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ALKUSANAT

Säteilyturvakeskuksen tutkimusjohtaja professori Tapio Rytömaa siirtyi eläkkeelle
28. helmikuuta 1997. Professori Rytömaalla on ollut merkittävä vaikutus
säteilyturvallisuuden tutkimukseen ja kehitykseen niin Suomessa kuin myös
kansainvälisesti. Hänen tieteellinen uransa alkoi jo vuonna 1959, jolloin hän
valmistui lääketieteen lisensiaatiksi Helsingin yliopistossa. Pian tämän jälkeen hän
väitteli lääketieteen ja kirurgian tohtoriksi ja suuntautui kokeelliseen
solututkimukseen Helsingin ja Los Angelesin yliopistoissa sekä Suomen
Akatemiassa. Siirryttyään Säteilyfysiikan laitokseen vuonna 1970 hänestä tuli
päätoiminen säteilyn terveysvaikutusten tutkija. Hänen tieteellinen uransa on
keskittynyt nimenomaan säteilyn biologisten vaikutusten tutkimukseen. Vuodesta
1992 lähtien hän johti koko Säteilyturvakeskuksen tutkimusta aina eläkkeelle
siirtymiseensä saakka. Hänen loppumaton mielenkiintonsa säteilybiologiaan jatkuu
vielä tämänkin jälkeen yksityisenä tutkijana.

Säteilyturvakeskus järjesti professori Rytömaan kunniaksi hänen läksiäispäivänään
tieteellisen seminaarin, jossa luodaan katsaus säteilytutkimuksen kehitykseen ja
tulevaisuuden painopistealueisiin. Seminaarin aiheiksi valittiin katsaus
säteilytutkimuksen historiaan, epidemiologian käyttö säteilyriskin arvioinnissa,
säteilytutkimus Euroopan komission rahoittamissa tutkimusohjelmissa ja professori
Rytömaan henkilökohtainen näkemys säteilybiologian tulevaisuuden
painopistealueista. Historiallisen katsauksen esitti säteilysuojelun yksi
merkittävimmistä vaikuttajista, professori Bo Lindell, entinen Kansainvälisen
Säteilysuojelukomission puheenjohtaja ja Ruotsin Säteilysuojelulaitoksen
pääjohtaja. Epidemiologian erityisasiantuntija, tohtori John D. Boice
Kansainvälisestä Epidemiologian Tutkimuslaitoksesta loi katsauksen
merkittävimpiin epidemiologisiin tutkimuksiin ja käsitteli epidemiologian etuja ja
heikkouksia säteilyriskin arvioinnissa. Euroopan komission säteilytutkimusta
johtava tohtori Jaak Sinnaeve loi katsauksen säteilytutkimukseen aikaisemmissa
komission tutkimusohjelmissa ja esitteli suunnitelmia tulevan viidennen tutkimuksen
puiteohjelman säteilytutkimuksen sisällöstä. Seminaarin päätteeksi professori
Rytömaa esitti asiantuntijan näkemyksensä siitä, mihin säteilybiologian tulisi
keskittyä lähitulevaisuudessa.

Apulaisjohtaja Raimo Mustonen
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FOREWORD

Professor Tapio Rytomaa, Research Director of the Finnish Centre for Radiation
and Nuclear Safety, retired on 28 February 1997. He has played a major role in
research and development pertaining to radiation safety, both in Finland and
internationally. Professor Rytomaa's scientific career began in 1959, when he
received the degree of Licentiate in Medicine at the University of Helsinki. Soon
thereafter, he earned the degree of Doctor of Medicine and Surgery, and continued
with experimental research in cytology at the Universities of Helsinki and Los
Angeles and under the Academy of Finland. After accepting a position at the
Institute of Radiation Physics in 1970, Professor Rytomaa became a full-time
researcher investigating the health effects of radiation. His scientific work has
focused primarily on the study of the biological effects of radiation. From 1992
until bis retirement, he led all research activities within the Finnish Centre for
Radiation and Nuclear Safety. Retirement, however, will not dampen his interest in
radiation biology, for Professor Rytomaa intends to continue his studies as a private
researcher.

To honour of Professor Rytomaa on the official day of his retirement, the Finnish
Centre for Radiation and Nuclear Safety held a scientific seminar that would review
the development of radiation research up to the present and would chart future
fields of priority. The historical review of radiation research was given by one of
the foremost figures in radiation protection, Professor Bo Lindell, former President
of the International Commission on Radiological Protection and Director General of
the Swedish Radiation Protection Institute. An expert in epidemiology, Dr. John D.
Boice of the International Epidemiology Institute, reviewed the key epidemiological
studies and discussed the advantages and weaknesses of epidemiology in the
assessment of radiation risks. Dr. Jaak Sinnaeve, who leads the European
Commission's radiation research, talked about the role of radiation research in the
Commission's previous research programmes, and presented plans for the contents
of radiation research in the coming Fifth Framework Programme of Research.
Professor Rytomaa concluded the seminar by presenting his expert views of the
fields on which radiation biology should concentrate in the near future.

Deputy Director Raimo Mustonen



FINNISH CENTRE FOR RADIATION
STUK-A138 AND NUCLEAR SAFETY

CONTENTS page

ALKUSANAT 3

FOREWORD 4

CONTENTS 5

1 HISTORICAL REVIEW OF RADIATION 7
RESEARCH
Bo Lindell, Swedish Radiation Protection Institute

2 RADIATION EPIDEMIOLOGY IN RISK 19
ASSESSMENT
John D Boice Jr., International Epidemiology Institute

3 RADIATION RESEARCH WITHIN THE 41
FRAMEWORK PROGRAMMES OF THE
EUROPEAN COMMISSION
A. Karaoglou, G.N. Kelly, G. Desmet, H.G. Menzel,
H. Schibilla, M. Olast, F. Gasperini, K.H. Chadwick,
J. Sinnaeve

4 FUTURE TRENDS IN RADIOBIOLOGY 55
Tapio Rytomaa, Finnish Centre for Radiation and
Nuclear Safety

5 SELECTED PUBLICATIONS OF TAPIO RYTOMAA 65



FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY STUK-A138



FINNISH CENTRE FOR RADIATION
STUK-A138 AND NUCLEAR SAFETY

HISTORICAL REVIEW OF RADIATION
RESEARCH

Bo Lindell

1.1 Introduction

For the purpose of this presentation, "radiation research" refers to research to
improve our knowledge of the biological effects of ionizing radiation and the health
risks associated with radiation exposures. This research reaches from molecular
biology and cytology to clinical and epidemiological research on humans.

I should made it clear from the beginning that I am not a biologist but a physicist
and should therefore not be expected to comprehend biology. However, this lack of
professional competence may help me to give a popular (although highly subjective)
review, since I am not hampered by confounding knowledge of scientific detail.

1.2 First findings of harmful effects of radiation

Historically, the first radiation research - although not recognized as such at the
time - was the early studies on the victims of the "Bergsucht" in the silver mines in
Erzgebirge, where Agriola as medical doctor in the 16th century studied the miners'
lung disease - lung cancer from decay products of radon [1].

Apart from this unique episode, radiation research, from the time of Rontgen's
discovery and over several decades, was clinical research to find tolerance doses for
skin erythema and destruction of the active bone marrow, i.e. the types of
deterministic harm that determined the magnitude of dose limits before the mid-
50's, but which were also the main obstacles against delivering in radiotherapy
sufficiently high tumor doses deep in the body. Radiotherapy also called for
radiation research about the biological effectiveness of the radiation on cancer cells
vs. normal cells and the optimum fractionation and time distribution of the
irradiation.
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This research was related to external exposures, mostly from x-ray tubes emitting
radiation with very low penetrating power. The actual dose distribution in the first
millimeters of skin from x rays in comparison with gamma radiation from radium
was of importance to study, and radiation research therefore also involved absorbed
dose assessments and studies of the relative biological effectiveness of radiations of
different qualities. Assessments of the Skin Erythema Dose were of practical
importance.

Internal exposure from radium caused problems in the 1920's. The dial painters in
New Jersey presented the first example of severe radium poisoning. Another
example was harm caused by the consumption of radium in health tonics, e.g.
"Radithor" in the United States. Experience from these tragic events lead to the first
assessment of a tolerable body burden of radium-226, information which turned out
to be of great value during the second world war when large quantities of radium-
imitating bone-seekers such as plutonium were handled for the first time.

A major change came with the progress in genetics. Hermann Muller's discovery
[2] in 1927 of artificial gene mutation implied that, in addition to deterministic
harm, there might also be stochastic harm. Even though effects on any given single
somatic cell would be at random, the large number of damaged cells needed to
cause clinical harm would make this harm deterministic. In the case of hereditary
harm, however, the stochasticism at the cell level would be carried on to the new
individual.

This property distinguished hereditary harm from deterministic harm - there was no
obvious threshold dose below which the harm would not occur. The large number
of affected cells needed to cause deterministic harm clearly called for a dose
threshold - if the dose was low, the number of damaged cells would not be sufficient
to harm the tissue. For the hereditary harm, only one cell had to be affected, and
this could conceivably happen also at very low doses, albeit then with
correspondingly low probabilities. The next question was whether genetic changes
in a somatic cell might be a contributing cause of cancer. This question had no
answer for yet some decades, but it is of interest to notice that McCombs and
McCombs [3] already in 1930 suggested that "cancer is due primarily to mutation
in a somatic cell caused, possibly, in some instances by ionization". They
recognized that there was then unlikely to be a threshold dose below which no effect
occurred.
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1.3 Attempts for modelling of radiation effects

With the interest once being focused at the cell on the microscopic level rather than
merely at the clinical harm, research on mechanisms became important. However,
in the early years there were also doubts about the meaningfulness of such studies.

As late as in 1956 K.G. Zimmer, one of the inventors of the "target theory", wrote
[4]:

The question as to the mechanism of the biologic action of radiation
has been shown to be utterly meaningless. There are many kinds of
biologic actions of radiation and, according to all we know, these
are brought about by various types of mechanisms.

The great pioneer on the target theory was D.E. Lea with his remarkable book
Action of radiations on living cells [5] in 1946 in which he treated "one-hit
processes" in an admirably clear presentation. The target theory was generalized by
N.W.Timofeyev-Ressovsky and Zimmer in their treatise Das Treffenprinzip in der
Biologie [6] in 1947 where they looked for evidence for and against various types
of hit processes in radiobiology. Zimmer later (in 1956) warned against
expectations that the target theory would explain phenomena for which it was
obviously not suited. He wrote [4]:

There is no doubt that the action of radiation on several small but
biologically important entities may be described most successfully by
hit and target concepts, as has been shown e.g. for penicillin. It is
equally clear that, for instance, the killing of lobster by boiling water
cannot reasonably be interpreted by these means, though equivalent
attempts are numerous in the radiobiologic literature.

