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F O R E W O R D

The levels and biological effects resulting from exposure to ionizing radiation 
are continuously reviewed by the United Nations Committee on the Effects of Atomic 
Radiation (UNSCEAR). Since its creation in 1928, the International Commission on 
Radiological Protection (ICRP) has issued recommendations on protection against 
ionizing radiation. The UNSCEAR estimates and the ICRP recommendations have 
served as the basis for national and international safety standards on radiation safety, 
including those developed by the International Atomic Energy Agency (IAEA) and 
the World Health Organization (WHO).

Concerning health effects of low doses of ionizing radiation, the international 
standards are based on the plausible assumption that, above the unavoidable 
background radiation dose, the probability of effects increases linearly with dose, i.e. 
on a ‘linear, no threshold’ (LNT) assumption. However, in recent years the biological 
estimates of health effects of low doses of ionizing radiation and the regulatory 
approach to the control of low level radiation exposure have been much debated.

To foster information exchange on the relevant issues, an International 
Conference on Low Doses of Ionizing Radiation: Biological Effects and Regulatory 
Control, jointly sponsored by the IAEA and WHO in co-operation with UNSCEAR, 
was held from 17-21 November 1997 at Seville, Spain.

The Conference was directed at a broad spectrum of experts and persons from 
various professional disciplines, including radiobiologists, radioepidemiologists, 
health physicists, radiation protection experts, officers having responsibilities for 
radiation protection programmes and the application of radiation safety standards, 
and government officials, including persons from regulatory bodies and senior policy 
makers at the ministerial level. The Conference attracted over 500 participants and
25 observers from 65 countries and six international organizations.

The Government of Spain hosted this Conference and facilitated its 
organization through a group of five Spanish institutions: Consejo de Seguridad 
Nuclear (CSN), Empresa Nacional de Residuos Radiactivos S.A. (ENRESA), 
Empresa Nacional del Uranio S.A. (ENUSA), Unidad Eléctrica S.A. (UNESA) and 
Centro de Investigaciones Energéticas Medioambientales y Tecnológicas (CIEMAT), 
led by the CSN.

The Conference programme comprised two background sessions, with three 
reports from international organizations on the biological effects of ionizing radiation 
and three reports on related international conferences held elsewhere, seven 
discussion sessions on the different aspects of radiation effects, a special session 
entitled From the Scientific Evidence to Radiation Protection, three sessions on 
aspects of regulatory control, a Round Table on Regulatory Control and Scientific 
Research, two poster presentation sessions, and a summary session highlighting the 
major topics of the presentations and discussions.



These Proceedings contain the invited special reports, keynote papers, 
summaries of discussions, session summaries and addresses presented at the opening 
and closing of the Conference.

The Conference Programme Committee accepted 176 concise contributed 
papers for consideration at the Conference, and these were published by the IAEA 
shortly before the Conference. Copies of that publication (IAEA-TECDOC-976) are 
available at no charge from the IAEA Department of Nuclear Safety.

The Joint IAEA/WHO Conference Secretariat gratefully acknowledges the 
support and generous hospitality extended to the Conference participants by the 
authorities of Spain.

EDITORIAL NOTE

The Proceedings have been edited by the editorial staff of the IAEA to the extent 
considered necessary for the reader’s assistance. The views expressed remain, however, the 
responsibility of the named authors or participants. In addition, the views are not necessarily 
those of the governments of the nominating Member States or of the nominating organizations.

Although great care has been taken to maintain the accuracy of information contained 
in this publication, neither the IAEA, the WHO nor their Member States assume any 
responsibility for consequences which may arise from its use.

The use of particular designations of countries or territories does not imply any 
judgement by the publisher, the IAEA, as to the legal status of such countries or territories, of 
their authorities and institutions or of the delimitation of their boundaries.

The mention of names of specific companies or products (whether or not indicated as 
registered) does not imply any intention to infringe proprietary rights, nor should it be 
construed as an endorsement or recommendation on the part of the IAEA or the WHO.

The authors are responsible for having obtained the necessary permission for the IAEA 
to reproduce, translate or use material from sources already protected by copyrights.

Material prepared by authors who are in contractual relation with governments is 
copyrighted by the IAEA, as publisher, only to the extent permitted by the appropriate national 
regulations.
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6 BLIX

now being held in English, French, Arabic and Russian; but many in this hall 
will be happy to note that Castilian was the language in which the first Agency 
post-graduate course was held, in Buenos Aires, and that that course con
tributed to the development of radiation protection experts for the whole of 
Latin America.

(d) The IAEA technical co-operation and assistance programme has increasingly 
focused on radiation protection. You may be interested to learn that the Agency 
has today more than 150 operational radiation protection projects in its Member 
States. One of these projects —  a so-called model project —  aims at the 
strengthening of radiation protection infrastructure in no less than 53 develop
ing countries.

(e) Finally, it is in the service area that our achievements have been most impor
tant. This is a relatively new development. It started about a decade ago with 
services mainly to nuclear power plant operators and to regulatory bodies. In 
recent years the interest of Member States to have the Agency provide radiation 
protection assessment services has increased greatly. These services have 
included the assessment of radiation accidents and the subsequent provision of 
advice on follow-up measures and, more recently, the assessment of the radio
logical situation in localities with radioactive residues from past activities.

After the radiological accident in Goiânia, Brazil, in 1987, we concluded that 
the Agency should provide accident assessment and advisory services to any State 
that wished to request them. As a result the Agency has been able to build up a for
midable repository of information on radiological accidents. It is available to all of 
you and your colleagues for the never-ending process of learning from experience. 
The latest example is the comprehensive assessment of the tragic accident in 
San José, Costa Rica, where more than 100 radiotherapy patients were overexposed, 
some with severe and even fatal consequences. The largest contribution of the Agency 
in this field was the assessment of the radiological consequences of the Chernobyl 
accident in the affected areas of Belarus, Russia and Ukraine. The report, of over 
1000 pages, is today, I understand, a classic reference for specialists.

As you are aware, there are many locations with radioactive residues around the 
world. Some are the result of past peaceful activities, such as mining of radioactive 
ores or work with radioactive luminous paint. Others result from military activities, 
e.g. arms production and nuclear weapon testing. At this moment the Agency is heav
ily engaged with assessments of the radiological situations created by these residues. 
We have just finished radiological assessments at the Bikini Atoll in the Marshall 
Islands and at Semipalatinsk in Kazakhstan. We have also completed a major assess
ment of the radiological conditions resulting from the dumping of reactor cores and 
other radioactive materials in the Arctic Sea, and we are about to conclude a compre
hensive assessment of the radiological conditions in the atolls of Mururoa and
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Fangataufa in the South Pacific Ocean at the request of the Government of France. At 
the end of the era of nuclear weapons testing, I find it most appropriate that the 
Agency is in this way assessing the remaining radiological consequences. I am very 
much aware that we are often moving and working in areas that are politically 
charged. However, I can tell you that a guiding directive which the Agency’s able staff 
invariably get from me is: stay strictly scientific!

Efforts to establish international standards and to provide for their application are 
now supported by legally binding undertakings by Member States. In recent years, we 
have developed six major conventions in the field of radiation, nuclear and waste safety. 
Four of these, namely the Convention on Early Notification of a Nuclear Accident, the 
Convention on Assistance in the Case of a Nuclear Accident or Radiological 
Emergency, the Convention on Nuclear Safety and the recent Joint Convention on the 
Safety of Spent Fuel Management and the Safety of Radioactive Waste Management, 
introduce international legally binding obligations on radiation protection related issues. 
The Joint Convention on Fuel and Waste Safety —  which was opened for signature just 
a few weeks ago —  refers in its preamble to the BSS and imposes clear obligations 
regarding the discharge of radioactive materials to the environment.

The conventions, the international standards and the various provisions for the 
implementation of the standards are the core of a much welcomed international nor
mative regime of radiation, nuclear and waste safety. As a lawyer I am very happy to 
see this regime in place. Yet, we are not at the end of history, rather at the beginning 
of a new cycle of progress. You only need glance at the programme of this Conference 
to realize what lies ahead.

With current dramatic developments in molecular biology, and with the future 
completion of the mapping of the human genome, we shall be in a position to know 
more precisely the actual effects of radiation on health. Topics which have been dis
cussed with some emotion, such as the dose response at very low doses, the adaptive 
response of cells to radiation insults and the effects of radiation on apoptosis, will be 
better understood. This new knowledge will not necessarily make life easier for you. 
New problems will arise; for instance, the issue of genetic susceptibility to radiation, 
which is already on the horizon, will pose technical, ethical and legal matters for the 
profession to address.

In this complicated and controversial field of the health effects of low level 
radiation, the Agency has no programme of its own. Rather, it has relied on the 
competent UN organ, UNSCEAR, and on the advice of professional organizations 
such as ICRP. I hope that the discussions that will take place during the first half of 
this Conference will help to throw light on the many controversies and discussions 
that have taken place in recent years on this subject.

During the second part of this Conference you will discuss how to regulate low 
doses of radiation. Because of its statutory role in the field of safety, the Agency has 
a major interest in your deliberations and conclusions on this matter.
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There is much confusion on the subject of the regulation of low doses, mainly 
but not exclusively on the part of the public; there are also very confusing statements 
on the topic among specialists. I need only remind you of the contradictory advice 
that decision makers received in Europe at the time of the Chernobyl accident.

I recognize that the confusion is in part due to ignorance. However, some of the 
confusion may also be the result of unnecessary jargon. Some people are surprised 
that what we term a dose limit is much lower than the natural background radiation 
doses that we unavoidably incur. To bring about a full understanding of the radiation 
protection system should be a priority for you today. I can tell you that few decision 
makers understand that the system is only intended to control the additions to back
ground doses caused by what are called practices and the reductions from back
ground doses by what are termed interventions. I hope you will use this Conference 
to discuss these problems in depth and to suggest solutions that will be of importance 
for the many beneficial uses of radiation.

I should like to end by thanking the Spanish Government and our local hosts 
once more for their help and hospitality, and by expressing my appreciation again to 
WHO and UNSCEAR for their co-sponsorship and co-operation in organizing the 
Conference.

I thank all of you for supporting the Agency’s work, and I wish you a very 
successful Conference.
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Hiroshi Nakajima,
Director General,

World Health Organization,
Geneva

It is a pleasure to be with you for the opening of this important Conference. The 
World Health Organization is very grateful to the Government of Spain, to the 
Government of Andalucía, to the City of Seville and to the many other institutions 
involved for the excellent preparations they have made for it. The work to be carried 
out during the next few days will make a significant contribution to the joint activi
ties of WHO, IAEA and the United Nations Scientific Committee on the Effects of 
Atomic Radiation.

As well as being a public health issue of primary importance, ionizing radiation 
is also a public information issue. Particularly since the Chernobyl disaster, which 
exposed several million people in Belarus, Russia and Ukraine to this hazard, the world 
has been justifiably concerned about the health effects of such exposure. They need 
reliable information on this subject. Otherwise, as we have seen in the case of 
Chernobyl, the actual health risks are multiplied to an unnecessary extent by 
psychosocial problems arising from confusion and fear.

The increased risk of cancer in patients who have been exposed to radiation is 
well known. Scientific research has been conducted for many years, both in laborato
ries and in epidemiological studies, on the effects of radiation at relatively high doses, 
but there are still uncertainties about these risks in the case of doses lower than 
about 0.1 Gy, particularly when the exposure is over an extended period. It has been 
assumed that dose-response curves can be extrapolated linearly below 0.1 Gy, but this 
may not be the case. This is one of the key questions this Conference has to examine.

In a still longer time-frame, there is genuine concern about the extent to which 
any exposure to radiation may aifect future generations. The latest findings in map
ping and cloning genes which, when mutated, result in Mendelian or other diseases, 
have stimulated radiobiologists to study the potential contribution of radiation to the 
etiology of these diseases. The findings of the Human Genome Project, which began 
in 1990, are giving new impetus to these studies.

Established health effects from exposure to low doses of ionizing radiation 
were taken into account in the drafting of the International Basic Safety Standards for 
Protection against Ionizing Radiation and for the Safety of Radiation Sources. The 
Standards, as Hans Blix mentioned, were published by IAEA in 1996, as the outcome 
of a joint effort involving a number of other organizations, including WHO and the 
Food and Agriculture Organization of the United Nations (FAO). They need to be 
evaluated and updated regularly in the light of new findings. For instance, the recent 
discovery of radiation induced genomic instability has raised many new questions 
about the possible health effects of low doses of ionizing radiation.
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This Conference can contribute significantly to our understanding of these 
matters and can help to provide a strong scientific basis for safety standards. While 
insisting on safety, we also have to bear in mind the various beneficial uses to which 
ionizing radiation can be put. It has made a tremendous contribution to medicine, to 
electric power supply, to many other areas of industrial production and to future envi
ronmental protection, as Hans Blix mentioned. Precisely because of these benefits, 
however, the use of radiation is increasing, and with it the exposure of people to it. 
This makes a precise assessment of safety levels all the more necessary.

Forty years ago, a WHO Expert Committee drew attention to the need for 
epidemiological studies in high background radiation areas in Kerala, India. 
Radiation levels there were comparable to those in areas contaminated by radionu
clides from the Chernobyl accident. This work was an early precursor of our current 
programme on the prevention of radiation hazards, called for by the World Health 
Assembly and other intergovernmental bodies to assess the health effects of exposure 
to various radiation levels and to strengthen the capabilities of national authorities to 
deal effectively with the medical consequences of nuclear and other radiation acci
dents.

From our work in the countries directly affected by the Chernobyl accident, we 
know that there was a sharp increase in thyroid cancer incidence, especially among 
those who were children at the time of the accident. The incidence of blood disorders 
closely related to radiation as an etiological factor has remained virtually unchanged. 
Unfavourable trends in certain classes of disease among affected populations, and 
accident recovery workers have been noted, but to link these trends to radiation 
exposure has so far proved impossible because of insufficient dosimetric information. 
Irrespective of its etiology, however, the increase in morbidity calls for extreme 
vigilance.

Much of our current work on radiation safety is carried out through our 
specialized collaborating centres, national government institutions, and the 
International Agency for Research on Cancer (IARC) of the WHO. This agency has 
published information of direct relevance for your discussions this week, particularly 
a recent study covering 95 000 nuclear industry workers in three countries with regard 
to the carcinogenic effects of long term low level radiation exposure. A larger study, 
involving 600 000 workers in 14 countries, is now in progress.

While prevention of accidents involving radiation in high doses is a primary 
aim of WHO, it is recognized that no plan can provide total protection from risk. 
There is a continuing need for emergency preparedness and assistance in case of 
radiation accidents, and WHO has established a network of collaborating centres to 
respond to this need. It works within our global environmental radiation monitor
ing framework to facilitate assessments of the impact of radioactive contamination on 
public health and the environment and to make this information available to govern
ments and the scientific community, and through them to the public.
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Your discussions here will contribute significantly to these efforts. On behalf of 
WHO I would particularly like to thank Hans Blix for the collaboration of the 
IAEA, but also the many eminent scientists, physicians and radiation protection 
experts who have gathered here today to share their valuable knowledge and experi
ence. With your help we can continue to work effectively for the highest attainable 
level of health of every human being even though radiation risks exist.
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Juan Manuel Kindelán Gómez
Presidente,

Consejo de Seguridad Nuclear,
Madrid, Spain

Es para mí un placer dirigirles unas palabras en mi calidad de Presidente de la 
Conferencia. Cuando hace más de un año España aceptó la realización de una con
ferencia internacional sobre los efectos biológicos y el control regulador de las dosis 
bajas de radiación ionizante, éramos conscientes del importante reto que se nos pre
sentaba. Los numerosos y variados aspectos técnicos involucrados en el tema, el 
debate científico existente a nivel internacional y la evidente repercusión de dicho 
debate en amplios sectores de la sociedad, hacían de esta Conferencia una reunión 
oportuna y comprometida.

Bajo los auspicios del Organismo Internacional de Energía Atómica (OIEA) y 
de la Organización Mundial de la Salud (OMS), y en cooperación con el Comité 
Científico de las Naciones Unidas para el Estudio de los Efectos de las Radiaciones 
Atómicas (UNSCEAR), se fijó como objetivo primordial de la Conferencia el reunir 
a los especialistas involucrados en los diferentes aspectos de los efectos biológicos de 
las dosis bajas, para intercambiar información, intentar dar respuesta a los temas de 
debate e identificar las áreas donde deben aplicarse los recursos disponibles. Por ello 
la Conferencia se dirige a un amplio espectro de expertos y profesionales de diversas 
disciplinas.

Me es grato anunciar que entre los más de 600 participantes registrados, se 
encuentran prestigiosos investigadores en biología molecular, radiobiólogos, 
radioepidemiólogos, físicos médicos, radiólogos, expertos en protección radiológica, 
funcionarios encargados de la aplicación de normas de seguridad radiológica y pro
gramas de protección radiológica, titulares de licencias de operación de instalaciones 
nucleares y radiactivas, y funcionarios gubernamentales y de organismos reguladores. 
El número y diversidad de los participantes constituye el primer éxito de la Confe
rencia, porque va a permitimos abordar colectivamente y con diversos enfoques, el 
variado ámbito temático de la misma.

Todos ustedes conocen los beneficios de las diferentes y numerosas aplica
ciones de la energía nuclear y de las radiaciones ionizantes. Todos ustedes son tam
bién conscientes de la preocupación en la sociedad por la seguridad en la utilización 
de estas aplicaciones. Hoy en día, ninguna aplicación de la energía nuclear o de las 
radiaciones ionizantes será aceptada socialmente, por muy grandes que sean sus bene
ficios, si no se demuestra que se gestiona de una forma segura y sin riesgo para el 
público y el medio ambiente.

Poco más de un año después del descubrimiento de los rayos X se fijaron las 
primeras normas de protección radiológica para evitar los efectos nocivos de irradia
ciones agudas. Esto ocurría en 1886, hace más de cien años.
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Tanto las estimaciones biológicas de los efectos en la salud de las dosis bajas, 
como el enfoque regulador del control de la exposición a la radiación de baja inten
sidad, han variado mucho desde entonces y en los últimos tiempos han sido objeto de 
un amplio debate.

Los programas de investigación básica sobre la genética molecular y la biología 
celular han registrado considerables avances en los últimos años, y han aumentado 
nuestro conocimiento sobre los mecanismos elementales de estos efectos. Los nuevos 
datos epidemiológicos relacionados con las poblaciones humanas y otras especies han 
permitido conocer mejor los riesgos inherentes para la salud, y la epidemiología 
molecular nos está abriendo las puertas a una nueva fuente de conocimientos.

Los resultados obtenidos en todas estas esferas de investigación pueden tener 
un efecto importante en la evolución de las normas de protección radiológica. Por lo 
tanto, parece ser el momento oportuno para pasar revista a estos nuevos conoci
mientos y definir las áreas en las que deberían concentrarse nuevas actividades de 
investigación y desarrollo.

El programa de la Conferencia refleja en su estructura estas dos grandes áreas. 
La primera parte, después de esta ceremonia de apertura, incluirá unas sesiones intro
ductorias con presentaciones de los estudios realizados por el UNSCEAR sobre los 
efectos biológicos de las radiaciones ionizantes, así como los realizados por la OMS 
sobre los mecanismos moleculares de la radiación y de la carcinogénesis química. 
Finalmente, las principales conclusiones alcanzadas en reuniones internacionales 
recientes, relacionadas con este tema, serán presentadas a la audiencia.

A continuación, una serie de foros temáticos analizará las cuestiones biológicas 
y fomentará el debate entre los expertos que nos acompañan. Estos foros examinarán 
los mecanismos moleculares, las respuestas adaptativas, la progresión de tumores 
radioinducidos, los efectos hereditarios, la evidencia epidemiológica y las estima
ciones de riesgo.

En este punto esperamos alcanzar otro de los objetivos de la Conferencia, que 
consiste en compartir los últimos resultados de los estudios y programas de investi
gación, y ofrecer a las autoridades públicas responsables un paquete de información 
técnica rigurosa que les permita confirmar o mejorar las normas de protección 
radiológica.

La segunda parte de la Conferencia comenzará con una sesión en la que la 
Comisión Internacional de Protección Radiológica (CIPR) y la Unión Europea 
presentarán su experiencia en la transformación de los resultados de estudios 
científicos en normas y recomendaciones de protección. Seguidamente se volverán 
a celebrar una serie de foros temáticos relativos al control de las dosis bajas, tanto 
en prácticas como en intervenciones o exposiciones crónicas. Estos términos, junto 
con el de exposición potencial, espero que sean analizados durante esta Conferencia 
y que se comparta la experiencia obtenida en la aplicación de la normativa más 
reciente.



OPENING STATEMENT 15

La interacción entre las autoridades reguladoras y el mundo científico será el 
objeto de la mesa redonda prevista para el último día, que dará paso a la presentación 
de las conclusiones alcanzadas en cada uno de los foros, que sin duda constituirán la 
base para las conclusiones generales de esta Conferencia.

Este atractivo programa es el resultado de la dedicación de un grupo de técni
cos que, bajo la coordinación de la Secretaría conjunta del OIEA y la OMS, han 
contribuido con sus mejores esfuerzos en dotar a la Conferencia de una estructura y 
contenido tan interesantes como para convocar a más de 600 personas de todo el 
mundo. A continuación me gustaría presentárselos. A.J. González, en el extremo 
derecho, y W. Kreisel, en el extremo izquierdo, han sido los responsables de la orga
nización de esta Conferencia por parte de las dos organizaciones internacionales co- 
patrocinadoras, el OIEA y la OMS, respectivamente.

En la mesa a mi derecha se encuentran los componentes del comité de progra
mas bajo la dirección del actual Presidente de la CIPP, R. Clarke, del Reino Unido. A 
su derecha se encuentran K. Mabuchi, de Japón, y J.L. Butragueño, de España. A la 
izquierda del Presidente se encuentran W. Sinclair, de los Estados Unidos de América, 
y B. Bennett del UNSCEAR. Este grupo de prestigiosos científicos ha sabido des
menuzar un tema tan delicado como las bajas dosis en una serie de elementos, de 
forma que permita a los conferenciantes debatirlos en profundidad y alcanzar 
conclusiones con una estructura lógica.

En la mesa a mi izquierda se encuentran los componentes del Secretariado de 
la Conferencia, que incluye a F.N. Flakus, Coordinador general de la reunión, y a 
G.A. Webb y G. Souchkevitch, del OŒA y la OMS, respectivamente. Con ellos 
se encuentra J. Reig, Presidente del comité organizador español. Estas personas y los 
miembros del comité que representan, han apoyado al comité técnico para que la Confe
rencia se desarrolle adecuadamente y ustedes disfruten no sólo del contenido técnico de 
la reunión sino también del incomparable marco que nos acoge, que es la ciudad de 
Sevilla. Vaya para ambos grupos y todos sus miembros mi felicitación y agradecimiento.

No quisiera en este punto dejar de agradecer el importante apoyo recibido de 
las instituciones andaluzas. La Junta de Andalucía, el Ayuntamiento de Sevilla y la 
Diputación Provincial han contribuido significativamente a la realización de la 
Conferencia, demostrando una vez más su generoso sentido de la hospitalidad.

Para finalizar quisiera hacerles unas reflexiones como máximo responsable del 
organismo regulador de España en materia de seguridad nuclear y protección 
radiológica.

Como comenté al inicio de mi intervención, si queremos que la energía nuclear 
y las radiaciones ionizantes sean aceptadas socialmente, en cualquiera de sus aplica
ciones, hay que demostrar que se están utilizando de forma segura y sin riesgo para 
el público y el medio ambiente.

El Consejo de Seguridad Nuclear tiene un importante papel que realizar en esta 
tarea. Frente a la sociedad, el Consejo debe garantizar que dispone de la necesaria
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competencia e independencia para analizar y controlar la operación de este tipo de 
instalaciones. Frente a los administrados, el Consejo debe regular con un objetivo 
claro de reducción del riesgo, y evitar, en lo posible, que por actuaciones reguladoras 
se desvíen recursos sin un impacto importante en la seguridad de la instalación.

Por estos motivos, el tema objeto de esta Conferencia es del máximo interés 
para el organismo que dirijo, y por eso hemos contribuido decididamente a su 
organización.

Los efectos en la salud de las bajas dosis de radiación han generado, además del 
debate científico, un debate social. Las autoridades responsables no podemos ni debe
mos esperar a que finalice el debate científico para ejercer nuestra responsabilidad 
pública. Sin embargo, sí podemos y debemos alentar la búsqueda del consenso téc
nico que nos permita optimizar las medidas de protección al público y la utilización 
eficiente de los recursos disponibles.

En este sentido animo a todos los presentes a que compartan sus conocimien
tos y expongan abiertamente sus opiniones durante la Conferencia. Un diálogo 
abierto entre la comunidad científica, los organismos reguladores y los usuarios de la 
regulación contribuirá sin duda a identificar aquellas áreas en las que son necesarios 
esfuerzos adicionales para mejorar, si cabe, la reglamentación vigente.

Soy, por lo tanto, el primer interesado en el éxito de esta Conferencia, y estoy 
convencido de que la audiencia tan cualificada aquí reunida es capaz de conseguirlo.
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I have great pleasure in addressing a few words to you in my capacity as 
President of the Conference. When, more than a year ago, Spain agreed to hold an 
international Conference on the biological effects and regulatory control of low doses 
of ionizing radiation, we realized the considerable challenge that we were setting 
ourselves. The numerous and varied technical aspects of this subject, the existing 
scientific debate at the international level and the obvious repercussions of this debate 
in wide sectors of society make this Conference notable for its timeliness and 
commitment.

Under the auspices of the International Atomic Energy Agency (IAEA) and the 
World Health Organization (WHO), and in co-operation with the United Nations 
Scientific Committee on the Study of the Effects of Atomic Radiation (UNSCEAR), 
the primary objective of this Conference was to bring together experts involved in the 
various aspects of the biological effects of low doses of ionizing radiation in order to 
exchange information, to try to provide a response to the issues under discussion and 
to identify areas in which the available resources should be used. In order to achieve 
this, the Conference is aimed at a wide range of experts and professionals from 
various disciplines.

I am happy to announce that the some 600 registered participants include 
prominent research workers in the field of molecular biology, radiation biologists, 
radio-epidemiologists, medical physicists, radiologists, radiation protection experts, 
officials responsible for the application of radiation safety standards and radiation 
protection programmes, holders of operating licences for nuclear and radiation facili
ties, government officials and representatives of regulatory bodies. The Conference’s 
first achievement is the large number and wide variety of the participants that it has 
attracted, since it will enable us to tackle collectively from different angles the wide 
range of subjects covered by this meeting.

You are all aware of the benefits of the numerous and varied applications of 
nuclear energy and ionizing radiation. You are also all aware of public concern about 
safety with respect to the utilization of these applications. Nowadays no nuclear 
energy or ionizing radiation application —  no matter how great the benefits involved — 
will be accepted by the public unless it can be demonstrated that it is managed safely, 
without risk to the public and the environment.

Less than a year after the discovery of X rays, the first radiation protection 
standards were established to avoid the harmful effects of acute irradiation. This 
happened in 1886, more than 100 years ago.
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Biological estimates of the effects of low doses on health and the regulatory 
approach to the control of exposure to low level radiation have changed considerably 
since then and have recently become the subject of wide ranging discussions.

There has been considerable progress in basic research programmes in the areas 
of molecular genetics and cellular biology over the last few years, which has 
improved our knowledge of the fundamental mechanisms of these effects. New epi
demiological data on human populations and other species have given us a better 
understanding of the inherent health risks, and molecular epidemiology is opening the 
way forward to a new source of knowledge.

The results obtained in all these areas of research may have a major impact on 
the development of radiation protection standards. It therefore seems an appropriate 
moment to review this new knowledge and to identify the areas in which new research 
and development activities should be concentrated.

The structure of the Conference’s programme reflects these two major areas. 
The first part of the meeting, after this opening session, will include background 
sessions with presentations of studies carried out by UNSCEAR on the biological 
effects o f ionizing radiation and by WHO on the molecular mechanisms of radiation 
and chemical carcinogenesis. After this, the main conclusions of recent related 
international conferences will be presented.

There will then be a series of thematic forums that will analyse the biological 
aspects and promote discussion among the experts. These forums will examine the 
molecular mechanisms, adaptive responses, processes of radiation induced malignan
cies, hereditary effects, epidemiological evidence and risk estimates.

At this stage, we hope to achieve one of the Conference’s other objectives, 
which is to share the latest results of studies and research programmes and to provide 
competent public authorities with an accurate technical information package which 
will enable them to consolidate or improve their radiation protection standards.

The second part of this Conference will begin with a session in which the 
International Commission on Radiation Protection (ICRP) and the European Union 
will present their experience in turning the results of scientific studies into protection 
standards and recommendations. There will then be a series of thematic forums on the 
control of low doses, both in practices and in the case of interventions or chronic 
exposure situations. I hope that these topics and potential exposure will be analysed 
during this Conference and that the experience obtained in the application of the most 
recent standards will be shared.

The interaction between regulatory authorities and the scientific community 
will be the subject of a round table scheduled for the last day. The conclusions 
reached in each of the forums will be presented, and these will undoubtedly consti
tute the basis for the Conference’s general conclusions.

This attractive programme is the result of the work of a group of technical 
experts who, with the co-ordination of the Joint IAEA/WHO Secretariat, have helped
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to provide the Conference with a sufficiently interesting structure and content to 
attract more than 600 experts from all over the world. I have pleasure in introducing 
A.J. González on the far right and W. Kreisel on the far left, who have been respon
sible for the organization of this Conference on behalf of the two co-sponsoring 
international organizations, the IAEA and WHO, respectively.

At the podium on my right are the members of the Programme Committee 
under the chairmanship of R. Clarke from the United Kingdom, who is the current 
Chairman of the ICRP. On his right are K. Mabuchi of Japan and J.L. Butragueño 
Casado from Spain. On the left of the Chairman are W. Sinclair from the United 
States of America and H. Bennett from UNSCEAR. This group of prestigious scien
tists have managed to break down the delicate subject of low doses into a series of 
separate elements so that the Conference participants can discuss them in depth and 
reach conclusions in a logical manner.

At the podium on my left are the members of the Conference’s Secretariat, 
including F.N. Flakus, the General Co-ordinator, and G.A. Webb and G. Souchkevitch 
from the IAEA and WHO, respectively. With them is J. Reig, Chairman of the 
Spanish organizing committee. These people, and the members of the committees that 
they represent, have provided support to the Technical Committee to ensure that the 
Conference proceeds smoothly and that you can enjoy not only the technical content 
of the meeting, but also the wonderful setting offered by the host city of Seville. I 
should like to congratulate and thank both groups and all their members.

I should not like at this stage to neglect to express appreciation for the con
siderable support provided by the Andalusian institutions. The Board of Andalusia, the 
Municipal Council of Seville and the Provincial Council have all made substantial con
tributions to the Conference and demonstrated a very generous sense of hospitality.

In conclusion, I should like to make a few comments as the head of Spain’s 
regulatory body in the area of nuclear safety and radiation protection.

As I noted at the beginning of my address, if we want nuclear energy and ion
izing radiation to be accepted by the public, in whatever form of application, it has to 
be demonstrated that they can be used safely without risk to the public and the 
environment.

The Nuclear Safety Council has a very important role to play in this area. As 
far as the public is concerned, the Council has to ensure that the necessary compe
tence and independence are available to analyse and monitor the operation of such 
facilities. As far as the administrators are concerned, the Council has to regulate with 
the clear objective of reducing risk and avoiding, to the extent possible, a situation 
whereby actions taken by regulators divert resources without having a major impact 
on a facility’s safety.

That is why the institution of which I am head is extremely interested in the 
subject of this Conference and why we have made a decisive contribution to its 
organization.
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The health effects of low radiation doses have generated public debate in addi
tion to the scientific debate. As competent authorities, we cannot and should not wait 
until the scientific debate has been concluded before exercising our responsibility to 
the public. However, we can and should promote the search for technical consensus 
which will enable us to optimize measures for the protection of the public and to 
make efficient use of the available resources.

In this spirit, I encourage all those present to share their knowledge and express 
their opinions frankly during the Conference. An open dialogue between the scientific 
community, regulatory bodies and the users that apply the regulations will undoubt
edly help to identify those areas where additional efforts need to be made to improve, 
where possible, the existing regulations.

I therefore have a particular interest in the Conference’s success and I am 
convinced that with such highly qualified participants it will be a success.
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Abstract

SOURCES, EXPOSURES AND BIOLOGICAL EFFECTS OF IONIZING RADIATION.
The latest assessments by the United Nations Scientific Committee on the Effects of 

Atomic Radiation (UNSCEAR) of the sources and biological effects of ionizing radiation were 
published in 1993, 1994 and 1996. The results of the exposure evaluations for natural, 
anthropogenic, environmental, medical and occupational sources are presented in the paper 
along with summaries of the biological topics reviewed by the Committee. The current 
activities of UNSCEAR are directed towards a further comprehensive review of radiation 
sources and biological effects, to be published in the year 2000.

1. INTRODUCTION

Since its establishment in 1955, the United Nations Scientific Committee on the 
Effects of Atomic Radiation (UNSCEAR) has reported yearly to the General 
Assembly and has submitted every few years comprehensive reports with detailed 
scientific annexes on the sources and biological effects of ionizing radiation. The 
latest scientific evaluations of the Committee were published in the UNSCEAR 1993, 
1994 and 1996 Reports. In compliance with its mandate, the Committee continues its 
review of the radiation levels to which the world population is at present, or may in 
the future become, exposed and of the biological effects and health risks that could 
derive from such exposures.

2. SOURCES AND EXPOSURES

Ionizing radiation arises naturally from cosmic rays incident upon the earth and 
from terrestrial radionuclides present everywhere in the environment, including the 
human body itself. The assessment in the UNSCEAR 1993 Report [1] o f the annual
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effective dose from natural radiation in areas of normal background has not changed 
from the previous estimate of 2.4 mSv provided in the UNSCEAR 1988 Report [2]. 
One third of the total is due to external exposure to cosmic rays and terrestrial 
radionuclides and two thirds to internal exposure. The largest component of exposure, 
half of the total, is from radon and its decay products.

Several human practices or events have resulted in releases of radionuclides to 
the environment. The assessments of these anthropogenic radiation exposures have 
been updated in Ref. [1]. Atmospheric testing of nuclear weapons resulted in the 
largest release of radionuclides into the environment from man-made sources. The 
maximum annual dose occurred in 1963 and was of the order of 0.2 mSv on average 
for the world population. Somewhat higher values were estimated for the northern 
hemisphere, where most of the testing took place, and lower values applied in the 
southern hemisphere. Since no further atmospheric testing has occurred since 1980, 
the annual doses are decreasing to very small fractions of the annual dose from the 
natural radiation background. The measurements of fallout from atmospheric nuclear 
testing contributed much knowledge on the behaviour of radionuclides in the 
environment and their transfer to human beings.

There has been an increasing trend in electrical energy generation by nuclear 
reactors since the practice began in 1956. At present, about 20% of the world’s 
electrical energy is generated by nuclear fission. During routine operation of nuclear 
installations, trace quantities of radionuclides are released: radon from uranium mill 
tailings, fission and activation radionuclides from reactors and fuel reprocessing 
plants. The doses can only be estimated from the reported releases and the estimated 
environmental transfers. Even for individuals living in the vicinity of the installations, 
the annual effective doses are very low, of the order of 10 (J.Sv. More significant 
releases may occur in the event of accident. Doses in the first year following the 
Chernobyl accident were estimated to range from 0.3 to 0.8 mSv in countries of 
eastern and central Europe. The evaluation of the global doses from the Chernobyl 
accident was presented in Ref. [2].

The use of X rays and radiopharmaceuticals for medical diagnostic examina
tions and therapeutic treatments is quite common throughout the world. Most of the 
equipment and the procedures performed are in industrialized countries, in which 
25% of the world’s population is located. The largest portion of the total medical 
radiation exposures arises from diagnostic X ray examinations because of their 
relatively high frequency. At the highest level of health care, i.e. in industrialized 
countries, the annual effective dose averaged over the population from all diagnostic 
examinations is 1.1 mSv. The population weighted world average is 0.3 mSv [1]. 
Much, and optimally most, o f the effective doses from medical uses of radiation is 
offset by direct benefits to the examined or treated patients.

Occupational radiation exposures have been summarized in Ref. [1]. The aver
age annual doses to workers have been declining over the past 20 years. At present
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the average dose to all workers exposed to anthropogenic sources is about 1.1 mSv 
per year. The average annual effective doses were 3.5 mSv to monitored workers in 
the nuclear fuel cycle installations, 0.9 mSv to workers involved with industrial uses 
of radiation, 0.7 mSv to workers involved in military and defence activities and 0.5 
mSv to medical staff. The doses to workers exposed to natural sources of radiation 
have been less thoroughly studied. The approximate average annual effective dose to 
these workers was 1.7 mSv, somewhat higher than the average dose to workers 
exposed to anthropogenic sources. The average annual doses were 0.9 mSv to coal 
miners, 6 mSv to other mineral miners and 3 mSv to air crews. This analysis indicates 
that further attention should be directed to evaluation of occupational exposures aris
ing from natural sources.

3. CURRENT ACTIVITIES OF UNSCEAR
ON SOURCES AND EXPOSURES

Review of the sources of ionizing radiation and the exposures of populations is 
an important part of the continuing work programme of UNSCEAR. New informa
tion on natural radiation exposures continues to appear. Surveys are being extended 
of both external and internal exposures; in particular, further measurements of radon 
concentrations indoors are being made. These new data will be considered in the 
future to broaden the basis from which the representative exposures to the world’s 
population are derived.

Nuclear power production continues in an increasing number of countries. 
Therefore, there is need for verification and extension of data in the future to provide 
a suitable basis for evaluating the exposures arising from nuclear power production 
and various other anthropogenic environmental sources of radiation. Further evalua
tion of exposures to the local populations surrounding the Chernobyl reactor is being 
done in conjunction with epidemiological studies of the possible health consequences 
of the accident.

The Committee is continuing to evaluate exposures from diagnostic and thera
peutic uses o f  ionizing radiation. The frequencies of examinations and treatments are 
increasing worldwide, particularly in countries where medical services are continuing 
to develop. Consequently, further and more comprehensive analyses are required in 
order to refine global estimates of exposures and establish important trends.

Exposures from natural sources of radiation at workplaces, with a few excep
tions, have generally not been subject to the same degree of control as those from 
man-made sources of radiation. The few exceptions are exposures in uranium mines 
and mills and in practices where purified forms of naturally occurring radioactive 
substances are handled. Where control of occupational exposures has yet to be 
introduced, data on individual doses are often sparse. More data are likely to become
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available over the next few years and will need to be evaluated for the assessment of 
total occupational exposure.

4. BIOLOGICAL EFFECTS

Recent advances in the study of biological effects of ionizing radiation have 
been considered in annexes in the UNSCEAR 1993,1994 and 1996 Reports [1, 3,4]. 
These topics include aspects of deterministic and somatic effects of radiation expo
sures, review of epidemiological studies of cancer risks, evaluation of adaptive 
responses and the effects of radiation on plants and animals in the environment.

4.1. Deterministic effects

4.1.1. Effects on the developing human brain

The developing human brain is especially sensitive to ionizing radiation. This 
sensitivity reflects the structural complexity of the brain, its long developmental (and 
hence sensitive) period, the vulnerability of the undifferentiated neural cells, the need 
for cell migration to functional positions and the inability of the brain to replace most 
lost neurons.

The main effects of radiation and the times of increased sensitivity have been 
derived from survivors of the atomic bombings in Japan exposed in utero. Thirty 
cases of severe mental retardation have been observed in 1541 survivors. Most cases 
occurred in those exposed 8-15 weeks following conception. A secondary interval of 
reduced sensitivity occurred 16-25 weeks following conception.

The results indicate that damage caused by exposure to 1 Gy within the most 
vulnerable interval (8-15 weeks following conception) increases the frequency of 
mental retardation to about 40% (background frequency, 0.8%) and lowers the IQ by 
25-30 points. The latter result is consistent with the observed increase in mental retar
dation. Exposure in the critical interval also causes a decrement in average school 
performance and increases the risk of unprovoked seizures. There are no clear indica
tions of thresholds for effects in those exposed in the most critical period. For the inter
val 16-25 weeks, no cases of severe mental retardation were observed at exposure of 
less than 0.5 Gy. It is reasonable to assume the risks would be smaller for chronic 
exposures, but the data are too limited to provide quantitative estimates.

4.1.2. Effects in children

Late deterministic effects in children, with tissues actively growing, are often 
more severe than in adults. Examples of deterministic damage following radiation
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exposure in childhood include effects on growth and development, hormonal 
deficiencies, organ dysfunctions and effects on intellectual and cognitive functions. 
Knowledge of deterministic effects of radiation in children stems mainly from the 
study of late clinical effects in children given radiotherapy treatments. As survival 
rates increase, some of the effects are becoming more apparent. The study groups are 
small, however, and the follow-up times are limited. The treatment modalities have 
usually included surgery and chemotherapy in addition to radiotherapy; it is thus not 
always possible to single out the effects of radiation alone. The effects in tissues 
include those in the brain, endocrine system, gonads, skeleton, eye, cardiovascular 
system, lung, breast, liver and gastrointestinal tract, kidney and bone marrow. One 
objective was to determine the critical dose levels for the appearance of clinical deter
ministic effects. In general, younger children are more sensitive than older children. 
Owing to the paucity of data, however, it is not possible to quantify the effects by age 
in most situations.

4.2. Stochastic effects

4.2.1. Mechanisms o f  radiation oncogenesis

The basic processes of induction, promotion and progression are recognized in 
oncogenesis, but it is not always possible to differentiate these stages clearly. Point 
mutations, chromosomal translocations and deletions, some of which are common 
and others specific to different neoplasms, may play roles in initiation and progres
sion. Loss of function of tumour suppressor genes is considered a major initiating 
factor in oncogenesis. Evidence of these genes being targets of radiation action comes 
from studies of germ line mutations that predispose to cancer. Some of these genes 
appear to play a central role in control of the cell cycle.

The actions of specific chemicals, hormones and growth factors on cell surface 
receptors alter proliferative responses of cells and lead to neoplastic progression. 
Mutagenesis and repair of DNA damage are being studied in in vivo and in vitro sys
tems. Although the complexities are great, the application of modem methods of cell 
and molecular biology in studies of radiation oncogenesis offers promising prospects 
of better understanding.

In recent years there have been significant advances in the molecular analysis of 
repair processes and the mechanisms of induction of genetic changes. Additionally, 
new methods have been developed to simplify the identification of the genes involved. 
As understanding of the detail of damage-repair processes develops, it has been found 
that these processes have considerable overlap with other cellular control functions, 
such as those regulating the cell cycle and immune defences. The Committee intends 
to continue to review such developments in molecular radiobiology to improve under
standing of how radiation effects are manifested in cells and organisms.
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4.2.2. Hereditary effects o f  radiation

It has not been possible to confirm radiation induced mutations in human 
populations directly, so genetic risk estimates have had to rely on general knowledge 
of human genetics and extrapolation of results from animal experiments.

The understanding of human genetics at the molecular level is increasing 
rapidly. More precise analysis of the type of genetic damage caused by various 
agents, including radiation, is possible with new laboratory techniques. More recog
nition is also being obtained of non-traditional types of inheritance, such as 
mosaicism, genomic imprinting, uniparental disomy, gene amplification and 
cytoplasmic inheritance. The complexities involved may seem to make genetic risk 
estimation even more difficult and uncertain.

The specification of the genetic component of diseases and especially of the 
many so-called multifactorial diseases, which may occur throughout life and with 
varying severity, is a difficult problem. If some of the non-traditional mechanisms are 
involved, there could be trans-generational effects with manifestation of effects only 
after the Fj or F2 generations. There are few data to quantify these risks.

The Committee has concluded that there is no basis to alter present genetic risk 
estimates. Both the direct and indirect (doubling dose) methods of analysing animal 
data should be used, with due recognition of limitations of both methods. Radiation 
effects on multifactorial disease, gene regulation and non-traditional forms of inheri
tance are not well understood and may require different methods of estimation. The 
study of children of the atomic bomb survivors may be useful in setting outside lim
its on genetic risk estimates. These data indicate that hereditary effects arising from 
moderate acute exposure of a large human population are minimal. Further results are 
needed of both human and animal data analysed at the molecular level.

Aims for the future are to capture the essence of progress in human genetics and 
in studies of radiation induced mutations in experimental systems and to assess their 
relevance to radiation genetic risk estimation. The procedure will be to focus on con
cepts and methods and to arrive at estimates of risk.

4.2.3. Dose and dose rate effects

It is generally recognized that the effectiveness of radiation exposures becomes 
less than proportionally projected at low doses and low dose rates. This is reflected in 
a quadratic term usually needed in describing the radiation-response relationship. 
The factor of reduction of effects may vary with the specific neoplasm and the phys
ical and biological conditions of the exposure.

The human epidemiological data on dose response are limited. Data from the 
survivors of the atomic bombings in Japan indicate that a reduction factor of about 2 
would be appropriate for leukaemia but not much in excess of 1 for solid tumours.



IAEACN-67/B1 2 9

The results of studies of radiation workers are consistent with low values of the 
reduction factor. Information on thyroid cancer induction by acute external irradiation 
compared with low dose rate exposure from intakes of 131I are consistent with a 
reduction factor of about 3, although there are questions about the heterogeneity of 
the dose and uncertainties in the dose estimates and the effect that age makes to the 
overall reduction in risk. For female breast cancer, the information is conflicting, and 
a range of reduction factors from 1 to 3 can be derived.

For application of reduction factors the Committee considered [1] that dose 
rates less than 0.1 mGy/min (averaged over about an hour) or acute doses less than 
200 mGy may be regarded as low. The Committee concluded that reduction factors 
for low LET exposures should be considered to be similar to those derived from the 
atomic bomb survivor data. Insufficient data are available to make recommendations 
for specific tissues. For high LET radiation, there is little evidence of a consistent 
dose rate or dose fractionation effect at low to intermediate doses. For hereditary dis
ease, the adoption of a reduction factor of 3 is supported by experimental data in male 
mice; one study indicated the factor may be higher for female mice.

4.3. Adaptive responses

In the UNSCEAR 1994 Report [3] the Committee considered more recent 
research findings on adaptive responses to radiation in cells and organisms. The 
main impetus for these studies was the observation that human lymphocytes exposed 
to a conditioning dose of some 10 mGy while maintained with growth stimulants in 
culture media suffer about 50% fewer chromosome aberrations when subsequently 
irradiated with X rays to a dose of 1.5 Gy than when exposed without the condi
tioning dose. It seems likely that the effect is linked to an increased capacity for 
DNA repair.

The adaptive response has been observed, as well, with proliferating bone 
marrow cells, spermatocytes and fibroblasts, but not with pre-implantation embryo 
cells. In some cases, in vivo exposure of an experimental animal (mouse or rabbit) has 
been able to provide the conditioning features which result in an adaptive response 
during subsequent in vitro exposure of lymphocytes.

Investigators have determined that the adaptive response for lymphocytes in 
vitro requires a conditioning dose of at least 5 mGy, delivered at a dose rate greater 
than 200 mGy/min, and no more than 200 mGy. The adaptive response occurs 
between 4 and 6 hours after conditioning and lasts for three cell cycles. The degree 
of response depends on the stage of the cell cycle. Cells in active phases just prior to 
cell division are more likely to show the response than cells in other stages. 
Lymphocytes from different donors show variable response. Thus, the adaptive 
response is by no means a generally occurring phenomenon; rather carefully con
trolled experimental conditions are required to elicit the behaviour.
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The possible mechanisms of adaptive responses are being investigated in cur
rent research. Cell cycle delay has been noted at relatively higher conditioning doses 
(>200 mGy). The delay allows cell damage to be repaired before the cell proceeds 
through the cell cycle. Since the adaptive response occurs at doses lower than those 
for which this type of cell cycle delay is apparent, this cannot be a central mechanism 
in the response at lower doses.

The evidence becoming available indicates that following radiation damage to 
cells a number of changes occur. Among these changes are the activation of genes that 
code for the synthesis of enzymes involved in the control of the cell cycle, the prolif
eration of cells and the repair of damage. Some of the enzymes seem to be similar to 
those induced by damage caused by other toxic agents. The adaptive response may 
therefore be part of a common mechanism involving cellular response to damage.

In addition to gene activation, enzyme production and at higher doses cell cycle 
delay, other cellular mechanisms involved may be detoxification of radicals and acti
vation of membrane bound receptors that stimulate cell proliferation. The immune 
response of the organism may operate al least transiently following radiation expo
sures in accelerating programmed cell death of damaged cells. All of these processes 
are subjects of continuing investigation.

It is generally more difficult to demonstrate adaptive responses in the whole 
organism. Some earlier experiments reported seemingly stimulatory effects following 
low level exposures. More recent experiments with rodents and beagle dogs exposed 
at various ages to low dose rates of low LET radiation have been unable to demon
strate statistically significant differences in life span of irradiated and control groups 
after accumulated doses of up to about 1 Gy, nor has reduced tumour induction been 
an outcome of low dose exposures in these experiments. An important point to note 
is that along with adaptive response in cells, selective damage leading to malignant 
cellular transformations may also occur in parallel. This may explain the responses 
observed in these animal experiments.

The Committee thus judges that adaptive responses manifested by improved 
repair of cellular damage that take place under specific conditions in experimental 
cellular studies probably do not completely eliminate residual damage in cells that 
may ultimately result in malignant transformation. It will be important to continue 
these studies in order to understand more fully the molecular processes that occur fol
lowing radiation exposure of cells and how these changes might be manifested in 
overall response of the organism. The Committee states [3] that “at this stage it would 
be premature to draw conclusions for radiological protection purposes”.

4.4. Epidemiological studies

Epidemiological studies of cancer risks associated with both external and inter
nal exposure to ionizing radiation were the subject of an extensive review in the
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UNSCEAR 1994 Report [3]. Covered were studies of cancer mortality and incidence 
up to 1987 among the survivors of the atomic bombings of Hiroshima and Nagasaki, 
patients exposed to radiation for diagnostic or therapeutic purposes, radiation work
ers and individuals exposed to environmental radiation. Estimates of risks observed 
in the major epidemiological studies of external low LET exposures were presented 
in a common format. Data from the Life Span Study [5] of survivors of the atomic 
bombings, in particular, were used to estimate the lifetime risk of total cancer 
mortality following external exposure to low LET radiation. Lifetime risks for 
specific cancer sites were also estimated, based on a Japanese population.

In addition to the Life Span Study, medically irradiated patients, occupationally 
exposed workers, individuals exposed to radionuclides released to the environment on 
various occasions and those exposed to elevated levels of natural background radia
tion were considered [3].

The Life Span Study continues to be a primary source of epidemiological data 
on radiation effects. The large cohort includes individuals o f both sexes and all ages 
for whom good dosimetric data are available covering a wide range of doses. Cancer 
incidence data for 1958-1987 were available, and the cancer mortality data (previ
ously available through 1985) were extended for another two years for the period 
1950-1987 for use in analysis of risk estimates in the UNSCEAR 1994 Report [3].

The Life Span Study incidence and mortality data are broadly similar, and both 
sets of data demonstrate statistically significant effects for all solid tumours as a 
group, as well as for cancers of the stomach, colon, liver, lung, breast, ovary and blad
der. The incidence data also provide evidence of excess radiation risks for thyroid 
cancer and non-melanoma skin cancers. Statistically significant risks were not seen 
in either the incidence or the mortality data for cancers of the rectum, gall bladder, 
pancreas, larynx, uterine cervix, uterine corpus, prostate and kidney or renal pelvis. 
An association with radiation exposure is noted for several types of leukaemia but not 
for lymphoma or multiple myeloma. Earlier data had indicated a possible association 
between radiation and multiple myeloma, but the new, extended analyses no longer 
indicate a statistically significant relationship.

Of the some 86 300 individuals in the Life Span Study cohort there were 
6900 deaths from solid tumours during 1950-1987. From comparisons with the con
trol group, approximately 300 of these cancer deaths can be attributed to radiation 
exposure. The data for leukaemia incidence in this same period indicate that, of 
231 cases observed, 75 cases can be attributed to radiation exposure.

The numbers of solid tumours associated with radiation exposure are not suffi
cient to permit detailed analysis of the dose response for specific sites or types of can
cer. For all solid tumours together, the slope of the dose-response curve is linear up 
to about 2 Sv. The dose-response curve for leukaemia is non-linear and is best 
described by a linear-quadratic function. Statistically significant risks for solid 
tumours in the Life Span Study are presently seen only above 0.2 Sv. The relative
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risks in the lower dose categories (0.01-0.05, 0.06-0.09 and 0.10-0.19 Sv) all have 
positive nominal risk estimates, but they are not statistically different from unity. The 
slope of the dose response for doses lower than 0.5 Sv, while lower than the slope for 
all doses up to 4 Sv, does not differ significantly from it. An inherent limitation of epi
demiological studies is to quantify results at doses less than 0.2 Sv because of the low 
statistical power of the available results.

The estimates of lifetime risk following exposure of 1 Sv, computed using sex- 
and age-at-exposure-specific relative risks estimated from the Life Span Study mor
tality data for 1950-1987 and using the demographic structure for Japan and the 
Japanese background cancer mortality rates for 1985, are 1.1% for leukaemia and 
10.9% for solid tumours.

The estimates of risk are presented without adjustment for decreased effec
tiveness of radiation at low doses and low dose rates. The application of a small (<3) 
dose and dose rate effectiveness factor was recommended in the UNSCEAR 1993 
Report [1]. If a factor of 2 is applied (as was used by ICRP in their 1990 recom
mendations [6]), the risk estimate derived from the UNSCEAR 1988 Report [2] 
would be 5% per sievert and from the 1994 Report [3] 6% per sievert for a constant 
relative risk projection. The alternative projection methods would yield values of 
4-6%  in the Japanese population (the applicability to other populations involves 
some additional uncertainty). Consequently, the use of a nominal value of 5% per 
sievert for mortality due to leukaemia and solid tumours from irradiation at low 
doses for a population of all ages (4% per sievert for an adult working population), 
as recommended by ICRP [6], still seems valid to the Committee based on these 
latest analyses.

Information from a longer follow-up of mortality among the survivors of the 
atomic bombings, up to the end of 1990, has recently been published [7]. The 
extended period of follow-up is not informative for survivors aged over 40 years at 
the time of the bombings, since many of these persons had already died. On the other 
hand, the data for survivors exposed at younger ages, particularly in childhood, are 
very valuable, because these persons have only recently reached the ages at which 
baseline rates for most solid tumours increase sharply. Methods used in the 
UNSCEAR 1994 Report [3] to project risks beyond the period of follow-up assume 
that the relative risks for solid tumours either remain constant throughout life (fol
lowing a latency period) or decrease at long times following exposure. It was shown 
that lifetime risk estimates based on the latter approach were 20-40% lower than 
those based on the former. This difference was larger for those exposed at young ages. 
Thus, further follow-up of this group is needed to reduce the uncertainties in lifetime 
risk projections.

Although the Life Span Study is the single most informative study on the 
effects of low LET exposure of humans, a considerable amount of data is available 
from many other epidemiological studies. For example, studies of persons with
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partial-body exposures, such as those from medical examinations or treatments, 
provide valuable information on risks for specific cancers. Despite the extensive 
knowledge of radiation risks gained through epidemiological investigations, much 
still remains to be learned. For example, the effects of chronic low level exposures 
and internal exposures are not well described. Further data are being obtained through 
updates of individual studies and parallel analyses for sites such as breast and thyroid. 
Information is also arising from further studies of occupational exposures, including 
workers at the Mayak nuclear facility in the Russian Federation, and of past radio
logical events in the former Soviet Union, such as at Chernobyl and around the 
Techa River.

In addition to individuals exposed to low LET radiation, various groups with 
exposure to high LET radiation have been studied. These exposures have arisen in 
occupational settings (e.g. radon in mines or plutonium in some nuclear facilities), 
from medical interventions (e.g. injections with 224Ra or 232T h 0 2 in colloidal form as 
an X ray contrast medium (Thorotrast)) and environmentally (e.g. radon in homes). 
Combined analyses of existing data, as well as several studies of residential radon that 
are in progress, should provide additional information on risks of high LET radiation. 
These data, in a format similar to that for low LET radiation, are being considered by 
UNSCEAR and will be published in due course.

In addition, the methodology and findings of epidemiological studies will be 
described and compared. The potential for bias or confounding, the impact of errors 
in dosimetry and other sources of uncertainty will be emphasized. Among the general 
considerations to be addressed are the advantages or limitations of the various types 
of epidemiological studies, statistical power, the influence of factors that modify radi
ation induced risks and the approach to be taken in examining risks.

4.5. Environmental effects

One further scientific annex on radiation effects was published in the 
UNSCEAR 1996 Report [4]. This considers the effects of radiation on plants and 
animals in the environment. All living organisms have developed and survive in 
environments subject to a natural radiation background. Anthropogenic sources have 
contributed to exposures, but significantly so only near points of release or in areas 
affected by accidents.

There is a wide range of sensitivities of plants and animals to ionizing radiation. 
In general, mammals are the most sensitive of the animal species, followed by birds, 
fish, reptiles and insects. The range of sensitivities of plants overlaps that of animals. 
Reproductive capacity, which is particularly important for the maintenance of the 
population, appears to be the most radiosensitive population attribute. For natural 
plant and animal communities, there is little evidence that dose rates of 0.1 mGy/h 
(i.e. about 1000 times greater than the natural background) to a small proportion of
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the individuals (and therefore, lower average dose rate to the remaining organisms) 
would have any detrimental effects at the population level.

5. CURRENT ACTIVITIES OF UNSCEAR ON BIOLOGICAL EFFECTS

5.1. Combined effects of radiation and other agents

Numerous natural and anthropogenic agents may interact with the biological 
materials of living organisms, causing deviations from homeostatic equilibrium or 
irreversible changes. Many aspects of ageing and most diseases are thought to stem 
from exogenous and endogenous deleterious agents acting on key components of 
cells within the body. It is well known from epidemiological and toxicological stud
ies that interactions occur between different toxic agents at moderate to high doses. 
Some of these interactions lead to effects that are greater or smaller than the addition 
of the effect from separate exposure to the individual agents.

In the UNSCEAR 1982 Report [8], the Committee discussed the problem of 
the combined action of radiation with other agents. In reviewing the approaches and 
the many reports in which synergisms were claimed, the Committee noted that for 
many aspects of this field, an adequate conceptual framework was lacking. Despite 
the potential importance of interactions between different agents, information 
regarding mechanisms of action was largely missing, and the methodologies for 
exposure analysis in different branches of the biological sciences were based on 
different approaches.

Consequently the Committee intends to do the following:

—  to introduce and where necessary clarify the concepts of doses, targets and 
detriments needed for a comparative risk assessment;

—  to review possible mechanisms involved at the present generally low levels of 
occupational and environmental exposures; thus the emphasis is on stochastic 
risks;

—  to review presently available data from experimental and epidemiological 
studies;

—  to apply mechanistic models to experimental and epidemiological results, in 
order to make generalizations and extrapolations pertinent to low level chronic 
exposures as found in environmental and controlled occupational situations;

—  to review concepts and approaches in other fields of biological sciences (in 
particular, molecular biology and toxicology) that may be applied, identify 
areas for interdisciplinary exchange and recommend research needed to 
develop adequate databases and procedures for assessing effects with a view to 
identifying critical interactions for human populations.
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In the case of radiation induced hereditary effects, quantitative information is 
not available from human populations, and risk estimates have to be based on the 
results o f animal studies. There is again the difficulty that quantitative data are avail
able only from intermediate to high dose studies, and risks at low doses must be 
obtained by extrapolation.

It has been recognized by UNSCEAR for some time that information is needed 
on the extent to which both total dose and dose rate influence cancer induction and 
hereditary effects. A number of considerations are important in determining the risks 
of exposures to radiation at low doses and low dose rates, such as are encountered in 
the natural and home environment and at many places of work. These include careful 
analysis of epidemiological studies to determine the lowest doses at which effects have 
been statistically evident; examination of the shape of the dose-response relationships 
in the low dose region on the basis of available experimental and epidemiological data; 
and assessment of the possibilities for extrapolation to lower levels of dose based on 
an understanding of the mechanisms involved in radiation damage.

The objective of further activities is to examine the sources and uncertainties of 
data that are available for assessing the risks of radiation induced cancer and heredi
tary effects at low doses. In addition, it is the aim to highlight the critical elements of 
current understanding of the mechanisms of oncogenesis in order to relate these 
mechanisms to data on dose-effect relationships. Emphasis will be placed on the pos
sible implications of mechanistic uncertainty and the extent to which current data 
may be applied in the development of biologically based computational models that 
seek to describe radiation cancer risk at low doses and low dose rates.

6. CONCLUSIONS

Since 1955, UNSCEAR has systematically reviewed the sources and effects of 
ionizing radiation. Extensive data have been compiled and considerable knowledge 
has been acquired in this field. In 1995, UNSCEAR began a new programme of 
review of the sources, exposure and biological effects of ionizing radiation. 
According to the present state of the discussion, a comprehensive report with detailed 
scientific annexes is to be published in the year 2000. As in the past, it will be desired 
and anticipated that the assessments of UNSCEAR will be useful to evaluate and 
compare radiation exposures from the various sources and that the further under
standing of the mechanisms of cellular damage and response to radiation and the 
biological effects in organisms will provide a sounder basis for establishing the risks 
of radiation exposure, which will thereby determine how we live and work and how 
we manage the unique feature of our environment that is ionizing radiation.

5.2. Models, mechanisms and uncertainties at low doses
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CHEMICAL CARCINOGENESIS

R. MONTESANO 
World Health Organization,
International Agency for Research on Cancer,
Lyon, France

Epidemiological and experimental studies have shown that the multistage 
process of carcinogenesis can be affected by different environmental risk factors and 
that the type and temporal sequence of genetic or epigenetic changes varies from one 
cancer to another [1,2]. Analytical epidemiological studies have contributed signifi
cantly to the identification of a number of major causes of human cancers, notably

TABLE I. SOME ENVIRONMENTAL AGENTS CAUSALLY ASSOCIATED 
WITH HUMAN CANCERS

Agent Target organ

Tobacco smoke Mouth, lung, bladder, oesophagus, pancreas
Chewing tobacco Mouth
Alcohol drinking Head and neck, oesophagus and liver
Aflatoxins Liver
Asbestos Lung and pleura
Aromatic amines Bladder
Hepatitis В and С viral infection Liver
Human papilloma viruses Uterine cervix
X rays Bone marrow (leukaemia)
Sunlight (UV) Skin

tobacco smoke, various occupational exposures, ionizing radiation, certain drugs and 
some viruses (Table I). At present, out of a total of 834 agents or exposure circum
stances evaluated in the IARC Monographs [3], 75 have been concluded to be 
carcinogenic to humans, and the epidemiological evidence has played a critical role 
in these evaluations (Table II).

Epidemiology and cancer statistics have also contributed to some basic under
standing of the carcinogenic processes, showing that at least five or six sequential 
events are required in order to explain the development of cancer in humans.

Most chemical carcinogens are not active by themselves, but are metabolized 
into reactive metabolites by specific P450 enzymes. These reactive metabolites react 
with DNA, forming specific DNA adducts; these are repaired differently in the

3 7
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TABLE II. EVALUATION OF CARCINOGENIC AGENTS (IARC, MARCH 1998)

Nature of agents Number of agents

Group 1 Carcinogenic to humans 75
Group 2A Probably carcinogenic to humans 59
Group 2B Possibly carcinogenic to humans 225
Group 3 Unclassifiable as to its carcinogenicity to humans 474
Group 4 Probably not carcinogenic to humans 1

Total 834

various cell types, and the type of repair varies from adduct to adduct. These DNA 
adducts (Fig. 1) are repaired by specific DNA repair processes, for which the efficacy 
varies among the different cell types. The efficacy of repair is one critical determinant 
of the dose response in carcinogenesis.

It has become clear that cancer development usually results from exposure to 
several environmental risk factors in interaction with the genetic susceptibility of the 
host. Classical epidemiological studies have inherent difficulties in quantifying the 
relative contributions of different risk factors and in analysing their complex inter
actions in the aetiopathogenesis of cancer. However, in the late 1960s it was realized

Alkylated

FIG. 1. Examples o f DNA adducts fanned by different carcinogens.
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that laboratory science could make an effective contribution to improving the 
sensitivity and specificity of cancer epidemiology. The terms biochemical, metabolic, 
hormonal and molecular epidemiology have been used to denote aspects of this 
approach [4-8]. In more recent years, the development of molecular biological tech
niques applicable to human tissues and our improved knowledge of the mechanisms 
of carcinogenesis (in particular of genetic alterations occurring in human cancers) 
have permitted the implementation of studies that are yielding molecular and cellular 
evidence of the roles of specific risk factors in the aetiopathogenesis of some human 
cancers (e.g. aflatoxins and hepatocellular carcinoma, UV exposure and skin cancer, 
vinyl chloride and liver hemangiosarcoma) [9-12]. Epidemiological studies have 
already shown the value of serological markers of viral infection in demonstrating the 
association between hepatitis В or С viral infection and hepatocellular carcinoma, 
human papilloma viruses and cervical cancer and Epstein-Barr virus and Burkitt’s 
lymphoma [13].

It is evident from these and other studies that debates between supporters of 
the ‘black box’ strategy and those of the mechanistic strategy in cancer prevention 
(see Ref. [14]) have been overtaken by events. The ‘black box’ approach, which 
implies the adoption of measures for avoidance of exposure to confirmed carcinogens 
without a need for information on the underlying biological processes, has had a great 
impact (e.g., avoidance of smoking and lung cancer). On the other hand, it is clear 
that epidemiological studies that make use of the mechanistic understanding of 
cancer development offer more promise for the future. An informative example is 
provided by the study of a population on Long Island (New York, USA) with a high 
incidence of breast cancer, in which measurements of serum levels of DDE, the main 
metabolite of DDT, and of the prevalence of BRCA1 frameshift mutations, have 
permitted a better assessment of the role of organochlorine pesticides, of BRCA1 
gene mutations or both in the aetiology of breast cancer (see Ref. [15]). It is evident 
from examples such as this that a multidisciplinary approach is needed for the 
identification and control of the causes of cancer incidence [16, 17].
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Abstract

MECHANISMS AND GENETICS OF MULTISTAGE RADIATION TUMORIGENESIS.
An understanding of the complex multistage process of radiation tumorigenesis is 

necessary for the full interpretation of epidemiological data on excess cancer in irradiated 
human populations. Such knowledge is of particular importance for the resolution of 
uncertainties on cancer risk at low doses and/or low dose rates and the role of heritable factors 
in determining the distribution of risk. New advances in mouse radiation tumorigenesis that are 
relevant to these issues are outlined.

1. INTRODUCTION

There is good evidence from studies with spontaneously arising human 
tumours that the process of neoplastic development involves multistage transitions 
of a clonal population of cells. These transitions, driven by both gene/chromosomal 
mutation and epigenetic events, may falter and result in a benign tissue lesion or 
continue through the latency period and result in the development of an overtly 
malignant growth [1].

There is unambiguous epidemiological evidence for the tumorigenic effects of 
ionizing radiation in humans [2]. Empirical methods are currently applied to analyse 
these epidemiological data in respect of lifetime cancer risk at low doses [3]. There is 
however a growing belief that the interpretation of such data will, in due course, ben
efit from the formulation and validation of biologically based models of cancer risk 
[4]. However, although detailed knowledge of the cellular/molecular aspects of radi
ation induced DNA repair and mutagenesis in cultured somatic cells is accumulating 
rapidly, it remains somewhat unclear as to how to relate these data to the far more 
complex process of tumorigenesis in vivo [5]. Recent advances in the molecular 
genetics of the mouse and the provision of new mouse models of human neoplasia 
appear to have the potential to resolve some of these uncertainties.
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This paper outlines some of these advances, with emphasis being placed upon 
the cellular origin of induced tumours, the point of action of radiation in the multi
stage process and the nature of heritable effects on neoplastic development.

2. MECHANISMS OF RADIATION TUMORIGENESIS IN THE MOUSE

Mouse models of intestinal carcinogenesis, lymphomagenesis and myeloid 
leukaemogenesis are providing important new insights into the cytogenetic and 
molecular mechanisms that drive radiation tumorigenesis.

2.1. Intestinal carcinogenesis in Ape deficient (Min) mice

The Min mouse has been shown to be genetically prone to the development of 
intestinal adenomas and carcinomas as a consequence of germ line mutation of one 
of the two copies of the Ape tumour suppressor gene carried in each somatic cell [6] . 
In this way the Min mouse is a genetic homologue of human familial adenomatous 
polyposis.

Spontaneously arising and carcinogen induced adenomas of the gastrointestinal 
tract of Min mice may be scored relatively easily as foci of cells at >100 days of age; 
a small proportion of these progress to become carcinomas. Preliminary data on 
chemical [6] and ionizing radiation [7] carcinogenesis in these mice are available. In 
the case of radiation, whole body exposure of hybrid Min mice (C57B1 x CBA/H) 
increased the adenoma incidence per animal from around 11 (spontaneous) to around 
22 (2 Gy X rays). Very few intestinal lesions were observed in control and irradiated 
wild type (Apc+I+) mice, a result which testifies to the genetically increased tumori
genic radiosensitivity of mice heterozygotes for tumour suppressor genes (see also 
Section 2.2).

Utilizing highly sensitive polymerase chain reaction (PCR) techniques, it has 
been shown that monoclonal loss of the wild type Ape gene is a consistent and very 
early feature of spontaneous adenoma development [6, 8]. Unpublished studies indicate 
that the same early loss of wild type Ape by gene/chromosomal deletion is also charac
teristic of radiation induced adenomas. As yet, however, the data are insufficient to 
determine whether the spectra of radiation induced events on the chromosome (No. 18) 
encoding wild type Ape differ between spontaneous and radiation induced adenomas.

2.2. Ttimorigenesis in p53 deficient mice

Germ line loss of function of one copy of the ubiquitous p53  tumour suppressor 
gene predisposes to the spontaneous development of tumours in humans and mice. It 
has also been shown that p53+l~ mice are highly sensitive to the tumorigenic effects
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of low LET radiation, with lymphomas and sarcomas as the principal neoplasms [9]. 
A dramatic shortening of the tumour latency period was a characteristic feature of 
irradiated p53+,~ mice but, more importantly, the pattern of induced tumorigenesis in 
p53  genotypes (+/+, + /-  and - / - )  was consistent with the wild type p53  gene being 
a direct target for radiation action.

Molecular studies described in Ref. [9] provided support for this interpretation 
since almost all tumours induced in p53+/~ mice had lost the wild type copy of the 
gene. Rather less expected was the finding that an almost equally high proportion of 
induced tumours had duplicated the mutant p53  gene. The mechanistic importance of 
this latter observation was clarified by subsequent cytogenetic studies [10]. These 
provided evidence that, in vivo, bone marrow cells of p53+l~ mice exhibited a G2/M 
cell cycle checkpoint defect; this defect was shown to promote a high level of radia
tion induced loss or gain of whole chromosomes. Thus, the molecular findings in 
induced lymphomas may be explained by loss of wild type p53  together with the 
whole of the encoding chromosome 11 and duplication of the remaining chromo
some 11 in order to regain genetic balance. In this way it may be judged that the 
whole of chromosome 11 may represent a very large genomic target for radiation 
induced tumour initiation in p53+l~ mice.

2.3. Myeloid leukaemogenesis in CBA/H mice

The CBA/H and related mouse strains characteristically develop acute myeloid 
leukaemia (AML) after exposure to various qualities of ionizing radiation. Gross 
interstitial deletion or incomplete translocation of chromosome (chr)2 is a recurrent 
event in these AMLs, and cytogenetic evidence of chr2 deletion breakpoint clustering 
has been presented [11]. There is evidence that chr2 events initiate AML after radia
tion and, that following such specific genetic losses, target stem cells in bone marrow 
are able to progress at a low frequency via multistage processes towards AML [12].

Using techniques termed microsatellite loss of heterozygosity (LOH), chr2 
breakpoints and deletions of AML induced in hybrid mice have been mapped at high 
resolution [13,14]. These and unpublished data obtained using yeast and bacterial 
artificial chromosomes have defined the critical region for gene loss in AML to a chr2 
segment of around 1-2 megabases of DNA; such analyses have also succeeded in 
more precisely identifying one of the two principal chr2 deletion breakpoint clusters.

2.4. Radiation action in tumorigenesis

Considered as a whole, these mouse data all point towards a mechanism of radi
ation tumorigenesis that centres on the induction of gene losses from normal target 
cells in tissues, i.e. action at the tumour initiation stage. In all cases so far examined, 
induced tumours and preneoplastic cells are of monoclonal origin, which, together
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with other considerations discussed elsewhere [15], lends weight to the contention 
that a non-threshold, low dose response for tumour induction should be expected. The 
genomic events associated with radiation induced gene losses in tumours range from 
small chromosomal deletions up to loss of whole chromosomes. The extent of these 
DNA losses will be dependent upon genomic context, i.e. the degree to which the 
target cell can tolerate or compensate for genetic losses from the genomic region in 
question.

The data available provide no reason to believe that, following initiation by 
radiation, tumorigenesis proceeds in a fashion that differs significantly from that of 
spontaneously arising tumours. Specifically, there is no evidence that the phenome
non of induced persistent genomic instability plays an important role in the mouse 
models of tumorigenesis discussed here [10,16].

3. HERITABLE EFFECTS IN RADIATION TUMORIGENESIS

Post-radiotherapy epidemiological and clinical studies have provided good 
evidence that in some rare and highly penetrant human genetic disorders there is an 
elevated risk of both spontaneous and radiation associated tumours [17]. The 
laboratory studies with Ape and p53  deficient mice outlined earlier provide further 
support for the contention that specific heritable mutations in tumour suppressor 
genes can have profound effects on the probability of tumour development after 
radiation. However, the prevalence of these highly penetrant mutations in the human 
population is believed to be too low to impact significantly on population risk after 
radiation [18].

Great uncertainty remains, however, on the impact of mutations of low pene
trance, particularly in circumstances where two or more germ line loci interact to 
determine tumorigenic outcomes. In respect of mouse tumorigenesis, a mapped locus 
termed Mom 1 has been shown to modify (by up to ~8 fold) the multiplicity of spon
taneous adenomas in Ape deficient mice [6], and there is unpublished evidence that 
this modification of penetrance also applies to radiation induced adenomas.

Amongst inbred mouse strains there appear to be large heritable differences 
in the type and frequency of neoplasms arising spontaneously or after carcinogen
esis treatment. The naturally occurring variant genetic loci determining these quan
titative traits are a rich source for new information on cancer genetics and are 
attracting increasing attention. Using panels of recombinant congenie mice, 
Fijneman et al. [19] and Van Wezel et al. [20] have provided evidence of sometimes 
complex interaction between loci controlling susceptibility to chemically induced 
tumours of the lung and colon, respectively.

Such genetic interactions may be the rule rather than the exception and appear 
likely to apply equally to the genetics of radiation tumorigenesis. In accord with this
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view, unpublished studies are revealing evidence of genetic interaction in respect of 
radiation induced osteosarcoma and AML.

In the case of alpha particle induced osteosarcoma, a study of F2 crosses 
between C3H and 102 mouse strains has revealed interaction between candidate 
genetic loci encoded in segments of chr7 and chrl4; such interactions appear to 
underlie differences of up to around fivefold in osteosarcoma incidence between 
recombinant mice [21]. The genetic analysis of murine AML susceptibility has been 
facilitated by the finding of an in vivo chromosomal radiosensitivity phenotype in 
bone marrow cells that distinguishes AML sensitive and resistant strains of mice. 
Candidate loci controlling this surrogate phenotype have been mapped to a number 
of chromosome regions but, allowing for some uncertainty, the data are best 
explained by an interaction between two loci mapping to segments of chr4 and 
chrl5  [22].

This whole area of research on the quantitative genetics of induced cancer in 
mice is in its infancy but is likely to expand rapidly.

4. CONCLUDING REMARKS

Following a period of relative quiescence, the study of radiation tumorigenesis 
in model rodent systems, principally those of the mouse, has moved into a new and 
more vigorous phase. This change has been driven by the availability of new 
genetically based tumour models and powerful molecular tools for the dissection of 
multistage carcinogenesis and its germ line determinants.

In respect of radiation effects on somatic cells in vivo, it seems most likely that 
radiation acts principally as a classical tumour initiator with specific gene losses as 
the predominant molecular mechanism. In addition, the potential influences of cell 
cycle checkpoints and other DNA damage responses are becoming more clear. 
Overall, there is good reason to believe that such animal studies will allow much of 
the mechanistic data obtained with cultured somatic cells to be placed in the context 
of radiation tumorigenesis. In this way, some of the concepts and parameters needed 
for the biological modelling of human cancer risk may be judged more confidently. 
On the basis of current epidemiological, animal and cellular data, a strong case can 
be made for a non-threshold tumorigenic response to radiation [14]. It is, however, 
important to recognize that critical areas of multistage tumorigenesis remain 
relatively uncharted —  for example, the kinetics of target stem cells and their tumour 
initiated daughters.

The genetics of radiation tumorigenesis is becoming experimentally approach
able, not only by means of experimental studies with genetically manipulated mice 
but also by the study of natural genetic variation between inbred strains of mice. 
Although the modelling of major genetic deficiencies such as Apc+I~ and p53+l~ in
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rodents is adding substantially to our knowledge of tumorigenic mechanisms, it fails 
to address the issue of interaction between more weakly expressing germ line gene 
deficiencies and polymorphisms. In this respect the genetic study of naturally occur
ring, interstrain genetic differences in radiation tumorigenesis may, in the long term, 
prove to be of more value for judgements on genetic factors that influence radiation 
cancer risk in the human population.

