this time, direct companisons between the two fuel cycles can be made using the indicators of
deaths or worker-days-lost. New indicators have also been proposed to describe permanent
disabilides.

In addition to the survey of past studies and development of general framework, CEPN
conducted the risk assessment for the construction and decommissioning of a nuclear power
plant, mansportation between different steps in the cycle, waste disposal and major reactor

accidents.

The methodology developed will also be transfered to DGXII EC/US External costs of Fuel
Cycles Project. The results of the assessment conducted under the External Costs Project will

be integrated into this comparative assessment.

References

[1] LOCHARD J. Member of International Expert Group 3. Comparative
Environmental and Health Effects of Different Energy Systems for Electricity
Generation. Key Issues Paper No.3. Senior Expert Symposium on Electricity and
the Environment, Helsinki, Finland, 13-17 May 1991.

{21 ROSTRON W., SCHNEIDER T., THEIME M., DREICER M. Comparative
Assessment and Management of the Health and Environmental Impacts of
Energy Systems. The general framework and preliminary results for the nuclear
fuel cycle. CEPN Report No.203. April 1992.

{3) DREICER, M. Comparision of the Nuclear and Coal Fuel Cycles. Summary of
the Prelimiary Results. CEPN Nte/92/023 15 June 1992.
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Projects 1-2: Expression of the detriment associated with radiation exposure
Heads of project: Dr. Lochard, Dr. Wrixon

Objectives for the reporting period

The quantification of attributes of radiation detriment for the purposes of dose limitation has
been a subject of increasing focus in radiological protection. However, the topic is complex, and
therefore as an aid to decision-making NRPB and CEPN are jointly developing a global
computer tool, ASQRAD, that allows rationalization of the health effects and detriment data. In
particular, NRPB is charged with the interpretation, quantification, and application of individual
and aggregated measures of deaiment for inclusion in the code. CEPN is charged with the
review of health effects models and the problem associated with the transportation of data
across the population. As the first part of a programme of work of at least four years, the main
aim during this contract period was to fully plan the structure of ASQRAD, in order that there
then be a framework within which the other projects can be developed.

Progress achieved including publications

During the reporting period, ICRP produced a revised set of recommendations in publication
60. This saw the Commission make more extensive use of quantitative measures of deariment to
support their advice than had hitherto been seen. In particular, ICRP defined ‘effective dose’ as
an aggregated measure of detriment; and various attributes were calculated, and judgements
made on their importance, to assess the consequences of continued or cumulative exposure in

order to recommend dose limits.

In spite of this, it is clear that there is no widely agreed methodology for determining how
radiation detriment should be assessed with respect to the development of protection standards:
it is a subject that remains in its infancy. It is equally clear that similar calculations of demriment
sometimes not easily distinguished, they being a function of (for examples) the risk projection
model used, the manner in which risk coefficients are transferred across populations,
demographic assumptions about the exposed population, as well as the actual attribute of
detriment under consideration.

A key step and the primary focus of this contract, was to develop a comprehensive tool
-ASQRAD (Assessment System for the Quantification of RAdiation Detriment)- that allows a
rationalisation of all these data, which will provide a common framework for developing the
application of radiation demiment, and will act as a structure for analysing those aspects of
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detriment that require social judgements.

Experience has shown that unless systems such as ASQRAD are fully planned prior to the
commencement of coding, the program may be generated in a piecemeal fashion, becoming both
inefficient and incomplete. For this reason, the development of ASQRAD has followed three

distinct phases:

(i) Planning paper. This was prepared to give an overview of the range of models,
calculations, end-points, and output required for the code; as well as the features that the various
users would expect in the system. In panicular, this noted all the data requirements, and the
connections between these, highlighting those areas where work would be necessary in order to
establish full data sets. This planning paper was completed in early 1991, and has formed the
basis of all the subsequent work.

(ii) Development and application of the database. The development of the database is
part of the ongoing programme of work, and has contributed towards the detailed planning of
the software, particularly in relation to the health effects models. There are two components to
the development of a rationalised set of health effects models. The first of these requires a clear
elucidation of the individual sets of data and assumptions used: for example, for a given organ,
the derivation of the risk coefficients, the form of the projection model, and the demographic
details employed, are all important.

The second relates to the calculations themselves - the application of the risk projection models.
A comparison study was performed using the present limited NRPB and CEPN codes (SPIDER
and CORADE) to identify any differences in the assumptions and methods employed. The
differences that arose were then traced back to the source, and a decision was made on whether
to discard one of the approaches, or develop an alternative course of action specific to
ASQRAD. For instance, the way in which survival probability of the over-85 age group is
modelled differed, but is very important.

In conjunction with this, the basic calculations were being coded using the APL language. These
calculations were designed to draw on a range of models and population details, and at present
the database contains five models, and seven populations. These will be expanded.

(iii) Detailed planning and preliminary coding. During July 1991, a member of NRPB
staff was seconded to CEPN to collaborate on this phase of the work. This was fruitful with a
clearly defined structure for the remainder (the bulk) of the code, in the form of detailed flow-

charts, being prepared during this time.

The basic calculations mentioned above under point (ii), were linked by an initial set of menus,
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thus providing a framework around which the rest of the code, the graphics, and the library and
help facilities can be built. This was designated ASQRAD 0.1; subsequently replaced by
ASQRAD 0.2 towards the end of 1991.

ASQRAD 0.2 is a preliminary code linked by an elementary set of menus. Using the flow-

charts, the rest of the system needs to be constructed around this, and work has commenced on

this. It will, however, be the most exacting phase of the work for full help and library facilities

directly accessible from within the software are required to be developed in concert with the

code. The work in the next two years of the contract relates to the completion of this phase.

During this ime guidance on the quantficadon of detriment will also be developed.

Publications

1.

ASQRAD, a PC-based System for the Quantification of Radiological
Detriment. Planning paper - May 1991.

SCHNEIDER T. and ROBB JD., ASQRAD: a tool for the evaluation of
radiation detriment. IN: Occupational Radiation Protection Proceedings of the BNES
International Conference, Guemsey, May 1991. BNES, London (1991) pp 57-62.

STOKELL PJ, SCHNEIDER T, ROBB JD and BACHELOT R. Evaluation of
Radiation Detriment: ASQRAD. Progress report, November 1991,

ROBB JD, STOKELL PJ, SCHNEIDER T and DEGRANGE J-P. ASQRAD: a
computer code for the quantification of radiation detriment. IN:IRPAS -
Worldwide Achievement in Public and Occupatonal Health Protection against Radiatdon,
Montreal (1992) pp 1077-1080.

WEBB GAM and ROBB JD. Quantification of radiation detriment. IN: IRPAS -

Worldwide Achievement in Public and Occupational Health Protection against Radiadon,
Monueal (1992) pp 1226-1229.
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Project 3
Head of project: Dr. Ray Kemp

Objectives for the reporting period

The UEA Environmental Risk Assessment Unit's contribution to the radiological part of the
project has been related to investigations of the application of the Quality Adjusted Life-Year
(QALY) measure for radiological protection. This has involved four related areas of work:

a)  an extensive review of the QALY literature in order to advise on the advantages and
disadvantages of QALY measures for this field;

b) an investigation of weighting procedures to adjust the QALY value according to (i) the
source, and (ii) the consequences of effects of exposure to radiation;

¢) calculating the costof a QALY.

In all of these areas, the UEA teamn has liaised with the NRPB and other project members
throughout, thereby contributing to the direction and progress of the overall research
programme.

Progress achieved including publications

The results can be summarised as follows:
1. Review of the usefulness of the QALY approach

In general, the concept of the QALY is a good one for radiation protection.

However, QALY methods attempt to be too precise in assigning values to health states and a
broader classification system may be beneficial for the radiation protection field than is more
generally found in the literature.

Problems arise particularly with respect to discounting. We recommend the employment of a 0%
discount rate. Viewing the problem from a social time preference perspective, evidence from our
pre-pilot study of individual preferences appears to show that subjects agree with the
proposition that all generations should be valued equally. On the other hand, taking a theoretical
position that human health and human value are distinct from capital and goods in the market
place, we would also argue that discounting procedures should not be employed. While there is
some irony in that this is in essence what the QALY approach attempts to do, i.e. to enable
market values to be placed on health care, we recognise that strong ethical objections do exist
and so favour a 0% discount rate for the purposes of calculation.
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2. Weigthing pr I rdin n ff fex I

2.1  Weighting according to source

There are undeniably soong arguments both for and against differentiating between thc; sources
of radiation in such studies. Nevertheless, we have examined available procedures for
determining public weights which might be assigned to different sources of radiation. We
recommend that should further work be required, a Robens Insttute, University of Surrey,
would be appropriate. That study examined public weighting of preferences for alternative
radioactive waste disposal routes; discussions have been held with one of the authors and with
the NRPB, and it does appear to be a viable methodology. Project resources do not allow this
work to be taken forward at this stage.

2.2 Weighting according to effects

A methodology has been developed and a pre-pilot study of individual preferences has been
undertaken at UEA. The methodology is complex and initial results seem to show that it may
prove to be impossible to draw meaningful conclusions from a wider study other than with
respect to one important variable: namely, that subjects appear to prefer to weight all generations
equally. If this is assumed to be the case, then the problem of the appropriate discount rate to be
applied to the QALY is resolved (see above), but outstanding difficulties arise with respect to:
balancing probabilites of detriment against the Years of Life Lost (YOLL), the Years of Life
Impaired (YOLI), and the level (%) of impairment.

3. Costof a QALY

Two approaches to costing a QALY are available. The first is to take the cost of treatment of
radiation induced illnesses. These will vary widely; they will change with technological
developments and advances in medical treatment; they are difficult to both quantify and to

predict.

The second approach is to take a consensus estimate for the Value of Life (VOL), and then
calculate the Value of a Life-Year (YOLY). Then, if we assume that one year spent in perfect
health is one QALY, substitute with an estimate for a VOLY in perfect health.