From this time and ever since there have been disputes over the use of mathematical
models. Many biologist feel, correctly, that the biological events are so manifold
and complicated that no model can be expected to reflect what actually happens.
Other scientists feel, also correctly, that even simple models may reveal aspects that
would otherwise not have been observed and give rise to ideas than can be tested
experimentally. In 1941 the Swedish radiation protection pioneer Rolf Sievert
published a paper Zur theoretisch-matematischen Behandlung des Problems der
biologischen Strahlenwirkung [7] with a very general mathematical theory of the
action of radiation on the living cell in terms of the deviations from normal values
of concentrations of essential cell ingredients. He excused himself by saying (as
translated by professor W.V. Mayneord in his 1978 Sievert lecture [8]):
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Human capacity to judge the logical consequences of many factors
acting together is very limited, and it is often of the greatest
importance to translate the observations into mathematical language
and to use mathematical methods rather than attempt to proceed
directly.

The early target theory mentioned "target volumes" without being able to specify
the biological interpretation. The true nature of the chromosomes and the structure
of the DNA was not yet revealed, but it was assumed mat the target volumes were
small sections of the chromosomes, representing the genes, i.e. carrying inheritable
properties.

Radiation research entered a new field during the second world war during the
development of the first nuclear weapons and in fear of their use. A few accidents
with whole-body exposures gave information on the whole body radiation syndrome
and the level of lethal doses. A multitude of animal experiments added to this
information. For the effect on the molecular level, it became clear that indirect
action by free radicals plays a significant role; an early review of the chemistry of
irradiated water was given by Joseph Weiss in Nature in 1944 [9]. An interesting
account of the competition between the two theories, the "target theory" and the
"theory of indirect action", during the 1950's is given in the first report of the
United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR) in 1958 [10]. With knowledge of the role of free radicals, extensive
research by means of chemically protective agents began to be carried out in many
laboratories, although with meagre results of practical importance.

The nuclear weapons programs also brought attention to internal exposures from
artificially produced radionuclides - fission products and transuranic elements
produced in nuclear reactors. Radiation research, as I have used the term here, was
then widened to include studies on the metabolic behaviour of elements and
chemical compounds which had earlier been of little interest. After the war, great
efforts were made to determine the body burdens of various radionuclides which,
still after a lifetime of exposure would not cause weekly organ doses exceeding the
dose limits recommended at the time. Tables of maximum permissible body burdens
and the corresponding maximum permissible concentrations of the various nuclides
in air and water were published by the International Commission on Radiological
Protection (ICRP) [11].

In 1952, Rolf Sievert and George de Hevesy arranged a conference in Stockholm
with participation of the ICRP, the ICRU (its sister Commission on units and
measurements) and the UNESCO committee on radiobiology. One of the main

10
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topics was the risk of hereditary harm. Hermann Muller pleaded for a limit of the
"genetic dose", particularly concerned about the radiation doses to patients
undergoing x-ray examinations [12]. It is from this conference that a unique photo
was taken of the whole group, showing the future "units" Gray and Sievert standing
side by side.

Figure 1. The participants in a meeting arranged by RolfSievert and George de
Hevesy in Stockholm in 1952.
In the first row, from the left: E. Berven, R. Latarjet, R. Jaeger, P. Bonet-Maury,
G. de Hevesy, A. Lacassagne, B. Rajewsky, Sir Ernest Rock-Carling, H.J. Muller,
W. Binks. Behind: B. Svedin, K.Z. Morgan, R. Thoraeus, A. Forssberg (partly
hidden), B. Lindell, C. Tobias, L. Melander, M. Helde (partly hidden), F. Ellis,
C.-G. Sundberg (partly hidden), F.W. Spiers, L.H. Gray, R. Sievert, Z.M. Bacq,
W.J. Oosterkamp, Katherine Williams, W.V. Mayneord, H. Holthusen, G.
Dahlberg, L.S. Taylor.

11
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1.4 More profound understanding of radiation effects

A radical improvement of the biological knowledge occurred in 1953 with the
discovery by Crick and Watson of the structure of the DNA, "the double helix"
[13]. Until the mid-40's most researchers had erroneously believed that the cell's
genetic code is carried by special "gene proteins" and not by the DNA. This belief
was crushed when it was shown by O.T. Avery in 1944 [14] that hereditary traits
could be transmitted from one bacterial cell to another by purified DNA not
accompanied by any protein. Then Torbjorn Caspersson boldly suggested that it is
the DNA that controls the protein production in the cell [15]. With the
understanding of the DNA structure, the effects of direct or indirect "hits" by
ionizing particles could be far better understood. Densely ionizing radiations would
be likely to cause double strand breaks with irreparable loss of information. The
probability of such gene destruction would be expected to be proportional to the
radiation dose. Sparsely ionizing radiation would, in addition, be expected to cause
single strand breaks, in which case the information would not necessarily be lost. In
that case, it would be lost only if the remaining half of the base pair were lost
before repair. This implied that high dose rates might prevent repair from having
time to be effective before a second hit in the same target volume caused irreparable
damage. For this effect, the dose-response would be expected to be quadratic (the
probability of bitting twice would be proportional to the square of the dose). At low
dose rates, however, repair would have enough time, but if it failed or if the
radiation had caused a double strand break, the dose response would be linear.

No theory on the primary mechanisms can give quantitative information on the
probability that a radiation dose will eventually cause cancer. Even if it were
postulated that radiation contributes to the risk of malignant cell transformation,
there is still a long way to go before a clone of transformed cells will build up a
tumor. The only way of direct information of the probability of cancer from
radiation exposures is through epidemiological studies. The tragic consequences of
the bombing of Hiroshima and Nagasaki offered an opportunity of studies of the
radiation effects of a whole-body exposure of a population of both sexes and all age
groups. No other epidemiological study provides the same degree of information.

It was for this purpose that an Atomic Bomb Casualty Commission (ABCC) was
set up in conjunction with the Japanese National Institute of Health as a joint US-
Japan undertaking. The ABCC radiation research includes the Life Span Study, the
most extensive epidemiological study that has ever been carried out.

12
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1.5 Contamination of the environment

The extensive atmospheric testing of nuclear explosives caused world-wide public
concern, particularly after the US "Castle" test series in 1954. The first explosion
in that series, called "Bravo", was of a uranium-fortified thermonuclear bomb
causing extensive releases of fission products in the atmosphere. This caused
world-wide tropospheric fallout, but in addition, because of unexpected
meteorological conditions, also nearby intense fallout on the inhabited atolls of
Rongelap and Rongerik and on the Japanese fishing vessel Fukuryu Maru No. 5
(The Fortunate Dragon), causing harm and increasing the public concern. This
concern increased further when Miller and Marinelli in Chicago could measure
human body-burdens of caesium-137 from the Pacific explosions [16]. Rolf Sievert
in Stockholm, in collaboration with F.W. Spiers in Leeds, had been the first to
show that the most significant naturally occurring radionuclide in the human body
is not radium-226 but potassium-40 [17]. His measurements were also disturbed by
the global caesium fallout.

The global contamination led to the establishment of UNSCEAR in 1955 and to
scientific reports from the US National Academy of Sciences [18] and the UK
Medical Research Council [19]. The latter report contained a number of important
appendices. Court Brown and Doll reported on observations of an increased
leukaemia incidence among patients who had been treated with x rays for
ankylosing sponctylitis [20] and Osborn and Smith introduced the concept of
"genetically significant dose" [21]. The report by Court-Brown and Doll for the
first time convinced a majority of scientists that leukaemia can be induced by
radiation. The magnitude of the risk was assessed by both ICRP [22] and
UNSCEAR [23] and the possibility that other forms of malignant disease might
also become radiation-induced was an idea that became slowly accepted. However,
the existence of a dose threshold was still considered likely, although doubts began
to arise after Alice Stewart's studies on leukaemia in children exposed to low doses
from x rays in utero [24], and those of Modan et al. on thyroid cancer among
children irradiated with x rays for ringworm of the scalp [25].

Not only the military tests of nuclear explosives contaminated the atmosphere. In
1957 two accidents, also in the military domain, caused wide-spread contamination.
One was a fire in a plutonium-producing reactor at Windscale, the other - which
was kept secret at the time - was an explosion in a storage of highly radioactive
waste at Kyshtym. The Windscale accident, in addition to some US reports on the
possible consequences of large reactor accidents, led many national authorities to
initiate plans for emergency preparedness, and international organisations began to
issue recommendations on remedial interventions and action levels.

13
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The global radioactive contamination made it possible to study the movement of a
number of radionuclides through various food-chains, an immense tracer
experiment. In the Nordic countries, the significance of a special food-chain
(ground contamination - deposit on lichens - uptake by grazing reindeers - intake
by reindeer-breeding Laplanders) was recognized. This was studied intensively, in
Finland by Jorma K. Miettinen and in Sweden by Kurt Liden. The UNSCEAR
reports contained comprehensive reviews and assessments of the fallout problem. A
new science - radioecology - was born.

1.6 Use of radiation epidemiology

The research carried out on the survivors from Hiroshima and Nagasaki could not
reveal any inheritable harm from the exposures, but there is no reason to assume
that genetic effects would not occur in man to the same degree as shown on
animals. The lack of significant observations merely puts an upper limit to the
genetic risk estimate, a limit which is not in conflict with the results of animal
experiments.

A special type of harm was found among individuals who had been exposed in
utero at the time of the bombing. This was an increased occurrence of severe
mental retardation and indications that the radiation exposure might reduce the IQ
of all exposed during the 8th to 15th week after conception. The two observations
were in quantitative agreement [26].

The epidemiological studies in Japan also revealed increasing risk estimates for
other malignancies than leukaemia as time went by and the exposed individuals
grew older. Still, however, in all studied populations, including the survivors from
Hiroshima and Nagasaki, a majority was still alive. In order to assess the total risk,
therefore, it was necessary to adopt models on how the radiation risk would develop
over future years. The two simplest of these projection models was the additive
model and the multiplicative model. With the simple additive model, it was assumed
that the annual extra probability of cancer after the radiation exposure would be
constant and in proportion to the dose. The total risk could then simply be assessed
by extrapolating the annual extra cancer probability over life to the expected mean
age of death, and just add the annual risks. With the multiplicative model, however,
the annual risk was also assumed to be in proportion to the overall cancer risk, so
that the radiation exposure not just added risks but increased the annual cancer risk
by a constant fraction, proportional to the dose. Since our overall cancer risk
increases with about the 5th power of age, this means that the majority of the
radiation-induced extra cases of cancer would occur at high ages. For this reason,

14
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the multiplicative projection model, which became the more likely in the 1990's,
gave a risk assessment about twice as high as the additive model.