In conclusion, experimental radiation tumorigenesis has made good progress 
during the last five years and now appears capable of addressing the biological basis 
of some important fundamental issues in radiological protection.
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The British Nuclear Energy Society (BNES) organizes two or three major con
ferences per year and several one day seminars addressing a wide variety of topics 
concerned with nuclear power.

The first BNES International Conference on Health Effects of Low Dose 
Ionizing Radiation [1] was held in London in 1987, at a time of great public concern 
in the UK about possible increases in childhood cancer, especially leukaemia, in the 
vicinity of nuclear installations. The interest of those of us working in the nuclear 
industry was also engaged by the completion of a number of major epidemiological 
studies of nuclear workers both in the UK and the USA and by the establishment by 
the International Agency for Research on Cancer of those multinational studies of 
which so much is expected in future years.

At the time of the second conference in 1992 [2], we were at the height of the 
controversy surrounding the Gardner hypothesis [3]. There is no doubt, to my mind, 
that, uncomfortable though it has been for those of us working in the industry over 
the past decade, the controversies surrounding the health effects of low dose radiation 
have given an added impetus (not to say added funds) to both radiobiological and epi
demiological research within the UK and elsewhere. Five years appears to have 
become established as the preferred period between BNES conferences on the subject 
of low dose radiation effects, and it is not a bad period to choose, since it allows 
enough progress to be made to justify new reviews, to make new results available and 
to allow new ideas to emerge.

I think that if  there was a theme emerging from the Stratford conference it 
concerned the increasingly multidisciplinary nature of the study of health effects of 
low dose radiation. No longer is epidemiology a matter of, if I may express it 
crudely, merely counting deaths and cases of cancer. Molecular and cytogenetic 
analysis o f tumour material is helping us to identify those mutations which charac
terize radiation and spontaneous tumorigenesis. Similarly, the days of large and 
expensive animal experiments which examined cancer induction in a purely quanti
tative manner are also disappearing. More sophisticated animal models of a number 
of human tumours are providing information which can help the epidemiologist; and,
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conversely, questions arising during the analysis of epidemiological data can direct 
the radiobiologist.

Before I provide some examples of these developments from the papers 
reported at the conference, here is some factual information about the meeting. It 
attracted 130 delegates from 21 countries. The opening address, given by R. Doll, was 
entitled “Effects of small doses of radiation on human health”. The conference was 
then organized into six sessions, each opened by an invited speaker:

Session 1: Effects at the cellular level
“Moving from under the lamp post: Can radiobiologists and epidemiologists 
work together?”
D. Brenner, Columbia University, USA 
Session 2: Effects in the whole organism
“The mechanisms and genetics of radiation carcinogenesis: Recent develop
ments”
R. Cox, National Radiological Protection Board, UK
Session 3: Adult exposures in the workplace and the environment
“Epidemiology: The past is prologue to the 21st century”
J. Boice, International Epidemiology Institute Ltd, USA 
Session 4: Childhood cancer in exposed populations 
“Thyroid cancer and the Chernobyl accident”
D. Williams, University of Cambridge, UK
Session 5: Modelling the cancer process
“Cancer incidence among the survivors of the atomic bombing”
S. Moolgavkar, University of Washington, USA 
Session 6: Adaptive response
“Cellular adaptive response: Its significance in living organisms”
H. Smith, formerly ICRP, UK

My starting point is J. Boice’s review of epidemiological studies which have 
taken place over the course of the century. Leukaemia, he said, was first studied in 
early radiologists, and now it is evaluated in nuclear industry workers; osteosarcomas, 
which once were studied in the radium dial painters, are now studied in retinoblas
toma patients; cancers once studied after radiotherapy for ankylosing spondylitis and 
cervical cancer are now studied in survivors of childhood cancer; lung cancer, once 
studied in miners, is now studied in the context of residential exposure to radon. 
Boice gave many more examples, but he pointed out that there was one source of 
information which has been with us for over half of this century and which will con
tinue to provide information well into the next, namely the atomic bomb survivors.

The studies that Boice identified which might be the most informative as we 
move towards the 21st century were as follows:
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—  Combined studies of nuclear workers;
—  Studies of certain populations exposed after Chernobyl, such as the cleanup 

workers;
—  Second cancers among survivors of childhood cancer;
—  Studies of domestic radon exposure.

The major uncertainties remaining, the challenges facing epidemiology in the 
next century, concern the expression of lifetime risk after exposure in childhood, the 
effects of exposure to 131I in childhood, the interaction of radiation with other 
environmental agents and with genetic factors, individual susceptibility and the 
possibility of molecular signatures which could uniquely implicate radiation as a 
cause of specific cancers. Some of these uncertainties are likely to be resolved more 
quickly than others, and many were addressed by papers presented at Stratford.

The epidemiology of domestic radon exposure was addressed by S. Darby. The 
quantification of risk from this source is being addressed by case control studies in a 
number of parts of the world. Darby told us that around 11 new studies, covering an 
estimated 12 000 cases of lung cancer, are under way. Darby and her colleagues are 
carrying out one study in South West England which involves nearly 1000 cases. 
Darby drew on data from her study to illustrate the pitfalls of not accounting for errors 
in dosimetry in any analysis of risk in relation to radiation dose. In particular, she drew 
attention to the underestimates of risk which would result if the effects of measurement 
errors were ignored, and to the inflation of the confidence interval which is the result 
of errors arising because of the unavailability of measurements in all of the homes of 
the study subjects, with the ensuing need to estimate concentrations.

Not everyone at the conference was entirely convinced, however, that domestic 
exposure to radon posed a health problem. P. Duport, from the University of Ottawa, 
thought there might be a threshold in the parameter (dose x dose rate) for the induc
tion of lung cancer, which, while being exceeded under conditions experienced by 
early miners, was not exceeded under conditions of domestic exposure.

The health of populations exposed as a result of the Chernobyl accident is, 
sadly, another source of information which is likely to prove fruitful over the next few 
decades. D. Williams, in his keynote paper, addressed not only the epidemiology of 
thyroid cancer in children following the accident, but the pathology and molecular 
biology of the cancers. Between 1990 and 1996, 457 cases of thyroid cancer were 
diagnosed in children in Belarus (population just over 10 million; child population 
2.3 million) as compared to about 16 cases expected. Having reviewed the types of 
tumour observed in these children, and the molecular and pathological findings, 
Williams speculated that the ability of radiation to cause double strand breaks in DNA 
may be linked to the type of thyroid cancer seen. An important part of his message 
concerned the extreme variation of sensitivity with age at exposure, with very young 
children, especially infants aged under 1 year, being far more susceptible to the
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carcinogenic effects of the nuclides released during the accident, even after allowing 
for the increased dose they may have received.

It seems unarguable that the cause of the thyroid cancers is the isotopes of 
radioiodine released during the accident. Williams cited a number of reasons for this: 
children bom more than 6 months after the accident show a normal incidence of 
thyroid cancer, for instance, nor has any major increase in tumours of any other organ 
than the thyroid been reported. Also, in a paper immediately following, Bleuer and 
his co-workers demonstrated a very convincing spatial correlation between iodine 
deposition levels and the occurrence of thyroid cancer in Belarus. It is likely that the 
cohort exposed as young children will continue to show an increased risk for decades, 
although it is not possible to predict whether the relative risk will remain at its current 
level. It may be, for example, that children carrying genetic defects predisposing to 
tumour formation are more heavily represented in the early years and that their 
contribution will therefore decline. On the other hand, it may be that the latent period 
for follicular carcinoma, which has not been observed up to now, is longer, and that 
we shall see an increase in this type of tumour as time goes on.

After Chernobyl, about 600 000 people from all 15 republics of the former 
USSR helped in cleanup operations. K. Servomaa and her colleagues have been 
studying a cohort of men from Estonia, with, once again, the emphasis very much on 
analysis of tumour samples to characterize molecular changes, in addition to the more 
usual monitoring of mortality experience and cancer incidence. In particular, samples 
have been analysed in a search for mutations in the p53  tumour suppressor gene. In 
all, 4792 workers are included in the prospective cancer incidence analyses. Of 
36 men diagnosed with cancer up to the end of 1994, 29 had a recorded radiation 
exposure. Their mean dose was not significantly different from that in the cohort as a 
whole, 128 mGy as compared to 109 mGy. Tumour samples were available in 
18 cases. The overall frequency of p53 mutations was found to be low (4 out of 
18 cases), although five lung cancers had been diagnosed, of which three were small 
cell carcinomas in which a p53  mutation was present. It is perhaps a little too early, 
and the sample size is perhaps too small, for any conclusive results to emerge from 
this study; nevertheless, it provides another excellent example of how conventional 
epidemiology and molecular and cytogenetic analysis, used together, may one day 
help to clarify the mechanisms by which low dose radiation causes cancer.

Most of the papers presented at the conference concerned the risk of radiation 
induced cancers, but some of the findings presented suggest that we should be pre
pared for future surprises. Y. Dubrova and his co-workers reported an apparent high 
frequency increase in minisatellite rearrangements in children bom in the Mogilev 
district of Belarus, suggesting germ line mutation in their parents. Chernobyl may 
therefore have provided the first experimental evidence for radiation induction of 
human germ line mutations. The study cohort consisted of children bom between 
February and September 1994 for whom both parents were continuously resident in
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the Mogilev district from the time of the accident. The control sample consisted of 
non-irradiated Caucasian families from the UK. For most of the loci studied, the 
mutation rate in the children of exposed parents was about twice that in the controls. 
When this finding was first reported in 1996 [4], one of the questions raised con
cerned the suitability of the control population. This question was raised again indi
rectly during discussion, when a questioner asked whether siblings bom before and 
after the accident had been compared. Such a study has not yet been carried out, 
although Dubrova indicated that new studies are being devised.

Dubrova et al. point out [4] that a similar study of minisatellites has failed to 
show evidence for mutation in offspring of the atomic bomb survivors, although they 
also discuss a number of possible reasons for this discrepancy. Also, the biological 
role of minisatellite DNA and the significance of the mutations is not well understood 
and may be marginal. More work needs to be done to decide whether minisatellite 
mutation can be used as a biological monitor for radiation induced germline mutation. 
Nevertheless, these are among the most important results discussed at the meeting.

J. Boice mentioned that the atomic bomb survivor data will continue to yield 
information well into the next century. In one presentation, M. Charles made a plea 
for the rapid completion of a re-evaluation of the neutron doses at Hiroshima. The 
most significant change between the DS86 and T65D dosimetry systems was proba
bly the decrease in estimated neutron doses, especially in Hiroshima, to the extent that 
evaluation of meaningful neutron RBEs from the data was considered impossible. 
However, thermal neutron activation measurements show that there is an apparent 
underestimation of calculated thermal neutron dose at distances between 1 and 
1.6 km. The bomb data may yet provide the opportunity to evaluate neutron RBEs 
directly in humans. M.W. Charles and RR. Grimwood have used the recently released 
cancer incidence data from the Radiation Effects Research Foundation (RERF) to 
look at the impact of increasing neutron doses in line with the activation measure
ments collated by Straume et al. [5]. It has been found that for all cancer incidence, 
the best estimate of neutron RBE is about 5, with a 95% upper bound of 17. These 
values are at the lowest end of the range of values obtained from experimental radio- 
biology and would seem to provide support for a return to pre-ICRP 60 values of the 
radiation weighting factor for neutrons vi>R.

During a fascinating overview of multistage models of carcinogenesis, 
S. Moolgavkar used an analysis of the incidence of solid cancers in the bomb 
survivors using the two-mutational clonal expansion model to illustrate how the 
incidence functions derived from these models can be used for the analysis of 
epidemiological data. Moolgavkar’s analyses show that the temporal behaviour of 
risk in the bomb survivor cohort can be explained entirely by the hypothesis that 
exposure to acute radiation leads to the instantaneous creation of a pool of initiated 
cells that is added to the pool of spontaneously initiated cells. In addition, the high 
excess relative risk among those exposed as children seems not to be a reflection of



56 HARTE

an increased sensitivity of young tissue. The model can also be used to deduce some 
other consequences for risk estimation; for example, if we assume that the number of 
radiation initiated cells is independent of the type of population, we can work out how 
to transfer risk between the bomb survivors and other groups.

Where modelling in the laboratory is concerned, R. Cox said that increasing 
attention has recently been paid to investigating the mechanisms and genetics of 
tumour induction in rodent models. He discussed three examples, namely acute 
myeloid leukaemia in CBA and other inbred mouse strains, intestinal tumorigenesis 
in the Min (multiple intestinal neoplasia) mouse, which mimics the human condition 
familial adenomatous polyposis, and the study of mice deficient in p53 (a condition 
which in the germ line underlies the cancer prone human genetic disorder Li 
Fraumeni syndrome). New animal models such as these will serve as a bridge 
between in vitro studies on topics such as DNA damage repair and genomic instabil
ity and human epidemiological studies on organ specific tumorigenesis and sensitive 
subgroups. Cox thought that even at this early stage, it is possible to arrive at interim 
judgements on a number of issues:

(i) In the main, radiogenic tumours in animals arise by mutation of single progen
itor cells.

(ii) Early radiation associated mutations in radiogenic tumours are very similar in 
type to those already characterized in vitro, although the persistent genomic 
instability seen in some in vitro systems seems not to play a discernible role in 
tumorigenesis.

(iii) In some current animal systems, radiogenic tumours show at least some of the 
gene losses that characterize their human counterparts.

(iv) Genetic susceptibility to spontaneously arising tumours in animal models is 
usually reflected in an enhanced tumorigenic response to radiation exposure. 
This is found with human retinoblastoma patients, an observation which was 
also was referred to by J. Boice in his review of epidemiological studies. People 
treated for the hereditary form of retinoblastoma are at very high risk of second 
cancers, whereas virtually no second cancers are observed in people treated for 
the sporadic form of the condition.

I am not entirely convinced that D. Brenner had not got access to some mysti
cal source of information denied even to members of the Organizing Committee, in 
that his talk (which was the first presented after the opening address) reflected so 
much of what was later said by other speakers. After giving some examples of a 
hybrid approach in which radiobiological data have been used to guide empirical 
analyses, and vice versa, Brenner identified a number of future uses of the same 
approach. These, interestingly, overlapped to a large extent with the challenges listed 
by Boice later in the conference:
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(i) There are no validated biomarkers which provide an exclusive fingerprint of 
past radiation exposure, though several have been suggested. Such fingerprints 
would provide a dramatic increase in the power of low dose studies.

(ii) A mechanistic formalism which describes the joint association of radiation with 
other carcinogens, such as smoking or chemical exposure, would provide a 
coherent framework for epidemiological studies involving radiation and other 
carcinogens.

(iii) There are various uncertainties associated with the radiobiological rationale for 
the linear no threshold hypothesis. For example, is the probability per cell of 
low dose tumorigenesis following critical damage independent of the number 
of damaged cells?

(iv) There is currently much interest in the notion that radiation damage may manifest 
itself in cells many generations subsequent to those exposed to the radiation 
(genetic instability). The effect of this on the dose-response relationship 
remains to be clarified.

(v) Finally, there is the area of genetically based radiosensitivity.

Some of these issues were addressed in papers which followed later in the same 
session. J. Tawn reviewed the effectiveness of various techniques for examining chro
mosomal damage and quantifying historical exposure, as exemplified in a number of 
studies of workers at the Sellafield plant of British Nuclear Fuels. Biological markers 
providing evidence of radiation exposure can be observed at the molecular, cellular or 
tissue level, but to date the vast majority of such endpoints have no mechanistic or 
causal relationship with disease, and thus no direct correlation with risk of health out
come can be made. Basically, we can observe non-specific chromosome aberrations 
and we can estimate doses, but we cannot relate these to the specific translocations 
seen in malignancies. Somatic mutation assays for loss of function mutations may be 
more appropriate surrogates for clinical conditions associated with deletions. Loss of 
function mutations in tumour suppressor genes are very characteristic of solid 
tumours; the paper by K. Servomaa (described above) provided one example in which 
samples of tumours which may be radiation related are being examined for mutations 
in the p53  gene. Similarly, Andersson and his co-workers have been studying point 
mutations in the p53  gene in liver cancers, mesotheliomas and lung cancers in 
Thorotrast patients.

In winding up this summary of what went on at Stratford, I wish to address an 
issue which many in the radiological protection community had thought to be dead 
and buried but which has resurfaced in the past few years. Most of my colleagues will 
be aware that the linear no threshold hypothesis, which has formed the basis of 
radiological protection for so long, has come under renewed criticism from certain 
quarters, especially within North America and France. A number of UK delegates at 
Stratford took the opportunity to defend the hypothesis.
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In his opening address, R. Doll concluded that he personally would continue to 
postulate a linear dose-response relationship at low doses, though with a slope that 
might be less steep at lower doses than at moderate doses. R. Wakeford reviewed the 
evidence from in utero exposure to radiation, concluding that there is strong evidence 
against a threshold of dose at any level which is meaningful to radiological protec
tion. C. Muirhead reviewed the evidence from the atomic bomb survivors for the 
shape of the dose-response curve at low doses and for the existence of a threshold. 
Among solid cancers, the evidence for a threshold is not convincing, apart from non
melanoma skin cancer. (The evidence for a threshold is stronger for leukaemia.) In 
addition, R. Cox, in his review of some recent developments in animal models, con
cluded, as I have mentioned earlier, that we can be reasonably confident of the mon
oclonal origin of cancer.

Doll did add one caveat to his statement of belief in the usefulness of the linear 
no threshold hypothesis. Let me quote what he says:

“I base my own view on the belief, shared with Roger Clarke, that a linear 
dose-response relationship will not suddenly dive to zero immediately below the low
est level at which a statistically significant excess is observed, that a single photon of 
x-irradiation is powerful enough to ionize a molecule of DNA and hence possibly 
lead to a mutation, and that repair mechanisms are never 100% error free, and I  shall 
continue to do so unless firm  evidence is obtained to contradict it, as, fo r  example, 
evidence that hormesis is o f practical importance to the production o f  human cancer.” 
(Italics added by present author.)

This brings me neatly to the very last session of the Stratford conference, which 
concerned adaptive response. This phenomenon was reviewed by H. Smith, who 
examined evidence from mammalian cells studied in vitro, from laboratory animals 
and from exposed human populations. Experiments in the 1950s and 1960s on expo
sure of rodents to doses of ionizing radiation within an order of magnitude of back
ground levels indicated a lengthening of life span. Subsequently a radiation and 
chemically induced adaptive response was demonstrated in a variety of cells in cul
ture. It was this combined evidence from animal and cellular studies which encour
aged the view that small doses of radiation might have a beneficial effect. More recent 
and extensive data from animal experiments, and some limited human epidemiologi
cal data at low doses, have, however, provided no firm evidence that the adaptive 
response decreases the incidence of late effects such as cancer. Molecular and cellu
lar studies have shown that double strand breaks (which apparently trigger the adap
tive response) may be repaired, but that some degree of misrepair is to be expected. 
So although the extent of damage caused by low doses of ionizing radiation may be 
influenced by the stimulation of DNA repair mechanisms, these can be only partially 
effective and cannot eliminate the risk of radiation induced cancer.

The papers which followed Smith’s review described various experiments in 
vivo and in vitro aimed at clarifying the mechanisms by which the adaptive response
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could operate. Some of them addressed such questions as how long the protective 
effect lasts and whether the effect is specific to certain strains of animal. Boreham and 
his colleagues found that a conditioning dose of 0.1 Gy of gamma irradiation deliv
ered 24 h before a challenge dose of 1 Gy did not result in a changed frequency of 
myeloid leukaemia in mice, but that the latent period was substantially lengthened in 
mice given the conditioning dose. This would seem to indicate that the conditioning 
dose may not alter the number of cancer initiating events, but may modify the risk at 
stages subsequent to initiation to delay the onset of disease. Puskin examined 
evidence from studies of human lymphocytes in vitro and speculated that, to induce 
the adaptive response, multiple lesions must be produced by multiple traversals 
within a given time span. At natural background levels these would be very rare, so 
that even if activation were to persist for several weeks, only a tiny proportion of cells 
would be activated at any one time. Any beneficial effect of background radiation 
would therefore be negligible, and the shape of the dose-response relationship would 
remain unchanged under conditions of interest for radiation protection.

To summarize the session, the mechanisms and effectiveness of the adaptive 
response remain unknown; and some of the speakers themselves, and those who took 
part in the extensive discussions of the topic, were cautious in their conclusions as to 
whether or not there could be a net benefit from exposure at low doses. I do not think 
that there is any need yet for Doll to abandon his views on the linear non-threshold 
hypothesis.

So, at the end of the conference, what could we conclude about the challenges 
facing us for the 21st century? To my mind those challenges are as follows:

—  molecular biomarkers;
—  individual susceptibility;
—  genetic instability;
—  the interaction of radiation with other agents.

I hope I have given readers a flavour of what went on at Stratford; those who 
wish for more details of the papers can find them in the published proceedings [6]. 
There are still many exciting challenges facing the scientific community, both radio
biologists and epidemiologists. The impression is that these two groups have worked 
essentially independently for many years but that now the benefits of co-operation are 
becoming apparent. We can look forward to some interesting results from that 
collaboration as we move into the next century.
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THE WINGSPREAD CONFERENCE 
A  Conference o f the Co u n cil o f Scientific Society Presidents

W.K. SINCLAIR
National Council on Radiation Protection and Measurements 
Bethesda, Maryland,
United States of America

1. INTRODUCTION

In the last few years, in the USA especially, but to a degree elsewhere too, 
there has been considerable debate over the estimated magnitude of the risks (of 
cancer induced) after low doses of ionizing radiation. Risks derived on the basis of 
the linear no threshold hypothesis (with an allowance for dose and dose rate effects, 
which the International Commission on Radiation Protection (ICRP) and the 
National Council on Radiation Protection and Measurements (NCRP) in the USA 
recommend) have been challenged. Some maintain that the calculated risks are too 
high and that the epidemiological and other sources of information do not justify 
them. Others argue that the estimated risks are too low and that some epidemiolog
ical evidence leads to higher risks. One scientific society (the Health Physics 
Society) has taken a position that risks for doses less than 100 mSv should not be 
estimated [1]. Other scientific societies have hosted sessions in which these con
flicting views were aired, presumably in the hope of resolving issues on the basis of 
scientific evidence. So far these sessions have not been outstandingly successful. 
While they have served to illuminate some issues, they tend to reflect the biases of 
the organizers and the chosen speakers rather than to provide a sound debate on 
scientific issues.

Yet the subject has important implications for the common sense management 
of radiation induced health issues in relation to other societal risks and to the 
inevitable economic consequences of overly restricting radiation operations with 
possibly unnecessary regulation.

Recognizing the importance of the topic to the USA at the national and state 
levels and the difficulties of communication on scientific and policy issues between 
scientists, regulators and congressional law makers, the Council of Scientific Society 
Presidents (CSSP), which aims to provide national leadership in science, proposed a 
unique conference under the title Creating a Strategy for Science Based National 
Policy: Addressing Conflicting Views on the Health Risks of Low Level Ionizing 
Radiation.
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2. WINGSPREAD CONFERENCE

The conference was limited to 50 participants and was held between 31 July 
and 3 August 1997 at the Wingspread Conference Facility near Racine, Wisconsin.

The conference was sponsored by the CSSP and The Johnson Foundation 
with the financial support of a number of Federal agencies, scientific societies and 
other interested parties. Participants were invited from the USA, Canada, United 
Kingdom, Austria and Japan. They included scientists, economists, ethicists, 
legislators and regulators.

The conference organizing and programme committee was co-chaired by 
R.O. McClellan of the Chemical Industry Institute of Toxicology (СПТ) and M. Apple 
of CSSP. The committee included E.G. de Planque, C.C. Harris, K.L. Mossman, 
L.M. Muntzing, G.S. Roessler, L.A. Sagan, W.K. Sinclair and C.G. Whipple. The 
conference’s statement of purpose was “to build a working consensus on a science 
based responsible regulatory approach for low level ionizing radiation”.

The concept of the conference was ambitious. It aimed to bring prominent 
scientists of different viewpoints on the issue of low dose response together with 
policymakers, regulators and legislators also concerned with the issue. Not only the 
scientific issues but also policy, regulatory and legislative issues were to be discussed. 
Discussion groups led by facilitators not involved in the issues were to attempt to 
derive consensus where possible and to provide recommendations in the area of 
science policy. The programme committee worked hard to ensure the presence of a 
group of individuals likely to provide programme balance.

3. PRE-CONFERENCE SUBMISSIONS

Prior to the meeting, participants were requested to provide position papers on 
their view of low dose ionizing radiation responses and related policy matters. Of 
these, according to my reading of them, 12 favoured the risks derived from the linear 
no threshold response (LNT), at least in general terms. About nine preferred a state
ment which indicated lower risk (or no risk) than LNT at low doses. Only one 
considered that the risks should be higher than LNT, so that this viewpoint, prevalent 
in some circles, could be considered to have been underrepresented. The remaining 
participants addressed other aspects of the general subject, especially on policy 
issues. These position papers were available to participants.

4. CONFERENCE PROGRAMME

The programme at the m eeting was as follow s:
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Session I —  Integrating Science and Policy to Establish Risk Regulations 
that Protect Human Health.

Session II —  The Science Base.
Session III —  Is the Linear, No-Threshold Dose-Response Relationship

Appropriate for Regulating Low-Dose Radiation?
Session IV —  Context for Development of Policy.
Session V —  Needs of Legislators.
Session VI —  Perspective of the Regulators.
Session VII —  Synthesis —  What Can We Generally Agree On?

5. DISCUSSION SESSIONS

All attendees were present throughout all of these sessions. Attendees were 
divided into three breakout groups following sessions III, IV and VI. The breakout 
groups, led by facilitators, discussed assigned issues and then reported to a plenary 
session at which further discussion took place. In the final plenary session, attempts 
were made to synthesize earlier discussion and to obtain agreement on a number of 
recommendations.

6. CONFERENCE ACCORDS AND RECOMMENDATIONS [2]

(a) A substantial body of scientific evidence demonstrates statistically significant 
increases in cancer for whole body exposures to ionizing radiation at doses of about 
100 Sv (10 rem) and greater. The incidence of cancer above the background incidence 
increases with increases in radiation dose. Various factors such as the dose rate at 
which the radiation dose is delivered, different kinds of radiation and the age at 
exposure influence the precise nature of the relationship between dose and cancer 
incidence.

(b) A major factor influencing the detection of an excess of cancer induced by radi
ation is the high incidence of cancer from all causes in populations in countries such 
as the USA. On the basis of historical records, about one-third of the population will 
develop cancer and one-fifth to one-fourth of the population will die of cancer.

(c) The inability to quantify by direct observation the relationship between radia
tion exposure and cancer at the lowest levels of radiation exposure that are of concern 
requires extrapolation from exposure-cancer incidence relationships at higher levels 
to the lower levels. The linear relationship observed at the higher levels is typically 
used to extrapolate down to zero exposure without any threshold. Some individuals
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have suggested that this approach overestimates cancer risk, while others suggest that 
it may underestimate cancer risk at low levels of exposure.

(d) There is substantial optimism that research on molecular and cellular mecha
nisms of carcinogenesis can lead to an understanding of the process of induction of 
cancer by radiation. It may also be used to identify potential molecular markers of 
radiation induced cancer. There is potential for using such markers of cancer to 
characterize exposure-cancer marker response relationships at low levels of 
exposure, thereby reducing uncertainty in the science used to make regulatory 
decisions on low level radiation.

(e) A critical need exists to continue epidemiological studies of key populations 
such as the Japanese A-bomb survivors and nuclear industry workers. Further study 
of these populations will provide data to improve characterization of risks of low level 
radiation exposure. A comparison of cancer risk estimates derived from studies of the 
A-bomb survivors exposed at very high dose rates with those derived from the study 
of nuclear industry workers, medical personnel and other workers exposed at much 
lower dose rates will help clarify differences in cancer risk potency related to differ
ences in dose rate. There is also need to be open to the potential for identifying 
radiation induced health effects other than cancer as well as beneficial effects.

(f) There was agreement that the establishment of specific occupational and envi
ronmental radiation exposure limits should involve both the incorporation of the best 
available scientific information and policy judgements. The individual regulatory 
agencies operate under multiple statutes that differ in their requirements for achieving 
safety and the extent to which implementation costs are considered in establishing 
regulations. The various regulatory agencies also vary in their implementation of 
these statutes.

(g) There is increased recognition that comparative risk assessment is a powerful 
tool for risk communication and priority setting. Congress apparently is very inter
ested in the use of this tool for risk based decision making. There is a need for the 
development of a consistent methodology for assessing and comparing risks from 
various radiation and other toxic sources and the creation of an institutional process 
for setting priorities and allocating resources based on the real risk to public health 
and safety.

(h) There is great merit in harmonizing the several statutes concerned with 
regulation of radiation and the approaches used by the several agencies to regulate 
radiation. There is also a need to harmonize the approaches used for radiation with 
those used for dealing with other toxicants. More consistent use of risk based decision
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making, including benefit-cost, risk-benefit and cost effectiveness analysis, would be 
beneficial.

(i) There is continued need to improve communication with the general public 
about health risks from radiation exposure. In communicating risks, there is need to 
clearly distinguish between risk estimates derived from epidemiological observa
tions and risks estimated for lower levels of exposure based on extrapolation. 
Special effort should be made to communicate the uncertainty associated with any 
risk estimates.

(j) There is a need to establish a Presidential-Congressional Commission to 
review existing legislation and regulatory practices across all Government agencies 
involved in the control of radiation hazards. The goal of the Commission should be 
to recommend potential improvements in legislation and regulatory practices. The 
involvement of the highest levels of the Federal government is required because 
multiple government agencies are involved, the costs associated with regulatory 
compliance are huge and there is significant public concern for adverse health 
impacts of radiation.

(k) There is a need to identify opportunities and approaches for accelerating and 
increasing the efficiency of acquisition and use of information on the health risks 
of low level radiation exposure. This need can be addressed by establishing a 
multistakeholder committee with representatives from the research community, 
government and other stakeholders. The committee would consider opportunities 
for enhancing epidemiological studies already in progress as well as potential new 
studies. One responsibility would be to reach consensus on approaches to the 
analysis of key data sets, thereby enhancing acceptance of the results of the 
analyses. A second responsibility would be to ensure that the rapidly developing 
new molecular biology techniques are applied to obtaining important new informa
tion through the intensive study o f human populations that have had significant 
radiation exposure.

7. FUTURE INITIATIVES

The recommendations offered at the Wingspread Conference represent initia
tives that can be taken into scientific and public policy arenas to resolve important 
scientific, regulatory, legislative and public policy issues related to health risks of low 
level radiation exposure. The Wingspread recommendations can be placed in three 
broad categories: (1) research initiatives, (2) risk assessment and communications, 
and (3) co-ordination of regulatory programs.
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Conference participants identified several research needs including epidemiolog
ical studies of nuclear workers and other populations exposed to low level radiation, 
and molecular biology studies. How should such studies be funded? Which agencies 
(e.g. DOE, NCI) should support the research? How much funding will be required? 
What is the likelihood that such research will answer critical scientific/public policy 
questions regarding the health risks of low level ionizing radiation? The conference 
participants suggested the establishment of a multistakeholder committee to address 
research questions. Who should the committee report to? How should it be structured?

7.2. Risk assessment/risk communication initiatives

The Wingspread Conference recognized the need to improve risk communica
tions with the public and to develop a consistent methodology for assessing and 
comparing risks from various radiological and other toxic sources. What criteria 
should be used to prioritize risk? Should a multistakeholder committee be established 
to set priorities and allocate resources for controlling particular risks?

7.3. Co-ordination of regulatory programs

The nuclear regulatory program of the USA involves several Federal agencies 
and departments. This diffuse organizational scheme has led to overlapping and 
conflicting regulations and, in some instances, to gaps in regulatory coverage. The 
Conference recommends the establishm ent o f a Presidential-Congressional 
Commission to address these problems and better co-ordinate regulations. Should 
this be a White House Commission with umbrella authority over regulatory agen
cies? What enabling legislation will be needed to give the commission appropriate 
authority and ‘teeth’? Who should the Commission report to and how will it be 
funded?

Each of these three broad areas could adequately serve as topical areas for sub
sequent ‘Wingspread’ conferences.

8. AUTHOR’S COMMENTS ON THE ACCORDS
AND RECOMMENDATIONS

(a) On the scientific issue of low dose response, item (a) in Section 6 is evidently 
a compromise. Some participants would have preferred that recognition of low dose 
risks be extended below 100 mSv to perhaps 10 mSv. Others believe that only doses 
above 350 mSv have been shown to induce cancer. The Wingspread Conference did

7.1 Research initiatives
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not resolve this issue, nor was it expected to. But it did ensure the broad exposure of 
the issue to a varied group of participants and also elicited the relatively common 
ground that public concern about low dose exposures should not be exacerbated.

(b) On the question of what to do about it, scientifically, the conference was 
emphatic about further research in two areas: molecular biology and epidemiological 
studies of the A-bomb survivors and nuclear workers (hopefully some day to include 
workers in nuclear utilities in the USA).

(c) Several recommendations address regulation and control of radiation exposure, 
mainly in the USA. While some other countries may have similar problems, the USA 
seems to have unusual difficulty in managing multiagency responsibilities in a 
uniform manner. Progress in this area would be most helpful. This conference rec
ommends a Presidential-Congressional Commission to review and improve existing 
legislation and regulatory practices for the control of radiation hazards.

(d) The recommendations also address outreach activities. These include 
improving communication with the public and possibly establishing a stakeholder 
committee to identify opportunities for increasing the efficiency of acquisition and 
the use of information on health risks of low level exposure.

9. CONCLUSION

The Wingspread Conference instituted a novel approach to addressing the sci
entific issue of low dose radiation effects and to the policy, regulatory and legislative 
problems to which it gives rise. Some of the recommendations contained in the 
Wingspread Accords may have far reaching impact on the conduct of regulatory and 
legislative reform, particularly in the USA.
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A WORKING CONFERENCE 
ORGANIZED BY THE HEALTH COUNCIL 
OF THE NETHERLANDS

E J . SCHOTEN
Health Council of the Netherlands,
Rijswijk, Netherlands

1. EVIDENCE BASED RISK ASSESSMENT

The Health Council of the Netherlands, which informs the Government and 
Parliament on the current level of knowledge in the field of public health, has a long 
tradition of assessing the health risk of low levels of exposure to physical and 
chemical agents. It frequently discusses which scientific data qualify for considera
tion and how such data can be utilized to shed light on the possible effects of these 
low level exposures. The empirical basis under analysis can quite generally be sub
divided into various categories. On the one hand, information may relate to different 
levels of biological organization: molecules, cellular components, cells, tissues, or 
organisms. On the other hand, observations may concern humans or experimental 
animals. Epidemiological research into the health status of populations exposed to 
low levels of radiation or chemical substances is in principle the most direct approach 
for making the risk assessments in question. But often its results, if available, have 
insufficient statistical power. Therefore, one has to resort to other, less direct, types of 
evidence, each entailing problems of extrapolation. Explicit, or sometimes tacit, 
answers to the questions involved result in recommendations to use particular 
extrapolation models, which make it possible to deduce what happens at low levels of 
exposure in the absence of direct data.

Because standardization procedures and protection measures depend heavily on 
the chosen extrapolation models, it is of great importance that these models be based 
on the best available evidence. This raises the question of when and how new 
scientific insights should be incorporated in the process of model building, possibly 
resulting in adjustments or even categorical changes with more or less far reaching 
consequences. In recent years, both scientific and societal trends have given a new 
impetus to what may be called evidence based risk assessment. Rapidly advancing 
developments in molecular and cell biology provide us with a continuously increas
ing set of data on the mode of action of agents. The cascades of biochemical processes 
following exposure often appear to be twofold in nature. Some are clearly harmful, as 
they cause damage to essential macromolecules or interfere with major signalling 
pathways. At the same time, however, a variety of defence mechanisms and repair 
reactions is mobilized. Although the emerging picture still has vague contours, it
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leads to a growing realization that risk analysts should develop techniques to take 
such biochemical insights into account. The more so, because many people are 
increasingly sceptical about the way in which uncertainties are dealt with when car
dinal modelling decisions are made: they feel that derived risk estimates usually err 
too much on the safe side and that models appear to be difficult to re-adjust in the 
light of new evidence. In their view, procedures for characterizing and managing risks 
should be more open to biological lines of reasoning.

2. AIM AND STRUCTURE OF THE CONFERENCE

The considerations and trends just mentioned set the course for the working con
ference of the Health Council, entitled Health Effects of Low Level Exposures: 
Scientific Developments and Perspectives for Risk Assessment and held 
19-21 October 1997. Co-sponsors were the Dutch Department of Housing, Spatial 
Planning and the Environment and the European Commission. The meeting was 
structured around three general topics: (1) the state of knowledge about deleterious 
effects and defence mechanisms occurring at low levels of exposure, (2) the implica
tions of those insights for risk assessment procedures and (3) the types of research to 
be prioritized. To prevent the discussions from becoming too abstract or too specula
tive, three cases served as crystallizing points for the exchange of ideas: ionizing 
radiation, UV radiation and dioxins. The main rationale for this choice was that 
relatively much is known about their effects and modes of action. Participants at the 
conference were asked, however, to focus their attention especially on some broader 
topics. In particular, how can data on adverse and beneficial processes be incorporated 
in dose-effect models? And is it possible to make any generic statements about this, or 
are we practically compelled to make agent specific recommendations?

There are many promising avenues of research for clarifying how the bio
chemical machinery in and between cells determines the response to low level 
exposures. Important topics include DNA repair, toxicokinetic and toxicodynamic 
processes, biomarkers and ageing. As these research activities partially overlap, it was 
felt that the conference would benefit from participation of experts from the various 
disciplines involved. Thus some 35 participants with different fields of expertise 
tackled the main problems mentioned above. To counteract the potential centrifugal 
forces thereby unchained, two background documents encompassed some ideas for 
streamlining the discussions. A recurring theme and major issue was how to integrate 
the influence of a particular environmental agent and the effects of simultaneously 
operating endogenous and exogenous ( ‘background’) factors. Often radiobiologists 
and toxicologists are engaged in selecting mechanisms and processes to be included 
in the descriptions of the (potential) health effects of low level exposure to individual 
agents without explicitly and systematically addressing this problem of integration.
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Experts from other disciplines, such as evolutionary biology and biogerontol
ogy, seem to have a different way of looking at things. They are rather inclined to put 
first the relevant health effects, which are usually multifactorial in nature, and to con
sider next how an additional exposure to a particular agent, in combination with all 
‘background’ factors, may make itself felt. It is true that both approaches need not in 
principle lead to different analyses, because they are ultimately two sides of the same 
coin, but given our fragmentary knowledge it may make a difference from which side 
we start. For instance, evolutionary biologists and biogerontologists tend to favour 
systemic or homeostatic conceptual frameworks, instead of reductionist or linear 
cause-effect schemes.

The participants were invited to turn their mind to the possibility or potential 
fruitfulness of global principles of description, reflecting general, empirically justi
fied constraints on possible interactions between diverse mechanisms, irrespective of 
(some of) the individual characteristics of a particular agent. One might think of inte
grative principles of order and control depending on or modified by, for example, the 
exposure rate, the replicative capacity of the cell types under attack and the number 
and stages involved in the pathogenetic process. The sessions on ionizing radiation, 
UV radiation and dioxins were meant to explore the possibilities and limitations of 
such ideas and to lay the foundations for answers, provisional and tentative though 
they might be, to the key problems to be addressed during the conference.

3. SOME PRELIMINARY RESULTS

A report is being prepared in which the introductions given by participants and 
the discussions following these contributions are summarized and are put in a broader 
perspective. Some of the issues dealt with at the meeting will be briefly highlighted 
here. In the report, these and various other topics of discussion will be worked out in 
much more detail.

Many experts hold that in principle so-called mechanistic models, which give a 
more or less elaborate description of molecular or cellular processes involved in a 
specific pathogenesis, are better tools for risk assessment than what are termed 
statistical models, which just attempt to provide the best fit to data at the phenome
nological or organismal level —  i.e. epidemiological or experimental animal data — 
without explicitly and systematically taking into account information on modes of 
action. But integrating data relating to different levels of biological organization, 
which is necessary for developing or refining mechanistic models, may be a very 
complicated and time consuming task, especially given the fact that there are so many 
environmental agents to be analysed and so many possible interactions with other 
factors to be considered. Participants at the conference did not quite agree on the 
urgency of this task. Some argued that one should always use all available data in
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construing dose-effect models. Others felt that this position may sometimes be too 
academic. In their opinion, statistical models will be adequate for policy purposes, i.e. 
for assessing and managing risks, when there is a reasonably large set of phenome
nological data on the effect of low levels of exposure. UV radiation was cited as a 
case in point. The marginal returns that might be realized by continuously incorpo
rating mechanistic data in dose-effect models would then be small. Advocates of 
mechanistic modelling pointed out, however, that when such data are scarce, 
integrative approaches may help shift the edge of extrapolation towards lower levels 
of exposure.

In connection with the issue just outlined, the participants found it difficult to 
answer the questions of when and how to take into account emerging data on modes 
of action. Most of them tended to favour a case by case analysis and did not see much 
point in generic recommendations or ‘cookery book’ procedures. With respect to ion
izing radiation, for instance, two types of phenomena were discussed: adaptive 
responses, and particular dose amplification effects, such as mutations at human min
isatellite loci. It was concluded that these phenomena cannot at present be used for 
regulatory decisions because too little is known about their health implications and 
about the mechanisms in question. As to the existence of generic principles of order 
and control and their potential value for modelling the effect of low level exposures 
to physical and chemical agents, no detailed comments or specific suggestions were 
made. Some participants felt compelled, however, to emphasize that progress should 
be expected to come not only from molecular biology. They were convinced that the 
physiological approach has its own merits and deserves further exploration.

Another thread running through the conference was the debate on research pri
orities and on ways to promote evidence based risk assessment. Two perspectives 
arose, which may be referred to as ‘agent oriented’ and ‘health oriented’. From the 
former perspective the depth of analysis might be more or less the same for all agents 
under investigation, whereas from the latter perspective differences might be justified, 
depending on the health indicators or endpoints selected or on the societal impact of 
the regulatory decisions to be made. The Health Council will pay special attention to 
this fundamental issue.
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A bstract

M OLECULAR MECHANISMS OF RADIATION EFFECTS:
POINT AND CLASTOGENIC MUTATIONS.

There is much evidence that malignancies result from gain of function mutations which 

activate oncogenes, or loss of function of tumour suppressor genes, whose products are 

negative growth regulators. Many human leukaemias and lymphomas appear to be due to 

specific chromosomal translocations that either result in a fusion gene or lead to transcriptional 
activation of an oncogene. Tumour suppressor genes act recessively; the loss of both copies is 
often the result of a deletion accompanied by somatic homozygosity. The development of solid 

tumours appears to involve many mutations, deletions and rearrangements. A  possible 
mechanism for radiation as a carcinogen is the induction of a mutation in a gene responsible 

for the stability of the genome, leading to the mutator phenotype. Radiation produces a whole 
spectrum of mutations, from single base changes to large deletions. As the dose is increased, 
or the LET of the radiation increased, the proportion of large deletions rises. There are 

examples where a single base change in a repair gene can result in a 100 fold change of 
radiosensitivity. There are other instances where very different mutations can lead to the same 

end results; the point to be made is that the nature of the initial lesion is less important than the 
inactivation of the protein product in determining the biological response. Finally, the truth is 

that we do not know with certainty the mechanism of one single radiation induced tumour. 
However, since radiation can induce many of the mutations and chromosomal changes seen in 

spontaneous tumours, we infer that the mechanism includes these events.

1. INTRODUCTION

In this paper, it is assumed that the radiation effect of greatest concern is the 
induction of a malignant change, i.e. cancer or leukaemia. The word clastogenic comes 
from the Greek clast, to break, or break off. The subtitle “Point and clastogenic 
mutations” therefore is interpreted simply as small and large changes to the DNA.

The idea that chromosomal changes are responsible for neoplasia was proposed 
early in this century. At that time, genes were an abstract idea in the Mendelian theory 
of inheritance, since both the structure of DNA and the genetic code remained to be
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discovered. The advent of recombinant technology, building on a foundation of 
improved techniques in cytogenetics, has now settled the issue: mutations in genes, 
sometimes visible as gross chromosomal alterations, are associated with essentially 
every type of cancer. The majority of these mutations occur in somatic cells, but some 
are inherited through the germ line in cancer prone individuals. It is in the identifica
tion and understanding of the function of these genes that progress has been made in 
recent years.

2. GROWTH REGULATION

There is much evidence that cancer is a clonal disorder, i.e. that it arises from a 
single cell that has suffered a disruption in its regulatory mechanisms for 
proliferation.

The control of cell proliferation is the consequence of signals affecting cell 
division and differentiation. These signals may be positive or negative, so that the 
conversion of a cell to a malignant state may result from either:

(a) Gain of function mutations, which can activate genes, termed oncogenes, which 
are positive effectors of transformation, or
(b) Loss of function of genes, namely suppressor genes, whose products are 
negative growth regulators.

3. ONCOGENES

The concept of oncogenes in human cancer made it possible to understand why 
agents as diverse as a retrovirus, ionizing radiation or chemicals could result in 
tumours that were indistinguishable one from another [1,2]. The retrovirus inserts a 
gene into the cell, while radiation or chemicals produce a mutation in a gene that is 
already present in the cell. Today, close to 100 oncogenes have been identified in 
human cancers and are at various stages of characterization, with members of the ras 
family being most common. However, activated oncogenes are associated with only 
a small proportion (10-15%) of human cancers and tend to be found more commonly 
with leukaemias and lymphomas and less frequently with solid tumours. A critical 
feature of oncogenes is that they act in a dominant fashion. This means that the 
presence of a single copy of the oncogene in a cell is sufficient to produce the trans
formed phenotype, even in the presence of a normal copy of the same oncogene.

Many human leukaemias and lymphomas appear to be due to specific chromo
somal translocations that lead to oncogene activation by essentially two mechanisms. 
One is the transcriptional activation or enhancement of transcription of normally
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quiescent cellular proto-oncogenes; the other mechanism is gene fusion, resulting in 
a chimaeric protein with altered functions.

There are many examples of the first mechanism, including lymphoma, in 
which the c-myc oncogene is deregulated in its transcription by immunoglobulin 
enhancers, and follicular lymphoma, in which the bcl-2 gene is deregulated by its 
juxtaposition to immunoglobulin enhancers. The other mechanism, gene fusion, was 
discovered in chronic myelogenous leukaemia and Philadelphia chromosome positive 
acute lymphoblastic leukaemia (ALL), in which the abl oncogene is fused with the 
BCR gene. This latter example results from a translocation between chromosomes 9 
and 22. Thus, essentially two major genetic mechanisms are involved in leukaemo- 
genesis and lymphomagenesis in humans that lead to oncogene activation, enhance
ment of transcription and gene fusion, but both are the result of chromosomal 
translocations.

4. SUPPRESSOR GENES

Suppressor genes are recessive acting, inasmuch as both copies must be lost or 
inactivated for the cell to express the malignant phenotype. Suppressor genes were, in 
fact, discovered before oncogenes, at least with cells in culture. Stanbridge in the 
1970s showed that, if a hybrid was made by fusing a normal human fibroblast to a 
malignant HeLa cell, the normal cell suppressed the expression of malignancy by the 
HeLa cell [3].

It was shown further that if, during the repeated subculture of the hybrid cells, 
chromosome 11 was lost, then the malignant phenotype was restored. From this result 
it was inferred that chromosome 11 in the normal human fibroblast contained a gene 
capable of suppressing the malignant phenotype. In later experiments, Saxon and 
colleagues were able to inject micro cells containing a single human chromosome 11 
into HeLa cells and found that this did, indeed, suppress its malignant phenotype [4]. 
Again, if chromosome 11 was lost from the cell, the malignant phenotype was 
restored.

The importance of suppressor genes became evident from the work of Knudsen 
with retinoblastoma [5]. Retinobastoma appears in a familial form with high inci
dence and in a sporadic form at very low incidence. The field owes recognition to 
Knudsen for a major advance in the understanding of ‘cancer families’. In an era 
when it was already recognized that carcinogenesis is a multistep process, Knudsen 
realized that inherited cancer can be understood if we postulate that one of the rate 
limiting ‘hits’ in the multistep pathway is inherited as a mutant allele. A somatic event 
during embryogenesis then inactivates the normal allele inherited from the unaffected 
parent. The probability of this occurring is relatively high, and almost all such 
children are bom with bilateral retinoblastoma. On the other hand, in sporadic
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retinoblastoma, two somatic mutational events are necessary, the second in a descen
dent o f a cell that suffered the first. This is much less likely to happen, which accounts 
for the much lower incidence of the sporadic form of retinoblastoma. By the mid- 
1970s the location of the gene was identified on chromosome 13 [6], and in the 1980s, 
the Rb gene was cloned and sequenced [7]. While the Rb gene is associated in 100% 
of cases with retinoblastoma and associated sarcomas, it is also associated with 
various other tumours, such as small cell lung cancer, bladder cancer and mammary 
cancer in a relatively small proportion of cases.

Because a suppressor gene acts in a recessive way, the deletion would have to 
occur in both chromosomes of a pair which, of course, would be a very low frequency 
event. In practice, it is often found that the loss of the pair of suppressor genes occurs 
by the process of somatic homozygosity [8]. What happens is that one chromosome 
of a pair is lost, a deletion occurs in the other, and then this chromosome, with the 
deletion, is replicated. Consequently, the cells in the tumour have two chromosomes 
that originated from the same parent. This has been shown to be a mechanism in 
retinoblastoma, small cell lung cancer and glioblastoma. The case of glioblastoma is 
particularly interesting, inasmuch as somatic homozygosity must occur in two differ
ent chromosomes for this high grade tumour to be produced [8].

At the present time there are close to a dozen suppressor genes whose location 
and function are known, and more are likely to be discovered soon. The two most 
common and most intensively studied are the Rb gene and the p53  gene. Both of these 
are involved with the control of cellular progression through the cell cycle and in cell 
differentiation.

5. MULTISTEP NATURE OF CANCER

Perhaps the most pervasive dogma in cancer research is that carcinogenesis is 
a multistage process. The implication is that there are a number of distinct events that 
may be separated in time. This idea is almost 70 years old and is exemplified by the 
skin cancer experiments in mice which introduced the concepts of initiation, promo
tion and progression as stages in tumour development.

Genetic analysis of cells from solid tumours, too, suggest alterations, mutations 
or deletions in multiple signalling genes, either oncogenes or suppressor genes; 
numbers from six to 12 have been suggested [9, 10]. In the case of colorectal cancer, 
a model has been suggested which correlates a series of chromosomal and molecular 
events with the evolution from a normal colonic epithelium through the various stages 
of hyperproliferation and adenoma to a metastatic carcinoma [11].

At least one aspect o f this model must cause consternation to the radiation bio
logist, namely how can a single brief exposure to a low dose of radiation result in so 
many mutations at different loci? This number of mutations may be consistent with
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the interpretation of Armitage and Doll [9] that the incidence of cancer in adults 
increases with the sixth power of age, but that so many mutations could be caused by 
a single modest dose of radiation is, to say the least, improbable. And yet there is hard 
evidence from the Japanese survivors of the A-bomb that prompt exposure to radia
tion can induce a whole spectrum of malignancies, including cancers of the digestive 
tract. A possibility that seems more likely is that the radiation causes a mutation in 
one of the genes responsible for the stability of the genome and/or the fidelity of repli
cation, leading to what has been called a mutator phenotype.

6. GENOMIC INSTABILITY

Many experiments have been reported which demonstrate the phenomenon that 
has come to be called ‘genomic instability’. Genomic instability is an all embracing 
catch-all term that includes a variety of genomic alterations, such as delayed repro
ductive death [12-14], chromosome instability [15-18], gene amplification [19-21] 
or delayed mutation [12].

The idea common to all such reports is that exposure to a low dose of radiation 
may cause non-lethal damage to cells that is ‘remembered’ and expressed after many 
generations by the progeny of the irradiated cell. Endpoints studied in this way 
include instability in chromosome aberrations in human bone marrow cells [15, 16], 
instability in chromosomal aberrations in a human hamster somatic hybrid cell line 
[17], lethal mutations in surviving CHO cells [22] and an increased incidence of 
spontaneous mutations in CHO cells [12]. To date none of the unequivocal demon
strations of genomic instability have included an increased incidence of malignant 
tumours as an endpoint, but rather chromosomal changes and mutations have been 
scored as surrogates for carcinogenesis. Paquette and Little [23] have shown an 
enhanced genomic instability in C3H 10T1/2 cells transformed by y  rays which 
appeared to be greater when the cells were grown in vivo than in vitro.

These reports are of great interest because of the basic biology involved, but 
there is no direct evidence per se that they are relevant to cancer. The case that they 
are is strengthened by the various reports involving oncogenic transformation, the in 
vitro surrogate for carcinogenesis. Several years ago Kennedy and colleagues showed 
that the yield of transformed foci from irradiated C3H 1 ОТ 1/2 cells could be 
increased by successive dilutions which increased the number of divisions between 
irradiation and confluence [24]. They interpreted these experiments to indicate that 
radiation caused a high frequency initial event, which was followed by a very low 
frequency second event related to successive cell divisions. More recently Hei et al. 
[25-28] succeeded in transforming immortalized human bronchial epithelial cells by 
exposure to a low (0.3 Gy) dose of high LET a  particles (150 keV/(im), or by a low 
dose of high energy (1 GeV per nucleon) Fe ions. If injected into nude mice
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immediately after irradiation, the cells were not tumorigenic, but if subcultured for 30 
or so generations they became tumorigenic with a probability of about 10-7 at 0.3 Gy. 
During subculture a cascade of progressive events took place: increased saturation 
density, loss of contact inhibition, decreased sensitivity to factors that cause terminal 
differentiation and an accumulation of chromosomal aberrations. Parallel unirradiated 
control cultures showed no such changes, maintained a stable phenotype and did not 
produce tumours in nude mice. The phenomenon appeared to be characteristic of high 
LET. This crescendo of events in irradiated cells leading to tumour formation would 
appear to be the hallmark of genomic instability.

In a subsequent report Weaver et al. [29] described cytogenetic and molecular 
genetic analysis of cell lines derived from these tumours. There were common 
changes in the six independent cell lines derived from these tumours: the loss of the 
Y chromosome, one of the three copies of ch 8, one of three copies of ch 14 and one 
of two copies of ch4pch 16-pter and ch 11 p 15 pter. Chromosome Y was lost in all 
cell lines, as was the loss of heterozygosity at eight loci spanning the length of ch 8. 
These are regions containing putative tumour suppressor genes, but the precise 
culprits have not been identified with certainty.

7. INSTABILITY IN TUMORS

Tumours appear to arise by the evolutionary process of mutation and selection, 
but at a highly accelerated rate. The question is, what drives this accelerated evolu
tion? This has been investigated by a number of workers. Sager [30] examined the 
rate and molecular nature of spontaneous mutations at the hgprt locus in a number of 
tumorigenic and non-tumorigenic Chinese hamster cell lines. Mutation rates ranged 
from the low rate also seen in non-tumorigenic cells to values increased up to 25 fold.

Eshleman et al. [31] have shown a marked difference in the mutation rate at the 
hprt locus in those cell lines that show microsatellite instability associated with 
defects in mismatch repair genes. Their work suggests that the ‘replication error’ 
(RER) phenotype of these cancers reflects a more general defect which results in 
hypermutability of expressed genes.

8. MISMATCH REPAIR

Interest in mismatch repair genes heightened with the discovery that they were 
responsible for the mutator phenotype associated with a predisposition for hereditary 
non-polyposis colon cancer (HNPCC) and possibly other familial cancers. The initial 
clue to this novel molecular mechanism was the discovery of deletions of long mono
tonie (dA-dT) runs in a subset of human colon cancers [32]. Soon afterwards,
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TABLE I. HUMAN MISMATCH REPAIR GENES

Gene Chromosomal location
Germline mutation frequency 

(%) in HNPCC cases 
(reported family studies)

hMHl 2p21-22 (2pl6?) 60
hMLHl 3p21 30
hPMSl 2p31-33 4
hPMS2 7p21 4
GTBP 2p l6  (2p21-22?) 0

insertions or deletions at mono-, di- and tri-nucleotide repeat sequences were 
discovered in subsets of colon tumours [33-35], as well as in a majority of colon 
cancers from individuals with HNPCC [36]. This phenotype has also been detected in 
several other types of human malignancies, especially those associated with Type 2 
Lynch syndrome [37]. These various investigations culminated in the identification and 
cloning of the human hMSH 2 gene [38, 39], which maps to a locus linked to HNPCC 
on chromosome 2 p 21-22 and whose homologues in Saccharomyces cerevisiae and 
Escherichia coli are involved in the process of DNA mismatch repair [40].

The primary function of mismatch repair genes in E. coli appears to be to scan 
the genome as it replicates and to spot errors of mismatch as the DNA is replicated, 
i.e. as the new strand is laid down using the parental methylated strand as a template. 
A growing family of human genes has been associated with HNPCC by means of 
linkage analysis and studies of mutational mapping [41^4-4]. Table I is the current list
ing of the human mismatch repair genes and their chromosomal location. The list may 
not yet be complete. The mismatch repair process in yeast and bacteria involves a 
large number of proteins, so it is likely that additional causes of HNPCC remain to be 
uncovered.

Cells with defective or non-functioning mismatch repair genes can be identified 
by two quite different techniques:

(a) the use of a selectable reporter system that inserts an exogenous long repeat 
sequence into the cells in question and measures the mutation rate in the sequence [45];
(b) measuring the mutation rate in one or more of the many endogenous repeat 
sequences that already exist in every human cell, the so-called microsatellite instabil
ity assay [34, 35]. Both techniques have strengths and weaknesses and both are far 
from perfect.
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TABLE II. FREQUENCY OF MICROSATELLITE INSTABILITY IN SPORADIC 
TUMOURS [46]

Multiple loci (%) Single loci (%)

Colorectal 11-28 Brain 2
Endometrial 15-22 Liver 3-10
Gastric 18-39 Bladder 3-23
Pancreas 67 Ovary 10-16
CML 74
Lung (small cell) 45
Renal 25
Breast 0-20
Oesophagus 10
Germ cell 3-18
Lung (non-small cell) 2-34
Prostate 6-65

Table II [46] shows the status of studies with mismatch repair in a variety of 
human tumours as of late 1995. Mismatch repair appears to be a factor of some 
importance in a wide variety of human tumours, but the variations in the results high
light the problems inherent in the technique.

While this is a very attractive hypothesis, it must be admitted that there is not 
one shred of evidence that this is the mechanism of the induction of a single tumour 
caused by radiation. Admittedly it has not received much attention. There is one neg
ative piece of evidence. Tumours in nude mice derived from immortalized human 
bronchial epithelial cells irradiated with a particles were studied using the selectable 
reporter system [47]. There was no evidence of a defect in the mismatch repair sys
tem. There remains the possibility, of course, that there are other repair systems in 
human cells charged with the responsibility of maintaining genomic stability.

9. RADIATION INDUCED MUTATIONS

Studies in vitro with a variety of cells, including CHO, human lymphoblastoid 
and human hamster hybrid cells, utilizing several mutation markers, indicate that the 
majority of mutations are deletions for both y rays and a  particles, with larger dele
tions being characteristic of the higher LET radiation [25,48-51]. It has recently been 
demonstrated that mutations can be induced by the passage of a single a  particle
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through the nucleus [52]. Similar conclusions can be drawn from heritable mutations 
in mice [53]. From these studies it is evident that the majority of induced mutations 
recovered in radiation experiments are large DNA deletions. In other words they are 
‘loss of function’ mutations, and the mechanisms by which they are induced show 
little similarity to naturally occurring deletions. While it is often said that ‘if nature 
can do it, radiation can do it as well’, the operative word may be ‘can’. Radiation can 
produce point mutations and small deletions, but in general it does not. The track of 
a charged particle interacting with DNA generally causes extensive damage, the more 
so as the LET of the radiation increases. This conclusion is consistent with the low 
risk of hereditary effects in humans from exposure to ionizing radiation.

10. A POINT MUTATION AND RADIATION RESPONSE

To illustrate an important factor in relation to point mutations, we will briefly 
consider the case of a point mutation in the rad.9 gene in the fission yeast 
Schizosaccharomyces pombe. The biological effect here is not carcinogenesis but cell 
lethality, and it is a situation where we are sure that the change in radiation response 
is due to a point mutation.

Lieberman and colleagues [54] produced gamma ray dose response curves for 
the wild type fission yeast S. pombe as well as for cells containing the mutant allele, 
rad9-102. The mutant is more sensitive to both ionizing radiation and UV light by a 
factor close to 100. This radiosensitivity can be completely reversed by the transfec
tion and expression of the normal rad9+ gene from wild type cells. Both rad^ and 
rad9-192 genes have been isolated and their DNA sequences determined. There is a 
single nucleotide base pair difference, cytosine-guanine substituting for 
thymine-adenine.

The gene contains a total of 1200 base pairs, and yet the alteration of a single 
base pair leads to this dramatic change of radiosensitivity. The reason is not difficult 
to understand. The single base change from T to С in the gene is translated into the 
codon for a different amino acid. The amino acid change is from leucine to proline, 
which leads to a distortion in the protein produced. The amino acids valine, leucine 
and alanine can all join in a linear fashion, but the substitution of proline causes a 
major distortion in the protein, which affects its ability to fold and makes it non
functional. The protein is made, but it cannot function. Thus, the mechanism of 
inactivation of the rad9 gene can be understood at the molecular level.

At first, it was thought that the rad9 gene in S. pombe was involved solely in 
the repair of DNA damage. In fact, it appears to have two quite separate functions: in 
addition to being a DNA repair gene, it is also a molecular checkpoint gene. This was 
demonstrated in some ingenious experiments in which derivatives of rad9 mutants



84 HALL

demonstrating intermediate radiosensitivity were isolated which showed the ability to 
repair, without regaining the G2/M checkpoint control [55].

Molecular check point genes, in general, serve the function of ensuring that the 
initiation of late events is dependent upon the completion of early events. In specific 
terms, in mammalian cells exposed to radiation, the function of a checkpoint gene is 
to hold the cells in G2, so that the integrity of their chromosomes may be checked 
before the complex task of mitosis is begun. In S. pombe, it turns out that rad9 is a 
molecular checkpoint gene, as well as a repair gene. Cells that are deficient in this 
gene do not stop in G2 after radiation, but proceed immediately through mitosis. This 
lack of a checkpoint function is just as important as a lack of repair in making these 
mutant cells hypersensitive to radiation.

It is interesting to note that this rad9 gene is conserved to varying degrees 
across several strains of yeast [56], and a human homologue has recently been iden
tified on human chromosome 11 q 13.1 to 13.2 [57].

The point to be made from this example is that the change in radiation 
response results from the inactivation of a protein that is a consequence of the point 
mutation.

11. MUTATIONS AND PROTEINS

To further develop this point, consider mutations that have been observed 
recently in our own laboratory in three cell lines derived from patients suffering from 
the clinical syndrome Ataxia Telangiectasia. The ATM gene in each case was directly 
sequenced by an automatic dye terminator and the following changes noted:

Patient 1 : a single base change;
Patient 2: a deletion of nine bases;
Patient 3: an insertion of two bases (TT).

Note the difference in nature of the mutation in the three cases; a single base 
change, a deletion and an insertion. This includes examples of both a point mutation 
and a clastogenic mutation, which form the title of the topic I was given to address. 
However, all three mutations produce the same effect, because they result in the trun
cation of the protein, a consequent lack of protein function, and hence the spectrum 
of clinical symptoms characteristic of the syndrome. The point to be made is that it is 
not the nature of the initial mutation that is important, but rather the inactivation o f  
the protein that brings about the biological response. Studies such as this are made 
difficult by the presence of polymorphisms. The human race, for the most part, is out- 
bred and reproduces for love, so that there is a rich legacy of genetic variability, as 
evidenced by our highly polymorphic genome.
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Any discussion of point mutations and clastogenic mutations in the context of 
radiation induced cancer would not be complete without a mention of Mendelsohn’s 
Simple Reductionist Model of Cancer Risk in Atom Bomb Survivors [58, 59].

Mendelsohn draws attention to the contrast between the leukaemia response, 
which is steeply curvilinear, i.e. a linear-quadratic or purely quadratic function of 
dose, and the response for solid tumours, which approximates to a linear function of 
dose. In addition, the slope of relative risk versus dose is an order of magnitude lower 
for solid tumours than for leukaemia.

These dose-response relationships for leukaemia and solid tumours are mir
rored by those for chromosomal aberrations in peripheral lymphocytes and gene 
mutations in somatic cells, respectively. The aberrations in question are balanced 
translocations in peripheral blood lymphocytes [60], while the gene mutations are of 
glycophorin A [61], both measured in A-bomb survivors. Chromosome aberrations 
clearly play a pivotal role in leukaemia. We have known for over 40 years that a spe
cific translocation between chromosomes 9 and 22 is involved in essentially all cases 
of chronic myelogenous leukaemia. Similar relationships, although not as dramatic, 
are seen for other types of leukaemia. It is reasonable to suppose that translocations 
represent an important causal mechanism for this group of malignancies. However, 
the frequency of leukaemia, spontaneous or radiation induced, is much too high for 
the breaks to be random. The chromosomal breaks must occur at ‘fragile sites’, or are 
examples of homologous recombination. A more difficult problem is to identify the 
somatic gene mutation involved in solid cancers that follows single hit kinetics in its 
response to radiation. An attractive hypothesis is that a gene, or family of genes, is 
responsible for the stability of the genome.

This is an all embracing theory which must surely be an oversimplification, but 
it does fit many of the principal facts as we know them, and it provides an abundance 
of food for thought.

While the initial thesis of Mendelsohn’s model may be widely acceptable, at 
least as a working hypothesis, the final step in his argument may be modified by 
those who are devoted to the emerging concept o f genomic instability. Mendelsohn 
invoked the old Armitage and Doll argument [9], based on the age distribution of 
cancer rates, that the process of carcinogenesis involves six or seven steps. He then 
assumed that the difference between spontaneous and radiation induced cancers is 
that while spontaneous cancers require n independent somatic events accumulated 
over a lifetime, radiation induced cancers require only n -  1 of such age related 
events, plus a single event caused by the radiation. This hypothesis could, just as 
well, be replaced by the postulate that the single event due to radiation is a mutation 
that leads to the instability of the genome, and that the other half dozen or so events 
follow in a cascade in the pattern of a domino effect. Further experimentation is

12. A MODEL FOR CANCER INDUCTION
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needed before one or other (or both) of these ideas can be substantiated or shown 
to be false.

The truth is that we do not know with any certainty the mechanism, at the mol
ecular level, of one single radiation induced human tumour. What we do know is that 
radiation produces changes in DNA —  mutations and chromosomal aberrations — 
similar to those seen in spontaneous malilgnancies. We then infer that these changes 
represent the mechanism. But inferences do not constitute proof!

13. PROSPECTS

A safe bet to make in assessing prospects for the future is that progress will 
result from a steady push forward on all fronts.

Key elements may include information in the following areas:

(a) Identification of tumour suppressor genes inactivated or deleted in tumours 
known to be radiation induced. This could come from one of three sources:
(i) Solid tumours induced in laboratory animals by exposure to radiation;
(ii) Tumours in nude mice resulting from radiation induced transformation in 

cells of human origin;
(iii) Second tumours in patients cured of their first malignancy by radiation 

therapy.
(b) Identifications of genes (in addition to the five known mismatch repair genes) 

which, when mutated, lead to genomic instability and a mutator phenotype.
(c) Information on the possibly contrasting shapes of the dose-response relation

ship for radiation induced leukaemia and solid tumours in human populations.
(d) Information on the effect of dose rate on the dose-response relationship for 

leukaemia, as opposed to solid tumours, in the human population.
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SU M M A R Y  OF D ISC U SSIO N

Forum 1

M. SOHRABI (Islamic Republic of Iran): I have a question about the data on 
cell transformation frequency versus number of incident alpha particles presented by 
E.J. Hall in his keynote address (IAEA-CN-67/K1).

From the microdosimetric point of view, the specific ionization around the track 
of an alpha particle is high. How can one, therefore, relate alpha particle numbers to 
doses at very low dose levels?

E.J. HALL (United States of America): In the case of alpha particles, which 
account for most of the effective dose received by humans, the dose due to a single 
incident particle is the lowest dose possible. That does not affect our understanding 
of low doses due to X rays.

RC. KESAVAN (India): Studies with alpha particles are not suitable for resolv
ing the controversy about the linear no threshold (LNT) hypothesis relating to low 
dose, low LET ionizing radiation. In several respects (for example, the interaction with 
cell organelles, energy deposition, radiation induced chemical events leading to the 
creation of reactive oxygen species and to alterations in molecular signal transduction, 
and gene expression), low LET ionizing radiation and high LET ionizing radiation dif
fer. Also, in terms of energy deposition, even just one alpha particle to a single cell is 
too much —  and a few alpha particles to a single cell would result in ‘overkill’. Thus, 
perhaps one should not be talking about studies with alpha particles.

E.J. HALL (United States of America): You are correct in the sense that alpha 
particle data do not throw light on effects due to X rays. However, the principal 
contribution to the effective dose received by the population is from alpha particles 
emitted by radon progeny.

Y. NISHIWAKI (Austria): A distinction must be made between ‘multiple hits 
on one target’ and ‘multiple targets with at least one hit on each target’, although both 
may be referred to as ‘multiple hit models’ and with both a Poisson distribution can 
be applied and very similar curves may be obtained in some cases.

In the case of alpha irradiation, the survival curve could be approximated by a 
single hit curve or a zero class Poisson distribution —  that is to say, by a simple expo
nential function. That is due to the high LET of alpha particles, the vital part of the 
cell being damaged by a single alpha particle hit. A linear hypothesis may apply in 
such a case, but a multiple hit model may have to be considered in the case of other 
low LET radiation.

The ‘low dose region’ is not a clear-cut region where effects are either simply 
linear or simply non-linear and where there either is or is not a threshold. It is a grey 
zone with large uncertainties and a relatively high background noise —  where 
analysis based on fuzzy theory or fuzzy regression analysis is necessary.

91



92 SUMMARY OF DISCUSSION

E J . HALL (United States of America): What you said about multi-hit and 
multi-target regressions is appropriate for experiments involving cell death due to 
X rays.

The data I presented were for mutations produced by alpha particles. Data 
points were shown, but no curve corresponding to a model was fitted. The lowest 
‘dose’ was exactly that due to one particle. No lower dose is possible in the case of 
alpha particles, and no extrapolation is involved.

T.D. LUCKEY (United States of America): E.J. Hall suggests that one alpha 
particle can make a cell cancerous. This —  like many effects with cells in culture — 
is very far from the triggering of cancer in a whole animal or person, where the ‘seek 
and destroy’ mechanism of the immune system normally eliminates most of the 
unusual cells. Thus, cell culture data are not acceptable evidence in support of the 
LNT hypothesis.

The past decade has produced overwhelming evidence that low dose irradiation 
constitutes a ‘negative risk’: total cancer mortality rates are consistently lower in 
animals and humans after exposure to <10 cGy of radiation.

E.J. HALL (United States of America): Experiments have shown that one inci
dent alpha particle per cell nucleus produces both mutations and transformations at 
high incidence. In the case of miners working underground, an average of one alpha 
particle per cell also produces lung cancer.

Invoking 10 cGy as a dose below which effects have not been seen is reason
able in the case of gamma rays, but not in that of alpha particles. One must not 
confuse apples with oranges.

C. STREFFER (Germany): T.D. Luckey is definitely right in talking about the 
reaction of entire animal or human organisms.

We irradiated zygotes (single cell embryos) of mice 1-3 h after conception and 
looked for chromosomal aberrations in skin fibroblasts of the foetuses just before 
birth. The mice had developed genome instability in vivo. This treatment also led to 
malformations (gastroschisis in the case of that specific mouse strain), with a 
dose-effect curve having no threshold (X rays and fast neutrons). The irradiation of 
one cell (the most prominent stem cell) induced this effect [1,2].

K. BECKER (Germany): I should like to ask E.J. Hall how his microscopic 
studies on singular alpha particle effects relate to the epidemiological findings in 
many areas with high domestic radon levels, where there is clearly a decrease — 
instead of the predicted increase —  in the incidence of lung cancer with increasing 
bronchial exposure to alpha particles (e.g. Refs [3, 4]).

E.J. HALL (United States of America): This is a question for an epidemiologist 
rather than for a physicist/biologist like me.

The BEIR VI report of the United States National Academy of Sciences [5] 
deals with this phenomenon in detail, the conclusion being that confounding factors 
are so dominant that B.L. Cohen’s domestic radon studies are impossible to interpret.
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S. WOLFF (United States of America): It should be emphasized that there is no 
controversy about linearity in the case of high LET particles such as alpha particles
—  only in the case of low LET particles.

E.J. HALL (United States of America): I agree.
S. WOLFF (United States of America): In your study with single alpha parti

cles, one particle was able to produce the effect. On the basis of a Poisson distribu
tion of particles with a mean of one, however, you attribute the increase to multiple 
hits. As 12-13% of the cells will receive two hits, while 37% will receive no hits, do 
the mathematics work out?

E.J. HALL (United States of America): Yes, they do —  approximately. The 
increase in transformation incidence with increasing number of particles is steep, so 
that the proportion of cells experiencing multiple traversals accounts for the greater 
effectiveness of a Poisson distribution with a mean of one as compared to an exact 
number of one.

S. WOLFF (United States of America): You invoked, as a possible cause of low 
dose-induced cancer, the induction of a mutation at a specific locus causing genomic 
instability —  a mutator locus. Given the number of cells at risk, however, can the 
chance of mutating a specific gene be quantitatively related to the cancer risk?

E.J. HALL (United States of America): Yes, it can. A mutation in a specific 
gene —  or family of genes —  would account for the cancer incidence if the turning 
on of a mutator phenotype were the mechanism.

The mathematics do not work out if the radiation must be assumed to induce 
mutations in a dozen different genes simultaneously.

C. STREFFER (Germany): In our work, the induction of genome instability is 
apparently not a phenomenon involving a specific gene but one involving the whole 
genome of the damaged cell; there is no lesion specific to one chromosome. We know 
that cancer develops through several mutational steps, each with a low frequency. 
Could it be that a mutated cell develops genome instability through which the 
frequency and probability of the further mutational steps become higher, with the 
result that the cancer develops?

E.J. HALL (United States of America): In the case of the one human tumour for 
which details are known (HNPCC), the instability is due to a mutation in one of five 
specific mismatch repair genes. We suspect that there may be other human tumours 
where that is the cause of the instability.

I. EMERIT (France): Do you know of any attempts to prevent (or influence) 
genomic instability through the addition of an antioxidant such as superoxide dismu- 
tase to the culture medium?

E.J. HALL (United States of America): No, I do not, but it sounds like a good
idea.

While I have the floor, I should like to put a question to our Chairperson, 
R. Cox. Does he believe, in the light of his experiments, that a radiation initiated
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tumour develops by the same process of instability as spontaneous mutations of the 
same type?

R. COX (United Kingdom) (Chairperson): Yes, I do. We can find no evidence 
of LET dependent induced chromosomal instability in mouse AML, nor evidence of 
widespread microsatellite instability. Similarly, irradiated p53 deficient mice display 
no persistent post-irradiation chromosomal instability.

A.J. GONZALEZ (International Atomic Energy Agency): So far, no one has 
referred to radiation induced mutations in mitochondrial DNA and to their potential 
consequences. Would R. Cox or someone else on the podium care to comment on that 
issue?

R. COX (United Kingdom) (Chairperson): Although mitochondrial DNA may 
be more mutable than chromosomal DNA, it is present in multiple copies in the cell, 
so that there would be a strong ‘buffer’ against deleterious effects at low doses. 
Heritable effects are theoretically possible, but the prevalence of disorders associated 
with mitochondrial DNA mutations is low.

E.J. HALL (United States of America): I would add that there is some evidence 
that alpha particles passing through the cytoplasm only (not the nucleus) cause muta
tions. I doubt whether this involves the mitochondrial DNA; it is more likely to be due 
to oxidative stress.

While I have the floor, I should like to say that, in my view, it would be useful 
to undertake a study at the molecular level of human tumours induced by radiation. 
The first problem would be to identify tumours about which one can be sure that they 
are radiation induced —  perhaps tumours in young women who develop breast cancer 
following treatment for Hodgkin’s disease or in men who develop sarcomas follow
ing treatment for prostate cancer.

It would be a good thing to start by looking at microsatellite instability, some
thing which could be done with archival material —  for example, tumour sections in 
paraffin blocks. One could also look for changes in activated oncogenes, and partic
ularly for inactivated tumour suppresser genes.

R. COX (United Kingdom) (Chairperson): I share E.J. Hall’s concern about 
establishing a high degree of radiation causality for radiation associated cancers. 
Besides secondary cancers after radiotherapy, some types of cancer in the A-bomb sur
vivors are suitable for this purpose. Is there not, however, a danger that the studies in 
question would be rather phenomenological and focus on just a few candidate genes?

E.J. HALL (United States of America): Yes, there is. However, one could ask 
very pointed questions about —  for example —  DNA mismatch repair gene muta
tions and microsatellite instability in radiation associated colon cancers or in other 
cancers where instability (as measured by the number of microsatellites) appears to 
be a factor.