An extensive literature review of relevant VOL estimates has been undertaken and the figures re-
calculated from base values to £ 1990.
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The median value for VOL is £1,590,498 (£ 1990).

The VOLY is £1.59m/39 = £40,782 (£ 1990).

This, assuming a risk factor of 5% per Sv, and an average YOLL value for all cancers of 16
years, results in a revised value for a manSv of £32,626 (£ 1990).

Publicati

IVES D., THIEME M. and KEMP R.

The value of the quality adjusted life year.

Proceedings of the Third SRA Conference - Risk Analysis: underlying rationales, Dec. 1991 (to
be published).
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Project 4
Head of project: Dr. Fiedrich

Objectives for the reporting period

As the work of the first phase of the project was mainly focused on the comparison of
occupational health risks from the nuclear and the coal fuel cycle, the objective of the current
reporting period was to establish a methodological framework for the risk assessment from
air pollution that could be applied on both fuel cycles in a consistent way. While there exist
well established guidelines for risk assessment in the field of radiation protection, appropriate
air transport models and human health models had to be identified to analyze potential health
effects from air pollutants emitted from a coal fired power plant. The selected models should
be applied to the real conditions of the German reference environment to quantify health
effects from power plant operation.

Based on the economic valuation methods worked out during the first reporting period, a first
monetization of impacts had to be carried out to demonstrate the integration of the
economical dimension of external effects into the risk assessment analysis.

Progress achieved including publications

The analysis of occupational health risks from the coal fuel cycle was revised and
harmonized with the work of the French team. The main source of occupational health risks
is underground mining. Based on occupational health statistics, occupational health impacts
are estimated with a relative high degree of reliability.

In contrast to radiation protection, there do not exist established guidelines for the
quantification of health and environmental risks resulting from the electricity production from
fossil energy sources. The present study tried to establish a producer related approach in
which the pathway of a burden/pollutant is described in a detailed way from the origin to the
impact on a receptor, in order to assign all resulting impacts to the respective activities. Such
a chain of causal relationships is called an impact pathway. An impact pathway describes all
processes and mechanisms from the origin of a pollutant or a burden to the resulting physical
impacts on a receptor. Based on the quaantification of physical impacts, the resulting socio-
economic impacts should be quantified and described as monetary values.

Analysis of the "Air pollution - human health" impact pathway

The risk assessment analysis was carried out according to the levels of the impact pathway.
First, a reference power plant was characterized. As it was not possible to use technical data
of an existing power plaat because of data protection reasons, it was decided to select a site
that was identified in a power plant - site planning for Baden-Wiirttemberg from 1976.
Technical parameters of a modern German power plant with coal dust firing are used.
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Health effects within the general public due to electricity production from coal are mainly
caused by the air pollutants sulphur dioxide, nitrogen dioxide, ozone and particulates, which
affect the respiratory system of human beings. A description of possible effects is provided
in the main report.

The Industrial Source Complex Model (ISC) of the US-EPA was identified as an appropriate
model to calculate air transport of SO,, NOy and particulates. The ISC Model is a strait line
Gaussian plume model that produces a two dimensional field of ambient air concentration
and dry deposition. The ISC Model was implemented on a PC and transport calculations
were carried out for SO, NOy and particulate emissions of the reference power plant.

The Urban Airshed Model (UAM), a three dimensional Eulerian numerical grid model of the
US-EPA, is an appropriate model for the calculation of air transport and chemical conversion
of secondary pollutants like ozone. The implementation of the rather complex UAM was not
possible within the time scope of the project.

A literature review led to the compilation of human health models describing possible health
effects resulting from the exposure to air poliutants. As there are no commonly accepted
dose-response functions available for any of the pollutants of concemn, threshold values
published as air quality guidelines by national and international organizations were used to
identify regions were possible health effects might appear. A quantification of effects is not
possible without an explicit dose-response function.

Comparing the background concentration of air pollutants within the reference region and the
increment of SO,, NOy and particulates, threshold values are not exceeded neither for long
lerm exposure (annual mean values) nor for short term exposure (24 hours mean value), so
that no adverse effects are expected to occur. However, there are some dose-response
rclationships published that suggest a linear function without threshold values. Such functions
do not represent a scientific consent. Because of time reasons it was not possible to integrate
them in the present analysis, but such functions should absolutely be considered in a future
analysis.

In a first attempt to integrate the concept of external costs into a risk assessment study,
monetary values for occupational risks were calculated based on the Value of a Statistical
Life (VSL).

In order to give a more general view on health and environmental risks associated with the

electricity production from coal, the most important environmental impacts of the coal fuel
cycle were described.
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Publications

As the current work is co-financed by the JOULE I Programme of the EC, DG XII (EC/US
Project "External Costs of Fuel Cycles"), results will also be used and published within the
external costs project.

R. Friedrich, W. Krewitt, B. Staiger: Die Quantifizierung externer Effekte und deren Grenzen
am Beispiel der Stromerzeugung aus Kohle, VDI Berichte 927, Diisseldorf 1991

W. Krewitt, R. Friedrich: Human health effects of coal energy technology, in:Format and
structure of a database on health and environmental impacts of different energy systems for
electricity generation, IAEA-TECDOC-645, Vienna, April 1992

W. Krewitt, R. Friedrich: 4 Methodology for Quantification of Human Health Effects due to
Electricity Production from Coal, in: Methods for comparative risk assessment of different
energy sources, Proceedings of a specialists meeting organized by IAEA in Studsvik,
Sweden, August 1991, Vienna 1992
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Project 5

Head of project: Dr. Anguenot

Objectives for the reporting period

Inventory of French nuclear units: description and releases data of the PWR system (mining and

milling, ransformation of uranium concentrates, uranium enrichment, production of nuclear fuel
and assemblies, electricity producton and reprocessing of spent fuel). Study of the risks for the
public by assessment of atmospheric and food chain transfers and of the risks for the workers.

Progress achieved including publications

For the risk assessment of the nuclear fuel cycle, a system representative for the south-eastern
region of France was chosen. The following reference technologies have been chosen for each

stage in the fuel cycle.

STAGE REFERENCE TECHNOLOGY

1)  mining and milling French mines (Vendée, La Crouzille,
Hérault)

2) wansformation (yellowcake--> UF4)  Comurhex at Malvési

3) conversion (UF4 --> UF6) Comurhex at Pierrelatte

4) enrichment Eurodif at Pierrelatte

5) fuel fabrication Romans and Pierrelatte

6) electricity production Tricastin PWR

7) reprocessing Cogema at La Hague

8) condidonning and storage Cogema at La Hague

9) waste disposal Aube surface disposal,
Auriat hypothetcal granite deep
disposal site

10) transportation Road and rail
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1. Risks for the public

Exposure of the general public is calculated from the concentrations of the various pollutants in
the environment. Atmospheric concentrations are obtained by using a mode! for atmospheric
dispersion and applying it to various source-terms, taking weather conditions into ‘account.
Concentrations in other sectors of the environment are also evaluated using models and wansfer
parameters, appropriately chosen according to the medium involved. Other quantities are needed
too, such as the activity of the pollutant inhaled or ingested, or the quality factors indicating the
relative biological effectiveness of a substance.

In order to compare the different steps of the uranium cycle, we must be free from the "site
effect” such as: weather conditions, distribution of population around the site... For that reason,
we have chosen a single site where we have located the different plants with their own
characteristics. In this study we selected the site of Pierrelatte locaed in the Rhone Valley,
because a certain number of nuclear industries are really running on this site.

For the evaluation of the radiological risk, we consider the case of an imaginary group of the
population subjected to the sum of all the maximum levels of exposure around the site of
Pierrelatte, evaluated for each of the pollutants. Although imaginary, it has the advantage of
indicating an upper limit for the harm that may be done, but does not yield as realistic a

comparison as desirable.

The exposures to which the general public are subjected have been assessed at two distances
from the emission points: 17 km (100,000 people) and 85 km (about 1 million). The excess
mortality and the percentage of nonfatal cancers have been calculated according to the

relationship proposed by the new ICRP 60.

2. Risks for the working population

The effects on the health for workers have been estimated by theoretical calculations based on
the exposures experienced. They have also been obtained by examining the declarations of
occupational diseases recognized by Social Security, although such a recognition is based on the
assumption of an occupational origin and not on the certainty of it. Accidents at work have also
been added as another form of health hazard for workers.

lication

AIGUEPERSE J., ANGUENOT F., HARDY 8S.: French Uranium Fuel Cycle - Assessment of
Public and Occupational Risks during Normal Operaton, May 1992, [IPSN/DPHD.
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QUANTIFICATION OF RADIATION RISKS, OPTIMISATION OF PROCEDURES
AND ANALYSIS OF OCCUPATIONAL EXPOSURE

Contract Bi6-111 - Sector C14

1) Jacobi , GSF Neuherberg

Summary of project global objectives and achievements

Objectives of the report have been a detailed analysis of the of the S-cohort of Czech uranium
miners for the improvement of the risk estimates following radon inhalation.

Progress achieved including publications

A detailed analysis of the S-cohort of Czekoslovak uranium miners has been performed in
collaboration with the Institute for Hygiene and Epidemiology in Prag.

First step in the analysis has been a comprehensive description of the data with a graphical
representation of their various aspects. This has indicated a marked non-linearity of the excess
rates with cumulated exposure as well as a decrease of the excess relative rate with age
attained.

Second step has been the analysis of the data in terms of the isotomic regression. The rates for
lung cancer have been estimated non parametrically under the assumption of monotonicity in
cumulated exposure (lagged by S years) and age attained (up to 80 years). The isotonic rates
are used to indicate the general character of the dependencies, i.e. they are used as a basis to
select relationships in the last, parametric step of the analysis.

The parametric analysis is performed with a relative risk model which follows the model
recommended by the BEIR IV Committee in its joint analysis of the major Western cohorts
of uranium miners.