Epidemiological studies have their limits. First, the results are strictly only
applicable to the population that has been studied. Their relevance for other
populations is always dependent on a number of assumptions. Second, there are
limits set by the laws of statistics. The lower the radiation dose, the larger must the
population be to permit significant conclusions. For this reason it is impossible to
assess the risk with desirable confidence at very low doses. Assessments of the
extra cancer probability per unit dose at these doses must therefore be based on
assumptions and circumstantial evidence.

It is not surprising that this inevitable lack of direct evidence of a cancer risk at low
doses of radiation (below, say, 50 millisievert) is interpreted more or less as
evidence of total safety by people who "feel" that low doses cannot be dangerous.
But, indeed, even if the assessment of the risk at low doses is based on "linear
interpolation" between zero dose (which, by definition, cannot cause any extra risk)
and the risk observed where it can be observed, the risk at low doses is low. For
that reason, the current debate about low-dose risks seems somewhat unnecessary.

1.7 Question of cancer generation

Recent improved knowledge on cancer formation may help in adopting dose-
response models. It is becoming recognized that cancer will not develop from one
single change in a cell, but that some 3-6 changes in the DNA may be needed. This
makes the cell seem as a lock with multiple keys, such that, for example, 5 keys
have to be turned for the lock to open. We now know that it is not only radiation
that can "turn the keys" but many other agents, which dominate as "key-turners". If
the probability per unit time of each key to be turned for whatever reason is
constant and one and the same for all keys, we would expect the probability of all 5
keys to have been turned at any given time to increase with the 5th power of time
(or age), which is what we actually observe. I am not naive enough to think that the
situation is that simple, but the simile has some merits.

If radiation were the only agent to cause the necessary cell transformations, we
might expect the probability of all 5 (if that is what we assume) to be in proportion
to the 5th power of the dose. However, we know that there is a strong competition
from other agents, e.g. free radicals not produced by radiation. If radiation happens
to cause one of the five changes, then it is very unlikely that it will cause any more

15
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in that particular cell. The competition, therefore, makes it likely that, as far as
radiation is concerned, it is a "one-hit" affair and therefore a linear dose-response.

The significance of this initial impact on the cell, however, would depend on the
extent to which other cell transformations have already occurred and whether the
transformations have to occur in some particular order. The next question is
whether a malignant cell transformation will eventually lead to a clinically
detectable cancer. These are wide fields for research and fields of great practical
importance.

1.8 Other questions

My lack of competence in biology makes it impossible for me to do justice to the
very active radiation research in molecular biology during the last ten years or so,
particularly with regard to repair processes, but also on combined effects, genomic
instability and the role of endogenous disturbances. If radiation effects do arise at
low doses, in competition with non-radiation effects, the question arises to what
extent primary radiation damage in a cell differs from that caused by, e.g.
endogenous free radicals.

The Chernobyl catastrophe revived radioecological research as well as several other
branches of radiation research. The importance of meteorological information in the
first phases of a large accident with atmospheric contamination was clearly
demonstrated. So was the value of a new science - risk communication. In addition
to the actual radiation harm there was considerable harm from psychosomatic
effects - erroneously called "radiophobia" by some authorities. There was one
unexpected biological effect: the increased incidence of thyroid cancer among
children in some regions.

In the new openness about events in the former Soviet Union, it was revealed that
there had not only been a major accident at Kyshtym but also, for many years,
unprecedented releases of radioactive substances into the Techa river, both events
causing high radiation doses to a large number of people. This opened yet another
field for epidemiological studies.

With the beginning of the 19S0's, the problem with radon in dwellings became
widely recognized, partly due to measurements but partly also because the ICRP
concept of effective dose made the lung dose from radon daughter products directly
comparable with doses from external exposure from natural sources of radiation.

16
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The epidemiological results on the radon risk in our homes are yet contradictory
and this is one of our major current problems in radiation research.

In this lecture, I have restricted the presentation to ionizing radiations, although I
am fully aware of the problems with non-ionizing radiations - ultraviolet light and
low-frequency electromagnetic fields - which are equally intriguing. On those I can
only add a final questionmark.
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RADIATION EPIDEMIOLOGY IN RISK
ASSESSMENT

John D. Boice, Jr.

2.1 Introduction

The health consequences of human exposure to ionizing radiation have been
extensively studied [1-5]. Cancer in an exposed individual is the major concern
following low-level exposures. Genetic defects in the offspring of irradiated parents
have yet to be demonstrated [6, 7]. Convincing evidence of cancer risk exists
following human exposure of 1 Gy or more. A minimum latency period for
leukemia is about 2 years whereas for solid cancers it is about 5 to 10 years. For
all cancers taken together, the relative risk at 1 Gy brief exposure is estimated to be
about 1.4, or a 40% increase over background. The absolute excess risk is about
10 extra cancers per year among 10,000 persons exposed to 1 Gy. The lifetime risk
is about 10% per Gy, i.e., 10 in 100 persons acutely exposed to 1 Gy whole body
radiation would be predicted to develop a radiation-induced cancer sometime during
their lifetime. It is assumed that these estimates should be reduced by a factor of
about 2 if die exposure is episodic over long periods of time, and not brief [8].
These summary figures are valuable rules of thumb or guidelines for protection
standards and health policy issues. However, even these "high dose" estimates are
subject to great uncertainty. Risk varies by age at exposure, gender, time after
exposure, dose rate (brief or chronic), LET, total dose, and in the presence of other
factors such as cigarette smoke.

Epidemiologic studies are conducted to determine and describe cancer risks in
exposed populations. The epidemiologic method is powerful when risks are high,
but direct evidence of risk from low dose exposure, say less than about 0.2 Gy,
remains an illusive goal and extrapolations from higher doses are necessary for risk
assessment. The range of extrapolation is becoming narrower, however, so that the
uncertainty in the risk estimates at low levels of brief exposures is not as insecure
as previously thought. Excluding radon, it is estimated that perhaps 2 to 5% of all
human cancers might be due to all sources of ionizing radiation, with natural
background being the greatest contributor.
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The following sections will provide an overview of radiation risk assessment with a
focus on carcinogenesis. Epidemiologic studies that have provided quantitative
evidence of radiation effects in man will be summarized. Finnish collaboration in
the international cervical cancer study, the Estonia Chernobyl cleanup worker
study, and indoor radon studies will be noted. On a personal note, I have greatly
appreciated the collaboration, support and guidance provided by Professor
Rytomaa during the 1990s on the Baltic Chernobyl cleanup worker studies.

2.2 Human epidemiologic studies

Human estimates of cancer risk derive mainly from the Japanese atomic bomb
survivor studies [9], but not exclusively so. For cancers such as the breast and
thyroid, other studies are equally, if not more, informative with regard to radiation
risks [10, 11]. The studies of spondylitics [12, 13] and cervical cancer patients
[14-17] treated with radiation have also provided valuable supplementary and
supporting data. As important as the Japanese survivor studies are, they provide no
information on the effects of chronic, protracted exposures, i.e., the type most
commonly experienced in occupational and medical circumstances. Important
human studies with quantitative estimates of radiation dose to specific organs and
published estimates of risk are listed in Table I. These major epidemiologic series
provide information on the risk of incident and fetal cancers. The exposures were
experienced because of military, medical or occupational circumstances.

2.2.1 Japanese Atomic Bomb Survivors

The study of Japanese atomic bomb survivors is large, over 100,000 persons of
both sexes, all ages, exposed to whole body radiation [9]. Dose-response
information for most, but not all, tumors has been reported. Leukemia had the
highest relative risk coefficient and the shortest time from exposure to clinical onset
of disease. No diagnoses of chronic lymphocytic leukemia (CLL) were made. The
risk of chronic myelogenous leukemia (CML) was high, and a wave-like response
over time was quite evident. While solid tumors began to increase 5-9 years after
exposure, it wasn't until 10-14 years had passed that the excess was significant.
The major nonleukemia cancers include the stomach, lung and breast, although
many cancers were elevated above expectation. At 1 Gy whole body exposure, the
relative risk of death due to leukemia was 5.62, whereas it was 1.53 for all other
cancers combined. New data on cancer incidence have also been published [18-21].
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Table I. Epidemiologic studies with quantitative assessment of radiation doses to
specific organs and cancer risks.

Outcome Type of Exposure

Cancer Mortality Atomic Bomb

Radiotherapy for
Benign Disease

Occupation

Cancer Incidence Atomic Bomb

Radiotherapy for
Malignant Disease

Radiotherapy for
Benign Disease

Diagnostic Procedure

Occupation

Environment

Study

Japanese Bomb Survivors [9]

Ankylosing Spondylitis [12,13]
Benign Gynecologic Disorders [22-24]
Peptic Ulcer [25]

Radium Dial Painters [4,26]
Underground Miners [4, 27-31]
Nuclear Workers [32-35]
Radiologists [36]

Japanese Bomb Survivors [18-21]

Cervical Cancer [14-17]
Childhood Cancer [37-41]
Breast Cancer [42-45]
Endometrial Cancer [46]
Hodgkin's Disease [47-52]
Non-Hodgkin's Lymphoma [53]

Breast Disease [54,55]
Tinea Capitis [56-60]
Thymus [61-64]
Tonsils [65-66]
Bone Disease, Ra-224 [67]
Hyperthyroidism, 1-131 [68-70]

Tuberculosis [71-74]
Thorotrast, Th-232 [4,75-80]
Thyroid, 1-131 [81-83]
Pelvimetry [84-87]

Radiological Technologists [88-90]
Chernobyl Clean-up Workers [91,92]

Background Radiation [93]
Indoor Radon [94-101]
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2.2.2. Radiotherapy for Malignant Disease

The most comprehensive study of cancer incidence following medical irradiation is
of women given radiotherapy to treat cervical cancer [14-17]. Although extremely
high doses were received in the pelvic region, other body areas received less intense
exposures and provide information on radiation risks for organs where the effects of
tissue destruction and cell killing are minimal. Finland was an important
contributor to the international study of cervical cancer patients. Other studies with
quantitative estimates of cancer risk include patients with cancer of the breast [42-
45] and uterine corpus [46, 102], Hodgkin's disease [47-50], and children treated
for childhood cancers [37-41]. Leukemia has been linked to radiotherapy for
cancers of the breast, uterine corpus and cervix but not following childhood cancers
[38], except in combination with chemotherapy [40]. Lung cancer may be a
consequence of radiotherapy for breast cancer [45], as might contralateral breast
cancer among young patients [43]. Childhood cancer treatments have been linked
to elevations in the risk of bone and thyroid cancer [37, 39, 41].