C. STREFFER (Germany): The idea of looking for mutational patterns in 
secondary tumours after radiotherapy is a very good one. There are population groups
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available for this purpose: for example, retinoblastomas can occur in children with a 
genetic predisposition for cancer. In one study it was found that 79 out of 835 chil
dren with a genetic retinoblastoma predisposition developed cancers other than 
retinoblastomas (mainly osteosarcomas and soft-tissue sarcomas) after radiotherapy, 
whereas only two out of 130 children without a genetic retinoblastoma predisposition 
developed cancers after retinoblastoma radiotherapy [6]. The 79 cancers in the former 
group of children were radiation induced, with a high probability.

E.J. HALL (United States of America): That is a good example of the kind of 
study I have in mind.

F. CORTES BENAVIDES (Spain): I wish to make a comment regarding paper 
IAEA-CN-67/1, which was outlined by I. Emerit, who reported on experiments where 
a protective effect (adaptation) was achieved through the irradiation of a medium (as 
a form of conditioning) and subsequent challenging of the cell seeded in the irradi
ated medium.

I find this rather strange. The hydroxyl radical (O H ) has a very short half-life and 
is considered to be the free radical species most damaging to DNA, as it has to be gen
erated very near the DNA molecule in order to produce an effect. It is therefore unlikely 
that, after the time which elapses between conditioning and challenging, this species 
will still be present and available for proper conditioning through DNA damage.

I. EMERIT (France): The formation of OH- radicals via Fenton type reactions 
is a well known DNA damage mechanism. However, other mechanisms are also 
possible. For example, superoxide mediated clastogenesis produces transferable 
clastogenic materials, which are longer lived and longer range carriers. Cytolines 
such as TNFa play a role in this mechanism. For more details, I would refer you to 
Ref. [7].

Y. NISHIWAKI (Austria): With regard to paper IAEA-CN-67/1, people from 
Hiroshima University who are studying the p53 suppresser oncogene in Chernobyl 
cleanup workers have informed me that it is extremely difficult to make an accurate 
estimate of the doses received by individual workers. Even if the biological damage at 
the molecular level is identified, one has still to derive reliable dose-response relations.

The uncertainty in such a situation is not of a random nature, but is due to the 
fuzziness associated with human judgement. When human judgement is involved, the 
‘additivity’ on which probability theory is based may not hold; in fuzzy theory, 
‘possibility measure’ is distinguished from ‘probability measure’. Fuzzy measure 
analysis may be important in some cases.
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CHAIRPERSON’S SUMMARY OF FORUM 1

Chairperson 
R. COX

National Radiological Protection Board,
Chilton, Didcot, Oxfordshire, United Kingdom

Following the presentation on M olecular M echanism s o f Radiation Effects: 
Point and Clastogenic M utations by the Keynote Speaker, E.J. Hall, there was a gen
eral discussion o f relevant topics by participants.

A  m ajor point o f interest was the role o f genom ic instability in the multistage 
cancer process. It was pointed out that the onset o f genom ic instability would allow a 
cancer initiated clone o f cells to accum ulate further critical m utations at an appropri
ate rate. The question is, does this occur because radiation is inactivating specific 
genes that control genom ic stability or because, as suggested by some, radiation 
induces genom e wide instability via some form  o f epigenetic process? There was 
general agreem ent am ongst participants discussing this topic that there was no 
evidence that such induced and persistent genom ic instability was contributing to 
radiation carcinogenesis, but rather that radiation initiated cancers progress in the 
same way as those arising spontaneously, which already includes instability as a hall
m ark o f malignancy. Some published animal data tended to argue for this. In the 
main, the whole issue rem ains o f uncertain relevance to the low dose effects of 
ionizing radiation.

The Keynote Speaker also responded to biophysical questions regarding the 
cellular effects o f single alpha particle traversals and their im pact on radon risks and 
noted that ecological, geographical studies considering radon associated lung cancer 
were believed by many epidem iologists to be subject to confounding factors and 
therefore o f lim ited value.

A  second issue was that cancer related studies in cultured cells took no account 
o f factors such as im m une response that m ight guard against cancer developm ent in 
the w hole organism. Uncertainty on these issues was accepted, but it was pointed out 
that human evidence showed effects o f im m une surveillance on virally related cancer 
but not on the com m on cancers that are known to be induced by radiation. In addition, 
Forum  1 was concerned with m olecular m echanisms, which cannot be studied in 
whole organisms. If  in vitro studies were disregarded, we would not know the 
structure o f DNA, the genetic code or the nature of oncogenes and suppressor genes.

Thirdly, studies on apparent oxidative stress in low dose exposed hum ans were 
raised. These investigations w ere interpreted as providing evidence o f a radiation 
related ‘footprin t’ o f chem ical radical action in cells; som e supporting in vitro 
studies w ere also m entioned. In subsequent discussion, there w ere questions on
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whether short lived chemical species such as hydroxyl radicals could mediate the 
effects described. In response it was suggested that longer lived superoxide radicals 
m ight be responsible.

A ttention then turned to the nature of radical m ediated spontaneous dam age to 
DNA and that induced by radiation. It was noted that recent evidence showed radia
tion induced DNA double stand breaks to be chemically com plex and therefore far 
m ore difficult to repair correctly than the sim ple DNA dam age resulting from  single 
radical attack on DNA from  endogenous processes. (It was rem arked that this issue 
was expected to be addressed in Forum  2).

The issue o f  radiation induced dam age to mitochondrial (mt) DNA was dis
cussed briefly. A lthough m t DNA may be m ore m utable than chrom osom al DNA, it 
is present in m ultiple copies in the cell; this will buffer against the expression o f dele
terious m utations, and low dose effects in somatic cells are not expected to be signif
icant. Heritable effects (via the m other) are recognized for certain m t DNA mutations, 
but the prevalence o f these disorders is low.

Finally, there was discussion o f the prospects for m olecular studies with radia
tion associated hum an tumours. Establishing the probability o f radiation causation of 
such tum ours was judged to be critical —  this appears to be possible in some 
instances for second tum ours arising after radiotherapy (RT) and for certain cate
gories o f tum ours arising in the Japanese A -bom b survivors. During this discussion, 
data from  the USA were referred to which related to the elevated level o f RT associ
ated second cancers in heritable retinoblastom a patients deficient in one germ line 
copy o f the RB tum our suppressor gene. These data are in general concordance with 
those obtained with animal genetic models o f radiation tumourigenesis.

A lthough participants did not decide formally upon a list o f critical research 
topics and questions for the future, the em phasis o f discussions implies the following 
needs:

(a) a better understanding o f target genes and cells for radiation induced tumours,
(b) knowledge o f the specific relationship between DNA damage, DNA repair and 

cancer induction,
(c) w hether m ultistage radiation carcinogenesis proceeds in a conventional fashion 

or w hether poorly understood mechanisms such as induced genom ic instability 
m ight be involved,

(d) m ore inform ation on the role o f genetic factors in radiation carcinogenesis and 
the im pact on risk in the population.

Existing cellular/m olecular approaches w ill continue to  make m ajor contribu
tions to fundam ental knowledge, particularly in the areas o f DNA dam age repair and 
m utagenesis. Investigations into the mechanisms o f carcinogenic response in whole 
organisms are, however, becom ing increasingly revealing, particularly in ‘knockout’
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mice. In addition to the utilization of animal models o f radiation tum ourigenesis, 
future studies of radiation associated hum an cancer will benefit from  recent advances 
in both fundam ental knowledge and m olecular genetic techniques. In this latter area 
it will, however, be im portant to move forward with a view to m inim izing purely 
phenom enological approaches.
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Abstract

ADAPTIVE RESPONSES.
The first of the regularly reproducible experiments to show that very low doses of 

ionizing radiation could induce mechanisms whereby cells become better fit to cope with 
subsequent exposures to high doses were carried out on the induction of chromosome 
aberrations in cultures of human lymphocytes. If cells that had been exposed to a very low dose 
(1 cGy) of X rays were subsequently exposed to a relatively high dose (1 Gy), approximately 
one-half as many chromosome breaks were induced. Subsequent experiments showed that this 
adaptive response to low doses requires a certain minimal dose before it becomes active; that 
it occurs only within a relatively small range of doses; that it is dose rate dependent; and that 
it is dependent on the genetic constitution of the people or animals exposed. The response to 
the low dose pre-exposure was not instantaneous, but took some 4-6 hours to become fully 
active, and could be prevented if during this period protein synthesis was inhibited. That is, a 
necessary protein (enzyme) was being induced. The adaptation induced by low doses of 
radiation was therefore attributed to the induction of a novel efficient chromosome break repair 
mechanism that, if active at the time of challenge with high doses, would lead to less residual 
damage. Although the phenomenon is well established in cellular systems, it is still 
problematical as to whether or not it has any utility in establishing the risks of ionizing 
radiation to humans. Experiments with restriction enzymes now indicate that double strand 
breaks in DNA can be the triggering event in adaptation. In addition, preliminary experiments 
on the survival of whole body irradiated mice have shown that multiple exposures to low 
adapting doses can have profound effects on survival, and other experiments have shown that 
adaptation can affect the induction of thymic lymphoma in irradiated mice. A pre-exposure to 
0.02 Gy of X rays has also been found to decrease the amount of genomic instability found 34 
population doublings after an exposure to a dose of 15 Gy. It therefore appears that the initial 
experiments on the adaptive response have led to a vigorous worldwide effort to understand the 
basic mechanisms behind it. This effort is stimulated both by a desire to understand the basic 
cell biology behind the response and a desire to see if indeed this phenomenon affects the 
estimation of risks of low level radiation exposure.

* Only an abstract appears here, because the full text of the paper has appeared in 
Environ. Health Persp. 106, Suppl. 1 (1998) 277-283.
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E. CARDIS (World Health Organization, International Agency for Research on 
Cancer): As an epidem iologist, I have found the data presented this m orning very con
vincing. However, the doses which we are considering in our epidem iological studies 
are substantially lower than those used in the experiments reported on here, and I 
wonder whether adaptive response mechanism s really w ork at the very low doses 
received by m ost workers and by the general public. Today, nuclear workers at 
nuclear power plants receive whole body doses o f less than 2 m Sv/a in m ost coun
tries. This means —  as I understand it —  that on average a cell ‘sees’ a photon every 
two years. Does the adaptive response occur when the second photon arrives? Perhaps 
it is relevant only at higher doses.

S. W OLFF (United States o f America): The adaptive response occurs with low 
prim ing doses in a range below and above which it does not occur.

Very early on, J.D. Shadley and I attem pted to determ ine whether very low 
doses —  closer to background levels —  produced the response, but we were unable 
to obtain the response with a prim ary dose o f 100 m rad (1 mGy), even when it was 
adm inistered over a period o f several days. As you suggest, therefore, perhaps adap
tation does not occur after background level doses and dose rates.

In some early observations (by Tuschl and Pohl-Ruehling) o f people exposed to 
very low levels o f radiation, however, fewer chrom osom e aberrations were found in 
those people than in unexposed people.

P.C. KESAVAN (India): Do you know w hether the 2 cGy induced ‘gain’ and 
‘loss’ o f bands arise basically from  changes in the physical integrity o f the coding 
DNA or from  the influence of alterations in the signal transduction pathways on gene 
expression?

S. W OLFF (United States o f America): Since we are looking only at the 
expressed genes (that is to say, at mRNA in exposed cells), we cannot say what influ
enced the production o f the mRNA. However, we are looking at the cDNA from  
mRNAs in a population o f cells, so the eifect has to em brace the entire population. 
That makes one think we are inducing gene activity.

T. OHNISHI (Japan): Do you think that in culture systems and whole body 
systems the same m echanism  (for example, p 5 3  functions) is causing chromosom al 
aberrations? Yonezawa, who w orked with w hole body systems, adm inistered the 
challenge dose two months after pre-irradiation.

S. W OLFF (United States o f America): I am not sure about p 5 3  functions and 
adaptation. I am surprised that Yonezawa was able to wait two months before adm in
istering the challenge dose. In the lym phocyte system, w e found that the response
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lasted three cell cycles. W hether this means that there was an eightfold dilution o f the 
activity or that the phenom enon was related to the unstable protein is not known.

T. OHNISHI (Japan): Do you think other physical stresses induce adaptive 
responses?

S. W O LFF (United States o f  America): O ther agents, such as chemicals, induce 
cross adaptation. However, this is not absolute; m ethane methyl sulphate is anom 
alous in being synergistic. The induction o f stress proteins does not seem to be related 
to the phenom enon.

I. TU RAI (International A tom ic Energy Agency): A  bar chart presented by 
S. W olff showed that the exposure o f m am m alian cells in culture to a 15 Gy challenge 
dose reduced the cloning efficiency o f the cells to 30% (in the 33rd cell generation), 
whereas, when the 15 Gy challenge dose was adm inistered after a 20 mGy condi
tioning dose, the cloning efficiency was reduced to 45% . However, such a ‘protective 
action’ was not observed with a challenge dose o f 10 Gy. W hy not?

S. W O LFF (United States o f America): The bar chart was based on new data, 
reported by Yatanabe, on the effect —  if any —  o f prim ing doses on genom ic insta
bility. It is not clear why Yatanabe obtained the effect after only one o f the two high 
challenge doses tested.

I would m ention that Yatanabe did find a decrease in cloning efficiency (albeit 
not a  statistically significant one) after a 10 Gy challenge dose if the end point was 
colonies o f  giant cells. This raises the possibility that, for the end point to which you 
are referring, the ‘challenge alone’ point was high by chance. Yatanabe —  or others
—  should perhaps carry out further experiments.

W. BURKART (Germany): Adaptive responses are elicited not only by ionizing 
radiation, but also by —  for example —  infections, anoxia, necrosis and heat. In our 
work with human lymphocytes, there was a more reliable response with bleomycin. In 
the case o f natural radiation, there are virtually no intensity gradients in time and space. 
It therefore makes little sense for a cell to ‘beef up’ its defences after an e~ traversal 
through the nucleus when the next such traversal will occur only in about a year’s time 
(for alpha particles, the time between two traversals in the case o f the most affected 
tracheo-bronchial stem cells is as much as 1 0 0  years for average radon levels).

Have any new links to the production o f heat shock proteins o r to other chem 
ically induced adaptive responses been found in m olecular or cellular research?

S. W OLFF (United States o f America): N ot to my knowledge.
B. BENNETT (UNSCEAR): The conditioning doses used in adaptive response 

studies ( -1 0  mGy) are som e ten times the natural radiation background dose to the 
cells and not m uch below the exposure doses at which epidemiological studies reveal 
a high incidence o f cancer.

It should also be borne in m ind that adaptive response results not in the elim i
nation of all dam age due toHhe challenge dose —  only in reduced damage. W ithout 
suitable protection, you may break every bone in your body in an automobile
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accident; with it, you may break only half your bones, but you are nevertheless in 
worse shape than if  you had not had the accident in the first place.

It would seem  that adaptive response does not occur with some cell types, and 
there is puzzling donor variability, so that the effect is not a general one. W ould you 
care to com m ent?

S. W OLFF (United States o f America): To m y knowledge all cell types —  
fibroblasts, germ cells, lym phocytes, etc. —  do respond adaptively. There are non
responding lines (anim al strains, and even hum ans), however, which suggests that 
there are genetic differences affecting the ability to respond.

A.J. GONZALEZ (International Atomic Energy Agency): Further to what has 
been said by B. Bennett ju st now, and by E. Cardis earlier, I invite the Conference to 
reflect on a fundam ental question: if, at the dose rates in which we are interested here, 
the expected frequency o f radiation induced dam age to a cell is only about once a 
year, how can adaptive response have any influence on the radiation induced m uta
tion rate? Perhaps adaptive response is a very interesting radiobiological phenom enon 
with little influence on the dose response at such low dose rates.

S. W OLFF (United States of America): A t the present juncture, I consider that 
to be a  reasonable statement.

W. SINCLAIR (United States o f America): W hat was the lowest priming dose 
with which you elicited the full adaptive response in hum an lymphocytes?

S. W OLFF (United States o f America): 0.5 cGy.
M. SOHRABI (Islam ic Republic o f Iran): Do you consider 0.5 cGy to be a very 

low prim ing dose in cytogenetic studies?
S. W OLFF (United States o f America): Yes, even 1 cGy is in my view a very 

low prim ing dose. On the other hand, I would consider 150 cGy to be a relatively high 
one.

F. de VATHAIRE (France): A  problem  about determ ining whether adaptive 
response is a real phenom enon is that papers with negative results are usually not 
published.

C. STREFFER (Germany): Although reviewers may sometim es not recom 
m end the publication o f papers containing negative results, such papers do get 
published. In a review o f papers published during the period 1980-1994, we found 
that 31 contained positive results, 19 contained variable results and 8  contained 
negative results, which suggests that adaptive response is a real phenom enon, 
although one should not ignore genetic predisposition and other factors.

B.E. LEONARD (United States o f America): In summ arizing paper IAEA-CN- 
67/204, N.E. Gentner said that the m ain issue was dose rate —  not dose. W ould he 
care to expand on that point?

N.E. G ENTNER (Canada): The general principle that exposures received more 
or less instantaneously —  like those received by the atomic bomb survivors —  are 
m ore effective in inducing the stochastic end point o f  concern (for example, fatal
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cancers) is recognized by the application o f a dose and dose rate effectiveness factor 
(DDREF) o f 2 to the risk coefficients directly derived from  the survivors.

The real question for us here is whether a DDREF value o f 2 is large enough if 
the dose is delivered in small ‘b its’. W hat is the risk from  low doses in the contrast
ing situations o f high dose rates and low dose rates?

In 1995, U N SCEAR decided that the DDREF could be applied (i.e. that IC R P’s 
lower nom inal risk coefficients could be used) if  the total dose was less than 200 mSv, 
whatever the dose rate, or if  the dose rate was less than about 0.1 m G y/m in (averaged 
over about an hour), whatever the total dose.

The latest m ortality data on the atomic bom b survivors suggest that the ‘full 
blow n’ risk may well apply to acute exposures below 200 mSv, and I suggest that 
144 m Gy/d (the second condition) may be stretching things also.

One m illisievert represents about one track per cell, and 1 m Sv/a represents 
one track per cell per year. The repair tim es for such doses seem  to be well below
24 hours.

Thus, if  a hum an body is to receive in the course o f a year a ‘low dose’ o f —  
say —  50 mSv, receiving it in  ‘b its’ o f 1 -2  mSv per week is much less o f  a perturba
tion and more likely to be dealt w ith efficiently than receiving it as two doses o f
25 mSv. We really m ust examine this question in our epidem iological studies. O lder 
nuclear energy workers, who have received the higher doses, are also m ore likely to 
have received them  in batches o f m ultiple hits per cell extant at any one time.

We m ust also examine this question in animal and cellular studies. The ‘low 
dose rates’ in such studies are usually far higher than those to which older nuclear 
energy workers were exposed. The risk associated with low doses at low dose rates 
may be essentially zero; if  not, we can reduce the bounds o f uncertainty within which 
risk estimates lie by investigating the effect o f the m anner in which low doses are 
received.

E. ROTH (Germany): I should like to ask M. Pollycove (IAEA-CN-67/63) 
w hether low dose radiation also reduces the frequency o f spontaneously occurring 
mutations.

M. POLLYCOVE (United States o f America): Yes, it reduces the frequency of 
metabolic m utations by increasing antioxidant prevention, the enzymatic repair o f 
DNA alterations and the removal o f such m utations through apoptosis, necrosis, cell 
differentiation and im m une reactions —- as docum ented by UNSCEAR in 1994.
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S. W olff reviewed com prehensively the scientific data about adaptive response 
induced by small radiation doses in the range o f 5 -100  mSv (adapting radiation dose). 
He focused his review on cellular and m olecular studies which are closely connected 
to his own investigations. It has frequently been shown with human lymphocytes and 
other cell systems that such an adapting dose induces an increasing radioresistance of 
these cells against a second, challenging dose in the range o f 0 .5 -3  Gy when chro
mosom al aberrations have been measured. The adaptive response is built up within 
hours and can persist for a few days, but may be reduced by inhibitors o f DNA repair 
such as am inobenzam ide, and o f protein synthesis such as cycloheximide. W olff dis
cussed possible m echanism s o f induction o f DNA repair in connection with gene 
expression and signal transduction processes. He further summ arized data for m uta
tions o f the HPRT gene and other biological endpoints. It was pointed out that the 
adaptive response could not be found with all human donors o f lymphocytes and all 
other biological systems. The genetic disposition apparently plays a significant role. 
No adaptive response has been shown up to now for cancer induction.

In discussion, the influence o f adaptive response and apoptosis on the radiation 
effects in lymphocytes and the significance o f these effects in the low dose range were 
recognized. The enormous am ount o f DNA dam age which occurs daily by metabolic 
processes and which is repaired efficiently was described. Any further small radiation 
doses would therefore have a negligible effect on m utations. A num ber o f ongoing 
research projects in Japan on adaptive response and apoptosis were mentioned. These 
involve enorm ous effort, and in particular the significance o f in vivo studies and the 
im m une system  were mentioned. The statistical lim itations and the im portance o f the 
biological heterogeneity o f human populations were identified as issues in order to 
arrive at conclusions on the effects o f small radiation doses.

During the discussion, m icrodosim etric im plications were described which 
show that, in the relevant dose ranges for radioprotection, each cell is traversed by a 
radiation track only once per year on average. Radiation acts w ith respect to gene 
expression like a stress factor, and other stress factors may induce sim ilar effects. The 
windows for the adapting and challenging doses and for the tim e scales are narrow. A 
literature review o f the years 1980-1993 showed that 58 papers had been published 
about adaptive radiation response in mam m alian cells (mainly with cytogenetic end
points). O f these papers 31 showed a positive response; in 8  papers the results were
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negative and in 19 they were variable. This was also m irrored through the controver
sial discussion o f  this subject.

A t the end the following conclusions were made:

(1) There is no doubt that the adaptive response to radiation is a reproducible, inter
esting biological phenom enon in mam m alian cell systems.

(2) Very well defined experim ental conditions m ust be fulfilled so that the effect 
can be observed.

(3) The effect is dependent on the cell system and on the individual donor o f these 
cells. The genetic disposition apparently has great importance.

(4) The m echanism  o f the induction o f adaptive response is not well understood up 
to now. It m ust be studied further.

(5) The adaptive response has not been definitively dem onstrated for radiation 
induced cancer up to now.

Nature has developed fascinating adaptation processes during evolution in 
order to defend organisms and to repair damage. DNA repair is very efficient, other
w ise life with the observed genetic stability would not be possible. We have to know 
m ore about the regulation o f these processes and to which degree a stimulation is 
possible. Therefore fundamental, radiobiological research is necessary. A t the 
moment, however, w hat can we use for practical radioprotection from  these studies?

U nder these conditions the following conclusion from  the U NSCEA R Report 
19941 is still valid:

“It is to be hoped that better understanding o f mechanism s o f radiation effects 
obtained in m olecular studies m ight provide a basis upon which to judge the role o f 
adaptive response in the organism. In the meantime it would be prem ature to conclude 
that cellular adaptive responses could convey possible beneficial effects to  the organ
ism  that would outweigh the detrim ental effects o f exposures to low doses o f low LET 
radiation.”

1 UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General 
Assembly), United Nations Scientific Committee on the Effects of Atomic Radiation 
(UNSCEAR), UN, New York (1994) 272 pp.
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Abstract

A MULTIMUTATION MODEL FOR CANCER BASED ON AGE-TIME PATTERNS OF 
RADIATION EFFECTS. 1. MATHEMATICAL AND EPIDEMIOLOGICAL ASPECTS.

An idealized mathematical model for carcinogenesis is proposed, based on age-time 
patterns of excess solid cancer risk seen in the Radiation Effects Research Foundation data on 
A-bomb survivors. The primary component is similar to the Armitage-Doll multistage model, 
with the interpretation that the events in that model are somatic mutations. The manner of 
extending this model to incorporate effects of a specific carcinogen, here an acute irradiation, 
is novel in the sense that the irradiation can cause any one of the mutations in the multievent 
process. The motivation for this formulation is the observation that the excess solid cancer rate 
associated with radiation exposure appears largely to depend only on attained age, rather than 
on age at exposure and time since exposure. The model is fitted to the A-bomb survivor data 
on a class of cancers consisting of the major non-sex-specific types.

1. INTRODUCTION

One o f the m ost im portant findings from  the Radiation Effects Research 
Foundation (RERF) follow-up o f atom ic bom b survivors is that the cancer risk due to 
acute radiation exposure is very prolonged, probably lasting for a lifetime. M ore 
specifically, denoting age by a , the (absolute) excess solid cancer risk E (a )  increases 
steadily with age, rather sim ilarly to the increase in  the background risk B (a ). This 
phenom enon, and related issues, m ay be helpful in discrim inating between various 
m echanistic models. The second author o f the present paper developed an interest, 
several years ago, in ideas that this age pattern o f excess risk could correspond very 
naturally to the A rm itage-D oll [1] multistage model; see Ref. [2]. Subsequently in 
our jo in t work, this line o f thought was substantially furthered by bringing to bear 
recently em erging evidence that E (a )  appears to depend la rg e ly  o n  a g e  a lon e ,
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Age (a)

FIG. 1. Description o f age specific excess incidence at 1 Sv fo r  a collection o f major, non- 
sex-specific solid cancers. Shown are estimated excess rates over the follow-up period 
1958-1987fo r ages at exposure 10, 30 and 50 years.

in d e p en d en tly  o f  a g e  a t  ex p o su re  o r  tim e  s in ce  exposure. The m eaning o f this is illus
trated in Fig. 1. We present briefly here the general nature o f our considerations, with 
details and further justification in a paper in preparation.

The model we propose com prises two stages. During Stage I, stem cells inde
pendently accum ulate m utations in a highly random  Poisson manner. The axiom s for 
this stage are sim ilar to, but substantially less restrictive than, those for the 
A rm itage-D oll m ultistage model. O ur use o f ‘stage’ is different from  theirs, and we 
prefer to think o f their model as ‘m ultievent’. We are somewhat m ore specific than 
Arm itage and D oll in thinking of the events as m utations. A  cell moves from  Stage I 
to Stage II when it has accum ulated some specified num ber к  o f m utations, with к 

being around 6  for m ost solid cancers. This event is referred to as c o m p le te d  in itia 

tio n , and the age at which it occurs is denoted by A .

Stage II involves various processes about which we can be less specific, but we 
find it useful for various reasons to allow for them  explicitly. In contrast to Stage I, 
these processes involve substantial clonal expansion and modifications o f the local 
environm ent to support tum our development. Stage II results in a m alignant tum our 
with a probability n , which may depend on the organ involved and other factors. If 
this stage does com plete, then the tim e taken beyond age A  is denoted by T. The pri
mary assum ption regarding Stage II is that the random  variation in T  is sm all relative 
to that o f A, and this w ill be the case if  the standard deviation o f T  is on the order of 
2 -3  years. U nder this assumption, the stochastic nature o f age at diagnosis A  +  T  is 
essentially the same as that o f A  + 1, where t  is the mean value o f T. Thus in our model 
the age patterns o f cancer are determ ined prim arily by the stochastics o f Stage I, in
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contrast to other two-stage models. This com parison is considered further in the 
following section.

Returning to consideration o f  Stage I, we depart from  the A rm itage-D oll tradi
tion o f assum ing that the events m ust occur in a specified order. Hence it becomes 
im portant to distinguish between labelling them  only as 1st, 2nd, 3rd, ... and on the 
other hand considering the specific mutations in their own right (i.e. labelling them 
by their ‘nam es’). We can obtain our results while allowing for various departures 
from  the A rm itage-D oll assumptions; for example, (i) the к  mutations could be any 
from  som e larger class, (ii) order restrictions can be either absent or partial, and per
haps m ost im portant (iii) the occurrence o f  certain mutations m ay substantially affect 
the rate o f subsequent ones. The relaxing of A rm itage-D oll postulates for Stage I 
does not invalidate their m ain result, that the age specific rate at w hich Stage I is com 
pleted is proportional to a k~l .

Turning to effects o f a  specific carcinogenic exposure, we consider here only an 
acute radiation exposure and assume that it affects only Stage I. As had others before 
him, the second author supposed that the radiation could, with a dose dependent 
probability, cause one o f the required к  mutations. He reasoned, but not quite 
correctly w ithout further considerations, that since one fewer spontaneous event 
would then be required, the excess risk would take form  E (a ) a k~2, which indeed 
conform s well with the data and m ight explain usefully why the excess risk contin
ues to increase for decades after exposure.

This raises an issue which is central to our considerations. Previous workers 
had assumed, following Arm itage and Doll, that a specific carcinogen could only 
affect a certain one (or m aybe two) o f the ordered events; e.g. the first or the last. 
There were several reasons for this assumption, but we only quote Arm itage and Doll
[ 1 ] in expressing w hat seems to have been the com m only accepted view: “ [their 
model] leads to the conclusion that the final rate of tum our form ation will be directly 
proportional to the concentration o f  an applied carcinogen, so long as the probability 
o f occurrence o f a m utation is proportional to the concentration o f the carcinogenic 
factor a n d  d ifferen t f a c to r s  a re  re q u ire d  to  e ffec t d ifferen t m u ta tio n s  [our em phasis]” .

Our formulation is totally different than this, with motivation essentially as 
follows. U nder the standard A rm itage-D oll assumptions, the excess risk from  an acute 
exposure to a carcinogen does not take the sim ple form  E (a )  «= a k~2, but is instead a 
com plicated function o f both age and age at exposure; see, for example, Ref. [3]. We 
believe that the emerging evidence that the excess risk may largely depend on age 
alone —  independent o f age at exposure or tim e since exposure —  could be pro
foundly im portant in understanding mechanisms of carcinogenesis. The central result 
o f our work is to show that if  radiation acts by causing a mutation in Stage I, then the 
excess cancer risk can depend on age alone i f  a n d  o n ly  i f  th e  radiation can cause a n y  

of the к  required mutations in a cell, with a probability proportional to the spontaneous 
rate o f that mutation. That is, if  r  -  1 events have occurred in a cell at the tim e o f



116 PIERCE and MENDELSOHN

exposure, then the radiation must be capable o f causing the rth one —  and the proba
bility that it does, for a given dose, is proportional to the spontaneous rate. If this 
probability is linear in dose, then the excess cancer rate will be linear as well.

2. SPECIFICS OF THE M ODEL

First consider only background cancer. The rates considered here are for a 
single stem cell, and ultim ately these are m ultiplied by the num ber o f stem cells to 
obtain cancer rates for an organ or collection o f organs. O ur weakening o f the 
A rm itage-D oll postulates as indicated above does not invalidate their basic result, 
that the rate at which Stage I is com pleted takes the form  v a k~l . The param eter V 
involves rates for the various mutations, but may be m ore com plicated than the form 
derived by Arm itage and Doll. This result is rem arkably robust, in the sense o f hold
ing true for a wide variety o f Poisson like assumptions for the occurrence o f the к 

events in Stage I. Hence if  the variability of Г — the tim e taken by Stage II —  is small 
in relation to that of age at com pleted initiation A, we have that the background rate 
for diagnosed cancer at age a  is approximately

B (a ) =  n v ( a  -  t ) k~x ( 1 )

where t  is the mean value o f T. Recall that n  is the probability that Stage II completes, 
and for our prim ary considerations we assume that this does not depend on age. For 
the rem ainder o f this section we will for sim plicity ignore the tim e t  and consider 
Eq. (1) as essentially a power o f age.

It is useful to contrast this with conventional two-stage models, as proposed by 
Arm itage and Doll [4] and M oolgavkar and Knudsen [5]; see also Ref. [6 ]. These 
models can also be successfully fitted to background rates o f the age-to-a-power 
form, essentially as in Eq. (1). In the sim plest form  o f these, cells move from  Stage I 
to Stage II at a constant rate v, as opposed to the rapidly increasing rate v a k~l for our 
model. In conventional two-stage models it is the mechanism s in Stage II, primarily 
clonal expansion, which result in the power-of-age character o f observed cancer rates. 
On the contrary, in our model this character o f cancer rates arises from  the rate at 
which Stage I is com pleted, and the tim e T  required for Stage II plays a m inor role. 
We do not argue that one o f these models is, in its own right, m ore biologically plau
sible. Rather, our focus is on how naturally our model fits in with the observed age 
patterns o f the radiation related excess cancer in the RER F data.

We postulate the two-stage model as outlined earlier and assume that the radi
ation affects only Stage I. Then as noted above the excess risk E (a )  will be indepen
dent o f age at exposure and will take the form  E (a)< *  a k~2 if  and only if  the irradia
tion can, regardless o f how many mutations already exist in a cell, cause the next one
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—  with a dose dependent probability proportional over the various m utations to their 
spontaneous rates. I f  we write p (d )  for the proportionality constant o f  this relation, 
where d  is the dose, it then develops that the excess cancer rate takes the form

E (a )  =  ( k - 1 )p (d )7 tv a k' 2 =  B (a ) —  ~ l )p('d )  (2)
a

M ore precisely, the m eaning o f p (d)  is as follows. W rite À,,, k 2, ... for the 
rates o f the 1st, 2nd, ... m utations in the cell. An irradiation occurring when the cell 
has accum ulated r - l  m utations causes the rth one to occur im m ediately with 
probability X fp( d) .  It should be noted that the rates X1( X,2, ... generally involve sums 
o f the rates o f specific mutations, say ц.д , |XB, ..., in a m anner depending on additional 
assum ptions indicated in the previous section. We will here neglect the probability 
that the single acute irradiation causes m ore than one o f the required m utations in a 
single cell; this effect is small but not totally negligible.

A  careful developm ent o f Eq. (2) is quite technical, but some heuristics for this 
are useful. The excess rate has an exponent one less than the background rate because, 
in essence, when the irradiation causes a mutation one less spontaneous mutation is 
required. The coefficient v  in Eq. (1) is essentially the product o f the rates ’k i , ’k 2, ... 
described above. For the excess risk, one of these factors, say is replaced by the 
probability \ p ( d ) ,  and regardless o f w hich factor is so modified the product is p (d )v  

as given in Eq. (2). The factor к  -  1 in Eq. (2) results from  som e further com binatorial 
details.

We can now m ake further contrast to conventional tw o-stage models. In those 
m odels the rates involved in  Stage II, for clonal expansion and eventual malignancy, 
are usually taken as constant in age. In this case the excess cancer rate associated 
with the exposure takes the form  &er ( t) , where 5e is the probability that an exposure 
at age e  transform s a norm al cell to  interm ediate form  and r ( t )  is the function of 
tim e since exposure representing the rate at which cells initiated by the irradiation 
are w ithin Stage II transform ed to m alignant. Thus the excess rate at age a  is given 
by 8 er (a  -  e ) . W hile it is not im possible that 8 e can be chosen so that 5 er (a  -  e) 

depends only on age, this w ould require a strange balancing o f effects. This 
presents a stark contrast betw een the two types o f m odels, since in the m odel con
sidered here E (a )  depends in a fundam ental m anner only on age at risk.

3. APPLICATION TO TH E CANCER DATA

As will be discussed later, it is difficult to evaluate models in term s o f specific 
cancer sites, using the RER F data, since there are not enough excess cases for any 
given site. Therefore we analyse here a pooling of the nine m ost com mon, non-
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sex-specific, cancers: stomach, lung, liver, colon, rectum, gallbladder, pancreas, 
bladder and oesophagus. These sites present 5884 o f the 8 6 6 6  cases o f solid cancer 
during the follow-up 1958-1987.

Based on Eqs (1) and (2), but w ith allowance for there being a large sex differ
ence in background —  but not in excess —  rates, the aim is to fit a model essentially 
o f the form

R a te (a )  = B (a )  + E (a ) -  fflsex ( a - t ) k~l +  $ d ( a - t ) k~ 2

where G reek letters represent param eters to be estimated. Here the mean value t  o f 
the tim e for Stage II, which was neglected in  Eq. (2), has been made explicit and in 
the analysis here is taken as 5 years. The excess rate is taken as linear in dose d , con
form ing well to the data. There is a m odest decreasing trend of background rate with 
birth cohort, which will be applied to the entire cancer rate, so the model to be fitted 
takes the precise form

R a te (a )  =  e x p xb{a>xex ( a - t ) k~l +  p d ( a - t ) k~2 \ (3)

where b  denotes year o f birth.

Figure 2 shows the background rates for the pooled cancers. The irregular lines 
are an em pirical description, and the parallel straight lines are the background part, o f 
the fit to the model of Eq. (3). The departures from  the model at young and old ages

Age (a)

FIG. 2. Background rates for the pooled sites, along with straight lines with slope 4.4, indi
cating the background part o f the fitted model ofEq. (3); that is, к = 5.4 for the fitted model.
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Age (a)

FIG. 3. The excess rate at 1 Sv based on fitting model o f Eq. (3), along with dotted lines 
describing the data as in Fig. 1. The fitted curve is a power o f age, with exponent one less than 
that fo r the background shown in Fig. 2.

Age (a)

FIG. 4. The fitted excess relative risk at 1 Sv (solid lines), and a commonly used type o f 
description (dotted lines).

do not have much effect on the model fitting, but we do restrict ourselves to the age 
range 30-85 in fitting the model. The fitted value of к  for Eq. (3) is 5.4 ± 0.10. 
Figure 3 shows the excess rate part of the fitted model, along with empirical descrip
tions of the excess risk similarly to Fig. 1.
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Figure 4 shows the excess relative risk, with solid lines showing the fit to the 
model and dotted lines showing a commonly used type of empirical description. For 
the fitted model the curves are the ratio of the fitted excess rate shown in Fig. 3 to the 
fitted sex specific background rates shown in Fig. 2. The curves for each sex are thus 
inversely proportional to age, indicated in Eq. (2). The empirical description is pre
sented in the usual manner for the RERF cancer data, allowing the excess relative risk 
to depend on age at exposure, as well as on age or time since exposure. For those 
exposed as adults, this description is often given in terms of an excess relative risk 
constant over the follow-up, and there is here no statistically significant departure 
from this.

The relative risk description given by the model and the usual empirical 
description agree quite well but have very different interpretations, that for our model 
depending only on age, and that for the usual description depending only on age at 
exposure. It is interesting that the adequacy of a description in terms of age alone was 
noted, purely on empirical grounds, by Kellerer and Barclay [7]. It is our impression 
that their proposal was considered by many as biologically rather implausible, but our 
results may shed a different light on that.

4. DISCUSSION

One of the great difficulties in evaluating models for radiation risks is in bring
ing to bear sufficient information from the data. It is probably impossible to get far 
by considering separately male and female data on specific cancers. On the other 
hand, to an extent not easily evaluated, pooling of cancer types may be problematic. 
There are probably some intermediate approaches, but for this paper we have tried to 
use some pooling, with discretion. The choice of sites to pool was made on the 
grounds of observable differences in age patterns of the background rates. Female 
breast cancer is clearly different, and in omitting this it was decided to omit all sex 
specific cancers. Skin and thyroid cancer were omitted, as were ‘minor’ sites, each of 
which presents less than 2% of the cases. These minor sites have, collectively, an age 
pattern different from that of the major cancers, occurring relatively more often at 
young ages. The log-log slopes of background rates for the nine cancers pooled here 
are generally similar.

As seen in Fig. 2, the log-log linearity of background rates resulting from the 
model does not hold for ages under 40 or over 80. This has been noticed with other 
data and is discussed in various papers regarding the Armitage-Doll model. Although 
the departures in old age may be partly due to ascertainment, we suspect that both of 
these departures may be real and suggest that it may not be wise to place too much 
emphasis on this in considering models. Such departures could well be due to specific 
and rather limited inadequacies in models; for example, many cancers occurring
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under age 40 may have a somewhat different aetiology than others. Departures at old 
ages could plausibly be modelled by allowing the factor n in Eq. (1) to decrease in 
that stage of life.

In fitting the model, the exponent of age in the excess E(a) has been taken as 
one less than that for the background B(a), as indicated in Eq. (3). If the exponent of 
age in the excess is instead fitted as a free parameter, the resulting estimate is less 
than that for the background by 1.09 ± 0.50. Although Fig. 3 is essentially 
unchanged when that estimated value is used, the rather large standard error just 
given does mean that the support for the model may not be quite as strong as 
suggested by Fig. 3 —  that is, some good luck may be at play there. More 
importantly, the imprecision with which this exponent can be estimated from the 
pooled data clearly indicates the difficulties in using specific cancer types.

We are more impressed with the evidence that the excess risk depends only on 
age, and not on time since exposure or age at exposure. Again, there is substantial 
imprecision in such an inference, and one should not overinterpret the apparent evi
dence. But if there is substantial truth to this, it could be profoundly important in 
understanding carcinogenesis and in interpreting the data. Considering the time from 
exposure to ‘radiation induced cancer’ is very common, but may well be misleading. 
Furthermore, note that in our model the entire concept of ‘radiation induced cancer’ is 
rather inappropriate —  cancers are radiation related but not really radiation induced.

Finally, we comment on our attitude about models. There is no doubt that a 
model such as proposed here is at best an extreme idealization of reality. The distinc
tion between our two stages may not be so clear cut; e.g. there may be some rather 
systematic processes within Stage I. Even if there is a first stage characterized by its 
highly random Poisson nature, it might also involve clonal expansion to some extent. 
Ignoring such complications can be thought of as approximation more than assump
tion. But what is most important about a mathematical model is not that it be all that 
close to reality —  in fact for something like cancer it ordinarily should not be, since 
this would make it too complicated —  but that it be useful. For example, it may 
provide novel ways of looking at a phenomenon or interpreting data, e.g. that cancer 
may be radiation related rather than radiation induced. It may suggest interesting 
consequences which can be verified more directly, and whose validity may thus tran
scend that of the model. Our aim is towards a model useful in such ways, somewhat 
irrespective of how accurately it reflects the details of carcinogenesis.
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Abstract

A MULTIMUTATION MODEL FOR CANCER BASED ON AGE-TIME PATTERNS OF 
RADIATION EFFECTS: 2. BIOLOGICAL ASPECTS.

Biological properties of relevance when modelling cancers induced in the atom bomb 
survivors include the wide distribution of the induced cancers across all organs, their biological 
indistinguishability from background cancers, their rates being roughly proportional, organ by 
organ, to background cancer rates, their rates steadily increasing over at least 50 years as the 
survivors age, and their radiation dose response being linear. We have successfully described 
this array of properties with a modified Armitage-Doll model using five or six somatic 
mutations, no intermediate growth and the dose related replacement of any one of these time 
driven mutations by a radiation induced mutation. Such a model is contrasted to prevailing 
models that use fewer mutations combined with intervening growth. While the rationale and 
effectiveness of our model is compelling for carcinogenesis in the atom bomb survivors, the 
lack of a promotional component may limit the generality of the model for other types of 
human carcinogenesis.

1. THE ROLE OF SOMATIC MUTATION IN CARCINOGENESIS

Somatic mutation has been given a principal role in carcinogenic mechanism 
for most of this century. The first evidence was chromosome instability in cancer 
cells, followed by the greatly increased cancer susceptibility of people with defi
ciency in DNA repair, and later by the finding that almost all mutagens are carcino
gens. With the discovery of oncogenes, there has been an enormous outpouring of 
molecular genetic detail about the abnormalities in human and animal cancer cells. 
Each type of human cancer now has, at the chromosome level, a catalogue of pre
ferred macroscopic losses and gains, and at the gene level, its own series of mutant

123
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oncogenes and suppressor genes, including details down to the sequence level. The 
net result of this genetic damage is interference with a handful of important cellular 
systems, such as fidelity of DNA, control of cell division, control of gene amplifica
tion and the normal processes of apoptosis, telomere shortening and senescence. The 
details vary from one type of cancer to another, and within types there are sub-patterns 
that increasingly are being associated with metastasis, prognosis and choice of 
therapy. A similar spectrum of changes is also found in animal cancers. While this 
new information strongly reinforces belief in the role of somatic mutation in carcino
genesis, we still lack a good understanding of the beginnings and minimal scale of the 
mutation process, and we struggle, as before, with the Boveri dilemma as to which 
changes cause cancer and which are secondary manifestations of cancer.

Promotion is an important adjunct in the relationship between mutagenesis and 
carcinogenesis. In the classic experiments of Berenblum and Shubik [1], the initiation 
event has all the earmarks of mutation, including being caused by mutagenic agents, 
being first in the sequence, all or nothing behaviour and irreversibility. The promo
tional event has none of these properties, since it is always secondary, is reversible 
and typically is caused by chronically administered irritants rather than mutagens. 
Such mechanistic data are strongly supported by the finding that non-mutagens make 
up almost half of the chemicals found to be carcinogenic in contemporary rodent 
caner bioassays. The general belief is that in addition to background and induced 
mutaions, carcinogenesis also involves (1) growth inducers which are capable of 
enhancng premalignant cell populations and (2) any increase in proliferative activity 
which renders cells more vulnerable to the fixation of premutational lesions.

2. PRIOR MODELS OF MUTATION AND CANCER

While there is an enormous literature on the modelling of mutation and cancer, 
two landmarks stand out in relation to our model. The first is the 40 year old model 
for multistage carcinogenesis of Armitage and Doll [2]. Armitage and Doll were led 
to this model by earlier data showing a striking linearity of human organ specific and 
age specific cancer rates when plotted against age on a log-log scale. They argued 
that these responses are consistent with a sequence of rare, critical, statistically 
driven events in the cancer process. They developed the mathematics for a com
pound Poisson process, showing that it fits the data well in predicting a log-log 
linear rate with slope one less than the number of stages. Mutation was considered as 
one possible mechanism. In later publications, Doll [3] and Pitot [4] emphasized the 
limitations of the model, but it has continued to capture the imagination of many 
workers because of its fundamental and elegant explanation of the log-log linearity 
of most cancer rates.
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The second landmark, the Moolgavkar and Knudson models, combining muta
tion and promotion, originated from the pioneering work of Knudson on the genetics 
of retinoblastoma [5]. Knudson was the first to grasp the essential genetic simplicity 
of the heritable versus sporadic form of the disease. In the heritable version, the 
child’s genome contains one normal and one defective Rb gene, while the cancer cells 
have lost the function of both copies. The cancer occurs within the first few years of 
life in 90-99% of the children bom with the mutant genotype. Multiple independent 
tumours occur in each eye, and roughly two-thirds of these children have bilateral 
tumours. Thus, the second mutation, the somatic one, is sufficiently frequent to occur 
multiply, and in the target cells in each eye. In contrast, the sporadic cases start with 
two normal Rb genes and cumulate their double somatic mutation by chance. They 
are roughly two-thirds of the cases, and they only occur in one eye. The heritable 
cases have a simple one-hit exponential age distribution, while the sporadic cases fit 
a two-hit model and thus occur a few years later than the heritable ones [5]. In both 
situations, the process of retinal development turns off in childhood, and the risk of 
subsequent retinoblastoma goes to zero shortly thereafter. Knudson estimated the 
number of retinal stem cells at 2 x 106 per eye, and the somatic mutation rate 
common to both forms of the disease to be 2 x 10~7 per year in these cells.

In thinking of cancer in general, Knudson recognized early that retinoblastoma 
was unusual in its simple two-allele inactivation. He thought in terms of higher num
bers of mutations for the later occurring adult cancers, but recently commented that 
“the number of critical events ... is still up in the air” [6]. In a seminal parallel 
development, he began a collaboration with Moolgavkar in which they took the 
retinoblastoma requirement for two mutations and added an intervening growth phase 
such that the probability of the second mutation would rise in proportion to the inte
grated growth of the cells carrying the first mutation [7]. This approach to modelling 
combined mutation and promotion, providing both the mathematical and biological 
flexibility to make it widely applicable to human and animal cancer.

3. THE ORIGIN OF OUR MODEL

The original thinking leading to our model was triggered by the dose response
of solid cancer in the atom bomb survivors, and particularly by its linearity and
similarity of slope to the response of somatic mutation [8]. Data from the survivors
were available for two biomarkers of radiation response, chromosome aberrations and 
somatic gene mutations, and for the corresponding dose responses for leukaemia and 
solid cancer. When these four endpoints were compared using a common scale of 
relative risk, it was seen that chromosome aberrations and gene mutations behaved 
very differently from each other, and leukaemia and solid cancers did likewise. 
Surprisingly, however, there was agreement between the dose responses of aberrations
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and leukaemias, and between those of gene mutations and solid cancers. The former 
responses were relatively steep and upwardly curvilinear, while the latter were less 
responsive and linear. The aberration-leukaemia relationship was ascribed to the 
likelihood that chromosomal translocation was the primary mediator of leukaemia. It 
was not studied further. The corresponding speculation for the relationship between 
solid cancer and somatic gene mutation was that the distinction between a radiation 
induced cancer and a background cancer must be one critical radiation induced 
somatic mutation in the stem cell line that eventually gives rise to the radiation 
induced cancer [8].

Because of the close medical similarity of radiation related cancers and back
ground cancers, and because of the fact that, organ by organ, the radiation related 
cancer rates in the atom bomb survivors are roughly proportional to their background 
rates, we wanted to describe background cancer with a model that was mutation based 
and that could somehow be adapted to a proportional radiation response. A mutation 
driven Armitage-Doll formulation was chosen. With this model, one need only posit 
the background process of solid cancer induction as a slow, time based accumulation 
of somatic mutations occurring among a set of potential oncogenes and suppressor 
genes within the stem cells of the unexposed individual. It was presumed that in the 
exposed survivors, the acute whole body atom bomb radiation had, with some prob
ability and as a linear function of dose, replaced one of the time driven mutations. It 
was clear that the time shift due to the elimination of one time driven mutation would 
roughly produce a proportional response, but we had little idea whether the magni
tude and overall behaviour would fit the actual data. Our first formal test of the model 
was to see whether the radiation related cancers in the atom bomb survivors had an 
Armitage-Doll slope one less than that of the controls, reflecting the reduction by one 
of the time driven mutations. The first consummation of our collaboration was the 
demonstration that this was indeed the case [8].

4. CONTRASTING THE TWO MODELS

Figure 1 describes the difference between our model and the basic 
Moolgavkar-Knudson model. What happens after the first cancer cell develops is 
essentially the same in both models. What happens before is quite different, because 
our model uses five to six mutations and no intervening growth, while the 
Moolgavkar-Knudson approach uses two mutations and intervening growth. Both 
models can fit the age distribution and rate of human background cancer, as already 
discussed above for the Armitage and Doll model, and as shown by Moolgavkar and 
Knudson [7] for their model. Does anything we know about mutation or cancer allow 
any insight into the relative virtues of these models?
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FIG. 1. The essential differences between the Moolgavkar-Knudson (M-K) model [7] and 
the Mendelsohn-Pierce (M-P) model involve the number o f mutations and the role o f cell 
multiplication leading to the initial cancer cell.

Qualitatively, the weak link in the Moolgavkar-Knudson model is the absence 
of an Rb like role in human neoplasia other than in retinoblastoma. No one oncogene 
or suppressor gene occurs universally in human solid cancers, nor are any other solid 
cancers afflicted with a simple bi-allelic mutational change. A broader version of the 
model might call for either bi-allelic or independent gene mutations at any of 10-30 
gene locations, but even this degree of focus on only two genetic events seems 
contrary to the biology.

The little that we know about quantitation in vivo of human somatic cell 
mutants is based on a handful of indicator genes in two cell types, lymphocytes and 
erythrocytes. For loss of function of a particular allele in normal young to middle 
aged adults, the measurements indicate that in every million measurable cells there 
are approximately 30 T lymphocytes with loss of hla-a, ten T lymphocytes with loss 
of hprt, and seven erythrocytes with loss of glycophorin A [9]. These numbers are 
influenced by the detection sensitivity of each system, by gene size, by hot spots and 
other gene heterogeneities and by the long term survival efficiencies of the mutant 
cells. The numbers suggest that loss of function mutations, such as those that take out 
a cancer suppressor gene, have a per gene cellular prevalence of 10~5. Independent 
loss of both alleles would be the square of this and have a prevalence of 10~10, or 
something larger if recombination or some similar mechanism made them dependent. 
If there were 30 such loci at risk, then the proportion of cells with any one pair of crit
ical alleles knocked out would be 3 x 10-8. Given 1014 cells in an adult human, and 
1010 or 1011 stem cells (as a rough guess), there would be 100 to 1000 of such 
damaged stem cells, enough to be present in every organ. Note that these numbers
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would be 10 times larger using Knudson’s estimate of 2 x 10~7 mutations per year. 
The sense of these obviously soft numbers is that even without intervening growth, a 
two-mutation mechanism would cause too many cancers. Other adjustments can be 
made, such as lowering the number of stem cells or introducing a death rate for cells 
undergoing transformation.

At the other extreme, one can ask in our model whether somatic mutations are 
frequent enough to provide the six or so hits needed to cause human cancer. The 
product of a roughly estimated number of stem cells, a roughly estimated somatic 
mutant prevalence, the estimated number of six mutations and the stochastic factors 
for permutations of mutations, when entered into our equation, yields a cancer rate 
that tends to be slightly smaller than the cancer rates seen in human populations. The 
numbers again are quite soft and can easily be stretched to fit the cancer data, but of 
more importance is the likelihood that the cumulating mutants among the stem cells 
will increase their mutation rate by expressing mutator phenotypes based on repair 
deficiencies or errors in the DNA replication machinery. In this context, it is impor
tant to understand that in our model even though the stem cell population is not 
expanding it is going through continual cell renewal as it provides for the mainte
nance of differentiated cells.

In our comparison of the models, another phenomenon at issue is the Fearon 
and Vogelstein model for progression of human colon cancer [10]. This evolving 
concept visualizes a half-dozen or so stages, each driven by a mutational event and 
associated with a pathological change. From the mutational viewpoint, the number of 
events is well in excess of the Moolgavkar and Knudsen model. From the kinetic 
viewpoint, pathology, such as polyp formation, indicates cell proliferation which may 
be inconsistent with our model. However, human colon cancer is remarkably linear in 
Armitage-Doll plots, as shown in Fig. 2 [11], making it unlikely that the accretion of 
cells, as in a polyp, increases the relevant stem cell number leading to the colon can
cer. A related perspective on proliferation and colon cancer is the cancer rate versus 
age data collected by Utsunomiya et al. [12]. They compared the Armitage-Doll plots 
for colon cancer in adenomatous polyposis coli patients versus the general popula
tion. The former have inherited a mutation which causes extensive overpopulation of 
colonic stem cells and a dramatic increase in risk for colon cancer. The plots have 
almost parallel responses separated by three orders of magnitude, and are consistent 
with a thousand-fold increase in the number of relevant stem cells in the cancer- 
vulnerable adenomatous polyposis coli patients. That the response is linear suggests 
that the stem cell increase occurred early in life. The slopes are either identical or 
smaller by one in the mutant series, suggesting either that the number of mutant 
events is the same or that perhaps the inherited event can be counted as one of the 
series. On the surface, it would seem that both the Moolgavkar-Knudson (M-K) and 
Mendelsohn-Pierce (M-P) models are challenged by these views of colon cancer. 
However, in defence of the M -K  model, one can argue that the cancer is really caused
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Age (a)

FIG. 2. Colon cancer mortality as a function o f age on a log-log scale in US white males 
and females for 1981-1985 [11]. Males and females have almost identical responses. 
Pearson’s r is a general measure o f fit to the regression. The slopes, representing the exponent 
o f these power functions, are 6.06 fo r  males and 5.81 for females.

by the second mutation; and in defence of our model, one can argue that the relevant 
stem cell does not expand during polyp formation and other stages of the progression.

The requirement for stem cell constancy in some situations limits the applica
tion of the Armitage-Doll (A-D) and M-P models. An important example is breast 
cancer, where the A-D plots decrease in slope at menopausal age, presumably 
because of hormonal stem cell effects on the cancer process. Other hormonal cancers 
fit poorly because they tend to occur in young adulthood and lack the accelerating 
increases into old age. In principle, our model cannot apply in non-mutagenic car
cinogenesis, to whatever extent such examples exist in the human. The requirement 
for stem cell constancy also raises questions about the dynamics at both extremes of
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the age scale, when one would expect stem cell numbers to be diminished. However, 
in spite of these qualifications, the models do seem to work in many relevant situa
tions, including the bulk of adult epithelial cancer, which amounts to at least 68% of 
the cancers in our experience with the atom bomb survivors.

Our discussion of mutagenesis and carcinogenesis has so far ignored animal data. 
We are aware of many successful applications of M -K  type models in animals, but a 
reasonable effort to find A-D type data in animals has been unsuccessful. This may 
be due to the difficulty in getting reliable data on age in the midst of carcinogenesis 
experiments, to the poor behaviour of the model when cancer incidence approaches 
100% and perhaps to the pessimistic expectation that the patterns of cancer type 
and timing in inbred animals are too deterministic to be modelled by a Poisson series. 
This determinism is reinforced by recent evidence of unexpected cancer patterns in 
animals transgenically deficient in suppressor genes or mutant in oncogenes [13]. A 
related issue is the wide disparity in age of occurrence of rodent and human cancers, 
in spite of the similarity of rodent and human somatic mutant and cancer incidences, 
and the enormously larger number of stem cells in the human. If A-D type models 
apply in rodents, then they must involve small slopes and fewer than the human num
ber of mutational events.

5. MALES VERSUS FEMALES, UNANSWERED QUESTIONS
AND CONCLUSION

The general perception of somatic mutations is that they are essentially iden
tical in both genders. This is true for chromosome aberrations, hprt mutations and 
glycophorin A mutations, but it may not be true for sister chromatid exchanges. From 
this, one might expect that cancer would also be similar in both sexes. However, in 
the USA, cancer in men is almost twice as frequent as cancer in women. Figure 3 [11] 
shows this relationship overall and by cancer type. Observers sensitive to occupa
tional and environmental cancer will notice that asbestos, tobacco, alcohol and 
chemical cancer endpoints can be implicated in the cancers with the highest male 
to female ratio. It seems unlikely that these occupational and social factors explain 
the entire pattern, leaving the suspicion that something in human biology makes men 
more susceptible than women to cancer.

The Japanese atom bomb survivors show a similar 2:1 preponderance of cancer 
in males. However, the fits of our model to the Japanese data indicate that the absolute 
risk of radiation related cancer is identical in both genders. Thus, whatever the factor 
that causes the twofold difference in background rates, it does not apply to the 
radiation increment. Is this an important clue to the underlying mechanisms causing 
cancer? Is it possible that some general effect, like oxygen damage, operates more 
in males than females? Are some types of lesions repaired more efficiently in women,
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FIG. 3. The ratio o f male to female cancer rates for US whites, 1981-1985 [11]. For each 
cancer type, the data fo r  annual cancer incidence rates in Tables 111.38 and 111.39 o f Ref. [11] 
were summed for ages 20-24 to 85+, and male totals were divided by female totals. The dif
ferences for all sites shown in the figure are less dramatic in young adulthood. Note the pre
ponderance o f occupational or tobacco related cancers toward the bottom o f the figure.

or is some form of metabolic activation operating more efficiently in men? Is radia
tion the exception because it involves different mechanisms, such as lacking the need 
for metabolic activation, and mutating through an unusual type of deletion? Stem cell 
numbers are presumably greater in men than in women, but is this difference enough
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to explain factors o f 2? And if a large part o f the difference is due to occupational 
exposure, how does this express itself with a model such as ours? N ote that in our 
model, background is defined by stem cell num ber and the transition coefficients for 
each o f the mutational events, while in the foreground the acute radiation event 
replaces one background coefficient and its age term  with a dose driven radiation 
coefficient. How then would this model deal with chemical or tobacco exposures? Or, 
anticipating any application o f this m ethod to risk assessment, how would the model 
handle chronic radiation exposure? These are issues not yet dealt with in the evolu
tion o f the model. They are intriguing and important, but they remain for future study.

We are left w ith a m utation based model for solid cancer which fits the acute 
radiation  experience o f  the atom  bom b survivors rem arkably well. The m odel is 
biologically and mathem atically simple. It postulates that am ong the random  somatic 
m utations caused by radiation, a mutation has dam aged an oncogene or suppressor 
gene in the stem cell line that will lead to the cancer. It also postulates that back
ground cancer is caused by a tim e driven accum ulation o f sim ilar m utations. By 
replacing one o f these tim e driven events, the radiation related cancers follow age to 
a power one less than that o f background. The mutational dose response drives the 
radiation  related  cancer response and is consistent w ith solid cancers increasing 
linearly with radiation dose. The mutations cumulate over the lifetime o f the individual, 
as do both background and radiation related cancers. The model also predicts that age 
at exposure will have no effect on the subsequent yield o f solid cancers at any partic
ular later age, a finding that is consistent with the atom bom b data but at odds with 
the usual (but soft) assum ption that young tissues are m ore susceptible to carcino
genesis. The m odel, because o f its lack of prom otional properties, is incom patible 
with non-m utagenic carcinogenesis, and is not expected to w ork well for horm onally 
related cancers. It rem ains to be seen whether the model has relevance to a variety of 
other m utagenic carcinogens, although it clearly fits so-called background data for 
roughly two-thirds of hum an cancers.

Given such results, we challenge everyone to broaden their perspective by 
adding to their cancer concepts the possibility that, day in and day out, all o f us are 
slowly cum ulating the critical m utations in our stem cells; that such stem cells are 
available for novel diagnostic and treatm ent purposes; that anti-mutational defence 
m echanism s m ay be vitally im portant to cancer risk; and that w hether you die of 
cancer and when you die o f cancer may in reality be the outcom e o f a gigantic, slow, 
Alice in W onderland type o f race involving not playing cards, but stem cells.
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SUMMARY OF DISCUSSION

Forum 3

E. CARDIS (World H ealth Organization; International Agency for Research on 
Cancer): Biologically based models are certainly useful as a  fram ework for thinking 
about carcinogenic mechanism s when one is analysing data. However, when it comes 
to drawing conclusions about such mechanism s and —  in particular —  m aking pre
dictions for, say, tim e periods or dose levels outside the data range, they suffer from 
the same lim itations as models which are not biologically based: the conclusions are 
only as sound as the underlying assumptions. By assuming different num bers o f steps 
or postulating that interm ediate cells proliferate more, for example, one arrives at dif
ferent conclusions.

M oreover, these multistage models do not solve the problem  o f the shape o f the 
dose-response curve: one still needs to make assumptions about it, on the basis o f 
either mutation rates or cell proliferation and death rates. However, they do provide a 
very natural way of taking tim e into account.

Breast cancer in women is an im portant exam ple o f prom otion in human can
cers. The qualitative age specific incidence is sim ilar as between many countries, but 
the levels o f incidence are very different (for example, much low er in Japan than in 
Europe and North America). The differences are m ost likely due to the role o f hor
m ones in breast carcinogenesis.

M.L. M ENDELSOHN (United States o f America): It is difficult to generalize 
about the usefulness o f idealized or conceptual models such as the ones we have been 
considering. Perhaps one should not refer to what you call ‘models which are not b io
logically based’ as ‘m odels’; they are not w hat one usually understands by a ‘m odel’ 
in science.

Considering the role o f horm ones in breast cancer may provide a good oppor
tunity for generalizing our model to include promoters. So far, we have excluded 
breast cancer from  our analyses precisely because there is that m ajor factor, in addi
tion to age, and nothing in our model to account for it.

We do not see why the role o f horm ones should be the ‘m ost likely’ explana
tion for differences in breast cancer incidence levels between Japan on one hand and 
Europe and North A m erica on the other —  a question which we look forward to dis
cussing further. W hat has caused us m ore concern is the far higher stomach cancer 
rate in Japan; we would particularly like to know how radiation effects interact with 
whatever causes the difference.

E.J. H A LL (United States o f America): Your model is very attractive, but one is 
bound to have m isgivings when a log -log  plot and so many adjustable parameters are 
involved —  a feature o f your model and o f the M oolgavkar-K nudsen model.

135



136 SUMMARY OF DISCUSSION

M.L. M ENDELSOHN (United States o f America): The many param eters of our 
model enter final results only through p (d )  and the p ro d u c t  of all the spontaneous 
rates. Thus, in the fitting o f the model to the data there are effectively very few 
adjustable parameters. The fact that we cannot identify the individual mutation rates 
is o f little concern to us.

E.J. H A LL (United States o f America): W hat is the age-incidence pattern for 
retinoblastom as, which we know to be the result o f a two-hit process?

M.L. M EN DELSOHN (United States o f America): The age-incidence pattern 
for retinoblastom as —  which are the result o f a two-hit process in their sporadic form 
but o f a one-hit process in their hereditary or bilateral form  —  has been carefully 
described by Knudsen and others. Very likely there are also other childhood cancers 
sim pler than adulthood cancers, involving fewer stages, although not necessarily as 
few as one or two.

E.J. H A LL (United States o f America): Can you suggest an experim ent which 
would enable us to distinguish between your multistep model o f the A rm itage-D oll 
type and the two-step M oolgavkar-K nudsen model?

M.L. M ENDELSOHN (United States o f America): It may be possible to dis
tinguish between our model and the two-mutation model solely on the basis o f atomic 
bom b survivor data; the desired inform ation is most likely to be derived from  data 
relating to acute radiation exposure at every possible age. We would suggest experi
mental work done with that in mind.

R. COX (United Kingdom): There is experim ental support for your model pre
diction regarding the need for the stem  cell to stay in its tissue com partm ent until 
alm ost all mutations have been accumulated. U sing a fluorescence in situ hybridiza
tion (FISH) cytogenetic m arker for m ouse myeloid leukaemia, it has been shown that 
post-irradiation clonal expansion in the haem opoietic system occurs late during the 
latency period and that about 50% of the clones yield overt leukaemia. N o evidence 
o f early clone expansion was found.

M.L. M EN D ELSO HN  (United States o f America): Your findings are very inter
esting, but unfortunately they relate to leukaemia. W hen we get round to considering 
leukaem ia, we shall probably apply our model with a much sm aller value of к  than 6 , 
which we find appropriate for solid cancers. However, m ore substantive m odifica
tions than that will probably be necessary in order to explain the data —  if  the data 
can be explained at all.

Y. NISHIW AKI (Austria): In 1956, at a m eeting on induced m utations, I pro
posed a model consisting o f a com plex network o f metabolic switching circuits in 
series and in parallel, each switch consisting o f a gene and a corresponding enzyme. 
W hen a sim ple com pound w ith low inform ation content is induced in a cell, the com 
pound is synthesized into a higher com pound with a higher inform ation content as it 
flows through the switching circuit. W hen the cell is irradiated, the switch may be 
dam aged or random ly altered; the biochem ical m utant appears —  or the cell may be
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killed in severe cases o f m ultiple switch damage. If  the switch before the relevant 
switch is damaged, the m utant m ay disappear if  the com pound necessary for bio
chemical m utant detection cannot be produced. This m odel was able to provide rea
sonable explanations o f many m utation phenomena.

M.L. M EN DELSOHN (United States o f America): This is very interesting. The 
m athem atical tools developed for circuit theory could perhaps be usefully applied in 
the area where we have been working.

E.J. SCHOTEN (Netherlands): I am very im pressed by the m athem atical 
m achinery which you have used in describing patterns o f cancer incidence in the 
atomic bom b survivors and in the population at large, but I do not see how it can help 
us to find out what may happen at extremely low doses.

M.L. M ENDELSOHN (United States o f America): In our model there is an 
unspecified function p (d )  representing the shape of the dose-response curve both for 
fundam ental cellular transform ations and for radiation related excess cancers. Other 
models are sim ilar to ours in that respect. Thus, the primary results obtained by us and 
those obtained with other models pertain m ore directly to age-tim e patterns o f excess 
risk than to the shape o f the dose-response curve. However, if  such modelling could 
shed light on the nature o f the fundam ental cellular transformations, that would 
enhance the prospects for learning m ore about the nature o f the function p (d ) . These 
transform ations may well be som atic m utations, and the dose-response curve for at 
least some o f them may be essentially linear.

A m ajor issue regarding the shape of the dose-response curve for radiation 
related cancers m ay be the extent to which the effect o f the radiation is some kind of 
addition to factors resulting in background cancers. M odelling such as that done by 
us, which links radiation related cancers closely to spontaneous cancers, m ay lead to 
progress in this connection.
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1. INTRODUCTION

1.1. Mutation models and cancer

Progress in m olecular biology has indicated that each type o f human cancer 
now has, at the chrom osom e level, a catalogue o f macroscopic losses and gains and, 
at the gene level, its own series o f m utant oncogenes and suppressor genes. This new 
inform ation has strongly reinforced the role o f somatic mutation in carcinogenesis.

W ithin the enormous literature on the m odeling o f m utation and cancer, two 
landmarks should be considered. The first is the model for multistage carcinogenesis 
by Arm itage and Doll (A -D ), based on earlier data showing a striking linearity of 
human organ specific and age specific cancer rates when plotted against age on 
log-log  scales. The second is the M oolgavkar-K nudson (M -K ) model, originated 
from  the pioneering Knudson w ork on the genetics o f retinoblastoma, which com 
bines m utation and clonal expansion as essential steps in the carcinogenic process.

1.2. Age-tim e patterns of risk

One of the m ost im portant findings from  the Radiation Effects Research 
Foundation (RERF) follow-up o f atom bom b survivors is that the excess solid cancer 
risk due to acute radiation exposure is very prolonged, probably increasing for an 
entire lifetim e in a sim ilar way to the age increase o f the background rate. This line 
of thought has been substantially furthered by the em erging evidence that the excess 
risk o f cancer at any age is independent o f age at exposure or tim e since exposure and 
appears to depend largely on age alone. To explain this fact, M endelsohn and Pierce 
have advanced the argum ent that, in a lifelong process o f changes leading to the 
malignant transform ation of a cell, radiation can cause any one o f these changes, 
putting the cell one step closer to the cancer endpoint.

1.3. The Mendelsohn-Pierce model

The original thinking leading to the M endelsohn-P ierce (M -P) model was trig
gered by the dose response o f solid cancer in the atom  bom b survivors. U sing two
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biom arkers o f radiation response, chrom osom e aberrations and somatic gene m uta
tions, and upon analysing the dose responses for leukaem ia and solid cancers a  sim i
lar curvilinear relationship was found for the dose response of aberrations and 
leukaem ias, while, in contrast, a sim ilar linear relationship was found for gene muta
tions and solid cancers. Subsequently, a m ore detailed model was elaborated based on 
specific aspects o f the age-tim e patterns of the excess solid cancer rate.

The hypothesis o f the model is that solid cancer induction involves a lifelong 
accum ulation o f som atic mutations, occurring among a set o f potential oncogenes and 
suppressor genes within the stem  cells, and that the acute whole body atom bom b 
radiation can cause any one o f these mutations. Under this model, if  we denote by к 

the num ber o f required mutations, then the background cancer rate increases as age 
to the power к - 1 and the radiation related excess increases as age to the pow er k - 2 .

2. APPLICATION OF TH E M -P  M ODEL TO TH E CANCER DATA

U sing the RERF data to evaluate models in term s o f specific cancer sites is 
difficult since there are not enough excess cases for any given site. For this reason, 
M endelsohn and Pierce analysed a pooling o f the nine m ost common, non-sex- 
specific, cancers: stomach, lung, liver, colon, rectum, gall bladder, pancreas, bladder 
and oesophagus. These sites com prise 5884 (6 8 %) o f the 8 6 6 6  cases o f solid cancers 
observed during the follow -up 1958-1987. A nalysis was restric ted  to  ages 
30-85  years. The resulting fit to the excess cancer rate is very good, in particular 
when the age exponent o f this excess is set as one less than that o f the background. It 
is notable that the excess relative risk in the model is not constant but changes 
inversely w ith age. This com pares well with the conventional description which, in 
contrast to M -P  m odel, uses dependence on age at exposure. Kellerer and Barclay 
had earlier noticed, on entirely em pirical grounds, that the excess relative risk might 
be adequately explained as a function o f age alone.

The predom inant issue raised in the discussion o f the M endelsohn and Pierce 
papers concerned how such a  m odel relates to the risks o f low doses and chronic 
exposure. By defining a linear relationship between mutation dose response and can
cer dose response, the M -P  model offers the prom ise that an understanding o f m uta
tion risk would lead directly to an understanding o f cancer risk.

3. G ENERAL CONCLUSIONS

(1) The mutation based model o f M endelsohn and Pierce for solid cancer fits 
rem arkably well w ith data from  acute radiation experience o f the atom  bomb 
survivors.
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(2) The model postulates that background cancer is caused by a highly random  life
long accum ulation o f somatic mutations and that acute radiation can cause any one of 
these events with a dose dependent probability proportional to its spontaneous rate.
(3) The dose response for cancer has the same shape as that for underlying m uta
tions. These m utation dose responses are linear or linear-quadratic.
(4) The model clearly fits with background data for approxim ately two thirds o f 
human cancers.
(5) Contrary to current thinking, the M -P  model corresponds to a  feature o f the 
data, nam ely that radiation related excess cancer rates do not depend on age at expo
sure or tim e since exposure.
(6 ) Yet to be explained is the interesting absence o f a gender bias in the radiation 
related excess cases, in contrast to the large sex differences seen in the background.
(7) Finally, the M -P  model would need substantial modifications to deal w ith non- 
mutagenic carcinogenesis, horm onally related cancer and chronic or fractionated 
exposures.
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Abstract

IONIZING RADIATION AND HEREDITARY EFFECTS: EMERGING PERSPECTIVES.
The paper provides a broad overview of developments in the field of genetic risk 

estimation, including findings from human studies. Arguments are presented to suggest that 
current estimates of risk of autosomal dominant and X-linked diseases may be overestimates; 
these arguments are based on the currently known differences between the spontaneous 
mutations which result in these diseases and radiation induced mutations studied in 
experimental systems. The model which was developed to estimate the mutation component 
(MC) of multifactorial diseases (a measure of their responsiveness to an increase mutation rate) 
is briefly outlined. The model predicts that for a population which sustains a permanent 
increase in mutation rate, the MC in the first few generations is small, being in the order of 1 
to 2%. Under the assumption that the estimates of the baseline frequency of these diseases 
(71%) and the relative mutation risk per 0.01 Gy (1/100) thus far used remain unchanged, the 
predicted risk is of the order of 142 cases per million first generation progeny per 0.01 Gy to 
the parental generation (i.e. 71% x 1/100 x 0.02). However, there are reasons to believe that the 
estimate of relative mutation risk will be smaller than 1/ 100, so the risk of multifactorial 
disease is expected to be lower than the above estimate.

1. INTRODUCTION

The estim ation o f the genetic risks to humans arising from  exposure to ionizing 
radiation has been an ongoing scientific enterprise since the mid-1950s. The conver
gence o f concepts and data from  human genetics, epidem iology and radiation 
genetics has helped to establish some paradigm s w hich have guided the work all these 
years. These are the following: (i) exposure to radiation can cause adverse health 
effects in the descendants o f those exposed (as a result o f mutations induced in the 
germ  cells); (ii) these adverse effects can be quantified by using m utation data from 
m ouse radiation studies and can be expressed as ‘radiation inducible genetic 
diseases’ ; and (iii) naturally occurring genetic diseases in hum ans provide a conve
nient and tangible fram ework for this purpose. From  the mid-1950s until about the 
m id-1980s, advances in genetic risk estimation were driven prim arily by m ouse radi
ation mutagenesis studies. From  then on, em erging knowledge on naturally occurring
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diseases, rather than any real advance in our understanding o f the genetic radiosensi
tivity o f the human species, has been having a greater im pact on risk estimates. This 
is particularly true o f the period since the early 1990s, when new insights emerging 
from  m olecular studies o f m utations underlying human genetic diseases began to be 
integrated into the conceptual fram ework of genetic risk estimation. Although this 
process is still under way, it is already clear that the assumptions thus far used for 
extrapolating from  m ouse mutation data to the risk o f genetic disease in humans may 
be flawed and that the current risk estim ates may be overestimates.

The aim  o f this paper is to present a broad overview o f genetic risk estimation, 
focusing on recent advances and identifying lines o f inquiry that are likely dominate 
research in this field in the next decade or so. The subject has been recently reviewed 
[1-4]. Since our whole endeavour in the field o f genetic risk estimation revolves 
around adverse health effects m anifest as genetic diseases, the latter constitute a 
logical starting point for the present discussion.

2. G ENETIC DISEASES

The term  genetic diseases used in the present context refers to diseases due to 
m utations occurring in the germ  cells o f parents and transm itted to the progeny, i.e. 
they are hereditary diseases in contrast to m ost cancers, which are due to mutations 
in ordinary body cells and therefore are not transm itted to the next generation. Some 
cancers, however, are familial, and these are the result o f germinal m utations in genes 
involved in the m aintenance o f genom ic stability, cell cycle control and DNA repair 
(reviewed in Ref. [5]).

The hum an chrom osom e com plem ent consists o f 22 pairs o f chromosom es, 
called autosomes, which are present in both sexes, and a pair o f chrom osom es called 
the sex chrom osom es, X  and Y. M ales have 22 pairs o f autosomes plus an X and a 
Y chrom osom e, whereas fem ales have 22 pairs o f autosomes plus two X chrom o
somes. One chrom osom e o f each pair is derived from  each o f the parents. G erm  line 
mutations in parental genes located on any o f the chromosom es, either singly or in 
com bination with other mutations, can precipitate genetic diseases in the progeny.

For convenience o f study, genetic diseases are classified into three principal 
categories: M endelian, chrom osom al and multifactorial. Table I summ arizes the 
currently used consensus estim ates o f the incidence or prevalence o f these diseases 
used by UN SCEA R [4] and shows that M endelian and chromosom al diseases are rare 
and account for only a very small proportion o f genetic diseases in the population; the 
m ajor load is from  multifactorial diseases.

M endelian diseases are those due to mutations in single genes located on either 
the autosom es or the sex chromosom es; these diseases show simple, predictable 
patterns o f  inheritance. They are subdivided into autosomal dominants, autosomal
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Disease classification Prevalence at birth (%)

Mendelian
Autosomal dominant 0.95
X-linked 0.05
Autosomal recessive 0.25
Total 1.25

Chromosomal 0.40

Multifactorial
Congenital abnormalities 6.00
Other common (chronic) diseases 65.00a

a Prevalence in population

recessives and X -linked diseases depending on the chrom osom e on w hich the mutant 
genes are located and the pattern o f transm ission. In the case o f dom inant diseases, 
one m utant gene received from  either one of the parents is sufficient to cause disease, 
although the other copy of the gene from  the other parent is normal. In contrast, an 
individual afflicted with an autosomal recessive disease receives a defective copy of 
the same gene from  each o f the parents; if  one copy o f the gene is m utant and the 
other is normal, the individual w ill not be affected.