The results of the analysis are not in complete agreement with the conclusions of the BEIR TV
Committee. An important characteristic of the Czekoslovak dfata is the non-linearity of the
rates in their dependency on cumulated exposures. The non-linearity is particularly marked at
low exposures. The reason is uncertain. It would be related to confounding factors for which
information is missing such as individual smoking habits or indoor additional exposures.

To account for the influence of time since exposure, the age at median exposure, i.e. the age
at which a miner reaches 50 % of his total cumulated exposure has been used as reference.
This is used as an alternative to the BEIR IV Committee's method which is not practicable
under the non-linearity in cumulated exposure.

A comparison of the influence of age attained and time since median exposure led to the
result that both variables have a significant influence on the excess rate of lung cancer, i.e. the
relative excess rate decreases with increasing age attained or with increasing median
exposure. In spite of the correlation between the two varables their influence can be detected.
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The following expression for the rate of lung cancer was found to fit the data best in the sense
of maxi,i, likelihood (with C the cumulated exposure in Working Level Month (WLM) and
age attained or age at median exposure in ycars)

r(a,Ce,)=r(a)1+4.1C°e™00%) W
t=o0 ifa-¢,-lo<0
t=a-c,-lo ifa-c, -lo>0

r, (a) are the age specific spontaneous rates, which are here those of the male Czekoslovak
population during the years 1960 - 1985. In this expression the decrease in time since median
cxposure becomes cffective only if more than 10 years have passed since half of the exposure
was received.

Another peculiarity of the data is the apparcnt increase of the risk with prolonged exposures,
i.e. for the same cumulated exposure longer period of cumulation increase the risk. The
inclusion of the duration of exposure, T,again with an exponential term in the rates leads to
the following modification if Eq(1)

r(a,C,emT) — ro(a)(l +4‘4Cue—o.05a—o.05:-o.oer) @

Tisin years.
Again it can not be excluded that this observation may be due to uaravelled confounding
factors.

Publications relevant to this field of work:
Sevc ], Tomasek L., Kunz E., Placek V., Chmelevsky D., Barclay D., Kellerer A.M.:

A survey of the Czechoslovak follow-up of lung cancer mortality in uranium miners.
Accept. for publication to Health Physics (1992).
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STATISTICAL METHODS FOR THE ANALYSIS OF GEOGRAPHICAL
CORRELATIONS, APPLICATION TO THE ANALYSIS OF THE CORRELATION
BETWEEN POPULATION RADIATION EXPOSURE AND CANCER
MORTALITY

Contract Bi6-126 - Sector Cl14
1) Hémon , INSERM

Summary of project global objectives and achievements

The research that was carried out during 1990-1991-1992 in this project is the last part of a
comprehensive project which started in 1985.

This research project had a double purpose : first to investigate statistical methods suited to the
analysis of models of association between spatially defined variables, then to apply these methods to
the study in France of the joint variations of risks factors such as low dose radiation or industrial
polludon together with some health indicators such as montality for cancer of specific sites.

In the first part of the contract, emphasis was placed on the development of parametric tests of
association between geographically defined variables. In particular, modified tests of simple and
partial correlations for spatially autocorrelated variables were designed and their performance was
investigated. Moreover multiple regressions, involving a spatial parmetrisadon of the errors, were
implemented.

All the tests developed in the first part of the contract were based on an underlying assumption
of normality of the variables. This assumption can be quite restrictive in many contexts. In the last
part of the contract (1990-1992) which is the object of our report ,attention was turned towards non
parametric tests. Modifications of tests of association based on ranks were studied for spatially
autocorrelated variables, as well as the designs of tests based on permutations.

During the course of the project, a geographical data file containing mortality rates for
different cancer site, same socio-economic indicators, and some indicators of population exposure to
low dose radiation, was compiled. Based on this file, we report the results from an analysis of the
geographical associaton between the cancer mortality rates for some radio-sensitive sites in relation to
background radiation and consumption of radiodiagnostic examinations.
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Project 1
Head of project: Dr. Hémon

Objectives for the reporting period

+ study the robusmess of the modified tests of association previously developed to departure from
normality assumptons

» define non paramerric tests of association between spatially distributed variables

« analyse the geographical association in France between the mortality rates for some radio- sensitive
sites (lung, breast, thyroid, leukemia) and indicators of population exposure to low doses radiations
(background radiations, consumption of radiodiagnostic examinations), taking into account
appropriate geographical confounders.

Progress achieved including publications

We first sumrmarize the progress achieved in statistical methodology.
The development of parametric tests of association between spatially distributed variables was
complemented by a study of non parametric methods.

L. Non parametric tests of association

As a preliminary step, the robustness of the modified tests of the correlation coefficient to
some parterns of departure from normality was investigated.

1.1 Performance of the modified ty;_, test for non gaussian variables

The development of modified t§)-; tests for simple or pardal correlation between spatally
distributed variables has been previously reported (1,2). The construction of these tests as well as the
study of their performance was done under Gaussian hypotheses. The performance of the modified
tM.2 test was subsequently investigated when the normality of the underlying variables was
perturbed. Three types of perturbations were considered : (a) muncated Gaussian variables, (b)
lognormal variables, (c) mixture of Gaussian variables. The ty}.2 test was shown to be quite robust
for these patterns of departure from normality in terms of its significance level, with a tendency to be
over-conservative in cases of high autocorrelations (3). Alternadve non parametric tests would
therefore be of interest.

1.2 Modification of Spearman's rank correlation test for large samples

A classical non-parametric measure of association between two variables is Spearman’s rank
correlation rs which evaluates a correladon coefficient between the ranks of the two variables. When
N is reasonably large (N230), r; is tested using the transformed variables,

(N-2)m rs/(l-rsz)m, which follows approximately t-distribution with N-2 d.f. When X and Y are
measured at N sites of a spatial domain and are positively spatially autocorreiated, this procedure is
no longer correct as it leads to inflated significance levels. Similarly to the case of the empirical
correlation coefficient, a modified rark correlation test can be defined, based on an effective sample
size IC1 (instead of N) which takes into account the spatial autocorrelation of each variables. 101 is

estimated as for the modified tp).7 statistic defined in (1). A simulaton study showed that the
observed rype I errors of the modified rg test are very close to their nominal level.
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1.3 Tests of association based on permutations

Monte Carlo tests can be defined which rank an observed stadstic t among a set of statistics
simulated under the null hypothesis, defining in this way a Monte Carlo significance level for the
staustic t. In the case of spaually autocorrelated variables X and Y, using all the permutations of the
values of X or Y without restrictions to simulate the set of statstcs, lead to over significant Monte
Carlo tests, as could be expected since the spaual structure of X and Y is destroyed.

To overcome this problem, only those permutations leading to realisations of X or Y which
preserve in some way the internal autocorrelation structure should be retained.

We chose to define this restricied subset of permutations on the basis of a distance criteria
between the autocorrelatons of the permuted realisaton of X and that of the original realisation. We
found that permutadon tests constructed in this way had correct significance levels except in the more
strongly autocorrelated cases.

Hence our study showed that permutation tests for spatial association can be defined for
irregular spatial networks. This class of method needs to be studied further with other spatial
networks and autocorrelation structures.

2 G hical analysis of " for radi itive si

2.1 Data file

» The data file contains informations recorded at the geographical level of the French "départements”.

» The cancer sites chosen were those known to be radio-sensitive. They include lung, thyroid, breast
cancer and leukemia. Age standardised mortality rates were computed for 3 periods : 1968-1969,
1974-75-76 and 1984-85-86, which are close to census dates.

+ Mean gamma radiatdon was measured indoors and outdoors in 50 French départements (Tirmarche
et al, Radiation Protection Dosimetry, 24 : 479-482, 1988). For a smaller group of départements (42)
mean radon level, an exposure which could be linked to lung cancer is also available.

+ The total number of radiological examinations per inhabitant which are reimbursed by the "Securité
Sociale” or used by hospitals was available at the level of the départements only in 1989, This
variable will be used as an indicator of differendal geographical distribution of radiodiagnostc
examinations before 1989 since this consumpton has been shown to increase somewhat in parallel in
the different French regions since 1975.

+ In view of important known risk factors for some cancer sites, adjustment variables will be taken
into account. Specifically male lung cancer monality rates will be adjusted on cigarettes sales per
inhabitant and percentage of blue collar workers, female lung cancer morality rates will only be
adjusted on cigarette sales per inhabitant and finally breast cancer rates will be adjusted on the
proportion of urban communes per départements as an indicator of socio-economic level of the
département.

2.2 Mecthod

* Association with consumption of radiodiagnostic examinations. Modified t)}.2, tests of simple or
partial correlaton between cancer mortality rates in 90 departments for the period 1984-85-86 and
consumption of radiodiagnostic examinations in 1989 were calculated, using a 15 distance strata

* Association with background exposure : Modified tf).; test of simple or partal correladon berween
cancer mortality rates and background radiation exposure were calculated for the 3 periods. In view
of the moderate number of areas only four strata (<150, 150-300, 300-450, >450 kms) were chosen

for calculanon of the effecdve sample size fX. It was checked that this particular choice of strata had
litile influence on the results.
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+ Finally significant associatons with background radiadons were also adjusted by consumption of
radiodiagnostic examinadons.

23 Results

2.3.1 Radiodiagnostic examinations

+ Before any adjustment on possible confounders, there is some evidence of association between
lung cancer rates (male and female) and consumptions of radiodiagnostic examinations (Table 1).
There is a high correladon berween the geographical distribution of cigarette consumption and that of
radiodiagnostc examinations, (r= 0.56), making it difficult to separate out their respective effects. As
a result, male lung cancer rates are no more significantly associated with radiodiagnostic
examinations, once confounding factors (including in particular cigarette sales) have been taken into
account. Some degree of association between radiodiagnostic examinations and female lung cancer
remains after adjustment on confounding factors. No direct association was found with either
leukemia or thyroid cancer (male or female). The significant simple correlatdon with breast cancer is
entrely explained by the adjusunent on socio-demographic factors.