2.2.3 Radiotherapy for Benign Disease

The study of spondylitics given spinal irradiation has provided important
information on radiation risks for a number of cancer sites [12, 13]. Women
treated for uterine bleeding and other benign gynecologic conditions are becoming a
valuable new source of information on leukemia and solid cancer risks [22-24].
Thyroid cancer has been significantly linked to radiotherapy for tinea capitis,
enlarged thymus glands and tonsils [59, 64, 65], but not following 1-131 exposures
for hyperthyroidism [69]. Breast cancer was excessive among women irradiated for
acute and benign breast diseases [54, 55], and among infants treated for enlarged
thymus glands [63]. Stomach cancer is increased after radiotherapy for peptic
ulcer [25].

2.2.4 Diagnostic Procedures

Only a few studies involving diagnostic procedures have resulted in quantitative
radiation risk estimates. Studies of tuberculosis patients given multiple chest
fluoroscopies for lung collapse treatments have identified elevated risks for cancer
of the breast [71, 72], but not lung cancer [73, 74]. Thorotrast, a radioactive
contrast medium once used in cerebral angiography, has caused liver cancers at a
very high rate, as well as leukemia and other malignancies [4, 75-80]. Prenatal
x-rays have been associated with childhood leukemia and cancer [84-87], but the
magnitude of the risk remains somewhat uncertain [103,104].

22



FINNISH CENTRE FOR RADIATION
STUK-A138 AND NUCLEAR SAFETY

2.2.5 Occupational Studies

Studies of women who painted dials with radium phosphors identified high risks for
osteosarcoma [26]. Lung cancer is excessive among underground miners exposed
to radon gas [27, 28-31]. Studies of workers at nuclear installations have been
conducted in the US and UK [32-35]. The worker data remain somewhat
inconsistent with risks for leukemia apparent in some UK studies but not US
studies, although overall the risk was significant [35].

2.2.6 Recent Advances in Radiation Epidemiology and Risk
Assessment

The 1994 UNSCEAR report provides an informative review of radiation
epidemiology [5]. During the past two years there have been several major
advances in our understanding of radiation effects based on new studies of atomic
bomb survivors in Japan, of patients given diagnostic and therapeutic radiation
(including 1-131), of workers occupationally exposed, and of general populations
exposed to residential radon [1]. Laboratory approaches are also being
incorporated into epidemiologic investigations to learn more about the biological
mechanism by which radiation causes cancer in man [105-112, SO].

Report 12 from RERF provides an additional 5 years of followup of atomic bomb
survivors [9]. Little additional information is forthcoming on residents of
Hiroshima and Nagasaki who were older than about 40 years in 1945 since most
have subsequently died. The pattern of risk among younger survivors, however, is
continuing to be defined and remains an important area for future study. The risk
of radiogenic leukemia appears to have run its course 40 years after exposure, but
excess solid cancers continue to occur. The young are at higher relative risk than
the old, but their risk coefficient has been decreasing with increasing followup due
in part to the increase in background cancer rates. Females appear to be at higher
radiation risk than males, even accounting for gender-specific cancer sites. Not all
cancers are significantly increased among atomic bomb survivors, such as chronic
lymphocytic leukemia, non-Hodgkin's lymphoma, Hodgkin's disease, and cancers
of the pancreas, rectum, cervix, testes and prostate to name a few. The dose
response for leukemia appears linear-quadratic whereas a straight line adequately
fits the data for all solid cancers lumped together. The authors state that a risk at
0.05 Sv is found to be statistically significant based upon revised modeling
analyses. It would be informative to learn what specific cancers contribute to this
low dose risk. Approximately 500 cancers (7% of all cancer deaths and 1% of all
deaths) were attributed to radiation received from the atomic bombs. Recent
laboratory adjuncts include evaluation of variant erythrocytes using flow cytology
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to detect changes at the glycophorin A locus [107]. For relatively high exposures,
there appears to be a correlation between dose and variant cells suggesting that this
biomarker has some utility as an indicator of historical exposure. Perhaps more
interesting, however, was the suggestion that the dose response was stronger among
those who developed cancer, indicating that the GPA assay might have additional
utility as a predictor of future risk, apart from the link as a marker for high
exposure.

While the study of atomic bomb survivors has provided the basis for setting
radiation protection guidelines, it does not address directly risks from chronic low-
dose exposures experienced over a period of years. This critically important
information may be forthcoming from studies of medically and occupationally
exposed subjects. Recent studies of tuberculosis patients subjected to frequent
chest fluoroscopies during lung collapse therapy in years past find no evidence for a
radiogenic lung cancer risk despite doses on the order of several gray [74]. While
fractionation appears to have little effect on reducing the risk of radiogenic breast
cancer in these TB patients, fractionation dramatically reduced the risk of
radiogenic lung cancer with a dose and dose rate effectiveness factor closer to 10
than to 2.

Occupational studies have the potential to confirm the general validity of risk
estimates from acute exposures circumstances [35]. Studies of female radiological
technologists, enrolled as early as 1926 in a national registry, may also provide
information on radiation risks, adjusting for cancer risk factors, including the
influence of genetic susceptibility [88, 89, 109].

Although it has been over 10 years since the Chernobyl accident, few quantitative
studies of radiation risk have been published. Over 600,000 workers were sent
from the 15 republics in the former Soviet Union to clean-up the environment and
entomb the damaged reactor. Because of the need for emergency action,
occupational exposures as high as 35 cGy were permitted. A recent conference in
Belarus, however, indicates the comprehensive scope of ongoing work and suggests
the potential to provide valuable information in the future [113]. The remarkable
excess of thyroid cancer among children living in the contaminated areas is the most
important finding to date. Studies of cleanup workers from the Baltic countries
have indicated that the physical dosimetry is likely to be reasonably accurate with
few high dose individuals [105, 112]. The average dose seems to be about 0.12 Sv
with only a small proportion receiving greater than 0.25 Sv, implying that large
studies will be necessary to provide sufficient power to detect radiation effects.
Indeed, examination of over 2000 cleanup workers from Estonia with ultrasound
and needle biopsy found no evidence for an increase of thyroid cancer or nodular
disease [91, 92], related in all likelihood to the age of the young men at exposure
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and the relatively low dose received. Nonetheless, larger studies may provide
important information on the effects of protracted exposures [114].

A further followup of 35,000 patients in Sweden given diagnostic doses of 1-131
found no evidence for an association with thyroid cancer [82]. Originally it was
thought that this provided evidence of a reduction in risk associated with protracted
dose, given the 8 d half life for 1-131. However, recent studies of radiogenic
thyroid cancer [11, 18], indicate that the risk following adult exposure is very low,
so the absence of an effect may be reflecting the low risk anticipated among adults.
A new examination study in this population, however, finds an association between
thyroid nodular disease and 1-131 administration [83], although the interpretation is
not straightforward. Medical x-rays were not linked to thyroid cancer in a recent
study based on medical record review [115], nor have leukemia and malignant
lymphomas in similar studies [116].

Studies of underground miners convincingly demonstrate that radon is a potent
carcinogen, able to cause lung cancer and to interact with cigarette smoking in a
way that enhances risk [27-31]. Estimates from underground miners suggest that
perhaps 10-14% of all lung cancers in the general population may be related to
breathing residential radon. The possibility that radiation might cause
characteristic mutational features in lung tumor cells has been investigated in
several laboratories. It would be fascinating to be able to identify environmental
carcinogens, including radiation, based on the genetic finger print they might leave
on cells that become cancerous [80,106,108,110, 111].

It has been difficult to detect a radon risk in residential case-control studies, in large
part because the relative risk at 150 Bq/m3 is only about 1.15 and very difficult to
detect epidemiologically. A recent study from Finland was negative, despite a good
design and relatively high exposure levels [94]. However, even this investigation
did not have the statistical power to reject the possibility that miner estimates might
still be appropriate. The need to combine date was recently noted in a new meta-
analysis of the 8 large case-control studies incorporating long term radon
measurements and assessment. Although the reasons for heterogeneity in risk
estimates could not be clearly resolved, the combined risk estimate at 150 Bq/m3

was statistically significant at 1.14 [95]. The authors conclude that based on
current understanding, there is no reason to reject the validity of miner estimates
and future combining of current and ongoing studies will be required to fully
evaluate risk from indoor radon [95, 117]. A new study among underground cave
dwellers in China may be informative also [96]. The risk of lung cancer from
smoking just a few cigarettes per day can be compared with equivalent radiation
risks (Table II): atomic bomb exposure of 3.4 Sv, underground mining exposure to
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Table II. Comparisons between radiation and smoking on lung cancer risks
[118].

Relative risk
for lung cancer

1.0
4.6
7.5
13.1
16.6

Cigarettes
per day

0
1-9

10-19
20-39
40+

Time-weighted average, 30 years
"( ) = too high to be realistic

A-bomb dose,
Svf9]

0
3.4
6.1

(11.4)"
(14.1)"

Radon

Miners,
WLM [27, 311

0
735

1,325
(2,470)"
(3,180)"

Indoor",
Bq/m3

<40
4,500
8,100

(15,000)"
(19,600)"

735 WLM, and indoor radon exposures of 4500 Bq/m3 [118]. Thus, while it
remains important to minimize unnecessary radon exposures in the home, it should
not be forgotten that cigarette smoking remains the number one cause of
preventable lung cancer and ill health in the world.

Radon and radon decay products have been causing lung cancers among
underground miners for at least 400 years [119]. Inhaled radon and radon progeny
is the definite cause, although in some mines arsenic and other factors also
contributed to the untimely deaths from lung cancer. Alpha particles emitted during
the decay process can result in large depositions of energy in bronchial cells, with
the jumbled DNA eventually leading to cancer. Cumulative WLM as high as 4,000
(approximately 20 Gy or 200 Sv, lung dose) have been estimated among some early
miners of the Colorado plateau [4, 117].

It is estimated mat 40% (or 1080) of the 2,700 lung cancers reported among miners
are attributable to underground radon exposure [28]. In contrast, the most recent
study of atomic bomb survivors included 87,000 subjects and 939 lung cancer
deaths, of which 7% (or 67) were attributable to the atomic radiation [9].

Perhaps the most striking epidemiologic feature of the 11 studies of underground
miners is that a straight line adequately describes the relationship between
cumulative radon exposure and lung cancer risk, individually and collectively,
although the individual slopes differ appreciably.
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There is the perplexing observation that the same total exposure delivered over long
periods of time was more strongly carcinogenic than if the same cumulative
exposure were delivered over a shorter time period [120], For example, miners who
were exposed to say 160 WLM after working underground for 20 years were at
much higher risk of dying from lung cancer than those who received the same 160
WLM after working only 10 years. This phenomena has been described as a
"protraction enhancement" or "inverse dose rate" effect. It is now clear, both
epidemiologically [29] and radiobiologically [121] that this phenomena does not
hold or has tittle influence at the very lowest exposure levels as might be
experienced by most miners today or from residential exposure circumstances.