X -linked recessive diseases are due to mutations in genes located on the X  chro
mosom es; com pared to the X, the Y chromosom e contains far fewer genes. Since 
males have only one X  chrom osom e, all males having a m utation in the X  chrom o
some will show the effect o f m utation. Females, who have two X  chromosom es, need 
two m utant genes to show the effect o f an X-linked recessive mutation. Chromosom al 
diseases are due to gross abnorm alities either in the structure or in the num ber of 
chromosomes.

The term  ‘m ultifactorial’ is a general designation assigned to a disease known 
to have a genetic com ponent but whose transm ission patterns cannot be described as 
sim ple M endelian. The com m on congenital abnormalities which are present at birth 
(e.g. neural tube defects, cleft lip with or w ithout cleft palate) and many chronic 
diseases o f adult onset, such as diabetes, essential hypertension and coronary heart 
disease, are examples o f multifactorial diseases. These diseases are interpreted as 
resulting from  a large num ber o f causes, both genetic and environm ental, the nature 
o f which can vary between individuals, families and populations. W hereas in the case 
o f a M endelian disease, the classic conceptualization is that o f a gene m utation which 
either in the heterozygous (dominant) or hom ozygous (recessive) state causes disease, 
there is no such sim ple relationship between m utation and disease for multifactorial
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TABLE П. RISK  OF CONGENITAL ABNORM ALITIES AND CHRONIC 
MULTIFACTORIAL DISEASES TO FIRST DEGREE RELATIVES OF 
AFFECTED INDIVIDUALS [6 , 7]

Disease in index patient Risk to first degree relatives (%)

Congenital abnormalities
Spina bifida and anencephaly 4-5
Cleft lip and/or cleft palate 3-5
Pyloric stenosis 4-10 (for brothers of male index patient) 

10-12 (for brothers of female index patient)
Ventricular septal defect 4-5
Congenital dislocation of the hip 4 (for brothers of male index patient) 

6-7 (for sisters of male index patient)

Chronic multifactorial diseases
Coronary heart disease 3-8
Diabetes mellitus 5-10
Essential hypertension 10

Epilepsy 5-10
Schizophrenia 15
Manic depressive psychosis 10-15
Psoriasis 10-15

diseases: for these, the concepts o f g e n e tic  su sc e p tib il i ty  and r isk  fa c to r s  are more 
appropriate. The fact that genetic factors are involved is evident from  observations of 
fam ilial aggregation, i.e. these diseases run in families, but the risk to first degree 
relatives is generally less than the 1 in 4 risk (25%) for M endelian recessive diseases, 
being in the range 3-15%  (Table II [6 , 7]).

3. RISK  ESTIM ATION

Genetic risk  estim ates are usually m ade for low LET, low dose, low dose rate 
radiation exposures. M ost o f the experimental data (on which m utation rate estimates 
are based), however, com e from  low LET, high dose, high dose rate exposure studies. 
These rates are then corrected for the radiation conditions applicable in  the context o f 
risk estim ation. A t the biological level, the effects o f radiation on two germ  cell stages 
are considered pertinent. In the male, these are the stem  cell spermatogonia, which 
constitute a perm anent germ  cell population in the testes and which continue to 
multiply throughout the life span o f the individual. In the female, the corresponding 
stage is the oocyte, prim arily the im m ature oocytes. Fem ale m ammals are bom  with
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a finite num ber o f oocytes already form ed during foetal development. These so-called 
prim ordial oocytes grow, and a sequence o f nuclear changes take place in them. These 
changes, however, are arrested at a particular stage until ju st before ovulation. 
Because oocytes are not replenished by mitosis during adult life, these are clearly the 
cell stages in the female whose irradiation has potential significance for risk 
estimation.

One o f the early m ethods that was developed to predict radiation genetic risks, 
and which is still in use, is what is referred to as the doubling dose (DD) method. The 
doubling dose is the am ount o f radiation required to produce as many m utations as 
those occurring spontaneously in a generation. It is obtained by dividing the average 
spontaneous m utation rate at a set o f genes by the average rate o f induction by radi
ation at the same set o f genes. The reciprocal o f the DD is the relative m utation risk 
per unit dose. It is easy to see that the lower the DD, the higher the relative mutation 
risk and vice versa. The DD in current use is 1 Gy for chronic low LET, low dose radi
ation and is based on m ouse data, especially those on recessive m utations studied in 
seven m ouse genes.

W hen the incidence P  o f these diseases and the m agnitude o f the DD is known, 
the risk is calculated using the relationship

Risk per unit dose = P  x  1/DD (1)

The disease incidence is assum ed to stay relatively stable from  one generation to the 
next. Obviously, this is possible only if  spontaneous m utations (which arise in every 
generation) are in some way balanced by the elim ination o f some m utant genes from 
the population. Population genetic theory explains this on the assum ption that the 
steady state is a consequence o f the existence o f a balance between the rate o f origin 
o f spontaneous mutations and their elim ination through natural selection, every 
generation. In other words, the stability o f P  is a reflection of m utation-selection 
equilibrium.

W hen a population sustains radiation exposure in every generation, new m uta
tions will be introduced, the m utant gene frequency will increase progressively and 
the population will eventually achieve a n e w  equilibrium  between m utation and selec
tion at a higher level o f m utant frequency and thus o f disease incidence. Thus when 
P  is m ultiplied by 1/DD, the estim ate that one gets is that for the new equilibrium. 
Estim ates o f risk for the first, second etc., generations are then obtained by working 
backwards from  the equilibrium  estimate.

The straightforward application of Eq. (1) is for sim ple autosomal dom inant 
diseases whose equilibrium  incidence can be shown to be directly proportional to 
m utation rate. The latter is approxim ately true o f X -linked diseases. It may be recalled 
(Table I) that the incidence o f these two classes o f diseases is estim ated to be o f the 
order o f 1% (i.e. 10 000 per 106  live births). For a population under continuous
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irradiation in every generation, the equilibrium risk o f these diseases can therefore be 
estim ated to be about 100 additional cases per 106 progeny per 0.01 Gy (i.e. multi
plying a P  o f 10 000 x  10-6 by the relative mutation risk per 0.01 Gy o f 1/100). The 
risk to the first generation is dependent on the m agnitude o f selection, for which 
UNSCEAR [4] assum ed a value o f 0.15; this translates into a risk estimate o f 15 cases 
per 106 first generation progeny.

Risk estim ation is a little more involved for autosomal recessive diseases (but 
can be shown to be very small in the first few generations) and is dauntingly complex 
for multifactorial diseases. That is why, until recently, not much progress was made 
in risk estim ation for multifactorial diseases.

4. ADVANCES IN THE M OLECULAR BIOLOGY OF M ENDELIAN
DISEASES AND IN RADIATION GENETICS

The advances in human m olecular biology pertinent to the present discussion 
relate to the m olecular nature o f m utations and the m echanism s involved. First, 
current analyses, based on some 300 M endelian diseases, suggest that about 65% are 
predom inantly due to point m utations (base pair changes- in the DNA), 22% due to 
both point m utations and DNA deletions within genes (i.e. intragenic) and 13% due 
to intragenic deletions and large m ultigene deletions. Second, in some genes, the 
mutational sites of point mutations are distributed throughout the gene; in a large 
proportion, however, these are non-randomly distributed, i.e. restricted to specific 
sites along the gene. Likewise, the breakpoints o f deletions are non-random ly dis
tributed. Third, these specificities and the postulated mechanisms o f origin of both 
point mutations and deletions reflect the DNA sequence organization o f the gene and 
its context [3].

The advances in radiation genetics com e from  genetic, cytogenetic and 
m olecular studies o f radiation induced mutations in experimental systems [1-3]. They 
show that (i) m ost o f the induced mutations recovered in radiation experiments are 
large genetic changes (DNA deletions), which do not share many sim ilarities in 
m echanism s with naturally occurring DNA deletions, and (ii) the genes selected for 
mutagenesis studies in the different organisms are m ore highly radiation m utable than 
the average. The reason why some genes are m ore radiation m utable than others can 
now be answered to some extent: most o f the genes used in radiation studies are either 
non-essential for viability and/or happen to be located in  regions o f the genom e which 
can be deleted w ithout loss o f viability. If, however, a vital gene is involved and/or it 
is located in  a region surrounded by other vital genes, that gene can tolerate only 
very specific types o f changes. This means that the probability o f  recovering a radi
ation induced m utation o f that gene is small. Thus, while energy deposition and 
DNA dam age induction by radiation is random, the recoverable m utations represent
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a non-random  sample o f DNA dam age that is originally induced. The observations 
that more recessive than dom inant mutations are recovered in radiation experiments 
point to the existence o f  m ore structural and functional constraints in the recovery of 
dom inant than o f recessive mutations.

5. RELEVANCE OF TH ESE ADVANCES FOR RISK  ESTIM ATION FOR
AUTOSOM AL DOM INANT AND X-LINKED DISEASES

In order to examine the relevance o f these advances, it is instructive to recall the 
risk equation (i.e. risk per unit dose =  P x  1/DD). W ith respect to P , two assumptions 
are im portant: (i) the current incidence represents a balance between mutation and 
selection; (ii) m utations in genes which underlie these diseases are potentially 
inducible by radiation. W hile it can be argued that the first assum ption may not be 
valid for all the diseases included, the burden o f proving or disproving this is a heavy 
one. W ith respect to the second assumption, however, as discussed above, advances 
in m olecular biology and in radiation mutagenesis now lend strong support to the 
view that a sizeable proportion o f these genes m ay not respond with recoverable radi
ation induced mutations.

The DD estimate o f 1 Gy, as mentioned earlier, is based on mouse data on reces
sive mutations, and this is used to estimate the risk o f dominant and X-linked diseases. 
Our current knowledge o f differences between spontaneous mutations underlying 
naturally occurring M endelian diseases, on the one hand, and radiation induced 
mutations in experimental systems, on the other, and the lack o f much similarity in 
mechanisms between these, strongly supports the view that the probability o f recover
ing an induced dominant mutation with the same specificities o f a naturally occurring 
one is much lower (than would follow from  rates o f induced mutations at a  set o f genes 
preselected for high radiation mutability, on average). In other words, the use o f the 
DD estimated for recessive mutations to estimate risk o f dominant diseases will over
estimate the risk. The general conclusion that emerges is that the risk o f dominant and 
X-linked M endelian diseases is probably lower than has been hitherto assumed.

6 . M ULTIFACTORIAL DISEASES

In the near absence o f knowledge o f the genes involved, their num bers and the 
nature o f environm ental factors, in the early 1960s, genetic theory developed for 
quantitative traits, especially in  plant and animal breeding, was extended to 
multifactorial diseases. The result was the em ergence o f the so-called multifactorial 
threshold model (M TM ). This model was form ulated in order to explain transm ission 
patterns and to calculate risks to relatives [8, 9].
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In its sim plest form, the M TM  assumes that (i) all genetic and environmental 
causes can be com bined into a single continuous variable called ‘liability’ which as 
such cannot be measured; (ii) liability is determined by a com bination o f numerous 
genetic and environm ental factors; (iii) these factors act additively, each contributing 
a small am ount o f liability and therefore normally distributed (Gaussian); and (iv) the 
affected individuals are those for whom  the liability exceeds a certain threshold. The 
properties o f the Gaussian distribution and the concepts and methods developed in 
quantitative genetics perm it prediction of the recurrence risks in  relatives from  popu
lation frequencies. These predictions have been supported by em pirical findings and 
are still being used in genetic counselling.

One such concept that is particularly relevant is that o f heritability. Consider a 
quantitative trait, such as height, which shows interindividual variation in the popula
tion. This variability can be described statistically in terms of the mean and variance. 
If one wishes to know how height is inherited, the extent of total variability and the 
proportions due to genes and environmental factors need to be assessed. This is done 
by studying correlation between relatives. That is where the concept o f heritability 
com es in. Heritability is defined as the ratio o f genetic variance to  the total variance 
and is symbolized by h2. Standard statistical m ethods are available to partition the 
variation and estimate heritability. For most multifactorial diseases, the published 
estimates o f h2 are in the range between 30 and 80%.

The m ultifactorial threshold model is a descriptive m odel and does not tell us 
anything about the real m echanism  o f disease causation. Further, it assum es a very 
large num ber o f genetic and environm ental factors. Studies o f  com plex diseases 
such as coronary heart disease, essential hypertension and diabetes now support the 
view that the num ber o f genetic and environm ental risk  factors is probably not 
very large.

Currently, the genetic basis o f multifactorial diseases is perceived to reside in 
two types of genes, nam ely m utations in ‘polygenes’ and in ‘m ajor genes’ (e.g. 
Ref. [10]). M utations in polygenes are common, but each contributes only a small 
am ount to the variability o f the risk factor trait. Because they are com mon, at the 
population level, their net total effects are substantial. M utations in the ‘m ajor genes’ 
are rare, but they may have devastating effects on the individual who carries them. 
Because o f their rarity, they contribute far less to the variability o f the risk factor trait 
at the population level. For example, Liddle syndrome, an autosomal dom inant 
disorder, is characterized by precocious onset o f hypertension and other abnormalities 
in electrolyte handling. But only about 50 to 60 cases have been reported worldwide, 
whereas hypertension afflicts 10-25%  o f the general population [11].

There is no specific theory or literature on how multifactorial diseases are m ain
tained in the population. B ut evolutionary population geneticists interested in 
polygenic traits have developed m athem atical models which show that the large 
am ount o f variability underlying polygenic traits can indeed be maintained in the
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population as a result o f m utation-selection balance (as in the case of M endelian 
traits) (reviewed in Ref. [12]). Some o f the concepts developed for these traits can 
therefore be applied to multifactorial diseases.

Since multifactorial diseases show no sim ple relationship between mutation 
and disease, the m ajor problem  has been to develop a m easure of the responsiveness 
o f the disease to changes in m utation rate. Such a measure is w hat is referred to as 
m utation com ponent (MC), which, when incorporated into the risk  equation

Risk per unit dose -  P x  1/DD x  MC (2)

will enable the prediction o f risk. Although the M C concept was introduced in the 
1972 BEIR report [13], and later elaborated upon by Crow and Denniston [14, 15] 
and Denniston [16], its real significance was inadequately understood until recently. 
The situation has now changed. W ithin the framework o f an ICRP Task Group, the 
first im portant steps have been taken to estimate M C on the basis o f a model devel
oped for this purpose [17].

7. THE MUTATION COM PONENT CONCEPT

Algebraically, the M C concept can be form ulated as follows [14, 15]:

Am  / m

where I  is the baseline incidence, A/  is the change in incidence, m  is the spontaneous 
mutation rate and A m  is the change in mutation rate. The equation thus states that M C 
is the relative change in incidence per unit relative change in mutation rate.

In view of earlier confusions about the M C concept, it is worth em phasizing 
three points. First, the concept is valid only in the context of a change in mutation 
rate. Second, the M C is not the same as genetic com ponent o f a disease; rather it 
quantifies the responsiveness o f the genetic com ponent o f a disease to a change in 
mutation rate. If  there is no genetic com ponent (i.e. if  the disease is entirely of envi
ronmental origin), there is no m utation component. Finally, it is applicable to both 
M endelian and multifactorial diseases. For a population under continuous irradiation 
in every generation, the M C for autosomal dom inant diseases at equilibrium can be 
shown to be unity. This is another way of saying that when the mutation rate is 
doubled, the frequency o f autosomal dominant diseases at the new equilibrium will 
be tw ice the initial frequency. The estimation procedure for M C for X -linked and 
autosomal recessive diseases is somewhat more involved; for multifactorial diseases,
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it is m ore com plex and is dependent on the model one uses for the maintenance of 
these diseases in the population.

8. TH E FINITE-LOCUS THRESHOLD M OD EL A ND ESTIM ATION OF THE 
MUTATION COM PONENT FOR M ULTIFACTORIAL DISEASES

The model that was developed by the ICRP Task Group for estim ating the M C 
o f multifactorial diseases represents a synthesis o f concepts from  the multifactorial 
threshold model o f quantitative genetics and evolutionary population genetics and our 
current understanding o f  the genetic basis o f multifactorial diseases [17]. M ore 
specifically, the m odel assumes that (i) the liability to develop a multifactorial disease 
is determ ined by m utations at a small num ber o f gene loci (instead o f at a large num 
ber o f gene loci as is the case with the standard M TM ) and random  environmental 
effects; (ii) when the liability exceeds a certain threshold value, the individual is 
affected; and (iii) the m utant genes are maintained in the population as a result o f a 
balance between m utation and selection (as is the case for M endelian diseases). The 
model is such that it cannot be expressed in the form o f a single equation, unlike the 
situation for M endelian diseases.

The general procedure is the following: w ith a given set o f param eter values 
(numbers o f gene loci, mutation rate per gene, selection coefficient, threshold, etc.) 
as input, the com puter program  is run until the population reaches equilibrium 
between m utation and selection. Once this occurs, the m utation rate is increased 
either in one generation only or permanently. The com puter run is resum ed with the 
new m utation rate (with the other param eters rem aining the same) and the desired 
quantities are printed out for any given generation (following the m utation rate 
increase) as required. In the w ork o f the ICRP Task Group, attention was focused on 
changes in M C as a result o f changes in m utation rate and the relationship o f M C to 
heritability h2. The following main conclusions em erged from  this work:

(a) For diseases whose heritabilities are in the range from  about 30 to 80% (the 
range for m ost multifactorial diseases), and for small perm anent increases in 
mutation rate, the M C in the first few generations is very small, being between 
1 and 2%; for a ‘one generation only’ increase in m utation rate, the M C in the 
first generation following the m utation rate increase is exactly the same (i.e. 
about 1-2% ).

(b) The finding that M C in early generations following the mutation rate increase 
is o f the order o f  only 1-2%  (and is often smaller) holds for so many com bina
tions o f param eter values (truncation points, selection coefficients, num bers o f 
loci, environm ental variances, background mutation rates, increases in mutation 
rate, etc.) that it can be considered relatively robust.
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(с) U nder conditions o f a perm anent increase in m utation rate, the M C for m ulti
factorial diseases at the new equilibrium  can reach a value o f 1 (i.e. sim ilar to 
that for autosomal dom inant diseases m entioned earlier), which will be attained 
scores o f generations later. However, it will be less than 1 if  there is a non- 
genetic ( ‘sporadic’) com ponent o f the disease (approxim ately [1 -  (a /P T)], 
where P T is the total disease incidence and a  the frequency o f sporadics). For 
example, if  10% o f the disease is due to non-genetic causes (i.e. a /P T =  0.1), the 
equilibrium  M C under the above conditions will be 0.9.

9. RELEVANCE FOR RISK  ESTIMATION

Recalling that with the doubling dose method, the risk per unit dose (Eq.(2)) is 
estim ated as a product o f three quantities (i.e. P , 1/DD and M C), where P  = 71% 
(from  Table I), 1/DD = 1/100 (relative m utation risk per 0.01 Gy when DD is 1 Gy) 
and M C = 0.02, the extra risk to the first generation can be estim ated to be

710 000 x  1/100 x  0.02 = 142 cases per 106 progeny per 0.01 Gy (4)

if the values for P  and 1/DD used above are assum ed to be valid.
A t present there are no reasons to believe that the estim ate for P  needs revision. 

On the other hand, the DD for m utations underlying both M endelian and multifacto
rial diseases, which takes into account the differences between mutations underlying 
multifactorial diseases and radiation induced m utations, is likely to be higher. The 
consequence will be an estim ate of risk which is lower than the one calculated above.

The estim ates for P  and 1/DD used in ICRP Publication 60 [18] (see also 
Ref. [19]) were the same as given in Eq. (4) above, but M C a t  eq u ilib r iu m  was 
assum ed to be 0.05; additionally, a further arbitrary factor o f 1/3 to correct for 
severity was introduced in the risk equation. U sing these values, the risk was 
estim ated as about 120 extra cases per 106 progeny per 0.01 Gy a t  eq u ilib riu m  

(710 000 x  1/100 x  0.05 x  1/3 = 120). It is now clear, however, that the assumption 
o f M C = 5% at equilibrium  is erroneous.

10. TH E GENETIC DATA FROM  JAPANESE A ND OTHER STUDIES

In the largest o f human studies ever undertaken to assess the genetic conse
quences o f radiation exposure, nam ely those carried out in A-bom b survivors in 
Japan, no statistically significant differences between the ‘irradiated’ and ‘control’ 
groups could be dem onstrated for any o f the eight indicator traits used [20, 21]. The 
latter included (i) untoward pregnancy outcomes, (ii) mortality o f livebom  children
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through an average elapsed tim e of about 26 years (exclusive of malignant tumours), 
(iii) malignancies in the first generation progeny with onset before the age of 
20 years, (iv) balanced structural chromosom e rearrangem ents, (v) sex chromosom al 
aneuploids, (vi) m utations altering protein charge or function, (vii) sex ratio among 
children o f exposed m others and (viii) growth and development o f the first generation 
progeny. Neel et al. [20] estim ated that the probable DD is in the range of 1.69 to 
2.23 Sv for the radiation conditions obtaining during the bombings and about twice 
this value if  a dose rate reduction factor o f about 2 is used. W hen these results are 
viewed in the context o f the m aterial discussed in this paper, taking into account the 
sample sizes and that the average gonadal dose to the survivors who received a 
radiation dose was about 0.25 Sv, the lack o f statistically dem onstrable adverse 
effects is not entirely surprising.

Studies o f genetic effects in the children o f those who were treated with radio
therapy and/or chem otherapy for childhood cancers could not detect any significant 
differences between ‘controls’ and the ‘treated’ groups (reviewed in Ref. [1]). The 
dem onstration of a statistical association between paternal preconception irradiation 
and childhood leukaem ia [22, 23] appeared to provide a satisfactory explanation for 
the excess o f cases in the village o f Seascale, close to the Sellafield nuclear repro
cessing facility in the United Kingdom. However, a review o f the mechanistic issues 
with recent appraisals o f other epidem iological studies suggests that the association 
between childhood leukaem ia and paternal preconception irradiation exposure is 
m ost likely to be a chance finding [24, 25].

11. CONCLUSIONS AND PERSPECTIVES

The m ajor conclusions o f this paper are the following, (a) The current estimates 
o f genetic risk o f radiation appear to be overestimates; this conclusion, however, 
should not be interpreted to mean the absence of genetic risks but m ust be viewed in 
the context o f the assumptions used to extrapolate from  mutation data in m ice to the 
risk of inducible genetic disease in humans, (b) Advances in hum an m olecular 
biology are helping us to re-exam ine some o f the key assumptions involved in risk 
estimation.

It now seems worthwhile (i) to undertake a systematic analysis o f the extent to 
which genes included in  the incidence estimate o f genetic diseases are likely to 
respond to recoverable radiation induced mutations and thus cause disease; the corpus 
o f rapidly em erging data on the m olecular biology o f human genetic diseases will be 
im m ensely useful in this effort and (ii) to devise a way to take into account the 
differences between spontaneous and radiation induced mutations (mechanisms, 
specificities, etc.). Both these approaches will constitute a step forw ard in revising the 
current risk estimates.
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By the year 2010 or so, the cartography of the human genom e should be 
com pleted, and this will be followed by a more intense effort aim ed at the delineation 
of the functions o f the genes (functional genomics). W ith these advances, it will 
becom e possible to examine, genom ic region by genom ic region, the consequences of 
deletions and w hether they are potentially recoverable. The challenge o f this effort 
and the conclusions derived from  it will transcend those that we have reached based 
on the handful o f genes whose radiation mutability could be assessed as o f now. Until 
then, the fram ework provided by naturally occurring genetic diseases and the use of 
‘inducible genetic diseases’ to quantify risks need to rem ain in place. I predict that 
there will be a num ber o f conceptual changes and paradigm  shifts, such as those 
discussed here.
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SUMMARY OF DISCUSSION

Forum 4

P.C. KESAVAN (India): The newer approaches to the estim ation o f  risks for 
m ultifactorial radiogenic diseases presented by K. Sankaranarayanan are extremely 
interesting. However, his tentative estimates o f the risk per 0.01 Gy are still based on 
the LN T hypothesis. Does he really believe that a 0.01 Gy whole body exposure 
would produce the same m agnitude o f  hereditary effects as that deduced from  an 
actual 1 Gy whole body exposure with backward extrapolation to 0.01 Gy?

K. SANKARANARAYANAN (Netherlands): The LNT hypothesis is a prudent 
basis for risk estimation, and talking o f so many cases of a disease per unit dose of
0.01 Gy is a  convenient way o f expressing risk. It does not necessarily m ean that one 
will be able to dem onstrate a statistically significant increase in disease incidence 
following a dose o f 0.01 Gy.

E J .  HALL (United States o f America): To w hat extent does the use o f specific 
locus data result in  an overestim ate o f hereditary effects?

K. SANKARANARAYANAN (Netherlands): My tentative view at present is 
that the use o f m ouse specific locus data on recessive m utations (i.e. the 1 Gy 
doubling dose estim ate) results in an overestimate o f human genetic risk perhaps by 
a factor o f about 2, although the Japanese data on genetic effects lend credence to the 
view that the use o f a doubling dose o f 1 Gy results in an overestimate o f the risk of 
adverse genetic effects by a factor o f about 4.

I would em phasize that any new estimate o f doubling dose one makes for risk 
estim ation purposes m ust be argued very carefully and supported by evidence.

C. STREFFER (Germany): In your paper (IAEA-CN-67/K4) you said some
thing to the effect that, if  Nature can do it, radiation can do it too. Later you said some
thing to the effect that 50% o f spontaneous mutations are small changes (point m uta
tions) which will not be enhanced by radiation. Each o f those statements is plausible, 
but the two statements seem  to contradict each other. W ould you care to comment?

K. SANKARANARAYANAN (Netherlands): The point I was making was that 
the types o f m olecular changes which underlie naturally occurring genetic diseases 
are basically sim ilar to those induced by radiation. However, the spectrum o f radia
tion induced m utations is dom inated by DNA deletions. Moreover, m ost spontaneous 
mutations arise through mechanism s which seem to be dependent on gene organiza
tion. Since radiation induced mutations arise through the random  deposition of 
energy, they do not have the specific features which characterize spontaneous 
mutations.

Y. NISHIW AKI (Austria): The persistence o f  a mutation —  in other words, the 
likelihood o f its being transm itted to later generations —  m ay be assumed to be more
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or less inversely proportional to the m utation’s harmfulness. In advanced human soci
eties, however, where birth rates are declining and a decrease in selective pressures is 
taking place, very harm ful mutations have a relatively good chance o f persisting. A t 
the same time, mutation pressures are increasing with the growing num ber o f m uta
genic agents to which humans are exposed.

K. SANKARANARAYANAN (Netherlands): Yes, selection intensities have 
undoubtedly been declining in human populations, owing to advances in the fields of 
m edicine and public health; many individuals with handicapping genetic diseases 
who would have died prem aturely or failed to reproduce a few generations ago are 
now able to lead near normal lives and reproduce. Also, exposures to potentially 
mutagenic agents in the environm ent (in addition to ionizing radiation) may be adding 
m utant genes to our gene pool.

Y. NISHIW AKI (Austria): A difference between humans and other animals is 
that in hum an populations there is very little inbreeding, and it is therefore difficult to 
detect recessive mutations.

K. SANKARANARAYANAN (Netherlands): That is true. W ith the low inci
dence of inbreeding in m ost present day hum an populations, recessive mutations go 
undetected except when they have phenotypic effects in heterzygotes —  in which 
case they are called ‘dom inant’ effects.

Y. NISHIW AKI (Austria): The atom bom b survivors who have lived for a long 
tim e since the attacks on Hiroshim a and Nagasaki have tended to be those who 
received relatively low radiation doses. With the passage of time, many o f them have 
undergone radiation therapy and been exposed to radiation in other ways, so that the 
radiation doses received by them in 1945 now account for fairly small fractions o f the 
total doses received by them during their lives —  and there is now not much differ
ence between them  and many control group members. That makes the detection of 
genetic effects due to low radiation doses rather difficult.

K. SANKARANARAYANAN (Netherlands): I agree with you. Such effects, 
when diluted by tim e (and by space), may not be detectable at all.

C. STREFFER (Germany): In the work described in paper IAEA-CN-67/89, 
the germ  cells were irradiated at the mature oocyte stage, the spermatid stage and the 
spermatozoid stage. W ere any differences seen as a function o f the stage at which the 
germ  cells were irradiated?

I. NEFYODOV (Russian Federation): Yes, there were.
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Estim ation of the genetic consequences o f exposure to ionizing radiation is an 
evolving art and is likely to continue to be so for some time. A lthough models exist 
for assessing the risk associated with radiation induced m utations at loci associated 
with simple, M endelian characteristics, these models do not adequately incorporate 
recent developments in m olecular biology and thus fail to capture the differences in 
severity o f expression of different mutations at the same locus.

Insofar as the so-called multifactorial diseases are concerned, w hich are much 
the m ore com m on and pose the greater public health burden, the models are even less 
reflective o f biological reality. In large measure, this stems from  the com plex host and 
environm ental interactions associated with these disorders and the paucity o f infor
m ation on the nature of these interactions. Unlike the situation with respect to simple, 
M endelian diseases, here there is no one-to-one correspondence between a change at 
a specific genetic locus and the phenotypic manifestation o f that change. Moreover, 
since new m utations, even the same ones genetically, are generally superim posed on 
different host backgrounds and thus can m anifest themselves in quite different ways, 
the range o f possible phenotypic variability can only be conjectured.

It is not at present clear, for example, whether the phenotypes associated with 
radiation induced m utations affecting multifactorial diseases will be unique or 
whether they will fall within the same spectrum o f phenotypes seen with spontaneous 
mutations, either newly arising or already present in a population. Currently it cannot 
be determ ined w hich o f these alternatives is true, since even the ‘norm al’ spectrum  of 
possible phenotypes is too poorly understood. However, since radiation induced 
m utations seem  to be largely deletions, it is conceivable that, save in the very rare 
event o f homozygosity, the effect o f such mutations will be primarily related to the 
‘unm asking’ o f potentially deleterious genes already present in single dose in the off
spring o f an exposed individual. It has been estim ated that each o f us carries as many 
as eight such genes, on average.

A lthough it has been known for three quarters o f a century that different popu
lations can differ greatly in the frequency of specific genes, heretofore the m ethods 
available to assess the m agnitude o f such differences between populations have been
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relatively primitive; that is, only a small num ber of genes could be m easured at one 
tim e, and cost considerations often lim ited  the size o f  the sam ple that could  be 
studied. However, this situation is changing. Recent progress in the development of 
high throughput m ethods o f genetic analysis has been dram atic and rapid. These 
m ethods, through the use o f polym erase chain reaction am plification and m ulti
plexing techniques, require suprisingly m odest samples o f DNA. For example, the 
em erging ‘ch ip ’ technology perm its one to identify changes in DNA at literally 
hundreds o f genetic loci at one tim e (and soon it will be thousands) and to determine, 
through concurrent use o f an RNA chip, whether the changes seen in the DNA are 
being expressed functionally and hence may have measurable health consequences. 
Incorporation o f the inform ation these techniques are generating into genetic risk 
models can only strengthen the utility o f these models. In order to achieve this end, 
further research is required.

Further research in the following three areas, the first two o f which are interre
lated, should be strongly encouraged:

(1) The models that are available to estimate the im pact of radiation induced m uta
tions on m ultifactorial d iseases are in  the ir infancy. T here is a need fo r con
tinued developm ent o f such models, and the collection of the inform ation nec
essary to assess the reliability, accuracy and robustness o f their predictions. 
M ost current models, even those for sim ple M endelian characteristics, assume 
steady state (that is, equilibrium ) conditions, and do not m ake allowance for 
possible gender and age differences in  mutation rates. The im pact o f these 
assum ptions on the estim ates o f risk is poorly understood.

(2) The issue o f the im pact on risk estim ates o f genetically determ ined differences 
in radiosensitivity is a contentious but potentially im portant one. Resolution of 
the im portance o f such differences will entail not only the identification of 
those loci that m ay confer increased sensitivity, but knowledge o f the frequency 
o f such genes within different populations and their relative contributions to 
increased radiosensitivity.

(3) A  substantial fraction o f all hum an conceptuses, possibly 35%, are known to be 
aborted spontaneously within the first eight weeks following fertilization. Many 
o f  these abortuses are chrom osom ally abnormal, and it can be presum ed that 
m olecular abnorm alities involving vital life processes are at sim ilar risk o f early 
elimination. However, at present, virtually nothing is known about the frequency 
o f m olecular abnorm alities or even chrom osom al deletions in this group. 
Research in this sphere would be o f substantial biological moment.
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Abstract

THE CARCINOGENIC EFFECTS OF IONIZING RADIATION: EPIDEMIOLOGICAL 
EVIDENCE.

Over the last decade or so, substantial advances in what is known about the carcinogenic 
effects of ionizing radiation have been made. At the same time, public interest in the long term 
human health effects of radiation has increased and has been focused on carcinogenic risks 
from protracted exposures at relatively low doses. The paper provides a brief overview of 
methodological features of radiation epidemiology and highlights of major results from 
epidemiological research, and notes some questions that remain to be answered.

1. FEATURES OF EPIDEM IOLOGICAL STUDIES

Epidemiology is the study of the distribution and determinants o f disease in 
human populations, i.e. it is the science that systematically investigates factors and their 
interrelationships that affect the occurrence and course o f health and disease in people. 
Epidemiological studies have strengths and limitations. The m ajor strength is that they 
are conducted on humans and, therefore, provide direct information on health risks in 
people. Thus, there is no need to extrapolate risks from rats, dogs, monkeys or cells. In 
addition, epidemiological research concerns exposures in real situations, not under 
selected and controlled laboratory ones. Epidemiological studies have been conducted 
on human populations exposed to radiation from  medical procedures, at work, from 
military use and from man-made and naturally occurring radiation in the environment. 
So, although it is important to acknowledge and understand the limitations o f epidemi
ology, it should be appreciated that epidemiology provides the most relevant human 
data, and much of what is known about radiation associated health effects is based on 
epidem iological observations. A fu ller discussion o f epidem iological m ethods is 
p resented  in several textbooks, e.g. that o f M acM ahon and T richopoulous [1].
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One o f the key characteristics o f epidemiology is that it is almost always obser
vational rather than experim ental. Thus, there is the possib ility  that bias and/or 
confounding associated with the design and conduct o f an epidemiological study may 
give rise to spurious results. Uncertainties in estimated doses, especially in studies 
which rely heavily on retrospective measurements or other data or which entail major 
dose reconstructions, can seriously affect results. Furthermore, multiple comparisons 
are frequently made, which increases the probability that positive or negative results 
will be found by chance alone. Finally, low statistical power can reduce the ability to 
detect or to precisely quantify an excess risk. A t low doses, extremely large numbers of 
people need to be studied.

It should be em phasized that not all epidem iological studies are equally infor
mative or o f equal quality. Some have such low statistical power, because o f their 
minimal exposure, lack o f variability in exposure or small num ber o f subjects or 
events o f interest, that they provide very little inform ation on risks. O ther studies are 
so subject to bias that the findings have little validity. It is, therefore, im portant to con
sider a study’s m ethods when evaluating its results.

1.1. Dose estimation

As dose assessm ent is critical for quantifying radiation risk, this issue will be 
discussed here in m ore detail. Estim ating doses for individuals m ay take several 
forms, but in general, the data available for assessing doses were not collected with 
epidem iology in mind. For example, in studies o f radiation workers, dose estimates 
are usually based on personal dosimeters. Since m onitoring o f radiation workers is 
m eant to ensure that occupational exposure lim its are not exceeded, recorded doses 
may be m ore accurate for determ ining maxim um  exposures. On the other hand, doses 
below the lim it o f detection may be recorded as zero or as a standard non-zero value,
i.e. possibly under or overestimated. Dosimetry practices, therefore, need to be care
fully understood before they are used in a research project.

For m edical exposures, it often is possible to reconstruct organ doses based on 
patient records, phantom s and com puter models [2]. However, records can be m isin
terpreted, incom plete, illegible or missing, and unusual patient or technician behav
iour during the exposure is not always recorded. In the best o f circumstances, with 
com plete m edical records available, the uncertainty in dose estimates reached 50% 
when several sources o f uncertainty were com bined in a study of children irradiated 
for enlarged tonsils in Boston [3]. This means that the estim ated excess relative risk 
could actually be substantially sm aller or larger.

In addition to the above methods o f dosimetry, biological and physical methods 
are now being incorporated into epidemiological Studies. Such methods include classi
cal cytogenetics for translocations, the glycophorin A  mutational assay of red blood 
cells, the fluorescent in situ hybridization (FISH) technique for chromosome stable
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translocation analysis and electron spin resonance o f tooth enamel or bones. M ost of 
these m ethods are expensive and tim e consuming, and in the case o f  electron spin 
resonance they depend on obtaining teeth from exposed persons or bone from cadavers. 
However, these methods offer an opportunity to validate more traditional approaches 
and model based dosimetry and can sometimes be- used in a small subsample of the 
study population.

1.2. Types of epidemiological studies

Clinical trials em ploy a random ized experimental design. For this reason, they 
have fewer m ethodological weaknesses than either cohort or case-control studies. 
However, only a few random ized trials have provided inform ation on radiation risks. 
The occurrence o f second cancers am ong patients enrolled in trials o f various radio
therapy regim ens for treating cancer can be evaluated, but m ost trials are too small to 
yield m uch useful data.

Epidem iological investigations o f radiation effects com m only em ploy either a 
cohort or a case-control study design. In  a cohort study, a defined population, prefer
ably with a wide range o f exposures, is followed forward in time. The occurrence of 
subsequent health effects is determ ined and evaluated in term s o f exposure history. 
The study can be perform ed prospectively, by following a current cohort into the 
future, o r retrospectively, by following a cohort o f persons alive at some tim e in the 
past. Cohort studies tend to be less susceptible to biases than case-control studies, but 
they require many years o f follow-up and can be subject to biases introduced if  ascer
tainm ent o f health effects differs by level of exposure. Cohort studies have provided 
the m ost data for estim ating radiation risks in humans.

In a case-control study, persons with (cases) and w ithout (controls) a specified 
disease or condition are com pared in relation to their exposure history. Case-control 
studies can be inform ative about risks and are relatively quick and inexpensive, but 
because they depend on retrospective data collection they are subject to recall or other 
biases in obtaining inform ation on past exposures.

Ecological studies are based on aggregated data (e.g. for geographical regions). 
Owing to the lack o f  data on in d iv id u a l  exposures, disease occurrence and potential 
confounders, these studies have a high probability for bias and can easily result in 
incorrect findings [4].

2. WHAT IS KNOW N A BOUT RADIATION?

2.1. Atomic bomb survivors

The m ost inform ative study o f health effects following radiation exposure is the 
Life Span Study o f  atom ic bom b survivors in Hiroshim a and Nagasaki. This study
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com prises a large cohort o f over 100 000 A-bom b survivors, o f all ages and both 
sexes, who received total body exposure. Individual organ doses have been estimated 
for approxim ately 85 000 cohort members. A lthough it is unclear w hether all assum p
tions based on acute exposures received under unusual circum stances are suitable for 
all situations and populations, risk estim ates from  the Life Span Study are the basis 
for m ost radiation protection recommendations.

To date, cancer incidence data have been published for 1958-1987 [5-8] and 
m ortality data for 1950-1990 [9]. Cancer incidence data are available for residents of 
H iroshim a and Nagasaki, and com plete nation-wide coverage is available for m ortal
ity. As seen in Table I, a large num ber o f cancer cases and cancer deaths have occurred 
over the follow-up period. Approxim ately 5-8%  o f the cancers are estim ated to be 
radiation related.

Analyses of the A -bom b studies provide strong evidence that, for all solid can
cers com bined, a linear dose-response relationship describes the data well [6 ], 
whereas for leukaem ia a linear-quadratic relationship fits the data better than a pure 
linear relationship [7]. The data also dem onstrate that the excess relative risk for all 
solid tum ours com bined decreases with increasing age at exposure and that women 
have a higher relative risk than men [6 ]. These patterns are not seen for each type of 
cancer, nor are they observed in all epidem iological studies.

A lthough there is variation in the m agnitude o f the risk, increased relative risks 
have been dem onstrated for most cancers am ong atomic bom b survivors (Fig. 1). 
B reast cancer stands out as having a high radiation risk (excess relative risk at 1 Sv 
(ER R 1Sv) = 1.6 ), whereas cancer o f the uterus is notable for its negative risk estimate 
(ER R ]Sv = -0 .15). As there are over 2500 cases o f stomach cancer, the confidence 
interval for this cancer type is very narrow [6 ]; this is a reflection o f the high baseline 
rates in Japan.

TABLE I. CANCER INCIDENCE AND MORTALITY IN TH E LIFE SPAN STUDY 
OF ATOMIC BOM B SURVIVORS

Incidence [5-8] Mortality [9]

Years covered 1958-1987 1950-1990
Catchment area Hiroshima, Nagasaki All Japan
Study population3 79 972 86 572
Person-years of follow-up 2 million 3 million
Mean age at bombings (years) 26.8 29.0
Total cancer 9014 7827
Solid cancers 8613 7578
Total excess cancers 558 421
Excess solid cancers 503 334

a Excludes persons without dose estimates and not in city at the time of the bombings.
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F IG . 1. Incidence o f solid tumors in A-bomb survivors (reprented with permission o f
Radiation Research).

2.2. Studies of medical irradiation

Studies o f populations exposed to medical radiation have added a large body of 
data to what has been learned from the A-bomb survivors. These studies have potential 
for quantifying late radiation effects, because ( 1 ) there is variety in terms of type o f radi
ation (LET, dose rate, energy), dose (ranging from extremely large doses from cancer 
therapy to small doses from diagnostic examinations), exposed organs and characteris
tics o f exposed people, (2) exposures can be estimated relatively well, (3) non-exposed 
patients are sometimes available for comparison, (4) information on a limited number 
o f other risk factors can be obtained from existing records, e.g. smoking is usually 
recorded in medical records and (5) patients often remain in follow-up after treatment. 
On the other hand, the majority o f medical studies provide information on exposures to 
high doses and high dose rates, and results can be difficult to interpret when the patients 
studied have diseases that require other potentially carcinogenic treatm ents or that 
might make them susceptible to developing radiation associated or spontaneous cancers.

An international cohort o f approximately 200 000 women with cervical cancer, 
about half o f them treated with external beam or brachytherapy, has contributed to our 
understanding o f radiation risks [10]. In a nested case-control study of 4188 cases with 
second cancers and 6880 controls, individual organ doses were estimated [1 1 ].
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Increased risks o f cancers o f the stomach, rectum, endometrium, ovary, bladder, kidney 
and bone were associated with radiotherapy. W hile leukaemia was also in excess among 
the radiotherapy patients, risk estimates were somewhat lower than those observed 
among atomic bomb survivors. It has been hypothesized that protraction o f the radia
tion exposure and the possibility that cell killing occurred at the very high doses are the 
reasons for the difference in risks. The pattern of risks generally increasing with 
decreasing age at treatment was consistent with the A-bomb findings, although there 
was a much narrower range of age at exposure in the cervical cancer study.

2.3. Summary

Based on data from  all available studies, it is clear that leukaem ia and cancers 
o f the thyroid, breast and lung are associated with radiation (Table II). For these sites, 
there are fairly precise quantitative data. Associations have been found at relatively 
low doses, and at high doses risks can be quite large. For example, leukaem ia occurs 
between 0.3 and 5 tim es m ore often among individuals exposed to 1 Gy than non
exposed individuals. Thyroid cancer has even higher risk estim ates if  exposure occurs 
during childhood. Associations between radiation and cancers o f the salivary glands, 
stomach, colon, bladder, ovary, central nervous system and skin have also been 
reported frequently, but the relationships are not as well quantified. The relative risks 
at 1 Gy generally range from  about 1.0 to 2.5. Associations between radiation and 
cancers o f the liver and oesophagus and (to a lesser extent) m ultiple m yelom a and 
non-H odgkin’s lym phom a have been reported in a few studies, but results have been 
som ewhat inconsistent, and it is more difficult to quantify the risks. Chronic lym pho
cytic leukaemia, H odgkin’s disease and cancers o f the pancreas, prostate, testis and 
cervix have rarely been related to radiation exposure [ 1 2 ].

TABLE II. LEV EL OF ASSOCIATION BETW EEN RADIATION AND VARIOUS 
CANCER SITES

Level of association Cancer sites

Definite Leukaemia, thyroid, female breast, lung
Probable Salivary gland, stomach, colon, bladder, ovary,

central nervous system, skin
Possible Liver, oesophagus, multiple myeloma, non-

Hodgkin’s lymphoma
Little evidence Chronic lymphocytic leukaemia, pancreas,

Hodgkin’s disease, prostate, testis, cervix
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Based on incidence data from  the Life Span Study o f atom ic bom b survivors, it 
is estim ated that approxim ately 50% o f the leukaem ia cases, 32% o f the breast can 
cers and 26% o f the thyroid cancers can be attributed to radiation exposure. Among 
persons exposed to the bom bings during childhood, about 50% o f the thyroid cancers 
can be attributed to their exposure [6 ].

3. PUBLIC CONCERNS ABOUT WHAT IS UNKNOW N

As described above, cancer risks from  acute, high dose radiation exposures are 
fairly well quantified, but m uch less is known about risks from  protracted exposure to 
low doses. To satisfy the need for radiation protection standards, risk predictions are 
based on extrapolations from  exposures at high doses and/or high dose rates. These 
extrapolations are subject to many uncertainties. The following section summ arizes 
some o f the available epidem iological data on low dose, low dose rate exposures.

3.1. Occupational exposures

Occupational studies have potential for evaluating radiation exposures of public 
concern, but findings from these studies must be interpreted with caution. There have 
been numerous studies o f nuclear workers around the world, but because the cumula
tive doses to workers in W estern countries have been low, m ost studies do not have 
adequate statistical power to detect effects, let alone quantify risks. In such studies, the 
average cum ulative doses for m ale US and British nuclear workers was about 30 mSv, 
and only about 15% had a lifetim e dose o f over 50 mSv. In Canada, doses were even 
smaller. Few nuclear workers in these studies are women, and on average their radi
ation exposure has been substantially lower than for m ale workers [13-15]. It should 
be noted, however, that patterns o f doses have changed over time, with doses received 
in recent years generally being lower than those in earlier decades.

Results from  individual studies o f nuclear w orkers have been inconsistent, 
w ith som e showing an excess o f total cancer, others an excess o f leukaem ia and still 
others having no positive results [13-20]. By pooling data from  several studies in 
the U SA, C anada and the U nited K ingdom , Cardis and colleagues assem bled a 
cohort o f  95 000 workers w ith over 2 m illion person years o f  follow -up [21]. A  sta
tistically  significant dose response was found for leukaem ia other than chronic lym 
phocytic leukaem ia (CLL), but no excess risk was seen for any other cancer. 
D espite the large num ber o f  workers in this pooled study, the statistical pow er to 
detect the small health effects expected at such low doses (m ean dose = 40 mSv) 
was still low (Table III) [13-21]. A larger pooled analysis including close to 
500 000 w orkers is in progress.
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TABLE III. CA N CER MORTALITY AM ONG NUCLEAR W ORKERS IN THE 
UNITED KINGDOM , CANADA AND THE UNITED STATES [13-21]

Study
[Reference]

Number of 
workers3

All cancer 
deaths

ERRjsv 
(90% c.i.)

Leukaemia
deaths

ERRjsv 
(90% c.i.)

United Kingdom

Atomic Weapons 
Establishment [16]

9389 275 7.6 
(0.4, 15)

4 Negative
estimate

Sellafield [17] 10 276 580 0.1 
(-0.4, 0.8)

13 14
(1.9,71)

Atomic Energy 
Authority [18]

21 545 796 0.8 
(-1.0, 3.1)

31 -4.2 
(-5.7, 2.6)

National Registry
for Radiation Workers [15]

Canada

95 217 1435 0.47 
(-0.12, 1.2)

47c 4.3 
(0.40, 13.6)

Atomic Energy of 
Canada, Ltd [14]

United States of America

8977 227 0.05 
(-0.68, 2.2)

6 19.0 
(0.14, 113)

Oak Ridge National 
Laboratory [19]

8314 346 3.3 
(0.9, 5.7)

28 6.4
(<0, 27)

Hanford [20] 32 643 1413b 0.0 
(<0, 1.0)b

44° -1.1 
« 0 , 1.9)

Hanford, Oak Ridge, 
Rocky Flats [13]

International

44 943 1036 0.0 
(<0, 0.8)b

42c -1.0 
(<0, 2.2)

Combined 
analysis [21]d

95 673 3976 -0.02 
(-0.34, 0.35)

146 2.2
(0.13,5.7)

a Number of workers and deaths included in dose-response analyses. 
b Excluding leukaemia. 
c Excluding CLL.
d Includes: Hanford, Oak Ridge, Rocky Flats, Sellafield, Atomic Energy Authority, Atomic 

Weapons Establishment, Atomic Energy of Canada.
ERRjsv = excess relative risk at 1 Sv; c.i. = confidence interval.



IAEA-CN-67/K5 173

Over the last decade, the public has becom e concerned about the potential for 
radiation exposure from  living near nuclear power plants, atmospheric bom b testing 
during the cold w ar and residential radon.

3 .2 .1 . E x p o su re  fro m  n u c le a r  fa c i l i t ie s

The largest survey o f cancer in populations living near nuclear installations was 
conducted in the USA [22]. Over 900 000 cancer deaths occurring between 1950 and 
1984 in 113 counties located close to 62 nuclear facilities ( ‘study counties’) were 
com pared with tw ice that num ber o f cancer deaths occurring during the same time 
period in ‘control’ counties with sim ilar population and socio-econom ic characteris
tics. For childhood leukaemia, the relative risk for study counties com pared to con
trol counties was 1.03 for the years subsequent to the nuclear facilities going on line 
and 1.08 for the years previous to start-up. Similarly, elevated risks were not found 
for total leukaem ia or cancer mortality.

The occurrence of cancer in the vicinity o f nuclear installations was found not 
to be elevated in systematic studies undertaken in Germany [23], Canada [24] and 
France [25]. In Great Britain, only around the Sellafield and Dounreay plants was 
there evidence suggesting that childhood leukaem ia m ight be related to proximity to 
nuclear installations [26, 27], but even there it was concluded that environm ental radi
ation exposures are unlikely to explain these excesses [28, 29]. Recently, Pobel and 
Viel [30] reported that environm ental radiation exposure from  the La Hague nuclear 
reprocessing p lant in France increased childhood cancer m ortality, but the m etho
dology used in this study has received substantial criticism  [31, 32].

3 .2 .2 . E x p o su re  fro m  a tm o sp h e r ic  a to m ic  w e a p o n s  te s tin g

Between 1951 and 1970, the U SA conducted close to 100 above ground atomic 
tests at the Nevada Test Site. Over 150 x 106  Ci o f 131I were released into the atmos
phere during the testing period. For the 160 million people living in the USA at the 
tim e o f the testing, the m ean thyroid dose from  iodine-131 was 20 mGy, but doses 
varied significantly by geographical location and m ilk intake. The h ighest doses 
w ere found in  M ontana, Idaho and Utah. U tah is close to the N evada Test Site, and 
people living in three U tah counties had m ean doses o f 90 -1 2 0  m Gy [33].

Epidem iological studies o f people living in Utah have been conducted over the 
last few decades. In the two m ost recent investigations, radiation exposure was exam 
ined in relation to leukaem ia and thyroid neoplasm s (Table IV) [34, 35]. In a case- 
control study o f leukaem ia deaths, a weak, non-significant association was found 
with bone marrow dose. Am ong individuals exposed to the fallout before age 20, a

3.2. Environmental exposures
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TABLE IV. LEUKAEM IA AND THYROID NEOPLASM S FOLLOW ING RADIA
TION EX POSURE FROM  ATM OSPHERIC N UCLEAR BOM B TESTING AT THE 
NEVADA TEST SITE [34, 35]

Tumour site 
[Reference]

Place Subjects Median;
max. dose (mGy)

RR
(95% c.i.)

Trend test 
p  value

Leukaemia 
deaths [34]

Utah 1177 cases 
5330 controls

3.2; 30
(bone marrow)

1.7
(0.94, 3.1)a

0.08

Thyroid 
neoplasms [35]

Southwest
Utah,
Southeast
Nevada,
Southwest
Arizona

3122 subjects 
19 nodules

25; 4600b . 
(thyroid)

3.4
(0.5-26.9)°

0.02

a Excluding CLL — high dose group (6.0-30 mGy) versus low dose group (0-2.9 mGy). 
b Mean dose in Utah was 72 mGy.
c Benign and malignant neoplasms — high dose group (400 mGy) versus low dose group 
(0-49 mGy).

significant excess risk for acute leukaem ia m ortality was noted [34]. The reported risk 
estimates are generally higher than but not inconsistent w ith those observed in stud
ies o f external radiation. To update an earlier cohort study, the thyroid glands of 
slightly over 3000 people who lived in selected areas o f Utah, Nevada or A rizona 
w ere carefully exam ined [35]. The study participants had been young children at the 
tim e o f the testing and had been exposed to different levels o f 131I because o f their 
place o f residence and am ount and source o f m ilk intake. N ineteen thyroid neo
plasms, eight o f them malignant, were diagnosed (Table IV). There was a suggestion 
o f a radiation dose response for thyroid cancers (p  =  0.096), which was stronger when 
all thyroid neoplasm s were grouped together (p  =  0.019). However, bias may have 
been introduced into the retrospective dose assessm ent through the recall o f diet.

Studies in the N ordic countries, where doses from  atm ospheric fallout from  
various nuclear tests were very low (7 year cum ulative exposure 1.5 mSv), provided 
no evidence o f a correlation between leukaemia incidence and dose, but small 
increases were not inconsistent w ith a possible radiation effect [3 6 ].

3 .2 .3 . R a d o n  ex p o su re

R adon is known to cause lung cancer in m iners, but the effects arising from  
residential radon are less well understood. In contrast to indications that, for a given
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total dose, chronic exposure to low LET radiation yields a lower cancer risk than 
acute exposure, there is some evidence that protraction increases the carcinogenic 
effects o f high LET radiation, at least at relatively high cum ulative doses [37]. This 
effect is known as the inverse dose rate effect or protraction enhancement.

Based on a pooled analysis o f  11 studies o f underground m iners, Lubin et al. 
[37] dem onstrated that when cum ulative exposure is kept constant, relative risks 
increase w ith increasing duration o f exposure, i.e. when the exposure is m ore pro
tracted. However, they also noted that there is little evidence for the inverse dose rate 
effect when cum ulative exposure was less than 50 working level m onths (W LM ), but 
above 50 W LM  the effect is quite strong.

Based on extrapolations from  risks reported for underground m iners, it has been 
estim ated that each year anywhere between 6000 and 36 000 lung cancer deaths 
m ight be related to residential radon exposure in the USA [38]. The results o f a m eta
analysis o f eight published case-control studies o f residential radon are not inconsis
tent with extrapolations from  studies o f miners [39]. Pooled analyses o f several resi
dential radon studies will be conducted in about a year or two, and it is expected that 
they will yield m ore quantitative risk  estimates.

4. NEW  POPULATIONS TO BE STUDIED

As described above, although much is known about radiation as a carcinogen, 
additional data still need to be obtained. To help fill the gaps in our knowledge, various 
new cohorts, several o f them in the former Soviet Union, are emerging as potential 
sources of important information. As a result o f the tragic accident at Chernobyl, m il
lions o f residents and workers were exposed to radiation. Several studies o f residents of 
contaminated areas in Ukraine, Belarus and the Russian Federation are under way. 
W hile these investigations are in a relatively early stage, in terms o f dose-response 
analyses, they have already demonstrated that persons exposed as young children to 
radioiodines have a strikingly increased incidence o f thyroid cancer [40, 41]. A t this 
time, leukaemia has not been associated with living in contaminated areas [42], living 
in areas o f Europe exposed to fallout [43] or with cleanup work [44], although this may 
in some instances reflect the quality o f the available data and difficulties in characteriz
ing exposures.

During the early years o f the Cold War, the form er Soviet Union was intent on 
building an atom ic arsenal quickly. As a result, nuclear w orkers and residents o f 
villages near the M ayak nuclear facility  accum ulated high doses o f  rad iation over 
several years [45]. Cohorts o f  close to 20 000 nuclear workers [46] and 26 000 resi
dents o f  contam inated  areas [47] w ere established about 30 years ago by Russian 
scientists. O w ing to  the substantial doses received by these populations, they can 
provide vital inform ation on chronic exposure, as well as on the health effects o f
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strontium  and plutonium. These studies can be particularly useful in further quanti
fying differences between low and high dose rates.

As in the USA, num erous nuclear bom bs were tested in the form er Soviet 
Union. W hile little is known about the risks associated with fallout from  the testing 
programme, studies are planned or under way in Russia and Kazakhstan [48, 49]. 
Over the next few years, more should be learned about the association between fallout 
and thyroid neoplasia and cancer.

Airline pilots and flight attendants have been studied recently in several coun
tries. Elevated rates o f breast cancer among female flight attendants [50, 51] and of 
H odgkin’s disease, m alignant melanom a and cancers o f the prostate, colon and cen
tral nervous system [52-54] among pilots have been reported. A t this time, it is not 
clear whether the increased risks are related to radiation exposure, other carcinogenic 
exposures or life style factors. New European and American studies may help shed 
light on these increased risks, although the generally very low doses are likely to lim it 
the statistical power o f the studies.

5. CONCLUSIONS

This short summ ary of radiation epidem iology obviously cannot cover all 
issues —  indeed, non-ionizing radiation was not m entioned at all. It was m eant only 
to provide a framework for the following presentations and for discussions of radia
tion protection at low doses. Thus, the conclusions selected are focused on relevance 
for radiation protection.

From  accum ulated inform ation, it is apparent that radiation is associated with 
an increased risk o f m ost cancers. For solid cancers, a linear non-threshold dose 
response describes the relationship adequately, although at extremely high doses, the 
risk appears to flatten out, probably because o f cell killing. Young age at radiation 
exposure appears to increase the risk o f developing several cancers, particularly cancers 
o f the thyroid, breast and skin. It is thought that this may be due to the rapid prolifera
tion o f cells. For low LET radiation, protracted or fractionated exposure may lower 
the risks for some cancers, e.g. leukaem ia and lung cancer, but possibly not for breast 
cancer. For high LET radiation, there appears to be an inverse dose rate effect which 
is probably confined to high cum ulative doses.

6 . QUESTIONS STILL REQUIRING ANSW ERS

The largest am ount o f inform ation about the carcinogenic effects o f radiation 
refers to high dose and high dose rate exposures, leaving many questions about low 
doses and low dose rate exposures unanswered. Those listed in Table V are ju st a few.
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In addition, the role o f individual susceptibility to radiation carcinogenesis is ju st 
beginning to be studied and understood. As m ore is learned about the human genome, 
this issue may be clarified.

Som e questions w ill be answ ered on the basis o f additional inform ation co l
lected from  existing studies and from  data obtained from  new cohorts. But we will 
not be able to rely solely on epidem iology to answer all o f these questions. 
Interdisciplinary interactions, particularly with radiobiologists, will be needed. As 
suggested  by B renner et al. [55], in teraction  betw een ep idem iologists and rad io 
biologists will becom e more im portant as attempts to study the effects of low dose 
and chronic radiation exposure becom e more common. Collaboration will also be 
necessary as m olecular epidem iological studies are designed and as we try to further 
understand the mechanism s o f radiation carcinogenesis.

TABLE V. QUESTIONS STILL REQUIRING ANSW ERS

What are the health effects of protracted or fractionated exposures?

How should risks be extrapolated from high dose, acute exposures to other exposures? 
How should risk estimates be transported from one population to another?
Do risks for low and high LET exposures differ?

Is there individual susceptibility to radiation carcinogenesis?
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SUMMARY OF DISCUSSION

Forum 5

R.F. JOSTES (United States o f America): W ould you expect the inverse dose 
rate effect to occur in the case o f radon in the hom e environm ent? M any people I have 
talked w ith would expect that.

E. RON (United States o f America): I would not expect it to occur. As shown 
by the data on miners which I presented, it is seen only at high cum ulative doses.

R. RAM OS de la PLAZA (Spain): In ecological studies carried out for the 
purpose o f assessing the health im pacts of nuclear power plants on the populations 
living nearby, the distances o f people’s homes from  the plants are often taken —  for 
w ant o f anything else —  as indicators o f com parative health risk. W hat do you think 
about this approach, which does not take into account confounding factors such as the 
effects o f smoking?

E. RON (United States o f America): The results o f ecological studies are par
ticularly sensitive to confounding factors and m ust be interpreted w ith great caution.

S. W O LFF (United States o f America): In your keynote address you showed a 
linear curve based on relative risk for the incidence o f solid tum ours, but a 
linear-quadratic curve based on absolute risk for the incidence o f leukaem ia. Have 
you any com parative data on the relative risks in both cases or on the absolute risks 
in both cases? W ith such data it m ight be easier to obtain clues about possible 
m echanism s from  the shapes o f  the curves.

E. RON (United States o f America): Perhaps D. Preston would care to respond.
D.L. PRESTO N (United States o f America): The shape o f thé dose-response 

curve is not very sensitive to whether the excess cancer is m odelled in term s of 
relative risks or in term s o f absolute risks. In particular, the leukaem ia dose-response 
curve is non-linear whether it is plotted in term s o f relative risks or in terms o f 
absolute risks, while solid cancer risks appear rem arkably linear in both cases.

T. OHNISHI (Japan): How did D.E. Thom pson obtain the data on individual 
doses received by atomic bom b survivors?

E. RON (United States o f America): From  detailed personal interviews which 
were conducted during the 1950s and 1960s and in which the survivors gave infor
m ation about distances from  the explosions and shielding. The dosim etry system 
D S 8 6  was used in the com putations.

R. BECKER (Germany): In a recent paper , 1 the results o f  various studies o f the 
effects o f exposures to external low-LET radiation on lung cancer risk (Fig. 1) were

1 ROSSI, H.H., ZAIDER, М., Radiogenic lung cancer: The effect of low doses of low- 
LET radiation, Radiat. Environ. Biophys. 36 (1997) 85-88.
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Dose (Gy)

FIG. 1. Incidence o f lung cancer as a result o f external exposure to low LET radiation. The 
ascending straight line represents the ICRP hypothesis.

sum m arized as follows: “There is strong evidence that fractionated doses below 2 Gy 
do not cause lung cancer. The evidence for no or even a negative risk not only 
contradicts ‘linearity’, but also makes risk analysis based on non-uniform  irradiation 
invalid.” W ould you care to com ment?

E. RON (United States o f America): I would rather not com m ent as I am  not 
fam iliar with the paper referred to by you.

M. SOHRABI (Islamic Republic o f Iran): In your keynote address you talked 
about areas with high natural radiation levels but did not give any inform ation on the 
results o f studies regarding such areas. In that connection, I would mention that the 
Proceedings2 o f the 4th International Conference on High Levels o f Natural Radiation 
contain a great deal o f inform ation on the results o f epidem iological studies con
ducted with large cohorts in China, India and other countries. The consistency o f the 
data is good.

Regarding the relationship —  reported by Thom pson —  between the linear 
response of solid tum ours and radiation equivalent dose, the lowest data point is for 
a dose o f about 300 mSv, and it is extrapolated down to zero dose. How can one 
extrapolate down to zero dose from  such a relatively high dose?

2  High Levels of Natural Radiation 1996: Radiation Dose and Health Effects (Proc. 4th 
Int. Conf. Beijing, 1996), Elsevier, Amsterdam (1997).
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E. RON (United States o f America): We did not extrapolate down to zero dose 
from  300 mSv. There is a large am ount o f data for the range from  300 mGy down to
0 mGy, and the data are consistent with the linear dose-response which was shown. 
The m ean dose for the entire Life Span Study is only about 100 mSv, and even among 
people exposed to 5 mSv or m ore it is only slightly above 200 mSv.

S. HATTORI (Japan): Should the dose-response studies conducted with atomic 
bom b survivors not take into account the catastrophic situation (poverty, etc.) o f the 
survivors for several years after the bombings?

E. RON (United States o f America): It is m ost unlikely that the living condi
tions in H iroshim a and Nagasaki, which were extrem ely difficult for virtually all the 
survivors regardless o f the doses received by them, could explain the survivor study 
results. Also, the doses decreased with increasing distance from  the points o f explo
sion —  by a factor o f 1 0  for every 600 m  or so.

R DUPORT (Canada): Is it reasonable to assume that all excess lung cancers 
among miners are attributable to 2 2 2Rn? After all, miners are exposed to many cofactors.

E. RON (United States o f America): The cofactors could account for some 
excess risk  but, in order to be true confounders, they w ould have to  be highly corre
lated with the radon exposures and the lung cancers. As so many studies have found 
high lung cancer risks with high dose responses under different m ining conditions, 
one would not expect cofactors to be playing a m ajor role. On the other hand, co
factors m ight account for some o f the variation am ong cohorts.

A.M . KELLERER (Germany): You mentioned airline crews as a possible group 
for study. W here would you find a suitable control group?

E. RON (United States o f America): Perhaps one could use ground personnel 
or other airline professionals.

Alternatively, one m ight try to determine dose levels on the basis o f length of 
tim e spent flying different routes and flight frequency.

K. BECKER (Germany): W ith regard to airline crews, at a meeting o f the 
G erm an-Sw iss Radiation Protection Society held in 1996 it was noted that evidence 
existed o f increased cancer incidence among crews on long distance hauls, the 
cancers being m elanom as attributable to solar UV light soaked up during frequent 
stays at tropical beach resorts and in sim ilar places.

W ith regard to data on m iners, there have for a long time been doubts about the 
extent to which —  if  at all —  one should use early data in predicting the risks asso
ciated with radon in the home. M iners used to be exposed to much higher radon 
levels, and also to (frequently toxic) mineral dust, to exhaust fumes and to nitrous 
fumes from  blasting operations —  and they tended to be heavy smokers. That is why 
several studies conducted in different countries pointed to a negative correlation 
between residential radon levels and lung cancer incidence.

W. PAILE (Finland): W ith regard to the paper presented by H.F. Ziggel (IAEA- 
CN-67/10), in order to elim inate errors in the analysis o f dicentric chromosom es it is
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necessary to culture blood from  exposed persons and blood from  controls in parallel, 
as the culture conditions influence the num ber of such chromosom es; that was not 
done in the study described in the paper. It is also necessary to carry out analyses 
blind, so that the results are not influenced by subjective judgem ents; again that was 
not done in the study. W ithout the elim ination o f errors, the dicentric chrom osom e 
frequencies o f 0.5 x  10- 3  for the controls and 1.5 x  10- 3  for the exposed persons are 
easily explained.

C. STREFFER (Germany): In an extensive study, the incidence of dicentric 
chrom osom es in children living near the Kriimmel nuclear power plant was com pared 
with that in children living in a part o f Germany far from  any nuclear installation —  
and was found to be no higher. W hy is no reference to that study m ade in paper 
IAEA -CN -67/10?

H.F. ZIGGEL (Germany): There is very little data on the spontaneous incidence 
of dicentric chrom osom es in children, on the radiation induction o f dicentric 
chrom osom es in children and on the temporal variation o f their incidence after an 
exposure. It is therefore generally difficult to interpret the results o f studies carried 
out w ith children.

As this was known to those planning the study described in paper IAEA-CN- 
67/10, they decided not to use the results o f the study m entioned by Streffer.

A. KAUL (UNSCEAR): If  the childhood leukaemias which are the subject o f 
paper IAEA-CN-67/10 were due to radioactive releases from  the Kriimmel nuclear 
power plant, the effective doses received by the children m ust have been more than 
100 mSv. Any radioactive releases from  the plant resulting in effective doses o f that 
order would, however, have been detected and would have led to a shutdown.

In addition, from  the 1 3 4C s/137Cs activity ratio in samples collected in the vicin
ity o f the Kriimmel N uclear Power Plant we know that no noble gas (which is a 
precursor o f 1 3 7Cs) has been em itted in excess; the 1 3 4C s/137Cs activity ratio in the 
samples is exactly the ratio which one would attribute to Chernobyl fallout.

M oreover, the specific 90Sr activity in samples collected in the vicinity of the 
Kriimmel N uclear Power Plant is identical w ith that in samples collected elsewhere 
in northern Germany.

Thus, I do not think that radioactive releases from  the Kriimmel N uclear Power 
Plant can be responsible for the childhood leukaem ia cluster discussed in paper 
IAEA-CN-67/10.
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In previous sessions, many rem arks have been made about the im possibility of 
obtaining useful inform ation concerning the effects of low doses o f ionizing radiation 
from  epidem iological studies. W hile this is indeed difficult, it is by no mean im pos
sible, and epidem iological evidence is an essential elem ent in risk  estim ation fo l
low ing low doses. Despite years —  even decades —  o f research in radiation biology, 
m olecular biology and genetics, these sciences, at present, do not appear to resolve 
the controversy of low dose effects.

As an example, the evidence concerning adaptive responses, as it was presented 
in Forum  2, is very interesting. But there are questions concerning whether it is rele
vant at the very low levels o f exposure about which we are concerned for ‘usual’ 
occupational and environm ental exposures. In the same fashion, some o f the argu
ments for stating that our current risk estimates are too low —  in particular because 
hum an populations are not hom ogenous with respect to their risk of radiation induced 
cancers, and some will have a cancer whether they receive low doses or high doses
—  also appear to be reasonable. In fact, the actual biological effects o f low protracted 
exposures is the result o f a num ber o f perhaps com peting phenom ena. It is not clear 
that we currently have in hand all o f the elements which we need to determine, theo
retically, the resulting dose response.

As the ultim ate goal is to protect humans, we m ust continue to do epidem io
logical studies o f hum an populations receiving low doses in a protracted fashion. 
These studies, although they have limitations, provide the m ost relevant and direct 
inform ation on human risks from  radiation exposures o f public concern. They are a 
test o f the adequacy o f radiation protection and o f its scientific bases —  mainly extra
polations from  atomic bom b survivor studies.

For low dose studies to be informative, however, they m ust satisfy a num ber of 
im portant criteria:

—  they m ust be extremely carefully carried out, and all possible efforts must be 
invested in avoiding biases which may render them  uninterpretable;

—  they m ust cover very large populations;
—  the choice o f study population must be adequate for the objective;
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—  the fo llow -up in  cohort studies (or the case ascertainm ent, in  case-control 
studies) m ust be com plete and non-selective;

—  accurate and precise individual dose estim ates as well as adequate inform ation 
on im portant confounders and m odifiers o f risk are needed.
Am ong the different epidem iological m ethods available, cohort and case-con

trol studies are the m ost inform ative for the sthdy o f low dose radiation effects. M ost 
o f the inform ation to date com es from  studies' o f the atomic bom b survivors and, for 
high LET radiation, o f  hard rock miners. Im pbrtant, com plem entary inform ation has 
been provided by studies o f populations with medical, occupational and environm en
tal exposures.

A  num ber of ongoing and planned studies, which are likely to be inform ative in 
the future, were identified. They include the International Collaborative Study of 
C ancer R isk  am ong R adiation  W orkers in  the N uclear Industry, covering nearly  
600 000 workers from  14 countries; studies o f general populations and workers 
exposed as a resu lt o f  the C hernobyl accident in B elarus, the R ussian  Federation  
and U kraine; studies o f the workers in the M ayak nuclear plant and o f populations 
exposed along the Techa River; studies o f environm ental exposures in Kazakhstan; 
and com bined analyses o f residential radon studies from North A merica, Europe and 
elsewhere. Ecological studies in which no individual inform ation on dose and poten
tial confounding factors is available were judged not to contribute to the estim ation 
o f the effects o f low doses o f ionizing radiation.

Following the presentations, it was agreed that:

—  good epidem iological studies o f the populations listed above are feasible and 
will be inform ative for radiation risk assessm ent at low doses;

—  these studies m ight be carried out in a collaborative fashion so that results can 
be com bined, thus increasing the statistical power and inform ativeness o f the 
studies;

—  these studies, taken together with results o f experimental studies (radiobiology, 
m olecular biology and genetics) will be im portant for further developments of 
radiation protection standards.
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Abstract

RADIOBIOLOGICAL ISSUES IN THE APPLICATION OF EPIDEMIOLOGICAL 
EVIDENCE.

Numerical estimates of cancer risk are required for a number of purposes in radiation 
protection. Most of the applications relate to minute doses, where no excess can be seen, even 
in large radioepidemiological studies. Nominal risk coefficients must therefore be based on the 
extrapolation of epidemiological findings. The extrapolation remains clouded by a number of 
insufficiently resolved radiobiological issues. The adopted risk models are therefore tentative, 
and this applies also to the linear no threshold model that underlies current radiation protection 
regulations. Some of the major issues — the linearity or curvilinearity of the dose dependence, 
the dose rate dependence and the relative biological effectiveness (RBE) of neutrons — are 
reconsidered and are numerically assessed in terms of the major source of epidemiological evi
dence, the continued follow-up of cancer mortality and incidence among the atomic bomb sur
vivors. While the data for Hiroshima are usually modelled in terms of linear dose dependences, 
they are shown in the paper to be not inconsistent with a linear-quadratic relation for the у ray 
component of the radiation, which is in line with the dose and dose rate effectiveness factor 
(DDREF = 2) postulated by the International Commission on Radiological Protection. Risk 
estimates for solid cancer are, however, diminished by a further factor of 2 , in line with the 
reduced risk projection of the by now favoured ‘age attained model’. While the calculations 
support the earlier conclusions that no reliable value for the neutron RBE can be deduced, they 
show an important inverse relation between the putative risk coefficient for neutrons and the 
risk coefficients for у  rays which are then possible. The exploratory computations need to be 
substantiated in terms of the full data at the Radiation Effects Research Foundation, and they 
utilize the current dosimetry system, DS8 6 , for which there is growing evidence of underesti
mated neutron doses. Calculations with a tentatively corrected DS8 6  imply that the effect of 
neutrons could then be dominant to such a degree in Hiroshima that the data cease to be reli
able evidence for a linear у ray component at small doses.
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Radioepidem iology com prises a broad range o f biological issues. Restriction is 
therefore unavoidable, and part o f this restriction is the consideration o f radiation 
induced cancer, but not o f other late effects, such as hereditary damage. Focusing on 
radiation induced cancer is justified for two reasons:

(a) Radiation induced cancer represents, according to present knowledge, the 
m ajor contribution to the risks of low doses, and there is a multitude o f epi
dem iological observations on increased cancer rates in radiation exposed 
groups o f persons;

(b) Cancer is a very m ajor health issue, since nearly one out of four persons dies of 
cancer in developed countries, and also because it is, in principle, a controllable 
problem , since more than 90% o f the cancer cases appear to be caused by life 
style or environm ental factors [1 ].

W hile much tragic experience has been gained on radiation induced cancer, and 
while radiation is the m ost widely studied carcinogen, it is not one o f the m ajor causes 
o f cancer —  such as tobacco, sunlight, or certain dietary components. In fact —  with 
the im portant exception o f leukaemia, especially in children —  high radiation doses 
are needed to cause recognizable increases o f cancer rates. In consequence, most 
quantitative data relate to high doses, and the central issue o f radiation epidemiology 
is thus the conversion o f high dose data into inform ation that pertains to the potential 
risk o f low doses. One needs to question the need for this com plex, if  not esoteric, 
task.

1. INTRODUCTION

2. THE U SE OF EPIDEM IO LOGICAL FINDINGS

2.1. Direct applicability

The quantitative assessm ent o f radiation risk does not exclusively refer to low 
doses; it can also be required at high doses, where epidemiological observations are 
directly applicable. This is the case in the com paratively rare situations when radia
tion exposures have taken place because o f accidents, m alpractice or other excep
tional circum stances and where these exposures were sufficiently large to be the 
alleged cause o f a cancer that has occurred in the exposed person. Epidem iological 
data are then em ployed to estim ate the expected increase o f the tum our rates at the 
tim e when the tum our has been diagnosed. If  the estim ated increase is larger than the 
spontaneous incidence at the specified age, one speaks o f a p ro b a b il i ty  o f  ca u sa tio n  

larger than 0.5 and takes it as indication that the exposure was causative.
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Even for these purposes, it is necessary to utilize com plex models that incor
porate the dependence o f the excess relative risk on age at exposure, age at diagnosis, 
dose and, possibly, distribution o f dose in tim e, as well as other factors, such as radia
tion quality. Originally introduced by Bond [2], the concept has been im plem ented in 
radioepidemiologic'al tables that were first published in the U SA [3]; later quantitative 
models, particularly those developed by BEIR IV [4] and BEIR V [5], have been the 
basis o f further development and further complexity [6 ]. In spite o f some uncertainties 
o f the selected models, the tables o f causation are being successfully applied in practice. 
W hile this is a notable exam ple o f the direct applicability o f radioepidem iological 
findings, it is also the exception.