2.3.2  Background radiations

+» There is weak evidence of a link between lung cancer mortality and gamma radiation exposure for
the period 1968-1969 (Table 2) with similar correlations coefficients for men and women, indoor or
outdoor exposure. For the other 2 time periods, there is no evidence of any pattern and the
correladons are non significant contrary to what would be expected if the 1968 correlations reflected a
direct link. No geographical association was found between lung cancer rates and radon exposure.

» No positive associatdon was found between gamma radiaton exposure and either breast cancer or
leukemia for any of the 3 periods analysed.

» There is some evidence of geographical association between female thyroid cancer rates and gamma
radiation (Table 3). Simple correlation coefficients are broadly similar for the 3 periods even though

the modified t§).; statstc is only statstically significant for the first and third period. Some evidence
of positive association is maintained after adjustment on a gradieat of distance to sea, a covariate
which is significantly linked to fernale thyroid cancer for the periods 1968 and in 1984. In 1984-86,
adjustment on consumption of radiodiagnostic examinations further weakens the link. No
geographical association was found for male thyroid cancer.

24 Discussion

Some evidence of positive geographical association between female lung cancer and
consumption of radiodiagnostic examinations have emerged. For female lung cancer, in contrast with
male lung cancer, this link is not explained by a geographical indicator of cigarette consumpton. It is
interesting to note that in a previous geographical analysis concerning the regional level and only
mortality up to 1975 (Euratom contract B10 F 515 82 F) the same correlation between
radiodiagnostc consumption and female lung cancer had been found. Thus this geographical link is
stable in time.

Concerning background radiations,the only positive result to have emerged from our
geographical analysis 1s that of a possible link of gamma radiation with thyroid cancer in females, link
which is weakened in 1984 by the adjustment on consumption of radiodiagnostic examinations. For
this site, mortality represents only a small fraction of the incident cases and hence the analysis would
have been considerably more powerful if geographical incidence data were available. Thyroid cancer
mortality is approximately twice as high in women than in men which could explain the negatve
finding for men. Further analyses at a more detailed geographical level would be interesting as the
averaging of the exposure over a whole département produces certainly some ecological bias (4)
which could explain the negatve findings for the other mortality sites. For rare cancer sites such as
thyroid cancer or leukemia, an analysis which takes into account the fluctuations of the observed
mortality counts around their mean is also warranted.
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Table |

Modified tests of correlation between lung and breast cancer consumpdon of radiodiagnostic

exarmnations.

lung cancer

male r .2 &\A-Z p fernale |r M2 ﬁi-2 p

(a) 0.25 2.06 65 0.04 (a) 0.41 3.25 53 0.002
(b) -0.13 -1.24 87 NS (b) 0.18 1.82 99 0.07
(c) 0.02 0.22 91 NS

breast cancer

(a) 0.24 1.99 64 0.05

(d) -0.12 -1.15 85 NS

(a) simple correladon coefficient.
(b) parual correladon coefficient after adjustment on cigarette sales per inhabitant.

(c) parual correlation coefficient after adjustment on cigarette sales per inhabitant and proportdon of
blue collar workers.
(d) parual correlation coefficient after adjustment on the propordon of urban communes.

Table 2

Moditied tests of correlations between lung cancer mortality and mean gamma radiatdon exposure.

lung cancer Indoor Outdoor
(male)+ r ™2 101-2 p r tM2 M-2 p
1968-69 029 237 62 0.02 | 0.22 1.75 60 0.09
1974-75-76 0.02 0.17 49 NS | -0.06 -0.46 49 NS
1984-85-86 -0.16  -1.14 48 NS |-0.19 -1.33 48 NS

+ after adjustment on cigarette sales per inhabitant and proporton of blue collar workers.

lung cancer Indoor Outdoor

(female)++ r N2 {12 p r .2 IO(-Z p
1963-69 0.24 1.56 39 0.13 | 0.25 1.60 40 0.12
1974-75-76 0.07 0.51 59 NS 0.11 0.87 58 NS
1984-85-86 0.00 0.00 47 NS 0.02 0.14 47 NS

++ after adjusmment on cigarette sales per inhabitant
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Table 3

Modified tests of correlation between thyroid cancer mortality (female) and mean gamma radiation
exposure

thyroid cancer indoor Outdoor
Fernale T 2 K2 P ' 2 M2 P

1968-69 (a) 0.26 1.74 42 0.09 ] 052 220 42 0.03
(b) 0.22 1.53 45 0.13 | 0.28 1.94 44 0.06

1974-75-76 (@ 022 1.59 48 0.12 | 0.22 1.53 47 0.13
(b) 0.21 1.48 49 0.15 | 020 1.41 49 0.16

1984-85-86 (@ 0.18 1.73 85 0.09 | 0.20 1.93 85 0.06
(b) 0.14 1.55 111 0.12 { 0.16 1.66 107 0.1
() 0.12 1.18 96 NS | 0.13 1.32 94 NS

(a) simple correlation coefficient

(b) partial correlation coefficient after adjustment on distance to sea

(c) partial correlation coefficient after adjustment on distance to sea and consumption of
radiodiagnostic examinations.

lication;

(1) P. Clifford, S. Richardson, D. Hémon. Assessing the significance of the correlation between two
spatial processes. Biometrics, 45 (1) 123-134 (1989).

(2) S. Richardson. A method for testing the signifiance of geographical correlations with application
to industrial lung cancer in France. Statstics in Medicine, 9, 515-528, (1990).

(3) S.T. Richardson. Some remarks on the testing of association between spadal processesSyracuse
Symposium on Spatial Statsdcs, April 1989,to be published in the Institute of Mathematcal
Geography monograph series, under he dtle of Spadal Statstics : Past, Present, and Future.

(4) S. Richardson .Statistical methods for geographical correlation studies to be publishes (chapter
16) in : "Geographical and Environmental Epidemiology : Methods for Small Area Smdies”, Eds P.
Elliot, J. Cuzick, D. English, R. Stern, Oxford University Press (1992).

(5) S. Richardson, C. Guihenneuc, V. Lasserre. Spatial linear models with autocorrelated error
structure. A paraitre dans The Statstician, (1991).

(6) S. Richardson Modélisation statistique des variations géographiques en épidémiologie, 40, 33-45,
la Revue d’Epidémiologie et de Santé Publique, (1992).
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EPIDEMIOLOGICAL STUDIES OF RADIATION CARCINOGENESIS AND ITS
BIOPHYSICAL BASIS

Contract Bi6-221 - Sector Cl4

1) Géssner, GSF Neuherberg - 2) Spiess, Universitit Miinchen - 3) Kellerer, GSF

Summary of project global objectives and achievements

Project 1: Late effects in 224Radium treated ankylosing spondylitis patients
Prof. Géssner, GSF

Project 2: Late effects in 224Radium treated juvenile and adult patients
Prof. Spiess, Universitat Miinchen

Project 3: Epidemiology of radiation carcinogenesis
Prof. Kellerer, GSF (friher Universitat Wirzburg)

The three projects of the research programme are aimed at the epidemiological
study of long-term radiation effects in patients injected with 224Radium.

Project 1 is concerned with more than 1500 ankylosing spondylitis patients treated
between 1948 and 1975 with repeated intravenous injections of 224Radium. The
a-doses to the skeleton, on average 0.67 Gy, are considerably lower than the
doses in the earlier patients that are being studied in Project 2. An unexpected
increase of chronic myeloid leukaemias (4 cases observed vs. 0.8 expected,
p < 0.009) has been observed in this low dose group.

Project 2 continues the study of patients that were treated in a German hospital
shortly atter World War Il as juveniles for bone tuberculosis and as adults for anky-
losing spondylitis. The data, particularly for bone sarcomas, are largely complete,
but statistical and radiobiological evidence suggests that additionally breast, liver,
and Kidney cancers may be induced. In a continued follow-up, the possibility in
increased rates of other types of cancer, such as of the prostate and bladder will
need to be monitored.

Project 3 continues and extends the mathematical and statistical studies for the
evaluation of the data from Project 1 and Project 2 and for the comparison of these
data with the broader experience from other epidemiological studies and other
experimental work on radiation carcinogenesis. It was also concerned with the
biophysical basis of the effectiveness of different types of ionising radiation, and
generally the risk evaluation at low doses. Continued attention has been given to
the development of algorithms and to the definition of data sets for general use in
radiation carcinogenesis studies.
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Project 1
Head of project: Prof. Dr. Géssner

Objectives for the reporting period

Contact and follow-up of patients of the exposure group and the control group.
Registration of causes of death. Comparison of the results from the exposure and
control groups with respect to the risk of late effects in bone, haematopoietic tissue,
and other organs known or supposed from Project 2 to be related to the 224Radium
treatment.

Progress achieved including publications

In collaboration with a number of Orthopaedic clinics we have been following the
health of more than 1500 patients who have been treated for ankylosing spon-
dylitis with the short-lived bone-seeking 224Ra (half-life 3.66 d). The majority of the
patients included in this Project 1 has been treated in the years 1948 - 1975 and
most of them received one series of 10 weekly injections of about 1 Mbq of 224Ra
each. This was the usual dosage in the recent decades for the treatment of anky-
losing spondylitis and leads to a cumulative a-dose of about 0.56 Gy to the
marrow-free skeleton of a 70 kg man. In addition we also follow a control group of
ankylosing spondylitis patients not treated with radioactive drugs or X-rays in order
to provide comparative information on causes of death and lesions possibly related
to the basic disease itself or to chemotherapy.

Patient data relating to 224Ra exposure and/or treatment with other pharma-
ceuticals, for both collectives, were drawn from hospital records. Information on the
current status is mainly gained from questionnaires send periodically to the
patients. Causes of death were determined from hospital records, reports from
family physicians or death certificates. In addition for several patients autopsy
protocols were available.