The estimates of risk based on lower dose data are not higher than those based upon
the full range of data [31]. Further, the miner data provide no evidence for a
threshold dose, i.e., a dose so low that no risk would be present. The "lower"
exposure range, of course, is not necessarily low in terms of lung dose since 50 and
100 WLM likely result in 2.5 and 5.0 Sv, respectively, based on assumptions of
conversions of WLM to grays and RBE assignments [122].

Based on the entire underground miner data, it is now estimated that between 10-
12% of all lung cancer deaths in the United States might be attributable to
breathing indoor radon [31]. That occupational studies would suggest such high
proportions of cancer from natural background radiation exposure to the general
population is not new; occupational studies of radiologists, for example, have been
used to estimate that 10-20% of all leukemias might be due to all forms of natural
background radiation [36]. Because radon interacts with cigarette smoking in a
manner that is more than additive, estimates of lung cancer deaths among smokers
and never smokers differ and are 10% and 30%, respectively [28]. Direct
validation of such estimates within the general population stretches the limits of
epidemiology, however, because the predicted excesses are just too small to be
detected with much confidence. In one comprehensive study of non-smoking
women in Missouri, for example, indoor radon was estimated to account for less
than 2% of incident lung cancers [97], an estimate at extreme variance with that
predicted from studies of underground miners.

The validity of applying estimates of risk from underground miner studies to
general population circumstances, however, ties not so much on the high dose to
low dose assumption as on generalizability [117]. Difficulties in generalization
include applying male data to female and childhood populations; the influence of
heavy smoking and mine contaminants such as arsenic, diesel and blasting fumes,
and silica; differences in breathing rates and attached versus unattached particles;
and assumptions of radioactive decay equilibrium [122]. Because such issues are
difficult to resolve, great importance is being placed on combining existing and
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ongoing studies of indoor radon and lung cancer to validate the estimates of risk
from underground miners. Initial combinations of three studies with 1000 lung
cancer cases found no convincing evidence for a dose response, but neither could
the low level risk estimated from miner studies be rejected ( a relative risk of only
1.15 is predicted at 150 Bq m'3, 30 year time-weighted average). More recent
meta-analyses of over 2500 lung cancer cases from eight studies are still somewhat
equivocal, but the patterns of risk over categories of indoor radon concentrations
are appearing remarkably consistent with those estimated from miner studies [95,
98].

2.2.7 Some Unanswered Questions and Speculations

If tissues in fact vary in sensitivity with different radiation risk coefficients, as
appears to be the case from laboratory and human studies, then it might be asked
why this should be so. The reasons must be complex but probably include
differences in tissue proliferation capacity, hormonal dependence, cofactor
interaction, and baseline risks in the populations studied.

Some tissues are not convincingly linked to radiation such as CLL, cervical cancer,
and prostate cancer. Why, or why not? For prostate cancer, it might be because all
men, or at least 90%, are likely to go to the grave with some detected or undetected
neoplasm in the prostate; perhaps radiation action is irrelevant since everyone is
destined to develop this particular tumor anyway. Human papilloma virus seems to
be essential for the development of cervical cancer [123] and perhaps this viral
sufficient cause precludes or minimizes the likelihood of a radiation effect.
Interestingly, sites such as Hodgkin's disease and non-Hodgkin's lymphoma are also
thought to have viral etiologies, in part, and radiation also has not been clearly
associated with these lymphoproliferative malignancies.

There are age and sex dependencies. The sex dependency suggests the influence of
hormonal promotion but perhaps other factors are involved. Age at which
susceptibility changes appears also to be tissue dependent. Interesting, early
theories of the multiple stage nature of cancer would suggest that as we age we
accumulate mutational events in our cells and that about 5 to 6 events would be
required for cancer to occur. Since radiation causes genetic changes in somatic
cells, it would be predicted that the elderly might be more susceptible to radiation
carcinogenesis if only 1 or 2 mutational events would be required to push a cell
over the top and become transformed. Since in general, although not in all cases,
young individuals are at somewhat higher risk than the elderly, it seems that other
processes might be involved, perhaps related to the potential for lifetime cellular
replication, or "genetic instability".
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Tissue sensitivity appears not to be directly related to natural incidence. Some
cancers with very high natural occurrence such as the prostate have a low
radiosensitivity, whereas other common cancers, such as the female breast, have a
high sensitivity. The converse is also true, some cancers of low natural occurrence,
such as the thyroid, have high risks whereas other cancers of low incidence, such as
the bone, have low risk coefficients. It is unclear why such differences should
occur.

A current problem is extrapolating risks from high dose circumstances to different
low dose environments. For example, radon is a proven human lung carcinogen
among underground miners [27]. The burden of radon-related lung cancer from
domestic indoor exposures may be on the order of 10% to 13% of all lung cancers
[27, 31, 124]. Yet indoor studies have been unable to convincingly demonstrate a
risk [94, 97, 99, 100], although some studies have been positive [101] and a recent
meta-analysis suggests risks estimates consistent with those from miner studies
[95]. While there are inherent problems associated with indoor studies such as
exposure misclassification [30] and inability to control for more powerful risk
factors, there may also be problems in generalizing results from an underground
mine to an above-ground residence. The generalization of Japanese atomic bomb
data to other populations may be similarly questioned, however, the relative
consistency of findings from other exposed populations indicates that the current
risk estimates for many cancers appear reasonable.
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Abstract

This paper describes the background to the Radiation Protection Research and
Training Programme of the European Commission. The objectives and
achievements of the third Framework Programme are summarised together with a
description of how the achievements led to the establishment of the priorities for the
Fourth Framework Programme. Indications are given on the preliminary prospects
for the Fifth Framework Programme, 1998-2002.

3.1. Introduction and Background

The Radiation Protection Research and Training Programme of the European
Commission is carried out within the terms of the Euratom Treaty signed in 1957. It is
based on the responsibility of the Union for "establishing uniform safety standards to
protect the health of workers and of the general public and ensure mat they are applied"
(Article 2b, Articles 30-39) and for providing a rational basis for the optimal protection
of man by "studying the harmful effects of radiation on living organisms" in accordance
with the requirements of Chapter HI "Health and Safety" Annex I/VI of the Treaty.
There is thus a close link between regulation and research in Radiation Protectioa The
programme delivers the fundamental data needed for updating the "Basic Safety
Standards" of the European Union and also contributes significantly to the work of
organisations like the International Commission on Radiological Protection (ICRP) and
the International Commission on Radiation Units and Measurements (ICRU) which
issue recommendations on radiological protection, and provide a major input to the work
of the United Nations Scientific Committee on the Effects of Radiation (UNSCEAR).
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To achieve its objectives radiation protection research brings together the
epidemiologjcaL, biological, medical, environmental, physical and social sciences.
Successes of the past years and recent developments in radiation protection research
have led to new ideas, priorities and challenges for the 4th framework programme
(1994-1998). This has lead to a much better focused and targeted research programme
compared with the previous ones, thus providing a clearly defined and well balanced
approach for the future development of me 5th framework programme which will
require further adaptation.

3.2 Third Framework Programme:
Achievements (1990-1994)

The third framework programme (1990-1994) has played a significant role in putting
together scientists by creating multinational projects. This initiative has resulted in more
successful research work, has avoided duplication of research and has also resulted in
financial savings. The structure of the programme was derived from the previous ones
thus assuring a continuity in radiation protection research. The achievements in the
major areas are briefly described.

Health effects - Radiobiology. Research in this area concerned fundamental as well as
targeted work. Examples of successful targeted work are the development of biological
dosimetry using the chromosome painting technique and the reassessment of the
possibilities for the treatment of over-exposed accident victims. Advances in the area of
biophysical modelling have been made. They include realistic modelling of radiation
interaction with cell constituents and simulation of early chemical and molecular effects
in DNA. It can be said mat the first steps towards developing a mechanistic model for
radiation oncogenesis in man have been taken and good progress is being made to derive
a better assessment of low dose radiation risk which is me final aim.

Very recently research on DNA repair has given very exciting results. Radiobiological
studies clearly show that cells can recover from radiation damage by repairing the DNA
lesions. Through the DNA repair research we are gaining detailed information about the
repair genes, their protein products and functions. All of mis promises a better
knowledge of the way that cells process DNA damage induced by ionising radiation and
a fuller understanding of the risks of low dose radiation. Much of mis progress is being
made possible by the developments in molecular biology which find increasing
application in this area and are driving radiation protection research especially in the
areas of biological effects. Due to the development of new ideas and to the increasing
application of molecular biology, progress in the understanding of early events in
radiation carcinogenesis has been very good.
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Research work to assess the reduction of risk resulting from incorporated radionuclides
and to provide guidance to those involved in the treatment of accidental internal
radioactive contamination of workers has been a success. It has been demonstrated that
a siderophore analogue, LIHOPO, is very successful for the decorporation of plutonium,
americium and thorium. It is very efficient after wound contamination, and does not
have any identifiable side-effects after repeated administration, though a comprehensive
toxicity study remains to be undertaken. The further development of this product to
application in the nuclear industry falls beyond the scope of the programme. A
"Guidebook on Treatment" provides guidance in situations where rapid decisions must
be taken after an accidental contamination. It is for the use of physicians, health
physicists, paramedics and emergency personnel.

Following the Chernobyl accident our knowledge on the treatment of accident victims
has progressed a lot It became evident that bone marrow transplantation was not
successful in most cases, therefore, research work on other promising treatments like
growth factors rather than bone marrow transplantation is being developed in the 4th
Framework Programme.

In Epidemiology, research now includes studies of populations exposed over long
periods of time, e.g. nuclear workers, and has developed the necessary mathematical
tools to analyze these populations. Progress in this area has been good and there has
been a clear development of the strategy for the 4th Framework Programme which is to
concentrate on better defined populations and on the problem of the risk from a chronic
protracted exposure over a major part of the lifetime and not only on the extrapolation of
risk from the data taken from the Atom Bomb Survivors (Life Span Study) who were
exposed to acute doses of radiation.

Radiation Protection Dosimetry research has been successful in developments of
practical relevance. Examples are a new comprehensive approach to radiation
monitoring in the workplace combining methods of ambient and individual monitoring
with those of computational dosimetry. During past years a high quality expertise has
been established by contractors within the programme in mixed and high energy
radiation fields. This group which includes specialists from cosmic ray physics has been
able to react very quickly to a public concern which occurred in the late 1980's with
regard to radiation exposure at high altitudes of commercial aircrafts . Today there is
widespread consensus on these data. This is another example of the subsidiarity of the
programme since before multinational groups were formed research carried out by
individual experts lead to conflicting results in this area.