2.2. The need for low dose estimates

Radiation protection is guided by ALARA, the principle o f keeping radiation 
exposures as low as reasonably achievable, the term  ‘reasonable’ being an essential, 
although not infrequently disregarded, part o f the concept. The principle can often be 
satisfied w ithout true quantification, but quantification is nevertheless required to give 
m eaning to otherw ise ill-defined comparisons. W hen the International Com mission 
on Radiological Protection (ICRP) decided to link dose lim its for occupational expo
sure to risk estim ates —  and through these risk estim ates to average fatality rates in 
typical ‘safe professions’ —  it m ay have overstrained the attem pt at quantification, 
but it also defined a course that is not likely to be reversed. The quantification of the 
putative, i.e. the never directly observable, effects o f low doses has thus becom e a 
central issue in radiation protection. The problem  is difficult and subject to funda
mental uncertainties. A part from  the dose enigm a itself, these uncertainties relate 
especially to dose rate, but also, as will be seen, to the different relative biological 
effectiveness (RBE) o f different types o f radiation.

3. UNCERTAINTIES IN DOSE, DOSE RATE AND RBE

3.1. Low dose extrapolation

M any o f the epidem iological studies on persons exposed to ionizing radiation 
for m edical reasons involve large and non-uniform  doses, usually delivered at high 
dose rates. However, the m ost im portant basis for quantitative risk estimates, the 
study o f the atom ic bom b survivors, involves a majority o f persons exposed to low 
doses. W hile the m ost direct inform ation com es from  the relatively small num ber o f 
highly exposed individuals, there is, nevertheless, a reasonable possibility o f extra
polation down to low doses, both for solid cancers and for leukaemia. Figure 1 [7, 8 ] 
gives the distribution o f the collective dose with respect to dose. Especially for
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Weighted colon dose (Sv)

FIG. 1. Collective dose distribution versus dose for the Life Span Study cohort o f atomic bomb 
survivors from (a) Hiroshima and (b) Nagasaki. The vertical lines indicate the predicted solid 
cancer deaths up to the specified dose; the numbers are derived from a linear-quadratic dose 
dependence in accord with the ICRP estimates, but reduced by a factor 2 because o f the 
adoption o f the age attained model (7, 8]. Each solid line marks an increment o f 50. The dose 
categories in the RERF data sets are marked on the upper axis.

Hiroshima, the distribution is highly skewed. The vertical lines indicate the cumulative 
numbers, up to the specified doses, of the predicted total num ber of attributable cancer 
deaths. Each o f the solid lines marks an increment o f 50 cases. Both in Hiroshima and 
in Nagasaki, about half o f all excess cases are associated with doses below 1 Sv.

The diagram  dem onstrates why the data from  Hiroshim a offer an extraordinary 
possibility to detect an increased relative risk even at fairly low doses, and even for 
solid cancers. In the current discussion on radiation risk, the report by Pierce et al. [9] 
o f a definite increase at doses below 200 mSv —  and indications o f a significant 
excess even below 50 m Sv —  is added support for a linear no threshold dose 
dependence. A nother m ajor epidem iological argument for such a dependence is the 
conclusion —  by now alm ost generally accepted —  that doses o f the order o f 20 mSv 
from  the past practice o f prenatal X  ray diagnostics have caused an excess relative 
risk o f about 0.4 for childhood leukaem ia [10, 11]. Thus, there is some observational 
basis for the no threshold model.

However, the totality o f observations is divergent, and —  although there is 
pragm atic reason for the cautious assumptions made by the ICRP —  the issue of
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threshold or no threshold m ust be seen as undecided. M ost o f the inform ative cohorts 
o f patients were subjected to highly non-uniform and fairly large doses. Small mean 
organ doses are therefore not always valid param eters o f exposure, and, beyond this 
fact, there are few significant excess rates at low m ean organ doses in the medical
studies; this point has been re-em phasized by Rossi and Zaider [12]. The follow-up
o f persons exposed for medical reasons therefore provides little direct support for the 
linear no threshold dose dependence. The enhanced childhood leukaem ia rate after 
prenatal exposures is an exception, but it m ight well reflect a special vulnerability of 
foetal tissue. As far as the data from  H iroshim a are concerned, it is —  as will be 
explained in Section 3.3 —  still an open question whether the excess observed at low 
doses m ight not be due to neutrons, rather than photons.

3.2. Dose and dose rate

The follow-up of the atomic bom b survivors has led to the disconcerting con
clusion that the dose dependence for solid tumours appears to be linear down to low 
doses, while animal experim ents and cell studies with photons generally provide 
curvilinear dose dependences. This has caused a somewhat inconsistent approach in 
the derivation o f nom inal risk coefficients by the ICRP [13 ,14]. In the numerical risk 
models —  particularly in the central studies from  the Radiation Effects Research 
Foundation (RERF) —  linear dependences have been utilized; the ICRP has 
em ployed the num erical results, but has then m andated a reduction by introducing a 
dose and dose rate effectiveness factor (DDREF) o f m agnitude 2. This has provided 
the nom inal risk coefficient o f 0.05 Sv- 1  for the population and 0.04 Sv- 1  for the 
working population.

N ot surprisingly, there has been criticism of such a two step procedure. Those 
who favour higher risk estimates have term ed the ICRP approach capricious, because 
it em ploys in a first step the num erical analysis o f the epidem iological data, but 
changes these subsequently with reference to extraneous inform ation. Others, who 
argue for lower risk estim ates, have observed that animal data suggest generally 
higher dose and dose rate reduction factors and that the assum ed DDREF should 
therefore be higher.

Being criticized from  two opposing directions, the estimate o f the ICRP does 
not seem to be unduly off centre. But its derivation lacks the clear reasoning that 
requires the modelling o f radioepidem iological data to incorporate a priori certain 
established radiobiological principles, rather than being subjected to  belated 
adjustments.

Any m odelling is, o f course, arbitrary to some degree. B ut in the absence of 
m ore detailed inform ation, it appears reasonable to explore curvilinearity by describ
ing the dose dependences for photon radiations by linear-quadratic relations and to 
explore whether such relations are statistically consistent w ith the observations. In
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Crossover dose, Д (Gy)

FIG. 2. Excess relative risk, a, per gray o f y  rays computed on the basis o f the linear— 
quadratic dose dependence (Eq. (3)) for (a) the solid cancer and (b) the leukaemia mortality 
data from Hiroshima. The shaded areas indicate the parameter combinations a and A = a/b 
that are consistent with the data (95% confidence region). The solid lines give the best esti
mates o f a conditional on A Each value A corresponds to a value o f the DDREF, as indicated 
on the upper abscissa. The radiobiologically acceptable models (A <lGy and DDREF >2) lie 
to the left o f the dashed vertical line. For solid cancer mortality, the best estimate o f DDREF 
is close to unity; fo r  leukaemia it is somewhat larger than 2 (open circular dot). For dosimet
ric and computational details o f these and subsequent calculations see Ref. [15].

terms o f the excess relative risk, ERR, and in  a simplified form ulation that accounts 
only for photons, the linear-quadratic dose dependence has the form

ERR = a D y +  b D * (1)

The full relation that also accounts for neutrons is discussed in Section 3.3.1.
H ere Д = a lb  is term ed the crossover dose, for which the linear com ponent 

equals the quadratic com ponent. If  an observation is made at dose D ^  the reduction 
factor is —  as is readily shown —  equal to 1 + D ^ /A . From  Fig. 1 it is seen that for 
Hiroshima, 1 Gy is approxim ately the central dose value for the attributed cancers.
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The value D D REF = 2 therefore corresponds roughly to Д = a lb  = 1 Gy. Explorational 
com putations with the linear-quadratic relation have been perform ed with numerical 
methods that are explained in detail in Ref. [15]. These calculations indicate, as 
shown in Fig. 2 for the solid cancer mortality data, that the value Д = 1 Gy and the 
corresponding DDREF = 2 are marginally consistent w ith the observations, while 
substantially sm aller values of A and larger values of D DREF would be inconsistent. 
The results are given here only for Hiroshima, as the m ajor data set. Calculations for 
Nagasaki are consistent w ith a lb  = 1 Gy, but they are less inform ative because o f the 
sm aller size o f the cohort and also because o f dosim etric uncertainties for a m ajor part 
o f the cohort that consists o f factory workers whose shielding conditions are difficult 
to assess.

The ICRP has stated earlier that DDREF = 2 is the largest value com patible 
with the A-bom b survivors data for solid tumours, while it is fully in agreem ent with 
the data for leukaemia. The present com putations support this statement; being 
merely exploratory, they will need to be repeated in terms o f the detailed original 
data, rather than the condensed public data sets for cancer mortality and incidence in 
Hiroshim a and Nagasaki. A  second, perhaps even more important, point is taken up 
in Section 3.3. This is the still unresolved contribution o f neutrons to the effects at low 
doses in Hiroshima, which implies that the present considerations depend on the 
uncertain validity o f the current dosim etry system, D S 8 6 .

W ith the proviso o f the unsettled dosim etry issue, it can thus be concluded that 
the ICRP risk estimates appear to rem ain reasonably consistent with the continuing 
follow-up o f the A-bom b survivors. However, in anticipation o f subsequent conclu
sions, it can be stated that a potential revision o f the D S 8 6  could prove those estimates 
to be quite conservative. The values DDREF = 2 and a lb  = 1 Gy, the latter o f which 
has been used in the first probability o f  causation tables [3], are thus cautious but rea
sonable assumptions. It m ust furtherm ore be noted that the risk estim ates for solid 
tum ours contain an added elem ent o f conservatism. The reason is that they are based 
on the projection into the future o f a relative risk that depends on dose and age at 
exposure but is —  after a latent tim e —  constant in tim e after exposure. This ‘age at 
exposure m odel’, i.e. the assum ption o f a constant relative risk, is increasingly at 
variance with the evolving follow-up o f cancer m ortality and incidence among those 
who were exposed in H iroshim a and Nagasaki at young ages [9, 16]. Several years 
ago, Kellerer and Barclay [7] proposed the ‘age attained m odel’, in which the excess 
risk depends only on age attained and not on age at exposure. They showed that in 
this alternative model the lifetim e attributable risk is only weakly dependent on age 
at exposure and that the nom inal risk coefficient —  which averages over all ages —  
is reduced by about a factor o f 2 .

W hen the age attained model was first proposed, the pooled data for all solid 
tum ours were equally consistent w ith the age at exposure and age attained models. 
But the trend o f decreasing relative risks has continued [9, 16], and Pierce and
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Organ dose (red bone marrow) (Sv)

FIG. 3. C ollective dose distribution fo r  the Techa R iver population (approximate values 
according to Refs [17, 18]). The vertical lines indicate the pred icted  solid  cancer deaths up to 
the specified dose, each solid  line marking an increment o f  50. The numbers are derived  as in 
Fig. 1, but in view  o f  the low dose rate o f  the exposures, the quadratic term in dose is d is
regarded. The collective dose fo r  the nuclear workers ofM ayak  is o f  sim ilar magnitude, but it 
is largely due to plutonium incorporation, and its distribution is less readily estimated.

M endelsohn have now concluded [8 ] that for the majority o f solid cancers, i.e. those 
that are not sex or horm one dependent, the excess is, indeed, exclusively dependent 
on age attained. The further reduction factor 2 —  beyond the DDREF —  is thus 
utilized in the present calculations o f absolute risk coefficients.

A  curvilinear dependence on dose has usually been associated with a reduced 
effect even of high doses if  the dose rate is low, which is the reason for the ICRP 
term inology ‘dose and dose rate effectiveness factor’. Earlier radioepidem iological 
data have not provided direct evidence for this radiobiological principle, but the 
em ergence o f  new cohorts exposed in the former Soviet Union, especially the nuclear 
workers of M ayak and the highly exposed populations at the Techa River [17, 18], 
may produce such evidence. Tentative results o f these epidemiological studies seem 
to support the assum ed dose rate reduction factor DD REF = 2 and may even be con
sistent w ith somewhat larger values, but the definitive analyses have not yet been per
formed. Regardless o f the ultim ate results, it can be said that these investigations will 
parallel and com plem ent the observations on the A -bom b survivors with collective 
doses that are —  as seen in Fig. 3 for the Techa population —  o f the same order of 

, magnitude. The nuclear workers o f M ayak have incurred a sim ilarly large collective 
dose, although it is, at this point, still difficult to specify its distribution in  dose. There 
is no doubt that the follow-up o f these workers will also be highly informative.

3.3. RBE

The contribution o f neutrons to health effects am ong the atomic bom b survivors 
has been and continues to be controversial. W ith the earlier dosimetry system, TD65,
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it appeared that the neutrons contributed predom inantly to the health effects at low 
doses in H iroshim a [19, 20]. A m ajor international effort subsequently led to a revi
sion and to the dosim etry system  D S 8 6 , which suggests much sm aller neutron doses 
than earlier anticipated [21]. In consequence, the у rays are currently held to be 
responsible for m ost o f the health effects at all dose levels in Hiroshima; the risk esti
m ates for photons were accordingly increased —  w ith some resulting public irritation 
and misgivings over the seeming instability o f risk estimates.

W hen D S 8 6  was released, it was perhaps not sufficiently em phasized that there 
were continued inconsistencies concerning the neutrons. M easurem ents o f several 
activation products o f low energy neutrons indicated m ore neutrons than D S 8 6  pre
dicted, but in the balance o f the existing evidence the calculational results were 
accepted. A t least in the public domain, there was little or no awareness o f the re
m aining uncertainties. It would therefore be uncom fortable to announce another 
turnaround that may becom e necessary in view o f mounting evidence from  neutron 
activation m easurem ents [22]. The issue is not settled, but m easurem ents o f high 
energy neutron activation products —  currently 63Ni in copper samples (rain gutters 
from  H iroshim a) and eventually 39Ar in stone —  may before long provide more direct 
evidence. A t present, it appears wise to take a dual approach, and to consider as two 
possible scenarios the continued use o f the D S 8 6  and its tentative modification. Both 
positions are uncertain, but both have im portant implications, and there is, in fact, 
some com mon ground in the observation —  largely overlooked in past discussions —  
that estimates o f the photon and neutron risk coefficients stand in an inverse relation 
that is determ ined by the ratio o f attributing the low dose effects in Hiroshim a to 
neutrons and photons.

3 .3 .1 . The ro le  o f  n eu tro n s (sc e n a r io  1: co n tin u ed  a c c e p ta n c e  o f  D S 8 6 )

Past m odelling has accepted the validity o f D S 8 6 , and from  the small contribu
tion o f neutrons to the total dose it has been taken as a foregone conclusion that they 
contribute little. Accordingly, they were accounted for roughly, with little regard for 
established radiobiological principles. A lthough it is well known —  from  a multitude 
o f radiobiological investigations —  that the RBE o f neutrons decreases with dose 
[23-25], a constant dose m odifying factor w  has been used to obtain a weighted dose, 
D w =  D y +  w D n.x The concept is not m eaningful except at small doses, and this is 
particularly evident when a linear-quadratic dose dependence is assumed:

1 This being formally analogous to the definition of the effective dose, the quantity is 
commonly used with the special name sievert (Sv) for its unit. In strict usage, this name is 
reserved for the equivalent doses which are defined in terms of the officially adopted radiation 
weighting or quality factors.
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ERR = a D w +  b D 2

-  a D y  + a w D n +  b D  2 + b w 2D 2 +  2 b w D J ) n (2)

This equation is inconsistent with radiobiological experience, where the 
weighting factor for neutrons is always seen to apply only to the linear component, 
w hich corresponds to the increased intratrack action o f densely ionizing particles. The 
term b w 2D 2, which can assume very large values, is thus an artefact o f inappropriate 
modelling. A  realistic description —  which has already been used in a particular con
sideration in the last incidence report from  the RERF [16] —  invokes the relation

ERR = a D y + a R D n +  b D 2 (3)

where the symbol R , rather than w , is used for the RBE o f neutrons, which relates in 
this form ulation —  and in agreem ent with radiobiological principles —  merely to the 
lim it o f small doses. The added terms b D 2 and 2b D y D n could be included, but they 
are uncertain and are num erically irrelevant when —  as is the case in H iroshim a —  
the neutrons contribute only a m inor fraction to the total dose. The essence o f Eq. (3) 
is that it accords with the decrease o f the neutron RBE with increasing dose which 
follows from  m icrodosim etric principles and which is generally observed in radiobi
ological studies [23].

Neutrons (Sv'1)

FIG. 4. Nom inal risk coefficients fo r  lifetime attributable so lid  cancer m ortality f o r  y  rays and  
neutrons. The data are com puted on the basis o fD S 8 6  with the crossover dose constrained to 
A <  1 Gy. The shaded area indicates the 95%  confidence region fo r  acceptable combinations 
o f  the risk coefficients. Some lines o f  constant neutron RBE are indicated. The putative values 
o f  RBE must not be confused with the quality fa c to r or the radiation weighting fa c to r which is 
here — in line with current convention — se t equal to 15. An effective dose 1 Sv o f  neutrons 
thus corresponds to the absorbed dose 0.067 Gy o f  neutrons.
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Absorbed dose (Gy)

FIG. 5. Excess relative risk fo r  so lid  cancer m ortality versus total absorbed dose in 
Hiroshima. The computations are perform ed on the basis o f  DS86, with the crossover dose  
constrained to A <  1 Gy. The effect o f  the neutrons alone is indicated by the shaded areas. The 
points and standard errors result from  a separate analysis f o r  different dose groups in the data  
sets; they illustrate the quality o f  the f i t  with regard to the total dose.

Analysing the H iroshim a solid cancer mortality or incidence data in term s of 
this relation one finds —  in line with earlier conclusions [9, 16] —  that any value of 
the m axim al RBE o f neutrons is consistent with the data, i.e. that the true value can
not be determined. However, there is, as shown in Fig. 4, an im portant inverse relation 
between a  and aR , i.e. between the inferred risk factors for photons and for neutrons. 
An assum ed neutron RBE o f about 15 provides the absolute risk coefficient
0.025 Sv-1. This agrees, in essence, w ith the current ICRP estimates [13], but is 
sm aller by a factor 2  because o f the replacem ent o f the constant relative risk model 
(age at exposure model) by the age attained model [7, 8 ]. Large assum ed values o f R  

provide lower risk coefficients for photons; the resulting risk coefficients for neutrons 
are then, o f course, larger, but —  and this is important —  they increase less than 
proportionally to the assumed high values o f the neutron RBE. Figure 5 gives the over
all fit o f the param eter estimates to the different dose groups. It is recognized that val
ues o f R  larger than 100 would imply that less than half o f the effect is due to photons 
even at doses between 1 and 2 Gy. This would seem to be in conflict w ith the effects 
o f photons observed in Nagasaki, and values o f R  beyond 100 are therefore unlikely.
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FIG. 6. Ratio o f  neutron to у  ray dose versus у  ray dose in Hiroshima (dotted line) and in 
Nagasaki (broken line) and the tentatively m odified dependence fo r  Hiroshima (solid line). The 
individual values are averages fo r  the dose classes in the RERF data sets fo r  cancer m ortal
ity and cancer incidence.

Accepting the validity o f D S 8 6 , one thus com es to results that are largely in line 
with the current position o f ICRP: if  a linear-quadratic dose relation is assumed, the 
linear com ponent for the у rays appears to be larger than zero. This is certainly no 
definite proof for the non-threshold theory, since the considerations are a priori based 
on the linear-quadratic dose dependence. Certain unknown complexities at low doses 
can never be excluded, and they could go either way. In fact, a m ultitude o f insuffi
ciently understood radiobiological observations can be adduced to indicate that the 
actual effective probabilities at very low doses could be less than predicted by the 
linear-quadratic model, or that they could be larger. B ut as long as such com plexities 
are not reliably identified, and their role in human carcinogenesis is not dem onstrated, 
they cannot be included in the risk estimates. In this sense, one can speak o f a 
plausible argum ent for the no threshold model —  provided that D S 8 6  is valid.

3 .3 .2 . The ro le  o f  n eu tro n s (sc e n a r io  2: rev is io n  o f D S 8 6 )

A different situation will arise if  the current m easurem ents should confirm  the 
conclusions from  past determ inations o f low energy neutron activation. A m odified 
neutron dosim etry would then have to be assumed, and the w ork o f Straume et al. [22] 
suggests a distance dependent correction factor which provides the fractional contri
bution o f neutrons to the total dose that is indicated in Fig. 6 .

Exploratory com putations with the tentatively modified dosim etry suggest as 
best fit —  not merely as a statistically adm issible fit —  a substantial quadratic

jJ-----------1____I__ i i i i i i I_______ i____i »

Colon doses 0 RERF mortality data О 950' 1990)
о RERF incidence data (1958-1987)
--------  Hiroshima (DS86 modified)
.......... Hiroshima (DS86)
--------Nagasaki (DS86)

i — i— i— i i i i----------------- j— :— i------ г
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Neutrons (S v1)

FIG. 7. Nominal risk coefficients fo r  lifetime attributable cancer m ortality fo r  y  rays and neu
trons. The data are com puted on the basis o f  the tentatively m odified D S86 with the crossover 
dose constrained to A < 1  Gy. The shaded area indicates the 95%  confidence region f o r  accept
able combinations o f  the risk coefficients. Some lines o f  constant neutron RBE are indicated. 
For comparison, the dotted  line g ives the dependences fo r  the unmodified D S86 (see Fig. 4).

com ponent in dose for photons. This would resolve the seeming incoherence with 
radiobiology which has long been a problem  with the solid cancer data in Hiroshima. 
Figure 7 gives the resulting fits to the individual dose groups; it indicates, especially 
at low doses, increased attribution o f the observed effect to neutrons. As seen in 
Fig. 8 , the estim ated risk coefficients for photons decrease steeply if  larger neutron 
RBEs are assumed. Equally im portant is that even if the neutron RBE were very high, 
i.e. if  all or nearly all effects at low doses were ascribed to them, their risk coefficient 
would not exceed the presently assum ed values by more than a factor o f 2. The risk 
estim ate for photons would then vanish. W ith the revised dosimetry, the data in 
H iroshim a could thus cease to be proof for a finite effect o f photons at low doses, a 
very m ajor im plication with regard to the current discussion o f the linear no threshold 
model o f radiation risk and, o f course, a reason to take an even closer look at the 
inform ation from  other sources, especially that from  Nagasaki.

4. CONCLUSION: EM ERGING RADIOBIOLOGICAL ISSUES

Risk m odelling requires, as has been shown, the incorporation o f radiobiologi
cal principles, such as the non-linear dose response for photons and the dependence 
o f RBE on dose. In spite of such necessary linkage to radiobiology, the nominal risk 
coefficients continue to be based almost exclusively on epidemiological data.
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Absorbed dose (Gy)

FIG. 8. Excess relative risk f o r  so lid  cancer m ortality versus total absorbed dose in 
Hiroshima. The computations are perform ed on the basis o f  the tentatively m odified D S86 with 
the crossover dose constrained to A <  1 Gy. The effect o f  the neutrons alone is indicated by the 
shaded areas. The poin ts and standard errors result from  a separate analysis f o r  different dose  
groups in the data sets; they illustrate the quality o f  the f i t  with regard to the total dose.

Radiobiological knowledge alone, w ithout such data, would not provide even the 
m ost uncertain num erical risk coefficients, and this is unlikely to change soon.

But in the course o f its rapid evolution, m olecular biology is bound to com ple
m ent —  and perhaps ultim ately to supplant —  the radioepidem iological investiga
tions. For som e tim e now, m olecular m arkers have been sought that m ight be specific 
for radiation induced cancer, but none have been confirmed as yet. The search needs 
to continue, since any step towards a m olecular radiation epidem iology could greatly 
expand the potential o f epidem iological investigations.

A second current focus is individual susceptibility to the effects o f ionizing 
radiations. If  certain gene defects enhance sensitivity to radiation, they must be 
studied for a m ultitude o f reasons. They can be powerful indicators towards the recog
nition o f m olecular m echanism s, and they can provide som e added inform ation for 
num erical assessm ent o f risk, but they could also —  if  they were readily recognizable
—  inject new ethical and legal questions into the practice o f radiological protection. 
Contrary to some alarm ing statements, however, it appears that it is only a m inor
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fraction o f the total risk in an exposed population that m ay be linked to subgroups of 
enhanced susceptibility.

W hile these and sim ilar developments are now emerging, they need to be 
accounted for in gradual steps. Em pirical models to fit observed results can be of 
great variety, and their variety is further am plified in all attem pts at extrapolation to 
m inute doses. This summ ary has dealt with principles that m ust be taken into account 
to m ake a model sensible and to provide acceptable quantifications o f risk. But the 
am bition can go further and aim  at ‘m echanistic m odels’. A t present, it does not 
appear that models o f this kind can add to the num erical precision o f estim ated risk, 
nor can they generally exclude num erical assum ptions. Specifically, there is little 
indication now of added knowledge o f the dose-response relation —  particularly at 
m inute doses. Nevertheless, these m odels will be helpful as heuristic tools to test 
observed results o f epidem iology against presum ed m olecular and cellular processes, 
and this m ay first provide tangible num erical results in the attem pt to analyse and 
intercom pare the age and tim e dependences of spontaneous and radiation induced 
tum our rates of different sites and tissues.

Conventional radiation epidem iology will certainly be less conventional, but it 
will not be m ade dispensable by the new biology.
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SUMMARY OF DISCUSSION

Forum 6

D.J. BENINSON (Argentina): The threshold question, which is still unresolved, 
may be unim portant in practice since, by middle age, the total effective dose due to 
the natural background is above 50 mSv, so that the risk associated with additional 
doses can be assessed on the assum ption that the additional exposure w ill lie above 
any threshold one can reasonably postulate. W ould A.M. Kellerer care to com ment?

A.M. KELLERER (Germany): The quantity o f interest is often —  or always, if 
one is considering occupational exposures —  the slope o f the d ose-e ffec t curve at 
50 mSv rather than at zero dose. Any threshold below 50 mSv is therefore irrelevant 
in such cases.

Your argument is, o f course, closely related to the com parison of small expo
sures with variations in background —  a com parison which should alone be sufficient 
protection against regulatory excesses.

M. SOHRABI (Islamic Republic o f Iran): The doses to the Techa River popu
lations and to the M ayak nuclear workers are attributable to both external and inter
nal exposure, whereas the H iroshim a and Nagasaki data are for only external expo
sure to neutrons and gam m a rays. W hy has internal exposure not been included in the 
case o f the Hiroshim a and Nagasaki data?

A.M . K ELLERER (Germany): For the atomic bom b survivors, only the direct 
radiation from  the bom bs was im portant —  the fallout was inconsiderable, and the 
internal exposure due to it can be entirely disregarded.

M. SOHRABI (Islamic Republic o f Iran): W hat kind o f neutron RBE (relative 
biological effectiveness) factor did you use for correction purposes?

A.M. K ELLERER (Germany): We used a linear-quadratic dose dependence 
that includes a linear term for neutrons weighted by the factor R , which equals the 
RBE o f neutrons at low doses. A t higher doses, the neutron RBE is inversely propor
tional to the square root o f the neutron dose. This decrease in the RBE with dose is 
suggested by m icrodosim etric considerations and has been observed in numerous 
radiobiological studies1.

D. PR ESTO N  (U nited  S tates o f  A m erica): D uring the ten years since the 
current dosim etry system  —  D S 8 6  —  was introduced, doubts have been expressed 
regarding the atomic bom b survivor dosim etry; they have focused on discrepancies

1 KELLERER, A.M., ROSSI, H.H., The theory of dual radiation action, Curr. Top. 
Radiat. Res. Q8  (1974) 85-158.
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between calculations and m easurem ents in the case o f therm al neutrons at H iroshim a
—  an issue which has been considered carefully by senior dosim etry com mittees in 
the United States o f Am erica and Japan.

A lthough these com m ittees have not yet arrived at a consensus on the nature of 
the changes to be made, it seems at present that the Hiroshim a gam ma dose values 
will be raised by about 10%. The Hiroshim a neutron dose values will probably also 
be increased, but at present it seems likely that the distance dependence o f the 
increase will be less m arked than w hat the results o f Straume et a l .2  suggest; in fact, 
there m ay be little distance dependence in the neutron dose value correction factor. 
How will this affect your results?

A.M. K ELLERER (Germany): With D S 8 6 , the relative contribution o f neutrons 
to the total absorbed dose in Hiroshim a is largest at high doses. Therm al neutron acti
vation m easurem ents indicate a reversal o f this trend, and thus would —  as I have 
pointed out —  have a m ajor im pact on the estim ated shape o f the dose dependence 
curve for gam m a rays.

If  the results o f the new measurements o f high energy neutron activation products 
(such as 6 3 Ni) should not be in line with the results of the therm al neutron m easure
ments, providing instead a distance independent correction fac to r/, the dose depen
dence for gam m a rays would change less. In fact, Figs 4 and 5 in paper IAEA-CN- 
67/K6 would continue to apply. One would merely have to divide all R  values and the 
abscissa values in Fig. 5 by / ;  the change in the abscissa values in Fig. 4 would be 
minor. The overall results would be some decrease in the risk coefficient for photons 
and a substantial decrease in the highest possible risk coefficient for neutrons.

E.J. H ALL (United States o f America): The apparent linearity o f the data for 
solid cancers with dose disagrees with all the laboratory evidence. Could the reason 
for it be the presence of neutrons at low doses —  or perhaps the scarcity of the data, 
which may reflect also saturation due to cell killing?

A.M . K ELLERER (Germany): The apparent linearity is certainly disturbing. 
Even m ore disturbing, however, is the assumed sim ultaneous linearity for neutrons 
and gam m a rays; it would correspond to an RB E that is constant w ith dose and 
therefore in conflict w ith a general radiobiological principle.

I have stated that the —  somewhat preliminary —  computations for solid cancer 
m ortality  in H iroshim a are m arginally  consistent w ith a linear-quadratic  dose 
dependence that fits a dose and dose rate effectiveness factor D DREF = 2. The fit for 
the incidence data is somewhat worse. It may be acceptable, however, since corrections 
for dose uncertainty would slightly increase the curvature of the dose dependence

2 STRAUME, T., et al., Neutron discrepancies in the DS8 6  Hiroshima dosimetry system, 
Health Phys. 63 (1992) 421-426.
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curve. Thus, the reason could —  as you have indicated —  be the scarcity of the data. 
One would feel more com fortable, however, if  a revised neutron dosim etry w ere to 
explain the apparent linearity as the coincidental result o f a fractional dose contribu
tion by the neutrons that decreases with total dose and the gam m a ray effect, which 
includes a quadratic term.

T.D. LUCKEY (United States o f America): M any o f the scientists concerned 
with the biological effects o f ionizing radiation base them selves on the LN T hypoth
esis, but the literature o f the past five years contains overwhelm ing evidence o f a 
threshold as regards total mortality from  cancer in humans. I would mention in this 
connection paper IAEA -CN -67/126 by Hattori e t al., sum m arized during Forum  2, 
and paper IAEA-CN-67/4, which I shall summ arize during the Special Session and 
which points to a total cancer mortality rate in nuclear workers only 6 6 % as high as 
that found in carefully selected controls.

W hen reporting the scientific results, care should be taken not to m islead the 
people responsible for regulatory control.

A.M . K ELLER ER (Germ any): Epidem iology is not suited to  identifying 
small variations in relative risk. It is necessary to  estim ate risks through extrapola
tion from  high doses, at w hich significant effects can be seen. Such extrapolation 
cannot avoid uncertainty, however, since various com plexities are h idden in the 
statistical ‘no ise’ —  com plexities w hich can go either way and can hardly be taken 
into account as long as they are neither understood nor observable. U sing a fairly 
sim ple overall fit to the data, such as a linear o r a  linear-quadratic  relation, is 
therefore reasonable. Focusing on arbitrarily selected low dose subgroups am ong 
the atom ic bom b survivors has led to risk  estim ates w hich are high, low or even 
negative —  but always very unreliable.

Studies o f nuclear workers are useful in testing for consistency or inconsistency 
w ith the results o f studies based on a broader range o f doses. The confidence ranges 
o f their results are too broad to provide one meaningful best value, but, as shown in
E. Ron’s keynote address (IAEA-CN-67/K5), the totality o f the nuclear worker studies 
is consistent with current risk estimates.

In recent years, many ecological studies have pointed to a dose threshold, while 
many others have pointed to greatly elevated risk factors. As a rule, they have —  for 
sound epidemiological reasons —  tended to confuse the radiation risk issue rather than 
clarify it.

Regulatory control based on com m on sense means a reasonable balance of 
potential risks; it does not require zero risk.

A. BAYRAKOVA (Bulgaria): In paper IA E A -C N -67/186, m ean values are 
presented and interpreted. Could one not have considered the number —  or percentage
—  of individuals with elevated levels o f chrom osom al aberrations? That would give 
some insight into the problem  o f individual radiosensitivity.
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M. M ORENO DOM EÑE (Spain): We have data on individuals, but we do not 
think they are relevant in the kind of epidemiological study on which I reported in 
paper IAEA -CN -67/186.

M. JAM ALI (Islamic Republic o f Iran): A fter irradiation, there are usually 
som e cells displaying m ultiple micronuclei. I should like to ask A. Jaworska (paper 
IAEA-CN-67/144) how she and her colleagues distinguished between such cells and 
apoptotic cells.

A. JAW ORSKA (Norway): Although multiple m icronuclei did develop after 
irradiation, our technique —  flow cytometry with deoxynucleotidyl transferase (TdT) 
assay —  enabled us to detect the strand breaks which occur in early apoptosis.

T. OHNISHI (Japan): How does M.M. Elkind (paper IAEA -CN-67/70) explain 
the high LET dose rate effect?

M.M. ELKIND (United States o f America): In order to explain it, one need only 
consider the cell end radiobiology. We have found the late G2/mitosis phase to be a 
sensitive window for transform ation in the growth cycle. High LET at a low dose rate 
or protracted large m ultifractionation doses allow m ore cells to be irradiated in the 
sensitive window. This accounts for the transform ation increase.



REPORT ON A RECENT PUBLICATION 
A  records linkage study o f  the  G ardner hypothesis

R. CLARKE
N ational Radiological Protection Board,
Chilton, D idcot, Oxfordshire,
United Kingdom

It is with some trepidation that I venture to the podium  in the presence o f such 
em inent epidem iologists and radiobiologists, but as K. M abuchi has ju st said, a report 
was published a week ago in the British M edical Journal [1] which was the result 
o f a study to test the Gardner hypothesis. None o f the authors is present here, but 
since several o f them are affiliated with my own organization, I seem to have been 
nom inated to describe that report to you briefly.

The Gardner hypothesis [2], you may remember, saw a linkage between paternal 
irradiation either o f an accum ulated dose greater than 100 mSv or a dose in excess o f 
10 m Sv in the six months prior to conception.

This study was established to investigate whether this apparent effect o f paternal 
preconception radiation exposure could be seen more generally, or indeed whether 
m aternal exposure to ionizing radiation was a cause.

FIG. 1. Results o f  record linkage: number o f  radiation workers whose children developed  
cancer o r whose children were m em bers o f  the m atched control group.
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This study, carried out by colleagues at the University o f Oxford and others, 
linked children identified over the last 30 years or so in Great Britain with controls. 
As Fig. 1 shows, parents o f children with cancer and the control parents were linked 
with the N ational Register o f Radiation W orkers (NRRW ), which we hold at NRPB 
and which has about 120 000 records. This linkage identified both radiation workers 
whose children had developed cancer (some 82 m en and 15 women) and radiation 
workers whose children were controls (some 79 men and 3 women). Small numbers, 
but a linkage was made.

The analysis was done separating out the Gardner cases in the case o f fathers, 
because we wanted an independent test o f the hypothesis. Table I shows that 
leukaem ia or non-Hodgkin’s lym phom a (LNHL), and other cancers as well, occurred 
in offspring o f m others who were radiation workers.

TABLE I. N U M B ER S OF LIN K A G ES TO T H E NATIONAL 
R EG ISTER  OF RADIATION W ORKERS FO R  PARENTS OF 
CASES AND CONTROLS

Cases Controls

Fathers
LNHL (non-Gardner) 40 38
LNHL (Gardner) 9 (total LNHL, 49) 6  (total LNHL, 44)
Other cancers 33 35
All cancers 82 79

M others
LNHL 4 1

Other cancers 1 1 2

All cancers 15 3

Table II indicates that overall in the non-Gardner cases there was an elevated 
statistically significant risk o f the child o f a m ale radiation worker having leukaem ia 
or non-H odgkin’s lymphoma. B ut there was no trend with increasing dose, and the 
results were not statistically significant; indeed, the m ost significant result was in the 
workers who had doses below the level o f threshold on their badges. If  we included 
the G ardner cases the results are essentially the same, and for all cancers except 
leukaem ia and non-H odgkin’s lym phom a we did not get any elevated risk.

Results were produced in a sim ilar way for 10 mSv in the six months prior to 
conception, and for the three months prior to conception (which was thought to be 
m ore biologically significant), and in neither case was any significant trend with dose
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TABLE II. LEU K A EM IA  AND N O N -H O D G K IN ’S LYM PHOM A IN  O FF
SPRING OF M A LE RADIATION W ORKERS (EXCLUDING G ARDNER CASES 
AND CONTROLS)

Total preconception dose 
(mSv)

Cases Controls Relative risk
95%

confidence intèrval

<0 .1 6 0  - __ 1.19-00
0 .1^9 .9 29 32 1.47 0.81-2.68
50-99.9 4 2 4.49 0.60-52.0
1004- 1 4 0.46 0.01-5.17
All non-Gardner cases 40 38 1.77 1.05-3.03
Including Gardner cases 49 44 1.83 1.11-3.04
All cancers except LNHL 33 35 0.94 0.56-1.58

TABLE III. CHILDHOOD CANCERS IN  OFFSPRING OF FEM ALE 
RADIATION W ORKERS

Cases Controls Relative risk
95%

confidence interval

LNHL 4 1 4.00 0.40-196.5
All other cancers 1 1 2 5.50 1.20-51.0
All cancers 15 3 5.00 1.42-26.9

found. In the case of fem ale radiation workers (Table III), the num bers are extremely 
small. There was not a statistically significant result for leukaem ia and non- 
H odgkin’s lym phom a, but there was a statistically significant result (albeit with a 
very, very wide confidence interval) for solid tumours. But there was no trend in can
cer risk with preconception dose.

The conclusion o f the authors is that the results do not support the Gardner 
hypothesis, so why is there an apparent association with cancer risk in the children of 
radiation workers? Well, the num bers are small and it could be by chance, or it could 
be the result o f exposure to an infective or other agent. There is evidence of infective 
agents causing this type o f effect. Nonetheless, any increased risk in the children of 
m ale radiation workers is small in absolute term s (one extra case per 1800 up to 
age 15, in addition to a baseline risk o f one per 1500), and the authors felt that the 
num bers were too small to m ake reliable estimates o f risk for the female workers.

Thank you for the opportunity to present these results.
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Epidem iological data from  populations exposed to ionizing radiation in various 
situations continue to provide the basis for the assessm ent o f cancer risk for radio
logical protection. The long term  follow-up o f the atom ic bom b survivors involves a 
large num ber o f persons exposed at different ages to high and low doses, and remains 
m ost inform ative, providing an extraordinary opportunity for obtaining insights into 
the m agnitude o f an excess risk at fairly low doses. The analysis o f the cancer m or
tality and incidence data from  the atomic bomb survivor cohort has provided evidence 
supporting a no threshold linear dose response for solid cancer.

The discussion concerned several radiobiological issues that are relevant and 
that may have potential im pact on applying the epidem iological data for estimating 
low dose cancer risk. In the past, different descriptive risk  models have been used for 
risk estimation, w ith the constant relative risk model being a preferred choice. 
However, an attained age model, which is supported by a recently developed m echa
nistic model, would imply a downward revision o f lifetim e cancer risk. Further efforts 
are warranted to develop biologically plausible risk models that can be useful in 
cancer risk estim ation at low doses. Im portant questions about neutron dose estimates 
in H iroshim a have not yet been resolved. However, it seems likely that these dose 
estimates will increase, though the precise nature o f this increase is uncertain. 
Substantially higher neutron doses than currently estimated, especially if  there is a 
strong distance dependence in the neutron m odification, will prom pt a reassessm ent 
o f the dose response, incorporating the radiobiological principles such as a non-lin
ear dose response for photons and a decrease o f neutron RBE with increasing dose.

For the atomic survivors and other populations, attem pts are being made to 
develop and improve various biological markers for dose estimates at low dose lev
els. Such efforts should be further expanded, since conventional m easures such as 
chrom osom al aberrations are still o f lim ited applicability when very low doses and 
dose rates are involved.

In view of recent advances in understanding the m olecular genetic basis for 
cancer, it is becom ing im portant that genetic susceptibility be considered in risk 
assessment. There is m uch progress in this area, but it is im portant to note that a small 
subset o f susceptible persons in the population is likely to have only m inor im pact on 
the overall risk estimate.
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A very recent record linkage study in Britain has shown that fathers o f children 
having leukaem ia or non-H odgkin’s lymphom a are more likely than fathers o f 
m atched control children to have been radiation workers, but there was no 
dose-response relationship found between the childhood leukaem ia rate and the 
fathers’ radiation dose for any o f  the exposure periods and dose groups examined.

M ore epidem iological data are needed to address a dose rate effect. Efforts are 
needed to make full use o f opportunities for epidem iological studies o f populations 
w ith protracted exposures. Studies now in progress in various exposed populations in 
the form er Soviet U nion are o f particular interest, and there is a need to link these 
studies to the investigations on the atom ic bom b survivors.

Three final observations can be made:

(a) Current data from  the atomic bom b survivor population support a linear dose 
response for solid cancer, but they are not inconsistent w ith the curvature that 
corresponds to the dose and dose rate effectiveness factor DDREF = 2.

(b) Recent developm ent in risk modelling m otivated by radiobiological insights are 
o f great interest but are unlikely to  contribute in  the near future to  a reassess
m ent o f the risk values.

(c) M ore epidem iological studies in  population groups exposed to low doses or at 
low dose rates are encouraged for better understanding o f  dose rate effects.
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LOW DOSE RADIATION AND HUMAN HEALTH 
R isk  estim ates

D.L. PRESTON
Radiation Effects Research Foundation,
Hiroshima, Japan

Abstract

LOW DOSE RADIATION AND HUMAN HEALTH: RISK ESTIMATES.
Because the effects are small relative to background risks, it is difficult to produce 

precise quantitative estimates of the long term effects of exposure to low doses of ionizing 
radiation on human health. The Radiation Effects Research Foundation’s (RERF) Life Span 
Study of atomic bomb survivors is the primary source for numerical estimates of radiation 
risks. The paper discusses issues related to the estimation of low dose risks from the atomic 
bomb survivor data. These issues considered include direct estimation of low dose risks for 
solid cancers, effects of radiation on leukaemia and non-cancer mortality and how low dose 
risk estimates might be affected by possible changes in the atomic bomb survivor dosimetry. In 
addition to the atomic bomb survivor studies, investigations of large cohorts of nuclear industry 
workers and studies of various populations in the southern Urals of the Russian Federation are 
being studied in order to obtain direct estimates of the effects of low dose or low dose rate 
exposures. These studies are also discussed briefly.

1. INTRODUCTION

Exposure to ionizing radiation has been associated w ith increased risk o f cancer 
in numerous populations [1 ] and there is emerging evidence from  the atomic bom b 
survivors that acute exposures to ionizing radiation may be associated with increased 
risks of non-cancer mortality [2, 3]. The form ulation o f radiation protection standards 
requires quantitative assessm ents o f radiation risk. The quantitative risk estimates 
underlying radiation protection standards proposed by the ICRP [4] and BEIR [5] and 
other groups depend heavily on cancer risk estimates com puted from  data on the 
atomic bom b survivors in the Radiation Effects Research Foundation (RERF) Life 
Span Study (LSS) cohort w ith an allowance for the presum ed reduced effectiveness 
o f low dose rate exposure.

The exposures o f primary interest in radiation protection involve low doses 
(typically less than 100 or even 50 mSv), often delivered at low dose rates. Because 
o f this, some people are critical o f the heavy reliance on risk estimates from  the 
atomic bom b survivors in the development o f radiation protection standards. These 
criticisms are prim arily based on the view that the LSS is a high dose study and that
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statem ents about low dose risks in the LSS rely too heavily on linear extrapolation 
from  high doses to the doses and dose rates o f interest for radiation protection. M ore 
recently, uncertainties about the H iroshim a neutron dose estim ates [6 ] have led [7] to 
questions about the validity o f  any risk estimates based on the LSS data. Interest in 
low dose risks in the atomic bom b survivors increased following publication o f the 
latest general report from  RER F on cancer m ortality [8 ] in which a statistically 
significant increasing trend in cancer risks over the range from  0 to 50 mSv is 
reported. On the other hand, there have also recently been a num ber o f articles in the 
non-scientific press [9-12] stating that atom ic bom b survivors are outliving some 
(unspecified) com parable unexposed population.

W hile LSS risk  estimates are a key com ponent used in the establishm ent of 
radiation protection standards, data from  other, potentially m ore directly relevant 
populations are also important. Studies o f nuclear industry workers (e.g. Refs 
[13-15]) have been used to provide quantitative risk estimates, but uncertainties in 
these estim ates are large, and it seems unlikely that they will have a m ajor im pact on 
the risk estimates used for establishing radiation protection standards. As m ore is 
learned about the occupational and environm ental radiation exposures that resulted 
from  the operation o f the M ayak plutonium  production facility in the southern Urals 
o f the Russian Federation, it is becom ing apparent that studies o f the M ayak workers 
and residents o f the contam inated areas on the Techa River are im portant potential 
sources for quantitative estim ates o f  risk from  low dose rate exposures [16-18]. If  
reliable risk estim ates can be derived from  these cohorts, they will be an extremely 
im portant com plem ent to the atomic bom b survivor risk estimates. The large cohort 
o f Chernobyl em ergency workers [19] for whom dose estim ates are available also has 
the potential to provide useful information on low dose risks with additional follow-up.

In view o f the central role o f risk estimates derived from  the experience o f the 
LSS in developing radiation protection standards, and the questions that have been 
raised about the applicability o f LSS risk estimates, the prim ary focus here is to 
review inform ation on low dose risks in  the LSS and to discuss what the LSS suggests 
about non-cancer risks and the longevity o f survivors. I will also briefly discuss the 
finflings o f m ajor occupational studies and the studies o f the radiation exposed popu
lations in the southern Urals.

2. LOW  DO SE RISKS IN ATOMIC BOMB SURVIVORS

2.1. The LSS as a low dose study

Depending on their location and shielding at the tim e o f the bombs, within a 
few seconds o f the detonation survivors received doses ranging from  less than 1 mGy 
to m ore than 4 Gy. W hile, as noted above, the LSS is generally thought o f as a
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TABLE I. COLLECTIVE DOSE IN THE LIFE SPAN STUDY

Weighted colon 
dose (Sv)

Number of 
people

Cumulative
percentage

Collective dose 
(person-Sv)

< 0.005 36 459 42.1 9
0.005-0.1 32 849 80.1 939
0 .1- 0 . 2 5 467 86.4 776
0.2-0.5 6  308 93.7 2  0 1 2

0.5-1 3 202 97.4 2 251
1 - 2 1 608 99.2 2 214
> 2 679 1 0 0 2 078

Total 8 6  572 10 279

TABLE II. COM PARISON OF TH E LOW  DOSE PORTION (<200 mSv) OF THE 
LIFE SPAN STUDY W ITH  COHORTS INCLUDED IN TH E IARC POOLED 
W ORKER STUDY

Study People Person-Sv Mean dose (mSv)

LSS <200 mSv 74 775 1 712 23
Hanford 32 595 877 27
Other US workers 13 229 383 29
Sellafield 9 494 1 310 138
Other UK workers 29 000 959 33
AECL 11 355 315 28
Pooled worker studies 95 673 3 843 40

high dose study, m ost survivors in the LSS received doses in the range o f interest for 
radiation protection. Indeed, as indicated in Table I, about 80% o f the survivors in the 
LSS received doses that were less than 100 mSv.

It is also o f interest to com pare the low dose portion o f the LSS with thé m ajor 
occupational cohorts included in the recent international pooled analysis [13]. This is 
done in Table II.

The low dose portion o f the LSS is larger than any one o f the occupational 
cohorts considered in the pooled analysis and, in terms o f collective dose, about 45% 
o f the size o f the full pooled worker cohort analyses. Thus, while the LSS cannot
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address questions o f dose rate, it seems inappropriate to dism iss it as simply a high 
dose study.

2.2. Low dose solid cancer risks in the LSS

The basic difficulty with any low dose study is that the radiation effects are 
small relative to the background. Thus, under the best o f circum stances, it will be 
difficult to detect the effects o f interest. In addition, since the rates of background 
cancer and other diseases often vary, even in relatively hom ogeneous populations, by 
am ounts that are com parable to or greater than the likely low dose radiation effects, 
biases can easily distort com parisons o f rates for low dose exposed groups with those 
for unexposed groups or the general population.

Despite these difficulties, there is considerable interest in determ ining the 
lowest dose for which a statistically significant excess risk can be seen. The most 
com m only used technique for doing this has been to divide the dose range into an 
arbitrary num ber o f intervals and test whether or not the risks within each dose group 
are significantly greater than those in the zero (or low) dose com parison group. This 
m ethod has some serious lim itations. One problem  is that the results are dependent 
on the (arbitrary) size o f the dose groups —  as the num ber o f dose groups is 
increased, it is increasingly likely that the null hypothesis o f no effect will not be 
rejected, even if  there is a dose response. A second weakness arises because the 
approach overemphasizes significance tests and P  values and encourages the 
com m on, but improper, interpretation that a P  value of greater than (say) 0.05 is 
equivalent to ‘no effect’.

In preparing the m ost recent LSS cancer mortality report [8 ], we felt that it was 
im portant to address the low dose question for LSS solid cancer risks using a method 
that deals with some o f the concerns about the dose group com parison approach 
described above. The approach that we took involved looking for the lowest dose d m 

for which there was evidence of a statistically significant linear trend for all people 
with doses in the range 0- d  . In the paper, sex and age at exposure effects on the 
excess relative risk were incorporated into the analysis by fixing these effects at 
values derived from  an analysis o f the full data set. Using this approach we found a 
statistically significant (two sided P  = 0.02) trend in the excess relative risk (ERR) 
over the range from  0 to 50 mSv. As noted in Ref. [8 ], this statistically significant 
trend is a consequence o f the fact that if  one takes the LSS solid cancer at face value, 
the E R R 1Sv estim ates over low dose ranges are m uch greater than the linear estimate 
over m uch broader age ranges such as 0 -3  Sv.

The procedure used for this test has been criticized because o f the use o f fixed 
values for the sex and age at exposure effects. By fitting a dose-response model in 
which separate slopes w ith com m on sex and age at exposure effects are estim ated for 
the ranges 0 - d m and d m- d mm, it is possible to carry out a test in which the effects o f
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sex and age at exposure are estimated using all of the data. When this is done, the 
trend test for the range 0-50 mSv is still statistically significant (P -  0.035). (See 
Ref. [20] for additional details.)

Figure 1 presents a representative (for men age 30 years at exposure) solid can
cer dose-response curve fitted to the full dose range using individual (ungrouped) 
data and point estimates of the ERR for 28 dose categories. Figure 2 presents the low 
dose portion of the same plot with estimated slopes for the three low dose ranges. 
These low dose slopes should be interpreted with caution since

“.. .it seems unlikely that such precise comparisons of the RR are supported by 
either the death certificate data or the dosimetry system. Moreover, a plausible 
type of bias that would cause this pattern would exist if proximal survivors 
(including some with low doses) had a slightly higher chance of cancer being 
recorded on the death certificate than distal survivors with the same evidence 
for cause of death.” [8]

The fact, also noted in Ref. [8], that the increase in the dose-response slope is 
much less pronounced and less consistent for the LSS cancer incidence data [21] than 
for the mortality data, supports the notion that bias is an important contributor to the

Weighted colon dose (Sv)

FIG. 1. Solid cancer dose response in the atomic bomb survivors. The plot shows the 
estimated excess relative risk in 28 dose groups fo r  members o f the Life Span Study cohort. 
The points shown and the fitted line give risk estimates for men who were 30 years o f age at 
exposure. Excess relative risks for women are about twice those for men, while the risks 
decrease by about 3.5% for each year increase in age at exposure. The curve represents the fit 
o f a linear model to the ungrouped data on 86 572 survivors with dose estimates. The points 
are estimates o f the risk in each o f 28 dose categories.
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FIG. 2. The low dose portion o f the solid cancer dose response function shown in Fig. 1. This 
plot also presents the dose-response curves obtained on the basis o f fitting linear models to 
the data on people with doses ranging from 0 to 0.05, 0.1 and 0.2 Sv.

large low dose slopes seen for the solid cancer mortality data. However, even if one 
allows for such biases, direct assessment of the LSS solid cancer incidence and mor
tality data in the low dose range both provide strong evidence of a radiation related 
increase in cancer risks over the range 0-200 mSv. Furthermore, the LSS data do not 
suggest that there is a threshold below which some excess risk is not seen. Indeed, 
based on the mortality data, the best estimate of the threshold is 0 with upper 90 and 
95% confidence bounds of 80 and 110 mSv, respectively, with similar results for solid 
cancer incidence.

Pierce and Vaeth [22] and Vaeth et al. [23] carried out detailed analyses of the 
evidence for low dose curvature in the LSS cancer and leukaemia dose response 
functions for solid cancers and leukaemia using both mortality and incidence data. 
These reports concern the estimation of low dose extrapolation factors (LDEFs), 
factors by which linear estimates derived from all of the data should be reduced at low 
dose. If this factor is near 1 then the risk is linear, while values greater than that indi
cate upward curvature in the dose response. For the solid cancer data the best estimate 
of this factor was found to be about 1, with values of 1.4 or greater being inconsistent 
with the data. For leukaemia the values were estimated to be about 2. The leukaemia 
estimates were significantly greater than 1 with very large upper confidence bounds.
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2.3. Dosimetry questions

Thermal neutron activation measurements summarized in Ref. [6] suggest that 
the DS86 underestimates Hiroshima neutron doses at distances beyond about 1200 m 
and that the discrepancy increases with distance from the hypocentre. The dosimetry 
working groups in the United States of America and Japan have considered these neu
tron measurements but have yet to arrive at a conclusion as to how the dosimetry 
should be changed. This failure to reach a conclusion on the issue appears to be due 
in part to the lack of a suitable physical explanation for the presence of the additional 
neutrons at distance and to questions about the direct applicability of the thermal 
neutron measurements to neutron doses. Hopefully this issue will be resolved in the 
near future. In the meantime there has been considerable speculation on the impact of 
possible changes in Hiroshima neutrons often leading, for example in Ref. [7], to the 
suggestion that revision will lead to major changes in risk estimates for low dose 
gamma radiation. In response to Ref. [7] we have shown that the changes in the 
Hiroshima neutrons suggested in Ref. [6] are likely to have a relatively small impact 
on risk estimates, with low dose gamma risks decreasing by less than 20% relative to 
current linear weighted dose estimates.

2.4. Other low dose risks in the LSS

Only 249 of the 38 000 deaths during the period from 1950 through 1990 were 
attributed to leukaemia. It is estimated that about 90 of these deaths were associated 
with the radiation exposure. The leukaemia dose response is concave upward [8, 
22-24]. When one considers linear-quadratic models fit to data from a broad dose 
range (e.g. 0-3 Sv) the best estimate of the linear term is positive with a value that is 
about half of the slope of the linear model [22, 23].

A method similar to that discussed above was used to identify the minimum 
dose for which a statistically significant trend in leukaemia risks is seen. Looking at 
category boundaries of 50, 100, 200 and 500 mSv the lowest dose with a statistically 
significant trend is 500 mSv (P = 0.02, risks are increasing with dose). The estimated 
low dose slopes are negative for the 100 and 200 mSv cutpoints but these trends are 
not statistically significant (P values of 0.12 and 0.3, respectively). Thus, while the 
LSS does not rule out the possibility of no risk or even a slightly protective effect of 
doses below 100 to 200 mSv on leukaemia risks, plausible descriptions of the 
leukaemia data suggest that risk may be elevated a low doses.

Shimizu et al. [2] describe evidence for an association between radiation expo
sure and non-cancer disease mortality in the LSS. Non-cancer deaths are estimated to 
account for 25% to 40% of the total number of excess deaths in the LSS as of 1990. 
Sposto et al. [25] have shown that the non-cancer effect is not an artefact of the mis- 
classification of non-cancer deaths as cancer. (But if it were, it would lead to an
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appreciable increase in cancer risk estimates.) The LSS non-cancer mortality data 
have been updated, and a new report is nearing completion. This report will provide 
a detailed discussion of the impact of bias and confounding and will conclude that 
such factors are unlikely to explain the non-cancer dose response.

The new report also considers the shape of the dose response and the relative 
magnitude of the cancer and non-cancer effects. The analyses demonstrate that it is 
impossible to describe the shape of the non-cancer dose response precisely. In 
particular, and in contrast to the case for solid cancers, while the dose response is 
consistent with low dose linearity, it is not possible to exclude the possibility of 
considerable upward curvature for non-cancer risks.

2.5. Are survivors living longer?

The discussion of non-cancer risks by Kondo [26] and others has been used as 
the basis for claims that atomic bomb survivors are outliving their (unspecified) peers. 
Such claims [26] are misleading and inconsistent with the experience of the LSS 
cohort. The claim that survivors have an increased (or decreased) lifespan is mislead
ing because it suggests to many people that radiation exposure resulted in appreciable 
changes in lifespan among atomic bomb survivors relative to normal life expectancy. 
The claim is inconsistent with the data because assessments of total mortality rates 
(which is equivalent to the assessment of lifespan) in the LSS indicate that there are 
elevated death rates among survivors who received exposures in excess of 5 mSv and 
provide no evidence of any general reduction in death rates for low dose survivors.

The LSS analyses (Ref. [8] and unpublished non-cancer results) indicate that as 
of the end of 1990 about 600 of the 38 000 deaths in the LSS are associated with the 
radiation exposure. This excess includes about 335 excess solid cancer deaths, 
90 excess leukaemia deaths, and roughly 175 non-cancer deaths. Lifetime risk

TABLE III. COMPARISON OF RISK ESTIMATES FROM THE IARC POOLED 
WORKER STUDY WITH LSS RISK ESTIMATES

Nuclear workers
Non-nuclear

workers

Cause <5 mSv >5 mSv

All causes 0.81 (0.76-0.86)3 0.76 (0.73-0.86) 1.00 (0.97-1.03)
Leukaemia 0.42(0.11-1.07) 0.91 (0.91-1.39) 0.97 (0.65-1.39)

a SMR estimate with 95% confidence interval from Ref. [15], p. 343.
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computations such as those in Refs [1, 8] indicate that there are about 10 years of life 
lost for each excess solid cancer and non-cancer death and 40 to 50 years lost for each 
extra leukaemia death. These values, which are not highly dose dependent, suggest 
that there have been about 9200 years of life lost among all survivors in the LSS 
cohort with known DS86 dose (mean weighted colon dose 0.11 Sv) for the period 
from 1950 through 1990. Thus, the average life lost per death in the LSS for this 
period is about 3 months (=12 months x (9200 years lost/38 000 deaths)). (If one 
assumes that virtually all of the excess deaths occurred among the 50 000 cohort 
members with doses in excess of 5 mSv (mean dose, 0.20 Sv), the estimated life lost 
per death is about 5 months.)

3. LOW DOSE AND LOW DOSE RATE RISK ESTIMATES IN OTHER
POPULATIONS

Data from the international pooled analysis of nuclear industry workers is 
currently the best source for quantitative estimates of the effects of low dose, low dose 
rate exposures on people. The most recent analyses of these data [13] report a 
marginally significant increasing trend with dose for leukaemia risks and a statisti
cally non-significant negative trend for solid cancers. Point estimates of the risks from 
the worker study are lower than those for male members of the LSS who were 
between 20 and 60 years old at exposure. However, since the confidence intervals for 
both the worker risks and the risk for this subset of the LSS are broad, risks in the 
worker study are not significantly less than those from the LSS. Further follow-up and 
the addition of more cohorts to the worker study data should lead to refined estimates 
and, perhaps eventually, to a conclusion that risk per unit dose among nuclear indus
try workers is lower than that experienced by the survivors. However, even if this 
occurs it is unlikely that the nuclear worker studies will ever allow precise quantifi
cation of dose rate effectiveness factors.

The large study of US nuclear shipyard workers [15] is occasionally cited as 
evidence for a protective effect of low dose radiation exposure. This conclusion is 
based on comparisons of the standardized mortality ratios for nuclear and non-nuclear 
workers summarized in Table III.

The authors of the study comment (p. 336) that

“The two nuclear worker groups might be healthier than the NNW [non-nuclear 
worker] group because they were selected and examined for entry into the radi
ation program. ...The NNW group is probably not a good comparison problem 
since they have not experienced the unknown ‘selective factors’ which enter 
workers in the program. They also may not be similar racially to the nuclear 
group and that may be an important disease factor.”
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In view of these considerations, drawing firm conclusions about low dose radi
ation effects from this study based on comparison with the NNW group seems unwar
ranted. The more appropriate comparisons among subgroups of the nuclear worker 
group provide no evidence of trends with dose in this population.

A recent report [19] notes that elevated risks of leukaemia and thyroid cancer 
have been seen within 10 years of exposure in a cohort of 120 000 Chernobyl emer
gency workers with estimated doses ranging from 0 to more than 400 mGy. With con
tinued follow-up and better characterization of the quality of the dose estimates and 
epidemiological data, this study may provide important insights into the effect of 
relatively low dose exposures (generally) received at low dose rates.

The worker studies described above are important, but they are unlikely to 
provide precise estimates of the effects and effectiveness of low dose, low dose rate 
exposures. Indeed, it is unlikely that any low dose epidemiological study can provide 
definitive, quantitative estimates of radiation effects. However, because of the high 
doses received by some cohort members, the Russian studies of the Mayak workers 
and Techa River residents may ultimately provide the most useful estimates of the 
risks of chronic low dose rate exposures. Although much work needs to be done to 
understand and improve the quality of the epidemiological and dosimetrical data for 
these cohorts, current results indicate that excess risks are seen for both leukaemia 
and solid cancer mortality among Techa River residents [16] and an excess of 
leukaemia associated with external gamma exposures in Mayak radiochemical plant 
workers [18]. (There are as yet no published data on non-plutonium related solid 
cancer risks for Mayak workers.) The crude initial risk estimates from these studies 
also suggest that relative risks for low dose rate exposures may be somewhat lower 
than those seen in the atomic bomb survivors. However, it would be premature to 
come to any strong conclusions. (It should also be emphasized that LSS risk estimates 
are generally reduced by a factor of 2 when being used in low dose rate risk assess
ment.) Careful, co-ordinated international support, involvement, and review will be 
essential if these studies are to realize their potential.

4. CONCLUSIONS

The experience of the atomic bomb survivors is still the primary source for 
numerical estimates of low dose radiation risk. Although the amount of information 
on low dose effects in the LSS is comparable to or greater than that in the largest low 
dose studies, the LSS data do not support direct, precise quantification of these risks. 
However, the LSS data do suggest that radiation doses in the range of interest for 
radiation protection are likely to be associated with increased solid cancer risks and 
are possibly associated with elevated risks for leukaemia and general non-cancer 
disease mortality. The LSS data do not support a conclusion that there is a dose
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related decrease in overall mortality (increase in lifespan) among survivors nor do 
they suggest that this is the case for survivors who received low doses.

Studies of populations with low dose, low dose rate radiation exposures have 
yet to provide strong direct evidence for radiation effects. However, risk estimates 
derived from these studies are consistent with estimates that underlie current radia
tion protection standards. Despite their current limitations, the Mayak and Techa 
River studies suggest that prolonged low dose rate exposures are associated with 
increased risks of leukaemia and possibly of solid cancers. A concerted effort should 
be made to support the continuation and improvement of these studies, since they are 
likely to lead to useful quantitative estimates of the effects of low dose rate expo
sures. Continued, careful follow-up of the Chernobyl emergency worker cohort is 
also likely to provide important information about the risks of low dose radiation 
exposure, especially as this cohort reaches ages at which the rates of solid cancer 
increase.

Although the precise nature of the risks associated with exposure to low doses 
of radiation remains unknown, the data available at this time indicate that these effects 
are small relative to many other environmental and social factors that affect rates of 
mortality and cancer incidence in a population. It is unlikely that future studies will 
alter this basic finding.
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SUMMARY OF DISCUSSION

Forum 7

A.J. GONZALEZ (International Atomic Energy Agency): Does the information 
presented by D. Preston — the extensive radiobiological and radioepidemiological 
information presented and discussed in Forums 1 to 6 — constitute a challenge to 
UNSCEAR’s risk estimates or to the consequent ICRP detriment estimates on which 
the international radiation protection standards of the IAEA and WHO are based?

D.L. PRESTON (United States of America): Insofar as the risk estimates are 
based on the results of studies of the atomic bomb survivors, I see no challenge to 
them — or to the detriment estimates — in the information which I have presented 
today, which reinforces the view that the Life Span Study (LSS) data point to a linear 
dose response (with DS86) even in the low dose region.

When DS86 is revised, and once credible risk estimates are available for the 
major southern Urals cohorts, it will be important to review — and perhaps modify
— the UNSCEAR risk estimates and the ICRP detriment estimates.

P. DUPORT (Canada): Is saying that the trend is significant for doses up to 
50 mSv equivalent to saying that the risk is significant over the same dose range?

D.L. PRESTON (United States of America): Yes, it is. A test for trend provides 
a more powerful way of testing for evidence of changes in risk with dose if the risk 
varies monotonically with dose.

C. STREFFER (Germany): I welcome D.L. Preston’s presentation of a 
dose-effect curve for low doses which apparently has no threshold; this is very impor
tant for risk estimates. It is a pity that T.D. Luckey, who in Forum 6 implied that many 
of us have ignored important recent evidence of a threshold, is not here to comment 
on Preston’s presentation. I should also have liked to hear Luckey comment on paper 
IAEA-CN-67/124, summarized by R. Wakeford, who spoke of an increase in the risk 
of childhood cancer after in utero exposure to radiation doses of the order of 10 mGy. 
The threshold question should be discussed on the basis of scientific data and not of 
generalizations.

M. SOHRABI (Islamic Republic of Iran): I should like D.L. Preston to tell us 
what he understands by ‘low dose’ and ‘high dose’ and what, in his view, the lowest 
doses are to which one can extrapolate with some physical and statistical meaning.

D.L. PRESTON (United States of America): I think the definitions of ‘low 
dose’ and ‘high dose’ depend on the context. For the purposes of my presentation 
today, a low dose may be regarded as a dose below 100-200 mSv and a high dose as 
a dose above 500-1000 mSv.

For doses in the low dose region (i.e. below 100-200 mSv) of the LSS, I pre
sented risk estimates which point to linearity of the solid cancer dose response (with
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some distortion due to bias for mortality) and, in my view, justify linear extrapola
tion over the 0-200 mSv range in the case of acute exposures.

E. ROTH (Germany): The atomic bomb survivors are often referred to as the 
source of the best information on the biological effects of ionizing radiation, even for 
the low dose region. However, that information is associated with major uncertainties: 
we do not know exactly the doses received (and especially not the gamma-neutron 
dose ratios); we do not know the correct RBE value for neutrons; and we do not know 
what the most appropriate control is (the Japanese average, a ‘not in city’ group or a 
group with the lowest dose?).

Moreover, the bombing of Hiroshima and Nagasaki gave rise to acute exposures 
with high dose rates, whereas low dose rate cases seem to be more important as far 
as today’s open questions are concerned.

Is it therefore not time to base our assessments of radiation effects in the low 
dose region on studies of cohorts from regions with different natural background 
radiation levels?

D.L. PRESTON (United States of America): There are indeed uncertainties in 
the atomic bomb survivor data, and even if the uncertainties about doses were to be 
resolved, the LSS data would not answer some important questions about radiation 
effects. The LSS is valuable, however, because it covers a large population of both 
sexes and all ages which received widely differing doses and includes many people 
who experienced similar non-radiation effects (it also includes’ a number of people 
who were not in Hiroshima or Nagasaki when these were attacked, have low death 
rates for reasons considered to be unconnected with radiation exposure and are 
generally not included in the analyses). Risk modelling in the LSS is carried out on 
the basis of internal comparisons — i.e. without the use of external mortality or 
incidence rates.

As regards E. Roth’s question, I think it is worthwhile to study populations 
exposed to low doses, but unrealistic to imagine that the studies in question could 
serve as the sole basis for quantitative descriptions of the risks associated with low 
doses. Such studies are likely to be beset with errors of dosimetry and biases that 
complicate interpretation. In my view, the studies of the Mayak and Techa River 
cohorts are the ones most likely to yield quantitative assessments which will usefully 
complement those derived from the LSS.

E. LUBIN (Israel): I should like to ask D.L. Preston whether, in his view, the 
data presented by him on the incidence of solid cancers and leukaemia incidence 
and mortality for the 0.005-0.2 Sv exposure range constitute statistically signifi
cant evidence of excess morbidity.

D.L. PRESTON (United States of America): I think the data point to a significant 
dose response as regards LSS cancer incidence and mortality for the 0-200 mSv range.

The leukaemia data, which I did not discuss in detail, point to upward curvature 
of the dose response, but the initial slope is positive — albeit not significantly greater
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than zero. When the methods used by us in assessing the minimum range for which 
there is a statistically significant dose response (trend) are applied to the leukaemia 
data for the LSS, the range is 0-500 mSv.

D.J. BENINSON (Argentina): With regard to the use of data from areas with 
high natural background radiation levels, it can be shown that for a given power of 
statistical detection the necessary exposed population size is inversely proportional to 
the square of the dose. Thus, for detecting any effect in areas with annual doses of the 
order of 10 mSv the necessary exposed population size is 50-100 million for the 
statistical detection power offered by the atomic bomb survivor study.

P.C. KESAVAN (India): There is no unequivocal evidence for the LNT 
hypothesis; the available data — whether experimental or epidemiological — are still 
inadequate for settling the controversy. In order to arrive at the truth, we need further 
research of relevance to the basic issues of cellular and molecular biology with doses 
of less than 10 cGy delivered acutely and chronically. The heavy emphasis on the lack 
of adequate numbers for reliance on data from areas with high natural background 
radiation levels serves little purpose.

E.J. HALL (United States of America): E.J. Tawn and colleagues (IAEA-CN- 
67/136) interpreted the lower slope of the dose-response curve for stable aberrations 
in nuclear workers compared to that for atomic bomb survivors in terms of a dif
ference in dose rate. Have they considered whether this difference might be due to the 
neutrons at Hiroshima and Nagasaki (which could be detected by comparing inter- 
and intra-chromosome aberrations — the so-called F ratio)?

E.J. TAWN (United Kingdom): The Sellafield workers covered by our study 
have negligible neutron exposures, the doses being attributable mainly to gamma 
radiation. The ratio of inter- to intrachromosome rearrangements is being addressed 
in a larger G-banded study.

L.-E. HOLM (Sweden): I do not think one can conclude —= as Y. Okumura has 
done (IAEA-CN-67/129) — that small doses of radiation increased the life span of 
atomic bomb survivors; his mortality analysis was based on the period 1970-1988, 
with no information on the mortality pattern before 1970. His results might well have 
been different if he had looked at the entire mortality experience of the atomic bomb 
survivors.

Y. OKUMURA (Japan): Our atomic bomb survivor database was established in 
1970, and our results are of observations carried out during the 24 year period until 1994.

I. TURAI (International Atomic Energy Agency): How do you explain the 
decrease in non-cancer mortality among atomic bomb survivors who received doses 
of about 500 mSv?

Y. OKUMURA (Japan): At present we cannot explain it. When the relative risk 
decreases, at 500 mSv, life expectancy increases — and vice versa at 2 Sv.

K. BECKER (Germany): The data on the atomic bomb survivors are undoub
tedly important, but in Hiroshima and Nagasaki there were confounding factors such
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as thermal and pressure shocks and socio-economic and psychological problems. At 
the same time, as pointed out by P.C. Kesavan and E. Roth, the studies carried out in 
parts of India, Brazil, China and elsewhere with high natural background radiation 
levels but stable populations have been rather neglected — unlike the large studies on 
nuclear workers and other groups who are exposed to similar or lower radiation levels. 
It would be interesting, in this connection, to hear about the presentations made at the 
4th International Conference on High Levels of Natural Radiation held in Beijing in 
October 1996, to which M. Sohrabi referred in Forum 5.

I. EMERIT (France): I should like to ask R. Wakeford (IAEA-CN-67/123) 
whether he and his colleagues noted any difference in the type of cancer observed as 
a function of the pregnancy stage at which the mother was exposed to X rays for 
diagnostic purposes.

R. WAKEFORD (United Kingdom): Over 90% of the diagnostic in utero 
exposures occurred in the third trimester. There was a significant increase in relative 
risk for all the main types of childhood cancer except bone cancer — the one main 
type where there are solid tumours similar to those developed in adults.

It is not surprising that most of the characteristic cancers of childhood show an 
excess risk: solid tumours in children are — for the most part — so different from 
solid tumours in adults, and the cells giving rise to most childhood solid tumours 
remain active throughout pregnancy.

I would add that there are large prospective case control studies of childhood 
cancers being conducted with a view to the assessment of exposures to background 
and medical sources of ionizing radiation as part of a broad examination of the causes 
of childhood leukaemia and other cancers. These studies, in which individual expo
sures to background radiation are measured, will produce more reliable results than 
geographical correlation studies, which rely on average — rather than individual — 
exposures in a given case.

M. SOHRABI (Islamic Republic of Iran): If I am not mistaken, induced 
abortion is currently recommended if the foetus has been exposed to a dose greater 
than 10 cGy, whereas you report a significant increase in additional cancer rates when 
foetuses have been exposed to doses greater than 1 cGy. Do you think that induced 
abortion should be recommended after foetal exposure to doses of 1 cGy or so?

R. WAKEFORD (United Kingdom): I would rather not comment on the 
question of recommendations regarding induced abortion.

What I would say is that the background risk of cancer in childhood is low (1 
in 600), so that the 40% excess relative risk in the diagnostic in utero exposure stud
ies represents a small absolute risk of childhood cancer.

W. PAILE (Finland): I have a comment regarding the data reported in paper 
IAEA-CN-67/84 on thyroid cancer in children in Belarus exposed before reaching the 
age of six years. Following doses of less than 100 mGy (a mean dose of 60 mGy), 
there were 84 cases of thyroid cancer— almost all of which must have been radiogenic.
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If one applies the ICRP tissue weighting factor, one arrives at an effective dose of 
3 mSv, with a very profound effect, so where is the threshold?

With regard to paper IAEA-CN-67/136,1 should like to ask E.J. Tawn whether 
‘stable’ aberrations really are stable over time; the exposures in Hiroshima and 
Nagasaki occurred over 50 years ago, and I should have thought that there would be 
some decline with time — or is the five- to sixfold difference really due exclusively 
to a dose rate effect?

E.J. TAWN (United Kingdom): Evidence from radiotherapy patients suggests 
that stable aberration frequencies remain steady for many years following exposure. 
Sequential studies on a worker exposed to tritium also indicate that stable aberration 
frequencies remain steady.

S. HATTORI (Japan): As reported in paper IAEA-CN-67/126, ten years of 
research into the low dose irradiation of animals in Japan have revealed many 
interesting responses, including immune system enhancement, p53 gene responses, 
superoxide dismutase (SOD) increases, cell membrane permeability increases, DNA 
repair activities and apoptosis. I believe that research of that kind should be continued 
and expanded.

W. SINCLAIR (United States of America) (Chairperson): I think that many 
people were interested in the scope of the research programme outlined by S. Hattori 
during Forum 2 and that, whatever triggered the programme, they will be very inter
ested in the results emerging from it over the years.

C. STREFFER (Germany): Further to my earlier comment, in order to avoid 
misunderstandings I should like to say that I am ready to participate in a scientific 
discussion regarding a possible threshold for cancer. As pointed out here, however, no 
conclusive evidence has been found for such a threshold. On the other hand, we have 
experimental data on chromosomal effects of radiation doses down to 10-100 mSv 
and a dose-effect curve without a threshold.

We certainly need to know more about dose rate effects and the associated 
mechanisms; further experimental data would be helpful.

The data which we have do not speak against a dose-effect curve without a 
threshold, but there are good reasons for assuming — on the basis of chromosomal 
effects and data like those which D.L. Preston presented for solid tumours — that 
there is no threshold.
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The keynote speaker was D.L. Preston of RERF, Hiroshima, Japan. He
discussed the latest mortality information in the Life Span Study (LSS) of the A-bomb
survivors (1950-1990) based on Ref. [1], updated. He emphasized the following:

(a) The wealth of new data available and its continued accumulation, with about 
50% of the survivors now deceased.

(b) The LSS, while a high dose rate study, was both a high dose and a low dose 
study, with 80% of the doses being less than 100 mSv.

(c) The latest solid tumour mortality data showed evidence of supralinearity in the 
low dose region, with a significant risk in the dose range 0-50 mSv. 
Supralinearity is not evident in the incidence data (1958-1987), however. The 
best estimate of the threshold for solid tumours is zero.

(d) For leukaemia, however, risks are indeterminate below 200 mSv. The risk of
leukaemia may be positive or zero or there may even be a protective effect
below 200 mSv because of statistical uncertainties in the data.

(e) There are still uncertainties in the dosimetry, and these require resolution, but 
their effect on risk estimates is probably not large.

(f) Survivors are not living longer than controls, in spite of some reports to the 
contrary.

(g) Preston also listed important low dose rate studies relevant to risk estimation. 
These included those on nuclear workers in the USA, the UK and Canada, 
which yielded a significant leukaemia risk similar to the LSS but with broad 
confidence intervals. Also included were nuclear workers at Mayak in Russia 
and environmental exposures at the Techa River. These latter two provide pre
liminary support for the LSS risk estimates and may eventually be comple
mentary studies.