Until end of this contract, 560 patients in the exposure group and 711 patients in
the control group had died (Table 1). We observed 3 cases of malignant primary
bone tumours (according to the Histological Typing of Bone Tumors of the WHO) in
the exposure group: one fibrosarcoma of bone, one reticulum cell sarcoma (malig-
nant lymphoma) of bone and one medullary plasmocytoma (multiple myeloma).
in the control group we observed only one case, a medullary plasmocytoma
(Table 2). The range of expected cases for these tumours is exceptionally broad
(3 cases observed vs. 0.7 - 2.4 expected, p = 0.43), and this leads to the conclusion
that, in contrary to earlier assumptions, for malignant bone tumours there is no
longer any significancy of elevated risk in the exposure group. The types of bone
tumours in our exposure group, however, were different from those observed in
Project 2: two of the three cases observed in this Project 1 were tumours of the
bone marrow whereas in Project 2 mostly osteosarcomas were found.

We moreover observed 10 cases of leukaemia in the exposure group (vs. 2.7 - 2.8
expected, p < 0.001) and 6 cases in the control group (vs. 3.3 - 3.5 expected,
p = 0.14). Subclassification of the leukaemias (Table 3) shows that in the exposure
group only the chronic myeloid leukaemias (4 cases observed vs. 0.8 expected,
p < 0.009) are significantly elevated whereas in the control group the observed
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cases are within the range of expected values. Similar findings have not been
observed in the earlier group of patients of Project 2 treated with higher doses of
224Ra.

The increased rate of myeloid leukaemias in the collective of Project 1 is in agree-
ment with observations from experiments with mice injected with bone seeking
a-emitters at very low dose rates, lower than those found to cause bone tumours.
The induction of myeloid leukaemias has also been demonstrated in mice treated
with 239P|utonium, a bone surface seeker like 224Ra, down to dose rates of a few
mGy/day.

Table 1;: Follow-up status of ankylosing spondylitis patients in the
exposure and control groups

Exposure Control
Group Group
Total number of patients 1577 1462
- Treated with X-rays additionally 106 126
Remaining patients 1471 1336
Deceased patients 560 711
- Cause of death certified 542 650
- Cause auf death not yet known, still in work 18 61
Jable 2: Skeletal diseases
Exposure Control
Group Group
Observed patients 1471 1336
- Deceased, cause of death certified 542 650
Total cancers 118 (22L%) 146 (13L)
Bone marrow failure 12 (8L) 9 (3L)
Bone tumours 4 (1L) 2
- Exostosis (osteochondroma) 1 (1L) 1
- Malignant primary bone tumours 3 1
- Fibrosarcoma 1 0
- Malignant lymphoma 1 0
- Medullary plasmocytoma 1 1
* living
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Table 3; Diseases of haematopoietic and lymphatic system

Exposure Control

Group Group
- Myeloproliferative diseases 7 (1LY 3
- Myeloid leukaemia 6 3
- Chronic myeloid leukaemia 4 1
- Acute myeloid leukaemia 2 2
- Osteomyelosclerosis 1 (1L) 0
- Lymphatic leukaemia 3 2
- Leukaemia of unknown type 1 1
- Non-Hodgkin-Lymphoma 2 (1L) 1
- Hodgkin's disease 1 0
- Extramedullary plasmocytoma 0 1

* living
Publications;

R. R. Wick, D. Chmelevsky: Late effects after Ra-224 treatment of ankylosing
spondylitis patients. EULEP Newsletter No. 62 (March 1991), pp. 19 - 21

W. Gossner, R. R. Wick: Bone tumours and myeloproliferative diseases in Radium-
224 treated patients. USDOE Report UCD-472-136; Laboratory for Energy-related
Health Research, Institute of Toxicology and Environmental Health, University of
California, Davis, 1991, pp. 75 - 79

R. R. Wick, W. Géssner: History and current uses of 224-Ra in ankylosing spondy!-
itis and other diseases. Proc. Workshop "Radium, Uranium, Thorium, and Related
Nuclides in Industry and Medicine, History and Current Uses”, Badgastein, Austria,
1991 (in press)
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Project 2
Head of project : Dr. H. Spiess

Objectives for the reporting period

- Review of existing data using personal computers.

- Standard questionnaires have been sent out to the women treated as juveniles to
examen their status of health and to control the appearence of mamma cancers.

- Standard questionnaires have been sent out to all living patients during 1990
and 1991 to complete the case history.

- Patient visits have been made for patients living in Northern Germany.

- Cooperation with Prof. F. Stefani to examine patients eyes with a Scheimpflug-
camera at Eye Hospital of the University of Munich. The camera was purchased
in summer 1991.

- Cooperation with Prof. Breipohl / Prof. Hockwin Eye Hospital of the University of
Bonn to specialize in the field of Scheimpflugcamera in autumn 1991,

Progress achieved including publications

At 3 year intervals we are following the health of 300 patients (509 men, 173 wo-
men, 111 boys, and 107 girls) who received repeated injections of 224Ra after
World War I, for treatment of ankylosing spondylitis or bone tuberculosis, but also
for other non-cancerous diseases.

On the average, the dosage in kBg/kg was about twice as high to the children as to
the adults, and because of the growing skeleton, the average skeletal dose was
much higher in the children than in the adults. Usually the patients received 1 or
2 injections per week. The time spans were averaging 6 months for the adults and
11 months for the juveniles. At the time of last contact 575 of 900 patients were
deceased. 54 patients developed bone sarcomas, 2 patients developed a second
bone sarcoma. The last bone tumour appeared four years ago, but the risk appears
to be nearly exhausted now. There were 127 observed soft tissue malignancies,
this number presents a little excess to the expectation based on the distribution in
age, the length of the follow-up of the cohort, and the age specific population rates
for the different malignancies. The age specific rates were taken from the Saarland
and the former GDR tumour registry.

For a few cancer types, however, the observed numbers are in excess of the
expectation values.

The breast cancer excess came as a surprise, with 18 cases observed versus
approximately 4.1 - 6.1 cases expected. All but one case occurred more than
10 years after irradiation and all but one occurred after the age of 35. In patients
given 224Ra as adults the 9 cases observed are approximately a twofold increase
to the 3.5 - 5.2 cases expected. More than that, for those given 224Ra as juveniles,
a thirteenfold increase occurred (9 cases observed vs. 0.6 - 0.9 expected,
p < 0.000005).
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Liver cancers occurred in seven 224Ra patients, i.e. in a significantly larger number
than the 1.1 - 1.2 expected cases (p < 0.001). One "probable” liver cancer might
possibly have been a metastasis, but the clinical and pathology reports clearly
indicate that the other six were primary liver cancers. Even for the five confirmed
cases versus 1.1 - 1.2 expected, the difference is still significant (p < 0.008).

Kidney cancers have occurred in seven patients versus 2.4 - 2.6 expected cases
(p < 0.02). With the exception of one all of these cancers were "hypernephromas”,
the most common form of kidney cancer. The tumour appearence times ranged
from 12 to 35 years after the start of 224Ra injections.

Leukaemia occurred in six patients. The elevated leukaemia rates observed in the
control group of ankylosing spondylitis patients of Project 1 would correspond to
five leukaemia cases among the 224Ra treated spondylitis patients of this project,
whereas from data from the German cancer registries 2.2 cases would be
expected.

Of the six leukaemias among the 224Ra patients in our study, four occurred among
the 396 spondylitis patients; only two occurred among the 504 other patients who
mostly had tuberculosis for which few drugs were available at that time in
Germany. Only one of the juvenile patients has developed leukasmia; she, a tuber-
culosis patient, had chronic lymphatic leukaemia, a type not assumed to be associ-
ated with radiation exposure.

Statistical and radiobiological evidence suggests that 224Ra and its decay pro-
ducts can induce bone sarcomas and may induce breast, liver, and kidney cancers
in humans. In the continued follow-up, the possibility of increased rates of ad-
ditional types of cancers, such as prostate and bladder will need to be monitored.

Iable: Summary of diseases of the 224Radium patlents (June 1992)

age at first injection

0-19 yr aduflt total
Skeletal diseases
Bone sarcoma 38 18 56
Exostosis 29 0 29
Growth retardation 28 0 28
Tooth breakage 40 20 60
Soft tissue diseases
Cataract 28 61 89
Liver {non-cancer) 4 35 39
Kidney (non-cancer) 1 69 80
Diabetes 4 43 47
Cancers of soft tissue 25 102 127
ng 2 15 17
Breast 9 9 18
Skin 2 3 5
Urogenital tract 4 31 35
idney 2 5 7
Bladder 0 8 8
Prostate 0 10 10
Uterus 1 5 6
Fallopian Tube 4] 1 1
Ovar 1 2 3
Gastro-intestinal tract 3 21 25
Stomach 1 1 12
Colon 1 6 7
Rectum 1 4 5
Hepato-pancreatic system 2 10 12
iver 2 5 7
Pancreas 0 5 5
Others (. e. brain) 2 8 10
Leukaemla 1 5 6

¢ M
Chmelevsky, D., Spiess, H., Mays, C. W., Kellerer, A. M.: The reverse protraction
factor in the induction of bone sarcomas in Ra-224 patients. Rad. Res. 124, 69-79
(1990)
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Project 3
Head of project: Dr. A. M. Kellerer

Objectives for the reporting period

There were three main objectives during the reporting period. The first objective
was the continuation of methodological work for the analysis of radiation cancero-
genesis. The second objective was the data collection and the numerical calcu-
lations that were required to provide control rates for solid cancers from popu-
lation statistics that were to be compared to the observed incidences among the
224Ra patients in project 1 and in project 2. The third objective was preparatory
work for new extended investigations on lense opacifications among the 224Ra
patients that are followed in project 2. This work was concerned mainly with
hardware and software development for a movable Scheimpflug-camerasystem.