The expertise in all aspects of radiation protection dosimetry accumulated within the
programme was the basis for a highly efficient action to evaluate a large body of
dosimetric data urgently needed for the practical implementation of the revised EU
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Directive on Basic Safety Standards. In the area of internal dosimetry, the close
collaboration of experimentalists and modellers continued to be very fruitful. Important
new data on the human metabolism of ingested radionuclides and on inhaled
radionuclides was rapidly integrated into dosimetric models. In the area of developing
the dosimetric models itself, the close international collaboration contributed to the
impressive progress. The results of work in this area has contributed significantly to
extensive new recommendations and data for practical purposes, usually in terms of
ICRP reports. The development of physical methods of retrospective dosimetry was a
new initiative in the 3rd Framework Programme. The combination of the methods of
measuring thermally or optically stimulated luminescence in ceramics (usually taken
from houses), of Electron Spin Resonance (ESR) of tooth enamel and computational
reconstruction has provided reliable methods for individual dose reconstructions (above
100 mGy). Further work is needed to develop these methods for routine application for
larger number of individuals as needed in epidemiological studies.

Radioecological Research in the past five years has made it clear that environmental
assessments should be based on contamination loads and total inventories of
contaminants as they flow through the environment. These fluxes can be integrated over
many years to give a total environmental throughput of radionuclides. hi
countermeasures application this allows for a balanced approach in decisions on dose
reductions and overall food. This concept has given a new attitude towards research in
radioecology and has formed the basis for the 4th Framework Programme.
Environmental restoration has been put forward as a major objective in order to make
the projects more targeted and applied. The fundamental understanding of the
mechanisms of fixation of Caesium by clay components of soils and the role organic
matter plays in the modification of these mechanisms has indisputably changed the
models of the behaviour of radionuclides in agricultural systems, but also in semi-
permanent pastures and forests. Generic cycling models are available, and currently in a
stage of validation. Another realisation is the experimental and mathematical
methodology developed to predict the true absorption of radionuclides through the
gastro-intestinal tract in livestock animals. This has led to the feasibility of a stronger
control over caesium persistence and iodine distribution in animals. In freshwater
systems the role of catchments for river and lake contamination is being appropriately
modelled, in which boundary constraints such as the absorption sites of the soils or the
intercepting plant canopy are quantified. Insertion of these parameters in adequate
models has very beneficially stimulated the interaction with experts in the assessment of
risks from such freshwater environments. The models allowed for strategic decisions on
hydrologjcal countermeasures.

In Risk Assessment and Management much has been achieved. This is seen by the
wide dissemination and use of a number of software products that have been developed
for risk assessment, decision support in nuclear emergencies and for optimisation of
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radiation protection. The development of Code System Maria (Methods for Assessing
the Radiological Impact of Accidents) (COSYMA) had an impact on standard making
through its use as input to risk analyses and in the evaluation of different
countermeasure strategies. The Real-time On-line Decision Support System (RODOS)
for Off-Site Emergency Management has the potential for widescale use in Europe
which will facilitate the effective exchange of data and a more coherent response to any
future accident that may affect Europe.

In Radon Research there has been an improvement of the estimation of the risk arising
from inhalation of the decay products and the development of efficient remedial actions
to reduce the level of indoor radon. More research is needed on the one hand to improve
our understanding of the mechanisms involved in the development of lung cancer
associated with radon exposure and on the other hand in epidemiology to define the risk
of indoor radon.

In Radiation Protection in Medicine optimisation strategies in diagnostic radiology for
adults and paediatric patients have been developed and the concept of Quality Criteria
for diagnostic radiographic images was further extended. Reference Dose Values for a
series of frequent conventional radiodiagnostic examinations or of high individual
exposures were established and this allowed for adequate image quality and fulfilment of
radiation protection principles (ALARA). Medical specialists will now be able to follow
standardised protocols bom for the use of equipment as well as for the definition of
adequate image quality. The results have also contributed to the ongoing revision of the
Medical Exposure Directive (84/466/Euratom).

3.3 EC/CIS Scientific Collaboration on the consequences
of the Chernobyl accident (1991-1995)

The Chernobyl accident, which took place on 26 April 1986, resulted in widespread
radioactive contamination over large areas of Belarus, Russia, Ukraine and, to a lesser
extent, the Baltic countries and the rest of Europe. The accident caused concern
throughout the population of Europe because of the potential radiological consequences.
The Commission's Radiation Protection Research Programme consequently defined
additional research requirements, re-oriented some existing research contracts and
started some new contracts.

Immediately following the accident, the Commission's Radiation Protection Research
Programme initiated 10 co-ordinated multinational projects to assess the short-term
radiological consequences for the European Union. In response to obvious public
concern an International Panel of Independent Experts was asked whether health effects
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arising from the Chernobyl accident would be observed in Western Europe and should
be studied. The Panel concluded that it would be very unlikely that health effects would
be seen in the European Union but, as a precaution, recommended that an
epidemic-logical survey of childhood leukaemia be conducted within areas where cancer
registration was in existence at the time of the accident. This action - the European
Childhood Leukaemia Incidence Study (ECUS) - is co-ordinated by the International
Agency for Research on Cancer (IARC) in Lyon and will continue until the end of the
decade. The results in the period 1980-1994 show no statistically significant increase in
childhood leukaemia in Western Europe.

In 1991 collaboration was established with the Soviet Union when the Chernobyl Centre
for International Research (CHECIR) was set up by the All-Union Ministry for Atomic
Power and Industry in. collaboration with the IAEA. Following the dissolution of the
Soviet Union an Agreement for International Collaboration on the Consequences of the
Chernobyl Accident between the Commission and representatives of the Republics of
Belarus, Ukraine and the Russian Federation was signed on June 23, 1992. This
collaboration was made possible through a special budget created by the European
Parliament. Within the terms of this agreement a Co-ordination Board was established
with representation from the Commission and each of the three republics to have an
oversight of the programme, choice of projects, co-ordinators and participating
institutes. In order to carry out the research, European project groups (consortia) have
been composed to work very closely together with scientists from the three republics.

Sixteen EC-CIS experimental collaborative projects (ECP) and joint study projects
(JSP) were carried out over periods of up to five years on the consequences of the
accident. The results of these projects have been published in a series of final reports
specially prepared for the Conference held in Minsk, Belarus in March 1996, to
commemorate the tenth anniversary of the accident.

The different research projects cover the transfer of radioactive material through the
environment and into the chain food, a study of decontamination strategies and
restoration measures, the investigation of the accident's effects on health and the
development of procedures for improving emergency preparedness and response.

These projects have contributed to a better understanding of the aftermath of the
accident and some important results for radiation protection have been obtained: the
route for the transport of radionuclides to larger uncontaminated areas, countermeasures
to reduce the intake of radioactivity through food produced near Chernobyl, and a
catalogue of countermeasures to aid decisions on the introduction of various
decontamination techniques have been established. A decision support system which
can assist the off-site management of any future nuclear accident has also been
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developed for implementation in the three Republics. An Atlas giving detailed maps of
the caesium contamination throughout Europe from the Chernobyl accident has been
developed. This is the first attempt to compile a comprehensive presentation of the
caesium contamination over the whole territory of Europe.

As far as the effects on health are concerned, consideration has been given to new
treatment methods and drugs following overexposure, since after the accident, immediate
bone marrow transplantation was not successful in most cases. Revised guidelines for
the treatment of people who have been exposed to high levels of radiation are being
established. Epidemiological investigation of the accident clean-up workers has not
demonstrated increased incidence of any cancer up to date. The methods for
retrospective assessment of radiation exposures of individuals or groups of individuals,
either exposed during the acute phase of the reactor accident or subject to continued
exposure in contaminated zones, have been further developed and improved.

In 1993 two research projects have been initiated on childhood thyroid cancers in
children living near Chernobyl. One dealt with the diagnostic characterisation of the
thyroid cancers, and the other with improving the treatment and follow-up of the
children.

The European Commission has been deeply concerned about these childhood thyroid
cancers. In 1992 an EC Expert Panel was instrumental in gaining widespread
recognition of this tragic consequence. The European Commission combined the efforts
of programmes dealing with Radiation Protection Research, Technical Assistance
(TACIS) and Humanitarian Aid (ECHO) to help Belarus and the Ukraine with the
treatment of the affected children. Badly needed special equipment and medicines were
sent to the two Republics and medical and nursing staff are being trained in Academic
Hospitals in the Union. Two factories in Belarus and the Ukraine are being renovated so
that the essential drugs can be produced locally and their provision can be assured for
the long-term treatment of the children.

The overall objectives of the joint research programme were to enable scientists to
improve their understanding of the health and environmental impact of radioactive
contamination and how it can be reduced; to assist those in the three republics
responsible for evaluating and mitigating the consequences of the accident; to help tbe
governments of tbe affected republics to form a rational policy in response to the
accident and to alleviate the suffering of all tbe people affected by the accident. The
collaboration was very fruitful, different lessons were learnt, most of the objectives were
realised, in particular training of CIS scientists; introduction of new technology and
training of medical specialists; improvement of the local infrastructure and creation of a
regional research facility in Belarus, Russia and Ukraine.
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The results of this collaboration were presented at the First International Conference on
the radiological consequences of the Chernobyl accident in Minsk, Belarus, 18-22
March 1996 and published in the Proceedings of the Conference. The Conference was
organised by the European Commission in collaboration with the Belarus, Russian and
Ukrainian Ministries on Chernobyl Affairs, Emergency Situations and Health.

3.4 Fourth Framework Programme: development of
priorities (1994-1998)

The achievements described above have led to the establishment of the three main
priority areas of the 4th Framework Programme:

1. Understanding Radiation Mechanisms and Epidemiology;
2. Evaluation of Radiation Risks;
3. Reduction of Exposures.

under the heading "Radiological Impact on Man and the Environment".

For the first time the cost-shared contracts were complemented by a series of topics to be
addressed via concerted actions, meaning supporting co-ordination without direct
funding of research.

In addition to the above mentioned area, the 1991-1995 research work in collaboration
with the CIS led to the development of an additional section: "Mastering events of the
past" which aims to continue the research started under the EC/CIS collaboration. In the
4th Framework Programme research is also extended to other contaminated areas in
other parts of the Russian Federation. The research carried out in the European Union
will be funded through the Nuclear Fission Safety Programme, whereas research in the
CIS will be mainly funded through the INCO-COPERNICUS Programme.

3.4.1 Research work in the Fourth Framework Programme (1994-
1998)

Health Effects - Radiobiology and Epidemiology. In the 4th Framework Programme
epidemiological studies have been considered as a necessary complement to the basic
mechanisms and therefore have been put into the same area. A combination of the two
will contribute to provide a sound basis for the quantification of radiation risks at low
doses accumulated over long periods of time. The research work concentrates on
epidemiology of exposed populations, modelling of radiation oncogenesis, DNA damage
and repair mechanisms, early molecular events in radiation induced cancer, in utero
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effects on the brain with the introduction for the first time of molecular biological
techniques into this field and treatment of exposed populations.