The four opening discussion papers were given by:

( 1 ) E. Buglova, Belarus, on thyroid cancer in children (IAEA-CN-67/84). She finds
a latency of four years and a risk, in children under 6 , of 4.5 x 10-4 per person- 
year-gray, similar to external exposure risks [2].
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(2) R. Wakeford, UK, on prenatal exposure and childhood cancer (IAEA-CN- 
67/123), showing both from the Oxford survey and other studies, a relative risk 
of about 1.38 and a positive risk of 6-12% Sv-1 at a dose of only 10 mGy.

(3) Y. Okumura, Japan, describing some effects on lifespan among Nagasaki 
survivors (IAEA-CN-67/124).

(4) E.J. Tawn, UK, showing chromosome aberrations in exposed workers at 
Sellafield separately in smokers and non-smokers (IAEA-CN-67/136).

The Chairperson commented that among the 23 additional papers assigned to 
this session (see Foreword), a number dealt with potential effects in Chernobyl emer
gency workers. These studies were preliminary but may eventually make a contribu
tion to risk estimation.

The discussion was lively and it extended well beyond the allotted time. Some 
asked questions about and offered criticism of the four discussion papers as well as 
of the keynote presentation. Some main points were the following.

The LSS risk estimates from the latest study (1996) confirmed earlier risk esti
mates such as those given in UNSCEAR 1994. Also confirmed (by additional esti
mates of lifetime lost) were the detriments used by ICRP in 1991 and since. 
Therefore, the new information was not expected to affect current radiation protection 
standards.

Some discussants criticized the use of the LSS for risk estimation, but this 
practice was defended quite vigorously by the keynote speaker and others. One 
alternative suggestion was that of focusing on high background areas in the world. 
Although possibly interesting in themselves, such studies were considered unlikely to 
be able to make a contribution to risk estimation per se because of low doses and 
insufficient numbers of people.

One participant commented that, with the new significance level in the LSS at 
50 mSv and the childhood cancer risks down to 10 mGy, where is the threshold and 
lack of response in the low dose region that some critics of LNT are professing? There 
was no reply at that time from those who have been criticizing the LNT assumption. 

In summary, the latest results of the LSS:

(a) confirm recent risk estimates such as those of UNSCEAR 1994,
(b) confirm estimates of detriment such as those used by ICRP,
(c) extend the level of significant risk down to 50 mSv,
(d) do not show evidence of longer lifespan in exposed survivors.

The best alternative studies to the LSS are likely to be the low dose rate studies 
in nuclear workers, perhaps especially those that might emerge from Mayak 
in Russia. Eventually, studies in emergency workers at Chernobyl may make a 
contribution.
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(I wish to acknowledge the assistance, in the preparation of this report, of the 
Scientific Secretary for Forum 7, B. Bennett of UNSCEAR.)
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Abstract

FROM THE SCIENTIFIC EVIDENCE TO RADIATION PROTECTION.
The considerations underlying the establishment of a radiation protection system based 

on controlled and accepted risk, rather than on threshold and safety factor, are presented and 
discussed. Risk, in this context, contains both a probability of occurrence and a loss or damage. 
The unavoidable, however unpleasant, is not a risk because it lacks the probability component. 
The paper explores the coherence of the protection system based on risk both for practices and 
for interventions.

1. INTRODUCTION

I propose to demonstrate that it is possible to establish a coherent radiation pro
tection system in situations where one has to accept that risks are present. In other 
words, I am talking about a protection system which is not based on the old criterion 
of threshold and safety factor. Also, I hope to show how some regulatory authorities 
have made life difficult for themselves, not by accepting that there is risk even at low 
doses, but because of the additional and not completely coherent requirements 
included in their regulatory systems.

2. RISK, PRACTICE AND INTERVENTION

The discussions in this Conference would indicate that a very large majority 
supports a linear relationship, without threshold, between the risk attributable to 
irradiation and the radiation dose at low doses. There are of course some diverging 
views, but one might say that the mainstream view today is the one I have just 
described. I shall assume that there is a linear no threshold relationship between the 
probability of death due to radiation attributable cancer and radiation dose (Fig. 1). 
Some people are arguing for thresholds below the natural background level, but this 
is irrelevant because in any case we are exposed to natural background radiation at 
whole body lifetime doses of the order of 0.1 Sv, so for protracted irradiation the
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FIG. 1. The linear no threshold hypothesis.

threshold should be above this value. On the other hand, this value is associated with 
epidemiological evidence, some of which is for chronic exposure.

What is involved in taking radiation risks, and how do we assess their signifi
cance? There is a tendency to consider that the number of attributable cancer deaths 
is the relevant parameter, and to forget all other characteristics of the situation. There 
is more to it, however, because the way in which the risk is evaluated varies with the 
situation. Let us take, for example, a risk of the order of 1-10%. If the probability of 
getting wet from rain is 1 in 10 when one goes out into the street without an umbrella, 
this 1-10% risk is considered to be negligible. In other words, the probability level is 
considered to be negligible. If the consequence is important, however, the same prob
ability level will be evaluated differently.

For example, let us assume that somebody intends to build a nuclear power 
reactor and states that as a consequence of this reactor one can expect to see heredi
tary effects in 1-10% of the population living around it. The situation is obviously not 
acceptable, and I cannot imagine that any nuclear regulatory body anywhere in the 
world would authorize the construction of the reactor. Here, the consequence is more 
serious, so the probability and magnitude of the consequence have to be considered 
in the definition of risk.

Let us now look again at hereditary effects of 1-10% probability. The frequency 
of natural hereditary effects is 1- 10%, which represents the fraction of all births in 
which there are serious hereditary problems. However, no one has decided to take 
remedial action because of this fact — for example, by carrying out prenatal studies 
and research, and perhaps by inducing abortions if it is possible to determine who is 
going to have a problem as a result of the natural situation.

In the last two examples, both the probability level and the types of effects are 
the same, but we are faced with two different situations. In one case, we are planning 
to build and operate something that is taken to cause the effects. In the other case, the 
effects are pre-existing, and we only evaluate whether it is worthwhile to take some
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I n d i v i d u a l

Practice

Benefit

Detriment

FIG. 2. Individual benefit and detriment.

remedial action. These are the two main cases of evaluation we are faced with when 
exposed to radiation.

In the first case, there is a situation where, being at a specific dose level, we 
want to introduce an installation or we want to use a radioactive source. As a result, 
an increase in dose or an increase in the number of exposed people will occur, and the 
radiation risk will increase as well. Of course, we want to do this in a controlled 
fashion, and we use several technical means in order to control the dose increase.

The second case is completely different, as was the situation of the hereditary 
effects from natural sources. If the pre-existing radiation situation requires radiation 
protection considerations (Is it too much or not? Are we faced with too high a risk or 
not?), the resulting decision is the following: Do I have to take some remedial action? 
Should I intervene? Should I try to reduce the dose? Of course, in this particular case 
there is no control of how much the dose is reduced, in contrast with the first case, 
where we controlled the dose increase. The more you can reasonably reduce the dose 
the better, in the second case. Of course, in this case it would be absurd to think in 
terms of dose limits — in terms of a target level of dose. It all depends on the situa
tion. In some cases we can greatly reduce the dose at low cost. In other cases we can 
reduce the dose only slightly, at astronomical cost. Naturally, the final dose we are 
going to reach will not be the same in both cases.

Let us go back for a moment to what the nature of optimization is. Let us 
assume that we initiate a ‘practice’ (that is to say, we start doing something that will 
give rise to extra doses or will increase the number of exposed individuals). We carry 
out the activity in question because we expect to derive something from this activity
— specifically, a benefit (Fig. 2). Associated with this benefit we have radiation 
exposures and therefore risks, namely a probability of death from attributable cancer. 
It is a sort of game, where the probability that the detriment will occur is a function 
of the dose. In the mainstream of radiation protection, the function is taken to be 
proportionality.

Usually, one does not consider that changing the level of protection would 
alter the benefit: this number is considered to be constant. That, however, is not true 
in all cases; one example is the use of X rays for diagnostic purposes. The variation
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FIG. 3. Distribution o f benefit and detriment.

or protection achieved by changes in the dose that the patient is going to receive 
does have an influence on the radiation risk, but it also has an impact on the 
diagnostic value of the procedure, and there is therefore a change in the probability 
of the benefit.

In most cases, however, the benefit is constant, the detriment probability is 
linear with dose, and the magnitude of the detriment is large (cancer deaths). In 
those cases where there is a high detriment magnitude, the product of probability 
and magnitude loses the customary meaning necessary in, for example, decision 
making. It is easy to see that in such cases the standard deviation of the product is 
considerably higher than the product (mathematical expectation of magnitude) and 
therefore that the value of this product is very low in terms of helping in taking 
decisions.

Usually, we have a practice and many people exposed to radiation, so there is a 
distribution of benefits and detriments (Fig. 3). When a regulatory authority accepts 
or denies the introduction of a particular practice, the overall or total benefit of the 
group will be considered. Probabilities will not necessarily be the same for all indi
viduals, and the detriment could be regarded also as a composite of normally 
weighted components. Since risk is always present, what philosophy should we adopt 
in order to control this risk? There is only one coherent approach if we accept this risk 
throughout the dose curve: we have to make the doses as low as is reasonable — not 
as low as possible, because it is always possible to lower the dose even more, expend
ing astronomical efforts and amounts on reducing the risk by smaller and smaller 
decrements. There has to be a balance.
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Optimization 
Protective measures:

(a) Affecting all P¡ equally

P'i = kP¡
(b) Affecting each P¡ differently

(c) Affecting P¡ benefit i and detriment i

FIG. 4. Optimization o f protection.

3. JUSTIFICATION

The customary consideration when accepting or not accepting something that 
causes risk and benefit is that the net benefit should be positive. But there is an addi
tional condition, namely that there should not be a very inhomogeneous distribution 
of risk, resulting in unacceptable risk to some individuals. For example, it would not 
be acceptable if, in a population where an activity involving a nuclear reactor or a par
ticle accelerator is beginning, two individuals are going to receive extremely high 
doses of radiation, even if the overall benefit is very positive. The justification 
requirements are therefore positive net benefit together with equity.

4. OPTIMIZATION

We can reduce the risk by increasing the elements of radiation protection — for 
example, by shielding in the case of occupational risk and by limiting the release of 
liquid effluents into the environment in the case of risk to the public. Usually, the first 
steps taken to reduce doses are very efficient, the subsequent ones resulting in smaller 
and smaller dose reductions.

In some situations, increased protection will affect equally the probability of 
harm for each individual involved. For example, if the protection involves reducing 
the gaseous effluents from a stack by a factor of 2, this is going to reduce all the doses 
involved by a factor of 2. This is a relatively common case of optimization; in fact, it 
is the case that has been most studied from a quantitative point of view, and there are 
several papers in various publications of the ICRP, IAEA, etc.

In general, there are three cases of optimization (Fig. 4). Case (a) is the one just 
described. In case (b) the protection solution will affect the risk of each individual 
differently. Case (c) is the most complex one. The protection will affect the risk, the 
benefit and the detriment values for each individual involved.
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FIG. 5. Optimization case (a).

Cases (b) and (c)

{ multiattribute analysis 
+
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FIG. 6. Optimization cases (b) and (c).

Let us take a look at case (a) again (Fig. 5). Very simple mathematics help us to 
demonstrate that optimization results from a differential cost-benefit analysis. In 
many published results, such a differential cost-benefit analysis gives optimized 
doses for protection by shielding of about one-quarter of the ICRP recommended 
dose limit. In much the same way, the systems for effluent purification have to be 
designed so that the exposures of the critical group are in the range of 3% to 1% of 
the public dose limit. These two examples yield optimized values which are much 
below the dose limits in both cases.

We move now from case (a) to cases (b) and (c), where the individual risk varies 
in a different way for each of the individuals involved or where the individual benefits 
change as well. In these cases, it is impossible to use the type of optimization 
described above; optimization by multiattribute analysis is indicated, once again with 
equity considerations, so as to make sure that not all of the risk is piled onto a few 
people with all the benefit going to others (Fig. 6). How can we ensure such equity? 
We can do it by means of limits and restrictions which constrain optimization down 
as far as individual doses.

5. DOSE LIMITS

Dose limits are somewhat arbitrary values. For example, the ICRP has recom
mended values that are representative for the case of workers in safe industries 
(borderline between tolerable and non-tolerable risk); in the case of the public, they 
represent risks similar to those encountered by the public in their daily lives. For
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FIG. 7. Dose limit fo r  a selected group o f sources and independence o f added risk from total 
risk.

example, in public transport the risk depends on regulations and technology, but it is 
not controlled in any way by the person who is exposed to that risk.

It is interesting to note that, when one talks about a limit, one has to define at 
the same time which exposure sources are going to be subjected to that limit. For 
example, the limit for the public, as defined by ICRP, concerns all artificial sources 
which irradiate members of the public. It does not include natural sources such as 
radon in houses, which are controlled in a different way. It does not include doses 
received by patients for diagnostic purposes or for treatment.

Figure 7 shows that it does not matter what the absolute level of dose to the 
individual is. You control these sources by controlling the dose increment due to the 
selected group of sources; it is a property of the linear function that, regardless of the 
dose at which the increment actually occurs, the risk increment will be the same. In 
other words, we can control a source or group of sources independently of control
ling (or not controlling) other sources of radiation. This is an important concept. We 
are not controlling all of the sources by introducing limits. We can control at the same 
level of risk the artificial sources of radiation in an area where there is high back
ground radiation or in a low background area. What we are actually controlling or 
limiting is the additional contribution of these selected sources.

6 . INTERVENTION

An entirely different situation arises when we are faced with irradiation as a 
result of, for example, a present or a past accident. The decision which we have to 
take is whether to do something or not. It has nothing to do with what we have seen 
so far. In the previous part of this paper, we talked about how to control or limit dose



250 BENINSON

increments. Here what we are contemplating is a reduction in the dose itself. The first 
point is that various processes must be in place if we are to be able to reduce doses. 
If they are not in place, the most we can do is to say that we are in a risky situation 
and that, while we are aware of this fact, there is nothing we can do about it. In those 
cases where procedures for dose reduction (remedial actions) are available, we have to 
determine how the risk avoided through the remedial action compares with the risk 
associated with the remedial action. This latter risk can be a direct risk to health or can 
even relate to the expenditure of resources which is involved in the remedial action.

Let us take an extreme case. A part of the dose that we receive naturally comes 
from 40K in the body. There are procedures for separating isotopes which would make 
it possible to separate 39K from 40K, and we could have a potassium makeup in the 
body which would have very little or almost no 40K. We would be able to reduce one 
component of the dose attributable to the background. The cost of doing it for a large 
population would be quite high, however, and I do not think anyone in this room 
would consider doing it. In taking intervention decisions we strike a balance between 
risk reduced, risk added and costs, and try to determine whether we have a benefit. 
But it is not the benefit generated by a practice; rather the benefit part is the reduction 
of risk, and the detriment part is the risk of the remedial action and the costs involved. 
Of course, we have to take account of the risk of the remedial action itself. Evacuating 
a city, for example, is not something which is done without risk, and the social cost 
of the remedial action is far from negligible.

At all events, the components can be quantified, and we can judge whether it 
really is worthwhile to initiate the remedial action, making sure that it is going to do 
more good than bad. We can even go as far as optimizing: we can do this on the basis 
of individual doses within the group one wants to protect, and we can come up with 
an optimum value at which we then initiate the remedial action. All these considera
tions can apply in the course of an accident, when the situation is really acute, or after 
a certain amount of time, when there remain chronic exposures and one has to decide 
whether the situation is so risky that intervention is justified and, if so, optimize the 
levels at which to intervene. Many of the optimizations which have been carried out 
show that the results are in the order of 10 mSv in a year, or 1 Sv in a lifetime.

There is no doubt that these values are considerably higher than those which 
have been used, for example, in taking decisions to decontaminate areas. Such deci
sions were not based on a coherent system of radiation protection. Sometimes they 
were based on a confusion between dose limits and intervention levels or on 
comparisons with limits for other toxic substances in the environment. This underlies 
statements such as “Well, we have to decontaminate down to an equivalent risk”. This 
is not true. If one were to do something which leads to contamination, one would have 
to limit the dose increase to this value, but to decontaminate down to this value is 
entirely different. However, this type of reasoning, which is basically confusing limits 
to increments with results achieved by a remedial action, has led to considerable



IAEA-CN-67/S1 251

misunderstanding. I think there is a coherent system of radiation protection even 
when one takes into account the linear relationship between probability of attributable 
cancer deaths and of hereditary effects and dose.

The system allows for radiation protection which is as good as or better than the 
protection systems in place for other toxic substances. It has been claimed that it leads 
to absurd decisions with disproportionate costs. But, of course, ‘absurd’ and 
‘disproportionate’ cannot be the result of optimization! This can happen when the 
technical experts try to anticipate or guess what the politicians want to achieve. They 
make recommendations on the assumption that the politicians will like to hear these 
recommendations. In this case, I think politics becomes involved twice in the decision 
making. At the final decision making stage, of course, politics is involved. But if the 
input to that final stage has already been politicized, because of an erroneous attitude 
on the part of the scientists, then politics plays a role twice. Some would claim that 
the situation usually becomes impossible.
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Abstract

THE EUROPEAN APPROACH: EUROPEAN DIRECTIVES ON RADIATION 
PROTECTION.

The European Community has adopted a new revised Basic Safety Standards Directive 
based on ICRP Publication 60 and a new revised Medical Exposure Directive. The ICRP 
System of Radiological Protection is an essential part of the Basic Directive. The Directive 
applies to practices, interventions and ‘work activities’. Work activities is a new concept 
defined to take account of significant exposures to natural radiation sources. All practices are 
to be reported to or require prior authorization from competent authorities. Both directives are 
to be implemented in national legislation before 13 May 2000.

1. INTRODUCTION

Article 2 of the Treaty establishing the European Atomic Energy Community, 
the Euratom Treaty, provides for the establishment of uniform basic safety standards 
to protect the health of workers and the general public against the dangers of ionizing 
radiation. Since 1959, such Basic Safety Standards Directives have been in place in 
the European Community. Over the years, the Directives have been revised when new 
scientific evidence on the biological effects of ionizing radiation has led the 
International Commission on Radiological Protection (ICRP) to change its basic 
recommendations.

The new basic recommendation of ICRP in its Publication 60, published in 
1991 [1], initiated a major revision of the European Directives. A new European Basic 
Safety Standards Directive was adopted by the Council of Ministers in May 1996 [2], 
and a new Medical Exposure Directive in June 1997 [3].

In contrast to the International Basic Safety Standards [4], the European 
Directives are legally binding for the Member States of the European Community. 
The directives are minimum directives, not directives of harmonization. This means 
that Member States must bring into force the necessary laws, regulations and admin
istrative procedures to comply with the minimum requirements in the directives, but 
the Member States can adopt stricter regulations if they wish to do so. Both the Basic
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Safety Standards Directive and the Medical Directive are to be implemented in 
national legislation before 13 May 2000.

Being legally binding, the negotiation of the Basic Safety Standards Directive 
in various forums of the European Community was a very tricky and long process. 
Compromises and desires for both flexibility and stability can easily be seen in the 
final agreed text. This is also illustrated by the fact that the revision process for the 
Directive took more than 6 years, beginning in 1989 in the Article 31 Expert Group 
shortly after the 1988 UNSCEAR report was published.

2. BASIC PRINCIPLES AND MAJOR CONCEPTS IN THE EUROPEAN 
BASIC SAFETY STANDARDS DIRECTIVE

The European Basic Safety Standards Directive is, as mentioned, based on 
ICRP 60. The dosimetric quantities such as equivalent dose and effective dose are 
introduced, as are procedures for calculating and estimating these quantities. The 
ICRP evaluation of the biological effect of ionizing radiation and the concept of 
detriment is the basis for the Directive, although it is not explicitly mentioned or 
cited.

The ICRP System of Radiological Protection is an essential part of the 
Directive. This means that the Directive defines and requires the Member States to 
introduce concepts such as practices as opposed to intervention, justification, opti
mization and limitation, dose constraints and potential exposure. The Directive also 
gives individual dose limits.

It is clearly defined what the Directive applies to:

— Practices, which include the production, processing, handling, storage, impor
tation and exportation from the European Community and the disposal of 
radioactive substances. It also includes operation of electrical equipment emit
ting ionizing radiation operating at more than 5 kV. As an example of the built- 
in flexibility, Member States can specify other practices to be included.

— Intervention, which includes radiological emergencies and lasting exposure 
from past or old practices.

— Work activities with natural radiation sources, which is a new concept defined 
to take account of significant exposures to natural radiation sources that can lie 
in the grey area between practices and intervention.

The Directive also defines what it does not apply to:

— Radon in dwellings; instead, the European Commission issued a specific 
recomméndation in 1990 [5].
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— Natural levels of radiation; this means radionuclides in the human body, cosmic 
radiation at ground level and radiation from the undisturbed earth’s crust. The 
concept of the undisturbed earth’s crust created some problems during the 
negotiations, and the European Commission has in a separate statement made a 
specific definition of this concept1.

All practices are to be reported to the competent authority of the Member State 
unless exempted. Radionuclide specific exemption levels are listed in the Directive. 
These levels are. identical to the levels in the International Basic Safety Standards, 
although the concept of exemption is not identical in the two Standards.

Some practices with a potential of very high doses to individuals or of environ
mental contamination require prior authorization instead of reporting. These include 
the following:

— the operation and decommissioning of any facility of the nuclear fuel cycle, and 
exploitation and closure of uranium mines;

— the deliberate addition of radioactive substances in the production and manu
facture of medicinal products, and the importation of such goods;

— the deliberate addition of radioactive substances in the production and manu
facture of consumer goods, and the importation of such goods;

— the deliberate administration of radioactive substances to persons and, insofar 
as radiation protection of humans is concerned, animals for the purpose of 
medical or veterinary diagnosis, treatment or research;

— the use of X ray sets or radioactive sources for industrial radiography, process
ing of products, research, or the exposure of persons for medical treatment;

— the use of accelerators, except electron microscopes;
— the disposal, recycling and reuse of radioactive substances from any practice 

subject to the requirement of reporting or authorization.

As a result of the negotiation process in the European Council, the occupational 
dose limit for the effective dose in the European Basic Safety Standards Directive is 
not identical to that recommended in ICRP 60. Some Member States wanted a clean 
20 mSv per year dose limit, while other Member States wanted no deviation from 
ICRP. The solution was to retain the ICRP dose limit of 100 mSv in a consecutive five 
year period, subject to a maximum of 50 mSv in any single year and in addition to 
this the provision that Member States may decide an annual amount.

1 The earth’s crust where no quarrying, underground or open cast mining is carried out. 
Ploughing, excavation or refill as part of farm or construction work is not considered to 
‘disturb’ the earth’s crust, except where such works are carried out as part of interventions for 
the restoration of contaminated earth.
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In Denmark we have used this freedom. In our new order on dose limits for 
ionizing radiation, which came into force 1 January 1998, we have adopted the 
clean occupational dose limit for effective dose of 20 mSv per year. However, for 
special cases we have provided for the possibility, upon written approval from the 
National Institute of Radiation Hygiene, of applying the ICRP five year averaging 
procedure.

Another deviation from ICRP 60 is the classification of workers. In the 
European Directive, the system of category A and category В workers is retained, 
based primarily on a criterion of who is liable to receive an effective dose greater 
than 6 mSv per year. Contrary to the recommendations of the ICRP, it was the 
linkage between category A workers and the requirement of medical surveillance 
which prompted the European Council to retain this categorization, thereby not, in 
practice, increasing the number of workers who must undergo medical 
examination.

All requirements on exposure to natural radiation sources in the European Basic 
Safety Standards Directive are given in Title VII, where the new concept of work 
activities is introduced. Work activities are defined as activities where natural radia
tion sources lead to a significant increase in the exposure of workers or of members 
of the public which cannot be disregarded from the protection point of view. This 
rather weak definition should be seen as the starting point for approaching an area 
where all is not known beforehand and where some pragmatic solutions and decisions 
have to be taken.

The Directive requires that Member States identify, by means of surveys or 
other appropriate means, work activities of concern. This could be exposure to radon 
and thoron daughters or gamma exposure. It could also be work activities involving 
operations with materials or residues with enhanced levels of natural radionuclides. 
Finally, it could be aircraft operation. Once an identified work activity has been 
declared to be of concern, the Member State must monitor the exposure in an appro
priate way and impose all or part of the requirements in the Directive for practices, 
for intervention, or for a combination of these.

3. SUPPORTING MATERIALS AND CONCLUSIONS

During the negotiation of the Directive in the European Council, it was agreed 
that the European Commission should prepare additional background materials con
cerning the intentions of the Directive and how to implement the Directive in practice. 
Such material could be useful for the authorities and decision makers in the Member 
States. The Commission has, with the help of the Article 31 Expert Group, prepared 
or is at the moment preparing advice and recommendation about the Directive on the 
following topics:
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— General Communication on the implementation of the Directive [6],
— Natural radiation sources [7],
— Dose constraints [8],
— Intervention in radiological emergencies [9],
— Estimation of population doses (in preparation),
— Qualified experts (in preparation).

In conclusion, it can be stated that the European Basic Safety Standards 
Directive has been updated in accordance with ICRP 60 and that the Directive is in 
line with in the International Basic Safety Standards.

The European Directive will be an essential basis for radiation protection in the 
Member States of the European Communities. However, it should not be forgotten 
that the really binding regulations for operators and others in the Member States will 
be given in the national legislation, which is to be revised before May 2000.
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S U M M A R Y  O F  D I S C U S S I O N

Special Session

G.A. WEBB (International Atomic Energy Agency): D J. Beninson described 
the system of radiological protection based on the linear no threshold (LNT) hypoth
esis. In this system, the optimization of protection is a main element. Most optimiza
tion procedures, whether cost-benefit analysis or multiattribute analysis, provide for 
the assignment of less weight to detriments caused by a summation of low doses than 
to those caused by high doses. Could the effect of adaptive response or quadratic 
response be accommodated within the system by assigning even less weight to low 
doses?

D.J. BENINSON (Argentina): Not all radiological protection systems involve 
less weighting at very low dose rates or doses. The ICRP recommends that the dif
ferent parts of the collective dose be represented by slices corresponding to different 
individual dose ranges, so as to enable the decision maker to decide on the procedures 
to be followed.

E. ROTH (Germany): In my view, D.J. Beninson’s presentation, which was 
based entirely on the LNT hypothesis, did not make due allowance for the widespread 
doubts about the validity of that hypothesis.

With regard to the possibility and importance of a threshold, Beninson stated 
that a threshold of a few millisieverts — the best that could be hoped for — would be 
completely irrelevant for radiation protection purposes since everyone inevitably 
receives more than that dose in a lifetime because of natural background radiation. I 
think that this opinion is the consequence of a basic misunderstanding about the func
tion of a threshold. If there is a threshold, we probably need not add small doses over 
the whole lifetime. The additivity of doses and the collective dose concept are no 
longer applicable if we have a threshold. Scientifically, whether we have a threshold 
or not is an open question. Is it a question which can be settled by a vote? It is the sci
entific quality of the arguments which should be decisive.

D.J. BENINSON (Argentina): As I indicated in Forum 6 , if you accumulate 
something of the order of 50 mSv by the middle of your life, the lifetime dose will be 
above any threshold one can reasonably postulate.

E.J. SCHOTEN (Netherlands): Some of the first slides shown by D.J. Beninson 
seemed to suggest that people either benefit from a practice or experience a detriment 
as a result of it, with complementary probabilities. I should have thought that usually 
these things cannot be separated.

D.J. BENINSON (Argentina): You are right; the slides should not include the 
1-P qualification of the benefit branch. When the slides were made, it was considered 
that an attributable cancer death would offset the individual benefit.
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M. TSCHURLOVITS (Austria): With regard to the European directives on radi
ation protection, the dose limits adopted are those of the International Basic Safety 
Standards for Protection against Ionizing Radiation and for the Safety of Radiation 
Sources1. However, Member States of the European Union are explicitly permitted to 
adopt lower dose limits if they wish to be more ‘careful’. As this can bias the opti
mization process, why are they permitted to do so?

K. ULBAK (Denmark): The decision to permit, in principle, individual 
Member States to adopt different dose limits was taken by the European Union’s 
Council of Ministers.

As regards optimization, there should be no problems, because actual exposures 
are normally well below the adopted dose limits.

A.J. GONZALEZ (International Atomic Energy Agency): T.D. Luckey (IAEA- 
CN-67/64) and K. Becker (IAEA-CN-67/137) have presented us with a major 
dilemma. On the one hand, they have drawn attention to the fact that substantial 
resources are being expended, with very little health benefit, on reducing already 
extremely low dose levels — something about which I am sure many of us are con
cerned; on the other, they have used ‘epidemiological’ arguments which are flawed 
and which would have been severely criticized by the professional epidemiologists 
who participated in the Forums relating to epidemiology. I submit that it is wrong 
that, in the name of prudence, many regulatory authorities are taking decisions to 
reduce already extremely low dose levels (thereby probably doing more harm than 
good). They should not do that, and they do not need radiobiological or radioepidemi- 
ological arguments.

K. BECKER (Germany): With regard to A.J. González’s remarks, I have diffi
culty in seeing the ‘statistical significance’ which some epidemiologists distil out of 
data points resembling the stars in the Andalusian sky rather than reflecting 
meaningful measurements. On the other hand, I see nothing wrong with the data of 
W. Schiittmann and myself2 on non-smoking women in Saxony, among whom (even 
in the case of those living in the areas with the highest residential radon levels) the 
incidence of lung cancer is about half the State average.

One of the main problems in this field seems to be selective quotation and the 
discrediting of results which contradict a preconceived notion.

1 FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED NATIONS, 
INTERNATIONAL ATOMIC ENERGY AGENCY, INTERNATIONAL LABOUR ORGANI
ZATION, OECD NUCLEAR ENERGY AGENCY, PAN AMERICAN HEALTH ORGANI
ZATION, WORLD HEALTH ORGANIZATION, International Basic Safety Standards for 
Protection against Ionizing Radiation and for the Safety of Radiation Sources, Safety Series 
No. 115, IAEA, Vienna (1996).

2 SCHÜTTMANN, W„ BECKER, K„ Another test for the LNT hypothesis: Residential 
radon in Saxony, Health Phys. (in press).
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Abstract

CONTROL MEASURES FOR PRACTICES CAUSING EXPOSURE.
Over the last 20 years, we have witnessed increasing public and government concern 

about the effects of technology on health and the environment in fields as varied as industry, 
agriculture, medicine and research. Anticipating these concerns, the International Commission 
for Radiological Protection (ICRP) established a system of protection applying to human activ
ities which involve exposure from ionizing radiation emanating from an artificial or natural 
radiation source. This system, reflected in international regulations, enshrines the idea that, on 
the basis of the latest scientific knowledge, risks associated with radiation exposure can only 
be reduced, not entirely eliminated. The paper does not deal with the linear no threshold dose 
response debate. In its preamble, the International Basic Safety Standards for Protection 
against Ionizing Radiation and for the Safety of Radiation Sources stresses the fact that the 
acceptance by society of risks associated with radiation is conditional on the benefits to be 
gained from the use made of radiation. The search for an acceptable compromise between the 
risks and benefits associated with activities involving exposure to radiation constitutes the key 
issue as concerns the measures of control to be implemented. The strength of this system lies 
in its consistent application to a wide range of situations. However, over the last decade, the 
ICRP has developed the system by highlighting different degrees of controllability which 
“influence the judgements about the reasonableness of the various control procedures”. A dis
tinction has therefore been drawn between two types of situation: practices and interventions. 
The paper deals with the control measures for practices, and more specifically with the descrip
tion of the categories of activities to be considered, the features of the regulatory system (scope, 
objective, principles) and the acceptable levels of risks. The presentation of all these topics can 
be found in ICRP, IAEA, European Commission and NEA documents (Standards and Guides). 
The precise formulation of some of the more essential aspects of the system cannot easily be 
paraphrased without losing their essence. It was considered to be more appropriate to keep the 
original wording while trying to summarize these topics and to explain the rationale behind the 
system.
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Human activities that add radiation exposure to that which people normally incur 
due to background radiation, or that increase the likelihood of their incurring exposure, 
are termed ‘practices’. This means the introduction of additional sources of exposure 
or exposure pathways or extending exposure to additional people or modifying the net
work of exposure pathways from existing sources. The human activities that seek to 
reduce the existing radiation exposure, or the existing likelihood of incurring exposure 
which is not part of a controlled practice, are termed ‘interventions’.

It can readily be understood that provisions for radiological protection and 
safety for a practice can be made before its commencement, and the associated radia
tion exposures and their likelihood can be restricted from the outset. In the case of 
intervention, the circumstances giving rise to exposure or the likelihood of exposure 
already exist, and their reduction can only be achieved by means of remedial or 
protective actions.

Which activities does this relate to? The practices which involve the risk from 
ionizing radiation include the production of sources and the use for different purposes 
of radiation or radioactive substances from artificial sources or from natural radiation 
sources in cases where natural radionuclides are or have been processed in view of 
their radioactive, fissile or fertile properties; the generating of nuclear power (includ
ing any activities in the nuclear fuel cycle); and activities that may enhance exposure 
to naturally occurring radioactive substances specified by the regulatory authority as 
requiring control.

The appropriate control measures will depend on the context of the exposure as 
well as on the likelihood of the exposure.

In relation with the context of the exposure, three types of exposure are con
sidered: occupational exposure, which is incurred at work, and principally as a result 
of work; medical exposure, which is principally the exposure of persons as part of 
their diagnosis or treatment; and public exposure, which comprises all other 
exposures.

In the control of occupational exposure, it is usually possible to apply controls 
at three points: at the source, by fixing its characteristics and its immediate shielding 
and containment; in the environment, by ventilation or additional shielding; and at the 
individual, by requiring appropriate working practices and the use of protective cloth
ing and equipment. In medical exposures, the controls are also applied at the three 
above mentioned points, but mainly as part of the primary function of diagnosis or 
treatment, rather than as part of a separate system of protection. In public exposure, 
the controls should be applied at the source. Only if these cannot be made effective 
should controls be applied to the environment or to individuals.

In relation with the likelihood of the exposure, two categories of exposure are 
distinguished: normal and potential.

1. BENEFICIAL PRACTICES AND RELATED CATEGORIES OF EXPOSURE
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It is virtually certain that some radiation exposures will result from the normal 
performance of practices and that their magnitudes will be predictable, albeit with 
some degree of uncertainty; such expected exposures are referred to as ‘normal expo
sures’. Also, exposure scenarios can be envisaged for which there is a potential for 
exposure, but no certainty that an exposure will in fact occur; such unplanned but fea
sible exposures are termed ‘potential exposures’. Potential exposures can become 
actual exposures if the unplanned situation does occur, e.g. as a consequence of 
equipment failure, design or operating errors or unforeseen changes in environmental 
conditions. If the occurrence of such events can be foreseen, the probability of their 
occurrence and the resulting radiation exposure can be estimated.

The introduction of the concept of potential exposures into the radiological pro
tection system applied to practices is an important development, which was necessary 
considering the number of source accidents resulting in overexposure of individuals. 
Thus there was a need to set specific requirements in the regulatory system.

The means for controlling normal exposures is the restriction of the doses deliv
ered. The primary means for controlling potential exposures is by good design of 
installations, equipment and operating procedures as well as by a proper implemen
tation of these procedures; this is intended to restrict the probability of occurrence of 
events that could lead to unplanned exposures and to restrict the magnitudes of the 
exposures that could result if such events were to occur.

2. SCOPE OF THE REGULATORY SYSTEM: EXCLUSION
AND EXEMPTION

The limitation of the scope of the regulatory system applied to practices is a 
necessity both because of the inclusion within the practices of natural sources which 
are permanent features of the environment and because of the widespread use of 
human made radiation sources.

This is an essential issue, although it is not always well understood.
The intent of ‘exclusion’ is to recognize that some exposures are not amenable 

to control. Well known examples include exposure from cosmic radiation at the 
earth’s surface, exposures from potassium-40 in the body and exposure from unmod
ified concentrations of radionuclides in the earth.

Controls thus apply only to the additional exposures caused by human activities.
The concept of exclusion applies to exposures and not to sources or practices 

giving rise to the exposures. For example, exposures from naturally occurring radon 
in the home or workplace are usually excluded up to a certain level, called an action 
level. Exposures that arise from human activities which make use of radiation, includ
ing applications involving manufactured radioactive sources and radiation generating 
equipment, are not excluded from regulation, as it is possible to control them.
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The intent of ‘exemption’ is to recognize that the radiological risks associated 
with some practices are trivial, which means that full regulatory involvement is super
fluous. The concept of triviality makes reference to a level of risk and value judge
ments in relation with its acceptability (see Section 3). Examples of practices that 
may be candidates for exemption are the use of radionuclides in biomedical research 
and leak testing using krypton-85. A practice or a source within a practice may be 
exempted without further consideration provided that the following criteria are met in 
all feasible situations:

— The effective dose expected to be incurred by any member of the public due to 
the exempted practice or source is of the order of 10 (iSv or less in a year,

— The collective effective dose committed by one year of performance of the 
practice is no more than about 1 person-Sv.

Regulations, which can be based on the Basic Safety Standards, can provide 
generic radionuclide specific levels that allow the exemption of practices without 
further consideration.

3. ACCEPTABLE LEVELS OF RISK

The primary aim of the regulatory system is to provide an appropriate standard 
of protection and safety for humans without unduly limiting the benefits of practices 
giving rise to exposure.

This means that effective defences against radiological hazards from sources 
should be established and maintained so as to prevent the occurrence of determinis
tic effects in individuals by keeping doses below the relevant threshold and to ensure 
that all reasonable steps are taken to reduce the occurrence of stochastic effects in the 
population at present and in the future.

The principles that need to be adopted to meet these objectives are of various 
natures and cover management of risks as well as implementation and organizational 
aspects.

The three well known principles of justification of practices, optimization of 
protection and limitation of doses and risks are aimed at guiding the decision maker 
on how to balance benefits against costs and detriments. One of the factors to be taken 
into account when examining the justification of a practice is the distribution of doses 
to those exposed and, in particular, the tolerability of risk for those most exposed.

The ICRP has found it useful to use three words to indicate the degree of toler
ability of an exposure or risk. They are necessarily subjective in character and must 
be interpreted in relation to the type and source of exposure under consideration. The 
first word is ‘unacceptable’, which is used to indicate that the exposure would not be
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acceptable on any reasonable basis in a continued and deliberate exposure resulting 
from a practice. Exposures that are not unacceptable are then subdivided into those that 
are ‘tolerable’, meaning that they are not welcome but can reasonably be tolerated, and 
‘acceptable’, meaning that they can be accepted without further improvement, i.e. 
when protection has been optimized. In this framework, a dose limit is set at a level of 
risk selected at the boundary in the region between ‘tolerable’ and ‘unacceptable’.

The basic principles thus require the following:

— justification that the practice does more good than harm,
— optimization of protection,
— limitation of individual dose and risk to values below the unacceptable level.

There will also be a level of risk that is trivial, and the source will in this case 
automatically be considered acceptable. This introduces the concept of exemption 
mentioned in Section 2. If the risk is above the trivial level, then optimization of pro
tection from the source must be undertaken (see Fig. 1).

Unacceptable

Tolerable

t ...
Acceptable after optimization

Trivial

Acceptable without optimization

FIG. 1. S chem atic d iagram  o f  the a ccep ta b ility  o f  risk.

A complementary set of principles is related to the implementation of the regu
latory requirements. All reasonably practical measures should be taken to reduce the 
probability of abnormal operating situations or events that could lead to unintended 
exposures, and in addition to mitigate the consequences of any such situations or 
events should they nonetheless occur. As mentioned in the definition of potential 
exposures, approaches to the prevention and mitigation of accidents include con
sideration of the situation of the source, its design and its construction, to ensure the 
integrity of the source, and of operational procedures and standards, to ensure that 
abnormal situations will not arise.
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Another essential question to be considered in the principles that have to be 
followed is that of the organization and management of the radiological protection 
and safety. ‘Infrastructure’ is the term used for the basic organization and manage
ment needed to discharge functions related to protection and safety. Infrastructure 
includes legal framework, Regulatory Authority, technical support, employers, regis
trant and licensees.

4. JUSTIFICATION OF PRACTICES

No practice involving exposures to radiation should be adopted unless it pro
duces sufficient benefit to the exposed individuals or to society to offset the radiation 
detriment it causes.

The process of justification is required not only when a new practice is being 
introduced, but also when existing practices are being reviewed whenever new and 
important evidence about their efficacy or consequences is acquired.

Among the difficulties to be stressed in relation with the justification principle 
are the following: the accuracy of the a priori assessment of the advantages and dis
advantages of a new practice; elements of the practices to be considered; and weight
ing of the new evidence to be taken into account in the case of the review of an exist
ing practice.

Reference is often made to the justification principle to forbid practices deemed 
to be not justified mainly because they could result in frivolous exposure. Examples 
of such practices are the incorporation of radioactive substances into foods, cosmetics 
and toys.

The medical field deserves special attention so as to avoid that procedures be 
ordered routinely for diagnostics rather than as a result of asking whether the test is 
really needed, given that there is some detriment associated with it.

5. OPTIMIZATION OF PROTECTION

In relation to any particular source within a practice, the magnitude of indivi
dual doses, the number of people exposed, and the likelihood of incurring exposures 
where these are not certain to be received, should all be kept as low as reasonably 
achievable, economic and social factors being taken into account. This procedure 
should be constrained by restrictions on the doses to individuals (dose constraints), or 
the risks to individuals in the case of potential exposures (risk constraints), so as to 
limit the inequity likely to result from the inherent economic and social judgements.

The principle of optimization of protection is, without doubt, the keystone of 
the radiological protection system. It is not only universally applicable whatever the
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type of situation, but is, above all, the most effective tool for controlling exposure. 
Essentially source related, it is first applied at the design step of any project, where 
dose reductions are more likely to be achievable in a cost effective way. 
Complementary optimization is also carried out at the operational level. This implies 
making an estimate of the exposure resulting from the practices, or the sources within 
the practices, as realistically as possible.

5.1. Evolution of the principle of optimization

Optimization is necessarily a choice between options. Broadly speaking, it is an 
exercise in common sense and means controlling the source, while at the same time 
not expending disproportionate resources. However, more quantitative approaches 
were developed, mainly linked to the use of techniques in which one impact is the col
lective exposure of the affected population. These approaches may in some cases give 
rise to difficult problems of interpretation. For instance, the unlimited aggregation of 
very small doses or risks over time and space into a single value deprives the decision 
maker of much necessary information. Emphasis tends now to be put, even in the 
definition of the optimization itself, on a more disaggregated expression of the 
elements to be considered.

Another important evolution in the process of optimization is the introduction 
of the concept of ‘constraint’. Dose or risk constraints are source related individual 
restrictions used exclusively in the process of optimization to exclude any protection 
options that would cause the dose or risks to individuals from a given source to 
exceed the value of the constraint. The introduction of this concept arose from the 
concern that some methods used in the optimization of protection mainly consider 
benefits and detriments to society as a whole. Thus the optimization could result in 
some non-equitable distribution of doses and risks between individuals.

While the concept of dose constraint has been included in the international stan
dards, there is still not a clear consensus about the use of risk constraints. A report on 
this topic by a joint group of experts from OECD/NEA and the European Com
mission stresses that work on risk constraints is still in its early stages and that only 
general guidance has been developed so far. It is not yet clear how risk constraints will 
be used, since there are great difficulties in defining procedures for optimization of 
protection against potential exposure.

The use of dose constraint is prospective, being applied in the planning of pro
tection in all situations, where optimization of protection is involved. It refers to the 
source, practice, or task. Once the optimization under constraint is made, the 
constraint ceases to be operationally relevant. It is important to recognize that the 
dose constraint as a concept should not be confused with the (higher) dose limit, 
which is a person related quantity having the status of a legal limit to the dose that an
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individual could receive from the whole of practices to which he or she can be 
exposed at present and in the foreseeable future (see Section 6). The dose limit has a 
prospective and retrospective character.

5.2. The application of dose constraints

The main issues in the application of dose constraints are the following: who is 
going to set the quantified values? how? and what are the differences of application 
according to the different contexts of exposure?

Constraints may help the management of a licensee, operator or employer in 
optimizing protection in design or in planning operations. Regulators may use con
straints in a generic way for categories of similar sources, practices or tasks. The 
establishment of constraints should be the result o f an interaction between operators 
and regulators.

A dose constraint does not exceed the value of the dose limits. More precisely, 
the choice of the value of the dose constraint for a given source, practice or task can 
result from one or a combination of two approaches: the use of the result of a generic 
optimization of protection for the source, practice or task being considered, or the 
use of the experience of well managed operation of practices or sources of the 
same kind.

Differences appear in the way of setting and using the constraints according to 
the field of activity.

5.2.1. Occupational exposure

The constraint can be expressed as a single dose or as a dose over a given time 
period. Because of the variability of exposures in different fields of application of 
ionizing radiation and nuclear energy, the establishment of a generic constraint for 
workers is not practicable. For example, in medical radiology usually the constraints 
may be very low. However, in some underground mines or in case of special main
tenance operations or decontamination activities in a nuclear power plant, high 
exposures cannot easily be diminished. Usually, however, dose constraints for 
occupational exposure can be set at levels significantly lower than the relevant dose 
limit.

Where workers are employed exclusively in one group of operations, there is 
no problem in applying the constraint to the doses received from the operations.

Because constraints apply to sources and not to people, there needs to be some 
other mechanism for tracking workers who move from site to site and company to 
company ànd for keeping their doses low.
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T
Dose limit (1 mSv)

Margin to allow for multiple sources

i
t

Default value for dose constraint
-  Authorized discharge limits 
should be within this rangeMargin to allow for current good practice

Exemption level (0.01 mSv)

FIG. 2. S ettin g  a  source re la te d  d o se  con stra in t f o r  the pu blic .

5.2.2. Public exposure

In practice, almost all public exposure is controlled by the procedures of con
strained optimization and the use of authorized levels, whose values must not exceed 
the constraint. It is often convenient to class together individuals who form a homo
geneous group with respect to their exposures to a single source. When such a group 
is typical of those most highly exposed by that source, it is known as a ‘critical 
group’. The dose constraint should be applied to the mean dose in the critical group 
from the source for which the protection is being optimized. This group may also 
incur doses from other sources. If the exposures to the members of any critical group 
are likely to approach the dose limit for public exposure, the constraints applied to 
each source should be selected to allow for any significant contribution from other 
sources to the exposure of the critical group. This may be done by ensuring that the 
dose constraint for each source is lower than, or at least does not exceed, the fraction 
of the dose limit allocated to that source. Optimization of protection should then be 
carried out below this ceiling value (see Fig. 2).

5.2.3. Medical exposure

For medical exposures in diagnostic radiology and diagnostic nuclear medicine, 
medical reference or guidance levels should be determined rather than constraints; 
those reference or guidance levels have the function of investigation levels. Review or 
corrective actions should be carried out if doses or activities either fall substantially 
below or exceed the guidance levels. In the first case, the diagnostic information may 
not be obtained, requiring a retake; in the second case, the exposure would be unnec
essarily high. Unless this is justified by a sound medical judgement, appropriate steps 
should involve changes in technique or equipment to reduce doses below the medical 
reference level without compromising the quality of diagnostic information.
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The occupational exposure of any workerb shall be so controlled that the following limits 
are not exceeded:

-  an effective dose of 20 mSv per year averaged over five consecutive yearsc;
-  an effective dose of 50 mSv in any single year;
-  an equivalent dose to the lens of the eye of 150 mSv in a year; and
-  an equivalent dose to the extremities (hands and feet) or the skin of 500 mSv in a year.

For apprentices o f 16-18 years of age who are training for employment involving exposure to 
radiation and for students of age 16-18 who are required to use sources in the course of their 
studies, the occupational exposure shall be so controlled that the following limits are not 
exceeded:

-  an effective dose of 6 mSv in a year;
-  an equivalent dose to the lens of the eye of 50 mSv in a year; and
-  an equivalent dose to the extremities or the skin of 150 mSv in a year.

TABLE I. DOSE LIMITS FOR OCCUPATIONAL EXPOSURE3

a FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED NATIONS, INTER
NATIONAL ATOMIC ENERGY AGENCY, INTERNATIONAL LABOR ORGANISA
TION, OECD NUCLEAR ENERGY AGENCY, PAN AMERICAN HEALTH ORGANIZA
TION, WORLD HEALTH ORGANIZATION, International Basic Safety Standards for 
Protection Against Ionizing Radiation and for the Safety of Radiation Sources, Safety Series 
No. 115, IAEA, Vienna (1996), 91-92. 

b Pregnant workers: A female worker should, on becoming aware that she is pregnant, notify 
the employer in order that her working conditions may be modified if  necessary. The notifi
cation of pregnancy shall not be considered a reason to exclude a female worker from work; 
however, the employer of a female worker who has notified pregnancy shall adapt the work
ing conditions in respect o f occupational exposure so as to ensure that the embryo or foetus 
is afforded the same broad level o f protection as required for members o f the public. 

c The start of the averaging period shall be coincident with the first day of the relevant annual 
period after the date o f entry into force of the Standards, with no retroactive averaging.

6 . INDIVIDUAL DOSE AND RISK LIMITS

The exposure of individuals resulting from the combination of all the relevant 
practices should be subject to dose limits, or to some control of risk in the case of 
potential exposures. These are aimed at ensuring that no individual is exposed to 
radiation risks that are judged to be unacceptable from these practices in any normal 
circumstances.
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TABLE II. PUBLIC EXPOSURE DOSE LIMITS3
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The estimated average doses to the relevant critical groups of members of the public that are 
attributable to practices shall not exceed the following limits:

—  an effective dose of 1 mSv in a year;

— in special circumstances, an effective dose of up to 5 mSv in a single year that 
the average dose over five consecutive years does not exceed 1 mSv per year;

—  an equivalent dose to the lens of the eye of 15 mSv in a year; and
—  an equivalent dose to the skin of 50 mSv in a year.

a FOOD AND AGRICULTURE ORGANIZATION OF THE UNITED NATIONS, INTERNA
TIONAL ATOMIC ENERGY AGENCY, INTERNATIONAL LABOR ORGANISATION, 
OECD NUCLEAR ENERGY AGENCY, PAN AMERICAN HEALTH ORGANIZATION, 
WORLD HEALTH ORGANIZATION, International Basic Safety Standards for Protection 
Against Ionizing Radiation and for the Safety of Radiation Sources, Safety Series No. 115, 
IAEA, Vienna (1996) 92-93.

These limits differ depending on whether the exposure is of workers or of 
members of the public. They do not apply to medical exposure, where the issue is the 
intended result in terms of diagnosis or treatment.

Dose limits do not apply directly to potential exposures. By analogy with dose 
limits, potential exposures should be subject to risk limit requirements, taking into 
account both the probability of incurring a dose and the detriment associated with the 
dose if it were to be received. However, risks limits differ from dose limits, in that the 
probability of occurrence and the magnitude of the potential exposure cannot be 
determined. They can only be estimated from an assessment of future scenarios.

The dose limits recommended by the IAEA and the ICRP (see Tables I and II) 
have been adopted in international standards and are expected to be adopted in most 
countries (and in some countries have already been adopted) at the national level. 
What is the basis for recommending these values?

6.1. Limits for occupational exposure

For workers, it might be concluded that a continuing annual probability of death 
of 1 in 100 would be clearly unacceptable, since the individual would incur too high 
a risk of dying from the occupation. On the other hand, an annual probability of death 
of 1 in 1000 would not be called totally unacceptable, provided the individual at risk 
knows of the situation, has some commensurate benefit as a result and everything 
reasonable has already been done to reduce the risk. The ICRP concluded that,
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broadly, a risk of death of 1 in 1000 per year is about the most that is ordinarily 
accepted under modem conditions for workers, and adopted it as the dividing line 
between what is just tolerable and what is intolerable (unacceptable).

At a rate of exposure of 20 mSv/a over 5 years (100 mSv in 5 years), the life
time risk of induced fatal cancer is nearly 4% on the basis of the risk factors derived 
by the ICRP, which with added (weighted) allowances for non-fatal cancers and 
hereditary defects is 5%. This may be compared with the lifetime risk, inferred by the 
maximum tolerable risk of 10-3 per year, of 4.7% for work from age 18 to 64, and 
with the natural risk of dying of cancer of about 25%. The average annual attributable 
fatal cancer risk is 7 x 10"4. These levels of risk seem to correspond to the highest that 
will be tolerated and therefore mark the borderline of unacceptability.

6.2. Limits for members of the public

In the case of members of the public, it is much more difficult to decide what 
may be the level of unacceptability. A risk of 1 in 106 per year is commonly regarded 
as trivial, whereas risks imposed on the public are perhaps challenged at levels 
approaching 1 in 104 per year.

The associated average annual fatal risk for a limit of 1 mSv per year is about 
5 in 105 per year on the basis of the risk factors derived by the ICRP, and the lifetime 
fatal cancer risk at this rate of exposure is 0.4%, which represents an increase of about 
2% of the natural probability of dying of cancer.

7. IMPLEMENTATION PRINCIPLES

These principles specify what must be accomplished technically for the safe 
design, construction and use of sources. Protection and safety are ensured by a com
bination of design features and operational procedures and conditions. The relative 
importance of design and of operation depends on the type of source.

In choosing the location of any source within a facility, account should be taken 
of factors that could affect levels of exposure and the safety of the source as well as 
the likelihood of potential exposures. The control of sources is helped by requiring 
that the workplaces containing them be formally designated as controlled or 
supervised areas.

The design and construction must be such that a source is suited for reliable, 
stable and easily manageable operation that ensures protection and safety with a high 
level of confidence. For this purpose, according to the complexity of the source, con
sideration should be given to defence in depth, human factors, system testing and 
feedback of operational experience. Defence in depth is defined as the application of
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more than a simple protective measure for a given safety objective, such that the 
objective is achieved even if one of the protective measures fails.

Moreover, the operation of sources and associated facilities and equipment 
must be controlled in accordance with a set of operational procedures and conditions 
derived from a radiation safety analysis and covering the safety of the sources and the 
protection of individuals. These procedures should be revised as necessary in the light 
of experience.

More generally, it should be stressed that the basis of the standards is the 
restriction of doses and of the probability of incurring doses. Thus the measurement 
or assessment of doses is fundamental to the practice of radiological protection. 
Neither the equivalent dose in an organ nor the effective dose can be measured 
directly. Values of these quantities must be inferred with the aid of models, and the 
values chosen for their parameters should be realistic, so that the results they give can 
be described as ‘best estimates’. Where practicable, estimates should be made of the 
uncertainties inherent in these results.

8. INFRASTRUCTURE FOR PROTECTION AND SAFETY

A legal framework needs to be established that provides for the regulation of 
practices and for the clear assignment of responsibilities.

The Regulatory Authority is responsible for ensuring regulatory control over 
practices consistent with national policies and objectives for protection and safety.

For practices, the Regulatory Authority is expected to establish a programme of 
control for sources through notification, registration and/or licensing; to conduct an 
inspection programme to assess protection and safety; and to take enforcement action 
in the event of non-compliance with requirements.

The principal parties having responsibility to provide for protection and safety, 
under the control regime established by the Regulatory Authority, are registrants, 
licensees and employers. Medical practitioners are assigned the primary task and 
obligation of ensuring the protection and safety of patients in the prescription of, and 
during the delivery of, medical exposure. Other persons, such as designers, manu
facturers and suppliers, may have professional and legal responsibilities that are 
significant for protection and safety. One of the most important functions of manage
ment requirements is that of maintaining control over the sources of exposure and 
over the workers who are occupationally exposed.

In the organization of a registrant or a licensee, it is the management’s respon
sibility to recognize the significance for protection and safety of its activities and to 
promote a radiation safety culture aimed at developing and maintaining an attitude of 
rigor and thoroughness towards safety that permeates the entire organization. This
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attitude to safety should be reinforced by the creation of a formal management 
structure for dealing with radiological protection, including the optimization of 
protection, and by the issuing of clear operating instructions.

Finally, registrants, licensees, employers and governmental organizations, as 
well as other intervening organizations, need to make preparations for accident 
situations that are commensurate with the risk.

9. EXIT FROM THE REGULATORY SYSTEM: AUTHORIZATION
AND CLEARANCE

From a regulatory point of view, there are two ways of dealing with safe dis
carding, recycling or reuse of materials, by-products or wastes arising from a practice 
inside the radiological regulatory system, whatever their physical forms. They are 
authorization and clearance.

Under authorization, regulatory requirements are maintained for as long as 
necessary to ensure protection and safety. Resultant exposures are not necessarily 
trivial. Authorization requires the optimization of protection, subject to dose and risk 
constraints. It also requires the choice of realistic scenarios of exposures for the a 
priori assessments. It allows the a posteriori verification of these assessments.

In the case of liquid and gaseous effluents, control is carried out at the point of 
discharge, and surveillance is performed in the environment. In the case of solid waste 
disposal or recycling, the control is carried out before the material is transferred from 
the originating facility and then at the disposal facility or at the final destination. For 
solid waste disposal, the latter control could be at the repository or landfill, while for 
recycling, controls could include monitoring after processing as well as verification 
of the intended use of the material.

Clearance from the regulatory requirements can be granted automatically or on 
a case by case basis if the resultant exposures are trivial. This allows unrestricted 
disposal (or reuse or recycle) of some material with no further control after the 
material is transferred from the originating facility. The radiological assessment of the 
exposures is made a priori; there is no a posteriori verification.

10. CONCLUSION AND PERSPECTIVES

The main feature of the regulatory management of practices is its high degree 
of controllability, making it possible to set in place a range of strong provisions tak
ing account of potential exposure, setting dose limits and imposing enforcement of 
the principle of optimization of protection by the introduction of dose and risk con
straints.
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What further changes can be expected with a regulatory system which 
appears to be highly evolved and not a subject of open debate, and when even the 
ICRP itself has expressed a desire to achieve a certain degree of stability in the 
standards?

During my presentation of the objectives and principles, I have emphasized a 
certain number of difficulties, questions and remaining issues:

(a) One of the main difficulties results from the inclusion of enhanced natural 
exposure among the practices to be controlled. The authorities need to make investi
gations at a national level to determine which human activities are liable to be 
involved. This constitutes a new area of control to be studied. Guidelines on the 
subject are currently being drafted at the international level.

(b) The introduction of the concept of potential exposure raises difficulties of a prac
tical and methodological nature, even though it may no doubt constitute a necessity for 
radiological protection which cannot ignore the risks of accidents. There are two con
flicting points of view: that of those who consider that what is important is to set quan
tified risk constraints, and that of those who consider that the emphasis should be 
placed on the technical requirements associated with the source. It is, in fact, a matter 
of approaches which are complementary but between which it is not always easy to 
strike the right balance, even in stating the objectives and associated principles.

(c) What is the future for public dose limits? The question raised is of the useful
ness of a dose limit for the public, whereas dose constraint is the most effective and 
best adapted tool for reducing a risk associated with a source. The inappropriateness 
of a dose limit for the public is particularly obvious in the case of long lived waste, 
as no retrospective verification is possible after some hundreds of years, while the 
‘prospective’ nature of the constraint, which is applied at the design stage, enables it 
to address the problem in question.

Some consider that the limit at least makes it possible to set a ceiling value for 
the dose constraint and to make allowance, below this value, for a margin when a 
critical group of individuals can be affected by a number of sources. However, 
numerous investigations have indicated that there are in fact very few cases in which 
‘secondary’ exposure sources significantly contribute to exposure.

(d) Paradoxically, the principle of justification — the first that should be applied — 
tends to be relegated to secondary status in the field of practices. Greater use of it 
should be made in the origin of the practice, making allowance for all its aspects — 
particularly the waste produced — which is not always the case. Moreover, should the 
justification be applied only to the whole practice or to an element of the practice? 
The question needs to be raised, but the consequences could be far reaching.
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(e) Another issue which needs to be studied in greater depth is experience feedback 
on the use of constraints in the different fields of activity. Is licensee initiative being 
inhibited? This would no doubt be the case if the constraints were to become 
quantified requirements imposed by the authorities. In any case, it will certainly be 
necessary to develop databases on well managed operations to facilitate exchanges of 
information on the subject.

(f) More generally, the importance taken by the principle of optimization and the 
requirement for realism in assessments of exposures is a way of responding to the 
demand for fuller public information concerning the risks. It is to be expected that 
expert appraisal will be a growing necessity in the future. Separation of roles, inde
pendence (between licensee, expert, authorities), transparency and credibility are 
essential issues in this context.
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SUMMARY OF DISCUSSION

Forum 8

CJ. PAPERIELLO (United States of America): What scientific evidence is 
there that the public considers an involuntary annual risk of 10~3 to be tolerable, when 
the risk is that of contracting cancer as a result of ‘nuclear’ ionizing radiation?

A. SUGIER (France): There is no scientific evidence. The difficulty faced by 
organizations like the ICRP when trying to make comparisons is to find indicators of 
what the public feels. One way of doing this is to say that the trivial level for excess 
risk is 10-6; it appears to be tolerable if one arrives at ten times more than this trivial 
level. Another way is to compare differences in exposure levels as between different 
places; this is about 1 mSv and corresponds to this risk.

We are not dealing with science here; we are trying to choose a level which — 
with the exercise of judgement — will be acceptable.

A.J. GONZALEZ (International Atomic Energy Agency): I do not know of any 
comprehensive scientific study on the acceptability of risks in relation to circum
stances (with account taken of the benefits derived from the taking of the risks) — an 
area which, in my view, merits very serious scientific attention.

However, in relation to radiation we have at least one reference point, namely 
the global levels of natural background radiation. People do not seem to be concerned 
about those levels.

B.C. WINKLER (South Africa) (Chairperson): In my opinion, the question of 
risk acceptability is a question not so much of the acceptability of risks per se as of 
the acceptability of situations involving risks. Thus, it is conceivable that different 
risks will be considered acceptable because different situations promise different 
benefits.

D.J. BENINSON (Argentina): For comparisons of risks — or, more correctly, 
of risk sources — to be valid, all factors which are not explicitly compared should be 
similar as between the risk sources in question. In other words, the ceteris paribus 
principle should apply.

P. PELLERIN (France): I should like to point out that, for the following reasons, 
radiation workers do not take greater risks than individual members of the public:

— The limits set for radiation protection purposes (on the basis of ICRP recom
mendations, the International Basic Safety Standards, etc.) have been set for 
workers, who are well protected if the observance of those limits is confirmed 
by permanent individual dosimetry and permanent medical surveillance.

— The limits set for the protection of individual members of the public are simply 
the limits set for the protection of workers divided by ten, a number justified by
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the fact that individual members of the public cannot be subjected to permanent
individual dosimetry and permanent medical surveillance.

This has been the basis of the international radiation protection system for the 
past 40 years.

A. SUGIER (France): I would emphasize that in ICRP Publication 60, the 
limits for individual members of the public are presented not simply as the limits set 
for the protection of workers divided by ten; they are based on arguments similar to 
the line of reasoning which I tried to put across in my keynote presentation.

A.C. McEWAN (New Zealand): Regarding what P. Pellerin just said, I would 
point out that, although permanent medical surveillance is useful when deterministic 
effects may arise, with the doses received by workers the only risk is that of stochastic 
effects, so that permanent medical surveillance is of no value.

P. PELLERIN (France): Perhaps I did not express myself clearly enough. There 
is a legal requirement that each radiation worker be protected both against stochastic 
effects (through permanent individual dosimetry) and against non-stochastic effects 
(through a permanent special medical follow-up).

Clearly, such protection cannot be provided for the public at large, which justi
fies the factor of ten reduction in the limits initially set for radiation workers when 
one is dealing with individual members of the public.

A. MacLACHLAN (Nucleonics Week): When, in A. Sugier’s opinion, is 
radioactive waste disposal a practice and when an intervention?

A. SUGIER (France): In my opinion, it is a practice when it is an operation 
foreseen in advance as part of a broader practice which you have deliberately 
launched. In the case of, say, the Chernobyl accident, I would regard the waste dis
posal part of the cleanup operation as an intervention.

If you bear in mind that optimization is the key principle in radiation protection, 
however, you do not have to ask yourself whether radioactive waste disposal is a prac
tice or an intervention. You simply have to consider the radiation source, the exposure 
levels and the available resources.

A. BORIO de TIGLIOLE (Italy): I have the feeling that ‘dose constraints’, 
referred to in Section 5 of Sugier’s keynote address, are simply a convenient way of 
introducing lower dose limits for practices.

A. SUGIER (France): You are right to some extent. As stated in the keynote 
address, however, the establishment of dose constraints should be “the result of an 
interaction between operators and regulators”; dose constraints should not simply be 
established arbitrarily by the authorities, and experience feedback is very important. 
Also, dose constraints should not be a disincentive to optimization.

E. STERN (Israel): It appears to me that the rationale for dose constraints is the 
possibility of — say — members of the public being exposed to the effects of more 
than one practice.
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Have numerical values for dose constraints been set in France?
A. SUGIER (France): No, but we are in the process of formulating regulations 

which take into account guidelines in which dose constraints figure.
E. STERN (Israel): Once numerical values have been set, will you be in favour 

of optimization below those values?
A. SUGIER (France): Dose constraints are ceiling (upper boundary) values 

below which one must optimize. That does not mean that dose constraints are the 
same as dose limits; they are merely a good way of drawing attention to a good prac
tice, which one should try to improve upon.

D.J. RAWLINGS (United Kingdom): I suggest that optimization should nor
mally come before the application of dose constraints, which should be a catch-all 
measure when all else has failed.

Also, I doubt whether dose constraints are applicable in all situations —  espe
cially interventional radiology.

Lastly, I think that in most cases it would be better if dose constraints were 
established locally —  rather than imposed centrally.

A. SUGIER (France): In interventional radiology, dose constraints are really 
generic reference levels. There are values for such generic reference levels in the 
relevant European Directive and —  if I remember rightly —  in the International Basic 
Safety Standards.

C. BORRAS (World Health Organization): The International Basic Safety 
Standards give numerical values as ‘guidance levels’ for medical exposures. Those 
values are meant to be used until values have been set by professional bodies on the 
basis of wide scale regional or national surveys.

J. VALENTIN (ICRP): It was gratifying to learn about the good experience in 
Tanzania regarding licensees reported by W.E. Muhogora (paper IAEA-CN-67/93). Is 
there not a risk, however, that some people will obviate the notification system by 
using radiation secretly —  without a licence?

W.E. MUHOGORA (United Republic of Tanzania): So far we have not encoun
tered any cases of people operating without a licence. The system of notification 
coupled with enquiries by the regulatory body should rule out such a possibility.
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The keynote speaker, A. Sugier, presented a comprehensive review of the cur
rent international best practice for control of practices, as reflected in the International 
Basic Safety Standards (BSS) which, in turn, are based on the recommendations of 
the ICRP. The main elements of this system of control of exposure are the three fun
damental principles of (1) justification of a practice, (2) optimization of protection 
and (3) limitation of individual dose and risk. Sugier pointed out, inter alia, that there 
are some situations, however, for which regulatory control is not worthwhile: expo
sures that are essentially unamenable to control, which may be excluded from regu
latory requirements, and practices that result in trivial risk, which may be exempted 
from regulatory control. At the other extreme, individual limits on dose and risk for 
justified practices are set at the lower boundary of a region which would generally be 
regarded as unacceptable. Within this general framework, detailed requirements for 
regulatory control can be spelled out.

Having completed her full elaboration of the system for protection for practices, 
the keynote speaker drew attention to a number of areas where some difficulties are 
experienced and where there is a need for further discussion in order to achieve a con
sensus on appropriate regulatory strategies. These are summarized here, with some 
additional comments in the light of the discussion:

(a) There is a fairly commonly shared view that insufficient attention is paid to the 
principle of justification of practices. Justification needs to take account of all 
aspects of a practice, including eventual decommissioning and waste disposal. 
But how are decisions on justification to be reached, and who should make them?

(b) Optimization assessments can vary very widely in approach and execution. 
There is a need for realism in such assessments and for practical guidance on 
methods of application.

(c) There is a need to review experience in the application of dose and risk con
straints and for a database of good practice. Furthermore, to what extent should 
regulatory authorities be prescriptive in imposing restrictions on practices 
rather than allowing licensees some initiative in meeting performance based 
safety criteria?

(d) How should practices which involve exposure to natural background radiation 
be controlled? Is it sufficient to apply the principles for intervention to such
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exposures? Could there be some level of natural exposure above which the reg
ulatory system should apply?

(e) There is a need for practical guidance on regulatory control of potential exposure. 
How much can be achieved through technical requirements placed on sources 
and to what extent are risk constraints appropriate or useful?

(f) How should we interpret the role of public dose limits? They are individual 
related, whereas regulatory controls usually need to be source related. Would it 
be more effective to make use of dose and risk constraints, and practice specific 
authorized limits based on them?

E. Vaño (IAEA-CN-67/178) described progress in developing guidance for 
radiation protection in interventional radiology, and W.E. Muhogora (IAEA-CN-67/93) 
discussed the regulatory system in Tanzania and experience in its application.

By way of introduction to the discussion, the Chairperson repeated a point 
made in the opening remarks, namely that it was important that at the end of the dis
cussion a consensus be reached as to whether, in the light of the scientific evidence, 
any changes were needed to the system of radiological protection. One of the themes 
which emerged in the discussion which followed was that of acceptable risk and how 
acceptability can be established. It was pointed out that the ICRP approach had been 
to review what evidence there is about public acceptability of risk and apply that to 
radiation protection. A risk of 1 in a million is generally regarded as trivial; this may 
indicate a lower bound for applying regulatory controls and that tolerable risks could 
be higher. Furthermore, there does not seem to be much evidence of public avoidance 
of naturally occurring risk at a level corresponding to about 1 mSv, which is roughly 
the scale of variation in natural background radiation from place to place. Another 
point to bear in mind is that it is not the risk per se that is acceptable, but the specific 
situation that gives rise to the risk that is deemed acceptable. Whatever the values 
chosen, it is a societal and highly complex judgement.

In discussion of a question seeking clarification of whether radioactive wastes 
should be dealt with through intervention or through control of practices, it was noted 
that both apply but in different circumstances. When a practice is commenced, the 
problem of what to do with the waste it may generate should be part of the decision 
making concerning justification and optimization. However, when faced with a situa
tion where radioactive wastes remain from past activities, this has to be dealt with by 
intervention.

A concern was expressed that in specifying dose constraints these might be taken 
to be dose limits. It is important that the message is clear that they are not. There is a 
need for developing some collective wisdom on appropriate values for dose constraints 
in different circumstances. If there are good reasons to apply a dose constraint in 
a particular circumstance, then optimization of protection is carried out within that 
constraint.
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It was noted that in the medical sphere, the guidance values for particular proce
dures have been derived after extensive consultation with the medical profession and 
that the values published in the BSS serve as a guide only. It is expected that guidance 
at the national level is probably more appropriate.

In summing up, the Chairperson ventured to suggest that there seemed to be no 
violent disagreement amongst the participants as to the system of protection adopted 
for practices, and that this indicated that the current strategy is generally accepted as 
being appropriate. Notwithstanding this, there are some elements of this system 
which require some attention.
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Abstract

REDUCTION OF EXISTING DOSES BY INTERVENTION.
There are instances where the population may receive radiation doses in excess of the 

standards because of ‘existing’ situations. These situations could evolve from the existence of 
natural sources of radiation, or anthropogenic contamination or from accident emergency 
situations that release radionuclides into the environment. The paper describes the major 
pathways of exposure to the population from these situations. It goes on to review the main 
methods for the assessment of doses to the population and the protective measures designed for 
averting these doses. The international community has approved three principles of 
intervention. These are listed and their implementation is discussed, together with some generic 
examples. Using these principles, generic intervention levels are developed for specific 
protective measures. Action levels for chronic situations are briefly mentioned. At the 
conclusion, the problems facing the decision makers during emergency situations are 
discussed. Some of these problems are not quantifiable. Therefore the decision maker will have 
to use personal perception during the decision making process. Public information and public 
participation during preparations for emergencies will contribute much to the lowering of the 
intervention levels, thereby increasing the level of protection afforded to the public.

1. INTRODUCTION

In the application of technologies involving radiation sources, radioactive 
substances or processes by which non-radioactive materials are transformed into 
radioactive ones, there are standards governing the levels of protection afforded to 
workers and to members of the public. These are set as limits of radiation doses that 
must not be exceeded during the routine operation of a facility or the controlled appli
cation of a technology.

There are instances where the population may receive radiation doses in excess 
of the standards because of ‘existing’ situations. These situations develop not within 
the normal confines of planned activities, where pre-set standards govern the protection 
levels of the workers, patients or the public, whatever the case may be. These situa
tions could be caused by high natural background levels, by global contamination 
(such as following nuclear bomb testing), by the use of certain building materials, etc. 
In such a case the situation would be termed ‘chronic’, denoting the continuous 
character of the problem.
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The case where a situation may develop with unexpected consequences to the 
public or the workers is more serious when the consequences can become very severe. 
It is also more difficult to plan for all these ‘accident’ situations, especially because 
no one situation resembles another in all technical details. Extreme accident situa
tions could be accompanied by a high probability of public or worker radiation doses 
exceeding the prescribed dose limits. These ‘acute’ situations will usually develop 
rapidly and evolve into emergency situations, mandating actions for the protection of 
the public and the workers.

There is another way of distinguishing between existing situations. It is to 
evaluate whether a situation has reached a steady state, when the local rate of change 
of the radiation situation is relatively low, or whether it is still developing. An 
example of the latter case could be an ongoing release from an accident. Predictions 
of the situation and projections of doses would constitute the major part of the 
evaluation of a situation and would serve as the basis of any decision making process. 
On the other hand, the evaluation of chronic situations, including the long term effects 
of accidents (after all releases to the environment have ended) would be based mainly 
on in situ measurements and would be much less prone to errors. In this case, the 
levels of radiation doses would usually be such that any action for the protection of 
the public need not be taken hastily.

The application of measures for the protection of the public, when a radiation 
‘situation’ warrants it, has been a topic of discussion for some decades now. Although 
this subject seems, at first, to be a rather straightforward one, closer inspection shows 
that this is not the case. This is demonstrated by the fact that the methodology for the 
application of protective measures, the levels at which these measures are introduced 
(and later, perhaps, withdrawn) and, moreover, the basic philosophy underlying the 
application of protective measures have changed numerous times since the appearance 
of nuclear energy for peaceful uses almost fifty years ago.

The present paper presents the basic definitions, discusses the development of 
the new criteria, their application and their limitations, and raises some unanswered 
open questions. It should be noted that the application of the methodologies described 
here is an essential component of the emergency plans and their annexed procedures 
that are a part of the operating license of any nuclear installation.

2. DEFINITIONS

Intervention'. The human activities that seek to reduce existing radiation exposure, 
or the existing likelihood of incurring exposure which is not a part of a controlled 
practice, are termed ‘interventions’ [1].

Situations that may require intervention include the following:
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(a) chronic exposure to naturally occurring sources of radiation such as radon in 
dwellings and to radioactive residues from past activities and events;

(b) emergency exposure situations such as might result from accidents or from 
deficiencies in existing practices.

Avertable dose: The dose to be saved by a protective action, that is, the difference 
between the dose to be expected with the protective action and that to be expected 
without it [2].

Averted dose: The dose saved by implementing a protective action [3]. 
Projected dose: The dose to be expected if no protective or remedial action is 

taken [4].
Protective action: An intervention intended to avoid or reduce doses to mem

bers of the public in chronic or emergency exposure situations [5].
Intervention level: The level of avertable dose at which a specific protective 

action is taken in an emergency exposure situation or a chronic exposure situation.
Remedial action: Action taken when a specified action level is exceeded, to 

reduce radiation doses that might otherwise be received, in an intervention situation 
involving chronic exposure [6].

Action level: The level o f dose rate or activity concentration above which 
remedial actions or protective actions should be carried out in chronic exposure or 
emergency exposure situations [7].

3. PATHWAYS OF EXPOSURE AND ASSESSMENT OF DOSES

Table I presents a summary of the major pathways of exposure to radiation, 
classified according to the situation causing the exposure.

The following is a brief review of the assessment of dose rates and projected 
doses for the population during different situations.

3.1. Chronic situations

The definition of chronic situations states that the exposure is due either to 
natural causes or to residues of past occurrences. In either case, there is no reason to 
expect imminent significant changes in the exposure rates or the exposure patterns. 
Thus, measurements will be the best starting point for calculating future projected 
doses. The decisions based on these projections will be more accurate than in the case 
of a developing situation, as will be discussed below.

The measurements will consist primarily of existing external dose rates, airborne 
and surface radionuclide concentrations and concentrations in foodstuffs and water. 
In addition to measuring and assessing the primary quantities in units of grays
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TABLE I. THE MAJOR PATHWAYS OF RADIATION EXPOSURES, CLASSIFIED 
ACCORDING TO THE SITUATION CAUSING THE EXPOSURE

Situation Exposure pathway Duration of exposure

Chronic Inhalation (mainly radon) Continuous

External radiation 
(high background areas)

Continuous

Acute (emergency) —  
urgent

Direct radiation from 
the source of the accident

Continuous, decaying

External exposure from 
passing radioactive cloud

Discontinuous, stops when 
release ceases

Inhalation of airborne 
radionuclides from passing 
cloud

Discontinuous, stops when 
release ceases

External exposure from 
radionuclides deposited on 
surfaces

Continuous, affected by both 
decay and weathering

Exposure from the ingestion 
of contaminated food and 
water

Continuous, depending on 
the availability o f supplies

Chronic (emergency) —  
long term

External radiation from 
deposited radionuclides

Continuous, affected by both 
decay and weathering

Inhalation from resuspended 
radionuclides

Depends on external 
conditions

Exposure from the ingestion 
of contaminated food and 
water

Continuous, depending on 
the availability of supplies

and becquerels, an accurate identification of the radionuclides involved is essential in 
order to calculate the doses to the population and to assess the required intervention (if 
any). This calculation is either done directly (in the case of external radiation dose 
evaluation) or through the use of operational (or ‘derived’) levels, which help in the
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translation of the measured quantities to predicted values. An example of such 
indirect evaluation is the use of the operational quantities to calculate possible doses 
to the population from ingestion of meat and milk from grazing animals, when ground 
radionuclide concentration (in kilobecquerels per square metre) is the measured 
quantity.