Progress achieved including publications

Within the first objective of the project the mathematical and numerical method-
ological work was continued and extended. One main topic was the creation of
pictorial diagrammes for the elucidation of the interplay of essential factors that
need to be considered in a modelling of risk. The main factors that were considered
apart from sex and original iliness, age at exposure and duration of exposure, age
attained at diagnosis of the tumour, and time since exposure. The diagrammes are
used in a preliminary step of the analysis and facilitates the judgement of the
various fairly complex models that are then used in the maximum likelihood
analysis. The diagrammes are extended in an intermediate step of the analysis that
utilises isotonic regression and can thereby serve as a basis for the selection of
appropriate analytical models.

This methodological work is within this project primarily directed towards the
completion of a monograph comprising all experience with the 224Ra patients.
However, during the reporting period this work has also been applied systemati-
cally in analysis of the Czechoslovakian uranium miners, that was performed in
close cooporation with the Institute for Radiation Protection, working group on risk
analysis, and with the Czechoslovakian colleagues from the Prague Institute of
Epidemiology.

The second objective of the project was to prepare the population background
rates for Germany for a number of solid tumours that were found within the study of
project 1 and project 2 to have apparently elevated incidences. This work also
includes the derivation of base line rates for leukaemia. The numerical results are
given within the project descriptions of project 1 and project 2.

The third major objective of the programme was concerned with the preparation of
an extensive effort to analise the evolution of lense opacifications among the 224Ra
patients. For this purpose a Scheimpflug-camera and computer-system was
aquired in collaboration with the Ophthalmological Clinic of the University of
Munich. At the Institute for Radiation Biology a van was bought and equipped to
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house the Scheimpflug-camerasystem and work has begun to change the
Scheimpflug-system from a conventional filmtechnique to an electronic camera.
This will permit much more flexible operation on the fieid trips when patients are
visited at their homes for the ophthalmological investigations of their lense opa-
cification. This work has been performed with Prof. Stefani of the Ophthalmelogical
Clinic of the University of Munich and with the scientist responsible for project 2.
The Scheimpflug-camerasystem is at present the only Scheimpflug-system in
Southern Germany which was an added reason to create a movable instrumen-
tation. It is presently being considered that the same system could be made
available also for other investigations such as the German Thorotrast study.

Publications:

Breckow, J., Kellerer, A. M.: Wirkungen kleiner Strahlendosen
Phys. uns. Zeit 21, 63-69 (1990)

Kellerer, A. M., Rossi, H. H.: A generalized definition of dosimetric quantities
Int. J. Radiat. Biol. 57, 859-864 (1990)

Kellerer, A. M.: The new estimates of radiation risks
Kerntechnik 55, 198-203 (1990)

Kellerer, A. M.: Cancer Mortality in Hiroshima and Nagasaki - The new Assessment
of Radiation Risks

Strahlenschutz flir Mensch und Umwelt. 25 Jahre Fachverband fiir Strahlenschutz,
(Eds. Jacobs, H. Bonka), Verlag TUV Rheinland, 47-62 (1991)

Kellerer, A. M.: Zur Wirkung kleiner Strahlendosen
Med. Klin. 86, 1039-111 (1991)

Kellerer, A. M.: Strahlenrisiken - Ergebnisse der Neubewertung
Radiologie 31, 227-234 (1991)

Kellerer, A. M.: Die neue Risikoschatzungen fiir Strahlenkanzerogenese
Strahlenschutz (Eds. H. Hoffman Verlag, Berlin) 1-19 (1991)
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HEALTH EFFECTS OF CHRONIC EXPOSURE TO LOW DOSE IONIZING
RADIATION ON WORKERS OF THE SPANISH NUCLEAR ENERGY
INSTALLATIONS

Contract Bi6-229 - Sector C14

1) Artalejo, CIEMAT

Summary of project global objectives and achievements

The objectives of the project are:

- To compare the mortality of JEN workers with the
national rates

- If there were any evidence that suggested that the
mortality at JEN is greater than the spanish rates, to
establish whether this difference is related to exposure to
ionizing radiation

- To develop and test a system of epidemiologic surveillance
of both exposure to risk factors and the occurrence of cases of
illness, injury and mortality among workers of JEN.

- To suggest priorities for epidemiological research in the
near future on the health of JEN workers.
As stated in the previous reports the project has obtained its
objectives to a substantial degree. The following two sections
summarize the methods employed and the results so far obtained:

Methods
The study design corresponds to a retrospective cohort study on
5303 JEN workers from 1954 to 1986. This cohort constitutes the 85%
of the JEN labor force. Data collection for each worker comprises
administrative and clinical data, exposure information
(dosimetries) and cause specific mortality data. The statistical
analysis has been carried out in two steps:
a) External comparison of the JEN mortality with the mortality of
the spanish population, through standardized mortality ratios.
b) Internal comparison of the cohort mortality by radiation
exposure, through log-lineal models.
Resultsg

So far the results suggest that the mortality among JEN workers is
generally lower than the national rates ("healthy worker effect").
However, it has been observed a significant increase in the
mortality from cancer among the study cohort (see 1989 report).
This increase, which is also probably present in the extension of
the follow-up from 1987 to 13991, has not shown a radiation dose-
effect relationship.
This project has also served to implement a comprehensive system
for the surveillance of the health status and hazards of the
workers of JEN. As an appendix to this report, the readers may find
a copy of the main questionnaires and the information routes that
form this system.
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Project 1
Head of project: Dr. Artalejo

Objectives for the reporting period

The objectives for this period are:

a) to describe the main features of the system for epidemioclogical
surveillance of health status and hazards among workers of JEN,
recently implemented.

b) to present the preliminary results of the analysis of the study
cohort with its extended follow-up through December 1991.

Progress achieved

We have implemented a program of epidemiologic surveillance whose
objectives are:

a) to plan, implement and evaluate health interventions
(primary, secondary and tertiary prevention activities)
among the workers of JEN.

b) to improve the amount and quality of the information on
our study cohort.

In particular this program of occupational surveillance identifies
instances (cases) of death, illness, injury and/or "excessive"
exposure to risk factors present in JEN. The 1990 report described
the identification of cases of illness and injuries and the hazards
assessment. This reports attempts to present the improved system
for surveillance of mortality that will allow periodic re-analysis
of the effects of chronic low dose exposure to ionizing radiation
on mortality among workers of JEN in the future.

The occupational surveillance of mortality among workers of JEN is
carried out in three phases:

1. Exclusion of those workers with especial difficulties for
follow-up. In particular, we have excluded those workers for whom
we do not hope to collect affiliation data that allow posterior
follow-up, whose exposure has not been adequately recorded and
those who denied to participate in the study.

2. Collection of information that enables the follow-up. These are
affiliation data that allow posterior contact with the worker or
his relatives, or checking with national directories to verify the
vital status of the worker and the date of death.

In particular, we have obtained the following information:

- complete address and telephone number(s) for every worker.

— address and telephone for one or two close friends or

relatives who do not live with the subject.

- name, address and telephone number of primary physician.

- National Identity Card and Social Security numbers.

In the case of workers currently employed in JEN, the information
was obtained from the records of the Department of Personnel and
the Occupational Health Unit. This information is updated in the
annual medical examination underwent by every worker.

For those workers already retired from JEN, information has also
been cbtained from the records of the Department of Personnel and
the Occupational Health Unit. The inguiry has been extended to the
corresponding Departments in ENUSA, ENRESA and the Council for
Nuclear Safety, institutions which incorporated personnel that
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previously worked in JEN. This information has been completed with
that provided by a consultation to the Public Pensions Data Bank
from the National Institute of Social Security. From information on
the name and Social Security number for every worker, this
directory has provided the address of a substantial number of
workers. This data, in conjunction with the phone number provided
by the National Telephone Company, allowed contact with most
retired workers and collection of the data described above.
Finally, for those workers currently employed out of JEN,
consultation included JEN, ENUSA, ENRESA, the Council for Nuclear
Safety and the General Treasury of the Social Security. This
institution provides the address for all self-employed workers and
farmers. For third party employees, it provides the address of the
company where the worker was employed lately.

. mentatjon of the fo w-up. The objective of the follow-up
is to know the vital status of the workers, and the cause of death
if it occurred, as of a certain date. In case the date occurred
with anteriority, the date should also be assessed.

Two complementary strategies has been devised to accomplish the
follow-up:

a) Direct contact with the workers or their relatives. The result
of the consultation may be threefold: the worker is still alive,
the vital status is unknown (probably because of a loss of contact
between the worker and his relatives) and the worker has died. In
this case the information on the place and date of death has
facilitated the consultation with the civil register which contains
information on the cause of death.

b) Consultatjon with the National Instijtute of Statistics. This
institution compiles information on all deaths, their causes and
dates in a national basis in Spain. We are favoring an agreement
with this institution that, while preserving the provisions for
statistical secrecy, could provide prospective information on every
death, its date and place, that occurs among JEN workers. This
information will allow the knowledge of the cause of death through
consultation with the civil register of the municipality where
death took place.

The information rendered by both strategies will be updated every
five years.

So far, this system has produced the following preliminary data on
deaths among JEN workers from January 1987 to December 1991:

Year Number of deaths
1986 14
1987 21
1988 12
1989 18
1990 8
1991 12
TOTAL 85

- 1507 -



Distribution by causes of death (ICD 9)

Infectious diseases
Malignancies

Metabolic diseases

Blood diseases

Diseases of the central nervous system
Cardiovascular diseases

Diseases of the lung

Diseases of the digestive system
Diseases of the urinary system
Injuries

Il11 defined causes

Unknown

o]

HOOHRORNRKFRNR
ow

At the present time we are in the process of checking the validity
of this data and integrating them in the JEN data base, to provide
estimates of the effect of low dose radiation on the health of JEN
workers from 1954 through 1991.
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THOROTRAST: INVESTIGATIONS TO EVALUATE THE LONG-TERM
EFFECTS CAUSED BY ARTIFICIAL RADIATION IN MAN (THOROTRAST
PATIENTS FOLLOW-UP STUDY IN GERMANY AND DENMARK)

Contract Bi6-298 - Sector C14

1) Van Kaick , Deutsches Krebsforsch.Zent.Heidelberg

summary of project global objectives and achievements

The intravascular injection of the formerly used contrast medium
Thorotrast, a colloidal suspension of thoriumdioxide causes a
chronic exposure to alpha-particles especially in the organs of
the reticuloendothelial system. The German Thorotrast study com-
prises 2,326 Thorotrast patients and 1,890 contemporary matched
patients in the control group to be evaluated. 899 Thorotrast pa-
tients and 662 controls had clinical and biophysical follow-up ex-
aminations every two years since 1969.