In Radiation Protection Dosimetry priority is given to intakes of radionuclides and
their dosimetry and to the monitoring of external irradiation as well as developing dose
reconstruction methods. The quality of the methods available for the assessment of the
level of exposure to evaluate with precision the risks of real or potential human exposure
to ionising radiation is very important. Dose reconstruction is of great importance for the
quantification of risk through epidemiological approaches.

In Radioecological Research recent results have led to priorities where the
determination of fluxes of radionuclides in different types of ecosystems has become the
central objective of the investigations. The flux models developed for these ecosystems
will be used to evaluate their vulnerability and a Geographic Information System based
classification will be produced. Strategies of environmental restoration will be created to
be used in case of a future accident. An additional priority in this framework is the study
of the Iong4erm consequences of accidental contamination in semi-natural environments.

hi Risk Assessment and Management work is being directed to the improvement of the
quality and comprehensiveness of decision support systems for managing the off-she
consequences of any future nuclear accident and promoting a coherent and integrated
approach throughout Europe. Understanding risk perceptions and improving radiation
risk communication are important priorities of mis programme, hi addition exposure to
ionising radiation from natural sources, especially the radon decay products and the
assessment of radon risk requires further clarification. Therefore, in the 4th Framework
Programme priority is given to the development of a large and comprehensive multi-
disciplinary study aiming at the best possible assessment of the risk arising from the
inhalation of the radon decay products.

hi Radiation Protection in Medicine actions concentrate on the definition of a
quantitative approach to relate the required diagnostic information with a minimum level
of exposure of the patient as an operational tool for optimisation strategies, including a
strong component of the expansion of safety culture.

3.5 Preliminary Prospects for the future : the Fifth
Framework Programme (1998-2002)

All Member States are concerned about radiation protection and use of ionising
radiation extensively in both industry and medicine. While several of them are not
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directly involved with the nuclear fuel cycle they are all aware of the transboundary
nature of the potential hazards.

Hie range of radiation hazards, the complexity of radiation effects on health and the
difficulties of understanding them, the degree of public concern, more requirements for
practical protection and advice/expertise on the appropriateness of the standards of
protection are issues that will not be less demanding in the future. It is therefore,
important to safeguard the range of scientific disciplines and expertise in this area
through a European Radiation Protection Research Action.

For the different reasons already mentioned, it remains important to increase our
knowledge on the early events in radiation oncogenesis in order to be able to come up
with biological models to describe human cancer risk following exposure to low dose
radiation. In other words we need to know the mechanisms leading to radiation-induced
cancer to obtain better quantitative information on the effects of low doses. On the other
hand research on radiation epidemiology should provide more precise information on
risks of exposure since to date our knowledge on risk is based on the acute exposure of
the Atom Bomb Survivors whereas exposure of both the workers and the general public
extends over the major part of lifetime, thus populations chronically exposed to low
doses such as nuclear workers, are to be followed. Dose reconstruction methods will be
essential to assess the dose rate and cumulative dose. Environmental databases based on
current insights in basic phenomena of radioecology will give support to this. Exposure
to ionising radiation from natural sources is an important area which will require fiirther
research. Risk assessment and management have important roles in Ihe development and
implementation of policies on health and safety and environmental protection. Radiation
protection of the patient during the medical use of ionising radiation requires research
actions on three different levels, namely, at the practitioner's level, at the level of
radiographers and medical physicists and at the level of manufacturers.

There is still a lot to be learnt by investigating the health and ecological situations
associated with radiation accidents. These will include strategic decisions for
decontamination of land and property; relocation of residents and health measures. A
new consensus on the medical management of radiation casualties should be developed.

It is necessary and important to maintain the European dimension and preserve the
expertise in specific areas of this programme to advance the acquisition of knowledge
about the protection of mankind from radiation hazards. These objectives can be attained
better at the Union level than at the level of the individual Member States because
multinational projects give a better guarantee against the risk of duplication and
contribute to the safeguarding of competence in smaller but sometimes essential research
units. A European programme will guarantee complementarity of results; harmonization
of methods and of research results all through tbe Union to establish common policy; a
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better exchange of scientific and policy information on issues of mutual interest; more
interaction with numerous national and international organizations; better reliability of
the methods used; greater economical dimension and co-ordination of national radiation
issues at a European level. Moreover, a European programme of research will decrease
the disparity which might exist between the different Member States. In a cost-shared
approach, while research is basically carried out at the level of Member States,
multinational projects at the Union level co-ordinate and ensure the above mentioned
advantages, whereas the disadvantages are avoided.

The European Radiation Protection and Training Action (ERPET) activities were set up
in 1990 and have included a series of specific training actions, covering the
establishment of training programmes and packages, the organisation of training courses
and specific guidance in training and education in radiation protection. Since 1990, 52
training courses have been organised. A special case is the MSc-course in Radiation
Biology held at St Bartholomew's Hospital Medical College at the University of London,
where 3 to 4 candidates from Member States receive grants to study for one year to
obtain a university degree in this area of special importance for radiation protection. The
MSc course in radiation biology at St Bartholomew's dates back to the 1960s and is the
only comparable post-graduate course within the Member States leading to a full
university degree after one year of study. The involvement of the ERPET activities with
this course started in the academic year 1993/1994. During the past three years
considerable changes have been made to the curriculum making it more European in
character. As an example, in 1996-97, the training course includes sessions in The
Netherlands, Germany and Austria.

3.6 Conclusions

The preliminary guidelines of the European Commission for the Fifth Framework
Programme suggest horizontal activities in the new programme. The training and
mobility of scientists and the confirmation of the international role of European research
are priorities. Extension of international co-operation is important with direct, improved
involvement of Central and Eastern European countries.

The idea is to co-ordinate research in Europe more effectively by ensuring the
compatibility, complementarity and general coherence of the activities undertaken by the
Union, the Member States and in other European or international co-operation
frameworks. An important objective is to ensure that optimum techniques and processes
are made available to and applied by all Member States of the European Union. The
training programme, ERPET, should continue in the next framework to promote up-to-
date concepts and know-how on key problems for which a consistent approach at
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European level is crucial and urgent in order to maintain and extend expertise in specific
areas of Radiation Protection in the European Union.

The overall policy for the future of Radiation Protection Research will be based on
meeting the priorities of the Euratom Treaty; public concern; quality of life; natural
radiation; competitivity; harmonisation of standards and reduction of disparity in
Europe.
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FUTURE TRENDS IN RADIOBIOLOGY

Tapio Rytomaa

4.1 Introduction

An international conference, held in Vienna in April 1996, summed up the health
consequences of the Chernobyl disaster after one decade, and included in the
conclusions the following statement: "Despite the extensive scientific and medical
knowledge of radiation effects, there remain important open questions with regard
to the human health effects of radiation. It is necessary to continue to support
research into biological effects of radiation" (Kaul et al. 1996). In this paper I will
overview my present thoughts about the important open questions of radiation-
associated health effects and present a few key findings of molecular
biology/epidemiology which are at the base of these considerations.

With respect to a quantitative risk estimate of an adverse health effect associated
with radiation exposure, epidemiological studies have been, and still are, in the
central position. However, it is commonly recognized that at sufficiently low doses
the relationship between radiation and a health effect reaches a point where an
effect, even when it exists, does not reach statistical detectability. The lack of
epidemiological observations of an effect has sometimes been used as a 'scientific'
argument to claim that in the region of sufficiently low doses no effect exists at all,
and that any prediction made by modelling of a dose-response relationship below
the existing set of epidemiological data is unscientific. Here I fully agree with those
(e.g. Beninson 1996) who have stated that this type of criticism is in itself utterly
unscientific. The critics either do not understand or do not know the current state of
knowledge in fundamental radiobiology.

I will deal with these issues under two main headings, molecular biology and
molecular epidemiology. It should be noted that this paper is not written to a
layman. To accept or reject the present argumentation on a factual basis, a fair
amount of knowledge in basic biology and terminology is needed.
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4.2 Molecular biology

The current consensus among radiobiologists is that for all health effects of interest
the ultimate target for radiation-associated damage is the DNA molecule. Another
important phenomenon to be remembered in this context is the feet that essentially
at all dose levels relevant to human exposure, only one "hit' can occur to any (small)
segment of DNA. This is apparent from microdosimetric considerations which
indicate e.g. that DNA strand breaks, including virtually all double-strand breaks,
are necessarily induced by a single hit. The chance of two independent tracks hitting
the same DNA site, regardless of the dose rate, is negligibly small and can not
produce more than a minimal fraction of the relatively large number of double-
strand breaks observed per unit dose (about 100 double-strand breaks per cell per
Gy).

Following DNA damage, the repair machinery is activated and, if the repair fails,
cell suicide by apoptosis is commonly triggered. What is often overlooked in this
context is the apparent feet that in a (probably small) proportion of cases the repair
is actually a non-lethal, 'balanced' misrepair, or a premutagenic lesion (e.g. a T:G
mismatch) is formed which is repaired inefficiently. Regarding the latter
phenomenon, an oxidative damage, induced by free radicals generated by
ionizations in the immediate vicinity of DNA, can result in deamination of 5-
methylcytosine at a CpG dinucleotide, resulting in the T:G mismatch. The end
result is C to T (G to A) transition mutation and, if this occurs in a critical segment
of the DNA, such as the p53 tumour suppressor gene where all CpG dinucleotides
are methylated, the ultimate outcome may be cancer.

With respect to DNA misrepair, it may be noted that double-strand break is a
relatively frequent and specific damage caused by ionizing radiation. For instance, a
single radiation track traversing the cell nucleus (giving a dose of about 1 mSv)
induces a double-strand break with a probability of about, or close to, 0.1. It is thus
clear that after a whole-body dose of 1 mSv (i.e. on average each cell is traversed
by one photon track) huge number of double-strand breaks is produced in the body
and some of these, e.g. those occurring in tissue stem cells, may involve critical
segments of DNA. In the double-strand break caused by DNA damaging agents
complementary ends are not produced, and therefore the break must be repaired by
joining non-complementary ends. This type of end-joining results in mutations,
commonly small deletions or insertions, and sometimes capturing a cDNA fragment
(a reverse-transcriptase mediated phenomenon) at the breakage site (Teng et al.
1996; Moore & Haber 1996). An obvious consequence of this reasoning is that
even the smallest possible radiation dose has a non-zero probability of inducing a
critical mutation in DNA and, therefore, a threshold effect cannot exist.

56



FINNISH CENTRE FOR RADIATION
STUK-A138 AND NUCLEAR SAFETY

I am not reviewing the existing literature of the above-mentioned and several other
appropriate phenomena in more detail, because the aim of the present paper is not
to review the current knowledge in fundamental radiobiology. The main aim of this
paper is to suggest some areas for future radiobiological research which, in my
opinion, are likely to provide new and crucial discoveries.