There are inherent inaccuracies in this method. This is because the generic values 
used in the operational levels do not cater to all possible soil, crop and human con
sumption variations, to name but a few of the factors involved. There is, of course, a 
more direct way to evaluate the concentration of radionuclides in the human body 
(e.g. with a whole body counter) in affected areas and to calibrate these against the 
ground concentrations. It is a cumbersome and lengthy process, with its own inaccu
racies, and the equipment is not always available. Moreover, it is based on actual 
exposures, which is exactly the situation the decision maker is trying to avoid.

However, the assessment does not end there. There are many additional factors 
that can influence the temporal and spatial behaviour of the radionuclides. The decay 
of the radionuclides is of course the most basic one. An additional factor is the migra
tion of the radionuclides in the environment. This is due to weathering, to resuspen
sion into the atmosphere by natural causes (e.g. wind) or by human interference, or 
to movement downwards in the soil or on the surface because of precipitation.

Since the effects and migration characteristics of fallout from atmospheric tests 
of nuclear weapons and from large releases from reactor accidents have been studied 
intensively, there is a good database which can drawn on to assist in an accurate 
evaluation of many existing or potential situations.

3.2. Emergency situations

In general, there are three phases in the development of an accident with envi
ronmental consequences:

( 1 ) When a situation is developing that has the potential of affecting the population ;
(2) When the situation is developing and is affecting the population and the source 

of the problem is not yet under control;
(3) When the situation is still affecting the population, but the source of the prob

lem has been brought under control and is no longer a factor in the assessment 
of the situation; this is the long term or chronic phase.

The second phase is the most complicated one, since it is changing rapidly, and 
these changes need constant evaluation and subsequent decisions taken. All protective 
measures that are applicable for this situation, as seen in Table II, are also applicable, 
in theory, for the first phase. The major differences between the phases are the obvi
ous penalties of applying protective actions when they are unnecessary and of not



TABLE II. PROTECTIVE MEASURES FOR AVERTING DOSES

Situation Protective measure Main effect Penalty of application

Chronic Permanent resettlement Reduction of external dose Social disruption, anxiety, economic losses

Building ordinances Reduction of doses from inhalation Economic losses, anxiety

Acute (emergency) —  
urgent

Sheltering Reduction of external cloud doses, 
inhalation doses

Anxiety, discomfort, economic losses

Evacuation Averting external and inhalation 
doses

Anxiety, physical and radiation risks, 
discomfort

Iodine prophylaxis Reduction o f doses to the thyroid 
from inhalation/ingestion of 
radioactive iodine

Risks to selective and sensitive persons

Food and water control Reduction of doses from 
ingestion of food and water

Economic penalties, risk of malnutrition

Chronic (emergency) —  
long term

Temporary relocation Reduction of external dose Social disruption, anxiety, economic losses

Permanent resettlement Reduction of external dose Social disruption, anxiety, economic losses

Food and water control Reduction of doses from 
ingestion of food and water

Economic penalties, risk o f malnutrition

Decontamination of urban areas 

Restoration of land

Reduction of external radiation doses Social disruption, economic penalties 

Economic penalties
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applying them when they are needed. When the uncertainties are larger, such as dur
ing the first phase, the probability of making mistakes is higher.

The assessment of future doses during the three phases uses the methods 
described above, whenever possible. In the first and second phases, however, the deci
sions must be based on predictions of the developments at the source that could affect 
the environment, i.e. the population. These predictions are then coupled with the pre
diction of the environmental movement of released materials to form the situation 
assessment. Although these predictions are obviously highly inaccurate, they are 
essential, since without them the decision maker would have to assume the pes
simistic view and apply protective measures even when they may not be needed, 
resulting in unnecessary anxiety, harassment and economic losses.

4. PROTECTIVE MEASURES

There are many and various measures that can be taken for the protection of the 
public. The protective measures considered to be the most important are mentioned 
in Table II. This table also presents the main benefits and penalties of applying the 
most commonly considered protective measures for averting dose, classified accord
ing to the intervention situation.

The application of any protective measure will be disruptive to some degree. It 
would almost always entail anxiety in the population, not only because of the in ter
vention but also because of the accompanying uncertainty and the loss of personal 
control over the situation, always present in emergency situations. When members of 
a family are separated and cannot be easily and quickly united, severe stress situations 
could erupt, as in the case of parents separated from their children.

The most disruptive protective measures are those that involve the movement of 
people. This is always done in order to avert radiation doses from present and future 
exposures. Evacuating people from their homes to an alternative site for short times, 
i.e. up to a week or so, and then returning them to their homes would usually be much 
less disruptive than relocation of a part of the population for prolonged periods. 
Experience shows that permanent resettlement could be less acceptable to the evacu
ated population than temporary relocation. If there is no hope of returning home to 
the previous environment and way of life, many of these people could lose hope and 
become dispirited, and some of them could go to extremes such as resisting resettle
ment, returning illegally to their homes or even committing to suicide.

Thus it becomes obvious that there are many factors to be taken into account, 
in addition to the pure dose saving considerations, when considering the movement 
of people during intervention situations. Many of these considerations are of a 
social nature. On a dose saving basis, the movement of people is usually the best 
action.
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The sheltering of people, e.g. having them stay inside their homes or at their 
workplace, is less disruptive but much less effective. Its efficiency depends on the 
characteristics of the buildings, the local climate and the availability of energy (for 
heating, cooling, etc.). The duration of sheltering is obviously limited. In warmer 
climates, parts of the population may not live in buildings which afford a reasonable 
degree of protection from direct radiation or inhalation doses, and sheltering will not 
be a reasonable or applicable protective measure.

Iodine prophylaxis is deemed to be one of the simplest and most efficient protec
tive measures. Iodine is inexpensive, simple to distribute and, if taken in time, very 
effective, especially for children. However, even this simple protective measure is not 
without its risks, and there are contraindications and dose recommendations [8] which 
should be taken into account when providing the population with iodine prophylaxis.

Foodstuff control is not always simple, since an external source of uncontami
nated food must be found to replace that affected by the accident. There are many 
possible problems in the application of the controls, and it may happen that some or 
all of the food provided to a certain population will be contaminated at levels com
parable with the internationally recommended intervention levels. The problem in this 
case is both a moral and a practical one. The moral problem is the need to choose 
between an immediate deterministic effect of malnutrition, or even starvation, and the 
delayed stochastic risk of malignancies. The practical problems are many, and include 
the sorting of foodstuffs according to contamination levels, the importation of clean 
or relatively clean foodstuffs into the affected areas, the treatment of locally grown 
foodstuffs and the reduction of levels of contamination.

There are many additional possible protective measures. These could include 
personal decontamination, decontamination of surfaces and equipment, control of 
access and egress, to name but a few.

In some cases the decision to apply protective measures for the public is sim
ple and is mandated by common sense more than anything else. In other cases, the 
monetary cost of the application is prohibitive and will determine whether or not 
action will be taken. In still other cases, elaborate and profound thought must be given 
to the matter, and this should be based on suitable principles and criteria in order to 
ensure that the best choice is made.

5. PRINCIPLES OF INTERVENTION [9]

The three general principles that form the basis for taking decisions on inter
vention are the following:

(1) all possible effort should be made to prevent serious deterministic health 
effects;
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(2) the intervention should be justified, in the sense that introduction of the protec
tive measure should achieve more good than harm;

(3) the levels at which the intervention is introduced and at which it is later with
drawn should be optimized, so that the protective measure will produce a 
maximum net benefit.

These principles are much broader in scope than those included in the Basic 
Safety Standards’ definitions [1], where the protective measures are applied for dose 
reduction. In the last two principles, the concept o f risk is implied. The second 
principle speaks of more good than harm and not, e.g., of a net dose saving to a mem
ber of the population. The good is therefore to be taken as the overall good and not as 
the good for dose alone. The third principle maximizes the benefit, which is equivalent 
to the reduction of the risk.

6. THE APPLICATION OF PROTECTIVE MEASURES

The main recent changes started with the advent of the concept of the ‘avertable 
dose’, i.e. the radiation dose that is avoided through the application of protective 
measures, as the basis for measuring the effectiveness of intervention. In contrast with 
the action levels that set levels of dose (projected or measured) as the levels at which 
to apply protective measures, the avertable doses pertain to the efficacy or the 
benefits that could be gained by the application of the protective measures. This is 
a fundamental difference. In the old systems, there was a so-called ‘threshold’ (e.g. 
level A) below which no action was necessary. In the present system, there is no such 
rigid threshold. In the old systems, actual or projected doses served as the criteria for 
the application of protective measures. In the new systems, the avertable dose is one 
of the criteria for the evaluation of the benefits of the application of protective 
measures.

Moreover, in the past, action was obligatory if the actual or projected doses 
exceeded certain levels. The type and depth of application of protective measures was 
not specified. If the protective measures succeeded in reducing doses to levels below 
level A, the action was deemed to have succeeded. In the present system, the actions 
match the avertable (by the specific action) dose levels. This is intuitively much more 
logical and will, if applied correctly, cause less harm and do good in a more efficient 
manner than the application of past criteria.

There are many questions to consider when pondering these apparently simple 
principles. A short list of these could include the following:

—  What are the quantities to enter on the ‘benefit’ side or on the ‘harm’ side of the
equation?
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—  What is the population on whom the meaning of ‘good’ and ‘bad’ will be 
tested? Where do we draw the line?

—  Is the optimization process to be evaluated for each protective measure, or to be 
taken as an overall process?

When dealing with specifics, the above questions must be considered. Good 
answers will facilitate the work of the decision maker in existing situations.

6.1. First case: Decision making based on radiation dose savings alone

In this case, the principles of intervention are applied with the sole purpose of 
reducing public radiation doses caused by the situation to the lowest possible values.

The basis for calculation is a hypothetical reactor accident releasing radioactive 
substances into the air. All protective actions for the urgent stage are considered.

For an average member i of the population, the projected radiation dose is 
denoted by У., the potential savings of radiation doses by the application of protective 
measure j  is -Y¡j , and the net remaining dose is

There are numerous protective measures j ,  and there are many ways to apply 
them. In the first instance, let us take the case of evacuation to an alternative site, and 
later the return to the place from which i was evacuated. The variables would be the 
following:

—  the time of the start of the evacuation;
—  the time it took to evacuate;
—  the time of return to the original site;
—  the route taken, and the dose received en route to and from the alternative site;
—  the dose at the site to which i was evacuated;
—  the dose which would have been received at the original site by i, had he or she 

not been evacuated to the alternative site.

For every i there is a different set of parameters, depending on his or her exact 
residence, time and route of evacuation, etc. In addition, there is a possibility that 
there will not be a net benefit from the evacuation for every person. There is usually 
a need to assess whether the whole community (or at least a significant part of the 
population) would derive a positive net benefit from the protective action before it is 
applied.

Whatever the algorithm for the evaluation of the situation, there will be a set of 
values for all options, each denoting the dose savings or avertable doses achievable
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by applying the various options to the situation. The option giving the maximum 
value of dose savings is the optimal option, according to the third principle of inter
vention. At the end of the process, the evaluator must return to the first principle and 
ask himself the final question: is the dose that was not averted (the residual dose) low 
enough not to cause deterministic health effects, and is it at a level acceptable to the 
population? This last question is not a part of the principles, but it must be proved to 
the public that enough good has been done. Otherwise, a problem still exists, a 
problem that must be solved.

6.2. Second case: Risk as the basis for evaluating justification
and optimization

The first case was concerned only with averting doses. As mentioned, this was, 
for many years, the only consideration upon which action was mandated. However, 
as things evolved, the next step was to include risk as a governing parameter. In 
theory, this is quite simple. The evacuation of a population under very adverse 
weather conditions, or of hospital patients in extremis, are examples that show that 
risk evaluation should play an important part in the decision making process. Since 
health risk is an important parameter, we can quantify it in several ways to arrive at a 
common denominator for the comparison of ‘good’ and ‘harm’ and to evaluate 
whether the application of the protective action is justified. One can measure health 
risk in units of probability of dying, being injured or becoming ill as a result of the 
application of the protective action (in a road accident or a flood or through simple 
exhaustion of the elderly). One can take as a risk basis the shortening of the average 
life expectancy of the evacuated population. This would then be compared against the 
expected life shortening of the population because of the radiation dose that would 
not have been averted if protective measures had not been applied. All technical 
parameters (routes of evacuation, time of evacuation and return, etc.) would be the 
same as in the previous case, and the optimization would then be evaluated using the 
set of parameters and maximizing the benefits (in this case, a lower shortening of life 
expectancy).

Within these simple statements, however, lurk some deeper problems. An 
example of these is the case where prohibitions against the consumption of contami
nated food could cause famine until new, clean food could be imported to the affected 
site in sufficient quantities to avert starvation. The problem then becomes the 
exchange of one form of risk (the acute risk of death or disease from hunger) for 
another (the long term risk of disease and a discernible shortening of life expectan
cies). The rational solution to this problem would be to postpone the risk and feed the 
population. There are, in practice, many extraneous problems that do not make this 
answer the immediately obvious one. One of the reasons for this is the different risk 
perceptions the public holds for the different risks in life. In order to demonstrate this,
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it is sufficient to mention the different perceptions or degrees of acceptance by the 
public of road and air travel versus their acceptance of radiation risks or risks from 
toxic materials at much lower levels. These risk perceptions are not absolute and 
constant. They can and do change with public opinion, experience and education. 
Moreover, the risk perception (or, more accurately, the risk acceptance) can change 
with the introduction of other factors.

Factors that affect the risk acceptance of any member of the public include, 
inter alia, social and economic factors. Parents would accept a high degree of risk to 
themselves in order to reduce the risk to their child. The possibility of incurring a 
large economic loss would motivate a business owner to accept higher risks in order 
to reduce his losses.

In large scale existing situations, the problem is not the problem of individuals. 
It is a societal problem, and as long as the first principle of intervention is strictly 
adhered to, the problem of the decision maker will be to deal with the affected society 
as a whole, with as few exceptions as possible.

6.3. Third case: Optimization of intervention (quantification
of good and harm)

As seen from the previous two cases, dose savings and risk reductions, while 
conforming to the principles of intervention, do not constitute a full basis for decision 
making during existing situations. The good and the harm, the benefits and costs of 
intervention must be taken into account for the affected society as a whole. Moreover, 
there are instances where the consequences for the whole society, whether affected or 
not, must be taken into account. The consequences would include the evaluation of 
whether the whole society can shoulder the burden of intervention, and whether it can 
bear the costs, not only in monetary terms, but also in terms of societal disruption, the 
differential allocation of limited funds, etc. These considerations should not affect the 
decision to intervene. They should only affect the degree of disruption and the allo
cation of resources the decision makers are willing to undertake.

It should be obvious by now that there is a need to quantify the decision making 
process, not only for the justification of any contemplated intervention but for the 
choice and optimization of the protective measures.

The following are the main benefits of the application of protective measures: 
averting radiation doses, allaying fears (reassurance) and minimizing later costs. The 
main detriments encountered in the application of protective measures are the fol
lowing: social and economic disruption, risks of the application of the protective mea
sures, costs of the application of the protective measures and doses not averted.

However, there is always (even if subconsciously) the question, what is the cost 
of not taking protective measures? Is this a valid question? How does one take these 
factors into account?
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This is most certainly a valid question. Taking into account the problems 
encountered by the authorities in large scale reactor accidents when the decision not 
to apply certain protective measures was taken, one must consider the consequences 
in such a case. The answer to this question could include, inter alia, the following: 
anxiety, doses not averted, social/political disruption and economic losses.

Two other questions that are relevant to the decision making process concern
ing the application of protective measures are the following:

(1) What is the population relevant to the estimation of the ‘benefits’? Is there a 
partial population for whom the intervention will be more beneficial? Does the 
population include ad hoc and voluntary emergency crews (firemen, police and 
paramedics)? Is there a population beyond the ‘scientifically defined’ bound
aries to whom the protective measures will have to be applied for social or 
political reasons? How does this affect the decision making process?

(2) What are the criteria for the evaluation of non-quantifiable parameters? Do they 
take into account the effects based on pluralistic evaluations? On extremes? If 
so, are the protective measures to be applied for the extremes only?

There are no ‘textbook’ answers, and each situation and each society needs its 
own sets of input data and values in order to arrive at least at a reasonable set of answers.

However, this argumentation does not answer the need of the decision maker, 
the radiation protection officer or the emergency manager for reference or interven
tion levels against which to compar,e predictions and measurements. These levels are 
essential for the timely application of urgent protective measures. They are also 
necessary for the preliminary evaluation of longer term situations and for the evalua
tion of chronic situations, although time is not of the essence in these latter cases, and 
action levels can be set in a more deliberate manner and be a better basis for any 
decisions to be taken.

7. SETTING THE INTERVENTION LEVELS

7.1. General

The problem of setting intervention levels is not simple. There is a need to 
quantify the input parameters for the decision making process. The calculation of the 
net result of the application of the protective measures using a simple cost-benefit 
equation [10] will provide the basis upon which to recommend actions. The calcula
tion may not provide a comprehensive solution, and additional factors will have to be 
taken into account in the decision making process.
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The conceptual cost-benefit equation can be expressed as 

B = Y0 - ( Y + R  + X  + A,  + A s - B c) 

where
В  is the net benefit associated with any course of action;
Y0 is an expression of the detrimental effects due to radiation (both stochastic and

deterministic) associated with taking no action;
Y  is an expression of the residual detrimental effects due to radiation (both sto

chastic and deterministic) when the action is taken;
R  is an expression of the physical risks of any protective measure itself;
X  is an expression of the resources and effort needed to implement the protective

measure;
A¡ is an expression of individual anxiety and disruption caused by the protective 

measure;
As is an expression of the social disruption caused by the protective measure;
Bc is an expression of the reassurance benefit from the protective measure.

As seen previously, there are many ways to implement even a single protective 
measure. When evaluating all possibilities with this methodology, the results of the 
calculations will be a set of values of B. The set of assumptions providing the highest 
value of B, that is Bmax will indicate the optimal choice for the application of the 
protective measure. Bmax will then provide the maximum net benefit, consistent with 
the third principle of intervention.

When considering a given situation there may be a possibility of applying 
some protective measures simultaneously (e.g. sheltering and iodine prophylaxis) 
and some consecutively (e.g. sheltering and evacuation). The calculation of the 
benefits is not always mutually exclusive and may have interdependencies. Thus, 
an overall maximum benefit has to be assessed and the application of the protective 
measures identified.

While, in theory, intervention levels can be developed for each country using 
country dependent data, it is advisable to develop generic intervention levels which 
will be universally acceptable. This is important not only for those countries which 
lack the expertise needed for the development of their own intervention levels, but 
also for the sake of uniformity and for the avoidance of conflicts between neigh
bouring countries during emergency situations with transboundary implications.

7.2. Generic intervention levels

The international community has set [1] agreed generic intervention levels for the 
protection of the public during emergency situations and action levels for the protection
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of the public in chronic exposure situations. In the following, the approach used in 
setting the intervention levels is briefly discussed and the resultant values presented.

The approach adopted was to select generic levels on the basis of radiological 
protection principles alone, using the following working premises [11]:

—  that, broadly speaking, under most conditions, a national authority places at 
least as much effort and resources into avoiding a radiation induced health 
effect as it would into avoiding other health risks of a similar magnitude and 
nature;

—  that account is taken of normal physical risks arising from the action itself;
—  that disruption to the individual affected by the protective action is taken into 

account;
—  that other factors of a sociopolitical, psychological or even cultural nature have 

been deliberately excluded;
—  that the generic levels so selected form a logically consistent set of levels that 

are as simple as possible to understand and to apply.

The above premises are necessary for the ‘stripping’ of non-quantifiable elements 
and non-essential factors for the basic evaluation of a situation. These will all come into 
the consideration of the decision maker, as indeed they must, but the primary consi
derations are still retained in the present formulation.

Some numerical values used in the development of the generic intervention 
levels are noted below. These are usually representative of a range of values, for 
varying input data:

—  following the recommendations of the ICRP [12], the statistical loss of life 
expectancy (with some allowance for loss of quality of life for non-fatal 
cancers and severe hereditary effects) associated with 1 person-Sv is around 
1 year;

—  taking into account a representative value of US $20 000 as the annual GNP per 
head, we arrive at a value of US $20 000 per person-sievert saved.

An average cost of a day’s loss of productivity would then be about US $55. 
This would give an average value of around 3 mSv per day as the avertable dose level 
above which sheltering is justified. Two days would be an extreme limit for the 
imposition of sheltering on the population. Thus, taking into account variations in 
economies, a generic intervention level for sheltering of 10 mSv was selected [9].

When considering urgent evacuation, the costs of transport to and from the 
evacuation centre and the costs of accommodation and food must be added to the loss 
of income. This would bring the avertable dose levels above which .evacuation would 
be justified to somewhat less than 10 mSv per day. Since evacuation cannot last for
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more than about a week before more permanent solutions must be sought, a generic 
intervention level for urgent evacuation of 50 mSv has been set [9].

It should be noted that the above avertable doses refer to doses from all sources 
of exposures, e.g. external radiation and inhalation. Because of their potential for 
harming the population during reactor accidents, radioisotopes of iodine merit 
specific attention.

Several factors are involved in the assessment of the generic intervention level 
calculations for specific radionuclides. The specific dose per unit intake for the various 
radionuclides has a wide range of values for both the inhalation and ingestion exposure 
pathways. In some cases the specific dose per unit intake values are age dependent.

Comparing the benefits of stable iodine administration with possible harm is 
not simple because of regional differences and age dependent effects. However, a 
dose of 100 mGy to the adult thyroid has been selected as the generic intervention 
level for iodine prophylaxis.

When considering the foodstuff generic intervention levels, additional factors 
have to be considered. The staple food distribution around the globe varies widely, 
and some foods that make up a significant portion of the consumption by the popula
tion in one part of the world may not be consumed at all in another part. Table III 
presents the generic action levels for food selected as representative of a range of 
calculated intervention levels.

7.3. Long term intervention levels in situations evolving from emergencies [9]

There is international agreement on the intervention levels for long term actions 
in cases where the existing situation developed from an emergency. There is no agree
ment as yet on the action levels to be employed in cases of high natural background 
levels or worldwide anthropogenic effects, with the exception of the case of high 
radon air concentration levels. This exception is discussed in Section 8.

For temporary relocation the costs would include, as for evacuation, the costs 
of transport and removal of belongings, loss of income for a limited period of time,

TABLE Ш. SELECTED VALUES OF GENERIC FOOD ACTION LEVELS (kBq/kg) 
[9]

Radionuclides Foods destined for 
general consumption

Milk and infant foods

Cs-134, 137; Ru-103, 106; Sr-89 1 1
1-131 1 0.1
Sr-90 0.1 0.1
Am-241; Pu-238, 239, 240, 242 0.01 0.001
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costs of accommodation and depreciation and maintenance of the permanent 
dwellings. It must be noted that the costs for the first month would be far higher than 
those for ensuing months because of settling-in expenses and the capital investment 
needed at the beginning of the relocation period. Taking these factors into account in 
the same way as for evacuation, the generic avertable dose intervention levels for 
temporary relocation are 30 mSv for the first month and 10 mSv per month for the 
ensuing months, for a period not longer than a year or two.

If there is no possibility of returning home after a year or two of temporary relo
cation, permanent resettlement would be the only alternative left. The choice of this 
protective measure can, in most cases, be anticipated even shortly after the emergency’s 
onset, and almost certainly within a few weeks after the accident was brought under 
control. Taking all costs into account, the permanent resettlement generic intervention 
level was set at a lifetime dose of 1 Sv from all sources related to the accident 
causing the emergency situation.

8. ACTION LEVELS IN CHRONIC EXPOSURE SITUATIONS

As mentioned, there is no international agreement as yet on action levels for 
chronic existing situations, with the exception of radon.

The action levels relating to chronic exposures involving radon in dwellings 
should, in most cases, fall within a yearly average concentration of 200 to 600 Bq/m3 
of 222Rn in air.

The action level for remedial action relating to chronic exposure situations 
involving radon in workplaces is a yearly average concentration of 1 kBq/m3 of 222Rn 
in air.

9. CONCLUSION —  DECISION MAKING DURING EMERGENCIES

Every emergency situation is unique. Although emergency plans are usually 
mandatory for the licensing and operation of any nuclear installation, almost no 
emergency situation will develop along the lines envisaged in the plans. Although 
well planned and well executed emergency exercises will do much for the efficient 
conduct of operations during actual emergencies, they will not represent them exactly. 
In fact, the emergency director should ‘expect the unexpected’.

There is a high degree of uncertainty during these situations. While time is of 
the essence during the early stages of the development of an emergency, the uncer
tainties in the assessment of the situation preclude rapid action except in clear-cut 
situations or with respect to mandatory actions. The Radiation Protection Officer 
(RPO), who is usually in charge of the situation assessment, will report to the
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Emergency Manager (EM). The EM has the task of informing the Decision Maker 
(DM) of the situation. The DM will then have the task of approving the intervention
—  the application of the protective measures —  recommended by the EM.

The RPO has, perhaps, the simplest task of all. The RPO has to supervise the 
assessment based on facts, measurements and predictions, compare the results with 
pre-set instructions and make recommendations. The EM has to weigh these recom
mendations, taking into account all other considerations: the population situation, the 
logistics of the application of protective measures, technical constraints, etc. The EM 
then has to present recommendations to the Decision Maker (DM) for approval.

The DM has usually to choose between several possibilities of action. The DM 
may be the first person who has to take into account public opinion and public 
response to the implementation of protective measures. The DM ’s task is not an easy 
one, since the DM rarely has the technical background necessary for making a 
technically based decision. The DM has to rely on technical advisors, on personal 
knowledge of the local population and on instincts. Like justice, the DM must not 
only do good, the DM must be seen as having done good.

The questions posed at the end of the third case (Section 6.3) must be answered. 
The choice of protective measure(s) must be made, the logistics ensured and the 
population notified and prepared. However, even more difficult choices must be 
made: To which population will the protective measure be applied? Will there be 
selective application for part of the population (e.g. children and the elderly)? For 
how long? Will others replace the present protective measures?

The DM will have to remember that the intervention levels noted in publica
tions and even in some plans are generic, and local conditions must apply. A prominent 
example is that a small farm will probably be evacuated at a lower level of avertable 
dose, while a large town would probably be evacuated (if at all) at much higher 
levels, since the harm would outweigh the good at lower doses.

Public acceptance is an important part of any application of protective measures. 
Public information has an important role to play in convincing the public that the 
application of protective measures is justified, and the co-operation of the public in 
the application is essential. Wise utilization of public information will do much good 
and will reduce actual risks from the application of the protective measures. For 
example, this could happen by preventing panic and reducing road accidents during 
evacuation. Taking this result into account lowers the intervention levels and permits 
the evacuation of a larger population. On the other hand, panic could create road jams, 
thereby keeping people on the open roads, perhaps exposed to radiation, at a much 
higher risk, thereby rendering the evacuation completely unjustified.

In long term (chronic) situations, the problems of the DM are much easier. The 
DM can consult with the population and can receive not only their acceptance but also 
their co-operation. During the acute phases of an emergency, the DM has to make 
difficult choices without their participation. Therefore, involving the public during
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emergency planning and in periodic exercises will do much for the smooth applica
tion of the protective measures in actual situations, thereby reducing the intervention 
levels and thus benefiting the population.

Intervention, although scientifically based, is not an exact science. The three 
principles of intervention must be strictly adhered to. Much that is contained in the 
justification and optimization principles is not quantifiable. These non-quantifiable 
considerations have to be taken into account by the DM. This is what makes the DM ’s 
duties so difficult. It is the duty of professionals to present the best possible assess
ments on which to base the decisions.
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SUMMARY OF DISCUSSION 

Forum 9

W. PAILE (Finland): I should like to ask E. Asculai what cost-benefit analysis 
led to a thyroid dose of 100 mGy as the proposed level for intervention in the form of 
stable iodine prophylaxis. During Forum 7, we learned from paper IAEA-CN-67/84 
that in Belarus, among children under six years of age who had received a mean 
thyroid dose of 60 mGy, there were 84 cases of thyroid cancer, which could have been 
avoided with the help of stable iodine.

According to Polish data, the possibility of serious side effects in children from 
stable iodine is less than one in ten million. Thus, if iodine tablets are readily avail
able, a thyroid dose of 10 mGy would in my view be more appropriate as an inter
vention level in the case of children.

E. ASCULAI (Israel): The stable iodine prophylaxis intervention level given in 
my presentation is a generic one for adults1. W. Paile’s point is a valid one —  in the 
case of children, stable iodine prophylaxis intervention levels should be lower. 
However, the decision should be taken by the authorities on the spot. As I said in my 
presentation, the problems are complex because of regional differences and age 
dependent effects.

G. SOUCHKEVITCH (World Health Organization): As a result of the 
Chernobyl accident, some children developed thyroid cancer after receiving thyroid 
doses as low as 30 mSv, but there are many uncertainties regarding the evaluation of 
thyroid doses.

Taking into account the lessons of the Chernobyl accident as regards the 
development of thyroid cancer, WHO is updating the WHO-European Union 
guidance on iodine prophylaxis. It is expected that the updated guidance will become 
available in 1998.

C. STREFFER (Germany): G. Souchkevitch mentioned many uncertainties 
regarding the evaluation of thyroid doses. How great are the uncertainties?

G. SOUCHKEVITCH (World Health Organization): I was referring to data 
provided by scientists from Belarus, the Russian Federation and Ukraine within the 
framework of W HO’s International Programme on the Health Effects of the 
Chernobyl Accident (IPHECA). Perhaps I. Kenigsberg, who summarized paper 
IAEA-CN-67/85 and was one of those scientists, could say a few words about this 
matter.

1 INTERNATIONAL ATOMIC ENERGY AGENCY, Intervention Criteria in a Nuclear 
or Radiation Emergency, Safety Series No. 109, IAEA, Vienna (1994).
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I. KENIGSBERG (Belarus): In Belarus, the uncertainties of thyroid dose cal
culations based on direct measurements are not very great. Those of calculations 
based on other methods are, of course, higher.

P. PELLERIN (France): When there is an emergency with problems caused by 
radioactive iodine, in addition to the administration of stable iodine to children, it is 
a good idea to stop the distribution of fresh milk and to discourage breast feeding.

D J. BENINSON (Argentina): I agree with P. Pellerin. In temperate regions, 
radiation doses due to 1311 are as a rule received mainly through milk.

However, accidents at contained reactors smaller than the damaged Chernobyl 
reactor may well lead to the inhalation of radioactive iodine, in which case thyroid 
blocking can make a big difference. As the effects of such accidents are difficult to 
predict on the basis of measurements, in some countries —  including Argentina — 
there is a standard procedure whereby, once it is established that a large radioactive 
release is occurring, various actions (seeking cover indoors, protecting the respiratory 
system with a moist handkerchief and taking stable iodine tablets) are called for auto
matically —  without waiting for measurement results.

W. BURKART (Germany): We may recommend a dose rate of (say) 10 mSv/d 
as an intervention level, but public overreaction triggered by the media, ‘critical sci
entists’ and politicians may in an emergency lead to interventions at dose rates which 
are 10 to 100 times lower. What can one do about that problem?

E. ASCULAI (Israel): To my mind, the problem is best tackled through public 
education and through emergency exercises in which senior decision makers should 
participate. They should be involved in the approval of emergency plans, and any 
decisions taken by them during the emergency exercises should be analysed for feed
back purposes.

Public education is a more difficult task, but, with the right approach, public 
confidence in emergency response organizations can be achieved.

J. VALENTIN (International Commission on Radiological Protection): I have 
participated in several emergency exercises, providing radiation protection advice to 
senior decision makers. In our discussions before the postulated event, various forms 
of intervention were considered —  on the basis not of calculated (let alone measured) 
doses but of the probability of the postulated event occurring in the first place.

A.J. GONZALEZ (International Atomic Energy Agency): W. Burkart raised a 
very important point, which needs to be considered further. The scenario outlined by 
him is analogous to the unthinkable situation where an engineer designing a bridge is 
overruled for public relations reasons by (say) the Minister of Public Works, who 
decides that one of the supporting beams should be thicker by a factor of ten or more. 
In the radiation safety field, a great deal of harm has resulted from such unjustified 
interference, and we who are working in that field should take a very strong line.

W. BURKART (Germany): Further to what A J. González just said, I should 
like to give two examples of overprotectiveness for public relations reasons —  the
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refusal of a car manufacturer to use scrap iron radioactively contaminated to 10% of 
the maximum level considered safe, and the decision by a watch manufacturer to stop 
using tritium for illuminated dials (a practice considered to be safe). Unfortunately, in 
announcing that we consider a certain radiation level or a certain practice to be safe, 
we appear to be reckless by comparison with such manufacturers.

K. ULBAK (Denmark): The opposite of overprotectiveness is found in con
nection with the problem of radon in dwellings. A recommended action level of 
200-600 Bq/m2 corresponds to an annual effective dose of 3-10 mSv, which is fairly 
high. In many countries, however, it is difficult to get approval for necessary radon 
mitigation policies.

K.H. LOKAN (Australia) (Chairperson): There is certainly a need to give more 
thought to the problem of the disparity between our judgement and the judgement of 
politicians and the community at large, which is strongly influenced by the media and 
by the desire of manufacturers to sell their products.

J.H. STEBBINGS (United States of America): In my view, when considering 
criteria for remediation one should take into account the sense of long term social 
responsibility demonstrated by the industry in question. The nuclear industry has 
demonstrated a fairly strong sense of responsibility, unlike the oil industry, which 
has contaminated groundwater, land and road surfaces with radium-containing 
waste.

G.A. WEBB (International Atomic Energy Agency): A few speakers have 
talked about a need to reduce post-accident doses which are below the intervention 
level to pre-accident levels, or even to below the exemption level of 10 (xSv/a. This 
would seem to be in direct contradiction to ICRP recommendations and the 
International Basic Safety Standards, and I do not think it should be encouraged.

D.J. BENINSON (Argentina): I agree. That was one of the points which I tried 
to make in my presentation during the Special Session.

H. VANMARCKE (Belgium): There are problems in calculating population 
doses from long lasting contamination, because for remote future generations the 
calculations may yield results which, depending on the assumed scenario, vary by 
several orders of magnitude. For example, a repository containing contaminated 
material from radium processing enterprises may be fenced in at present, so that the 
current population dose is low, but the fence will not last forever, and some future 
generation may receive high doses if (say) houses come to be built on the repository 
site.

R CARBONERAS (Spain): I agree. In Spain, where we have experience of 
restoring uranium mining sites, the regulatory authorities used two dose reference 
levels in deciding whether intervention was necessary and, if so, on the extent of the 
intervention. One level was based on ‘more likely’ exposure scenarios and the other 
(higher) level on ‘less likely’ ones. In both cases, existing and foreseen local situa
tions were considered.
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K.H. LOKAN (Australia) (Chairperson): In response to what the last two 
speakers just said, I should like to affirm that the assessment of avertable doses can 
be extremely scenario dependent. When we were carrying out an avertable dose 
assessment in Australia for the Maralinga test site, it took us a long time to reach a 
consensus about the most appropriate scenario, and we recognized that the truth could 
be an order of magnitude different —  either way —  from our assessment results.
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In his introductory paper, E. Asculai emphasized that all his principles and 
numerical values came from international recommendations or guidance from ICRP, 
IAEA, WHO, FAO, etc. He referred to the important difference between projected 
dose, which would be received in the absence of intervention, and averted dose, which 
would be saved if the intervention was carried out. Intervention decisions should be 
based on averted dose.

The basic principles for intervention were to prevent deterministic effects, that 
the intervention would be justified in the sense of broadly doing more good than harm 
and that the form and scale of intervention should be optimized. Based on a number 
of assumptions, generic intervention levels had been recommended for sheltering at 
10 mSv averted dose, evacuation at 50 mSv and stable iodine prophylaxis at 100 mGy 
to the thyroid. Asculai also referred to action levels for radionuclides in foods and for 
relocation and resettlement.

Finally, Asculai referred to the only other area where quantitative guidance 
exists, for radon in homes, of an action level in the range 200-600 Bq/m3 of Rn-222 
in air.

The opening discussants noted these recommendations but emphasized that in 
real situations, for example after Chernobyl, speculation and anxiety had forced 
political decisions to take intervention actions to avert doses much lower than the 
recommended levels. The need to take into account in comparable ways the 
uncertainties in the dose calculation models and in the dosimetry and risk assessments 
was also emphasized.

A considerable discussion took place on the intervention level for stable iodine 
distribution, especially for children, given the earlier statements that thyroid cancers 
had developed in children with doses as low as 30-60 mGy. It was felt that this guid
ance needed revision, and a WHO representative stated that this was being done. It 
was, however, pointed out that in many situations where the primary exposure 
pathway was grass-cow-milk, then the most effective and lowest risk countermeasure 
was to restrict milk supplies.

Following on from this was a general recognition that immediate interventions, 
especially sheltering, evacuation and stable iodine prophylaxis, need to be fully pre
planned and automatically activated against developing threats of accidental releases, 
rather than waiting for measurements.
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Considerable concern was expressed over the tendency by political authorities, 
reacting presumably to public anxiety fuelled by alarmist statements in the media, to 
ignore balanced scientific advice and initiate intervention at very low doses. Although 
this concern was recognized, no concrete suggestions for preventing this from 
happening were tabled.

The difficulty over the choice of the appropriate scenario when assessing 
averted doses was raised by several speakers in different contexts. While there was 
agreement as to the existence of the difficulty, it was noted that it had been faced and 
solved in assessments, including those related to past uranium mining and the 
residues of past weapons testing. This had sometimes required a probabilistic 
approach.

Finally, the contrast between the overconservative approach to intervention 
after nuclear power related accidents and the lack of interest on the part of public or 
politicians in intervention to reduce radon levels in homes was again raised.
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Abstract

RADIOLOGICAL CRITERIA FOR RESTORATION OF LAND.
The development of nuclear facilities, the conduct of weapons tests and a number of 

accidents have given rise to varying degrees of radioactive contamination of land and buildings. 
Guidance on radiological criteria for the recovery phase following accidents and for the 
remediation of contaminated land has been developed by the International Commission on 
Radiological Protection and by the international agencies which produced the International 
Basic Safety Standards. The interventions used to avert doses to affected groups and to restore 
land to allow a return to normal living conditions are relocation, restrictions on food and water, 
cleanup of contaminated areas and facilities, and actions to reduce the uptake of radionuclides 
in foodstuffs. A generic intervention level for relocation/resettlement is a dose of the order of 
10 mSv/a, or a lifetime dose approaching 1 Sv. There is now extensive experience and 
information on methods of cleanup and decontamination and on measures for reducing the 
uptake of radionuclides into foodstuffs. Where remediation is carried out to allow alternative 
land uses in decommissioned facilities or sites that were subject to regulatory controls while in 
operation, doses to critical groups should be controlled as they are for practices. In other cases, 
the choice of basic approach to remediation may not be clear, or it may be unacceptable to 
society to have differing cleanup end points dependent on the particular approach taken. It has 
been proposed that dose constraints be established as part of the optimization procedure in such 
situations.

1. INTRODUCTION

The development of nuclear facilities over the past more than 50 years has had 
associated with it the potential for contamination of the facilities and the surrounding 
land. Such contamination leads to a need for cleanup actions and for the development 
of radiological criteria for remediation to allow future unfettered or conditional use of 
affected land and facilities.

Land may have become contaminated as a result of the normal operation of 
practices, including minor incidents whose consequences are or were confined to the 
premises or site. Activities which have commonly resulted in contaminated sites and 
facilities are those associated with nuclear weapons development, both fabrication 
and testing. The mining and milling of uranium ores has given rise to a need to control
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discharges of naturally occurring nuclides from tailings. The sites of weapons pro
duction facilities require assessment and remediation to allow alternative future uses. 
Weapons testing sites, particularly where surface bursts have occurred, exhibit 
varying levels and areas of elevated radioactivity concentrations. Accidents in nuclear 
reprocessing facilities and nuclear reactors, and past waste disposal practices, have in 
a number of cases (most notably the Chernobyl accident) resulted in widespread 
radioactive contamination. Dispersal of radioactive materials has also occurred as a 
result of some weapons accidents and, at Goiânia, from the destruction of a radio
therapy source.

In the case of accidents, it has been found convenient to identify three time 
phases which are generally accepted as being common to accident sequences. These 
are termed the early, intermediate and late phases [1-3]. The late phase (sometimes 
also referred to as the recovery phase) may extend from some weeks to several years 
after an accident, depending on the nature and magnitude of the release. During this 
phase, information from environmental monitoring can be used to make decisions on 
remediation measures and on return to normal living conditions.

The radiological criteria considered here therefore relate principally to the 
recovery phase following accidents and to the remediation undertaken consequent 
upon practices which have resulted in contamination of land and facilities. Apart from 
enhanced concentrations of natural emitters arising from mining and milling and 
similar operations, the radionuclides of greatest radiological concern after the decay 
of short lived radionuclides are invariably 137Cs, 90Sr and the actinides. Exposure 
pathways are external radiation from deposited gamma emitters, inhalation of resus
pended material and ingestion of foodstuffs grown in the affected area.

2. RADIOLOGICAL CRITERIA TO BE APPLIED

International Commission on Radiological Protection (ICRP) Recommendations
[4] and the International Basic Safety Standards (BSS) guidance [5] distinguish 
between ‘practices’ and ‘interventions’. In the case of practices, the radiation protection 
principles to be followed are those of justification, optimization and limitation. 
Justification in the case of a practice is based on the entire development which inci
dentally gives rise to contamination (e.g. the generation of electricity). The need for 
cleanup operations when the practice is discontinued should then be assumed to have 
been taken into consideration in the original justification of the activity. For a practice, 
optimization would normally be subject to the application of a dose constraint, where 
the constraint value for exposure of the public is less than the recommended annual 
dose limit.

For situations where elevated levels of natural or artificial radionuclides occur 
in the environment, it may be necessary or desirable to institute intervention measures
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to reduce exposures. As in the case of optimization in practices, the detriment from 
social disruption and monetary or other costs associated with any intervention must 
be balanced against the benefit arising from the reduction in dose which is achieved. 
The system of radiological protection for intervention is based on the following 
principles:

(1) The proposed intervention should be justified, i.e. do more good than harm. The 
reduction in detriment resulting from the reduction in dose should be sufficient 
to justify the harm and the costs, including the social costs of the intervention.

(2) The form, scale and duration of the intervention should be optimized to produce 
the maximum net benefit (the benefit of the reduction in radiation detriment less 
the detriment arising from the intervention).

The dose limits applied to radiation use practices are not relevant in the case of 
interventions. In this regard, the situations described in the BSS to which interven
tions apply may be noted:

(a) emergency exposure situations requiring protective action to reduce or avert 
temporary exposures,

(b) chronic exposure situations requiring remedial action to reduce or avert chronic 
exposure, including

(i) natural exposure, such as exposure to radon in buildings and workplaces,
(ii) exposure to radioactive residues from past events, such as radioactive con

tamination caused by accidents, after the situation requiring protective 
action has been terminated, as well as from the conduct of practices and 
the use of sources not under the system of notification and authorization.

The latter part of item (b) (ii) clearly has application to contamination arising 
from nuclear tests and to some facilities established in the post-war period for nuclear 
weapons production. The BSS statement therefore can be considered to have a direct 
bearing on the derivation of cleanup levels off-site from former weapons facilities; 
even if aspects of these activities were considered as practices in the past, the addi
tional continuing exposures caused by those activities which are now discontinued 
(such as, for example, discharges to the Techa River) can no longer be controlled as 
practices and are amenable only to intervention.

Principles for intervention for protection of the public in a radiological 
emergency are discussed in Ref. [6]. Those intervention actions which apply to long 
term or chronic exposure situations are relocation, restrictions on food and water, 
decontamination of ground and other surfaces, and actions to decrease radionuclide 
incorporation into foodstuffs.
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The purpose of these measures is generally to reduce the risk of stochastic 
effects in the exposed population and genetic effects in subsequent generations, 
primarily by limiting individual doses in the most exposed groups to below interven
tion levels. Consideration of collective doses may become important if large popula
tions are affected, and for this a monetary value, or set of values, corresponding to a 
unit collective dose (US $ per person-sievert) is required. Following an accident with 
an airborne release, it is usually the case that most predicted cancers arise in a large 
population receiving small doses which cannot easily be averted by any reasonable 
intervention. Concentrating efforts on individuals or groups receiving the highest 
doses will achieve the most benefit for the least number of people affected by any 
protective action.

The following sections discuss relocation (briefly) and cleanup and decontam
ination of land (in more detail) as intervention measures, and then explore further the 
boundary between practices and interventions in establishing criteria for cleanup 
activities.

2.1. Relocation

Relocation is distinguished from evacuation mainly by the time over which the 
action is taken. It refers to the long term removal of people from the affected area to 
reduce doses from deposited radionuclides and to allow remedial actions to be carried 
out. The relocation may be permanent or for some limited period. It is dependent on 
the rate of decline in the dose rate (from radioactive decay, weathering processes and 
any remedial actions) and on social and economic factors (such as the extent of reme
diation measures in the affected area). Any decision on relocation is a complex one, 
involving a weighing of the substantial social and economic impacts against the 
potential dose averted. The financial costs are dependent on the numbers of people 
involved and the loss of production in the affected area. The social costs of disruption 
and anxiety are also substantial and are likely to be exacerbated without provision of 
adequate information on risks and the basis of actions.

The ICRP [6] indicates that relocation would almost always be justified if the 
lifetime dose averted was around 1 Sv. The BSS give generic optimized intervention 
levels for initiating and terminating temporary relocation of 30 mSv per month and 
10 mSv per month, respectively. If the dose does not fall below the latter level in a 
year or two, and if  lifetime projected doses reach 1 Sv, then permanent resettlement 
should be considered. One sievert is about twice the mean lifetime dose from natural 
radiation sources in Finland [7].

Both the ICRP and the BSS cite exposure to radon as a situation where inter
vention to reduce high exposures is justified. The BSS establish the optimized action 
level for radon in dwellings as a yearly average concentration of 200-600 Bq/m3. 
Using the ICRP and BSS epidemiology based dose conversion factor, this implies
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annual effective doses in the range of 3-10 mSv. The lifetime projected dose limit and 
the radon intervention levels, taken together, imply that a generic guideline for inter
vention is an annual effective dose of the order of 10 mSv. The extent to which reme
diation should be carried out to reduce annual doses below 10 mSv is dependent on 
an optimization analysis. An example of such an analysis is provided in Annex С of 
Ref. [6]. Exposures to annual doses exceeding 10 mSv from radon in dwellings are 
not uncommon.

2.2. Decontamination and cleanup of land and buildings

Decontamination can be both a protective measure and a recovery measure. 
Protective measures are those which result in reduced doses to the affected popula
tion, while recovery measures, which include decontamination and cleanup of build
ings and land, are directed towards the restoration of normal living conditions. The 
term ‘normal conditions’ implies that members of the public can live and/or work in 
the area under consideration without any restrictions associated with residual conta
mination. Decontamination is aimed at reducing external radiation levels from 
deposited radionuclides, the transfer of radioactive material to people, animals and 
foodstuffs, and the potential for resuspension and spread of radioactive material.

Cleanup includes all remedial processes that reduce potential exposures to peo
ple to allow an area to be reused, and so includes decontamination, stabilization or 
isolation of contamination and the transport and disposal of wastes arising from the 
cleanup. Stabilization means fixing the radioactivity in some manner so that it is no 
longer so readily available in the environment, for example by incorporation in an 
insoluble compound. The radioactivity could be isolated by covering it with clean soil 
or a layer of concrete, or it could be removed from the upper layer of soil by deep 
ploughing.

The IAEA has provided detailed guidance on planning for cleanup [8], cleanup 
methods [9] and disposal of wastes [10] from cleanup of large areas of land contam
inated as a result of a nuclear accident. Experience with techniques employed in the 
former Soviet Union following the Chernobyl accident have been described [11], and 
there is an extensive evaluation of methods and their effectiveness under UK condi
tions [12]. Some of the methods described in these publications are also directly 
applicable to the reduction of concentrations in foodstuffs. In the particular case of 
decommissioning of reactor facilities, guidance on safe closure and shutdown is given 
by the IAEA in Ref. [13].

Methods of cleanup or decontamination are summarized in Table I [3].
The effectiveness of decontamination in urban areas depends on a number of factors. 
Generally the effectiveness is greater the sooner action is started, as time tends to 
increase the adhesion of contaminants to surfaces by chemical and physical mecha
nisms [7]. However, it could be beneficial to delay the start of decontamination
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TABLE I. METHODS AND EQUIPMENT AVAILABLE 
TO CLEAN UP OR DECONTAMINATE VARIOUS 
TYPES OF AREAS [3]

Decontamination of buildings, equipment and paved surfaces
Precipitation runoff, washoff and weathering 
Motorized sweeping and vacuum sweeping 
Fire hosing
High pressure water jetting (hydrolasing)
Steam pressure
Aqueous methods incorporating chemical additives
Abrasive jet cleaning
Road planing/grinding
Spalling
Gels and foams
Strippable coatings
Cleanup of indoor contamination
Decontamination of equipment

Cleanup/decontamination of land areas

(a) Physical and chemical methods
Physical and chemical separation of radionuclides from the soil 
Ploughing
Removal of vegetation 
Removal of surface soil

(b) Biological decontamination of soil using plants 
Restoring land to productive use
Decontamination of soil and vegetation in an urban environment

operations because of the reduction of radiation levels as a result of radioactive decay 
and weathering. The collective dose to decontamination personnel, and thus some of 
the decontamination costs, could thereby be reduced. Consequently there is some 
relationship between the starting time of the operations and the decontamination effi
ciency achieved. This could also influence the time of re-entry and the return to urban 
areas of relocated populations.

Suitably trained staff can reduce contamination levels on buildings and land 
surfaces with little risk to the public, but if the level or extent of contamination is suf
ficient to warrant removal, the work could be expected to give rise to measurable 
doses to the workers involved. Apart from early to intermediate phase interventions,
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where actions must be taken to provide emergency responses, cleanup worker doses 
should be controlled as for practices.

2.2.1. Cleanup in interventions and practices

A distinction may be drawn between the levels of cleanup appropriate in prac
tices and in intervention situations. Where rehabilitation of relocated populations 
from land contaminated by events such as weapons tests or accidents is in view, or 
remediation measures are undertaken for resident populations in such areas, the situ
ation is clearly that of intervention. Off-site contamination from concluded former 
practices which gives rise to continuing elevated exposures is also a situation for 
which intervention is appropriate. If, however, sites subject to controls on use and 
access are to be redeveloped for uncontrolled public use, the remediation of the land 
can be regarded as an activity which should be subject to the system of controls for 
practices.

The derivation of a generic optimized level for intervention of up to 10 mSv/a 
was discussed above. In intervention situations it is necessary to justify any remedia
tion actions and to optimize the level of remediation on a case by case basis. If low 
levels of exposure can be achieved relatively easily, without incurring large costs or 
causing significant disruption, then intervention might be expected to achieve doses 
approaching limits for practices. Application of potassium fertilizer on atolls with ele
vated residual 137Cs levels is an intervention of this type, where the fertilizer not only 
depresses caesium uptake into plants but also improves soil fertility. For traditional 
atoll diets with limited imported food content, ingestion doses can be reduced by a 
factor of ten [14].

In the case of cleanup of a site subject to the system of controls for practices, 
continuing doses from all pathways to the exposed population should be reduced 
below 1 mSv/a, consistent with ICRP and BSS recommendations. Taking account of 
other possible sources of exposure to the population, it is generally appropriate to 
consider a lower constraint level of, say, 0.3 mSv/a. It is doubtful whether for most 
extended sites and proposed uses any simple cost-benefit optimization analysis would 
support a dose rate below 0.3 mSv/a. The US Nuclear Regulatory Commission has 
announced new regulations allowing sites to be released for unrestricted use if doses 
arising from residual radioactivity are as far below 25 millirems per year (0.25 mSv/a) 
as is reasonably achievable [15]. The word reasonably is clearly a key consideration. 
It would not seem reasonable to expect significant resources to be devoted to reduce 
risks that are already very small, or that could only be reduced further by means that 
are clearly not cost effective. The US Environmental Protection Agency is also con
templating issuing regulations prescribing cleanup levels for contaminated sites [16].

In estimating derived intervention levels in terms of soil and water concentra
tions, account should be taken not only of the radionuclides present, but also of the
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nature of the land use for which the site is to be released. Different residual concen
trations should apply in the case of, say, release for high density residential develop
ment, as compared with designation as a national park, with only occasional occupa
tion by particular individuals. The future use of a site is therefore a primary consid
eration in determining future doses and costs and the doses associated with any reme
diation work. However, a further factor which needs to be considered in the case of 
very long lived contamination is the risks imposed on future generations.

A constraint is a limit for prospective exposure from particular practices, used 
to limit inequity and aid compliance with individual dose limits. On the basis of ICRP 
risk coefficients, an annual effective dose of 0.3 mSv corresponds to an annual risk of 
the order of 10-5 a-1. This is numerically equal to the risk constraint recommended 
by the ICRP for exposures arising from disposal of solid radioactive wastes [17].

While risk criteria are increasingly being used in evaluations of new technolo
gical and industrial developments for planning consent purposes, it should be recog
nized that estimates of risks from constant exposure to a level of radiation throughout 
life are not directly comparable with fatality risks from other activities such as, say, 
traffic accidents. The expression of fatality risk from a constant exposure to radiation 
is strongly peaked at around 80 years of age, and the years of life loss is less than half 
that from most other types of risk for the same magnitude of fatality risk.

Risk criteria can, in particular situations, also be used in assessing the need for 
interventions. A cancer fatality risk level corresponding to annual doses in the range 
3-10 mSv, where intervention would generally be indicated, is 1.5-5 x 10-4 a-1. Such 
a risk limit can be applied in determining whether any remedial action is justified in 
situations of chronic potential exposure. A situation of this type might arise, for 
example, at a remote and not readily accessible site contaminated with active plutonium 
particles, where there is a finite risk of an accident at the site resulting in long term 
incorporation of plutonium in a wound.

Risk criteria are also explored in a recent draft IAEA publication [18] which 
examines principles for establishing cleanup actions. These concepts are discussed in 
the next section.

2.2.2. Is it an intervention or a practice?

Some cleanup situations are clearly practices or interventions, but for others it 
may not be so obvious. For example, termination of an authorized practice subject to 
regulatory controls should be considered as a practice, while protective action fol
lowing a serious accident is clearly an intervention. However, the transfer of a histor
ically contaminated but uninhabited site for use for residential development could 
conceivably be treated under either category. In other cases, although the choice of 
basic approach may be clear, society may not accept differing cleanup end points 
dependent on the particular approach taken.
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A fundamental difference between practices and interventions is that compli
ance with dose limits and dose constraints is mandatory in the case of practices, but 
not in the case of interventions. The system for intervention, however, does not pre
clude the use of constraints, provided that their use does not lead to unjustified 
actions. Reference [18] notes:

“There are many circumstances under which the use of dose constraints is 
either necessary or appropriate for cleanup operations. Although they were 
originally intended for use on a prospective basis (i.e. for specific practices), 
their basic function, limiting individual inequity, is also more generally useful 
to facilitate socially optimal choices of the levels of cleanup in situations han
dled as interventions, as well as in cases where distinctions based on the origin 
of sources are not relevant or cannot be clearly made. In considering these 
applications, the difference between dose limits and dose constraints is of fun
damental importance: limits are mandatory requirements that must be satisfied, 
whereas dose constraints are discretionary requirements that may be overruled 
by regulatory authorities if  there is a good cause —  i.e. the existence of a situ
ation in which more harm than good would result from satisfying a dose con
straint. This difference makes it reasonable for national authorities to adopt, on 
a non-binding basis, objectives for limiting individual inequity that will nor
mally apply, but which do not require action to be taken in those situations 
where it is not justified.”

The choice of dose constraints is influenced by two counteracting factors: the 
desire to limit inequity in the exposed population, and the need to place reasonable 
bounds on the monetary cost to society as a whole. Dose constraints might be applied 
in cleanup situations where it is not clear whether practice or intervention principles 
are appropriate or where return to normality is being implemented after an accident 
which resulted in dispersal of radioactivity. A proposed decision flow path is shown 
in Fig. 1 of Ref. [18]. Justification is assumed to take into account all significant and 
relevant radiological and non-radiological factors such as chemical risks, industrial 
and transportation risks, physical risks and socioeconomic factors. In the case of 
decommissioning of a practice, cleanup is normally assumed to have been previously 
justified.

Reference [18] further proposes (see Fig. 2 in this reference) that the need for 
cleanup and for release levels can be divided into bands, each covering about an order 
of magnitude.

For annual projected doses from all pathways below 0.1 mSv (as an average for 
the critical group), it is very unlikely that cleanup measures involving any significant 
cost or disruption would be warranted by the risk reductions that would be obtained. 
On the other hand, doses exceeding 10 mSv/a over an extended time would almost
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always warrant cleanup action or restriction. In such a case, an annual dose of 10 mSv 
as an average to a critical group might be chosen as a constraint. For doses in the 
range 0.1-10 mSv, the likelihood of cleanup being warranted will tend to increase as 
the level of risk increases, as will the possibility that more costly and/or more dis
ruptive remedial measures might be appropriate.

3. SUMMARY AND CONCLUSIONS

Radiological criteria for the restoration of land and buildings contaminated with 
radioactive materials are required to permit release, or rehabitation and return to nor
mal living through decontamination and cleanup. Through the efforts of international 
organizations, there is increasing international consensus on generic intervention lev
els for implementation following nuclear accidents. Where accidents involve airborne 
releases, concentrating intervention efforts on dose aversion for the most affected 
groups will commonly be the most effective strategy in preventing late deleterious 
effects.

Contamination on nuclear sites which have throughout their operation been 
subject to controls for practices, when decommissioned and released for public 
access, should be cleaned up in accordance with principles governing practices. If this 
is impracticable for all structures and areas, restricted release may be possible. For 
unrestricted release, derived cleanup levels should be set so that doses to critical 
groups do not exceed a dose constraint below the public dose limit of 1 mSv/a. 
Commonly, particularly for extended sites, optimization will not demonstrate any 
benefit in achieving greater dose reductions. In the case of interventions to clean up 
areas contaminated through non-regulated activities, optimization of the intervention 
with a constraint annual dose of 10 mSv, comparable to that for the intervention level 
for radon in houses, seems appropriate. In situations where the method of approach 
may be in doubt, national authorities may, after justifying cleanup action, consider 
establishing a constraint value to limit individual inequity.

It is apparent that some regulatory authorities are treating remediation of for
merly unregulated sites as practices, requiring imposition of constraints as for prac
tices rather than as being interventions in accord with BSS guidance. This has enor
mous accompanying economic costs and sends misleading public messages about the 
levels of risk.

Inevitably, however, difficulties with public perception of differing derived 
oleanup levels in different situations will remain.
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OPENING DISCUSSION

A.J. González
International Atomic Energy Agency, 

Vienna

It is my intention to present the work which is being developed by an ICRP task 
group on chronic exposures, and in doing so I will repeat some of the points just made 
by A.C. McEwan.

The ICRP has set up a task group to develop recommendations on how to deal 
with situations involving chronic exposure —  but what is chronic exposure? I think it 
would be useful to start my presentation by criticizing this concept, as I have learned 
that, in the English language, the adjective ‘chronic’ is sometimes used colloquially 
to mean ‘damaging’ or ‘having deleterious effects’, and not in its true meaning, 
which is something persisting. Thus, chronic exposure is radiation exposure which 
continues over time, with relatively little variation in the exposure rate.

Chronic exposure situations were in fact the cause of a controversy which arose 
during this meeting. (It is most unfortunate that many of the people who were 
involved in this controversy during the week are not present today, as this would have 
been the best time to discuss the matter.)

As an example of a chronic exposure situation, let me touch on the reference 
made by A.C. McEwan to the situation of a small island in the Pacific Ocean, Bikini 
Atoll, in the Marshall Islands, from which people had to be evacuated many years ago 
at the time of nuclear weapons testing there and to which they would now like 
to return to live. If they do return, and if they eat only local food, the chronic dose 
they would receive would amount to around 15 mSv per year. If they eat imported 
food (which is what they are now used to eating), they would probably receive 
around 4 mSv per year.

The Bikinians would simply like to know whether they can return to the island 
or not. They do not want to hear anything about optimization of protection, justifica
tion of intervention, dose constraints, limitations, linearity or non-linearity. They want 
to have a simple answer to their simple question.

For them it is inconceivable that, after so many years of radiation protection, 
we cannot tell them clearly and simply whether they can go back or not. It is also 
incredibly difficult for them to understand that, while we have established a ‘dose 
limit’ of 1 mSv, this limit is not applicable to their situation. This is where they get 
lost, and this is the problem they are faced with. It is a severe problem. We must seek 
a solution in an appropriate way, without changing the science and without forcing 
radiobiologists to twist their results in order to impose an artificial biological threshold 
for solving this problem. It is a problem for regulators and not for radiobiologists.
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FIG. 1. Background doses before and after the introduction o f a beneficial practice, and the 
additional dose attributable to the practice, to be controlled under the ICRP dose limitation 
system.

I would therefore refer once again to something which has already been 
outlined here several times and which I think is the real crux of the matter. The 
ICRP had the wonderful idea of dividing the pie of radiation protection situations 
into the so-called practices and interventions. Whether or not this was a good idea 
is not debatable, but I believe ICRP could have used more easily understandable 
terminology.

I think the basic idea was good, namely to make a distinction between two 
kinds of situations:

—  prospective situations, where we can plan protection a priori, prospectively, to 
control the additional radiation exposures (over the background exposure) 
expected to be caused by those situations;

—  de facto situations, where all we can do is to act after the fact and manage the 
reduction of the existing exposures as well as we can.

The first situation (Fig. 1) involves the so-called practices, to which the ICRP 
dose limitation system relates. Practices involve situations where, given the decision 
to introduce a justified practice, i.e. one having benefits (I stress beneficial), what the 
ICRP dose limitation system does is to control (in one way or another) the dose that 
the practice is expected to add to the existing dose, that is, it controls the additional 
dose which is attributable to the practice in question. Thus, the ICRP system operates 
over the positive ‘delta’ dose expected from the practice; it does not deal with the 
existing dose, i.e. with the background dose, neither with that existing before nor with 
that remaining after the implementation of the practice. And it does not do so for a 
very good reason: what a Regulatory Authority can control is the dose attributable to 
a specific practice; it cannot control the background dose. This is how the system 
works for practices.



OPENING DISCUSSION 333

IDose averted 
by the intervention

Pre-intervention background dose

Undertaking of an intervention f

Post-intervention 
background dose

- ►  Time

FIG. 2. Background doses before and after the undertaking of a justified intervention under 
the ICRP system, and the dose reduced or averted by the intervention.

(Please note that I am referring to background doses, and that I have not used 
the conventional or classical adjective frequently used for the background dose,
i.e. the term ‘natural’. I have done this because in effect I do not know what ‘natural’ 
means, except in certain very special cases. I do not know whether it is natural to live 
in a house or whether it is natural to live in a tree, and, depending on my under
standing of the word natural, I could consider radon doses as natural or artificial. The 
word natural is not precise. Background dose is something that we all know: it is 
simply the total dose from all environmental sources to a typical individual in a 
particular place. We can discuss how the dose has been measured or assessed, or we 
can argue about the characterization of the typical individual, but more or less we will 
all agree on what background dose means.)

The second situation (Fig. 2) involves so-called intervention. We have seen 
that in the case of a de facto situation (i.e. one that exists but that we did not create) 
what the ICRP system recommends is that we intervene to reduce the extant doses if 
justified. When we intervene, we do so in order to avert doses. Once again, we operate 
over a ‘delta’ here, but it is negative in this case, and we call this negative delta the 
‘averted dose’. Once again, the ICRP system for interventions does not refer to the 
background dose. The system tells us: “intervene if justifiable” and “avert doses as 
much as reasonably achievable”. In the case of interventions, therefore, since we are 
reducing doses, we cannot talk about dose limits. (In the case of practices we are 
increasing doses, and therefore it is logical to prescribe limits to the increases; but 
why should we restrict the reduction in dose or limit it?) We want to have as high a 
reduction as reasonably achievable. The system tells us: “reduce as much as you can 
without limitation”; once again, this is very logical. It is logical for the regulatory 
authority to try to reduce these doses as much as possible within the principles of the 
system. Once dose reduction has occurred, the remaining dose —  i.e. the background
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dose after intervention, the post-intervention dose, the residual dose in other words
—  is outside the system.

The basic question is: Is this approach to interventions sufficient? It would 
appear that the answer is ‘yes’, both logically and from the point of view of what a 
regulatory authority can actually undertake. But this does not seem to be not enough 
for members of the public and their representatives, if you look at the reactions it has 
caused and at the problems that have occurred.

What might be very serious is that a Regulatory Authority, desperate to 
solve these problems of intervention, and experiencing trouble dealing with them, 
would resort to biology or epidemiology to find a solution (such as determining an 
artificial dose threshold for health effects). This would be —  I submit —  a serious 
error.

What in fact happens is that in addition to the appropriate control of ‘positive 
deltas’ of dose and management of ‘negative deltas’ of dose, people (and their repre
sentatives, e.g. politicians) would like to have an additional guarantee. They would 
like to have two crystal clear recommendations: first, at what level of individual 
total dose, i.e. background residual dose, should protective actions be undertaken 
almost under any circumstances; and second, at what level of dose can one say that 
the situation is basically safe for the individual.

This is what the people on Bikini would like to know, and this is what the 
people in the area of Chernobyl also wanted to know at the time when the exposure 
remaining from the accident became chronic. It was not enough for them to hear that 
everything possible had been done to reduce doses. They wanted to know whether the 
remaining residual dose was such that it would be possible for them to lead a normal, 
healthy life.

Perhaps, without changing anything in the current radiation protection system, 
we should make an effort to find additional standards that are consistent with our 
system and make it possible for us to provide the guarantee that people are seeking.

There is actually a tremendous amount of work being done in parallel, in an 
attempt to find additional standards aimed a resolving this problem. First, a group 
under the chairmanship of K.H. Lokan of Australia studied the problem in the context 
of the Marshall Islands situation; second, another group within the IAEA, under the 
chairmanship of P.H. Jensen of Denmark, studied it in the general context of cleanup 
of residual materials; third, a group under the chairmanship of E.G. de Planque of the 
United States of America is studying it in the context of the problems in Mururoa and 
Fangataufa in French Polynesia; and finally, there is also the ICRP task group which 
I mentioned earlier and which I have the honour of chairing. I will try to summarize 
what I think are the conclusions we are approaching in the work done by all of these 
groups.

Table I presents these presumed conclusions. I will try to justify the numbers in 
this table. First, it would appear that we are beginning to see a consensus that
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TABLE I. POSSIBLE RECOMMENDATIONS FOR INTERVENTION AT 
VARIOUS GENERIC LEVELS OF TOTAL ENVIRONMENTAL BACKGROUND 
DOSE

Existing annual background dose 

(mSv)

Possible recommendation

>100 Further intervention nearly always needed

10-100 Usually requiring intervention or reassessment of 

earlier decisions

<10 Rarely requiring intervention

recommendations corresponding to some generic levels of total environmental back
ground dose in situations of chronic deposition would greatly help to resolve some of 
the problems with which we are confronted. I will talk about ‘extant annual back
ground dose’, i.e. the existing dose, the one we face. For each of these levels, I will 
look at what the particular recommendations could be and why.

If the level is very high, of the order of 100 mSv per year and above, it would 
appear that we should recommend that further intervention would nearly always be 
needed, regardless of the circumstances. If it is as high as that level, we would be get
ting dangerously close to the area of deterministic, effects, which we want to prevent; 
moreover, we would without any doubt be in an area of high risk of stochastic effects, 
which we want to limit.

Why could the doses for this ‘mandatory’ intervention level not be lower? If 
we recommend lower values too often, we would be inconsistent with the current 
position of many health authorities, because there are some places in the world where 
levels of up to 100 mSv per year actually occur, and we are not taking mandatory 
protective measures in those places.

I now refer to the last line of the table. If the dose is less than (say) 10 mSv 
per year, I think it is difficult to justify an intervention unless the intervention is 
really very simple, for various reasons. First, as D.J. Beninson pointed out earlier, 
many generic optimization studies now take us to values which are similar to this. 
Second, and this is extremely important to remember, there are huge regions of the 
world where background levels are of the order of 10 mSv per year and no one seems 
to be concerned about them. Nobody even asks that one looks into the possibility of 
undertaking interventions in those areas. We are talking about vast areas, entire 
regions in Europe and elsewhere. Our colleagues from India, for example, have men
tioned many cases during this Conference. We are all very familiar with the places 
where this is the case.
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What happens between 10 and 100 mSv? It is difficult to recommend any
thing other than the following: if the extant dose is between those values, a re
assessment of the situation would be necessary to see which decision should be taken 
with respect to intervention, weighing the advantages and disadvantages of the decision.

With the approach shown in Table I, without doubt we have not changed any
thing in the ICRP system. The system continues to work on the basis of these deltas 
and changes of dose. But to have generic values of total environmental background 
dose, I think, greatly helps to understand the problem. It particularly helps those who 
have to take the decisions related to understanding the problem.

Let me finally remind you that a similar problem occurred with food contami
nation. If we apply strict optimization criteria to cases of foodstuffs with residual 
contamination, we will come up with different results in different situations or 
circumstances. But in the current world of international markets of commodities, it is 
inconceivable that an authority which is working in the area of the regulation of 
food, such as FAO and WHO, could accept that for different situations we have food 
which is contaminated at different values; different levels are simply unacceptable to 
the market. This is why FAO and WHO very appropriately decided to adopt generic 
levels, which now form part of the Codex Alimentarius1 (they developed these levels 
in a particular way, but this is irrelevant for my point). I think this was a good solution 
to a serious practical problem.

To conclude, let me present two figures in an effort to sum up everything we 
have discussed.

Figure 3 summarizes the current system for practices, which restricts the dose 
which is attributable to the practices. It restricts the additional ‘delta’ doses with: (a) a 
dose limit for the additional dose attributable to a preselected family of practices,
(b) dose constraints for any specific source within the practice, (c) optimization of 
protection, and (d) exemption levels (in order not to overload the regulatory body with 
trivialities).

Figure 4 shows the possible link of intervention with total background dose. If 
the background dose is above 100 mSv/a, nobody will doubt that an intervention is 
required. If it is below 10 mSv/a, normally intervention is not required. In the middle 
range, we undoubtedly have an area of concern, which requires a detailed assessment 
to decide whether or not to intervene.

Whether all of us working in this field will reach a consensus on this proposal 
I do not know. But —  I submit — this is the line we should follow to solve the 
problem that has convened this Conference, namely how to regulate low radiation 
doses.

1 JOINT FAO/WHO CODEX ALIMENTARIUS COMMISSION, Codex Alimentarius, 

Food and Agriculture Organization of the United Nations, Rome (1981—).
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SUMMARY OF DISCUSSION

Forum 10

D.T.Y. CHEN (Switzerland): I should like to ask A J. González whether the 
scheme proposed by him has already been applied in practice.

A J. GONZALEZ (International Atomic Energy Agency): Yes —  in the case 
referred to by A.C. McEwan in his keynote address in this session, that o f Bikini 
Atoll. A few weeks ago I received a letter from the Government of the Republic of 
the Marshall Islands saying that it understood and accepted the approach, which had 
been explained to it in terms much simpler than those used by me here.

In other studies we are going in a similar direction, but it will of course be 
very important to arrive at an international consensus on these ideas or similar ones 
(I am not fighting for these particular numbers), because it is difficult to convince 
the regulatory authorities in one country about these ideas when the regulatory 
authorities in certain other countries are taking a completely different —  perhaps 
even an irrational —  line, especially if  these countries are important as regards 
radiation protection. Various environmental protection agencies are going in differ
ent directions, and they have a great deal of influence outside their own countries; 
this is spreading confusion.

H. VANMARCKE (Belgium): With the methodology described by A J. 
González, the most important thing in a chronic exposure situation seems to be 
the decision whether one is dealing with a practice or with a situation which calls 
for intervention. This is because there is a difference of up to two orders of magni
tude between the acceptable residual dose rates —  about 10 mSv/a if one is dealing 
with a practice and 0.1-1 mSv/a if one is not. How can one explain this to the 
public?

R.H. CLARKE (United Kingdom) (Chairperson): You have identified a very 
real problem —  which arises when, say, a factory is built on a site where radium was 
once used in the manufacture of luminescent items and where there are still high 
residual dose rates. Does one intervene or does one proceed on the basis of the 
philosophy and dose rates applicable in the case of practices?

A.C. McEWAN (New Zealand): There is clearly a major perception problem if 
we follow two different paths and come up with two different answers. One reason 
for the problem has been misclassification —  for example, a cleanup operation being 
classified as a practice when it should have been classified as an intervention.

A J. GONZALEZ (International Atomic Energy Agency): Rather than talking 
simply of ‘a practice’, one should perhaps talk of ‘a beneficial practice’, which 
entails a radiation dose increase. At the same time, one should apply common sense: not 
everything which is beneficial and entails a radiation dose increase is a practice —  you
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may benefit in some way by moving from Florida to Denver, but the move is not a 
practice, despite the fact that it entails a dose increase.

I believe the ICRP’s intention was that we should control (in a prospective 
manner) the additional radiation doses arising from beneficial practices.

There are very few borderline cases, and when we at the IAEA have examined 
such cases it has been clear to us which were practices and which were situations call
ing for intervention.

There may well be confusion in the public mind regarding practices and inter
ventions, but there should not be any confusion in the minds of the radiation safety 
professionals. If people are confused, it is because we confuse them; we fail to con
vey to them that what we are trying to control is the additional dose resulting from a 
practice. We tell the public that the dose limit is 1 mSv, but say at the same time that 
there is nothing to worry about even when the dose is 4 mSv. Clearly something is 
wrong in our communication skills.

K.H. LOKAN (Australia): Further to what I said in Forum 9 regarding the 
Maralinga test site, I should like to describe how an end point target for rehabilitation 
was set before we had the guidance of ICRP Publication 60.

The intervention consisted in the removal of soils (in some of which there were 
radioactivity levels of up to 500 mSv), and we set an action level for intervention of 
5 mSv/a on the basis of inhalation of uranium contaminated dust by the critical group. 
In dealing with the contractors responsible for the soil removal, we set a modelled end 
point of 0.5 mSv/a. The reason for this low value was that we recognized that the 
selected scenario could be wrong (on the low side) by as much as a factor of ten.

Against that background, I should like to know how the setting of an end point 
relates to the ICRP 60 philosophy. In theory, one should set the end point by 
optimizing the avertable dose, and I should welcome comments on our old-fashioned 
approach —  which took into account modelling uncertainties —  in the light of 
ICRP 60.

A J. GONZALEZ (International Atomic Energy Agency): The problem of reha
bilitating the Maralinga test site was a difficult one, like the problems now faced by 
our colleagues in the Russian Federation, but the Australians did a very good job. I 
am sceptical about the value of 5 mSv/a — not because it is inconsistent, but because 
people may confuse it with the old dose limits and believe that we are trying to limit 
the dose increment.

As regards the end point, I think it should be generic, because people will not 
accept case by case solutions except in very special circumstances. We should have 
the courage to say what we think about such generic levels.

I should like to take this opportunity to say that in my view it is a pity that many 
of our colleagues who oppose the LNT hypothesis and who took a prominent part in 
the Forums devoted to biological questions are not present at this Forum; they have a 
real problem, and they are probably using the wrong tools in their efforts to solve it.
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That problem can —  and should —  be solved by regulatory means. But the regulators 
must assume responsibility for solving it. Life would be very easy for the regulators 
if the biologists could solve all their problems.

As an ex-regulator, I am very relieved that the biologists did not come to Seville 
in order to convince us that the dose-effect relationship is completely alinear; that 
would have created a headache for the regulators. Fortunately, it is linear; that allows 
the regulators to add up doses regardless of when they were incurred, and it also 
allows them to add up doses incurred by different organs of differing radiosensitivi
ties.

I think the problem can be solved if the regulators do what they are supposed 
to do and not wait for the biologists to solve it.





CHAIRPERSON’S SUMMARY OF FORUM 10

Chairperson  
R.H . CLARKE

National Radiological Protection Board, 
Chilton, United Kingdom

1. OVERVIEW

Contaminated land is an issue of considerable interest in many countries. It 
arises as a result of accidental releases, as from Chernobyl, and from human 
activities, including the atmospheric testing of nuclear weapons. Contamination is 
also a historic liability from, for example, factories using radium for luminiscent 
paint, or from excessive effluent discharges.

The issue at present is the decommissioning of nuclear facilities, old reactors 
and nuclear weapons fabrication facilities. These all require the expenditure of 
considerable amounts of money, and some people think that too much money is 
being, and will be, spent to achieve low levels of residual contamination.

If contaminated land is not cleaned up, there is public concern, and in some 
countries there will be litigation, charging that the environmental risk is too great. 
These concerns have led to an increased pressure from some individuals to propose a 
threshold in the dose-response relationship in order to reduce the expenditure.

It is true that, increasingly, our science is judged in the courts rather than by 
national academies of science. The issue of the threshold may be debated by judge 
and jury. I believe the issue is primarily in relation to public exposures and not to 
occupational limits.