Liver cancer is the most common Thorotrast induced tumor. 82% of
the liver tumors are confirmed by biopsy or autopsy, 14% by clini-
cal follow-up. A clear correlation exists between dose rate of the
liver and the cumulative rate of liver cancer. Thorotrast patients
have a nearly tenfold higher risk for nonlymphocytic leukaemia
(NLL) compared to the controls. The ratio of observed and expected
incidence leukaemias was 9.8 and correlated with the results of
our own control group, and with the results of the Danish and the
Japanese Thorotrast study (in details see Table III).

The still living Thorotrast patients were injected with very low
volumes of Thorotrast and are exposed to over more than 45 years
(mean-age at injection: 21,9 years). The final fate of those pati-
ents are therefore very important. The number of the still living
persons in the control group is more than twice compared to the
Thorotrast group. The follow-up of these patients is especially
necessary for the statistical evaluation of diseases with small
excess rate and for the confirmation of the life-shortening ef-
fect.
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Project 1
Head of project: Prof. G. van Kaick

Objectives for the reporting period

- The working program was continued according to the recommenda-
tions of the coordinating committee

- Clinical, biochemical and radiological examinations of the
Thorotrast patients and the members of the control group

- Biophysical examinations to calculate the tissue dose due to
the thoriumdioxide deposits and their radioactive daughter
products

- Identification of the causes of death of Thorotrast patients
and members of the control group

- Statistical evaluation of the epidemiological, clinical and
biophysical data

Progress achieved including publications

In the reporting period we examined 294 patients (143 Thorotrast
and 151 control patients). With regard to Thorotrast induced di-
seases we detected 21 primary liver cancers and 7 recurrencies.
Other cancers detected by examination were: renal cell cancer
(Thorotrast/control) 1/1; cancer of the prostate 0/3; breast can-
cer 1/2; carcinoma of the pancreas 1/0; Non-Hodgkin's lymphoma
0/1; cancer of the urinary bladder 1/1; cancer of the stomach 0/1;
lung cancer 1/0.

Up to now out of 2,326 Thorotrast patients 118 are still living,
and out of 1,890 controls 373 (Table I).

Table I:

German Thorotrast study - patients evaluated

Patients'status Thorotrast Control

Examined 899 662
still living 118 373
deceased 781 289

Not examined 1427 1228

Total 2326 1890

During the reporting period 59 Thorotrast patients and 25 control
patients have died. The causes of death are summarized in Table
II.
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Table II:
German Thorotrast study - causes of death 01.01.1990-30.04.1992

Diagnosis Thorotrast Control
(n=59) (n=25)
Liver cancer 20 0

Cancer of the

extrahepatic bile ducts 2 0
Liver cirrhosis 4 0]
Chronic myeloid leukaemia 0 2
Chronic lymphatic leukaemia 1 0
Bone marrow failure 0] 1

Mal. mesothelioma of

the pleura 1 0
Lung cancer 3 1
Cancer of the stomach 0 2
Ca. prostata 1 2
Kidney cancer 1 o]
Rectal cancer 1 1
Myocardial infarction 7 10
Cerebral apoplexia 3 3
Others 15 3
Total 59 25

Epidemiological studies

The most important causes of death of all patients are summarized
in Table III.

No significant excess was observed with regard to chronic lympha-
tic leukaemia, Hodgkin's disease, lung cancer, renal cancer, can-
cer of stomach and colon, prostate, ovary, breast and brain.
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Table III: German Thorotrast study - Diseases with high or pro-
bable excess rate

Status '92 Thorotrast Control
Cause of death n=2,326 n=1,890
Liver cancerx* 425 [+5](18,27%) 2 (0.11%)
Liver cirrhosis 190 [+171](15,52%) 49 [+2](2,7%)
Nonlymphocytic
leukaemia 36 [+3](1,68%) 5 (0,26%)
Bone marrow failure+ 30 (1,29%) 5 [(+1](0,32%)
Extrahepatic bile ducts 28 ([+3](1,33%) 6 (0.32%)
Ca. pancreas 18 (0.77%) 5 (0.26%)
Ca. esophagus 7 [+1])(0.34%) 1 (0.05%)
Ca. larynx 6 [+1])(0.30% 1 [+1](0.11%)
Non-Hodgkin's lymphoma 14 [+2])(0.68%) 3 (0.16%)
Bone sarcoma 4 (0,17%) 1 (0.05%)
Plasmacytoma 7 [+2](0,39%) 1 (0.05%)
Mal. Mesothelioma

pleura 4 (0.17% 0

) Additional causes with another disease leading to death
5 patients with combined carcinoma and sarcoma

) Inclusive additional cases related to n
Aplastic anaemia, agranulocytosis and thrombocytopenia

+ o~ %

For comparison with the Japanese Thorotrast study group we focus-
sed our statistical evaluation to the final fate of the war-woun-
ded German soldiers of the examined group aged between 20-34
years. We found a very high incidence of liver cancer depending on
the intravascularly injected volume of Thorotrast. Age at injec-
tion did not influence the latency period. The excess rate of the
total study is reflected in the dates of the soldiers. However due
to a smaller size of this subcohort, there are higher variations,
but no substantial differences.

We compared the results of our control group with the data of the
cancer registry of the state of Saarland. The cancer incidence in
both groups were nearly identical so we can state that our control
group represents the normal German population.
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LATE EFFECTS OF THOROTRAST AMONG DANISH PATIENTS
Contract Bi6-333 - Sector Cl4

1) Storm (previous Jensen), Danish Cancer Society

Summary of project global objectives and achievements

The long term health effects of alpha-radiation are much less
investigated than the effects of x- or gamma-radiation. Knowledge
on such effects is, however, relevant in relation to domestic
Radon exposure and in relation to potential effects of exposure
to alpha emitting nuclides in case of accidental releases from
nuclear installations. Follow-up of persons injected with the x-
ray contrast medium Thorotrast is a unique source of information
on such aspects.

In the present study, 999 persons injected with Thorotrast 1935-
47 for examination of neurological symptoms and signs have been
followed up” by record linkage with the National Death Index and
the Danish Cancér Registry. Mortality and incidence of cancer
have been standardised to that of the general population.
Cancer-related mortality was highly increased and standardised
mortality ratio (SMR) was significantly related to the injected
amount of Thorotrast. SMR for all other categories of causes of
death was, however, also increased and significantly related. to
the Thorotrast dose. Similar observations have been made among
German (1) and Japanese (2) Thorotrast patients and a parallel,
radiation-dose dependent increased non-cancer mortality has
recently been reported among A-bomb survivors (3). These findings
are provocative and raise the question whether ionizing radiation
may induce shortening of life time independent of carcinogenesis.
The standardised incidence ratio (SIR) for cancer at all sites
(except brain and CNS) was significantly increased (cumulative
risk after 50 years 86%) mainly due to high risks of liver cancer
and leukaemia in accordance to findings from other Thorotrast
studies (1,2) but SIR was even elevated for almost all other
sites implicating alpha radiation to be one of the most powerful
carcinogenic effects known to man.

Histological subtypes of 1liver tumours were distributed in
accordance to findings from German (1) and Japanese (2) patients,
i.e. with a preponderance of cholangiocellular carcinomas
followed by hemangiosarcomas and hepatocellular carcinomas. These
alpha radiation induced 1liver tumours are currently being
screened for pS3 mutations which is interesting, in terms of
theories of carcinogenesis, in the light of recent findings of
specific p53 point mutations in liver tumours supposedly induced
by aflatoxin (4).

Lung cancer occurred significantly in excess of the expected and,
by revision, anaplastic small cell lung cancer accounted for 50%
of the tumours where normally such tumours only account for
approximately 25%. Interestingly, similar observations have been
made 1in a Japanese Thorotrast study (5). Underground miners
exposed to Radon (mostly Rn-222) have increased risks of,
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especially small cell anaplastic, lung cancer. As Thorotrast
patients constantly exhale Radon (R3-220) the findings of a
relative preponderance of anaplastic small cell lung cancer in
both studies are provocative. Further molecular biological
studies of tissue from these lung tumours may be rewarding.
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Project 1

Head of project: Dr. Storm (previous Jensen)

Objectives for the reporting period

Objectives for the reporting period have been to:

1. re-establish a historical cohort of persons exposed to
intravascular injection with Thorotrast for carotid artery
angiography

2. identify all persons in the cohort
3. document the Thorotrast exposure

4. follow-up the cohort by register-linkage procedures with
regard to vital status, cause of death, and incidence of cancer

5. standardise pattern of mortality and incidence of cancer to
the general population based on register derived incidence rates

6. compare the pattern of morbidity based on hospital discharge
diagnoses among Thorotrast patients to that of a control group

7. revise patho-anatomical diagnoses whenever appropriate.

Progress achieved including publications
1+2 Re-establishment of cohort. identification

The original Danish Thorotrast study which had not been followed
up since 1983 was kept in a manual card file.

Relevant information from this file have been computerized and by
record linkage with the National Death Index and the Central
Person Registry most persons were fully identified. For 250
persons, however, identification required manual queries to local
population registers and parishes due to incorrect information in
the original files.