One obvious aspect in the speculation of future developments in radiobiological
knowledge is the appreciation of the current megatrend in biology, i.e. molecular
biology with its already impressive and rapidly advancing technology. Anybody
who believes that our current, admittedly extensive scientific and medical
knowledge of radiation effects is next to complete, and can only be improved in
minor details with little or no consequences to practical radiation safety decisions,
is out-of-date of the progress in biological knowledge. To support my conclusion I
mention three potentially important areas:
1) Germ-line mutation rate at human loci may be, in exposure conditions different
from those seen in Japan following the atomic bomb explosions, an order of
magnitude greater than those currently used as a reference level for radiation
protection practices (Dubrova et al. 1996a,b);
2) There is a major discrepancy between the number of thyroid cancers appearing
in those who were children at the time of the Chernobyl accident and the number of
cancers that are predicted, based on standard thyroid dosimetry and current risk
projection models (see Kaul et al. 1996);
3) An epidemiological study (Petridou et al. 1996) has shown that infants exposed
in utero to ionizing radiation from the Chernobyl accident (to about 1 mSv) had 2.6
times the incidence of leukaemia compared to unexposed children, hence suggesting
that the early pregnancy period possibly contains a window of increased
susceptibility to ionizing radiation.

Clearly, the first and the third example above need to be corroborated by other
studies before the conclusions can be accepted as valid. However, I want to point
out that plausible hypotheses can already be formulated to explain molecular
mechanisms of many 'unexpected' sensitivities to ionizing radiation. In principle, a
common feature in these and in some other findings (such as an apparent temporary
increase in Down's syndrome; see Rytomaa 1996) may be the existence of a
sensitive window or a delayed manifestation of the radiation action. In germ-line
mutations the window could, for instance, be at meiosis or postmeiosis, and in
somatic cells a delayed action could involve, for instance, micro- and minisatellite
instabilities with a variety of possible outcomes. Therefore, traditional
epidemiological approaches to detectable end-effects, associated with conventional
radiation dose estimates, would be severely complicated regarding the interpretation
of the results. One of my main radiation-safety associated points in this context is
that none of the possible window-type or delayed effects need to be an extensive
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public health hazard in itself but, nevertheless, the combined health effect may not
be negligible.

Consequently, I believe that in the future radiobiological research should
concentrate on solving damage mechanisms in specific, well-defined 'windows' or at
specific DNA targets. It may not always be necessary to formulate precise
hypotheses for experiments, because some rather advanced techniques make it
possible to screen for discrete events. One such technique is differential display-
reverse transcriptase-polymerase chain reaction (DD-RT-PCR). With this technique
one can identify genes that are up- or down-regulated after an exogenous insult,
thereby making it possible to follow expression of genes that are not preselected. A
simple example of the findings is shown in Fig. 1. Isolation and sequencing of the
radiation-induced new band will either identify a known or detect a novel transcript
and, consequently, give a hint to the activated machinery (genes) induced by
radiation exposure. It is not unreasonable to expect that some of these types of
findings will reveal surprises regarding the identification of critical genes and their
up- or down-regulation by ionizing radiation.

Micro- and minisatellite repetitive sequences of DNA, and their induced instability
(expansion or contraction of tandem repeats), may well be involved in radiation
action. The actual DNA target damaged by radiation is not likely to be a repetitive
sequence itself but, for instance, it could be any member of a family of genes
responsible for repair of errors in DNA replication. Whatever the actual
mechanism, it has already been indicated that length changes (repeat copy number)
in minisatellite loci are unexpectedly common in the population living in Belarus
(Dubrova et al. 1996a, b) and also in the progeny of experimentally irradiated mice
(Fan et al. 1995). An additional example of a totally unexpected radiation effect
may be the enormous base substitution rate seen in a protein-coding gene in voles
exposed to Chernobyl fallout. In these animals the substitution rate in a
mitochondrial gene (cytochrome b) was at least two orders of magnitude greater
man previously reported for mitochondrial protein-coding genes (Baker et al. 1996).

Although the long-term health effects of these types of increased rates of inherited
mutations in mammals remain undefined at present, it should, nevertheless, be clear
to everybody that future radiobiological research may well expose effects that were
not imagined a few years ago.

4.3. Molecular epidemiology

Molecular epidemiology has provided compelling evidence that environmental
factors are major contributors to human cancer and the associated risks are strongly
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Flg.l. DD-RT-PCR (one pair of primers) from a human larynx carcinoma cell line before (thin line) and 30 minutes
after (thick line) acute radiation exposure (2 Gy). A new transcript (cDNA) induced by radiation is shown by the arrow.
It may be noted that the total number of transcripts expressed in a cell line is about 104, and an estimated number of
new/novel transcripts up- or down-regulated by an exogeneous insult is perhaps 100.
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influenced by genetic and acquired susceptibilities (Perera 1996). In this context it
is worth noting that the common policy-statement by radiation protection experts as
been that at least for certain traditional end-points such as cancer incidence and
mortality, the risk assessment methods are conservative and they probably
overestimate the risk greatly, especially at low radiation doses and dose rates. As
directly suggested by several findings in fundamental radiation biology, this type of
statement may be seriously misleading for certain window-type and delayed effects,
and it is also misleading because all individuals in a population do not have the
same response to a specified dose of radiation. Indeed, the "bidden1 assumption of
population homogeneity ignores the sizeable, more vulnerable fraction of the
population. At an individual level the difference in susceptibility may differ several
hundred-folds (Venitt 1994). Thus the possible impact on population risk of cancer-
prone disorders is not necessarily small. Each of the disorders known today (more
than ten) is usually quite rare, with an incidence of something like 1 in 10 000. For
some genotypes, however, such as ataxia-teleangiectasia heterozygotes, the
incidence may be as high as 1 in 300, and the high frequency would in itself
indicate that these individuals may represent a potentially important sub-population
at risk. In addition, one must realize that even a relatively rare disorder may
contribute significantly to the population risk if the individual susceptibility is 10,
100 or perhaps 1000 times greater than the average susceptibility. Thus, depending
on the disorder prevalence, relative susceptibility to radiation exposure, and on the
total number of different predisposing disorder types, the overall effect of these
minority groups on the population risk may, in fact, be marked.

For the purposes of the present paper, molecular epidemiology is considered to
consist of analysis of biomarkers or biological measurements, incorporated into
traditional epidemiological studies. The category of biomarkers, associated with
radiation exposure, comprises markers that indicate an irreversible biological effect
resulting from the DNA damaging interaction, either at the target site or at another
site Linked to the end-point studied. Among these markers are glycophorin A
mutations expressed on red blood cells, for instance, among Chernobyl cleanup
workers (Bigbee et al. 1996), mutational incidences and spectra in oncogenes and
tumour suppressor genes in patients exposed to radiation (Servomaa et al.1996),
micro- and minisatellite instabilities (Dubrova et al. 1996 a,b) and inherited base
substitutions in mitochondrial genes in animals exposed e.g. to Chernobyl fallout
(Baker etal. 1996).

To illustrate in a more concrete way the possibilities of molecular epidemiology in
radiation research, as I see it, I briefly describe some findings in a potentially
important field: 'genetic' effects of radiation exposure on human populations.
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It is generally known that traditional epidemiology has foiled to show germ-line
mutations in human populations exposed to radiation either in Hiroshima and
Nagasaki or in any other setting studied thusfar. This, in itself, is not really
surprising. One obvious shortcoming in these approaches is the necessity to study
very large numbers of individuals, more than 10s, because the frequency of a
mutation in a single locus seems to be of the order of 10"5/Gy/Iocus. Furthermore, it
is not at all clear how radiation-induced mutations could or should be scored in a
traditional epidemiologic setting. In other words, are we searching children born to
exposed parents who suffer from a specific inherited clinical disease or possibly a
malformation or an anomaly, or are we trying to detect mutations in a selected gene
e.g. by observing a change in the gene product (protein structure). As already
suggested, both these approaches have been attempted in Hiroshima and Nagasaki,
but no significant increase in mutation rate has been found.

It is clear that these relatively crude approaches, which have not reached statistical
detectability, do not indicate that no effect exists at all. Owing to this, more
sensitive techniques have been recently attempted, by measuring genetic effects at
several minisatellite loci where a high rate of spontaneous mutation (often 103-fold
compared with most protein-coding loci) have been found in humans. In studies of
children of survivors of the Hiroshima and Nagasaki atom bombs, no effects of
radiation on minisatellites could be detected (Kodaira et al. 1995, Satoh & Kodaira
1996). However, other studies (Dubrova et al. 1996a,b) have revealed significantly
elevated mutation rates in the offspring of parents exposed to Chernobyl fallout.

One of the possible critical aspects in the Chernobyl study is the use of a British
population as the control group to the Belarus population. It is thus necessary,
using a sophisticated molecular epidemiological design and extensive data
collection to reinvestigate the germline mutation rate in a human population. To
this end children born to the Chernobyl cleanup workers from Estonia before and
after the father's radiation exposure, provide a nearly ideal population for the study.
In this study the radiation doses to the fathers are relatively well known, both from
dosimetry records and from several biodosimetry measurements, and a large
amount of detailed information has been collected by personal interviews (Bigbee et
al. 1996, Tekkel et al. 1997, Rahu et al. 1997). With respect to the apparent
discrepancy between the Hiroshima/Nagasaki and Chernobyl children, the ongoing
cleanup-worker study may also provide a biological explanation for the difference.
In Hiroshima/Nagasaki, the children were born to the parents ten or more years
after the acute, high-dose exposure, and therefore the mutations seen in the children
would necessarily reflect stable stem cell mutations prevailing in the parents. The
exposure conditions in Belarus were different, and therefore the probably critical
spermatid-stage mutations would show up. In the ongoing cleanup-worker

61



FINNISH CENTRE FOR RADIATION
AND NUCLEAR SAFETY STUK-A138

associated epidemiological study, attention can be focused on the biological aspects
of spennatogenesis after radiation exposure.

4.4 Conclusions

In my current opinion, the major future trends in radiobiological research are
directed to the following three areas:

1. Depending on radiation exposure conditions, inherited mutations in man (and in
animals), possibly other than those causing direct changes in protein-coding loci,
will be a significant health hazard. Paternal exposure may be particularly critical.

2. Molecular biology and molecular epidemiology will reveal several unexpected
health effects, based on the existence of sensitive biological windows and on the
delayed appearance of clinical end-results of micro- and minisatellite instabilities.

3. Differences in individual susceptibility to radiation exposure will identify
important subpopulations at risk, and predisposing inherited and acquired genetic
disorders will have an important overall effect on population risk and on radiation
protection philosophy.
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