In this Forum, A.C. McEwan reviewed the application of the present system of 
protection to contaminated land. A J .  González then discussed the radiological issues 
and debated possible ways forward which might involve some evolution of the 
philosophy of radiological protection.

2. THE PROBLEM

It was made clear that the present system of protection distinguishes between 
practices, which add doses and risks, and interventions, which reduce doses and risks. 
The dose limits apply to the sum of doses from a restricted set o f sources or circum
stances, and they are often misunderstood, since a limit is sometimes taken to mean 
the boundary between safe and unsafe. For public exposure in particular, there is
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confusion about the application of the 1 mSv annual dose limit when the action level 
for radon in homes is set between 3 and 10 mSv in a year. Then, in the event of an 
accident, perhaps when people especially expect to be protected, the dose limit does 
not apply, and intervention is not taken until doses are likely to be in the range of 5 to 
50 mSv.

ICRP recommendations, in the context of the use of radionuclides, have been 
for the control of protection from single sources by optimization within the individual 
maximum dose constraint of 0.3 mSv per year. In the case of accidents, intervention 
levels have been suggested for taking action to reduce exposures, but there is no inter
national guidance on the withdrawal of intervention actions. At what level of dose can 
normal living be resumed? More than 1 mSv per year, surely; and if a new population 
moves into the area, is this a practice, to which the 1 mSv dose limit applies? Thus, 
at what point after an accident do the principles of protection for practices apply, if at 
all? Along these lines, is building a house in an area of high natural background 
radiation, to which people might move from areas of lower background, a practice to 
which the 1 mSv limit is to be applied? Strict application of the definition of a 
practice given in ICRP Publication 60 would suggest that this is so.

These are situations that do not easily fall into the current definitions of practice 
or intervention; radiological protection philosophy might usefully be re-examined in 
order to develop a more logically consistent framework for protection than at present. 
The following thoughts are for discussion and are a first attempt to do this by bring
ing the three categories of exposure —  occupational, medical and public —  within an 
overall framework that encompasses the present system of protection for practices 
and interventions. These represent a scheme that may be complementary to, rather 
than a fundamental change in, the Commission’s system of protection and may be of 
use in its application.

3. A POSSIBLE WAY FORWARD

In protecting individuals from the harmful effects of ionizing radiation, it is the 
control of radiation doses that is important, no matter what the source. Thus, a start 
may be made with a definition: a controllable dose is the dose or the sum of the doses 
to an individual from a particular source that can reasonably be expected to be 
controlled, by whatever means.

Such doses could be received at work, in medical practice and in the environ
ment from the use of artificial sources of radionuclides, or they could arise from 
elevated levels of natural radiation and radionuclides, including radon. The term 
covers doses that are being received, e.g. from radon, and doses that are projected to 
be received, e.g. from the introduction of new sources or following an actual or 
potential accident. It does not apply to exposures not amenable to control, such as
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Fatal risk Dose 

(a-1) (mSv/a)

Proposed system

1 0 -

1 0 -'

30

Controllable dose should not exceed 
this level. Allow doses approaching 
this level only if individual receives 
benefit or dose Is difficult to reduce 
or prevent.

Г  \
Steps may be needed to reduce or 
prevent these doses, particularly if 
the individual receives no benefit

• Occupational dose limits
■ Upper radon action level
■ Action level for relocation
■ C T  scan

Current criteria

■ Lower intervention level 
for sheltering, Kl

■ Lower radon action level
■ Average background
■ Public dose limit

1 0 -

1 0 -e

0.3

0.03

Maximum dose to an individual who 
receives no direct benefit from 
a particular use of radiation

Trivial risk to the individual

■ Maximum dose constraint
■ Simple diagnostic X ray
■ Variations in background,

excluding radon_________ /

• Exemption levels
• Clearance levels

FIG. 1. Proposed system o f controllable doses, showing dose levels and corresponding 
individual fa ta l cancer risks. Current criteria fo r  controlling doses in normal, accident or 
medical situations are also shown.

cosmic radiation at ground level, but would apply to high terrestrial levels of natural 
exposure.

The significance of a level of controllable dose depends on its magnitude, the 
benefit to the individual in question and the ease of reducing or preventing the dose. 
There will, of course, be some level of dose where control will be mandatory. This 
will clearly be for the avoidance of deterministic effects in accident situations, or for 
the protection of healthy tissues in high dose medical procedures. Doses of some hun
dreds of millisieverts up to several sieverts will cause deterministic effects of various 
types, depending upon whether the exposure is acute or chronic. Other than in radio
therapy, such doses may be encountered in interventional radiology, where there is a 
life threatening situation. In other circumstances, such exposures will be entirely 
unacceptable to the individual, unless taken for life-saving rescue in an emergency. 
These situations are considered to be outside the scope of the proposed scheme of 
controllable doses set out here.

For other exposures, the philosophy is essentially set out in Fig. 1, which sug
gests a regime of controllable doses and shows their respective significances in terms 
of individual fatal cancer risk. The current criteria for controlling doses in normal, 
accident or medical situations are also presented.
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Thus, the highest dose that will normally be tolerated before control is 
definitely instituted is in the range of a few tens of millisieverts, although this may be 
tolerated in successive years. This covers the following:

—  the permanent relocation of people following an accident, when a lifetime 
averted dose of 1 Sv is recommended, which corresponds to some tens of 
millisieverts in the first year;

—  the occupational dose limit of 20 mSv in a year;
—  the upper (justified) action level for radon in homes (10 mSv per year);
—  a CT scan (-30 mSv);
—  the lower level of averted dose, above which evacuation is recommended after 

an accident (50 mSv).

While these levels of dose tó the individual can hardly be called unacceptable, 
they are levels at which it should be asked whether the dose and the associated fatal 
risk, which will be of the order of 1 0 -3, or 1  in 1 0 0 0 , can be avoided by some sort of 
action. That action may be disruptive or, as in the case of a CT scan, it may simply 
involve asking whether the required information can be obtained by other means 
involving lower dose.

Controllable doses should not generally exceed this level, and actual or poten
tial doses approaching this level would only be allowed if the individual receives a 
benefit or if the doses cannot be reduced or prevented without significant disruption 
to lifestyle.

At levels of controllable dose of the order of a few millisieverts per year, the 
exposures should not be of great concern from the point of view of an individual’s 
health. Natural background radiation is about 2-3 mSv per year, and even if radon 
exposures are excluded, the figure is 1-2 mSv. The exposures covered would be:

—  the lower level of optimized range for radon intervention (3 mSv),
—  the lower level for simple countermeasures (sheltering, potassium iodide (Kl)) 

in an accident (5 mSv),
—  the existing dose limit for members of the public (1 mSv),
—  simple diagnostic X ray examinations (1 mSv).

Steps may be taken to reduce these exposures, or to prevent them, particularly 
if the individual receives no benefit. Thus from a controllable dose of a few milli
sieverts upwards, it becomes increasingly desirable to reduce or prevent the dose, 
depending both on the practicability of doing so and on whether the individual is 
deriving any tangible benefit from the exposure, e.g. annual occupational exposures 
or medical examination doses. The associated levels of risk would be 1 0-4, or 1 in 
10 000.

Doses that are below millisievert levels are also relevant in the control of expo
sures. In connection with human uses of radiation, the maximum dose from a single
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new source to a member of the public has been set by the ICRP at 0.3 mSv per year. 
The associated level of fatal cancer risk is about 10- 5  per year. This level of dose is 
about 1 0 % of the total natural background dose and is also of the same order as the 
variation in background radiation (excluding the radon contribution) over much of the 

world.
A level of risk of death of 10- 6  per year is commonly regarded as trivial, and 

the corresponding annual dose of about 10-20 mSv has been used to set exemption 
criteria in the International Basic Safety Standards. At this level of dose there should 
be no need to consider further protection of the individual.

4. A SOLUTION?

A suggested way forward may be to work toward a single ‘limit’ on control
lable dose. The value would be around 20-30 mSv in a year. Doses significantly 
above this level would only occur in uncontrolled accident situations or in life-saving 
medical procedures. It may be that rather than referring to this value as a limit, the 
term action level should be used. In fact, that is what it would be —  if controllable 
doses (actual or projected) are above this level, action should be taken. This may have 
the advantage that action levels are understood, whereas a ‘limit’, as has been said, 
can be and often is misunderstood.

The management of controllable doses below the action level would be by 
individual-related source-specific investigation levels. These levels would apply to 
different actions taken to reduce exposures at the source, in the environment or by 
moving people. They would cover, for example, occupational exposures, simple 
medical procedure doses, exposures from domestic radon or from other elevated 
levels of natural radionuclides, and exposures after an accident. The need for distin
guishing between practices and interventions may no longer be required. This inves
tigation level of a few millisieverts per year would prompt an investigation to see 
if anything simple could be done to reduce the exposure.

Within this scheme, exposures of the public from the use of sources of radionu
clides would still need to be justified. A fraction of a millisievert is the most that 
would ever be allowed from a single source, irrespective of the number of sources —  
effluents from a hospital, from a power plant, a diagnostic X ray, a smoke detector, 
etc. These sources would be treated independently, because the chance of one 
individual being exposed to all sources is very small and actual exposures from 
several sources would be unlikely to amount to more than a fraction of a millisievert. 
The term constraint could still be retained, and the principle of optimization applies 
for each source.

If at some time in the future it became possible that some individuals might be 
likely to receive, in due course and over a prolonged period of time, a significant
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accumulation of doses from many sources, local, regional and global, then a further 
restriction on sources may be necessary. There would, however, be likely to be a 
considerable time period available to effect change.

The proposals presented here focus on the protection of the individual. The 
ICRP’s principles of justification and optimization would still apply, although further 
guidance on their application would be required.
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A. ALONSO SANTOS (Spain) (Chairperson): I should like to open this Round 
Table by presenting two transparencies. Figure 1 illustrates the problem one faces 
when considering ‘regulatory control and scientific research’, and Table I summarizes 
the issues involved.

With regard to Fig. 1, regulators currently find themselves in the midst of a sci
entific controversy about the relationship between the dose received and the excess 
relative risk. All the hypotheses represented in Fig. 1 are acceptable and demonstra
ble scientifically or statistically, and each has its detractors and supporters.

The graph —  which has no quantitative value —  reflects the five hypotheses 
which have been emerging over time and are still under consideration. Of these, the
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FIG. L  Relationship between the relative increase in the risk and the dose.
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TABLE I. ISSUES INVOLVED IN REGULATORY CONTROL AND SCIENTIFIC 
RESEARCH

1. Would molecular biology and other scientific disciplines, under scrutiny now or to be 
developed in the future, provide the necessary background for sound radiation 
protection regulations?

2. How far could epidemiology, both classical statistically based studies or the modem 
molecular epidemiology concepts, contribute to the basis for deriving radiation 
protection regulations?

3. Should risk comparisons attributable to other carcinogenic agents be used in 
establishing radiation protection regulations?

4. Which individual, societal, professional, ethical and political aspects may influence 
radiation protection regulatory decisions?

5. What should be the role of economics and cost-benefit analysis in taking radiation 
protection related regulatory decisions?

one which has received most attention in quantitative studies is the linear hypothesis. 
The graph, derived from UNSCEAR 94 data1  and based on studies of Japanese 
atomic bomb survivors, presupposes that we know with sufficient certainty —  
although in reality we do not —  the point P at which it is assumed that the natural 
risk increases by 9% when the dose received is 200 mSv, which corresponds to a rel
ative increase in the risk of 4.5 x 10" 4  per mSv. The ICRP and most national bodies 
consider extrapolation to be an acceptable hypothesis, although it is not supported by 
actual observations. The uncertainties associated with the available data, represented 
in the figure by the typical deviation, justify any of the represented hypotheses. The 
International Agency for Research on Cancer (IARC) will try to obtain data regarding 
this question.

The linear hypothesis recommended by the ICRP and adopted by the United 
Nations system may be a cautious, but if there is a threshold, or if hormesis does 
occur, we are unnecessarily limiting the beneficial applications of ionizing radiation. 
Consequently, the problem must be solved on a sound scientific basis.

With regard to Table I, which will be on show throughout the Round Table, I 
have invited the attention of the five Round Table members to the issues which I
would like them to address.

1 UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General
Assemly), United Nations Scientific Committee on the Effects of Atomic Radiation
(UNSCEAR), UN, New York (1994) 272 pp.
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Scientific research plays an essential role in the establishment of standards for 
the regulation of radiation exposures. Unlike many areas of modern society subject to 
safety regulations, such as transportation, boiler and pressure vessel codes or food 
processing and handling, radiation protection standards are at levels for which there 
is little if any direct empirical evidence for the presence or absence of harm. 
Consequently, radiation protection standards are based on a scientifically based health 
effects model for risk assessment combined with risk management policies that are 
strongly effected by a nation’s societal and ethical views.

We are at the point where many of the large regional nuclear facilities have 
reached the end of their useful life and must be decommissioned. Furthermore, the 
world must also consider future energy needs and the role that nuclear energy might 
have in meeting them, particularly in light of the greenhouse effect. Provisions must 
be made for the permanent disposal of waste, the restoration of decommissioned sites 
and the establishment of standards that new facilities must meet. The task of the 
regulator is to establish legally enforceable standards for these activities.

In the United States of America, these regulatory activities are conducted by 
the co-operative efforts of several agencies. The scientific bases for radiation 
protection standards are included in the recommendations of several committees, 
including the International Commission on Radiological Protection, the United 
Nations Scientific Committee on the Effects of Atomic Radiation, the United States 
National Research Council’s Committee on the Biological Effects of Ionizing 
Radiation (BEIR) and the National Council on Radiation Protection and Measure
ments. In addition, the development of regulatory standards and the establishment 
of tolerable risk is subject to a substantial degree of public participation and 
involvement.

The current scientific paradigm for the effects of low level radiation which is 
used by the US Nuclear Regulatory Commission is the linear no threshold model. 
It is of interest to trace the evolution of this hypothesis to one committee in the 
USA, because of the uncertainty in the model at some of the dose limits at which 
regulatory controls are imposed. The 1972 BEIR-I report adopted the linear no 
threshold model on practical grounds. It noted that such estimates are fraught 
with uncertainty. In the 1980 BEIR-Ш report, the BEIR committee noted that the 
scientific basis for making estimates of the carcinogenic risk of low dose, low 
LTE radiation was inadequate. But public policy and the exercise of regulatory 
authority required a position on the probability of cancer risk. The committee added 
that it did not know whether dose rates of about 100 mrad (1 mSv) per year were 
detrimental to humans.
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In the 1990 BEIR-V report, the committee again stated that the derivation of 
risk estimates for low doses and dose rates to any type of risk model involved assump
tions that remained to be validated. The committee stated that the epidemiological 
data could not rigorously exclude the presence of a threshold in the millisievert dose 
range. The committee stated that the possibility that there are no risks from exposures 
comparable to natural background could not be ruled out, and that the lower range of 
uncertainty in the risk estimates extended to zero.

Since some current international recommendations, as well as legally enforce
able radiation protection limits in the USA, are at levels that are as much as 2 or 3 orders 
of magnitude below any dose level for which there is empirical evidence of harmful 
effects, it is relevant to regulatory control to determine if the risk extrapolation based 
on the LNT model is valid. The management of risk, in contrast to the assessment of 
risk from undertaking an activity, is determined by a variety of considerations, 
although they are not always enunciated. These include a variety of non-economic 
judgements concerning the value of the activity as well as formal or informal 
cost-benefit judgements. Depending on the scope of the activity, non-quantifiable 
individual, societal and political values will influence risk management decisions. A 
little reflection on one’s personal decisions will show the validity of this statement.

As a regulator, I recognize that these value judgements can have as much 
influence on decisions as rigorous cost-benefit analyses. It must be acknowledged 
that in the USA (and perhaps elsewhere), exposure to ionizing radiation from medical 
activities or radon is not perceived by the public in the same way as exposure to ion
izing radiation from nuclear activities. Consequently, to the extent possible, the value 
judgements that inform risk management principles should be defined. For example, 
in waste management the ethical decision to protect future generations from waste 
produced in this generation contributes to the decision on the performance period for 
which a disposal site has to be evaluated.

Yesterday we heard that the ICRP considers a public risk of 1 in 10 000 as 
tolerable and a risk of one in a million as a threshold. In my experience, the public 
tolerance of risk is not a constant value. In general, public toleration of risk is affected 
by the public’s view of the availability of alternatives, the perceived degree of per
sonal control over the risk, the dread of the consequences (that is, a painful or bizarre 
death is feared more than other causes of death) and the fairness or equity in the dis
tribution of risk and benefits. The regulator frequently must solve problems in which 
the individuals receiving the benefit, accepting the risk and paying the costs are all 
different. The public, through the political process, will tell the regulator what risk is 
tolerable.

In conclusion, regulatory control involves decisions based on risk assessment 
methods and risk management principles. Scientific research which minimizes the 
uncertainty in either of these two areas will contribute to the reliability of regulatory 
decisions.
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Stockholm, Sweden

1. SCIENCE AS A BACKGROUND FOR RADIATION PROTECTION

I will present an overview of problems in radiation protection in the context of 
low doses.

Epidemiological studies comprise the most important source of information on 
radiation risks in humans. These include the Japanese A-bomb survivors and groups 
that have been exposed occupationally or for medical reasons. Epidemiological data 
provide direct information on cancer risks at intermediate to high doses. At lower 
levels of exposure, inferences need to be made by extrapolation from the data avail
able at higher doses. Results from epidemiological studies are supported by animal 
data and, increasingly, by results from molecular and cellular studies. In the case of 
hereditary effects, quantitative information is not available from human populations, 
and risk estimates are based on animal data. 1

The information on tumour induction from animal experiments and from 
epidemiological studies is insufficient to provide direct information on the shape of 
the dose-response relationship at low doses. This situation is unlikely to change, 
because of the inherent statistical difficulties in detecting significant increases in risk 
at low doses. Developments in modem molecular methods have substantially 
increased the understanding of the mechanisms of carcinogenesis and have opened 
the door to molecular epidemiology. This type of research can help in identifying 
groups with increased sensitivity to radiation and has potential relevance to the 
estimation of cancer risks at low doses and dose rates.

Individual genes related to specific types of diseases are being identified at an 
increasing rate. It is, however, not yet possible to say whether or not a given cancer 
was induced by radiation. The search for ‘fingerprints’ that can identify radiation 
induced cancers and sensitive subgroups of the general population continues, and it is 
likely that science in the not too distant a future will shed more light on these ques
tions. Finding such ‘fingerprints’ will bring radiation protection regulators face to 
face with several legal and ethical dilemmas. Will it result in lowering dose limits for 
individuals with increased sensitivity? Will it affect the possibilities for individuals 
with a certain genetic composition to obtain employment in work with ionizing radia

1 UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General
Assembly), Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), UN, New
York (1994).
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tion? Are we at all looking forward to a society where most of the genetic information 
and its impact on future health are known beforehand?

I personally feel that both epidemiology and molecular biology sometimes tend 
to rely too much on mathematical modelling as a substitute for real observations. 
Mathematical models may serve their purposes, but the results of such procedures are 
never better than the data being entered into the models. During this meeting, there 
has been an animated discussion concerning the relevance of the LNT model. It is 
important to distinguish between the evidence supporting or refuting this model and 
the optimal tools and principles for radiation protection. There often seems to be 
confusion between these two issues. Even though some people question the ability of 
the LNT model to adequately describe events at low doses, they may still accept the 
use of this concept as a simple regulatory tool.

I do not believe that the basic principles of radiation protection will change in 
the near future because of increased knowledge of radiation mechanisms. Cancer is 
the result of a multistage process, with promoters and inhibitors affecting the proba
bility of a damaged cell developing into a clinical cancer. At the DNA level, however, 
there is no reason to assume that there is a dose threshold below which the risk of 
damage is zero.

The use —  or misuse —  of the quantity collective dose, which is related to the 
LNT model, also requires some comments. The results of collective dose estimates 
must not be perceived primarily as predictions of future health effects. They are 
intended for planning purposes, i.e. for optimization and limitation of the detriment. 
Plans for radiation protection measures at facilities where work involving radiation is 
carried out are often the result of an optimization, and the proposal which, with 
reasonable cost and effort, leads to the lowest collective dose is selected. A limitation 
of the collective dose would be one possible means of limiting the total detriment 
from a facility. The collective dose should therefore not be used to predict future 
detriments at doses of a few millisieverts to large segments of populations.

2. RISK COMPARISONS

Injury to living cells is caused by mechanisms which in many cases are similar 
for radiation and chemicals. It is not surprising that radiation and chemicals can cause 
similar biological effects, e.g. cancer and foetal injury. The effects of low level 
exposures to radiation have been studied in more detail than those of such exposures 
to chemicals. In particular, many factors influencing radiation carcinogenesis in 
humans are known. A large number of chemicals are human carcinogens, and an even 
greater number of agents have proved to be carcinogenic in animal studies.

Numerous naturally occurring and anthropogenic agents may interact with 
the cell. Normal metabolism in the human body results in about 10 000 oxidative hits
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per day on DNA in each cell. Radiation of about 2 mSv per year causes the equiva
lent of about one electron traversal per year of each cell nucleus in the human body. 
Conservative assessments indicate that the damage caused to the genome by inorganic 
or organic chemicals from both natural and anthropogenic sources is also normally 
small compared with the damage caused by endogenous biochemical processes, with 
some exceptions, e.g. smoking and some occupational settings. This should be borne 
in mind when discussing the effects of complex exposures on health.

There is an emerging consensus that doses on the order of 10 (iSv per year do
not normally warrant regulation. A simplified description for chemicals, as for radia
tion, is difficult to provide, since many chemical agents often occur together in the 
environment, and no common scale of exposure exists. For instance, tobacco smoke 
contains about 4000 identified chemicals. Almost all estimates of cancer risks from 
chemicals are uncertain. Still, they play an important role in regulation. A review of 
more than 100 decisions by Federal US authorities showed that regulatory action had 
been taken for all cases where the lifetime risk was above 4 x 10-3, and in only one 
case where the risk was below 10~ 6 . 2  The Swedish Environmental Protection Agency 
has suggested that an annual risk from chemical carcinogens of 1 0 - 6  may be accept
able. This can be compared with the annual cancer mortality risk of 0.5 x 10- 6

associated with the exemption level for radiation.
Methods have been suggested to assess the impact of some chemicals by ana

logy with radiation effects, using DNA adducts as the bridge. Such methods should 
be further explored. It is essential that assessment of the impact of environmental con
taminants be based on the entire environmental pollution, and not on each component 
separately.

UNSCEAR is currently analysing the combined action of radiation with other 
agents. The Committee has in the past been requested by the United Nations 
Environment Programme (UNEP) to consider the application of its methodologies 
and expertise to the problems of chemotoxic substances. Such an endeavour could be 
useful and could lead to more comparable evaluations of exposures and risks from the 
separate and combined presence of radioactive and chemical substances in the 
environment and at workplaces.

3. KEY ETHICAL ISSUES IN RADIATION PROTECTION

For legislation to be respected, it must correspond to widely accepted ethical 
values among those who are affected by the regulations, in addition to other political 
and social values. Some ethical values embodied in protection legislation are that:

2 TRAVIS, C.C., et al., Cancer risk management: A review of 132 federal regulatory 
decisions, Environ. Sci. Technol. 21 (1987) 415^20.
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—  the total harm to human health should be minimized,
—  the risks should be equitably distributed among the population,
—  large resources should be allocated to the protection of human health.

The values involved may be in conflict with each other, and priorities may have 
to be set as to which values should be given preference. Ethical theories are relevant 
to the current recommendations and standards for radiation protection. L.S. Taylor, 
one of the senior figures of radiation protection, once said: “Radiation protection is 
not only a matter for science. It is a problem of philosophy, morality, and the utmost 
wisdom” . 3  ICRP Publication 60 forms a conceptual framework for radiation protec
tion based on ethics, science and risk assessment. 4

The justification principle states that practices involving additional radiation 
exposures should produce sufficient societal benefits, i.e. that the proposed interven
tion should do more good than harm. The optimization principle requires that 
managers keep radiation exposures as low as reasonably achievable (ALARA), taking 
into account economic and social factors. The dose limitation principle limits expo
sure of individuals to radiation. Because medical exposures are intended to be as low 
as possible and be of direct benefit to the patient, the ICRP recommends that no dose 
limits be applied to medical exposures.

Radiation protection usually does not employ the precautionary principle, but 
implicitly uses the concept. The whole philosophy of protection against stochastic 
effects is not based on proven harm from radiation, since cancer from radiation at low 
doses has never been demonstrated conclusively. Rather, it is reasonable to adopt the 
LNT hypothesis if one wishes to take ethical precautions in a situation of uncertainty. 
Radiation protection also implicitly uses the substitution principle, e.g. when 
recommending the use of ultrasound rather than X rays in diagnostic procedures 
concerning the human foetus.

The IAEA’s safety fundamentals relating to radiation protection are mainly 
ethical, and they are partly based on the protection principles given by the ICRP. 5  

According to the IAEA, the primary aim of radiation protection is to provide appro
priate standards of protection and safety for humans without either unduly limiting 
the benefits of practices giving rise to radiation exposure or incurring disproportionate 
costs in the case of intervention.

3 TAYLOR, L.S., Some nonscientific influences on radiation protection standards and 
practice: The 1980 Sievert lecture, Health Phys. 39 (1980) 851-874.

4 INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, 1990 
Recommendations of the International Commission on Radiological Protection, Publication 
60, Pergamon Press, Oxford and New York (1991).

5 INTERNATIONAL ATOMIC ENERGY AGENCY, Radiation Protection and the 
Safety of Radiation Sources, Safety Series No. 120, IAEA, Vienna (1996).
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Public and worker risks. The ICRP principles sanction higher dose limits for 
workers than for members of the public (20 and 1 mSv per year, respectively). For 
occupational exposures, the ICRP aims at establishing a level of dose above which the 
consequences for the individual would be regarded as unacceptable.

Medical ethics. The IAEA has argued that the exposure of humans for medical 
research is not justified unless (a) it is in accordance with the provisions of the 
Helsinki Declaration and follows the guidelines for its application prepared by the 
Council for International Organizations of Medical Sciences and the WHO, and (b) it 
is subject to the advice of an Ethical Review Committee or some other institutional 
body assigned similar functions by national authorities.

Professional ethics. Some professional associations have issued a code of pro
fessional ethics for their members. This is the case with the American Health Physics 
Society, and seven of its nine principles concern factors that could affect radiation 
protection.

Radiation protection of nature. It is generally believed that the radiation pro
tection standard applied to protect humans to the degree currently thought desirable 
will ensure that other species are not put at risk. It may now be timely, and there are 
good scientific reasons, to set up a policy for the protection of the environment 
(including animals). In Sweden the purpose of the Radiation Protection Act of 1988 
is to protect people, animals and the environment from the harmful effects of 
radiation. UNSCEAR has recently published a report6  dealing with the effects of 
radiation on the environment, and this document may serve as a starting point for 
establishing such a policy.

4. THE ROLE OF ECONOMICS IN RADIATION PROTECTION

The interplay between protection and resources is in general recognized in 
legislation for the protection of human health. The formulation of this recognition 
often implies that protection should be pursued as far as is reasonably practicable. In 
Sweden it is expressed, for instance, in the Nuclear Safety Act: “...against the back
ground of technical and economic circumstances at hand...”, the Environmental 
Protection Act: “...the usefulness of the practice and the cost of protection...”, and the 
Radiation Protection Act: “...several factors such as available resources, increased 
knowledge and improvements in the technical development...”.

For many years, any Swedish Government authority considering new regula
tions has had to provide the Government with background material setting out the

6 UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General
Assembly), Scientific Committee on the Effects o f Atomic Radiation (UNSCEAR), UN, New
York (1996).
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costs, the expected benefits and other aspects of the regulations. Direct costs should 
be stated together with non-quantifiable factors; the latter should be accompanied by 
an evaluation of whether their consequences are positive or negative. Applied to radi
ation protection, this includes discussion of the resources worth spending on prevent
ing a case of serious radiation injury.

If a protective measure costs less than SEK 5 million (US $1 « 7.6 SEK) per 
prevented case, the radiation protection authority considers the measure to be strongly 
justified. If the cost exceeds SEK 25 million per case, then very strong reasons are 
required for implementation of the measure. In the intermediate interval, measures 
are particularly justified if the costs are at the lower end of the scale and the total 
societal cost of the measure is moderately large. The interval SEK 5-25 million per 
case corresponds to SEK 0.4-2 million per person-sievert. 7

In poor societies, allocation of large sums of money for specific types of pro
tection may drain those resources that are necessary to sustain life by other means. In 
such cases, the ethical guideline could be to institute countermeasures if the overall 
situation for the society concerned is improved, subject to the restrictions of equitable 
distribution already mentioned. In more affluent societies, resource allocation for 
radiation protection purposes may entail conflicts with other areas in society. Here, it 
is reasonable to plead for the largest possible share of the resources to be devoted to 
protection. Within the overall economic frames given, optimization would help to 
obtain the best protection value for the money, subject again to the constraint of 
equitable distribution of risks.

Those responsible for planning radiation protection should consider the expen
ditures considered reasonable in other areas of protection, and should advocate 
similar expenditures in order to adhere to the ethical values of equity and emphasis 
on protection. This approach to optimization must not be at the expense of accepting 
large individual risks for anyone.

Huating Yang
China Institute for Radiation Protection,

Taiyuan, China

Let me point out certain aspects relating to regulatory control and scientific 
research.

7 BENGTSSON, G., MOBERG, L., What is a reasonable cost for protection against 
radiation and other risks?, Health Phys. 64 (1993) 661-666.
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(1) For conservative technical reasons, regulatory control has to be strict, but 
this is often misunderstood. Naturally the public will ask “if radiation is safe, why is 
so much attention paid to it?” The public hesitates to accept the term ‘probability’, 
which is often wrongly used, even by scientists. This causes certain problems.

(2) Epidemiological findings from Hiroshima and Nagasaki have contributed 
to ICRP’s new recommendations on radiation protection. It might, however, be 
possible to distinguish some other carcinogenic agents by a molecular epidemiologi
cal survey. For example, p53 expression can be different for lung cancer induced by 
radon daughters and by smoking.

(3) The longer the half-life'of a radionuclide, the more uncertainty is involved 
in estimating the related the risk over very long time periods. If the half-life is 
infinite, there is no radiological risk posed at all. This needs to be well explained 
when comparing the toxicity of radionuclides with the chemical toxicity of 
poisonous substances. Risk comparisons are important for establishing radiation 
protection regulations, but other aspects (social, historical, political) are also 
important.

(4) Delay in the application of results obtained from scientific research is 
another aspect. Experiments on the vinegar fly by Mueller in the 1920s already 
suggested a linear no threshold dose-effect relationship, but this concept was not 
accepted for radiation protection purposes until the 1950s.

(5) Radiological science and radiological protection are not the same. 
Radiological science tries to find certain common patterns. Radiological protection 
has to take other factors (political, social, ethical) into account. The setting of dose 
limits does not depend only on biological effects. Similarly, regulatory decisions do 
not only rely on the results of radiological science. Nevertheless, there are people 
who, for example, demand regular epidemiological surveys around nuclear power 
stations within a radius of 50 km.

(6 ) Radiation protection does not differ among different countries, although 
the gross national product per capita differs by a factor of 100. In this situation, is 
application of the same standards, the same level of radiation protection and control 
measures, reasonable or not? China is a very large country, with gaps between the 
development status of coastal and inland areas, and application of cost-benefit 
analysis is complicated.

(7) Experts and authorities weigh de facto and potential exposures differently, 
and may prefer more resources to be spent on shielding of an irradiator or reactor than 
on access control. Also, people have a different judgement on the same thing from dif
ferent points of view, for example on detriment arising during different time periods, 
this year or 2 0  years later.

(8 ) Cost-benefit analysis is only one means for regulatory decision making.
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J.J. Fletcher
Ghana Atomic Energy Commission,

Accra, Ghana

My views on the five questions posed by the Chairperson of this Round Table 
are as follows:

(1) Would molecular biology and other scientific disciplines, under scrutiny now or 
to be developed in the future, provide the necessary background for sound radi
ation protection regulations?

Regulatory control, which is exercised by a regulatory authority, is the imple
mentation of acceptable standards, such as the International Basic Safety Standards, 
for protection against the risks associated with exposure to ionizing radiation and for 
the safety of radiation sources that may deliver such exposure.

At this Conference, the many presentations on the biological effects of ionizing 
radiations seem to confirm what appeared in 1992 in the Foreword of an IAEA 
Proceedings1  : “A new branch of science, molecular biology, has developed, which 
has contributed important discoveries to many fields of biology, including radiobiol
ogy”. Also, studies on the biological effects of ionizing radiations at the molecular 
and other levels “are expected to contribute to the explanation of both somatic and 
genetic effects of ionizing radiation”. It is clear, for example, that further develop
ments in the application of neutrons for practical purposes of radiation protection 
would not have been possible if significant knowledge of the biological effects of 
neutrons and their RBE had not been obtained.

The evolution of radiation protection standards from tolerance dose to dose 
equivalent and effective equivalent dose, from ICRP-26 to ICRP-60 systems of radio
biological protection, was possible only when the biological effects of radiation on 
organisms and their components became better understood. Molecular biology and 
other scientific disciplines will improve our understanding of stochastic effects at low 
doses and low dose rates so that better protection standards can be established to 
promote sound radiation protection regulations.

(2) How far can epidemiology ... contribute to the basis for deriving radiation 
protection regulations?

1 INTERNATIONAL ATOMIC ENERGY AGENCY, “Foreword”, Biological Effects of 
Ionizing Radiation at the Molecular Level (Proc. Symp. Brno, 1962), IAEA, Vienna (1962).
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The ICRP recommends annual dose equivalent limits to prevent deterministic 
effects and to limit stochastic effects.

At this Conference we are mainly concerned with stochastic effects at low 
doses and low dose rates. We have been told that radiation induced cancers represent 
a major contribution to risk at low doses. In the UNSCEAR 1994 Report2  we read that 
until 1994 the most potent method for studying radiation induced cancer was the epi
demiological study of exposed human populations. We now know that the epidemio
logical method is potent even today and that the Life Span Study (LSS) provides 
observational support for the LNT concept. This means that epidemiological studies 
may provide the confirmation needed to strengthen the LNT concept and subse
quently lead to more practical recommendations of dose limits for radiation protec
tion purposes.

On the question of risk estimates at low doses, the UNSCEAR 1993 Report 
states3: “The epidemiological studies do not provide significant data for radiation 
risks in the low-dose range. The extrapolation to low-dose range has to be validated 
by experimental biological studies”. We have been told that the risk estimates recom
mended by ICRP and used in the BSS are appropriate for radiation protection 
purposes. Since we have facts supporting hormesis and some threshold effects at low 
doses, perhaps we should allow epidemiological studies on data from the LSS and 
other studies to indicate the limits (above background) above which practices should 
not be allowed to operate and below which dose contraints and exempltions may be 
specified after considering social, economic and other factors.

Epidemiology may yet guide us to specifying the appropriate, practical ranges 
for low dose, intermediate dose and high dose radiation.

(3) Should comparisons of risks attributable to other carcinogenic agents be used
in establishing radiation protection regulations?

If all the risks attributable to other carcinogenic agents could be compared to a 
standard carcinogenic agent and be quantified in a common unit, then comparisons of 
risk should be encouraged in establishing radiation protection regulations. This will 
help to achieve public and political acceptance of practices involving ionizing 
radiations and sources.

2 UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General 

Assembly), Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), UN, 

New York (1994).

3 UNITED NATIONS, Sources and Effects of Ionizing Radiation (Report to the General 

Assembly), Scientific Committee on the Effects of Atomic Radiation (UNSCEAR), UN, 

New York (1993) 12.
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(4) Which individual, societal, professional, ethical and political aspects may 
influence radiation protection regulations and regulatory decisions?

Radiation protection regulations and regulatory decisions on the protection of 
individuals against the risks associated with exposure to ionizing radiation are 
influenced by the type of exposure (occupational, medical, public, worker, etc.). In 
general, however, since optimization of radiation protection is a requirement, regula
tory decisions may also be influenced by cultural perspectives, national traditions, 
social values and professional attitudes. Further, ethical issues such as uncertainty in 
risk analysis, consent, economic status, level of literacy, educational background and 
even political persuasion are likely to influence in one way or the other radiation 
protection regulations and regulatory decisions.

(5) What should be the role of economics and cost-benefit analysis in taking 
radiation protection related regulatory decisions?

One of the radiation protection requirements is that radiation protection and 
safety should be optimized. The optimization procedure is based on cost-benefit 
analysis, which consists of a balancing of costs against benefits in order to establish 
optimum levels of radiation protection. The determination of costs and, more partic
ularly, of benefits, and their expression in common terms, call for application of 
economic theories and for an appreciation of the financial aspects of the practice. 
Optimization of the practice is achieved when the total cost of the protection and the 
detriment is a minimum. These two components of the ‘cost’ depend on dose limits 
and dose constraints.

ICRP Publication 64 says the following4  about optimization of radiation safety:

“The judgements required in optimising the radiation safety measures are not 
purely quantitative: they reflect preferences between detriments of different 
kinds and their probabilities of occurrence and between the deployment of 
resources and the radiation detriment. The process of optimising the safety 
measures should therefore be carefully structured. It should be applied to the 
design and implementation of the safety measures following the justification of 
the practice. It is here that reductions in potential doses and their probability of 
occurrence are most likely to be achievable in cost-effective ways.”

Economics and cost-benefit analyses may help ensure cost effective and opti
mized radiation protection.

4 INTERNATIONAL COMMISSION ON RADIOLOGICAL PROTECTION, 

Protection from Potential Exposure: A Conceptual Framework, Publication 64, Pergamon 

Press, Oxford and New York (1993) 11.
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E.C.S. Amaral
Institute for Radioprotection and Dosimetry,

Rio de Janeiro, Brazil

Radiation protection standards are set with the assumption that radiation expo
sure above background doses causes additional radiation health risks and that there is 
a linear relationship between dose and risk effects. However, some questions remain 
for scientists and regulatory personnel:

—  Is there a threshold below which there is no risk of radiation induced cancer at
low doses?

—  Is the dose-response curve the same for low LET and high LET radiation?
What are the mechanisms by which radiation damage causes cancer?

Fundamental studies such as molecular, cellular and tissue biology have been 
very important for the development of knowledge of the processes involved in radia
tion induced damage. But molecules, cells and tissues are not organisms. 
Experimental studies with animals are useful in understanding the dose-response 
relationship and the influence of various physical and biological factors. All these 
studies were fundamental in showing the increase in radiation damage risk with dose, 
at least for low LET radiation, and the greater effect, per unit of exposure, of high 
dose rates than low dose rates. These studies led the ICRP1  to derive a value of 2 for 
the dose and dose rate effectiveness factor DDREF.

However, animal studies cannot be used to quantify radiation risk estimates, 
which are fundamental for regulatory control, because of the different radiosensitivi
ties among species. The quantification can be done only through epidemiological 
studies. Three main sources of quantitative information on cancer radiation risk are 
studies on the survivors of the atomic bombing at Hiroshima and Nagasaki, on 
patients exposed for medical reasons and on groups at workplaces. All these studies 
have shown an increase in radiation induced cancer with dose and dose rate. Never
theless, the radiation doses involved were intermediate to high, and the dose rates 
were high. Therefore radiation protection had to extrapolate these data to low dose 
effects (<10 mSv).

In addition, very few data for high LET radiation are available. Numerous 
studies on underground miners exposed to short lived radon daughters in the air of 
uranium and uranium associated ore mining areas have shown a good correlation 
between radon concentration and lung cancer risk. But the application of the risk

1 INTERNATIONAL COMMISSION ON RADIATION PROTECTION, 1990 Recom

mendations of the International Commission on Radiological Protection, Publication 60, 

Pergamon Press, Oxford and New York (1991).
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factors derived from these studies to exposure in dwellings would increase the actual 
cancer mortality by a factor of up to 3. This is because of the existence of confounding 
factors and synergisms that mask the radiation effect itself. In addition to that, it is 
difficult to transfer risk estimates for populations with different spontaneous cancer rates.

Studies in areas of high natural radioactivity have not given conclusive results 
because of uncertainties in the quantification of the actual exposure, confounding 
factors such as smoking, chemical agents and other environmental factors, and the 
statistical limitations arising from the size of the observed population.

After a week of scientific discussions on some advances in understanding the 
molecular genetic basis for cancer, and on evidence of adaptive cell response to low 
radiation doses, one can believe that science is on the way to a cancer cure and that 
low radiation doses can be considered less important. However, there is no basis for 
believing that low radiation doses (<10 mSv) would have no associated risk of cancer. 
In addition, carcinogenesis appears to be random, depending on replication errors, 
individual susceptibility, lifestyle and other environmental factors. Epidemiological 
data fit well with the LNT theory, although low doses and low dose rates are not con
clusive. Nevertheless, these studies continue to be the most important sources of 
information on the radiation dose effect. Studies should be continued using specific 
biological markers developed and improved by biological science.

However, one has a concrete problem, namely to establish procedures which 
will allow improvement in the quality of life based on the safe use of ionizing radia
tion in areas such as medicine, industry, research and electric power generation. For 
a concrete problem, a practical solution is necessary.

On the basis of the concrete scientific information arising from biological and 
epidemiological studies, it is safer to maintain the linear relationship for low radiation 
dose effects. Radiation protection has to be safe, objective and operational. The real 
issue in optimizing radiation protection is not the existence or not of a threshold, but the 
acceptability of risk. How to manage it? The answer to this question is the main point. 
The public has to be aware that associated with all human activities there is a risk and 
that regarding ionizing radiation there are no good and bad photons.

However, the philosophy behind the regulatory control has to be clear. With the 
advance of technology, exposure to natural radioactivity has been increasing, and it is 
difficult nowadays to discriminate among natural, natural but anthropogenically 
enhanced and artificial radiation exposure (such as fallout). This fact creates some 
difficulties in the understanding, acceptance and application of the regulatory control 
procedures. For instance, in Brazil there is a large agricultural industry in a region of 
elevated natural radioactivity, leading to a collective dose of 19 person-Sv. 2  The

2 AMARAL, E.C.S., ROCHEDO, E.R.R., PARETZKE, H.G., PENNA FRANCA, E„ 

The radiological impact of the agricultural activities in an area of high natural radioactivity, 

Radiat. Prot. Dosim. 45 (1992) 289-292.
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industry’s products are consumed and exported without being subject to any radiation 
protection regulation. On the other hand, the use of phosphogypsum as a fertilizer is 
being considered in order to increase the productivity yield, very important at the 
social level, and to avoid environmental problems near phosphate processing facili
ties. 3  Does it make any sense that the use of phosphogypsum has to be proved to be 
exempt, even leading to potential lower individual and collective doses than the prod
ucts coming from the elevated natural radioactivity area? The same conflict involves 
the control of additional risk due to a uranium mining operation for a population nat
urally exposed to doses an order of magnitude higher, mainly arising from radon. 4 ’ 5

Regarding interventions, social, political and even individual aspects must be 
taken into account, besides the costs involved. In Goiânia, many remedial actions 
were adopted to reduce the anxiety of the local population and to avoid a commercial 
boycott of the State of Goiás. Costs were not taken into account. 6  Although this was 
not a good option, since unnecessary waste was generated and too much money was 
unnecessarily spent, regarding safety aspects it was the best that could be applied at 
that time. On the other hand, one cannot accept intervention levels based only on cost 
estimates, free of constraints regarding stochastic effects, as set by the IAEA’s Safety 
Series publication on intervention criteria. 7

Therefore, in my opinion, it would be important to establish a total acceptable 
radiation risk, encompassing natural background and levels of risk for different 
circumstances according to social, ethical, political and economic considerations. 
International regulatory bodies have to clarify the use of justification, optimization 
and constraints for each circumstance, independent of the interests of some countries. 
A clear philosophy to be adopted within constraints will give credibility for regula
tory control, and credibility will be the basis for the radiation risk acceptance, not the 
existence of a threshold.

3 SILVA, L.H.C., Aspectos Económico-Ambientáis do Uso do Fosfogesso na 

Agricultura, MSc. Dissertation, Federal University of Rio de Janeiro (1997) 124 pp.

4 AMARAL, E.C.S., Modificaçâo da Exposiçâo à Radiaçâo Natural devido a Atividades 

Agrícolas e Industriáis numa área de Radioatividade Natural Elevada no Brasil, PhD 

Dissertation, Federal University of Rio de Janeiro (1992) 130 pp.

5 AMARAL, E.C.S., PARETZKE H.G., PENNA FRANCA, E„ “Agricultural versus 

uranium industry regarding the exposure to natural radiation”, Proc. Latin American Section of 

the American Nuclear Society Symposium on Nuclear Energy and the Environment, VI.4, Rio 

de Janeiro, 1993.

6 INTERNATIONAL ATOMIC ENERGY AGENCY, The Radiological Accident in 

Goiânia, IAEA, Vienna (1988).

7 INTERNATIONAL ATOMIC ENERGY AGENCY, Intervention Criteria in a Nuclear 

or Radiological Emergency, Safety Series No. 109, IAEA, Vienna (1994).





SUMMARY OF DISCUSSION

Round Table

M. SOHRABI (Islamic Republic of Iran): During this Conference, and in the 
literature generally, we have encountered terms such as ‘very low doses’ and ‘extremely 
low doses’ at one end of the scale and ‘high doses’, ‘very high doses’, ‘extremely high 
doses’ and ‘massive doses’ at the other end, with no accompanying definitions. I think 
something should be done to ensure that such terms are used consistently.

A. ALONSO SANTOS (Spain) (Chairperson): I agree with you. That is an 
issue which the International Atomic Energy Agency should perhaps take up.

RC. KESAVAN (India): With regard to the first of the issues raised by the 
Chairperson of the Round Table, I do not think that general and global studies in the 
field of molecular biology will provide the necessary background for sound radiation 
protection regulations.

Studies will have to be so designed that they elucidate the nature of molecular 
events —  such as double strand breaks, DNA repair and apoptosis —  induced, on the 
one hand, by really low doses of low LET ionizing radiation delivered at low chronic 
and acute dose rates and, on the other, by higher doses. There is already evidence in 
the literature that low doses do not elicit the same gene expression responses as high 
doses.

K. BECKER (Germany): As we heard from W. Sinclair during Background 
Session 2, at the Conference of the Council of Scientific Society Presidents held at 
Wingspread, the ratio of ‘believers’ in the current official paradigm to ‘non-believers’ 
was 50:50. At this Conference, the ratio is more like 70:30, and I wonder what the 
outcome would have been if it had been 30:70, if the keynote speakers had included 
people like H. Rossi from the United States of America, Z. Jaworowski from Poland, 
G. Walinder from Sweden, S. Kondó from Japan and L. Feinendegen from Germany, 
and if presentations had been made on —  for example —  the recent position statement 
of the Health Physics Society, radon balneology and Report No. 34 of the French Aca
demy of Sciences1 , 2  on problems linked to the effects of low doses of ionizing radiation.

As is usual with complex issues, the answers depend on whom you ask and 
whom you believe. The final word has not yet been spoken on the threshold issue and 
the collective dose issue. Meanwhile, we need an unbiased approach —  and the 
courage to swim, if necessary, against the mainstream.

1 ACADEMIE DES SCIENCES, Problèmes liés aux effets des faibles doses de radia

tions ionisantes, Rapport No. 34, Lavoisier TEC & DOC, Paris (1995).

2 ACADEMIE DES SCIENCES, Problems Associated with thé Effects of Low Doses of 

Ionising Radiation, Report No. 38, Lavoisier TEC & DOC, Paris (1996).
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A. ALONSO SANTOS (Spain) (Chairperson): In response to K. Becker’s 
remarks, I should like to say that the outcome of any single conference, seminar or 
workshop —  on any subject —  is just one element in the build-up of knowledge. 
When there is a scientific controversy, as in the present case, the two schools of 
thought may well not be equally represented at a particular meeting, but that is unim
portant as long as scientists and decision makers take into account all the many meet
ings normally held on an important subject such as the regulation of low level ionizing 
radiation doses.

C. STREFFER (Germany): There are good reasons for using the LNT concept 
(or better the no threshold dose concept) in radiation protection. When we are deal
ing with doses of about 1 mSv, however, we are within the range of the variation of 
exposures to natural radiation sources, and the risk associated with these doses is 
within the range of the variation of ‘spontaneous’ cancer rates. At the moment, there
fore, we cannot measure this risk.

Consequently, we must rethink the concept of collective dose —  and especially 
its limitations. When we add individual doses of 1 |j.Sv for a population of one million 
persons, we arrive at a collective dose of 1 Sv, and cancer deaths are often calculated 
on the basis of that. This is ridiculous, so regulatory bodies and the like should think 
again about whether we need a cut-off for individual doses, and what this should be.

L.-E. HOLM (Sweden): I agree with C. Streffer. The collective dose concept 
should be used only as a planning instrument —  not as a measure of epidemiological 
outcome. When used appropriately, it is helpful in radiation protection.

R PELLERIN (France): I regret that —  except in the latest statement by 
K. Becker —  no reference has been made here to the very important report of the 
French Academy of Sciences on problems associated with the effects of low doses of 
ionizing radiation (Report No. 34). Copies in English (Report No. 38) can now 
be obtained free of charge from M. Tubiana at the Centre Antoine Béclère 
(fax: 33/1/4703.9385).

A. ALONSO SANTOS (Spain) (Chairperson): Thank you. Tubiana addressed 
the Spanish Nuclear Safety Council last year on the biological effects of low radiation 
doses, and it is a pity he is not attending this Conference.

A.J. GONZALEZ (International Atomic Energy Agency): K. Becker’s latest 
intervention amounts to a serious accusation directed against the IAEA and WHO as 
organizers of this Conference. Let me, therefore, make it clear that the two organiza
tions did not directly invite the Conference participants. Instead, they invited the 
Governments of their Member States to nominate participants, who were free to sub
mit whatever papers they wished. If certain governments did not nominate certain 
experts, that is their business. As regards one of the absent experts whom Becker 
mentioned, Z. Jaworowski from Poland, I would note that Jaworowski is Poland’s 
delegate to UNSCEAR —  and presumably he supports the UNSCEAR report; 
otherwise, he would have recorded a reservation about it. As regards Report No. 34
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of the French Academy of Sciences, the French Government could have nominated 
someone to make a presentation relating to that report.

When opening the Round Table, A. Alonso Santos said, with regard to the first 
transparency shown by him (Fig. 1), that all the hypotheses represented in that trans
parency were acceptable and demonstrable scientifically or statistically.

One of the hypotheses represented was the hormesis hypothesis, but I am not 
aware of any molecular mechanism operating at low doses (i.e. doses corresponding 
to about one hit per cell per annum) which lends support to the hormesis claim, or of 
any radioepidemiological study peer reviewed by senior epidemiologists which 
unequivocally demonstrates the existence of hormesis.

A. ALONSO SANTOS (Spain) (Chairperson): In preparing for this Round 
Table, I did a great deal of reading on the scientific controversy about the relationship 
between dose and excess relative risk, consulting reports by members of both schools 
of thought, and I found clear scientific and statistical evidence that hormesis does 
exist —  at least in certain cases, which I would not care to generalize.

S. WOLFF (United States of America): When talking about ‘cost’ in the con
text of cost-benefit analyses, one should not think solely in terms of economic or 
monetary cost.

In the USA, activists have opposed the chlorination of drinking water on the 
grounds that it produces carcinogenic hydrocarbons. A study carried out in response 
to such opposition came up with the conclusion that in a city the size of Baltimore 
(700 000 to 800 000 inhabitants) chlorination might induce one additional cancer 
death per year. This was the ‘cost’, the benefit being avoidance of the public health 
disaster which would occur if the drinking water was no longer chlorinated.

W. SINCLAIR (United States of America): With regard to what K. Becker said 
about the conference held at Wingspread, what I actually said during Background 
Session 2 was that, in my opinion (based on the position papers submitted), at Wing- 
spread 1 2  participants “favoured the risks derived from the linear no threshold response 
(LNT), at least in general terms” and about nine “preferred a statement which indi
cated lower risk (or no risk) than LNT at low doses”. More importantly, I said 
that only one participant “considered the risks should be higher than LNT, so that 
this viewpoint, prevalent in some circles, could be considered to have been under
represented.”

K. BECKER (Germany): I could have quoted W. Sinclair more accurately, but 
that would have meant quoting him more fully —  and we do not have much time 
available for that.

A. ALONSO SANTOS (Spain) (Chairperson): I should like to conclude this 
Round Table with some personal remarks:

—  as a regulator, I find the LNT hypothesis convenient since it reflects a prudent,
conservative attitude which is widespread;
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—  as a scientist, I should like to see the biological and statistical sciences progress 
to the point where we know the sought after relationship —  or relationships —  
deterministically or without appreciable uncertainty;

—  again as a regulator, I am worried that regulatory application of the LNT 
hypothesis may lead to decisions which are absurd or at least very onerous for 
society and for individuals;

—  again as a scientist, I believe in the progress of science and hope that one day it 
will be possible to prevent cancer or to detect and cure it without fail —  the 
solution of the problem;

—  as an educator, I am afraid that the way we are transmitting information to our 
students —  and above all to society —  is giving rise to fears which are not 
justified by the real risks.
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presented by C.J. Paperiello

I am honoured and pleased to have been asked to participate in this Confer
ence. The presentations this week have been excellent and the discussions truly 
stimulating. As always, conferences such as this are a wonderful opportunity for 
friends and scientific colleagues to meet and to exchange greetings and information, 
as well as to make new friends. The City of Seville has been a magnificant site for 
this meeting, and enough cannot be said about the graciousness of our Spanish hosts. 
I am sure that I speak for all of us when I say that I will leave reluctantly but will look 
forward to returning.

Why is this Conference important? The effects of ionizing radiation on human 
health can be described as perhaps one of the most studied and better understood 
health effects relationships from a scientific point of view. Yet there is still much more 
to be learned, and there is some dispute within the scientific community about what 
we know. It has also proved to be very challenging to translate our knowledge into a 
regulatory framework to protect public and worker health and the environment, and 
this is the main issue.

This Conference therefore has been most useful, because it has provided a 
forum for discussions of the scientific issues and the resulting policy implications for 
those who must develop and implement regulatory frameworks for radiological 
protection.

With your permission, I would like to offer a goal for our closing discussions. 
Amid our discussions, we should not lose sight of the important need to reduce the 
uncertainties associated with the scientific bases of radiation protection standards and 
implementing regulations. If this can be accomplished, then I believe that in due 
course greater public confidence in our national and international programmes for 
radiological protection will emerge.

To this end, I would propose that in our discussions and findings we seek to find 
as much common ground as possible and to build on that common ground. To the 
extent that we may not find common ground, either on scientific or policy issues, we 
should nevertheless work together to identify and support those areas of radiation 
health effects research that promise to help resolve the scientific uncertainties about 
radiation health effects. Increasing our knowledge on radiation health effects through 
well designed and well directed research is our most promising path towards ultimate
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increased public and political confidence in our radiological protection standards and 
regulatory frameworks.
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С. Martínez Aguayo
Directora Gerente 

Servicio Andaluz de la Salud,
Seville, Spain

Distinguidas autoridades, señoras y señores, quiero en primer lugar trasladarles 
un saludo del Excelentísimo señor Consejero de Salud de la Junta de Andalucía, 
Don José Luis García de Arboleya.

Es mi deseo, igualmente, agradecerles la invitación a participar en esta cere
monia de clausura en este fuero internacional tan relevante que ha tratado sobre los 
efectos biológicos y el control reglamentario de las dosis bajas de radiación. Espero 
que los distintos foros en los que han trabajado hayan sido fecundos en discusión 
y resultados, no sólo por el propio desarrollo profesional, sino sobretodo porque el 
tema que les ha reunido afecta a la humanidad en su globalidad y al medio ambiente, 
así como a la salud de las personas, cuestión que me atañe y me preocupa desde el 
punto de vista personal, y también, y muy importantemente desde mi responsabilidad 
sanitaria como Directora Gerente del Servicio Andaluz de Salud.

El continuo avance en el conocimiento de los efectos biológicos de las radia
ciones ionizantes y de sus mecanismos contribuye a la mejora de una reglamentación 
realista fundamentada en los pilares de la seguridad y de la protección. Esta afirma
ción resume de alguna manera los contenidos y objectivos perseguidos durante estas 
jornadas de trabajo. En éstas, y con buen criterio, se ha planteado una revisión pro
funda de los conocimientos científicos sobre los efectos de la radiación orientándolos 
como base para el desarrollo reglamentario demandado por la sociedad.

En el mundo de las aplicaciones médicas el acierto de este planteamiento es, si 
cabe, mayor. El incremento de la sensibilidad de los ciudadanos y la necesidad de 
contar con su confianza, tanto desde el punto de vista de la gestion sanitaria como 
desde la asistencia directa como pacientes, dan carácter prioritario al pronto traslado 
de los avances en el conocimiento científico a los profesionales de la salud. De ahí la 
necesidad de la formación continuada de médicos, enfermeras y técnicos dentro de un 
programa que facilite afrontar las prioridades más candentes con el mejor 
aprovechamiento de los recursos disponibles tanto humanos como materiales, así 
como la verificación y el control de los resultados.

La formación y la capacitación de los profesionales se debe complementar con 
el desarrollo y aplicación de los avances tecnológicos y la transposición de los nuevos 
conocimientos al conjunto de normas que regulan las actividades humanas con riesgo 
de exposición a las radiaciones ionizantes.

Los esfuerzos de las organizaciones que patrocinan esta Conferencia por 
estrechar las relaciones entre investigadores, técnicos y reguladores han marcado el
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camino para conseguir la máxima efectividad en el uso médico de las radiaciones, 
minimizando al mismo tiempo los riesgos sobre los trabajadores, los pacientes y los 
ciudadanos en general.

El Gobierno de Andalucia, a través de la Consejería de Salud y del Servicio 
Andaluz de Salud, considera que en el terreno de los servicios sanitarios la formación 
y capacitación de nuestros profesionales y la información correcta a los ciudadanos 
son fundamentales para mantener la confianza de éstos tanto en las personas que les 
atienden en los centros sanitarios como en las propias Instituciones. La especiali- 
zación de profesionales en protección radiológica y la instauración de programas de 
calidad que actúan sobre equipos, procedimientos y personal, contribuyen y consti
tuyen unas buenas garantías para avanzar en este camino.

De ahí el interés que tiene nuestro Estado y todos los gobiernos autónomos 
como el Andaluz, y así en ello reside el interés de la Unión Europea en elaborar y pu
blicar protocolos y normas que garanticen un adecuado control de la calidad de las 
aplicaciones diagnósticas y terapéuticas de las radiaciones ionizantes.

Buenos ejemplos, con el asesoramiento del Consejo de Seguridad Nuclear, son 
la publicación desde la Administración Central del Real Decreto sobre el control de 
calidad en radiodiagnóstico, y la pronta aparición de las publicaciones correspon
dientes a medicina nuclear y a radioterapia, así como las directivas de la Unión 
Europea destinadas a la protección de los pacientes, los profesionales y el público.

Desde el Servicio Andaluz de Salud así mismo, se vienen realizando verdaderos 
esfuerzos en materia de equipamiento, procedimientos, formación y capacitación 
necesarios para asegurar con total garantía la adecuadada utilización diagnóstica y 
terapéutica de estas tecnologías.

Pero todos estos impulsos serían valdíos sin el permanente debate de la comu
nidad científica y de los técnicos de protección radiológica en eventos como el actual, 
que contribuyen a mantener viva la llama del desarrollo y del progreso.

Por todo ello, solo me queda agradecerles en mi nombre y en el del Gobierno 
de Andalucía su dedicación y desvelo por avanzar en el conocimiento de los efectos 
biológicos de las radiaciones ionizantes. Este esfuerzo redundará sin duda en una 
mejora de las normas reguladoras, lo que nos permitirá garantizar que los beneficios 
de la utilización de las radiaciones ionizantes los podamos seguir manteniendo en 
condiciones de máxima seguridad para los ciudadanos y el medio ambiente.
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С. Martínez Aguayo
Managing Director,

Amdalusian Health Service,
Seville, Spain

I should first like to convey the greetings of J.L. Garcia de Arboleya, 
Commissioner of Health of the Board of Andalusia.

I should also like to express my gratitude for the invitation to participate in the 
Closing Session of this important International Conference on Low Doses of Ionizing 
Radiation: Biological Effects and Regulatory Control. I trust that the various forums 
in which you participated have proved useful in terms of your own professional devel
opment and above all, in terms of the Conference’s impact on humanity as a whole, 
the environment and human health. The latter is of special interest to me, not only in 
my personal capacity but also, more importantly, in my capacity as Managing 
Director of the Andalusian Health Service.

The steady increase in our knowledge of the biological effects of ionizing radia
tion and the mechanisms involved is contributing to the development of realistic 
radiation safety and protection regulations. This, to some extent, summarizes the sub
stance and objectives of this Conference where it has been established that it is 
necessary to carry out an in-depth review of scientific knowledge on the effects of 
radiation with a view to developing the regulations called for by the public.

In the field of medical applications, there is an even more pressing necessity for 
this approach. In light of increased public awareness and the need for the public to 
have confidence in health management and the direct treatment of patients, the rapid 
transfer to health professionals of advances in scientific knowledge is of high priority. 
There is therefore a need for the continuous training of doctors, nurses and techni
cians under a programme that makes it easier to tackle the most pressing priorities 
with optimum utilization of the human and material resources available, as well as 
verification and control of the results.

The training of professionals must be complemented by the development and 
application of technological advances and the incorporation of new knowledge into 
the norms regulating those human activities that involve the risk of exposure to 
ionizing radiation.

The efforts of the organizations co-sponsoring this Conference to establish 
closer ties between research workers, technicians and regulators have paved the way 
towards maximizing effectiveness in the use of radiation in medicine, while 
minimizing the risks to workers, patients and the general public.

The Government of Andalusia, through the Health Commission and the 
Andalusian Health Service, believes that the training of professionals in the health 
services and the provision of accurate information to the public are essential if 
patients are to have confidence in those who treat them at health centres and in the
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actual institutions themselves. The specialization of professionals in radiation protec
tion and the establishment of quality control programmes for equipment, procedures 
and personnel are some of the best ways of ensuring progress in this direction.

That is why Spain, all its Autonomous Governments such as the Government 
of Andalusia, and the European Union are interested in preparing and publishing 
protocols and standards to ensure adequate quality control of the diagnostic and 
therapeutic applications of ionizing radiation.

Good examples of such legislation are the publication by the Central 
Administration, with the advice of the Nuclear Safety Council, of the Royal Decree 
on quality control in radiation diagnostics, the early publication of legislation in 
the area of nuclear medicine and radiotherapy and the European Union Directives 
relating to the protection of patients, professionals and the public.

The Andalusian Health Service is itself making great efforts with regard to the 
equipment, procedures and training needed to ensure the proper diagnostic and 
therapeutic use of these technologies.

All these efforts would be futile without continuing debate among the scientific 
community and radiation protection technicians at events such as the present one, 
which help to keep the flame of development and progress alive.

I should therefore like to thank you on my own behalf and on behalf of the 
Government of Andalusia for your dedication and commitment to the advancement of 
knowledge on the biological effects of ionizing radiation.

This will undoubtedly lead to improved regulatory standards, which will enable 
us to ensure that the benefits of the use of ionizing radiation can be enjoyed under 
conditions that guarantee maximum safety for the public and the environment.
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A. Gomis Sáez
Director General de la Energía,

Madrid, Spain

Quisiera en primer lugar disculpar la ausencia en este foro del Secretario de 
Estado de Energía y Recursos Minerales, ya que compromisos ineludibles surgidos 
en el último momento no le han permitido asistir a este acto. Dicho esto, quiero trans
mitirles mi satisfacción por participar en la sesión de clausura de esta Conferencia 
internacional, en la que se ha debatido sobre una cuestión que viene siendo objeto de 
atención preferente en la comunidad científica internacional: los efectos de las dosis 
bajas de radiaciones ionizantes sobre el ser humano y su entorno.

Permítanme, además, expresar mir agradecimiento a los dos organismos 
convocantes, el Organismo Internacional de la Energía Atómica y la Organización 
Mundial de la Salud que, con la cooperación del Comité Científico de Naciones 
Unidas para el Estudio de los Efectos de las Radiaciones Atómicas, han logrado 
reunir en esta siempre acogedora ciudad de Sevilla, a las organizaciones y personali
dades más destacadas en este ámbito.

Como ustedes saben, la mayor parte de las actividades industriales, que en una 
economía de mercado corresponden a la iniciativa empresarial privada, pueden 
originar algún tipo de agresión al medio ambiente. La aparición de estos costes 
medioambientales hace que sea la sociedad en su conjunto quien tenga que decidir si 
los beneficios de una actividad industrial son superiores a los costes que genera. Por 
los mismos motivos, el promover la disminución de los efectos nocivos también 
correspondería a la sociedad y, en algunos casos, en representación de la misma, a las 
administraciones públicas.

Uno de los costes asociados a la generación de energía eléctrica a partir de com
bustibles nucleares es la emisión de radiaciones ionizantes.

Los efectos de un alto nivel de radiación son relativamente bien conocidos: los 
estudios epidemiológicos han permitido establecer límites máximos a los niveles de 
radiación tolerables para personas profesionalmente expuestas y para la población en 
general.

Sin embargo, los efectos de las dosis bajas de radiación no son tan bien cono
cidos. De ahí la importancia de toda investigación que contribuya a ampliar nuestro 
conocimiento de esos efectos. Además, estos proyectos permitirían la mejora de los 
sistemas de protección radiológica en todos los países, ya que, aunque muchos no 
tienen programas nucleoeléctricos, sí utilizan fuentes radiactivas y aparatos genera
dores de radiaciones ionizantes para aplicaciones en el campo médico, agrícola o de 
la investigación.

Además, la exposición de los resultados de los hallazgos científicos de forma 
clara y objetiva y en un lenguaje inteligible para la población, puede contribuir a
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disminuir el temor que provoca el término radiactividad, debido, en gran medida, al 
desconocimiento de los efectos que a largo plazo producen las dosis de baja 
radiación.

Tras éstas consideraciones generales, quisiera referirme a los mecanismos a 
través de los que se articula la protección radiológica en España.

Esta materia es competencia de tres organismos: el Ministerio de Industria y 
Energía, el Consejo de Seguridad Nuclear y el Centro de Investigaciones Energéticas, 
Medioambientales y Tecnológicas.

En primer lugar, corresponden al Ministerio de Industria y Energía la elabo
ración y propuesta al Gobierno de la legislación y normativa sobre instalaciones 
nucleares y radiactivas, la concesión de autorizaciones y el seguimiento de las activi
dades autorizadas. No obstante, hay que recordar que las Comunidades Autónomas 
han ido asumiendo las competencias en materia de instalaciones radiactivas de 
segunda y tercera categoría.

En segundo lugar, es competencia del Consejo de Seguridad Nuclear la protec
ción radiológica, ya que como se establece en su Ley de Creación, una de sus 
funciones es controlar y vigilar los niveles de radiación en el interior y exterior de las 
instalaciones nucleares y radiactivas, y su impacto en las personas y en el medio 
ambiente.

Por último, el Centro de Investigaciones Energéticas, Medioambientales y 
Tecnológicas es la institución que desarrolla la I+D en materia de protección 
radiológica.

España, como Estado Miembro de la Unión Europea, basa su legislación de 
protección radiológica en la normativa comunitaria correspondiente, que como 
ustedes conocen se apoya en tres principios básicos unánimemente aceptados:

—  Cualquier exposición a la radiación debe estar justificada por los beneficios
resultantes de su aplicación.

—  Las exposiciones a la radiación deberán mantenerse tan bajas como sea razona
blemente posible.

—  No debe permitirse que las dosis excedan de los limites fijados.

Principios que, evidentemente, todos compartimos y que tienen como objetivo el 
conseguir que en la mayoría de las actividades expuestas a la radiación, ésta se 
mantenga por debajo de los límites establecidos.

La nueva Directiva 96/29 de Euratom, por la que se establecen las nuevas 
Normas Básicas Relativas a la Protección Sanitaria de los Trabajadores y de la 
Población Contra los Riesgos que Resultan de las Radiaciones Ionizantes, cuyo texto 
fue consensuado durante nuestra presidencia de la Unión Europea, viene a actualizar 
y reforzar las disposiciones de la legislación anterior, incorporando las nuevas
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recomendaciones de la Comisión Internacional de Protección Radiológica relativas a 
la reevaluación de los riesgos de la utilización de las radiaciones ionizantes.

La nueva Directiva contempla la posible desclasificación de residuos radiac
tivos por parte de los Estados Miembros, en determinados supuestos y sin incremen
tar los riesgos para la salud y el medioambiente. Esto permitiría dar a los residuos que 
sean desclasificados un tratamiento equivalente al de los residuos convencionales, 
incluyendo su reutilización o reciclado. Esta cuestión es de gran trascendencia 
económica y técnica en lo que se refiere al desmantelamiento de las centrales 
nucleares.

Con el fin de proceder a la transposición, se ha constituido un grupo de trabajo 
en el que están representados todos los Ministerios competentes y el Consejo de 
Seguridad Nuclear. Un nuevo reglamento, fruto de la transposición, que deberá 
realizarse antes de mayo del año 2000, sustituirá al vigente Reglamento de Protección 
Sanitaria contra Radiaciones Ionizantes, aprobado por Real Decreto en 1992.

Otra tarea normativa que se está acometiendo actualmente es la revisión del 
Reglamento de Instalaciones Nucleares y Radiactivas. El motivo de dicha revisión es 
la actualización del mismo en dos aspectos fundamentales: la regulación de activi
dades de la segunda parte del ciclo de combustible nuclear y la simplificación de los 
trámites y procedimientos relacionados con estas actividades.

También quisiera referirme a un aspecto que actualmente constituye el mayor 
reto medioambiental con que se enfrenta la energía nuclear: la gestión de residuos 
radiactivos de alta actividad. A finales de 1997, se constituyó una Ponencia en el 
Senado con el objeto de encontrar una solución satisfactoria al problema que plantean 
los residuos radiactivos de alta actividad. Las conclusiones de la misma, que aspiran 
a contar con el máximo refrendo del arco parlamentario español, orientarán al 
Gobierno en la búsqueda de las soluciones idóneas para la gestión de tales resi
duos, garantizando la seguridad, la transparencia y la participación e información 
públicas.

Por último, quisiera hacer mención del esfuerzo realizado por los responsables 
de la explotación de nuestro parque nuclear en la reducción de la exposición a la 
radiación durante el período 1980-1995, tal como se recoge en un informe elaborado 
por el Consejo de Seguridad Nuclear y que analiza la evolución de la exposición 
ocupacional de las centrales nucleares españolas. En este informe se observa la inver
sión en la tendencia creciente de dosis colectiva a partir de mediados de los ochenta. 
Ello es consecuencia de la puesta en práctica en las centrales de métodos para 
optimizar las dosis, modificando las estructuras organizativas e incrementando la 
motivación, formación e información de los trabajadores con responsabilidades 
definidas a todos los niveles jerárquicos y en todas las áreas. Confiamos en que esta 
tendencia se consolide en los próximos años, en el nuevo marco de liberalización de 
la producción de energía eléctrica.
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No quisiera concluir esta breve exposición sin volver a resaltar nuestro com
promiso con lo que ya es una opinión generalizada: la necesidad de incorporar nuevos 
criterios para la valoración y elección de las fuentes de energía. Así, a los criterios 
clásicos como disponibilidad, tecnología y costos, deben añadirse otros nuevos que 
tengan en cuenta la influencia sobre la salud y el impacto ambiental.

No me cabe duda de que la celebración de actos como éste, que constituyen un 
foro inigualable para el intercambio de opiniones y experiencias, son un instrumento 
fundamental para contribuir a seguir avanzando por la senda de un desarrollo 
tecnológico e industrial, en el que la elección y utilización de las fuentes energéticas 
responda a todos los criterios anteriormente mencionados.
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I should first like to present the apologies of the Secretary of State for Energy 
and Mineral Resources, who was prevented by unavoidable last minute engagements 
from being present here today. Having said that, I should like to express my pleasure 
at being able to participate in the Closing Session of this International Conference 
that has been discussing an issue which is becoming an increasingly important one 
for the international scientific community, namely the effects of low doses of ion
izing radiation on humans and the environment.

Allow me to express my gratitude to the two organizations which convened this 
conference —  the International Atomic Energy Agency and the World Health 
Organization. With the co-operation of the United Nations Scientific Committee on 
the Effects of Atomic Radiation, they have brought together, in this hospitable city of 
Seville, the leading organizations and experts in this field.

As you know, most industrial activities, which in a market economy are the 
result of private enterprise, may cause some kind of environmental damage. For any 
industrial activity, it should be society as a whole which decides whether the associated 
environmental costs are outweighed by the benefits. Similarly, reducing the harmful 
effects of ionizing radiation should also be a subject of interest for society and, in 
some cases, for public administrations, acting on behalf of society.

One of the costs associated with nuclear power generation is that of dealing 
with releases of ionizing radiation.

The effects of high radiation levels are relatively well known: epidemiological 
studies have made it possible to establish maximum tolerable radiation levels for 
occupationally exposed persons and for the general public.

However, the effects of low radiation doses are not so well known —  hence the 
importance of any study which improves our knowledge of them. Moreover, such 
studies would help to improve the radiation protection systems in all countries, since 
although many countries do not have nuclear power programmes, they still use 
radiation sources and ionizing radiation generators for applications in the fields of 
medicine, agriculture and research.

The clear and objective presentation of the results of scientific findings in 
language which can be understood by the public may help to allay the fears aroused 
by the word ‘radioactivity’, which are largely caused by ignorance about the long 
term effects of low radiation doses.

After these general remarks, I should like to describe the way in which radiation 
protection is organized in Spain.
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Radiation protection is the province of three entities: the Ministry of Industry 
and Energy, the Nuclear Safety Council and the Centre for Energy, Environmental 
and Technological Research.

The Ministry of Industry and Energy drafts, for submission to the government, 
legislation and regulations governing nuclear and radiation facilities, and is responsible 
for the granting of licences and the monitoring of licensed activities. Nevertheless, it 
should be noted that the Autonomous governments have been assuming increasing 
responsibility for second and third category radiation facilities.

The Nuclear Safety Council is responsible for radiation protection, since, as 
specified in the law establishing it, one of its functions is to control and monitor the 
radiation levels inside and outside nuclear and radiation facilities, and their impact on 
persons and the environment.

The Centre for Energy, Environmental and Technological Research is the 
institution which carries out research and development in the area of radiation pro
tection.

Spain, as a member of the European Union, bases its radiation protection 
legislation on the relevant European Union standards, which, as you know, are based 
on three unanimously accepted fundamental principles:

—  Any exposure to radiation must be justified by the benefits resulting from the
application;

—  All exposures to radiation must be kept as low as reasonably possible;
—  The doses must not exceed the established limits.

The aim of these principles, in which we all obviously believe, is to ensure that, 
in most activities involving radiation, the radiation doses are below the established 
limits.

Council Directive 96/29/Euratom of 13 May 1996, laying down basic safety 
standards for the protection of the health of workers and the general public against the 
dangers arising from ionizing radiation, which was agreed upon during Spain’s 
presidency of the European Union, updates and strengthens the provisions of earlier 
legislation incorporating the latest recommendations of the International Commission 
on Radiological Protection relating to the reassessment of the dangers of using ioniz
ing radiation.

The new Directive provides for the possible declassification of radioactive 
waste by Member States under certain conditions, provided that there is no increase 
in the risk to human health or to the environment. This would mean that such declas
sified waste could be processed and recycled in the same way as conventional waste. 
This is of great economic and technical significance with respect to the dismantling 
of nuclear power plants.
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A working group with representatives of all the competent ministries and the 
Nuclear Safety Council has been set up to implement the Directive. New regulations, 
based on the Directive, which are to enter into force by May 2000, will replace the 
existing Regulations for the Protection of Health against Ionizing Radiation approved 
in 1992 by Royal Decree.

Another regulatory activity currently under way is the review of the Regulations 
for Nuclear and Radiation Facilities. The purpose of this revision is to update two 
basic aspects: the regulation of the back end of the nuclear fuel cycle and the simpli
fication of the procedures relating to these activities.

I should also like to refer to the greatest environmental challenge facing nuclear 
power —  the management of high level radioactive waste. At the end of 1997, a 
Senate committee was set up to find a satisfactory solution to the problem posed by 
high level radioactive waste. Its conclusions, which it is hoped will command very 
wide support in the Spanish Parliament, will guide the government as it seeks suitable 
solutions for the management of such waste, ensuring safety, transparency and the 
participation of an informed public.

Lastly, I should like to mention the efforts being made by those responsible for 
the operation of Spain’s nuclear power plants in reducing radiation exposure during 
the period 1980-1995, as indicated in a report prepared by the Nuclear Safety Council 
which analyses the development of occupational exposure in Spanish nuclear power 
plants. This report notes a reversal of the trend towards increasing collective doses as 
of the mid-1980s. This is a result of the introduction of dose optimization procedures 
at the power plants, with changes in organizational structures and greater motivation 
and increased training of personnel, who are better informed and have clearly defined 
responsibilities at all levels and in all areas. We are confident that this trend will con
tinue over the next few years within the framework of the new liber-lization of elec
tricity production.

I should not like to conclude this brief address without emphasizing our support 
for what is a widespread view: the need to include new criteria when assessing and 
selecting energy sources. In addition to traditional criteria such as availability, 
technology and costs, other criteria have to be considered that take into account the 
impact on health and the environment.

I am convinced that Conferences such as this, which provide an invaluable 
forum for the exchange of opinions and experiences, are essential for further progress 
along the path of technological and industrial development in which the selection and 
utilization of energy sources satisfy all the aforementioned criteria.
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