3. Documentation of Thorotrast exposure.

The original hospital records from the departments of
neurosurgery where the Thorotrast examinations were performed
were retrieved for 75 % of the cases while for the rest
information from the original Thorotrast study files were
extracted. For all persons, date of injection and the injected
amount of Thorotrast was noted. However, for 34 %, the injected

amount of Thorotrast was not mentioned in the hospital records,
and 1in these cases the amount have been estimated based on other
clinical information (e.g. on numbers of x-rays taken).
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Results:

The files of the original Danish Thorotrast study included
information on 1095 individuals. However, 96 persons were not
eligible for the study for the following reasons: Thorotrast
exposure not verified (61), Thorotrast exposure for other
purposes than cerebral arteriography (9), identification
impossible (7), foreign residents (10), inclusion in study at the
time of a cancer diagnosis (7: 4 liver tumours, 2 breast cancers,
1l colon cancer), duplicate registration (2). Thus, the study
population consists of 999 Danish residents injected with
Thorotrast in the jugular artery in the period 1935-47. All of
them were neurosurgical patients presenting with a variety of
signs and symptoms often suggestive of intracerebral tumours or
cerebro-vascular malformations including palsies, visual
disturbances, head aches, epilectic seizures, mental retardation,
behavioural disturbances, and others.

From Table 1 can be seen, that the male:female proportion was
564:435 and that most of the patients were older than 29 years at
the time of injection.

Table 1 Age at Thorotrast injection

Number of persons

age (years) males females total

10-14 27 16 43
15-19 44 31 75
20-29 99 104 203
30-44 188 132 320
45-59 155 112 267

60+ 42 30 72

Total 564 435 999

The intravascularly injected amount of Thorotrast is given in
Table 2. For 56 persons, information from hospital records,
pathology records, and x-rays indicate that a fraction of the
injected Thorotrast was spilled extra-vascularly thus not
contributing to any systemic effects of Thorotrast. Most persons
received less than 11 ml, approximately one third received 11-20
ml and the rest more than 20 ml.
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Table 2 Injected Thorotrast volume

number of persons

Thorotrast

Dose (ml) wmales females total

1 -10 231 178 409
11 - 20 210 175 385
21 - 30 65 45 110
31 - 40 34 22 56
41 - 50 14 4 18
Sle 5 7 12
total 559 431 990

4+5. Assesment of pattern of mortality and incidense of cancer.

By computerized linkage with the Central Population Registry and
the National Death Index (NDI), information on vital status for
all persons was achieved. As of 1 January 1989, 64 persons were
still alive, 19 had emigrated, 240 had died within three years
after injection and 676 had died 3-50 years after injection.

The cause of death was assessed by the NDI for all persons who
died more than three years after injection and standardized
mortality ratios (SMR) were calculated specified for age,
calendar time, sex, and cause of death based on mortality rates
of the general population.

Table 3. Number of deaths (n) and standardised mortality ratios
(SMR) with 95 % confidence intervals (95 % Cl). The female/male
proportion is calculated as the rate ratio (RR) of the SMR's.

Female/male-ratio All persons
Cause of death RR 95 x Ci n SMR 9% % CI
All Causes 1.1 0.9-1.2 916 4.2 3.9-4.4
Whole period
All Causes 0.9 0.7-1.2 240 18.316.1-20.9
0-2 years
All Causes 1.1 0.9-1.3 676 3.3 3.0-3.5
») years
Cancer 1.0 0.8-1.4 254 4.7 4.1-5.3
Cardiac 1.1 0 8-1.6 121 1.6 113-1.9
Cerebro- 0.9 0.5-1.% 65 3.3 2.6-4.2
Vascular .
Other Natural 1.1 0.8-1.6 170 3.9 3.3-4.5
Accidenta 1.2 0.7-2.1 66 4.4 3.4-5.6

.Nunbcr of deaths classified as Other Natural Causes: infections: 5, benign tumours: 19. diabetes: 4,
hematologic diseases: 10. psychiatric diseases: 3. epilepsy: 9. discases of nervous system - others: 18,
pulmonary diseames: 30. cirrosis of liver: 24. other diseases of digestive organs: 21. genito-urinary

diseases: 7. mumculo-skeletal diseases: 6. congenital malformations: 3. 11l defined conditions: 11.
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SMR was significantly increased for all categories of causes of
death (Table 3) showing no difference with regard to gender. SMR
was generally related to young age at injection, to time since
injection, and to the injected amount of Thorotrast.
Interestingly, a significant trend (p=.03) between SMR and
Thorotrast dose was seen even when only considering non-cancerous
deaths.

Incident cancer cases among the Thorotrast patients were
identified in the Danish Cancer Registry, which is considered to
be very accurate and complete. Standardised incidense ratios
(SIR) were calculated by indirect standardisation to the general
population controlling for sex, age, calendar period, and site of
cancer.

Table 4. Observed (0) numbers of cancer and standardized
incidence ratios (SIR) with 95 % confidence intervals (95 % CI)
among thorotrast exposed patients.

TOTAL
Cancer site o SIR 95% CI
Rll sites 368 4.0 3.6-4.4
Rll sites
minus brain,CNS 297 3.3 3.0-3.7

Buccal cavity and

Pharynx 3 1.3 0.3-3.9
Esophagus 1 1.1 0.0-6.2
Stomach ? 1.0 0.4-2.1
Small intestine 2 7.4 0.9-27
Colon 9 1.3 0.6-2.5
Rectum 4 0.8 0.2-1.9
Liver 79 126 100-157
Gallbladder 1% 14 8.1-24
Liver. not specified

as primary 14 30 17-51
Pancreas 5 1.9 0.6-4.3
Peritoneum 3 8.6 1.8-2%
Nasal cavity 2 10 1.2-36
Larynx 1 1.1 0.0-6.1
Lung primary 23 2.3 1.4-3.4
Pleura 1 4.4 0.1-24
Breast 18 1.8 1.1-2.8
Cervix uteri 6 1.2 0.4-2.6
Corpus uteri 1 0.4 0.0-2.1
Ovary 7 2.4 1.0-5.0
Other gynecol. 1 2.2 0.1-12
Prostate 6 1.5 0.6-3.3
Testis 2 3.2 0.4-12
Other male gen. 1 4.4 0.1-24
Kidney 5 2.1 0.7-4.8
Bladder 6 1.4 0.5-3.1
Melanoma of skin 2 1.6 0.2-5.8
Other skin 10 1.2 0.6-2.3
Eye 2 6.5 0.8-23
Brain,CNS 71 28 22-36
Thyroid 1 2.5 0.1-14
Endocrine 1 8.3 0.2-46
Bone 1 5.0 0.1-28
Connect. tissue 1 2.4 0.1-14
Metastases 16 12 6.7-19
Other, unspec. 10 11 5.3-22
Non-Hodgkin Lymphoma 3 2.0 0.4-6.0
Mb Hodgkin 1 1.5 0.0-B.4
Mult. myeloma 4 4.6 1.2-12
Leukemia 23 10 6.5-15

SIR of all sites was significantly increased (Table 4), SIR=4.0.
Most of the tumours in brain and CNS were diagnosed shortly after
the Thorotrast injection reflecting the underlying conditions,
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but even when only considering tumours outside brain and CNS
still a significantly increased risk of cancer was seen
(SIR=3.3). This was largely accounted for by tumours in the
liver, gall bladdder, leukaemia, metastases, and unspecified

sites. The incidence of liver tumours and leukaemia was unrelated
to age at injection or gender but significantly related to the
estimated cumulative alpha-radiation dose to liver and red bone
marrow, respectively. For all other sites, SIR was generally
increased (57.2 cases in excess of the expected), for breast and
lung even significantly. However, no obvius relations with
Thorotrast dose or time since injection was seen.

6. Hospital discharge-diagnosis based morbidity analvsis

Analysis not completed.

7. Patho-anatomic revision (preliminarv results)

Whenever possible, hospital records and pathology reports for
deceased patients have been retrieved and histologic specimens
have been revised.

Primary liver tumors: » total of 124 cases have been re-
classified as primary liver tumours. The diagnoses were based on:
new immuno-histochemical and other special paintings, 72%;
revision of old tissue slides, 17%; original histology reports:
9%: clinical data: 2%. Histological subtypes: Cholangiocellular
carcinoma (CCC): 47%, hemangiosarcoma (HS): 24%, hepatocellular
carcinoma: 20%, CCC and HS combined: 1%, malignant fibrous
histocytoma: 1%, malignant, NOS: 7%.

The median latency period (range) between injection of Thorotrast
and diagnosis of liver tumours was 35 (18-48) years and the
cumulative incidence reached 57% (SE: 4%).

Leukaemic complications: Twenty-five cases of leukaemic
complications (excluding CLL, 3 cases) were diagnosed. The
diagnosis was based on new slides: 10 cases: revision of old
slides: 6 cases, revision of original histo/cytological reports:
8 cases. Subtypes: erythroleukaemia: 4 cases, myelo-
monocytogenous: 1 case, AML NOS 10 cases, MDS: 6 cases, CML: 1
case, All: 1 case. Median latency period after injection: 25 (9-
40) years. Cumulative incidence: 8.0% (SE 1.8%).

Malignant mesothelioma: Seven cases of malignant mesothelioma
were diagnosed based on new slides (5 cases) and revision of old
slides (2 cases). Five cases were peritoneal, 1 case plural, and
one case both peritoneal and pleural. Four cases were biphasic,
2 cases were epithelial, and one case was mesenchymal.

Primary lung cancer: Primary lung cancer was confirmed in 19
cases based on revision of slides (ll1 cases) and histology
reports (8 cases). Histologic subtype: Small cell anaplastic: 10,
large cell anaplastic: 1, planocellular carcinoma: 4,
adenocarcinoma: 4.
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ANNEX A

Dr J. Augustin

Cancer Epidemiology Department

Research Institute of Clinical
& Experimental Oncology

Zluty kopec 7

Brno

Czechoslovakia